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Editorial

Is lifestyle Modification the Key to Counter Chronic Diseases?

Panagiota Mitrou

Independent Department of Therapeutic Protocols and Patient Registers, Hellenic Ministry of Health,
104 33 Athens, Greece; panagiotamitrou@gmail.com

Dietary patterns, defined as the quantities, proportions, variety, or combination of dif-
ferent foods and drinks, as well as the frequency with which they are habitually consumed,
are associated with an increased or decreased incidence of chronic diseases. Several lines of
evidence indicate that healthy diet and exercise can prevent cardiovascular diseases, stroke,
diabetes, and some types of cancer. Lately, an association has been found between eating
habits, exercise, and psychological and/or mental disorders.

In the first article of this Special Issue, Gantenbein and Kanaka-Gantenbein reviewed
the beneficial effects of the Mediterranean Diet and specifically its antioxidant and anti-
inflammatory properties, enhancing metabolic, reproductive, and mental health [1].

As an alternative, the ketogenic diet, based on carbohydrate restriction, moderate
protein intake, and increased fat consumption, has gained ground [2]. The restriction of
carbohydrates results in an increase in the production of ketone bodies, a metabolic state in
which the body utilizes fat (instead of glucose) as its primary metabolic substrate. According
to Dowis and Banga, the use of the ketogenic diet might have many therapeutic effects,
including weight reduction and an improvement in predisposing factors for cardiovascular
diseases such as dyslipidemia and hyperglycemia [2].

However, if one finds a low-carbohydrate ketogenic diet difficult to comply with,
then targeting the microbiome might be a way to improve metabolic health. According to
Turroni et al., dietary products based on symbiotic agriculture could possibly modulate
the human microbiome and metabolome, decreasing the risk of metabolic syndrome [3].
Moreover, as stated by van Krimpen et al., reducing gut permeability via Lactobacillus spp.
supplementation could be a potential treatment to reduce cachexia, an inflammation-driven
condition related to aging and chronic diseases [4].

Among other beneficial effects, healthy nutrition appears to have an impact on in-
flammatory and rheumatic diseases. As highlighted by Ratajczak et al., the type of diet
followed is particularly important for patients suffering from Inflammatory Bowel Disease
(IBD) who often display vitamin deficiency, such as low folate levels, resulting in anemia,
neurological symptoms, and bone loss [5]. In these patients, although well-balanced dietary
patterns are needed to provide all macro- and micronutrients, fiber-rich products often
exacerbate gastrointestinal discomfort. As a result, the concentration of folic acid should
be often evaluated in patients with IBD and given as a supplement in cases of insufficient
dietary intake and/or absorption [5]. Basdeki et al. performed a systematic review and
meta-analysis of previously published randomized controlled trials (RCTs) investigating
the relationship of sodium intake with systemic inflammation [6]. Although the study
did not verify the hypothesis that sodium intake can induce a systemic inflammatory
response in humans in a dose–response manner, it highlighted major issues that could be
addressed in future relevant RCTs [6]. In a systematic review, Tsiogkas et al. summarized
the current evidence regarding the efficacy of Crocus sativus (Saffron) supplementation
in patients with rheumatic diseases (RDs) [7]. Although current evidence indicates that
saffron may have a positive effect in patients with RD, targeting inflammatory and immune
responses, oxidative stress, pain, and the psychological effects of the disease, more studies
are required to shed light on the efficacy and draw conclusions on the appropriate dose of
this supplement [7].

Nutrients 2022, 14, 3007. https://doi.org/10.3390/nu14153007 https://www.mdpi.com/journal/nutrients1
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In the present Special Issue, several articles focus on the effects of nutritional inter-
ventions on cardiovascular risk factors such as diabetes, hypertension, and increased body
weight. According to Mahrouseh et al., eating vegetables several times a week in addi-
tion to performing physical exercise may reduce the risk of DM, although more lifestyle
characteristics and socioeconomic conditions possibly underlie the increased prevalence of
diabetes in Slovakia and other European countries [8]. The association between high fruc-
tose consumption and hypertension is controversial. Based on the study by Béghin et al.,
although the consumption of increased quantities of fructose derived from non-natural
foods is associated with elevated diastolic blood pressure, the consumption of natural
foods containing fructose, such as fresh fruits, does not increase blood pressure and thus
remains a healthy dietary habit with pleiotropic positive metabolic effects [9]. The findings
of Awoke et al. showed that women across reproductive life stages, in particular those with
lower socioeconomic status, often fail to meet dietary and physical activity recommenda-
tions and should be targeted in future interventions to prevent weight gain [10]. Familial
socioeconomic disadvantage was also identified as a common risk factor for obesity and
early-childhood caries, which are two highly prevalent chronic diseases in childhood. In
the above-mentioned study by Manohar et al., children with the highest trajectories of
discretionary food intake were more likely to have increased body weight, highlighting the
need for targeted health promotion interventions [11]. As reviewed by Pereira et., most
dietary interventions to reduce childhood obesity are based on person-based educational
approaches with modest (if any) effects on body weight, highlighting the need for multi-
level interventions focused on micro- and macro-policy environmental changes and the
strengthening of children, family, and community [12]. From this point of view, Scazzocchio
et al., presented a new Italian educational program developed for Italian students, aiming
to increase food literacy and favoring a healthier relationship with food [13].

Dietary choices may also have an impact on neurological diseases and mental health.
As described by Wang et al., unhealthy dietary choices, such as the excessive intake
of saturated fats and salt, can affect brain function and increase the risk for ischemic
stroke [14]. On the other hand, as stated by Stoiloudis et al., healthy nutrition shows
promising beneficial effects in terms of slowing down multiple sclerosis activity and
progression [15]. Moreover, healthy nutrition may protect against anxiety and psychosocial
maladjustment, as shown by Freret et al. in animal studies and by Khaled et al. in human
studies [16,17].

Healthy nutrition can also help enhance athletic performance. In a cross-sectional
study conducted by Martínez-Rodríguez et al. in Spanish female athletes, a correlation
analysis highlighted the relationship of increased body weight and poor nutrition with
worse results in power and endurance tests. As expected, exercise had also a beneficial
effect on bone density [18]. Based on the study by Kyle et al., increased physical fitness and
aerobic exercise are also important for women across the first postpartum year experiencing
changes in bone mineral density and serum lipids [19].

Given the increasing prevalence of diet-related chronic diseases, in the last paper of
this Special Issue, Wu et al. highlighted the need for the development of new scalable
dietary monitoring techniques and presented the results of a study in Switzerland in which
the nutritional quality of users’ diets was estimated based on digital receipts from grocery
shopping [20].

During the last few decades, there has been a tremendous rise in the incidence of
chronic non-communicable diseases (NCDs) such as cardiovascular diseases, cancer, dia-
betes, and chronic respiratory diseases. Although population aging and other unmodifiable
genetic factors are contributing to this rise, it has been recognized that there also modi-
fiable, unhealthy lifestyle choices, such as a diet rich in saturated fats, salt, and refined
carbohydrates, sugar-sweetened beverages, a lack of physical activity, and smoking, which
exacerbate this phenomenon [1]. Identifying the relationship between lifestyle choices and
chronic diseases can help stakeholders to design and implement programs that are oriented
toward a healthy lifestyle, ensuring progress towards achieving the goal of reducing pre-
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mature deaths from NCDs by one third by 2030, as outlined in the United Nation’s 2030
Agenda for Sustainable Development.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: It has been established, worldwide, that non-communicable diseases such as obesity,
diabetes, metabolic syndrome, and cardiovascular events account for a high percentage of morbidity
and mortality in contemporary societies. Several modifiable risk factors, such as sedentary activities,
sleep deprivation, smoking, and unhealthy dietary habits have contributed to this increase. Healthy
nutrition in terms of adherence to the Mediterranean diet (MD), rich in fruits, legumes, vegetables,
olive oil, herbs, spices, and high fiber intake may contribute to the decrease in this pandemic.
The beneficial effects of the MD can be mainly attributed to its numerous components rich in
anti-inflammatory and antioxidant properties. Moreover, the MD may further contribute to the
improvement of reproductive health, modify the risk for neurodegenerative diseases, and protect
against depression and psychosocial maladjustment. There is also evidence highlighting the impact
of healthy nutrition in female people on the composition of the gut microbiota and future metabolic
and overall health of their offspring. It is therefore important to highlight the beneficial effects of
the MD on metabolic, reproductive, and mental health, while shaping the overall health of future
generations. The beneficial effects of MD can be further enhanced by increased physical activity in
the context of a well-balanced healthy lifestyle.

Keywords: Mediterranean diet; antioxidation; metabolic health; reproductive health; gut microbiota;
non-communicable diseases; flavonoids; polyphenols; resveratrol; olive oil

1. The Burden of Non-Communicable Diseases

In recent decades, there has been a striking rise in the incidence of non-communicable
diseases such as metabolic syndrome, obesity, type 2 diabetes, and non-alcoholic fatty liver
disease in modern westernized societies and several countries under development, all pre-
disposing to increased cardiovascular risk. The main factors contributing to the emergence
of these diseases are related to people’s diet and behavior, such as the increase in food
rich in saturated fat and carbohydrates, including sweetened beverages, lack of physical
exercise and smoking. All these factors lead to obesity, hypertension, hyperlipidemia, and
insulin resistance [1].

According to the World Health Organization (WHO) non-communicable diseases
such as cardiovascular diseases, cancer, respiratory diseases, and diabetes account for 70%
of all deaths worldwide. Among the six designated WHO regions, the WHO European
region is most severely affected by non-communicable diseases [1].

Several modifiable and non-modifiable factors account for this phenomenon. However,
the human genome has not been significantly modified during these last decades and there
is growing evidence that epigenetic alterations, mainly due to both intrauterine but also
extrauterine insults, may significantly contribute to this increase. Moreover, Western
societies have moved from everyday physical activity for walking, jogging, and outdoor
leisure to mostly indoor activities, progressively inducing a change in lifestyle with more
time spent on sedentary activities. Even the mobility of the modern citizen has shifted
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from walking, biking, jogging, etc., to sedentary ways of transportation such as driving
or using public transport. Furthermore, the widespread use of technology has enabled
human communication through all forms of telecommunication, reducing thus the need
for face-to-face interaction or meeting outdoors.

This lifestyle change was already established before the outbreak of the COVID-19
pandemic. However, during this pandemic, screen time has experienced a significant
increase, since it has become evident that technology has a major contribution in all forms
of everyday life activities and has significantly modified many aspects of human behavior.
For example, technology has enabled medical consultation through telemedicine, entertain-
ment through all forms of screen time, such as Playstation-based or other technology-based
games, f.ex. serious games, or even time spent to watch a ballet or concert or theater action
at home. Even the learning process during the lockdown at all levels of education, i.e.,
primary, in kindergartens and primary schools, secondary, i.e., gymnasium or lyceum or
even tertiary level such as university activities has shifted from the classic well-known
learning process through teaching in classes, or in amphitheaters in higher education,
to a screen-based teaching/educational process. Overall, there has therefore been a sig-
nificant reduction in the time spent on physical activity and a huge increase in screen
time and overall sedentary activities. Therefore, due to this lack of physical activity that
the lockdown strategy has imposed during this very recent pandemic, it is of upmost
importance to highlight other modifiable factors that may contribute to overall health, such
as healthy nutrition.

In addition to the tremendous lack of physical activity during recent years, there is
growing evidence that other modifiable risk factors such as smoking, but most importantly,
modern nutrition, play a crucial role in the increasing incidence of these non-communicable
diseases such as obesity, type 2 diabetes, metabolic syndrome, or non-alcoholic fatty liver
disease development, across a wide range of age groups.

Western type diet is characterized by big meals rich in fat and carbohydrate content
with a low content in fibers, while sweet beverages significantly contribute to the obeso-
genic environment, facilitating the development of visceral obesity and insulin resistance.
On the contrary, dietary fibers, which have several anti-inflammatory and anti-proliferative
actions, are not often represented in the Western diet. When ingested, dietary fibers are not
digested in the gastrointestinal tract, but they are fermented by the gut microbiota, leading
to the generation of short-chain fatty acids (SCFAs) with anti-inflammatory and anti-aging
actions. Furthermore, dietary fibers positively shape the composition of gut microbiota
and immunity [2,3].

2. The Benefits of the Mediterranean Diet

The important role of a healthy nutrition to combat insulin resistance, obesity, and their
deleterious consequences, such as non-alcoholic fatty liver disease (NAFLD), polycystic
ovarian syndrome (PCOS), sleep apnea, type 2 Diabetes (T2D) and cardiovascular events,
all through the same pathogenetic mechanism of insulin resistance, has become evident
through the beneficial effect of the so-called Mediterranean diet (MD). The MD, originally
the typical Cretan diet, is mainly a plant-based diet, rich in fruits, vegetables, legumes, and
nuts, in association with a moderate consumption of fish and dairy products and a low
consumption of red meat and red wine. In addition, herbs, teas, and spices are also highly
represented in the MD [4–6].

The MD mainly consists of carbohydrates, proteins, and fibers, while it is low in
fat content. The most important source of fat in the MD is olive oil, which contains
mainly unsaturated fatty acids. As Calabrese et al. mentioned, olive oil also contains 3,3-
dimethyl-1-butanol, which prevents the formation of trimethylamine-1-oxide. High levels
of trimethylamine-1-oxide are associated with an increased likelihood of cardiovascular
events [3]. Furthermore, the consumption of fiber-rich food alters the gut microbiome and
enriches the microbiome diversity, which is important for the immune system, possessing
anti-inflammatory capacities [7,8]. According to Anderson et al., a diet rich in fibers, such
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as the MD, is associated with a lower prevalence of cardiovascular diseases, diabetes,
metabolic syndrome, and gastrointestinal diseases like gastroesophageal reflux disease,
gastric ulcer or diverticulitis [9].

These foods which have beneficial health effects have been called, in the recent liter-
ature, functional foods, i.e., foods that have a great contribution in overall health. They
contain biologically active nutrients, such as polyphenols which have a significant impact
on the prevention and management of chronic non-communicable diseases due to their
beneficial anti-oxidative, anti-bacterial or anti-inflammatory effects [10]. Systemic oxidative
stress is a hallmark of obesity and metabolic syndrome. Oxidative stress at the cellular
level originates from an imbalance between endogenous reactive oxygen species (ROS) pro-
duction and the natural anti-oxidation system [4]. The molecular structure of polyphenols,
important in counteracting oxidative stress, consists of at least two aromatic rings with a
hydroxyl group and a carbon bridge between the aromatic rings. They are classified in two
groups, the flavonoids, including flavonols, flavones, isoflavones, flavanones, flavan-3-ols,
anthocyanidins and dihydrochalcones and the nonflavonoids including phenolic acid,
lignans and stilbenes [11].

Moreover, the MD consists of many components rich in mono-unsaturated fatty acid
such as oleic acid, in olive oil, omega-3-polyunsaturated fatty acid, such as alpha- linolenic
acid in tree nuts, like walnuts, high amounts of flavonoids and antioxidants found in
fruits and vegetables and high amounts of dietary fibers that have a great impact on the
composition of gut microbiota—all considered to have health-promoting properties and to
enhance longevity [12,13]. As already reported above, the significant lack of physical activ-
ity that emerged during the lockdown strategy to combat the recent COVID-19 pandemic
should be counteracted by a healthier nutrition, such as the MD, Therefore, a review article
highlighting the many beneficial effects of MD is especially relevant during this period that
is characterized by this shift towards sedentary activities.

3. The Impact of Mediterranean Diet on Metabolic Health

3.1. The Impact on Obesity Prevention and Management

The increasing prevalence of obesity in westernized societies has become a major
public health problem, reaching epidemic dimensions in both adult but also adolescent
populations [14,15]. Obesity increase is multifactorial, being the result of lifestyle modi-
fications such as a shift towards sedentary activity and a change from the MD towards a
high-fat, carbohydrate-rich Western diet. As highlighted above, oxidative stress is crucially
implicated in the chronic inflammation process that is an important component in obesity
pathogenesis. Therefore, this chronic inflammation state contributes both to the increased
rates of obesity and its complications, such as metabolic syndrome, nonalcoholic fatty liver
disease, dyslipidemia, diabetes, all conferring an increased cardiovascular risk [4,14,15]

Therefore, obesity is generally considered as a low-grade inflammation state affecting
the whole body [4]. An increased intake of high energy food rich in animal-saturated fat
leads to oxidative stress at the cellular level and inflammation by increasing the expression
of nicotinamide adenine dinucleuotide phosphate (NADPH) oxidase (NOX) in adipocytes.
This triggers adipogenesis and the production of reactive oxygen species. Through the acti-
vation of the nuclear factor-kappa B (NF-κB) pathway, it results in an increased expression
of the proinflammatory mediators such as tumor necrosis factor alpha (TNFα), interleukin
6 (IL6), leptin while decreasing the secretion of the protective adipokine, adiponectin [4,16].
The increased expression of proinflammatory cytokines leads to downregulation of the
anti-inflammatory molecule, AMP-activated protein kinase (AMPK), and the induction of
the acute-phase-protein C-reactive protein (CRP) [4].

It has been shown that polyphenols have an anti-inflammatory function. They inhibit
proinflammatory molecules and modulate the inflammatory pathways like NF-κB, MAPK
and the arachidonic acid pathway [17]. As Li et al. [18] proved, the administration of the
flavonoid hesperidin can reduce the secretion of cytokines like interleukin 1 (Il-1) and
TNFα and restricts the inflammation in a murine rheumatic arthritis model [18]. Spices
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are a rich source of polyphenols as well and have anti-inflammatory, anti-carcinogenic
and antioxidant capacities. Curcumin, for example, is known for its protective properties
against DNA-mutations [19]. Special interest has been laid to resveratrol, a component
of grapes, that has been shown to promote intracellular glucose transport and reduce
insulin secretion. It has also been shown to inhibit the NADPH-induced oxidative stress
and activate the anti-inflammatory molecule peroxisome proliferator-activated receptor
gamma (PPARγ) [4]. Moreover, the ingestion of herbal components such as green tea,
rich in polyphenols such as epigallocatechin-3-O-gallate (EGCG), contributes to diabetes
management and has a lipid-lowering effect, while increasing energy expenditure and
decreasing inflammation and oxidative stress through the inhibition of the NF-κB path-
way [4]. Furthermore, coffee consumption has been shown to reduce the risk of several
diseases such as diabetes mellitus and non-alcoholic fatty liver disease [20]. The mechanism
behind this observation could be explained by the polyphenols contained in coffee such as
caffeoylquinic acids, trigonelline and N-methylpyridinium. These lead to the upregulation
of antioxidant and detoxifying enzymes and the downregulation of proinflammatory medi-
ators via the activation of nuclear factor erythroid 2-related factor 2 (Nrf2) [20]. Obesity is
also related with changes in lipid profile [14] with a reduction in high density lipoprotein
(HDL) and an increase in triglycerides. Increased visceral adipose tissue is further associ-
ated with oxidative stress and it has been shown that telomeres are shorter especially in
obesity that is accompanied by metabolic abnormalities leading to metabolic syndrome [21].
Faster shortening of the telomeres and an inhibition of the telomerase activity has therefore
been observed in unhealthy obesity [22,23]. In both “healthy” and “unhealthy” obesity,
a strategy aiming to reduce oxidative stress at the cellular level can modify morbidity
and promote overall health. MD can thus be considered as a natural antioxidant, able
to reduce mortality, by reducing the incidence of cardiovascular, metabolic, endocrine,
and neurodegenerative diseases through the beneficial effects of its components, mainly
polyphenols [24].

Therefore, the effects of MD on the prevention of obesity have simultaneously pro-
tective effects on its complications, and it is difficult to discern the specific effects of the
different components of the MD on the different expression patterns of inflammation
and whether the reduction in insulin resistance may rather contribute to the reduction
in metabolic syndrome or merely of type 2 Diabetes, or of nonalcoholic fatty liver dis-
ease, since all these non-communicable diseases listed above are interrelated, with many
common pathways [4].

3.2. The Impact on Diabetes Mellitus

Diabetes mellitus, especially Type 2 Diabetes mellitus (T2DM), is one of the leading
diseases in Western societies, in addition to cardiovascular diseases. One of the reasons for
the increase in the incidence of diabetes is the high-fat, high-carbohydrate, and low-fiber
diet. Consequently, the MD is an important component in the prevention and combat of
its pathogenesis. According to Esposito et al., the adherence to a MD has beneficial effects
in both the prevention and treatment of diabetes. It has been demonstrated that people
following MD had lower hemoglobin A1c (HbA1c) levels compared to the control group.
Furthermore, it was observed that fasting glucose could also be reduced by the MD [25].
However, it was not investigated which components of the MD are responsible for this
observation. One example could be the fat content. In the MD, more unsaturated fatty acids
are consumed, especially as a component of olive oil or table olives, and less saturated fatty
acids from animal fat. This has an inhibitory effect on the pathogenesis of diabetes mellitus.
Increased monounsaturated fatty acids and reduced saturated fatty acids in the diet have
been associated with increased insulin sensitivity and improved beta cell function [26,27].
In addition, the unsaturated fatty acids of olive oil have been shown to increase glucagon-
like-peptide-1-(GLP1) expression [28]. GLP1 stimulates insulin secretion and inhibits
glucagon secretion. An increased GLP1 expression is also achieved by the SCFAs. As
MD is rich in dietary fiber, and the fermentation of this fiber leads to the formation of
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SCFAs, these then, in turn, stimulate GLP1 expression [26]. Further consideration of the
beneficial effects of MD in the pathogenesis of diabetes mellitus could be the widespread
use of spices and herbs, also important components of the MD. Zare et al. have been
able to show through a randomized control trial (RCT) that cinnamon can improve the
glycemic status in patients with diabetes, especially in those with a higher body mass index
(BMI) [29]. Cinnamaldehyde, the main component of cinnamon, has also been shown
to have lipid-lowering capacities [30]. Furthermore, tea consumption, that is also highly
represented in the MD, has health-promoting benefits in the combat against diabetes.
Thus, according to Alkhatib et al., the tea has beneficial effects on the pathogenesis of
diabetes mellitus by improving glucose metabolism and consequently lowering the fasting
glucose level. Moreover, further studies have demonstrated that the consumption of tea is
associated with a reduced waist-to-hip ratio and lower levels of blood pressure [10]. The
pathomechanism behind the positive effects of these products is still unclear. It could be due
to their rich content in polyphenols [4]. There is evidence that glucose uptake is prevented
by the inhibition of the enzymes α-amylase and α-glycosidase. Glucose transport by
sodium–glucose-linked transporter 1 (SGLT1) could also act as a target for the polyphenols.
In addition, there is evidence that polyphenols increase glucose uptake in muscle cells,
reduce gluconeogenesis in the liver, and prevent the inflammation-induced destruction
of the pancreatic β-cells [31]. An example of these beneficial molecules is the polyphenol
quercetin, which reduces the metabolic stress in mitochondria and acts like the widely
used antidiabetic drug metformin [32]. Moreover, it can increase glucose uptake through
GLUT4 transporter [33]. Another example is rosemary. According to Naimi et al. [34],
rosemary contains a large amount of polyphenols, especially carnosic acid, rosmarinic
acid and carnosol. These molecules show important antidiabetic effects. They inhibit
a-glucosidase and thus intestinal glucose uptake. They also inhibit dipeptidyl peptidase 4,
which inactivates the enzyme GLP1. In addition, they inhibit hepatic gluconeogenesis and
increase glucose uptake in muscle cells, thus counteracting hyperglycemia. The beneficial
properties of rosemary and its polyphenol components have also been confirmed in human
studies. As shown in the review by Naimi et al. [34], rosemary also has lipid-lowering and
anti-inflammatory effects [34].

3.3. The Impact of MD on Non-Alcoholic Fatty Liver Disease

Non-alcoholic fatty liver disease (NAFLD) is one of the leading non-communicable
diseases affecting around 20–30% of the general population in Western societies. This
increase in incidence occurs in parallel with the increasing incidence of obesity and insulin
resistance [35]. According to the “multiple hits” hypothesis, oxidative stress, hypovita-
minosis E, low-grade inflammation, and gut microbiota dysbiosis, all contribute to the
pathogenesis of NAFLD [36]. A nutraceutical approach in the prevention and management
of the disease is the adherence to the MD. MD, rich in nuts with antioxidant properties,
may contribute to the decrease in the burden of NAFLD. Although the exact role of the
different components of the MD on the prevention and management of NAFLD is not
fully elucidated, it became clear that many components have lipid-lowering properties
and reduce insulin resistance at the hepatic level, while they have anti-inflammatory and
antioxidant properties, further reducing endoplasmic stress. In a randomized control trial
(RCT), Yaskolka et al. were able to demonstrate that an MD enriched in green plants
with reduced red meat intake was able to enhance intrahepatic fat loss in comparison to
the control diet, proving the beneficial effects of MD on reducing hepatic steatosis [37].
Furthermore, in another RCT, Franco et al. were able to demonstrate that a low-glycemic
index MD in combination with physical activity was able to reduce the NAFLD score,
highlighting the importance of combined lifestyle modifications, including both healthy
diet and exercise [38].
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3.4. The Impact of MD on the Metabolic Syndrome

Metabolic syndrome (MetS) is defined as the simultaneous occurrence of abdominal
obesity and at least two of the following: dyslipidemia, mainly characterized by low HDL
levels and high triglycerides, and hyperglycemia and/or arterial hypertension. MetS can be
further accompanied by hyperuricemia [39], NAFLD, as well as microalbuminuria [40,41].
The presence of the MetS confers a higher risk of cardiovascular events than the addition
of these risk factors separately. Furthermore, the MetS is associated with numerous other
complications as well as with an increased risk of neoplasia [42,43]. Nowadays, the inci-
dence of MetS is steadily increasing, mainly as a cause of modern lifestyle with increasing
obesity rates, and the combination of increased sedentary activities and non-adherence
to healthy nutrition. Pathophysiologically, the excess of adipocytes leads to a constant
inflammatory state since adipocytes secrete numerous proinflammatory cytokines. This
inflammatory state is characterized by the ectopic deposition of lipids, which leads to
insulin resistance in muscle cells, liver steatosis with altered metabolism in the liver and
beta-cell dysfunction in pancreatic cells and consequently decreased insulin secretory activ-
ity that progressively cannot compensate for the increased insulin demands necessary to
counteract the peripheral insulin resistance [24].

Kastorini et al. investigated the effects of the MD on metabolism through a meta-
analysis. They found that adherence to the MD has a positive effect on metabolism. MD is
associated with a lower rate of MetS and its components such as abdominal obesity, low
HDL levels and hypertension [44]. The inflammatory state could therefore be a target for
the treatment of metabolic syndrome. As already mentioned, the MD has anti-inflammatory
effects. An example for these beneficial effects is the tomato, which plays an essential role in
the MD. According to Ghavipour et al., the tomato has anti-inflammatory and antioxidant
effects [45]. Tomato consumption has been associated with reduced body weight [46].
Olive oil, in turn, as already reported above, can also suppress the inflammatory response.
The inflammatory reaction can be further attenuated by the polyphenol quercetin since it
induces the secretion of the anti-inflammatory factor, adiponectin, in adipocytes. This leads
to a reduction in body weight in obese mice in vivo. Furthermore, it was shown that the
administration of quercetin improves the components of the MetS such as dyslipidemia,
hypertension, and insulin resistance [47]. In addition, the polyphenol resveratrol was able
to inhibit adipocyte proliferation [48,49].

4. The Impact on Cardiovascular Disease

Cardiovascular events are mainly due to atherosclerosis and intravascular plaques
formation. These plaques can either lead to vascular stenosis and occlusion or break off
with the blood flow inducing the formation of a thrombus. Both events subsequently lead
to tissue blood underperfusion, tissue ischemia and final necrosis. Cardiovascular disease
(CVD) is one of the leading causes of mortality in Western societies. Predisposing factors
can be divided into the non-modifiable ones, such as positive family history, age, or male
gender, and the modifiable ones, such as smoking, lack of physical exercise and unhealthy
diet [50].

An important parameter responsible for the aggravation of atherosclerosis is hyper-
lipidemia with the combination of high low density lipoprotein (LDL) and low HDL levels.
In addition to the high LDL levels, conferring an atherosclerotic cardiovascular risk, it
has recently become evident that the susceptibility of LDL particles to aggregate consti-
tutes a further prothrombotic factor and a risk factor for future cardiovascular death. In
a very elegant study using data from the Healthy Nordic diet group, Ruuth et al. were
able to demonstrate that decreased aggregation susceptibility could be achieved through
a diet rich in vitamin E, such as the MD [51]. Furthermore, a study on the effect of a
short-term adherence to MD versus fast food (FF) diet was able to achieve a change of HDL
lipidome towards a healthier HDL status, further highlighting the cardioprotective effect
of MD [52]. Moreover, in vitro and in vivo studies have shown that the consumption of
garlic can improve the lipid status, by lowering the level of LDL and increasing the level
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of HDL. This is achieved by inhibiting enzymes in the pathway of cholesterol synthesis,
for example, monooxygenase and 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMG-CoA-reductase). Furthermore, this lowers the blood pressure and inhibits platelet
aggregation by inhibiting cyclooxygenase (COX) activity [53]. Thus, the complications of
atherosclerosis, such as heart attack or stroke, can be prevented by garlic consumption. An
antihypertensive and cardioprotective effect has also been associated with the consumption
of olive oil [54]. A diet rich in olive oil consumption, especially of extra-virgin olive oil,
allows the intake of phytosterols and polyphenols that have a protective function on the
endothelium preventing arteriosclerosis and cardiovascular events. In addition, it increases
the expression of anti-inflammatory molecules like PPARγ and reduces the expression of
proinflammatory molecules such as IL1β and cyclooxygenase (COX) 2 [4]. The unsaturated
fatty acids that are highly represented in the MD and especially in the extra virgin olive oil
have been demonstrated, according to the PREDIMED Trial, to contribute to diminished
ceramide accumulation and therefore to confer a cardioprotective effect. It is well known
that aberrant accumulation of ceramides, that frequently occurs because of excess satu-
rated fat consumption, may lead to impaired cellular function, including impaired insulin
function [55], while the MD has a favorable impact on CVD by diminishing ceramide
concentration. As mentioned previously, MD contains many biologically active molecules
called polyphenols with anti-inflammatory and antioxidant effects [19]. These molecules
have also antiplatelet activity [56,57]. Their entire mechanism of action is still unclear [58].
Studies showed that polyphenols, such as oleuropein found in olive oil, reduce oxida-
tive stress, and inhibit the COX1 pathway, which is involved in platelet aggregation [59].
In vitro and in vivo studies showed that polyphenols such as chlorogenic acid or the an-
thocyanin cyanidin-3-glucoside interrupt thrombin-induced platelet aggregation [60,61].
Another described mechanism of action of polyphenols is the increase in nitric monoxide
(NO) levels after consumption of quercetin and catechin [62]. NO has a vasodilating effect
and inhibits platelet aggregation [63]. Resveratrol, a polyphenoid that is present in berries,
grapes, and grape products such as red wine, has also been proven to have protective
effects on the cardiovascular system. It reduces blood pressure, has antiapoptotic effects
on cardiomyocytes and prevents thrombus formation [64]. An important complication of
hypertension and atherosclerosis is myocardial infarction, in which the occlusion of a blood
vessel leads to the reduced perfusion of the myocardium. This leads to remodeling mecha-
nisms that affect both the structure and viability of the myocardium. Nowadays, attempts
are being made to prevent these remodeling mechanisms by administering angiotensin
converting enzyme (ACE) inhibitors. However, it would be interesting to have a similar
effect through natural substances, the so-called neutraceuticals. According to Suzuki et al.,
catechins, the phenol component of tea, protect against remodeling after myocardial infarc-
tion by suppressing proinflammatory cytokine secretion [65]. This anti-inflammatory effect
has also been demonstrated in a murine autoimmune myocarditis model, where catechin
administration was shown to improve ventricular contractility [66].

5. The Impact of MD on Reproductive Health

Healthy nutrition is also important in other areas of overall health, such as repro-
ductive health. It is well known that obesity and its complications are associated with
reduced fertility in both women and men [67,68]. Therefore, a healthy low-fat diet such as
the MD may have important beneficial effects on reproductive capacity [69]. According to
a study by Einarsson et al., overweight women who lost weight before insemination had
an increased spontaneous pregnancy rate compared to overweight women who did not
lose weight. However, in the group of overweight women who underwent assisted repro-
duction technologies (ARTs), such as in vitro fertilization (IVF), there was no significant
difference in pregnancy rates between women who achieved weight loss and the control
group [70]. Therefore, it is important to have a healthy lifestyle from an early age so that
obesity can be prevented long before issues such as infertility arise.
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5.1. The Impact of MD on Female Reproductive Health

Polycystic ovarian syndrome (PCOS) also belongs to the group of metabolic diseases.
PCOS is considered as the expression of the metabolic syndrome and insulin resistance
at the reproductive axis of the female, although its exact pathomechanism is still unclear.
However, obesity and insulin resistance are the main components of its pathogenesis [71].
Women with PCOS have an increased risk of developing type 2 diabetes mellitus. The
definition of PCOS includes the fulfillment of the following criteria: hyperandrogenism,
either clinical or biochemical, chronic anovulation, expressed as menstrual irregularities,
and polycystic appearance of the ovaries on pelvic ultrasound in around 50% of the
cases [72]. It is claimed that low-grade inflammation is present in PCOS, which drives the
clinical picture [73]. Another parameter that is important in the pathogenesis of PCOS
is the presence of advanced glycation end products (AGEs). These substances are either
endogenously produced or exogenously supplied through food ingestion [74]. They are
mainly the result of the ingestion of high sugar diet and may also be found in animal fat- and
protein-rich products and less represented in fruits and vegetables [75]. High AGE levels
are associated with increased insulin resistance, that in turn, drives sex-hormone binding
globulin (SHBG) reduction and androgen excess. AGEs bind to their receptors (receptor of
advanced glycation end products, RAGE), which are also expressed in the ovarian tissue.
By binding to RAGE, they induce an inflammatory response that stimulates oxidative
stress. AGEs thus accumulate in the ovarian tissue, leading to ovarian dysfunction [74].
Considering all these observations, a dietary modification with a reduced intake of AGEs
would be beneficial in PCOS pathology.

Barrea et al. studied how diet differs between women with PCOS and healthy women.
They found that women with PCOS follow unhealthier diets with the ingestion of simple
carbohydrates, saturated fat, and little fiber content. The constellation of these diets
contributes to the inflammatory state and induces oxidative stress [76]. The oxidative stress,
in turn, stimulates androgen synthesis in the ovarian tissue. This leads to an increased
inflammatory response, so that a vicious circle occurs. In contrast, a healthy high fiber diet
with mainly unsaturated and few saturated fatty acids can reduce glucosemia and lipidemia
and thus limit the inflammatory response [77]. This oxidative stress can be counteracted
through the numerous anti-inflammatory substances contained in healthy diets, as the
MD. As Amini et al. have described, polyunsaturated fatty acids have positive effects
on insulin sensitivity and can limit hyperandrogenism [78]. Furthermore, Zhang et al.
used an Lipopolysaccharide (LPS)-induced sepsis model to investigate the effect of the
ω3 polyunsaturated fatty acid-derived metabolite resolvin. It was observed that resolvin
leads to a downregulation of proinflammatory mediators and thus to a limitation of the
inflammatory response [79]. The lipid-lowering and anti-inflammatory effects of ω3 fatty
acids can hence be used as a treatment method in PCOS patients. These molecules are
found in fish and olive oil, nutrients abundantly consumed in MD [78]. In addition to
vegetables, fish and olive oil, herbs and spices are also frequently used in MD. According
to Ashkar et al., these products also have beneficial effects in limiting PCOS pathology.
Studies have shown that cinnamon, for example, reduces insulin resistance and fasting
insulin levels. Green tea stimulates metabolism and has a lipolytic effect. Chamomile
has positive effects on weight control and lowers insulin levels. In murine PCOS models,
green tea and chamomile were shown to reduce the number of ovarian cysts observed in
pelvic ultrasound. Mint and licorice counteract hirsutism, a common sign of PCOS due to
hyperandrogenism. Fennel lowers testosterone levels. Finally, Marrubium vulgare lowers
cholesterol, glucose, and oxidative stress [80].

Furthermore, in PCOS, insulin has a stimulatory and anti-apoptotic effect on the theca
cells, resulting in the hyperplasia of these cells [81]. According to Wong, the polyphe-
nol resveratrol has proapoptotic properties on the theca cells and can thus antagonize
the insulin effect [82]. In addition, resveratrol has been shown to decrease the level of
proinflammatory cytokines, such as Interleukin 6, Interleukin 18, TNFα and the acute-
phase-protein CRP, which are all markers of the inflammatory state in PCOS. Furthermore,
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Brenjian et al. described that resveratrol can modulate the stress of the endoplasmic reticu-
lum, also involved in the pathogenesis of PCOS [83]. In addition, this leads to an induction
of the expression of SIRT1, which also seems to have protective effects against oxidative
stress in the ovarian tissue [84]. It has also been shown that resveratrol decelerates ovarian
ageing in rodent experiments and thus increases fertility [85]. A further polyphenol with
beneficial properties in the pathogenesis of PCOS seems to be quercetin. It is known that
PCOS patients have lower levels of adiponectin and adiponectin receptors. As widely
known, adiponectin is beneficial for metabolism as it improves glucose homeostasis and has
lipid-lowering effects. Rezvan et al. investigated how the expression levels of adiponectin
and its receptors change after quercetin supplementation in PCOS patients. They found
that quercetin induces an upregulation of these proteins and could therefore be used as a
treatment for PCOS [86,87].

5.2. The Impact on Male Reproductive Health

Male fertility is also influenced by lifestyle. Oxidative stress, for example, can con-
tribute to male infertility. A high amount of reactive oxygen species is associated with
reduced sperm quality, vitality, and concentration as well as DNA damage in spermato-
cytes. Oxidative stress is induced by both internal and external factors. Internal factors
can be the result of cryptorchidism or testicular inflammation. External factors that lead to
enhanced oxidative stress include obesity, smoking and an unhealthy diet [88]. According
to Salas-Huetos et al., oxidative stress can be reduced by the antioxidant properties of fruits
and vegetables, since these antioxidants act as scavengers and reduce reactive oxygen
species [89,90]. Another parameter associated with impaired male fertility is the presence
of xenoestrogens, which are found nowadays in increased amounts in meat products [90].
Xenoestrogents are shown to reduce the ejaculate volume, the sperm motility and vital-
ity [91]. Furthermore, it has been observed that increased consumption of trans lipids
is associated with reduced sperm quality and lower testosterone levels. In contrast, the
polyunsaturated fatty acids found in fish and olive oil or nuts are associated with better
sperm quality and morphology [92]. The effects of dyslipidemia on fertility were studied
in several animal experimental models. Saez Lancellotti et al. studied how a diet high in
cholesterol alters sperm quality. The results showed that the high cholesterol diet led to the
formation of abnormal sperm and reduced sperm motility [93]. These observations were
significantly reversed after olive oil supplementation [94]. Altogether, these observations
support the notion that adherence to the MD would be beneficial in male reproductive
issues. The mechanism behind this is most likely due to the polyphenols. According to
Simas et al. the polyphenol resveratrol improves male fertility, by ameliorating sperm
mobility and functionality. It has been further demonstrated that the diabetes complications
on the reproductive system such as DNA fragmentation and disturbed sperm acrosome
integrity can be reduced by the ingestion of resveratrol [95]. Resveratrol can also improve
male fertility rates in the procedure of cryoconservation since it protects the sperm from
oxidative stress [96]. The polyphenols, mainly catechins, contained in green tea also have
a protective effect on sperm quality. They protect against spontaneous mutations and
chromosomal aberrations. According to Rahman et al., polyphenols may therefore improve
fertility through their anti-inflammatory and antioxidant effects [88].

6. Transgenerational Effects on the Offspring

Healthy diet already before pregnancy, but mainly during pregnancy and lactation,
has a major impact on the metabolic and overall health of the offspring [97–99]. As de-
scribed in the review by Amati et al., maternal nutrition before and during pregnancy has
a major impact on fetal health greatly contributing to the gut microbiota diversity of the
offspring [97,100]. It was observed that children whose mothers followed MD had a lower
risk of developing congenital heart defects. Moreover, intrauterine development is also
positively influenced by the MD [97]. Following an MD during pregnancy is associated
with a lower rate of small for gestational age (SGA) neonates [98]. In addition, newborns
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whose mothers followed MD during pregnancy showed a lower probability of developing
neural tube defects. Furthermore, it has been demonstrated that maternal diet during preg-
nancy also affects the rate of congenital malformations, like gastroschisis [99]. Adherence
to the MD is further associated with a reduced likelihood of gestational diabetes and hyper-
tensive pregnancy diseases [100]. In contrast, the risk of developing gestational diabetes is
increased in overweight women, which also entails many complications for the newborn,
including both adverse metabolic health [100] and future neurodevelopment [99,101]. Fur-
thermore, the high body weight of the mother is associated with lower fertilization rate
and miscarriage [99]. Moreover, the healthy diet of a pregnant woman rich in dietary fiber
shapes the gut microbiota of her offspring [100]. The gut microbiota composition is further
affected by the diet of the newborn, since babies fed by infant formulas have a higher
number of pathogenic bacteria in comparison to breast-fed babies [102]. However, the
positive effects of MD are not limited to the pregnancy and early postnatal period. It has
been shown that children whose mothers had a high adherence to the MD are less likely to
develop atopic diseases and behavioral problems [97].

7. Impact on Autoimmune Disease

Autoimmune diseases are another type of diseases for which a positive impact can be
achieved through dietary changes. As an example, we focus on Type 1 diabetes mellitus
(T1DM), an autoimmune disease where the autoimmune destruction of the pancreatic
beta cells take place, so that insulin synthesis and secretion progressively diminish, up
to complete exhaustion. The disease is mainly manifested in early childhood but can
also be diagnosed in later ages, and if not appropriately managed through the years, is
associated with severe complications, especially micro- and macrovascular events. The
pathogenesis of T1DM has not been fully elucidated yet. It is considered that a complex
pathogenesis is responsible for its occurrence, notably the combination of inherent ge-
netic predisposing factors with external environmental triggers such as viral infections or
dietary components contributing to the autoimmune pathogenesis of the insulitis [103].
Studies have shown that patients with T1DM have an altered intestinal flora compared
to healthy individuals [104]. It can begin in infancy or even earlier in life, where it has
been shown that breastfed children of mothers who eat a low meat diet have a lower risk
of developing T1DM [105]. A high fat diet leads to the colonization of the intestine of
mainly Bacteroides species. In contrast, a high fiber diet induces a microbiome rich in
Prevotella species [106]. A gut microbiome rich in Bacteroides is correlated with a T1DM-
associated intestinal dysbiosis. The type of dominant bacterial species has an influence
on the synthesized SCFAs. Beneficial SCFAs, such as butyrates, have immunomodulatory
effects and suppress inflammatory responses. In contrast, Bacteroides-dominant gut flora
results in the formation of proprionate, succinate and acetate, which have proinflammatory
effects and promote autoimmunity by increasing the epithelial permeability of the gut [102].
As already described, this intestinal flora is strongly influenced by nutrition. According
to Yang et al., the consumption of a polyphenol-rich diet, such as the MD, increases the
amount of beneficial bacterial species and suppresses the growth of pathogenic bacterial
species [107].

There is also evidence for the positive effects of the MD in other autoimmune diseases.
One example is multiple sclerosis, an autoimmunological disease characterized by immune
cell recruitment, mainly T cells, in the central nervous system, and subsequent demyeli-
nation. It has been observed that the consumption of saturated fatty acids and especially
long-chain fatty acids is associated with an aggravation of the symptomatology and an
increase in immune cell recruitment [108]. In contrast, SCFAs have been shown to have
an immunomodulatory effect [109]. It has been further suggested that flavonoids have a
remyelination-promoting effect [110,111].
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8. Impact on Neurodegeneration and Mental Health

8.1. Polyphenols against Neurodegeneration

Unhealthy diets also have effects on neurodegeneration. The high-fat, low-fiber West-
ern diet has been associated with an increased risk of Parkinson’s disease. The lack of
dietary fiber leads to an excess of lipopolysaccharide-producing bacteria in the microbiome,
resulting in damage to the intestinal barrier and mitochondrial function [112]. Furthermore,
fats are thought to increase the permeability of the blood–brain barrier and increase the
quantity of β-amyloid plaques deposition. Polyphenols instead lead to an improvement in
cognition, which can be shown by both cognitive tests and functional MRI (fMRI) studies.
According to Rajaram et al., the consumption of fruits, green tea, and nuts, which are
all important components of the Mediterranean diet, has neuroprotective effects [113].
These effects could be explained by the antioxidant effect of polyphenols [114]. Hesperidin,
for example, which is found in citrus fruits, scavenges free oxygen radicals. Further-
more, it suppresses the formation of proinflammatory cytokines and thus also has an
anti-inflammatory effect. In addition, according to several studies, it has been shown that
hesperidin increases cerebral blood flow, which further prevents cognitive decline. The neu-
roprotective effect of hesperidin was observed in both animal experiments and in human
studies [115]. Hesperidin is just one example of the multitude of polyphenols contained in
the MD with neuroprotective properties. Other bioactive compounds are anthocyanins and
carotenoids, which are abundantly found in fruits and vegetables. These molecules reduce
oxidative stress, by lowering the number of free radicals. Further studies have shown that
anthocyanins and the compound of olive oil, olecanthal, prevent the aggregation of Aβ

amyloids and tau protein [116]. Isocyanates found in cruciferous vegetables and olecan-
thal act as natural COX inhibitors and thus limit inflammatory responses [117–119]. These
findings are based both on in vitro and in vivo studies. The research group of Yammine
et al. investigated the effect of phenols on murine N2 neuronal cells after treatment with
7-ketocholesterol. 7-ketocholesterol is an oxidation product that is found in high concen-
tration in neurodegenerative diseases. It promotes oxidative stress, apoptosis, autophagy,
mitochondrial and peroxisomal dysfunction. These effects were reduced after the treatment
of N2 cells with the polyphenols, resveratrol, quercetin and apigenin [120]. In summary,
it can be said that polyphenols, and thus also the MD, have a preventive effect against
neurodegenerative diseases such as Alzheimer’s or Parkinson’s disease.

8.2. The Impact on Mental Health

The current COVID-19 pandemic has exacerbated neuropsychological disorders, since
the lockdown strategy led to significant lifestyle changes that were accompanied by in-
creased social isolation, uncertainty for the future and unemployment. The main conse-
quence of all these changes is depression [121]. Depression is nowadays one of the leading
causes of disability [122]. Therefore, it is extremely important to find methods to relieve
the symptoms, especially in a natural way, since antidepressant medication has often
multiple side effects. One example could be healthy food intake. As already described,
a healthy diet helps to combat the pathogenesis of many diseases. The same holds true
for depression. As Riera-Sampol et al. have shown, both adherence to MD and a low
BMI are beneficial against depression. These positive properties of MD on depression are
probably due to nutrients such as unsaturated fatty acids and polyphenols [123]. In an
RCT, Parletta et al. investigated how symptoms of depression change based on one’s diet.
They showed that the group that followed MD had less stress and negative emotions and
scored better on depression scores. To determine the beneficial component of MD, they also
studied how the amount of omega-3 and omega-6 polyunsaturated fatty acids was related
to the clinical picture. They found that high omega-3 and low omega-6 polyunsaturated
fatty acids were associated with a more favorable outcome [124]. The importance of n3-
polyunsaturated fatty acids in the pathology of depression was also confirmed by further
studies. In addition, comparing n3-polyunsaturated fatty acids to placebo as a treatment of
depression also demonstrated the beneficial effects of n3-polyunsaturated fatty acids [125].
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These results can probably be attributed to the anti-inflammatory and immunomodula-
tory properties of n3-polyunsaturated fatty acids since depression is associated with an
inflammatory state [126]. Further substances that are associated with a reduced risk of
developing depression are polyphenols [127]. The uptake of polyphenols mainly occurs
through the intestinal flora, a process that creates an interaction between polyphenols and
intestinal flora. Polyphenols regulate the composition of gut bacteria by stimulating the
growth of beneficial bacteria and inhibiting the growth of harmful bacteria. The bacteria
break down the polyphenols and produce polyphenol metabolites and polyphenol-related
bacteria metabolites. SCFAs are an example of bacterial metabolites. The formation of
SCFAs induces the secretion of hormones, including leptin, which showed beneficial effects
on depressive symptoms in animal experiments [11]. Furthermore, polyphenols can have a
positive impact on the homeostasis of neurotransmitters. In patients suffering from depres-
sion, a reduced level of dopamine and serotonin has been observed. According to Gu et al.,
the polyphenol resveratrol modulates this, by increasing the levels of both dopamine and
serotonin in a dose-dependent manner. In addition, it increases the level of the neuropro-
tective molecules brain-derived nerve growth factor (BDNF) and neuropeptide Y (NPY),
which are also found to be decreased in patients with depression [128].

9. Possible Adverse Effects of Mediterranean Diet

In addition to the beneficial effects of MD and the polyphenols it contains, adverse
effects have also been described. One example is the polyphenol resveratrol. According
to Shaito et al., there are indications that the anti-inflammatory effect is dose depen-
dent. A high-dose administration of resveratrol in animal experiments showed proin-
flammatory and cytotoxic effects. In addition, pharmacokinetic interactions have been
described, mainly due to CYP450 induction, which may affect the pharmacokinetics of
other drugs [129]. EGCG present in tea has also been associated with adverse effects when
administered at high concentrations. A hepatotoxic effect with an increase in hepatic
transaminase has been reported in animal experiments as well as in humans. This led to
a market withdrawal of high dose-EGCG-supplements [130]. In conclusion, the adverse
health effects of polyphenols have mainly been described in the context of an excess sup-
raphysiological intake that does not correspond to the natural diet. Thus, in a healthy
balanced diet, the numerous beneficial effects outweigh by far the putative negative effects.
In Figure 1, the numerous beneficial effects of MD and its components are illustrated,
affecting most aspects of human life and health.

 

Figure 1. Beneficial effects of the Mediterranean diet.
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10. Conclusions

It has been established, worldwide, that non-communicable diseases, such as obe-
sity, diabetes, non-alcoholic fatty liver disease, metabolic syndrome, and cardiovascular
events account for a high percentage of morbidity and mortality in modern westernized
societies. Several modifiable factors, such as increase in sedentary activities, sleep depriva-
tion, smoking, and unhealthy dietary habits have significantly contributed to this increase.
Healthy nutrition in terms of adherence to the Mediterranean diet, rich in fruits, legumes,
vegetables, olive oil, nuts, herbs, spices, and high fiber intake with a reduction in processed
red meat intake may contribute to the decrease in this pandemic. Moreover, it seems that
MD may further contribute to reproductive health in both men and women, since higher
rates of subfertility have been noted nowadays in westernized societies and may further
contribute to the overall health of future generations. Moreover, healthy nutrition may
modify the risk for neurodegenerative diseases such as Alzheimer disease, or Parkinson’s
disease, or even protect against depression and psychosocial maladjustment. There is a lot
of evidence highlighting the impact of healthy nutrition of the woman on the composition
of gut microbiota and metabolic health of her offspring and may further protect from con-
genital malformations or even adverse neurodevelopment in the offspring. It is important
to highlight all these beneficial effects of the MD and specifically the protective components
of the MD such as polyphenols, poly-unsaturated fatty acids, flavonoids, terpenoids, all
with anti-inflammatory and antioxidant properties, enhancing metabolic, reproductive,
and mental health, and shaping the overall health of future generations. The beneficial
effects of a healthy nutrition can be further enhanced by increased physical activity and the
avoidance of sleep deprivation and excess psychosocial stress in the context of a healthy
lifestyle modification.
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Abstract: Considering the lack of a comprehensive, multi-faceted overview of the ketogenic diet
(KD) in relation to health issues, we compiled the evidence related to the use of the ketogenic diet
in relation to its impact on the microbiome, the epigenome, diabetes, weight loss, cardiovascular
health, and cancer. The KD diet could potentially increase genetic diversity of the microbiome and
increase the ratio of Bacteroidetes to Firmicutes. The epigenome might be positively affected by the KD
since it creates a signaling molecule known as β-hydroxybutyrate (BHB). KD has helped patients
with diabetes reduce their HbA1c and reduce the need for insulin. There is evidence to suggest
that a KD can help with weight loss, visceral adiposity, and appetite control. The evidence also
suggests that eating a high-fat diet improves lipid profiles by lowering low-density lipoprotein (LDL),
increasing high-density lipoprotein (HDL), and lowering triglycerides (TG). Due to the Warburg
effect, the KD is used as an adjuvant treatment to starve cancer cells, making them more vulnerable
to chemotherapy and radiation. The potential positive impacts of a KD on each of these areas
warrant further analysis, improved studies, and well-designed randomized controlled trials to
further illuminate the therapeutic possibilities provided by this dietary intervention.

Keywords: β-hydroxybutyrate (BHB); body mass index (BMI), type 1 diabetes; type 2 diabetes (T2D);
hemoglobin A1c (HbA1c); visceral adipose tissue (VAT); cardiovascular disease (CVD); high-density
lipoprotein (HDL); low-density lipoprotein (LDL); Apolipoprotein B (ApoB)

1. Introduction

Ketogenic diets have started to increase in popularity as doctors and researchers
investigate the potential benefits. Nutritional ketosis, the aspirational endpoint of ketogenic
diets, is achieved by restricting carbohydrate intake, moderating protein consumption, and
increasing the number of calories obtained from fat [1]. Theoretically, this restriction of
carbohydrates causes the body to switch from glucose metabolism as a primary means of
energy production. This results in the use of ketone bodies from fat metabolism, a metabolic
state where the body prefers to utilize fat as its primary fuel source. Recent studies utilizing
Low-carbohydrate, High-fat (LCHF) diets, such as the ketogenic diet, show promise in
helping patients lose weight, reverse the signs of metabolic syndrome, reduce, or eliminate
insulin requirements for type II diabetics [2], reduce inflammation, improve epigenetic
profiles, alter the microbiome, improve lipid profiles, supplement cancer treatments, and
potentially increase longevity [3] and brain function.

The number of Americans suffering from obesity, diabetes, and metabolic syndrome
is on the rise. The markers of metabolic syndrome include an increase in abdominal
adiposity, insulin resistance, elevated triglycerides, and hypertension [4,5]. All of these
negative health markers increase the risk of cardiovascular disease, diabetes, stroke, and
Alzheimer’s disease. According to WebMD, there are currently 27 million people with
Type 2 diabetes and 86 million with pre-diabetes. In addition, the Centers of Disease
Control and Prevention (CDC) also estimates that almost 40% of adults and around 20% of
American children are obese [6,7]. Many researchers believe these diseases are a result of
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carbohydrate intolerance and insulin resistance. Thus, a diet that reduces the exposure to
carbohydrates, including whole grains, might become a more logical recommendation for
improving health [8]. In line with this, two dietary regimens, the standard ketogenic diet,
and the therapeutic ketogenic diet (Figure 1), which restrict carbohydrate consumption to
varying degrees are being studied for their health impacts. The therapeutic ketogenic diet,
which severely restricts both carbohydrates and protein, is typically used in the treatment
of epilepsy and cancer. However, the Dietary Guidelines for Americans suggests that
between 45 and 65% of caloric intake should come from carbohydrates (Figure 1). If a
person consumed 2000 calories per day that would equate to an average of 225–325 g of
carbohydrates each day [9].

Figure 1. A comparison between the macronutrient breakdown of the standard American diet, therapeutic ketogenic diet,
and the typical ketogenic diet. The therapeutic ketogenic diet is typically used in epilepsy and cancer treatments.

One emerging diet that is becoming mainstream is a low-carb/high-fat diet. However,
there is a difference between a low-carb and a low-carb ketogenic diet (LCKD). Ketosis
is normally achieved through either fasting or carbohydrate restriction. It is important
to clarify that a low-carb diet typically refers to a diet with an intake of 50 to 150 g of
carbohydrate per day. However, although this is a lower amount of carbohydrates than
the standard American diet, it is not low enough to enter nutritional ketosis. Only when a
patient restricts carbohydrates to less than 50 g/day will the body be incapable of fueling
the body by glucose and will switch to burning fat [10]. The ketogenic diet is a reversal
of the current food pyramid supported by the dietary guidelines. Thus, instead of a diet
rich in carbohydrates, it is high in fat (Figure 2). The resulting carbohydrate restriction
lowers blood glucose levels, and the subsequent insulin changes will instruct the body to
change from a state of storing fat to a state of fat oxidation [10]. Once fats are utilized as the
primary fuel source in the liver, the production of ketone bodies begins, a process known
as ketogenesis. During ketosis, three major ketone bodies are formed and utilized by the
body for energy: acetone, acetoacetate, and β-hydroxybutyrate [11]. All cells that contain
mitochondria can meet their energy demands with ketone bodies, including the brain and
muscle. In addition, research suggests that β-hydroxybutyrate acts as a signal molecule
and may play a role in suppressing appetite [12].
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Figure 2. A visual comparison of the recommended dietary food pyramid, including major macro-
molecule components, to the ketogenic diet food pyramid.

However, there is some heterogeneity in the available data. Thus, the aim of this
review is to highlight the role the ketogenic diet has in altering the microbiome, epigenetics,
weight loss, diabetes, cardiovascular disease, and cancer as summarized below (Figure 3).

Figure 3. The potential therapeutic impacts of the ketogenic diet on the microbiome, epigenome, diabetes, weight loss and
cardiovascular disease.

2. The Effect of the Ketogenic Diet on the Microbiome

The microbiome consists of trillions of microscopic organisms in the human gastroin-
testinal tract. It comprises over 8000 different types of bacteria, viruses, and fungi living
in a complex ecosystem [13]. Recent research suggests that the genetic make-up of a mi-
crobiome can be affected by lifestyle factors which include but are not limited to sleep,

25



Nutrients 2021, 13, 1654

exercise, antibiotic use, and even diet. These bacteria can alter our response to different
food sources because they differ in their ability to harvest energy from food, affecting the
postprandial glucose response (PPGR) [13]. Since the controlling of glucose levels in the
blood seems to reduce the risk of metabolic disease, diabetes, and obesity, this might be an
innovative way to help reduce disease risk. A study conducted at the Weizmann Institute
demonstrated that a mathematical algorithm could be used to determine an individual’s
microbiome profile and predict their glycemic response to different types of foods [14].
Thus, the patients were able to change from stable blood glucose to unstable levels by
simply eating the foods that the program predicted as good or bad based on their micro-
biome. Their initial results were confirmed by a repeat study at the Mayo Clinic with a
different population [13]. It is important to note that the composition of the microbiome,
which is believed to have a fundamental role in human health, is shaped predominantly
by environmental factors. According to a study conducted by Rothschild et al. [15], the
average heritability of the gut microbiome taxa is only 1.9%, while over 20% of variability
was associated with diet and lifestyle.

Thus, research into the complex interactions that exist between diet, the microbiome,
and host metabolic rates have increased. A study exploring the benefits of prebiotic foods,
such as inulin and oligosaccharides, observed an increase in the number of Bifidobacteria in
the colon and the presence of other critical butyrate-producing bacteria [16]. Another study
determined that the diversity of the gut microbiota was influenced more by a Westernized
diet than by the body mass index of the subjects [17]. The patients who followed the
Westernized diet showed an increase in Firmicutes and a decrease in Bacteroidetes in their
microbiome, which are negative changes. A review article also reported positive changes
in the gut microbiome and overall health in energy-restrictive diets or diets rich in fiber
and vegetables [18]. Thus, people eating processed and bland food had reduced diversity
of their microbiota, while people eating a diet rich in fruit and vegetables had increased
diversity in their gut microbiota [19]. Moreover, gut biomes that lacked genetic diversity
were related to overall adiposity, insulin resistance, dyslipidemia, and an inflammatory
phenotype [20].

Discovering how the gut microbiota and diet interact and how this interaction is
connected to overall health, is critical. It is important to determine whether new dietary
changes, such as a ketogenic diet, will positively or negatively affect overall microbiome di-
versity and species make-up. Some research has found that whole grains play an important
role in the development of a healthy microbiome and are necessary for good health [21].
Thus, a person consuming a ketogenic diet might not consume enough whole grains to
maintain a healthy microbiome [12]. According to Adam-Perrot et al. [12] low-carb diets
are at greater risk of being nutritionally inadequate by lacking in fiber, necessary vitamins,
minerals, and iron. This idea is based on analysis of popular diets and food surveys con-
ducted to determine nutrient intake while consuming varying levels of carbohydrates [22].
Thus, it is even more critical that people on a LCKD choose desirable low carbohydrate
foods that are rich in fiber. In addition, a ketogenic diet should maintain moderate protein
intake of around 1.5 g/day per kg of respective body weight [23]. If people consume red
meat and organ meats, then they should be able to obtain adequate amounts of iron as well.
Additionally, the consumption of small amounts of leafy greens, nuts, berries, and resistant
starchy vegetables, all of which are optional ketogenic foods, could potentially maintain
healthy gut microbiota [23].

Currently, scientists do not have any data on the long-term effects of the ketogenic
diet on the gut microbiome. Based on various studies, many predict that the diet will
positively affect the microbiome by increasing the Bacteroidetes and Bifidobacteria species
associated with improved health and decreasing microbial species known to increase health
risks. In fact, a study found that the disrupted gut microbiota of epileptic infants was
improved with a one-week ketogenic diet, which managed to increase their Bacteroides
amount by ~24% [24]. Another 6-month study on children with refractory epilepsy found
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a significant decrease in Firmicutes and an increase in Bacteroides although the overall
diversity decreased [25].

Studies have shown that a low ratio of Firmicutes to Bacteroidetes is an indicator of a
healthy microbiome [26]. A few studies found that obese patients were more likely to have
a higher Firmicutes to Bacteroidetes ratio [26–28] and higher levels of short chain fatty acids
(SCFAs) in their stool [5]. However, another study found that obese patients showed an
increase in Bacteroidetes, while Firmicutes remained the same [29]. Therefore, it appears
that reducing obesity with the KD may result in positive changes in the microbiome. A
study by Basciani et al. [30] recently analyzed the changes in the gut microbiota in obese,
insulin-resistant patients who followed isocaloric ketogenic diets which varied in their
source of proteins. The very low-calorie ketogenic diets (VLCKDs) contained either whey,
vegetable, or animal proteins. The data indicated all groups had a decrease in relative
abundance of Firmicutes and an increase in Bacteroidetes after 45 days. However, the positive
changes were less pronounced in the group that consumed animal protein sources.

Recently, a few short-term studies tested the impact of the KD on patient microbiomes.
A study by Nagpal et al. [31] analyzed the effect of a modified Mediterranean Ketogenic
Diet (MMKD) vs. the American Heart Association Diet (AHAD) on the microbiome
of patients with normal cognition or mild cognitive impairment. They found that the
MMKD did not show significant changes in the Firmicutes or Bacteroides phyla at 6 weeks.
However, they did see a decrease in the family Bifidobacteriaceae and an increase in family
Verrucomicrobiaceae, which was considered a positive change. Furthermore, the beneficial
SCFA, butyrate, increased in the MMKD. The presence of butyrate has been known to
increase gut health [31].

3. The Effect of the Ketogenic Diet on the Epigenome

Epigenetics refers specifically to changes “on top” of the genome that can modify and
alter levels of gene expression. These epigenetic markers are heritable, yet recent research
suggests that some changes can be reversed or occur through environmental changes [20].
The modifications of the genome involve DNA methylation, changes to chromatin structure,
histone modification, and noncoding RNAs. Most notable are histone modifications. For
example, the N-terminal of histone tails can be acetylated, methylated, phosphorylated,
ubiquitinated, or SUMOylated. Histone deacetylases (HDACs) are enzymes that can
remove acetyl groups and condense the chromatin. Similarly, sirtuins (SIRTs) are also
capable of deacetylating histones. Histone lysine methylation can either activate or repress
a gene’s activity based on the exact location and number of methyl groups added to
the histone tail [32]. Research has found that most epigenetic modification occur during
early embryogenesis, but the genome can acquire changes later in life. Some of the later
epigenetic modifications are caused or modified because of diet [32].

Some ketogenic food sources that positively regulate epigenetic activity are crucif-
erous vegetables, dietary fiber, foods rich in long-chain fatty acids, and berries, such as
raspberries [20]. The benefits of some of these food sources have a multitude of positive
effects. For instance, black raspberries not only positively affect methylation patterns in the
WNT-signaling pathway, but they also profoundly impact the microbiome make-up (in-
creased Lactobacillus, Bacteroidaceae, and anti-inflammatory bacterial species), and increased
production of butyrate by fermentation in the gut [20]. Thus, it appears that diets rich in
certain foods can positively modify genes that increase overall cell health.

The benefits of the ketogenic diet might also go beyond treating existing disease,
and instead help prevent chronic and degenerative disease [23]. A literature review by
Miller et al. [23] argued that a state of nutritional ketosis will positively affect mitochondrial
function and enhance resistance to oxidative stress and noted that the ketones directly
up-regulate bioenergetic proteins that influence antioxidant defenses [23]. According to
Boison [33], “Ketone bodies, such as β-hydroxybutyrate (BHB), and their derivatives have
received the most attention as mediators of the anti-seizure, neuroprotective, and anti-
inflammatory effects of KD therapy” [34–36]. The ketogenic diet’s mechanism of action
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might be due to increased levels of adenosine [37,38], which blocks DNA methylation and,
thus, exerts an epigenetic change. A study in epileptic rats subjected to the KD therapy
found ameliorated DNA methylation mediated changes in gene expression by increasing
adenosine [39], which blocks DNA methylation [40]. It is also being studied for its role in
the aging process since it is linked to the positive regulation of epigenetic modifications,
such as nuclear lamin architecture [41], reduced telomere length [42,43], DNA methylation,
and chromatin structure [44].

The effect of the ketogenic diet on brain health appears to be well supported and is
due specifically to the production of BHB [23]. They found that BHB is more than a fuel
molecule; it plays important roles in cell signaling. The signaling functions of BHB link
the effects of environmental factors on epigenetic regulation and cellular processes since it
is an endogenous class 1 HDAC inhibitor [45]. Thus, a ketogenic diet has been linked to
increased global histone acetylation, with a specific increase in the expression of protective
genes, such as Foxo3a [46].

Evidence also suggests that BHB can have a direct epigenetic effect via a novel histone
modification known as β-hydroxybutyrlation of H3K9, which results in improved gene
regulation in the hypothalamus and improved overall aging [47]. Furthermore, the energy
carrier molecule, nicotinamide adenine dinucleotide (NAD) is important in oxidative
respiration. In its oxidative state (NAD+), NAD also acts as a cofactor for sirtuin enzymes
and poly-ADP-ribose polymerase (PARP). Sirtuins and PARP play roles in gene expression,
DNA damage repair, and fatty acid metabolism [46]. The energy available to a cell is
measured by the NAD+/NADH ratio, which is modified by the utilization of glucose
versus BHB as a fuel source [48]. During a ketogenic state, more NAD is found in the
oxidative state which allows sirtuins and PARP to be more active. Additionally, catabolism
of BHB into acetyl-CoA, another energy carrier molecule, raises acetyl-CoA levels. It has
been found that the production of two moles of acetyl-CoA using BHB as the precursor
reduces only one mole of NAD+ to NADH. However, four moles of NAD+ are produced
by glucose metabolism. Thus, the ketogenic diet creates excess NAD+ for the cell and
has a positive impact on the redox state of the cell [48]. This might have positive impacts
on the activity of NAD+ dependent enzymes, such as sirtuins. Newman et al. [49] found
that increased acetyl-CoA favors both enzymatic and nonenzymatic protein acetylation,
specifically in the mitochondria, which improves overall mitochondrial function.

BHB produced by a ketogenic diet may also increase the efficiency of ATP production
in the mitochondria and reduce the number of free radicals. As a result of the positive
impacts of BHB, one study found that BHB precursor molecules improved cognition and
disease progression in an Alzheimer’s mouse model [50]. Additionally, the presence of
BHB showed improvement in a case study of a patient with Alzheimer’s disease [51]. The
presence of D-β-hydroxybutyrate protect neurons from oxidative damage by reducing the
cytosolic NAD+/NADPH ratio, resulting in an increase in the antioxidant agent known as
reduced glutathione [52]. BHB also inhibits NF-kB, which is known to regulate the expres-
sion of multiple pro-inflammatory genes. This results in a diminished pro-inflammatory
response [52]. Similarly, the BHB precursor, 1,3 butanediol, also modulates the expression
of the inflammasome via histone β-hydroxybutyrlation. Thus, it reduces the expression of
caspase-1, IL-1B, and IL-18 [53], which are inflammation markers. A study in C. elegans
found that BHB alone could extend their life span [3]. Thus, the endogenous effects of BHB
produced by a ketogenic diet might enhance health and increase longevity.

4. The Effect of the Ketogenic Diet on Weight Loss

According to recent Harvard models, 50% of the children today are likely to be obese
by the age of 35 years [9]. As scientists try to determine the most effective strategies
to combat the obesity epidemic, many studies have emerged that compare the health
outcomes of different diets. A recent meta-analysis of seven random-controlled trials using
diazoxide or octreotide for suppressing insulin secretion in obese patients found that it led
to reduced body weight, fat mass, while maintaining lean mass [54]. However, the cost
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of artificially reducing insulin levels was an increase in blood glucose levels. While these
studies seem promising as an indicator of biomarkers that can stimulate weight loss, it
seems more logical to help patients achieve lower insulin levels via changes to their diet.
The reduction of carbohydrate intake naturally reduces blood glucose levels, thus reducing
insulin as a result. Many studies have now demonstrated that the ketogenic diet reduces
both blood glucose and insulin levels [55–57]

A study conducted by Fumagalli et al. [58] analyzed the genetic profiles of patients
and looked at the impacts on metabolism. They specifically looked at human CHC22
clathrin, which plays a central role in intracellular traffic of insulin-responsive glucose
transporter 4 (GLUT4). The GLUT4 pathway is the dominant mechanism used by humans
to remove glucose from the circulating blood after a meal. They found two major gene
variants, one which is more frequent in farming populations than in hunter-gatherers.
Hunter-gatherers have the gene that allows GLUT4 to be sequestered more effectively and
thus have an inherent increased risk of insulin resistance. It is hypothesized that as humans
became farmers and increased glucose in the diet, it was beneficial for the blood sugar to
be lowered more easily with the newer form of CHC22. Thus, people with different forms
of CHC22 are likely to differ in their ability to clear blood sugar after a meal. The people
with the form that allows blood sugar levels to remain elevated could eventually lead to
diabetes in the face of a high-carbohydrate load in the diet. This new finding might explain
why some patients are successful on a high-carbohydrate low-fat diet, while others prefer
to maintain weight with a low-carbohydrate, high-fat diet [58].

The importance of dietary adherence is of great concern for the success of any diet
study. The study conducted by Shai et al. [59] that was able to control for the feeding of
at least one meal a day (cafeteria meal), might better reveal the true effects of a sustained
ketogenic diet. The Shai study [59] compared a low-fat, restricted-calorie diet (LFD),
a Mediterranean, restricted-calorie diet (MD), and a low-carbohydrate, non-restricted
calorie diet (LC) on 322 moderately obese subjects over a period of two years. The dietary
adherence was >85% at the end of two years. This study instructed the LC group to
be ketogenic for the first 2 months (<20 g/day) and gradually increase to 120 g/day of
carbohydrates. The results found that the greatest weight loss occurred in the low-carb
group and both the LC and MD were more effective than the LFD. Although, the weight
loss during the first 3 months in the LC group was significantly greater than either of
the other two groups, as carbohydrates were added back into their diet, their weight
rebounded back to a level close to the MD group. Shai et al. [59] found that one of the
benefits of the LC group was the similar calorie deficit achieved even though it was not a
calorie-restricted diet. The researchers propose that a LC diet may be the optimal choice for
individuals that cannot follow a calorie restricted diet since these subjects will be permitted
to eat until satiated but will still most likely end up lowering their total caloric intake.

A similar long-term (56 week) ketogenic study was conducted on 66 obese people
with a BMI >30 [60]. All patients were instructed to eat <20 g of carbohydrates in the form
of green vegetables and salads for 12 weeks and then they could increase the carbohydrates
to 40 g/day for the remainder of the study. The weight and body mass index of all patients
decreased significantly. More interestingly, the patients were advised to maintain a state
of nutritional ketosis and they were able to show continued decreases in both BW and
BMI throughout the study. Consequently, this study did not show the plateau and gradual
increases seen in the Shai study [59] which allowed the reintroduction of carbohydrates
after the initial weight loss period. A similar study by Samaha et al. [61] also found that
patients lost significantly more weight on a 30 g/carbohydrate per day diet for six months
compared to a LFD. Another possible benefit from the ketogenic diet is that there is a
measurable biomarker that signifies dietary adherence, which is β-hydroxybutyrate (BHB).
When an individual is in ketosis, the body will begin ketone production and the level
of BHB in the blood will be over 0.5 mmol. Studies that include this measurement can
therefore confirm dietary adherence and determine the true effects of the diet on health
outcomes, like weight loss. Mohorko et al. [57] conducted a 12-week ketogenic diet study
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on obese patients who were calorie restricted (1200–1500kcal) for the first two weeks and
then were instructed to eat ad-libitum for hunger for the remaining weeks while eating the
macronutrient composition necessary to remain in a state of nutritional ketosis. BHB was
measured throughout the study and patients maintained levels above 0.5 mmol throughout
the 12 weeks. Patients showed significant weight loss in both the men and women groups
(average of (-)18 kg for men and (-)11 kg for women). Interestingly, as the diet progressed,
the patients Fat Mass (FM) became the largest component of weight loss and it significantly
correlated with BHB. Another valuable outcome in this study was the reduction of the
hunger hormone, leptin, as well as a slight increase in energy expenditure, even while
weight decreased throughout all 12 weeks. Another long-term study was done by Hallberg
et al. [2] which followed diabetic patients on a ketogenic diet for one year. At the beginning
of this study, 92% of the patients in the ketogenic group were obese. These patients were
instructed to eat less than 30 g of total carbohydrates per day and the goal was to maintain
BHB blood levels of 0.5–3.0 mmol/L. These patients had an average of 12% decrease in
body weight, with some patients achieving as high as ~40% change. The patients who
were in the standard care diet group (American Diabetic Association recommended diet)
did not see any significant change in body weight [2].

A short-term, 4-week ketogenic diet (KD) on 20 obese Chinese females had profound
outcomes [62]. In this study, compliance to the diet was measured with urinary ketone
strips. These participants were given a monitored 4-week normal diet which was followed
up with a 4-week KD with the same daily caloric intake but a drastic reduction in carbohy-
drates to <10% of calories. The effect was a significant decrease in body weight, body mass
index, waist circumference, hip circumference, body fat %, and decreased fasting leptin
levels. Similar positive outcomes were seen in other KD diet studies [56,63,64]. Similarly, a
recent meta-analysis concluded that very low-calorie ketogenic diets are a very effective
strategy for treating obesity [65]. An 8-week study conducted by Goss et al. [66] compared
the very low carbohydrate diet (VLCD) (<10% carbohydrates) to a low-fat diet in older
obese adults with BMI between 30 and 40. This study precisely measured fat loss with
DXA and MRI measurements. Both groups exhibited decrease in total fat, but the VLCD
experienced ~3 fold greater decrease in visceral adipose tissue and a significant decrease in
intermuscular adipose tissue with a 5-fold greater reduction in total body fat mass.

Another long-term study monitored weight loss as well as changes in visceral fat mass
using DEXA. The study by Moreno et al. [67] compared a very low-calorie ketogenic diet
(VLCK) to a low-calorie (LC) diet as a treatment for obesity over two years. Participants
in the active stage consumed 600–800 kcal/day and <50 g of carbohydrates per day until
they were 80% of target weight loss goals (stage 1). Urinary ketone strips were used during
stage 1 to confirm a state of ketosis. Then they used a standard low-calorie diet (10% below
total metabolic expenditure) during stage 2 until they achieved another 20% weight loss,
followed by long-term maintenance of weight loss in stage 3. The comparison control
group used the low-calorie diet throughout the study to achieve weight loss. The weight
loss in kilograms in the VLCK diet was double that of the LC diet throughout most of the
study and remained significant. The amount of visceral fat loss in the VLCK diet group
was 3X greater than the control group while preserving lean body and skeletal bone mass.
The main side effects recorded in the VLCK were fatigue, headache, constipation, and
nausea. However, none of these side effects were severe enough to cause the patients to
drop out of the study and most subsided within the first month [67].

A meta-analysis conducted by Bueno et al. [68] compared randomized controlled trials
of very low carb ketogenic diets (VLCKD) with low fat diets for 1 year. This study found
a significant difference in decreased body weight for the VLCKD group. Another study
compared a KD (<30 g carbohydrates/day) with two control groups (standard American
diet (SAD) without exercise and SAD with 3-5 days of exercise for 30 minutes) over ten
weeks [69]. The KD outperformed the other control groups in all variables tested, with
5 out of 7 being statistically significant. The patients showed significant decreases in body
mass index (BMI), body fat mass (BFM), and weight while their resting metabolic rate

30



Nutrients 2021, 13, 1654

(RMR) increased. The RMR in the experimental group produced a positive, sizeable change
with a magnitude of slope that was more than 10X the two control SAD groups. These
results reveal that diet plays a more significant role in outcomes than exercise [69].

The ability to control hunger is also a key component to weight loss success.
Castro et al. [70] evaluated patients from the very low-calorie ketogenic diet (VLCK) study
and found a negative correlation between BHB levels and the urge to eat and feelings of
hunger during the phase of maximum ketosis, even though there was no significant change
in ghrelin hormone. This result is supported by other large investigations in overweight
and obese adults which also found that low-carbohydrate diets were more effective in
controlling hunger than low-fat diets [71,72]. A 2-week study conducted by Choi et al. [73]
compared varying nutrition drinks on weight loss in obese adults. There were three groups:
4:1 fat to protein and carbohydrate ratio, 1.7:1 ratio with increased protein, and a balanced
nutrition drink with similar carbohydrates to recommended dietary advice. All groups
decreased body weight and body fat mass, but only the 1.7:1 KD-group maintained protein
mass. Furthermore, only the KD groups improved blood lipid levels with appetite reduc-
tion. Since this was a nutritional drink feeding study, all the groups had similar caloric
reduction; thus, results were due to macronutrient composition. In addition, levels of keto-
sis were strongly related to positive differences in food cravings, alcohol cravings, physical
activity, sleep patterns, and sexual activity [73]. This outcome might also be supported
by a recent finding that postprandial glycemic dips were the best predictor of appetite
and energy intake following a meal and large glycemic dips are usually associated with
high carbohydrate consumption [74]. Furthermore, a study showed that high carbohydrate
meals had a greater impact on brain reward and homeostatic activity in ways that could
impede weight loss maintenance [75]. Interestingly, the increased brain activity findings
were partially associated with higher insulin levels, too. Thus, the ability of the KD to
reduce hunger, lower glycemic fluctuations, and reduce influences on areas of the brain
associated with addiction are all positive signs that a ketogenic diet should be considered
as a treatment option for obesity.

One of the major concerns for rapid weight loss is the lowering of the resting metabolic
rate (RMR). This bodily change can lead to weight regain, which is known as adaptive
thermogenesis. Thus, it is typical for hunger to increase and energy expenditure to decrease
during weight loss, which is a hindrance to long-term weight loss maintenance. Gomez-
Arbelaez et al. [76] tested this outcome in subjects on the very low-calorie ketogenic (VLCK)
diet study and followed them for 2 years. In this study, twenty obese patients lost 20.2 kg
of body weight after four months and sustained this weight loss without the expected
reduction in RMR. Authors of the study hypothesize that RMR did not drop because the
subjects maintained their lean body mass. DEXA scans revealed that although they lost
~20 kg of fat mass, they only lost 1 kg of muscle mass. This conclusion was also supported
by normal renal activity and positive nitrogen balance while subjects maintained their fat
loss upon follow-up [76].

A study by Hall et al. [77] hypothesized that the development of obesity is “a con-
sequence of the insulin-driven shift in fat partitioning toward storage and away from
oxidation resulting from an increased proportion of dietary carbohydrates.” To test this
hypothesis, they tested seventeen obese men in metabolic wards with a four-week high-
carbohydrate diet followed by a four week, isocaloric ketogenic diet. The results showed
that a state of ketosis increased energy expenditure (~100 kcal/d), most likely due to beta
oxidation and the partitioning of fuel towards ATP production rather than fat storage [77].
However, this level of energy expenditure change due to a ketogenic diet is not as high as
measured in another study. In the study by Ebbeling et al. [78], it was noted that short-term
feeding studies do not consider the body’s process of fat adaptation, which takes at least
2–3 weeks, if not longer. Thus, the Framingham study by Ebbeling et al. [78] conducted a
randomized trial on 164 patients where they lost weight and were then placed on varying
diets of carbohydrate content for twenty weeks to measure changes in energy expenditure.
The difference in total energy expenditure was 209–278 kcal/d or around 60 kcal/d increase
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for every 10% decrease in the carbohydrate percentage of total energy intake. This study
concluded that dietary quality could affect energy expenditure independently of body
weight. In accordance, Mobbs et al. [79] has suggested that ketogenic diets “reverse obesity
by preventing the inhibitory effects of lipids on glycolysis, thus maintaining relatively ele-
vated post-prandial thermogenesis.” Further studies will need to be conducted to evaluate
and confirm the exact mechanisms of action.

More recent studies on the KD are analyzing the outcomes of the diet in conjunction with
other comorbidities related to obesity. A small study was conducted by Carmen et al. [80] that
followed three obese participants on a 10% carbohydrate KD for 6–7 months that exhibitied
comorbid binge eating and food addiction symptoms. No adverse effects were found, and
participants had reductions in binge eating episodes and food addiction symptoms. All
three lost 10–24% BW and maintained treatment outcomes 9–17 months after initiating
the diet and continued adherence to the diet [80]. Another study looked at the outcomes
for male and female severely obese patients who also suffered from non-alcoholic fatty
liver syndrome (NAFLD) [81]. They used a very low-calorie ketogenic diet of <50 g of
carbohydrates and <800 kcal/day. Both males and females showed significant losses in
body weight. However, males lost significantly more weight and had greater reductions in
waist circumference. The patients also improved their biomarker for NAFLD, which was a
reduction in gamma-glutamyl transferase [81]. To determine if the ketogenic diet negatively
affects kidney function, Bruci et al. [82] conducted a 3-month very low-calorie ketogenic
diet (VLCKD) study for weight loss in obese patients with and without mild kidney
failure. All patients were advised to consume <20 g carbohydrates and 500–800 calories
per day. The average mean weight loss from initial weight was nearly 20%, participants
had significant reduction in fat mass, and 27.7% of the patients with mild kidney failure
acquired normalized glomerular filtrate rate. It was, therefore, concluded that a KD not
only leads to weight loss but also improvement in kidney function.

Please refer to Table S1 in the Supplementary Materials for a comparison of studies
evaluating the KD in relation to weight loss outcomes.

5. The Effect of the Ketogenic Diet on Diabetes

According to the latest CDC report, an estimated 30 million people have diabetes and
around 84 million have pre-diabetes. That statistic predicts that ~45% of Americans are
either diabetic or pre-diabetic. Diabetes is a major health concern that is accompanied by a
long list of secondary complications and diabetics are at increased risk of microvascular
pathology of the retina, renal glomerulus, peripheral neuropathy, and atherosclerotic
disease affecting arteries [83]. Many of these diabetic complications have been linked to
elevated levels of glucose over long periods of time, which is measured as hemoglobin A1c
(HbA1c) [83].

Type 2 diabetes is caused by hyperinsulinemia and insulin levels are directly affected
by carbohydrate consumption. Protein intake can cause slight increases in blood glucose
and subsequent insulin secretion, but fat consumption has no major effect on either [84].
If hyperinsulinemia is directly affected by nutrient intake, then it could be argued that
these blood markers could be controlled by the conscious control of food choices. Of
further note, the American Diabetes Association (ADA) recommends a goal of an HbA1c
less than 7%, and the American College of Endocrinology sets a target level of 6.5%,
even though few patients ever obtain that goal. Thus, Brownlee et al. [83] argued that
patients should increase efforts to minimize glycemic variability since it can reduce risks
of diabetic complications, independent of HbA1c. The DiRECT study by Lean et al. [85]
found that weight loss alone could result in almost 46% of patients achieving diabetes
remission at 12 months. Yet, this does not address the issue of diabetic patients who are
not overweight. Thus, many scientists are now examining the potential benefits related
to diabetes and improved blood markers that can result from eating a ketogenic diet.
Although no professional organization in endocrinology or diabetology has focused on
the rational use of ketogenic diet for either diabetes or obesity conditions, Kalra et al. [86]
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argues nutrition should be considered as an integral part of metabolic management of
diabetes, and the ketogenic diet should at least be offered as a treatment option.

Interestingly, the use of a diet low in carbohydrates for the treatment of diabetes is not
a new or novel idea. In fact, prior to the invention of insulin, diet was the main intervention
used by diabetic patients. The physicians, Dr. Elliot Joslin and Dr. Frederick Allen,
were both recommending their patients in the 1920s to eat foods without carbohydrate
content, and it highly resembled the current ketogenic recommendations [87]. According
to Feinman et al. [88] the number one goal of both type 1 and type 2 diabetics should be
glycemic control. It is argued that carbohydrate restriction can benefit diabetic patient blood
markers even in the absence of weight loss [88]. This is important since many diabetics
are not overweight yet still need to manage their blood glucose levels. The benefits of
carbohydrate restriction in type 1 diabetics reduces the error in determining insulin amount
to match the increased blood glucose since dramatic spikes are less likely [88].

A recent study compared the use of a low-calorie (LC) diet vs. a very low-carbohydrate
ketogenic diet (VLCKD) on health outcomes for type 2 diabetics. The VLCKD group ap-
proached normal blood sugar level in just 24 weeks unlike the LC group [87]. The VLCKD
group reduced insulin doses by half, on average, and sulfonylurea doses were halved or
discontinued. The HbA1c levels dropped significantly in the VLCKD to 6.2% vs. 7.5% in the
LC group. Thus, the VLCKD group managed to reach both the ADA and American College
of Endocrinology target level for HbA1c. According to Hussain et al. [87] the VLCKD was
not found to have an adverse effect on glucose metabolism, insulin resistance, or cause
chronic dehydration. However, they did caution that diabetic patients should only attempt
this nutritional therapy while being closely monitored by a physician to reduce the risk
of hypoglycemia since drugs will need to be quickly reduced to match changes in blood
markers elicited by the diet [87]. A study by Webster et al. [89] found that type 2 diabetic
patients who self-selected to follow a KD reduced their mean HbA1c from 7.5% to 5.9% at
the 15-month follow-up. As a result, their HbA1c levels reached the normal range (which
is under 6.0%), and they had achieved partial or full type 2 diabetes remission.

A study conducted by Westman et al. [8] compared the effects of a low-carbohydrate
ketogenic diet (LCKD) versus a low-glycemic index diet (LGID) on glycemic control
in type 2 diabetic patients which was measured by hemoglobin A1C (HbA1c). They
enrolled forty nine patients and randomly assigned them to the different diets. Both groups
followed group meetings, nutritional advice, and an exercise recommendation. Both
interventions showed improvements in hemoglobin A1c, fasting glucose, fasting insulin,
and weight loss. However, the LCKD had greater improvements, including a reduction
or elimination of diabetes medications in 95% of patients vs. 62% in the LGID group [8].
As mentioned previously, the study by Dashti et al. [60] compared the health outcomes of
a ketogenic diet on obese diabetics with high blood glucose levels to non-diabetic obese
patients over 56 weeks. This study concluded that all markers, such as body weight, body
mass index, blood glucose, total cholesterol, LDL, triglycerides, and urea all showed a
significant decrease in both groups throughout the study, with more positive outcomes
seen in the diabetic group [60]. The kidney tests also showed normal function. This study
demonstrated that the diet is safe to use for longer periods of time in obese diabetic subjects.

A year-long randomized study compared the effects of a very low-carbohydrate keto-
genic diet (LCK) versus a moderate-carbohydrate, calorie-restricted, low-fat diet (MCCR)
in pre-diabetic or type 2 diabetic patients [90]. The results showed that the LCK exhibited
greater improvements in their HbA1c, weight loss, and medication use than those assigned
to the MCCR diet [90]. Another randomized controlled study by the same researcher
compared the LCK against the diet program based on the online American Diabetes Associ-
ations’ “Create Your Plate” diet. The purpose of this study was twofold. The researcher had
already seen the benefits of the LCK in a previous study that had personalized intervention.
They wanted to see if an online program could be just as successful at helping overweight
individuals with type 2 diabetes. The results indicated that the online ketogenic program
was more successful in helping patients manage their diabetes by reducing their HbA1c,
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lowering triglycerides, increasing weight loss, and retention rates were higher than in
the control group [91]. In addition, a previous study has discovered that a carbohydrate
restricted diet was more successful than a low-fat diet in improving diabetic markers for
metabolic syndrome in forty subjects with atherogenic dyslipidemia [92].

A recent study recently conducted at Indiana University was one of the first long-term
studies that required use of routine blood tests to determine the patients’ state of nutritional
ketosis while maintaining a KD diet. Patients were highly compliant, and experienced
improved diabetic conditions [2]. The diet intervention also reversed the diabetic status of
some patients, whose HbA1cs became normal. The 2-year follow-up to this study revealed
that 74% of KD group remained enrolled [93]. This group had a significant improvement
in HbA1c, fasting glucose, and fasting insulin while the usual care group had no changes
from baseline. The mean dose of prescribed insulin decreased by 81% and the diabetes
reversal increased to 53.5%. Diabetes remission was 17.6% and diabetes complete remission
was 6.7% [93]. The long-term success in diabetes treatment for this digitally monitored
continuous care intervention group is evidence of the feasibility and adherence of the KD
in type 2 diabetes treatment [2,93].

Additionally, the study by Shai et al. [59] showed that patients were able to reduce
their fasting blood glucose on a low carbohydrate or a Mediterranean diet, while the
low-fat group saw the opposite effect. The patients in the low carbohydrate group were
also able to significantly decrease their HbA1c [59]. Another meta-analysis that compared
very low-carbohydrate ketogenic diets (VLCKDs) to low-fat diets (LFDs) found that the
VLCKD showed greater improvements in fasting glucose, insulin analysis, HbA1c, and
C-reactive protein [68]. Additionally, a recent meta-analysis of low-carbohydrate or very-
low carbohydrate diets found that patients adhering to the diet for 6 months can have
diabetes remission without severe complications [94]. Several recent studies on the KD
show positive improvements in glycemic profiles [56,66,82,89,95].

Currently, the ADA recommends that type 1 diabetics eat a low-fat diet rich in whole
grain carbohydrates. One study showed the low-fat diet has not been found to improve
HbA1c in all patients, regardless of diabetes state [96]. It looked at the HbA1c outcomes
for type 1 diabetics (T1D) who were advised to reduce carbohydrate intake (<75 g of
carbs/day) to reduce the need for insulin. The patients in this study had a 50% adherence
rate, and those who strictly adhered to the diet reduced their HbA1c by 1.8%. Another
randomized trial [97] determined the feasibility of a LC diet (<75 g/day) versus standard
carb counting in adults with T1D. Of the ten people in the 12-week study, the LC group
exhibited significant decreases in HbA1c, decreased daily insulin use, and reduction in
body weight. All of the outcomes in the carb counting group were unchanged. Thus, these
T1D patients had positive outcomes without meeting the KD threshold of <50 g/day while
consuming significantly less carbohydrates than the typical diet.

Interestingly, some type 1 diabetes patients have taken it upon themselves to treat and
control their diabetes with the very low–carbohydrate diet (VLCD), against the advice of
current medical professionals. Lennerz et al. [98] evaluated the results of this choice by
recruiting type 1 diabetics who self-selected to follow a VLCD (<30 g/day). They found
these patients on a social media site and then asked for permission to contact physicians
and confirm health outcomes. Shockingly, 97% of the patients were able to achieve the
ADA glycemic targets for HbA1c with an average of 5.6% and a mean daily insulin dosage
of 0.40 U/kg per day. Participants in this group reported increased levels of overall
health, increased satisfaction with diabetes management, and decreased number of adverse
events. These results are unprecedented in type 1 diabetic patients. If these outcomes are
confirmed in clinical trials, the chronic health issues associated with type 1 diabetes could
be prevented or significantly reduced by diet alone. Almost one-fourth of these patients
did not discuss their VLCD with their care providers, which means they were making these
changes without the support of their physicians. Even in an intensively treated group in
the Diabetes Control and Complication Trial, the best HbA1c achieved was 7.2%, but that
was coupled with increased rates of hypoglycemia [98].
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Although there are only a few randomized controlled trials evaluating the effects of
the KD on diabetes, there are some recent case studies and qualitative studies that shed
some light on the issue [55,64,99,100]. The positive outcomes in these studies might reflect
the motivation of these patients who opted or volunteered to ensue KD diets. A paper
by Walton et al. [64] presented 11 case studies on women with T2D that volunteered to
eat a KD with <30 g of carbohydrate per day. Their HbA1c was > 6.5% and dropped to
5.6% with diabetes reversal. Another case study by Lichtash et al. [99] involved a women
patient with T2D and normal weight. After failed glycemic control with standard care,
she voluntarily began a KD with intermittent fasting. Her HbA1c dropped from 9.3% to
5.8% after 14 months while maintaining her weight. Similarly, Wong et al. [100] examined
type 1 and type 2 diabetics who opted to do a KD for >3 months. Participants reported
better glycemic control, decreased medicine use, weight loss, and satiety. Most of these
patients expressed the KD as a normal way of eating and plan to continue for the rest of
their lives. A similar T2D cohort was recruited [55] for a retrospective study on 49 patients
who followed KD for >3 months and compared their outcomes to 75 patients who followed
usual care (UC). 100% of the KD cohort either discontinued or reduced insulin dosage
while only 23% of UC did. The KD cohort had a greater reduction in fasting plasma glucose,
weight loss, as well as a superior reduction in HbA1c compared to UC. Thus, it seems that
those patients who opt to follow the diet are having positive outcomes.

Please refer to Table S2 in the Supplementary Materials for a comparison of studies
evaluating the KD in relation to diabetic outcomes.

6. The Effect of the Ketogenic Diet on Lipidology and Cardiovascular Risk

Cardiovascular disease (CVD) and its risk factors are a major health issue in indus-
trialized nations. Moreover, large epidemiological studies are starting to show that CVD
is becoming a larger problem in developing or low-income countries as well [101]. There
has been a long-standing viewpoint that a diet high in saturated fat is unhealthy and will
eventually lead to cardiovascular disease. Many hypothesized that a diet rich in saturated
fat will increase LDL, and thus more fat in the blood leads to fat deposits in the vessels,
resulting in increased risk of cardiovascular disease [102]. This idea was fortified by Ancel
Keys in his 7-country study and eventually led to the diet-heart hypothesis [102]. More-
over, the United States accepted the idea proposed by Keys and adopted the low-fat diet
(LFD) as the optimal diet to fight the increasing levels of CVD in the U.S. Additionally, the
mainstream view for decades was that high total cholesterol also leads to atherosclerosis
and cardiovascular disease [103]. As a result, the prescription of the LFD that consisted of
~60% energy from carbohydrates became the standard of care for physicians starting in
the 1980s [98]. According to the 2015 Dietary Guidelines for Americans, people are still
recommended to consume a diet that limits saturated fat intake to less than 10%, with some
organizations placing even stricter limitations and advising around 7% [104]. However,
randomized controlled trials have started to question the validity that saturated fat intake
and a single blood marker, LDL, can accurately predict risk. Many scientists now argue for
the need to analyze specifically how different types of macronutrients that replace saturated
fat in the diet are impacting risk [105]. It is also important to consider the data regarding
LDL as the single biomarker chosen to monitor and determine cardiovascular risk [105].

New research is also starting to question that mindset set forth by Ancel Keys, and many
scientists have argued that the global dietary recommendations should be revisited and up-
dated [106]. For example, a recent analysis of the literature done by Ravnskov et al. [103] com-
piled all the data on PubMed from initial to 2015 on over 68,000 patients. Ravnskov et al. [103]
argued that that if the main goal of prevention of disease is prolonging life, then all-cause
mortality should be the measurement used for determining health outcomes. Interestingly,
they found that 30% of patients showed no association between LDL and all-cause mor-
tality, while 70% showed a statistically significant inverse relationship. Contradicting the
diet-heart hypothesis, they also found that the 4-year mortality among patients with the
highest levels of LDL were almost 36% lower than those patients with the lowest LDL
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levels. Furthermore, the patients placed on statins had higher rates of mortality risk than
those with the highest LDL. The results of these studies question the standardized method
of using total cholesterol and LDL as the biomarkers of coronary heart disease.

Thus, if total cholesterol and LDL are not true indicators of cardiovascular risk, then
one must ask what other blood markers could serve as better indicators of coronary heart
disease. In a review by Feinman et al. [88] they argue that the best indicators of CVD
risk are ApoB [107], the ratio of TC/HDL, increased levels of small dense LDL particles
(sdLDL) [108,109], and the ratio of ApoB to ApoA1 [88]. If these markers are, in fact, a better
indicator of disease risk, then understanding the effect of diet on these other biomarkers is
of great importance. One study by Krauss et al. [110] compared patients who consumed
diets of varying carbohydrate intake (54%, 39% or 26%) with the amount of saturated fat
varying between 7% or 15%. This study showed that a high saturated fat intake, combined
with carbohydrate restriction (26%) did raise total LDL. However, the higher total LDL
levels were due to an increase in the larger sized LDL particles, which are less atherogenic
than the sdLDL, and the patients saw a subsequent lowering of the sdLDL particles [9,110].

A large prospective study called the European and Prospective Investigation into
Cancer and Nutrition Study (EPIC) also found that diets high in glycemic load (GL) and
glycemic index (GI) were associated with a greater risk in Cardiovascular Heart Disease
(CHD) [111]. Glycemic index is a measurement of the ability of carbohydrates to increase
blood glucose levels. The glycemic load is the product of the GI of a particular food and its
available carbohydrate. This study included around 520,000 men and women between the
ages of 35 and 70 over a period of 8 years [111]. The study found a greater risk of CHD
with higher sugar consumption. Their findings supported other observational studies that
suggest that replacing saturated fat with sugar or refined carbohydrates might increase
cardiovascular risk, rather than lower it [112,113]. Additionally, the very large PURE study
recently showed that a diet higher in saturated fat did increase LDL, but also increased HDL,
lowered triglycerides (TG), lowered the TC/HDL ratio, and lowered the ApoB/ApoA1
ratio [106]. They also found that the diets high in carbohydrate intake had the complete
opposite effect on these atherogenic biomarkers. The benefit of the PURE study is that it
revealed the risk associated with varying macronutrient composition in diets from over
5 continents in 18 countries, regardless of cultural food trends. Thus, it was a global look
at the effect of dietary patterns on health regardless of background and ethnicity. The
PURE study concluded their findings do not support the current recommendations to limit
total fat intake to 30% of energy and saturated fat to less than 10%, and the recommended
amount of <7% saturated fat might even be harmful. Instead, they argue that individuals
who eat a diet high in carbohydrates might benefit by replacing some of those carbs with
fat [106]. According to the PURE study, the ApoB to ApoA1 ratio was the strongest lipid
predictor of myocardial infarction and ischemic stroke. Since this biomarker has been
found to increase with carbohydrate intake, they concluded that this factor could provide
the mechanistic explanation for higher risks seen in people with the highest carbohydrate
intake [106]. This idea was supported by a recent article on Medscape, which argued that
the predictive power of the ApoB to ApoA1 ratio was superior to other biomarkers to
assess CV risk [114]. It also mentioned adding other lipid parameters to the ApoB/ApoA1
ratio did not improve the predictive power.

A study done by Lu et al. [115] compared the ability of either the ApoB/ApoA1 ratio
or LDL to predict coronary heart disease (CHD) in normal and overweight patients. They
found every quartile increase in the ApoB/ApoA1 ratio showed an increase in CHD preva-
lence. Meanwhile, the increases in LDL quartiles did not predict the highest percentages of
CHD [115]. The ratio had an even stronger predictive capability in the overweight subjects.
Furthermore, other studies have also supported the findings of the PURE study. One study
conducted on postmenopausal women found an inverse relationship between dietary
saturated fat intake and atherogenic disease progression [116]. Another study previously
mentioned even found a positive association between plasma phospholipids and CHD
mortality [117]. According to another study conducted by Dreon et al. [108], a decrease
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in saturated fat intake did lower total LDL, but it appeared to only reduce the amount of
the large, buoyant LDL particles. They argue that more emphasis on CVD risk should be
placed on high levels of triglycerides (TG), decreased concentration of HDL, and increased
amounts of sdLDL particles. If these biomarkers are potentially more effective predictors
of coronary heart disease, then the analysis of a diet’s effect on these lipid markers is of
great importance [109].

Only a few studies have looked at the health impact of very high fat consumption
(VLCKD) on overall health (which could include analysis of weight maintenance, lipid
profiles, and inflammation markers [69]. To accurately determine the effect of a KD
on cardiovascular risk markers, it is important to only look at studies that restricted
carbohydrates below 50 g/day to ensure the patients would be in a state of nutritional
ketosis. One study compared a KD to the standard American diet (SAD) and the SAD plus
exercise. Not only did the KD outperform the other groups in multiple health outcomes,
but it also showed a much more significant decline in triglycerides [69]. Another study
compared a LC diet group (<30 g/day) to a LF diet in obese patients after 6 months [61].
Once again, the LC group had a drastic decrease in TG, while no significant difference was
seen in total cholesterol (TC), HDL or LDL. This led investigators to conclude that the LC
diet did not have adverse effects on serum lipid levels.

The impact of the prescribed low-fat diet versus diets higher in fat on cardiovascular
lipids levels are beginning to emerge. One 2-year diet study compared the effect of a low-fat
diet (LFD), low carbohydrate diet (LC), and a Mediterranean diet (MD) on lipid profiles
of overweight patients [59]. The LC group had a significant decrease in triglycerides and
the total cholesterol/HDL ratio decreased the most in the LC group. Their ratio decreased
by 20% compared to a 12% decrease in the LF group [59]. The beneficial biomarker, HDL,
increased in all groups, while the LDL changes were similar in all groups, which has also
been noted in other studies [118]. A metabolic ward study of shorter duration conducted by
Hall et al. [77] also found that triglycerides decreased in the reduced carbohydrate group.
However, they saw the LDL levels increase in the LC group. Meanwhile, the Choi et al. [73]
study mentioned earlier did not find an increase in LDL. It was conducted on obese patients
with tightly controlled nutrition drinks, which had similar calorie reduction. Only the
KD groups improved blood lipid profiles while reducing appetite. The KD groups saw a
decrease in triglycerides and LDL, and no significant change in HDL [73].

Another 6-month study compared a low-calorie KD to a low-calorie diet in obese
patients; some were diabetic. They found that both the diabetic and non-diabetic patients
in the KD group showed the best lipid outcomes [87]. They found a significant decrease in
triglycerides, a decrease in total cholesterol, a decrease in LDL, and an increase in HDL. A
study conducted by Walton et al. [64] followed 11 women with type 2 diabetes for 90 days
on a KD. The women in this study had increased HDL, a significant decrease in TG, and
a significant decrease in the TG: HDL ratio, although LDL levels were not significantly
changed. Another cardiovascular benefit was the lowering of the patient’s systolic and
diastolic blood pressure. When evaluating type 1 diabetic patients who self-selected to be
on a LCD, they found that these patients showed a decrease in TG, while having increases
in HDL, TC, and LDL [98]. The researchers hypothesized that the total LDL elevation on the
KD, if associated with a low TG, may reflect an increase in the large, buoyant lipoprotein
particles which are considered a lower risk subtype. When the KD was followed for one
year in type 2 diabetics and adherence was confirmed with BHB, it was noted that TG
decreased by 24%, HDL increased 18%, LDL increased 10%, while ApoB was unchanged [2].
Although these lipid changes are considered favorable, the increase in LDL seen in some
groups is still an area of concern. One analysis suggested that the risk from a slight increase
in LDL might be offset by emphasizing the consumption of unsaturated fatty acids rather
than saturated fatty acids [9].

The DIETFITS study also concluded that the increase in saturated fat intake may
improve overall lipid profiles if they are adhering to a high-quality, whole-food based,
low carbohydrate diet [104]. One major area of concern would be whether the KD would
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have these same beneficial changes in patients with dyslipidemia. A 56-week study tested
the effect of the KD on obese patients with and without high cholesterol levels [119]. It
is important to note that these patients were instructed to include 5 tablespoons of olive
oil into the diet, which is a form of unsaturated fatty acids. Throughout the experiment,
the patients saw continuous improvements in their lipid markers. Not only did both
groups have decreased LDL, decreased TG, and increased HDL levels, but the patients
with high cholesterol levels also ended the study with blood profiles that were more like
normal subjects.

A more recently published case study on a young man who used a Mediterranean
KD diet for treating his IBS had some interesting findings [120]. The doctors looked
at more detailed lipid subfractions to determine the lipid outcomes of cardiovascular
risk, which was unique. First, the authors mention that a typical lipid profile analysis
would suggest the diet was having adverse effects on the patient. His total cholesterol
changed from 160 to 450 mg/dL, even though a portion of that was due to increased HDL
levels. Many argue that HDL-P is a superior predictive measure of good cardiovascular
health. The HLD-P in this patient increased from 5699 nmol/L to 12,080 nmol/L. The
current association between LDL-C and cardiovascular risk is driven by atherogenic small
dense and/or oxidized LDL. It is believed that these two components can penetrate the
endothelium of blood vessels and contribute to plaque formation [121,122]. Yet, large
LDL are not associated with cardiovascular risk and may provide a protective effect. This
patient saw an increase of LDL from 90 to 321 mg/dL. The LDL subfraction revealed that
almost the entire increase in his LDL-C was caused by an increase in large LDL, while his
small and medium LDL decreased by almost 10%. Thus, these authors argued that the
typical analysis of lipid profiles from patients on ketogenic diets may not accurately reveal
risk unless more detailed lipid subfraction tests are conducted.

Please refer to Table S3 in the Supplementary Materials for a comparison of studies
evaluating the KD in relation to lipidology outcomes.

7. The Effect of the Ketogenic Diet on Cancer

Cancer currently remains the second leading cause of death (~22%) in the United
States and is second only to heart disease [123]. Typically, cancer occurs in adults because
of multiple mutations in numerous genes, genes that usually regulate cell growth and
proliferation [124–126]. Today it is the accepted model that as many as six mutations need
to occur to produce cancer (usually to oncogenes and tumor suppressor genes). Oncogenes
are genes that regulate cellular pathways that can increase cellular growth, while tumor
suppressor genes regulate pathways that inhibit abnormal cell growth. As the mutated
cell population expands, it accrues the necessary changes to ignore growth control signals,
avoid apoptosis, escape immune surveillance, and creates an environment to thrive (using
mechanisms like angiogenesis and tolerance for anoxic environments) and eventually the
capability to metastasize [124]. These mutations can result from many causes, such as
DNA replication errors, failed DNA repair mechanisms, mutagen exposures, or increased
reactive oxygen species [127].

Consequently, preventative mechanisms that could lower cancer incidence would be
related to reducing these external causes or activating internal pathways to reduce cellular
error. Additionally, epidemiologic evidence linking obesity to elevated cancer incidence
found that 14% and 20% of all cancer deaths in men and women, respectively, are due
to being overweight and obese [128]. As a result, the Annual Report to the Nation on
Cancer emphasized the increasing contribution of obesity on cancer incidence [129]. One
mechanism believed to contribute to obesity’s role in cancer is the increase in adipocytes in
the body, which can increase circulating levels of insulin and Insulin Growth Factor 1 (IGF1)
hormones. These hormones bind receptors in many cell types and activate P13K/AKT
signaling pathways that increase cell survival and upregulate transcription factors that
promote cell proliferation [130]. Both hormones also increase glucose uptake into cells,
resulting in increased energy molecules being available for cell growth. Insulin is an
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anabolic hormone that promotes glucose uptake into cells, reduces the release of fatty acids
from adipocytes, prevents ketone production in the liver, and stimulates fat and glycogen
storage [131]. Additionally, many recent publications support the idea that prolonged,
increased levels of serum insulin is likely to promote cancer growth [132–134].

The alterations in the metabolism of cancer cells were first described by Warburg et al. in
1927 [135] It was discovered that cancer cells acquire mutations in critical genes that change
the way cancer cells acquire energy. First, cancer cells use glycolysis for ATP production
and reduce their dependency on the oxidative cellular respiration in the mitochondria. This
results in the cancer cells gaining only 2 ATP per glucose molecule instead of the average
36 ATP from typical cellular respiration processes, resulting in an enormous demand
for glucose. Secondly, it allows the cancers cells to rapidly divide even in the absence of
oxygen, since glycolysis is an anaerobic process that occurs in the cytosol. Currently, altered
metabolism has been described as a primary signature of cancer [125,136,137]. Since this
discovery, the use of metabolic therapies for dealing with cancer have been overshadowed
by discoveries in the genetics and molecular signatures of cancer [138].

Therefore, it seems reasonable to hypothesize that diet could have profound effects
on reducing cancer risk, especially if that diet is known to decrease body weight, lower
insulin levels, and target the metabolic weaknesses of cancer cells. Some researchers
hypothesize that the ketogenic diet might reduce cancer risk because it capitalizes on the
reduced expression of ketolytic enzymes in cancer cells [48]. The diet would starve the
cancer cells by reducing their ability to utilize glucose, while normal cells can adapt and
begin utilizing ketone bodies for their energy demands. Another potential benefit could be
the decrease in insulin that results from being in nutritional ketosis, which would reduce
insulin-like growth factors that support cancer proliferation [48]. Especially given the fact
that 20% of all cancer cases in North America can be attributed to obesity and 38% of all
attributable cancer cases are linked to the increase in BMI since 1982 [139]. There have
also been numerous studies that have linked cancer risk to hyperinsulinemia [140–144].
It is suggested that insulin resistance leads to hyperinsulinemia, and insulin has both
pro-mitotic and antiapoptotic activity that may assist in tumor progression. Thus, any diet
that can reduce obesity and lower insulin levels, such as the ketogenic diet, might reduce
cancer risk.

Support for a KD as a mono-therapeutic approach for treating cancer is demonstrated
in many mouse models. However, due to the heterogeneity of these studies (types of
cancers, KD protocol, length of study, etc.), we discuss them separately. Poff et al. [145]
tested a KD on systematic metastatic cancer in mice. They found that KD alone significantly
decreased blood glucose levels, reduced tumor growth, and improved mean survival time
by 56.7%. A similar study looked at the effect of the KD on mice with gastric tumor
cells. Both tumor growth and mean survival time were improved [146]. In one study,
Allen et al. [147] found that a KD reduced tumor growth in lung cancer xenografts.

In another study, they tested the use of a calorie-restricted KD on the growth and vas-
cularity of malignant mouse astrocytoma (CT-2A) and human malignant glioma (U87-MG).
When compared to an unrestricted high carbohydrate standard diet, they found that tumor
growth decreased by 65% for CT-2A and 35% for U87-MG tumors [148]. They also found
that signs of angiogenesis were reduced in the calorie restricted KD group. It is important
to note that the mice in this study were fed KetoCal, a new nutritionally balanced high
fat/low carbohydrate ketogenic diet for children with epilepsy. This finding suggests
that the use of KetoCal should be considered not only for epilepsy, but as an alternative
therapeutic option for malignant brain cancer. Another study found that a KetoCal KD
diet also increased mean survival time and slowed tumor growth in mice with brain can-
cer [149]. Additionally, one study on mice by Morsher et al. [150] compared a KD and SD
on neuroblastoma, with or without calorie restriction. It was found that the best results
were in the calorie restricted KD group, with reduced tumor growth and survival time.

Meanwhile, a few studies have tried to compare the effect of a KD (with varying
levels of carbohydrate amounts) on prostate cancer, with differing results. Caso et al. [151]
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studied mice that were either randomized into a standard Western diet, non-carbohydrate
KD (NCKD) with 0% carbs, 10% carbohydrate KD, or 20% carbohydrate KD. The group
with the slowest tumor growth was the 20% carbohydrate KD, while the WD had the
most rapid growth. However, they did not find a significant improvement in survival
among any of the carbohydrate restricted groups when compared to the WD. This result is
different than a similar study done by Masko et al. [152], which compared a NCKD, 10%
carbohydrate, and 20% carbohydrate diet in mice with prostate cancer. They concluded
that none of these diet groups differed greatly in their tumor size throughout most of the
study, and the diet did not affect survival. However, another study conducted on mice with
prostate cancer compared a WD with a NCKD and found that the NCKD was significantly
associated with lower tumor volumes at the end of the 53-day experiment [153]. Regardless
of the varying results, a meta-analysis done by Klement et al. [154] analyzed a total of
29 animal studies and found that the majority (72%) found evidence of reduced tumor
growth because of KDs.

The data of the effect of KD in human patients is limited mostly to case studies and
cohort studies. A meta-analysis of 24 human studies, found that 42% found that the KD can
reduce tumor growth [154]. In addition, it has been found that most human studies had
positive impacts [154,155], with many other studies found it stabilized disease [154,155]
and one study found a pro-tumorigenic effect of the KD [154,155]. However, another
review of 14 studies of the use of KD in cancer found mixed results [154]. It was found
that people responded differently to the diet, with some cancers being reduced, some
neutral in effect, and some cancers getting progressively worse. This finding could be
related to a recent publication by Chang et al. [156] that tested relative expression of several
key enzymes in ketolytic and glycolytic metabolism in human anaplastic glioma and
glioblastoma. They found genetically heterogeneous tumors with varying expressions
of key enzymes. However, they found most cells had an enzyme profile with decreased
levels of mitochondrial ketolytic enzymes and increased expression of glycolytic enzymes,
suggesting that human brain tumors are more dependent on glucose and have defects in
ketone metabolism.

The prognosis of patients with gliomas is extremely poor, with an average survival
duration of 1.5 years [138]. Due to the poor outcomes with brain cancer, many studies
using KD have been aimed at helping brain cancer patients. A small study by van der
Louw et al. [157] followed three patients with recurrent diffuse intrinsic pontine glioma
(DIPG). Although all three patients succumbed to the disease, it was determined that the
use of KD is safe and feasible, but its effect on survival was not clear. Another 12-week
randomized, controlled study also found that the use of KD in women with ovarian and
endometrial cancer had favorable effects on physical function, perceived energy, and
diminished food cravings for starchy and fast-food fats [158].

One of the most intriguing studies was a case study of a 38-year-old man with glioblas-
toma multiforme was treated with standard of care (SOC) along with a calorie-restricted ke-
togenic metabolic therapy, hyperbaric oxygen therapy, and other metabolic therapies [159].
The patient remains in excellent health with no neurological issues after 24 months of
treatment. Thus, it seems that the ketogenic diet might be best utilized as an adjuvant
therapy and should be started when the disease is first diagnosed. Recently the KEAT-
ING study [160] used either the modified ketogenic diet (MKD) or the medium chain
triglyceride ketogenic diet (MCTKD) as an adjuvant therapy for glioblastoma. The Global
Health Status (GHS) increased for patients in MKD cohort and decreased for the MCTKD
patients. They had a low retainment with only 3 of 12 patients completing the 12-month
intervention. The three patients who did complete the study chose to continue doing the
KD. The researchers of the KEATING study suggested that the KD intervention should be
reduced to six weeks and only be utilized during the time of chemo and radiation therapy.

Yet, another study by Panhans et al. [161] had greater compliance. This study recruited
patients with a diversity of CNS malignancies (GBM, astrocytoma, and oligodendroglioma).
These patients were asked to do a more standard KD of 3:1 for 120 days and aimed to
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keep carbohydrates under 20 g/day. One cohort was provided KD meals by Epigenix
Foundation for the first 30 days, while the others were given only meal plans. Adherence
to the diet was confirmed with ketone and glucose levels measured with Precision Xtra
meters. The six patients with the highest ketones were alive at the end of the study. The
two patients with the lowest ketones succumbed to their disease. Five patients were able
to maintain 100% adherence for the duration of the study. Overall, patients’ symptoms
improved, which included higher energy levels, increased physical activity, increased
cognitive function, decreased appetite, and reduced seizure. It is important to note that
one patient had increased seizures. The researchers stated that the KD was well tolerated
and discussed its feasibility for future experiments. This cancer clinic also stated that as
interest in the KD grows, they now openly discuss the risks and potential benefits on a
regular basis with patients and emphasize the lack of robust clinical evidence.

The ketogenic diet is also now being tested as an adjuvant therapy for other cancers as
well. For example, Clinicaltrials.gov currently lists over 100 trials looking at the ketogenic
diet and 12 of those were related to CNS malignancies [161]. Therefore, data is starting to
emerge on the impacts of KD on other cancer types. For instance, a study compared the
typical diet with 55% of calories from carbohydrate (CHO) against a KD with around 6%
from CHO in breast cancer patients in a 6-week trial [162]. The KD group’s global quality
of life was higher at the 6-week mark and no adverse effects were seen in either group.
Interestingly, the KD group lowered caloric intake without any restrictions, which may
have been due to the satiating effects of fat. The KD diet was found to have no adverse
effects on thyroid hormones, electrolytes, LDH, urea, or albumin. Yet, the KD diet was
found to have potential beneficial effects, such as significantly reduced levels of lactate
and ALP. Decreased lactate levels might slow metastases by reducing the acidity of the
tumor microenvironment while reducing its ability to use it as a substrate for increasing
biomass. Furthermore, it is believed that increased levels of ALP in breast cancer is a
negative prognostic marker.

Another 12-week study in ovarian and endometrial cancer patients found an adher-
ence level of 57–80% [163]. The focus of this study was to determine if the diet negatively
affected lipid profiles since that is a current concern of many doctors and may restrict their
decision on whether to suggest the KD diet for their cancer patients. They compared the KD
versus the American Cancer Society (ACS) high-fiber, low fat diet. No changes were seen in
lipid profiles to TC, TG, HDL-C, LDL-C, TC:HDL-C ratio or TG:HDL-C ratio after adjusting
for baseline levels and weight loss. Another recent study looked at the effects of the diet on
the body composition of KD patients while receiving radiation therapy. Klement et al. [164]
compared a nonKD vs a KD with supplemental essential amino acids (KETOCOMP study).
The KD had significantly associated with loss of 0.5 kg of fat mass and 0.4 kg of body
weight per week, while showing no change in fat free mass or skeletal muscle mass. Thus,
KD with ample amino acid intake could improve body composition during radiotherapy.
Finally, a recent study conducted by Hagihara et al. [165] analyzed the effects of a 3-month
KD as an adjuvant therapy for patients with advanced cancers of many types. They found
that the diet was well tolerated, did not have any major negative outcomes, and improved
life expectancy. Researchers were also able to stratify survival outcomes with three factors:
albumin, blood sugar, and CRP levels. Thus, it was argued that stable adherence and
highly reproducible results should be in favor of using the ketogenic diet as a standard for
therapeutic treatment during chemotherapy with advanced cancer diagnoses.

Please refer to Table S4 in the Supplementary Materials for a comparison of studies
evaluating the KD in relation to cancer outcomes.

8. Discussion

A well-formulated ketogenic diet can provide low carbohydrate intake, while pro-
viding adequate fiber sources such as seeds, nuts, coconut, avocado, spinach, broccoli,
cauliflower, and berries. Together, all these rich pre-biotic foods would lead to an increase
in Bacteroides and Bifidobacterium and a subsequent decrease in Firmicutes. With disease

41



Nutrients 2021, 13, 1654

rates increasing rapidly in the United States and other modern nations, it is increasingly
important that we determine the safety, efficacy, and potential life-saving benefits of alter-
native diets. What might be discovered is that patients should be given individualized
diets based on the species comprising their microbiome. This might enable patients to
eat certain foods that maximize their ability to remain in a state of nutritional ketosis and
optimize their overall health outcomes. The regular monitoring of the microbiome might
be necessary to continually moderate and change dietary needs for diversity. It might
also be determined that fecal microbiota transplants might be necessary to fully alter and
change the microbiome at the onset of a new diet which could then be further modified and
enhanced through diet. Regardless, much more research is needed in this area to determine
the effect of the ketogenic diet on the microbiome.

Even though the ketogenic diet shows promise in helping patients lose weight, obesity
is more than excess adipose tissue being stored on the body. It has been linked to many
other metabolic issues, such as diabetes, cardiovascular disease, neurological disorders, and
cancer. The ability to improve glycemic control in diabetics is critical for long-term health
especially since some would argue that the biggest indicator of cardiovascular disease risk
was HbA1c [88]. Surprisingly, the United Kingdom Prospective Diabetes Study (UKPDS)
examined 5102 newly diagnosed type 2 diabetics and found that patients showed a 14%
decrease in myocardial infarction for every 1% reduction in their HbA1c [166–168]. The
ability to have tight glycemic control is even more challenging in type 1 diabetics since they
are unable to make insulin and must inject it in response to glucose spikes induced by diet.
Thus, their greatest challenge is controlling postprandial glycemia [98]. Some scientists
argue that reducing carbohydrate intake is the easiest way for a type 1 diabetic to control
their blood sugar levels since it will reduce the error in determining the insulin amount
needed to match their increased blood glucose levels [88]. However, the benefits from
the low carbohydrate diet might also improve other health markers in diabetics, such as
abdominal fat and health-related quality of life factors as shown in other studies [169,170].
Type 2 diabetics have also improved or eliminated their diabetic state through diet, specif-
ically a diet that restricts carbohydrate consumption. Type 2 diabetes results in insulin
resistant cells and this has been linked to other complications and atherosclerotic processes
such as inflammation, decreased size of LDL particles, and endothelial dysfunction [171].
Thus, the benefits of a healthy, low carbohydrate diet on diabetes might also improve the
markers for cardiovascular disease as well.

Although the debate about diet and heart health continues, many new studies are re-
vealing that the picture is much more complicated than the diet-heart hypothesis suggested.
The need for more randomized, controlled studies of long-term duration are necessary
to determine the true effect of dietary macronutrients on cardiovascular risks. It appears
from preliminary studies that a ketogenic diet might have favorable outcomes on CVD,
but some still view the idea with great skepticism. In medicine, randomized controlled
trials are considered the gold standard and many physicians feel that there is not enough
of these studies to consider changing their medical advice. It is interesting that while
current scientists are unwilling to consider these dietary recommendations due to the lack
of long-term evidence, the entire United States adopted the current dietary guidelines
based mainly on an epidemiological study done by Ancel Keys [102]. Additionally, when
the available randomized controlled studies and prospective cohort studies of that time
were analyzed, they did not support the recommendation of dietary fat and coronary heart
disease [172,173]. Regardless, the necessity in discovering a healthy diet for most people is
an important endeavor, especially since we are currently seeing an epidemic of diabetes
and obesity, both of which are linked to cardiovascular disease risk.

The potential of the ketogenic diet to aid in cancer treatment is still up for debate.
However, the positive results seen in mice warrant that this metabolic therapy should
be evaluated further. From the studies presented, it appears that in mice and humans,
the diet seems to be most beneficial when used as an adjuvant with other therapies and
when administered as soon as possible. It might also be critical to genetically analyze
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each tumor and determine its metabolic profile to determine if it is exhibiting the Warburg
effect. If so, then the KD diet might be a useful addition to the treatment protocol. In
summary, a ketogenic diet may have positive impacts on the pathogenesis of cancer,
although the determination of its use as a monotherapy or adjuvant therapy in humans
need further study.

In conclusion, it is becoming more and more apparent that a “systems biology” ap-
proach to human health might be the way of the future. Future studies might need to
consider numerous factors such as lifestyle, dietary intake, genotype, gut microbiome
composition, and genome-wide information on the epigenome to create a successful plan
for maximizing good health. According to Gerhauser et al. [20], “this ambitious goal can
only be reached in large interdisciplinary research projects, combining expertise of food
technologists, nutritionists, food chemists, molecular biologists, epigeneticists, clinicians,
nutritional epidemiologists, bioinformaticians, and statisticians to achieve an integrated
view of the influence of diet on human health.” Others argue that a diagnosis of high-risk
epigenetic states may lead to a better understanding of the links between nutrition, the
epigenome, and cancer risk [32]. If these markers can be identified and better understood,
then new interventions can be created. New research suggests that long-term dietary
choices affect diversity and gene expression of the gut microbiome. One such path might
be the use of the ketogenic diet to increase beneficial metabolites which can have positive
impacts on the genome. Additionally, a recent study analyzed the genetic variants for
personalized management of ketogenic diets [174] and it suggested that certain genetic and
dynamic markers of KD response may help identify individuals that will benefit the most
from a KD diet. Thus, the use of the ketogenic diet might have a multitude of therapeutic
effects, including but not limited to, helping with weight loss, improving lipid markers
for cardiovascular health, healing a disrupted microbiome, improving epigenetic markers,
reversing diabetes, or reducing the need for medication, and improving responses to cancer
treatments. However, if a high fat/low carbohydrate KD diet seems too restrictive, then
the use of personalized nutritional advice using microbiome sequencing might be the way
of the future for stabilizing many of these diseases and improving metabolic health.
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diets, on cancer.
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Abstract: Diet is a major driver of gut microbiota variation and plays a role in metabolic disorders,
including metabolic syndrome (MS). Mycorrhized foods from symbiotic agriculture (SA) exhibit
improved nutritional properties, but potential benefits have never been investigated in humans.
We conducted a pilot interventional study on 60 adults with ≥ 1 risk factors for MS, of whom
33 consumed SA-derived fresh foods and 27 received probiotics over 30 days, with a 15-day follow-up.
Stool, urine and blood were collected over time to explore changes in gut microbiota, metabolome, and
biochemical, inflammatory and immunologic parameters; previous dietary habits were investigated
through a validated food-frequency questionnaire. The baseline microbiota showed alterations typical
of metabolic disorders, mainly an increase in Coriobacteriaceae and a decrease in health-associated taxa,
which were partly reversed after the SA-based diet. Improvements were observed in metabolome, MS
presence (two out of six subjects no longer had MS) or components. Changes were more pronounced
with less healthy baseline diets. Probiotics had a marginal, not entirely favorable, effect, although
one out of three subjects no longer suffered from MS. These findings suggest that improved dietary
patterns can modulate the host microbiota and metabolome, counteracting the risk of developing MS.
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1. Introduction

Metabolic syndrome (MS) is characterized by several metabolic abnormalities, includ-
ing abdominal obesity, elevated values of triglycerides, blood pressure, or fasting glucose,
or reduced high-density lipoprotein (HDL) cholesterol [1]. This pathological condition
has been increasing over recent years, mainly due to changes in lifestyle and unbalanced
diets, with a prevalence of 10–40% in the European population, depending on age and
gender [2,3]. Subjects with untreated MS can easily develop cardiovascular and cerebrovas-
cular disease, with an increased risk of mortality [4]. Moreover, several epidemiological
and clinical studies support the hypothesis that MS may also be an important etiologic
factor for the development and progression of certain types of cancer and for overall cancer
mortality [5–9].

An increasing number of studies have shown that the gut microbiota (i.e., the vast
and diverse set of microorganisms that populate our intestine) may play a role in the
pathogenesis and progression of MS [10–14]. In particular, the studies are consistent in
highlighting a dysbiotic (i.e., unbalanced) profile, comparable to that observed in other
metabolic disorders, characterized by: (i) reduced diversity (a well-recognized hallmark of
healthy gut and overall health); (ii) reduced proportions of beneficial commensals, mostly
short-chain fatty acid (SCFA) producers; and (iii) increased amounts of opportunistic
pathogens or pathobionts, including proteobacteria and other taxa whose pathogenic
potential has only recently been revealed, for example Coriobacteriaceae. This layout could
contribute in various ways to MS, e.g., by affecting satiety, favoring fat storage, altering
intestinal cholesterol absorption, reducing hepatic glycogenesis and increasing triglyceride
synthesis, exerting prothrombotic and hypertensive effects and, not least, disrupting the
integrity of the epithelial barrier, thus consolidating a chronic low-grade inflammatory
state [15–19]. It is, therefore, not surprising that the gut microbiota has been proposed as a
target in interventions aimed at mitigating the risk of MS. In particular, given its sensitivity
to variations in the amount of food and especially to the composition of the diet itself [20,21],
dietary interventions for microbiota modulation, including the supplementation of pre-
and probiotics, have been and still are the subject of numerous and recent studies [2,15,22].

Symbiotic agriculture (SA) is an agricultural production process aimed at restoring,
safeguarding and employing in agro-ecosystems the natural symbiosis present between soil
microorganisms (mainly fungi and bacteria) and the plant systems of cultivated species. The
objectives that animate this new vision of agriculture are to: (i) increase the sustainability of
agricultural practices by favoring the mechanisms to restore the biological fertility of soils
and bio-sequestration of carbon, increasing the efficiency of crop fertilization interventions
and reducing greenhouse gas emissions from the soil; (ii) increase the resistance of crops to
adversity; (iii) increase the yield of crops (over-yielding) and plantations with off-land and
under-earth luxuration by re-functionalizing N-organic; (iv) produce food and feed with
greater shelf-life and greater transferable antioxidant and secondary metabolites relevant
to human health; and (v) increase and improve the nutritional properties and the natural
content of vitamins and metabolites produced exclusively by associated microorganisms,
such as cobalamin (B12) and menaquinone (K2) [23–25]. In particular, SA systems make
extensive use of mycorrhizal fungi and bacteria as ecologically and economically relevant
fertilizers, which contribute to ecosystem functioning and crop productivity. The ultimate
impact of mycorrhized farming on the nutritional and nutraceutical value of derived foods,
such as fruits, vegetables, legumes and cereals, has recently been proven, especially in
terms of antioxidant capacity, phenolic content and secondary metabolites levels [24–26].
However, as far as we know, to date, no SA-derived foods have been tested in a dietary
intervention on humans.
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To investigate whether a diet based on SA-derived products could impact the gut mi-
crobiota of subjects at risk for MS, we designed a pilot interventional study where subjects
with at least one predisposing MS factor were provided with fresh food products from
local certified organic SA production for 30 days. In parallel, a second group of subjects
with similar characteristics followed their usual diet, except for probiotic supplementation.
After a baseline interview, including an assessment of usual dietary habits, subjects were
asked to collect fecal samples at baseline and during intervention until the end of follow-up
for microbiota profiling.

In addition, through a comprehensive characterization of the enrolled subjects, the
study aimed to provide preliminary evidence for other potential effects of a SA-based
intervention, such as those on anthropometric and biochemical factors, urine metabolome
profile, and the inflammatory and immunological status of the included subjects. All
these aspects were integrated and analyzed with respect to the baseline dietary profile of
study participants.

2. Materials and Methods

2.1. Study Setting and Participants

This pilot intervention study was promoted and conducted by the Istituto Romagnolo
per lo Studio dei Tumori “Dino Amadori” (IRST) between October 2018 and September 2019
in the catchment area of Romagna, Italy. Subjects aged 18–65 years and with at least one of
the following conditions were eligible for enrollment: abdominal obesity, hypertension,
dyslipidemia, impaired fasting glucose or insulin resistance (for the formal definition of
MS see Table 1 of Alberti et al., 2009 [27]). Subjects with severe or uncontrolled conditions
or under treatment with antibiotics or following a specific diet regimen, such as vegan or
celiac individuals, were excluded from the study.

To promote and facilitate study recruitment, an illustrative brochure was distributed in
the IRST area. Moreover, a press conference was organized, and the study was promoted in
local newspapers. In all cases, information on the study and reference staff was provided.

The protocol was approved by the CEROM Ethical Committee (Study ID: IRST B086
L4P1755, Ethical approval ID: 6759/2018). All participants provided written informed
consent or assent.

2.2. Study Intervention

The study was designed to enroll two groups of subjects: those receiving fresh foods
from organic symbiotic crops with mycorrhizae (SA-group) and those integrating their
habitual diet with receiving probiotics with sachet formulation (PROB-group). Subjects
from both groups were asked not to change their usual diet during the study period.
The dietary intervention lasted 30 days. For a preliminary evaluation of the durability
of potential changes in the gut microbiota after intervention, a follow-up of 15 days was
planned. Although comparison between the two groups was not an objective of the
present study, subjects were randomly allocated to one of the two groups using the nQuery
Advisor®, Version 7.0 (Statsols, Statistical Solutions Limited, Cork, Ireland) mixed block
non-stratified randomization procedure.

Subjects in the SA-group substituted their habitual foods with fresh, baked or steamed
products chosen from a ~130-item menu-like list based on seasonal availability, including:
fruit and vegetables in season (e.g., apples, pears, kiwis, beetroot, broccoli, cabbage, carrots,
cauliflower, celery chickpeas, beans, fennel, salad, lentils, potatoes, spinach, tomatoes, and
pumpkin); whole wheat or spelt-based products (bread, pasta, bakery products, including
focaccia, breadsticks, cakes, and biscuits, as well as flour to be directly used in recipes);
dairy products (e.g., milk, cheese, and yoghurt) from cattle, sheep, and goats; different cuts
of poultry and red meat; extra virgin olive oil; tomato sauce and pesto; jam and fruit juices.
All the products were derived from local certified organic SA production and prepared by
farmers; therefore, they were free from colorants, preservatives or other additives normally
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present in preserved foods; they were delivered twice a week directly to each volunteer’s
home. The diet also included the use of aromatic herbs.

Table 1. Distribution at baseline of anthropometric, biochemical, and immunological characteristics for all study participants
and separately for the dietary intervention groups. Italy, 2018–2019.

All (n = 60) SA-Group (n = 33) PROB-Group (n = 27) p
Median [Min–Max] Median [Min–Max] Median [Min–Max]

Gender, n (%) 0.176
Male 13 (21.7) 5 (15.2) 8 (29.6)

Female 47 (78.3) 28 (84.8) 19 (70.4)
Smoking habit, n (%) 1 0.860

Never smoker 26 (48.1) 14 (46.7) 12 (50.0)
Ex-smoker 22 (40.7) 12 (40.0) 10 (41.7)

Current smoker 6 (11.1) 4 (13.3) 2 (8.3)
Age at enrollment, years 46.9 [18.3–86.4] 52.7 [34.6–86.4] 45.3 [18.3–64.2] 0.015

Weight, kg 70.5 [44.0–103.0] 70.0 [44.0–103.0] 72.0 [47–94.5] 0.953
Height, m 1.65 [1.4–1.8] 1.7 [1.4–1.8] 1.7 [1.5–1.8] 0.183

BMI, kg/m2 25.7 [19.2–36.8] 26.1 [19.2–36.8] 25.3 [19.8–33.3] 0.427
Waist circumference, cm 85.0 [64.0–113.0] 85.0 [67.0–113.0] 84.0 [64.0–102.0] 0.639
Hip circumference, cm 105.0 [89.0–123.0] 105.0 [89.0–123] 104.0 [90.0–116.0] 0.312

WHR 0.8 [0.7–1.0] 0.8 [0.7–1.0] 0.8 [0.7–1.0] 0.783
Abdomen circumference, cm 98.5 [69.0–120] 98.0 [78.0–120.0] 99.0 [69.0–111.0] 0.582

Glucose, mg/dL 82.5 [66.0–212.0] 83.0 [66.0–212.0] 82.0 [72.0–103.0] 0.271
Cholesterol, mg/dL 1 193.0 [136.0–269.0] 190.0 [136.0–269.0] 195.0 [139.0–269.0] 0.345

HDL, mg/dL 1 59.0 [31.0–94.0] 65.0 [31.0–94.0] 55.0 [34.0–86.0] 0.061
LDL, mg/dL 1 113.0 [55.0–171.0] 106.0 [67.0–171.0] 119.0 [55.0–167.0] 0.064

Triglycerides, mg/dL 1 90.0 [43.0–365.0] 91.5 [43.0–365.0] 90.0 [44.0–243.0] 0.879
Cortisol, μg/L 1 125.0 [61.0–268.0] 124.5 [68.0–206.0] 129.0 [61.0–268.0] 0.744
Insulin, mU/L 1 9.2 [3.0–93.3] 8.9 [3.0–28.2] 10.1 [5.1–93.3] 0.169

Systolic BP, mmHg 1 120.0 [97.0–155.0] 120.0 [100.0–155.0] 115.0 [97.0–150.0] 0.072
Diastolic BP, mmHg 1 70.0 [55.0–90.0] 70.0 [60.0–90.0] 70.0 [55.0–90.0] 1.000

MS, n (%) 1 0.488
No 50 (84.7) 26 (81.2) 24 (88.9)
Yes 9 (15.3) 6 (18.8) 3 (11.1)

INF-γ 1 0 [0.0–7.5] 0 [0–2.8] 0 [0–7.5] 0.646
IL-6 1 1.3 [0.0–254.4] 1.3 [0–55.5] 1.6 [0–254.4] 0.613

IL-10 1 0.3 [0.0–15.0] 0 [0–15.0] 0.6 [0–4.5] 0.087
IL-17A 1 0 [0.0–18.8] 0 [0–2.6] 0.8 [0–18.8] 0.004
TNFα 1 0.2 [0.0–67.9] 0 [0–67.9] 0.3 [0–11.9] 0.419

IMI categories, n (%) 1 0.265
0–3 24 (40.7) 16 (50.0) 8 (29.6)
4–5 23 (39.0) 10 (31.3) 13 (48.2)
6–8 12 (20.3) 6 (18.7) 6 (22.2)

BMI: body mass index; WHR: waist-to-hip ratio; HDL: high-density lipoprotein; LDL: low-density lipoprotein; BP: blood pressure; MS:
metabolic syndrome; IMI: Italian Mediterranean Index. 1 With the exception of smoking habit, missing values were present only for
one patient.

The probiotics provided to the subjects in the PROB-group were manufactured by
Probiotical S.p.A., Novara (Italy). Each sachet included LF08 (Lactobacillus fermentum),
LP09 (Lactobacillus plantarum), and LS01 (Lactobacillus salivarius) at 3.33 billion CFUs each.
Maltodextrin was used as the excipient. This mixture was chosen based on previous studies
that showed a beneficial effect of these Lactobacillus species on markers of MS [28–30]. Each
individual in PROB-group was asked to take one 2.5-g sachet every day.

2.3. Collection of Participants’ Information and Samples

At baseline, a nutritional visit by trained personnel allowed to collect demographic
and anamnestic information and to measure anthropometry. Dietary habits over the
past year were also assessed through the self-administration of the European Prospective
Investigation into Cancer and Nutrition (EPIC) food-frequency questionnaire (FFQ) [31,32].
No nutritional counselling was provided during the visit. In addition, a blood sample for
the determination of biochemical parameters and cytokine levels, and one sample of stool
and urine for the characterization of the microbiota and metabolome, respectively, were
obtained from all subjects.
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The biochemical parameters were immediately assessed, whereas serum was sepa-
rated by centrifuging the blood samples and stored at −80 ◦C until use. The serum levels of
the human inflammatory cytokines IFN-γ, IL-6, IL-10, IL-17A and TNF-α were measured
by a multiplexed bead-based immunoassay (Flex set Cytometric Bead Array (CBA), BD
Bioscience, San Jose, CA, USA). Samples were acquired with the FACSCanto flow cytome-
ter (BD Bioscience) and the data were analyzed by Diva software and CBA software (BD
Bioscience). Fecal samples were collected in sterile containers and stored at −80 ◦C at IRST
Bioscience Laboratory before being shipped on dry ice to the Microbiology Laboratory at
the Department of Pharmacy and Biotechnology, University of Bologna (Bologna, Italy)
for gut microbiota analysis. Urine samples were collected in sterile containers on the same
day of blood collection and stored at −80 ◦C at IRST Bioscience Laboratory before being
shipped on dry ice to the General and Inorganic Chemistry Laboratory at the Department
of Biological and Environmental Sciences and Technologies, University of Salento (Lecce,
Italy). Anthropometric information and biological samples were collected at multiple
time points before and during intervention as well as in the follow-up (see Figure 1 for
more details).

Figure 1. Study timeline. Italy, 2018–2019. The time points are grouped as follows: (i) T-15 and T-7: 15 and 7 days before the
intervention (Before intervention); (ii) T0: start of the intervention; T7, T15 and T30: 7, 15 and 30 days from the beginning
of the intervention (Intervention); and (iii) TF7 and TF15: 7 and 15 days after the end of the intervention (Follow-up).
The validated semi-quantitative European Prospective Investigation into Cancer and Nutrition (EPIC) Food Frequency
Questionnaire (FFQ) was administered to collect information on consumption frequency of food items.

The study lasted 30 days, with a 15-day follow-up (TF). Fecal samples were collected
weekly in the two-week run-in period for a more reliable depiction of the basal microbiota
configuration. Biological sample collection and anthropometric, biochemical and immuno-
logical measurements were performed at multiple time points as shown. Dietary habits
were assessed at baseline using a validated food frequency questionnaire (see Figure 1 for
more details).
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2.4. Dietary Habits at Baseline

The current study collected information on consumption frequency of food items as
derived at baseline from the 188-item validated semi-quantitative EPIC FFQ [33], designed
to capture local dietary habits for the Varese, Turin, and Florence centers [32]. Estimates
of daily intakes of energy, minerals, macro- and micro-nutrients (altogether indicated
as “nutrients”, hereafter) were derived by linking the food items with the Italian Food
Composition Tables [34] through a dedicated software package [31].

2.5. Gut Microbiota Analysis through Illumina Sequencing

Microbial DNA was extracted from fecal samples using the repeated bead-beating
plus column method [35] with a few modifications [36]. For the baseline, the feces of three
replicates (collected weekly, i.e., at T-15, T-7, and T0, see Figure 1) were pooled together. A
parallel sensitivity analysis explored the baseline variation at the separate T-15, T-7, and T0
time-points, with an additional focus on genera that changed significantly during SA-based
diet. Feces processing was performed as described below. Briefly, approximately 250 mg
of each sample was suspended in 1 mL of lysis buffer with four 3-mm glass beads and
0.5 g of 0.1-mm zirconia beads (BioSpec Products, Bartlesville, OK, USA), and bead-beaten
in a FastPrep homogenizer (MP Biomedicals, Irvine, CA, USA) at 5.5 movements/s for
1 min three times. The samples were then incubated for 15 min at 95 ◦C and centrifuged
at 13,000 rpm for 5 min. The supernatants were added with 260 μL of 10 M ammonium
acetate, and incubated for 30 min with isopropanol (one volume). After washing with 70%
ethanol, the nucleic acid pellet was suspended in 100 μL of TE buffer. RNA was removed by
15-min incubation with 2 μL of DNase-free RNase (10 mg/mL) at 37 ◦C. For the subsequent
DNA purification steps, the DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany)
was used. DNA was assessed for concentration and quality using the NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

The V3–V4 hypervariable region of the 16S rRNA gene was amplified using primers
341F and 785R [37], including overhang adapter sequences for Illumina sequencing. For
amplification, KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland) was used with
the following thermal cycle: 95 ◦C for 3 min, 25 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s,
and 72 ◦C for 30 s, and 72 ◦C for 5 min. Amplicons were purified using magnetic beads
(Agencourt AMPure XP, Beckman Coulter, Brea, CA, USA). A limited-cycle PCR was used
to add Illumina sequencing adapters and barcodes. After another purification step, samples
were pooled at equimolar concentration of 4 nM, denatured and diluted to 5 pM. The final
library was sequenced on an Illumina MiSeq platform following a 2 × 250 bp paired-end
protocol per manufacturer’s instructions (Illumina, San Diego, CA, USA). Raw sequencing
reads were deposited in the National Center for Biotechnology Information Sequence Read
Archive (Bioproject ID PRJNA726866).

For sequence processing, PANDASeq [38] and QIIME 2 [39] were used. Reads were
filtered for length and quality, and subsequently binned into amplicon sequence variants
(ASVs) using DADA2 [40]. The VSEARCH algorithm [41] and the Greengenes database
(May 2013 release) were used for taxonomic assignment. Chimeras were discarded during
the analysis. Different alpha diversity metrics, such as the inverse Simpson index, Faith’s
Phylogenetic Diversity (PD whole tree) and the number of observed ASVs, were used. For
beta diversity, weighted and unweighted UniFrac distances and Bray-Curtis dissimilarity
were used to construct Principal Coordinates Analysis (PCoA) graphs. Publicly available
sequences of the gut microbiota from age- and sex-matched healthy Italians were down-
loaded and processed as above. Specifically, we recovered sequences from De Filippis et al.
(45 Italian adults; NCBI SRA SRP042234) [42], Schnorr et al. (2 Italian adults; MG-RAST
mgp12183) [43] and Biagi et al. (13 Italian adults; MG-RAST mgp17761) [44].

2.6. Urine Metabolomics by Nuclear Magnetic Resonance Spectroscopy

For the Nuclear Magnetic Resonance (NMR) Spectroscopy analysis, 540 μL of urine,
thawed at room temperature and mixed, was added to 60 μL of saline buffer solution
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(KH2PO4, in 100% D2O containing 0.03% w/w TSP as chemical shift reference and 2 mM
sodium azide, pH 7.4), and transferred into a 5mm NMR tube. 1H-NMR spectra were
acquired using a Bruker Avance III 600 Ascend NMR spectrometer (Bruker, Milan, Italy),
operating at 600.13 MHz for 1H observation, equipped with a TCI cryoprobe (Triple
Resonance inverse Cryoprobe) incorporating a z-axis gradient coil and automatic tuning-
matching (ATM). Samples were loaded on a Bruker Automatic Sample Changer, interfaced
with the IconNMR software (Bruker, Milan, Italy), and analyzed in automatic mode, setting
a time delay of 5 min between sample injection and pre-acquisition calibrations for complete
temperature equilibration (300 K). Measurements were repeated once in random order after
the completion of the first entire set. For each sample, a standard 1D 1H-NMR (ZGCPPR
Bruker standard pulse sequence) spectrum, with pre-saturation and composite pulse for
selection, was recorded, with 64 transients, 16 dummy scans, 5s relaxation delay, size of FID
(free induction decay) of 64 K data points, spectral width of 12,019.230 Hz (20.0276 ppm),
acquisition time of 2.73 s and saturation of the solvent signal during the relaxation delay.
The resulting FIDs were multiplied by an exponential weighting function equivalent
to a line broadening of 0.3 Hz prior to Fourier transformation, automated phasing and
baseline correction. Molecular constituent identification was performed by analysis of
several spectroscopic NMR data. The compounds were identified by correspondence with
literature data [45], according to their chemical shifts, multiplicity and homonuclear and
heteronuclear coupling, exhibited in the 1D and 2D NMR spectra. In particular, 1H-1H
J-resolved, 1H-1H COSY Correlation Spectroscopy, 1H-13C HSQC Heteronuclear Single
Quantum Correlation, 1H-13C HMBC, Heteronuclear Multiple Bond Correlation NMR
experiments and a freely available electronic database containing detailed information
about metabolites were used (see https://hmdb.ca/, last accessed on 17 May 2021, and
reference [46]). NMR data were processed using TopSpin 3.6.1 and Analysis of Mixture,
Amix 3.9.13 (Bruker, Biospin, Milan, Italy), for both simultaneous visual inspection and the
successive bucketing process.

2.7. Statistical Analyses

Participant characteristics were summarized by means of descriptive statistics such
as median, minimum and maximum values or interquartile range (IQR) for continuous
variables, and frequencies and percentages for categorical ones. Student’s t-test or the
Mann Whitney U test and the Chi-square or the Fisher’s exact test, as appropriate, were
used to compare baseline characteristics (i.e., demographic, anthropometric, biochemical
parameters, cytokines, and actual adherence to a Mediterranean-style diet) between SA-
group and PROB-group. As cytokines presented with highly skewed distributions, some
preliminary data transformations were attempted within the Box-Cox family. However,
none of them significantly improved the original skewness, given the presence of several
zeros, and therefore the analyses were performed on the untransformed data. To compare
the above-mentioned data over time (at baseline, T0, and after intervention, T30), the paired
t-test, the Wilcoxon signed rank test, or the McNemar test was used, as appropriate.

Adherence to a Mediterranean-style diet was assessed by the calculation of the Italian
Mediterranean Index (IMI), which was designed to specifically target dietary habits of the
Italian population [47], measured by the EPIC FFQ as in our study population. Briefly,
this score considered intakes of 11 items, including 6 typical Mediterranean foods (pasta;
typical Mediterranean vegetables such as raw tomatoes, leafy vegetables, onion, and garlic,
salad, and fruiting vegetables; fruit; legumes; olive oil; and fish), 4 non-Mediterranean
foods (soft drinks, butter, red meat, and potatoes) and alcohol. Subjects received 1 point if
consumption of typical Mediterranean foods was in the 3rd tertile of the distribution, and
0 points otherwise; when consumption of non-Mediterranean foods was in the first tertile
of the distribution, the study participant received 1 point and 0 points otherwise. Ethanol
intakes up to 12 g d−1 received 1 point, while abstainers and persons who consumed
<12 g d−1 scored 0. Possible scores ranged from 0 to 11. Details on component definition
and standard portions for optimal scoring were provided in [47]. The final index was
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then divided based on the final categories provided in [47] to improve comparability.
Comparisons across the three IMI categories were conducted by referring to the Kruskal
Wallis test and the Chi-square or the Fisher’s exact test, as appropriate.

An exploratory factor analysis (EFA) was carried out on a selected list of 27 nutrients to
summarize overall dietary behavior at baseline in terms of a smaller number of underlying
unobservable and randomly varying factors, which can be interpreted as dietary patterns
(DPs) derived from EFA (EFA-based DPs). After factorability checks on the nutrient-based
correlation matrix (visual inspection, Bartlett’s test of sphericity, overall and individual
measures of sampling adequacy), the main analysis was based on: (i) principal component
method; (ii) eigenvalue >1 and scree-plot criteria, to choose how many factors to retain;
(iii) varimax rotation, to make factor naming easier; and (iv) 0.63 cut-off criterion for
factor labeling. To quantify the adherence of each subject’s diet to each EFA-based DP,
we estimated the factor scores for each subject and DP, following the weighted least
squares method. We further calculated the Pearson correlation coefficients between the
EFA-based DP scores and the daily amount of 37 selected food groups and condiments,
derived from the original food items on the same subjects (see for example [48,49] for
a more detailed description of the methodology). A cluster analysis (CLU) was carried
out on the EFA-based DP scores to further classify subjects according to one (and only
one) indicator of similarity in dietary habits among subjects at baseline (CLU-based DP or
dietary cluster) [50]. We adopted the Partitioning Around Medoids (PAM) CLU algorithm:
as compared to k-means, the PAM algorithm is less sensitive to outliers, and it is integrated
with the average silhouette method to choose the optimal number of clusters [50]. Either
Euclidean or Manhattan distances were considered, with similar results; the Euclidean
distance was selected for the final analysis. The results of the average silhouette method
were integrated with model parsimony and cluster interpretation, for the final decision on
the optimal number of clusters to retain. Cluster labeling was qualitative and relied on the
position of each cluster center within the ranges of the factor scores used as input data. A
sensitivity analysis was also conducted considering other clustering methods, including
hierarchical clustering and Gaussian mixture models.

For microbiota analysis, the significance of separation in PCoA of beta diversity
between study subjects and age- and sex-matched healthy Italians, as well as within
each intervention group over time, was tested by a permutation test with pseudo-F ratio
(function “adonis” in the R vegan package). To assess differences in alpha diversity and
microbiota composition among groups, Kruskal–Wallis or Friedman tests followed by post
hoc Wilcoxon tests (paired or unpaired as needed) were performed. Kendall rank correla-
tion test was used to assess the associations between genus-level relative abundances and
anthropometric, biochemical, immunological and metabolomic variables. Only statistically
significant correlations with absolute Kendall’s tau ≥0.2 were considered. As for the inte-
gration with dietary information, differences in beta diversity and composition at various
phylogenetic levels were evaluated across the different clusters defined at baseline. In
addition, the food groups and condiments most contributing to the ordination space were
identified using the function “envfit” of the R vegan package. When appropriate, p-values
were corrected for multiple comparisons using the Benjamini–Hochberg or false discov-
ery rate (FDR) method. An FDR-adjusted p-value ≤ 0.05 was considered as statistically
significant. A p-value between 0.05 and 0.1 was considered a tendency.

To investigate, within a unified framework, whether changes over time at genus
level were associated with any temporal improvement in the components of MS, the
nonparametric rank-based longitudinal methodology proposed by Noguchi et al., 2012 [51]
was applied. This method is robust to outliers, heavily skewed data, and has competitive
performance for small sample sizes compared to its parametric counterpart. The factorial
design chosen considered one whole-plot factor, stratifying subjects in independent groups,
and one sub-plot factor, a time variable for the six repeated measures (T0, T7, T15, T30,
TF7, and TF15). All analyses were performed for each genus separately and for each
intervention group. Two alternative versions of the whole-plot factor were proposed.
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The former solution considered a variable given by the difference between T0 and T30
in the number of (altered) dichotomous MS components and then categorized in: −1 if
the subject had a worsening (at T30) in at least one factor, 0 if nothing changed at T30,
and 1 if the subject experienced an improvement (at T30) in at least one factor. The latter
solution considered the relative variation in each of the 5 MS factors (e.g., (triglycerides(T0)-
triglycerides(T30))/triglycerides(T0), continuous variable). Such new variables were then
categorized as follows: −1 if the subject experienced a worsening ≥5%, 1 if there was an
improvement ≥5%, and 0 if there was no change or it was <5% in both directions. The
5% threshold was considered as the minimally relevant expected change given the study
intervention. Given the small number of subjects generally having a worsening over time,
in all the analyses, these were considered with those not experiencing any change or a
very small (<5%) one. All the fitted models included the main effects for time and for the
MS component change variable, as well as an interaction term between them. In this way,
we could assess whether a different temporal trajectory in genus relative abundances was
present between the subjects with and without any improvement in metabolic disorders.
The ANOVA-type statistics (ATS) were considered for the interpretation of the results.

The 1H NMR spectra of urine (ZGCPPR Bucker standard pulse sequence) were data-
reduced to equal length integral segments of 0.02 ppm bucket width considering the NMR
spectral range 9.5–0.5 ppm for the bucketing process and multivariate analyses. Resonances
of residual water (4.95–4.60 ppm) and urea (6.00–5.60 ppm) were discarded because of
the variability (though limited) of urea signal and variations in the suppression of the
water signal. Moreover, NMR signals of creatinine (4.08–4.03 and 3.07–3.03 ppm) and
citrate (2.70–2.65 and 2.57–2.51 ppm) were combined to account for shifting signals [52]
and the remaining buckets were then normalized to the total area to minimize differences
in urine concentration between samples and subsequently mean-centered. For statistical
analyses, all the imported data were mean-centered and divided by the square root of
the standard deviation of each variable using the Pareto scaling algorithm. Unsupervised
(blinded) investigation of the data was performed by Principal Component Analysis (PCA)
and subsequently analyzed using Orthogonal Projections to Latent Structure Discriminant
Analysis (OPLS-DA). In particular, using the NMR buckets as input variables, the PCA
was preliminarily used to explore the potential differences in the metabolome profile at
baseline and/or presence of outliers (95% confidence ellipse using Hotelling’s T2 statistics).
OPLS-DA analysis was also performed on NMR bucket-reduced data, in which results were
clearly discriminated in the first predictive t [1] component. The parameters calculated to
assess the validity of the established models were the total amount of variation between and
within the groups (R2Y and R2X) and the predictive ability of the models as determined by
permutation test and seven-fold cross-validation (Q2). NMR discriminant variables were
evaluated by the S-line Plots, identified with the loading scaled as a correlation coefficient
value (p(corr)) of the OPLS-DA models.

Most of the calculations were performed using the open-source statistical computing
environment R [53]. The dietary data were analyzed with libraries psych [54], cluster [55],
cclust [56], and mclust [57]; the microbiome data were analyzed with libraries vegan (http:
//www.cran.r-project.org/package=vegan/, last accessed on 17 May 2021), Made4 [58]
and nparLD [51]. Metabolome data were analyzed using SIMCA-14 software (Sartorius
Stedim Biotech, Umeå, Sweden).

3. Results

3.1. Description of the Study Participants at Baseline
3.1.1. Anthropometric, Biochemical and Immunological Characteristics

Participants were recruited between October 2018 and September 2019. Of the
67 subjects assessed for eligibility, 7 were excluded because did not meet the inclusion
criteria. The analyses were therefore performed on 60 subjects, if not otherwise indicated.

Table 1 shows the baseline characteristics of the recruited subjects, altogether and
separately for the two study groups. Most of the study subjects were females (78.3%)
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and the median age was 47 years [IQR: 12]. Nine subjects suffered from MS at baseline,
(with 6 of them belonging to the SA-group and 3 of them belonging to the PROB-group).
Percentages of participants in each adherence category (from the lowest to the highest one)
to the IMI were equal to 40.7%, 39.0% and 20.3%, respectively. This is in line with previous
literature on dietary patterns of Italian subjects from the EPICOR study, a prospective
collaborative investigation of the causes of cardiovascular diseases in Italian volunteers
recruited in 1993–1998 within the Italian section of EPIC (47,021 Italian men and women
in total) [47]. No substantial differences were observed across SA- and PROB-groups in
any examined variable, with the exception of age (higher in SA-group) and IL-17A (lower
in SA-group), as compared to PROB-group (p = 0.015 and p = 0.004, respectively, Mann
Whitney U test). However, the distribution of IL-17A was quite extreme: only 36% of
the data were different from zero, with one subject showing a value higher than the 90th
percentile of the overall distribution.

3.1.2. Dietary Habits

The analysis of dietary data at baseline was based on 59 subjects, as 1 subject did not
fill in most of the FFQ items, thus resulting in a total energy intake <500 kcal.

The distribution of study participants and of their baseline characteristics according
to categories of adherence to Mediterranean diet, as measured by the IMI, are shown
in Table 2. The distribution of baseline characteristics was similar across categories of
adherence to the IMI (all p-values were nonsignificant).

Table 2. Distribution at baseline of anthropometric, biochemical, and immunological characteristics by Italian Mediterranean
Index tertiles (n = 59). Italy, 2018–2019.

Low Adherence
(Index Range: 0–3)

(n = 24, 40.7%)

Medium Adherence
(Index Range: 4–5)

(n = 23, 39.0%)

High Adherence
(Index Range 6–8) 2

(n = 12, 20.3%)
p

Median [Min–Max] Median [Min–Max] Median [Min–Max]

Gender, n (%) 0.848
Male 5 (20.8) 6 (26.1) 2 (16.7)

Female 19 (79.0) 17 (73.9) 10 (83.3)
Smoking habit, n (%) 1 0.797

Never smoker 11 (50.0) 10 (47.6) 5 (45.5)
Ex-smoker 8 (36.4) 10 (47.6) 4 (36.4)

Current smoker 3 (13.6) 1 (4.8) 2 (18.2)
Age at enrollment, years 46.2 [18.3–86.4] 53.7 [35.4–84.8] 46.1 [40.5–55.0] 0.389

Weight, kg 73.5 [47.0–103.0] 67.0 [44.0–94.5] 66.5 [56.0–84.5] 0.431
Height, m 1.7 [1.43–1.8] 1.7 [1.4–1.8] 1.7 [1.58–1.8] 0.949

BMI, kg/m2 26.5 [19.2–36.8] 25.4 [20.0–31.9] 24.7 [20.3–31.8] 0.380
Waist circumference, cm 85.5 [64.0–113.0] 83.0 [70.0–105.0] 84.0 [68.0–101.0] 0.543
Hip circumference, cm 107.0 [90.0–123.0] 104.0 [89.0–115.0] 101.5 [90.0–122.0] 0.391

WHR 0.8 [0.7–1.0] 0.8 [0.7–1.0] 0.8 [0.7–1.0] 0.952
Abdomen circumference, cm 99.5 [69.0–120.0] 98.0 [81.0–110.0] 97.0 [75–115.0] 0.501

Glucose, mg/dL 86.5 [72.0–212.0] 82.0 [72.0–123.0] 79.0 [66.0–88.0] 0.051
Cholesterol, mg/dL 1 193.5 [136.0–269] 193.5 [139.0–228.0] 185.0 [145–269.0] 0.486

HDL, mg/dL 1 55.5 [31.0–94.0] 58.0 [34.0–79.0] 63.0 [41.0–82.0] 0.176
LDL, mg/dL 1 117.0 [67.0–171.0] 111.0 [67.0–157.0] 110.5 [55.0–167.0] 0.535

Triglycerides, mg/dL 1 96.0 [44.0–365.0] 90.0 [50.0–267.0] 90.5 [43.0–164.0] 0.740
Cortisol, μg/L 1 119.5 [61.0–268.0] 141.5 [85.0–226.0] 121.0 [68.0–254.0] 0.471
Insulin, mU/L 1 8.9 [3.0–93.3] 10.0 [5.4–35.0] 8.1 [3.2–27.7] 0.334

Systolic BP, mmHg 1 120.0 [100.0–140.0] 118.0 [97.0–155.0] 120.0 [107.0–130.0] 0.984
Diastolic BP, mmHg 1 72.5 [60.0–90] 70.0 [55.0–90.0] 70.0 [60.0–90.0] 0.514

MS, n (%) 1 0.719
No 19 (79.2) 19 (86.4) 11 (91.7)
Yes 5 (20.8) 3 (13.6) 1 (8.3)

INF-γ 1 0 [0–2.3] 0 [0–2.8] 0.2 [0–7.5] 0.151
IL-6 1 1.0 [0–55.5] 1.6 [0–5.7] 1.3 [0–254.4] 0.489
IL-10 1 0.1 [0–15.0] 0.4 [0–1.9] 0.7 [0–4.5] 0.520

IL-17A 1 0 [0–3.6] 0 [0–3.3] 0.5 [0–18.8] 0.411
TNFα 1 0 [0–11.0] 0.345 [0–5.3] 0.6 [0–11.9]

BMI: body mass index; WHR: waist-to-hip ratio; HDL: high-density lipoprotein; LDL: low-density lipoprotein; BP: blood pressure; MS:
metabolic syndrome. 1 With the exception of smoking habit and MS, missing values were present only for one patient. 2 No subjects in our
study sample reached the maximum IMI score of 11.

Visual inspection, Bartlett’s test of sphericity (making it possible to reject the null
hypothesis that the correlation matrix is the identity matrix with a p < 0.001), overall
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(0.84) and individual measures of sampling adequacy (20 nutrients with measures ≥0.90)
suggested that the nutrient-based correlation matrix was adequate for EFA (Supplementary
Table S1). Table 3 gives the factor-loading matrix for the three retained DPs.

Table 3. Factor loading matrix 1 and explained variances for the three major dietary patterns identified
by principal component factor analysis on baseline nutrient information. Italy, 2018–2019.

Nutrient
Dietary Pattern

Animal Products Vitamins and Fiber Regional

Animal protein 0.96 - -
Vegetable protein 0.34 0.48 0.73

Cholesterol 0.88 0.15 0.13
Saturated fatty acids 0.80 0.43 0.13

Monounsaturated fatty acids 0.48 0.66 0.42
Linoleic acid 0.64 0.40 0.44

Linolenic acid 0.49 0.61 0.40
Other polyunsaturated fatty acids - - 0.70

Soluble carbohydrates 0.43 0.66 0.29
Starch 0.46 0.19 0.70

Sodium 0.78 0.30 0.27
Calcium 0.66 0.54 -

Potassium 0.61 0.72 0.25
Phosphorus 0.80 0.44 0.31

Iron 0.54 0.57 0.57
Zinc 0.82 0.29 0.42

Thiamin (vitamin B1) 0.69 0.44 0.41
Riboflavin (vitamin B2) 0.70 0.43 -

Vitamin B6 0.73 0.46 0.32
Total folate 0.33 0.77 0.44

Niacin 0.83 0.29 0.27
Vitamin C 0.21 0.88 -

Retinol 0.72 - 0.17
Beta-carotene - 0.87 0.24

Vitamin D 0.79 0.10 -
Vitamin E 0.28 0.76 0.47
Total fiber 0.22 0.80 0.47

Proportion of explained variance (%) 37.99 27.28 15.09
Cumulative explained variance (%) 37.99 65.27 80.36

1 Estimates from a principal component factor analysis on 27 nutrients. For each factor, loadings greater or
equal to 0.63 indicated important or “dominant nutrients” in the current paper and were shown in bold typeface;
loadings smaller than 0.1 were suppressed.

The selected DPs explained ~80% of the total variance. Any nutrient had one or
more factor loadings ≥0.30, thus suggesting that all the selected nutrients were relevant
in this analysis. The greater the loading of a given nutrient to a factor was, the higher the
contribution of that nutrient to the factor. The first DP was named “Animal products”, as it
was characterized by high loadings on animal protein, cholesterol, niacin, zinc, saturated
fatty acids, phosphorus, vitamin D, sodium, vitamin B6, retinol, riboflavin, thiamin, cal-
cium, and linoleic acid. The second DP, named “Vitamins and fiber”, was characterized by
high loadings on vitamin C, beta-carotene, total fiber, total folate, vitamin E, potassium,
monounsaturated fatty acids, and soluble carbohydrates. The third DP, named “Regional”,
had high loadings on vegetable protein, other polyunsaturated fatty acids, and starch. The
communalities—measuring the proportion of each nutrient’s variance explained by the
retained DPs altogether—were generally satisfactory, being greater or equal to 0.70, except
for five nutrients (other polyunsaturated fatty acids, retinol, vitamin D, riboflavin and
soluble carbohydrates). In addition, when considering Pearson correlation coefficients
>0.45 with the amount of selected food groups on the same subjects, the “Animal products”
DP score was positively correlated with (in order from the highest to the lowest coefficients)
consumption of red meat (especially, beef and pork), offal, processed meat, fish, eggs,
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coffee, cheese, and olive oil; the “Vitamins and fiber” DP score had positive correlation
coefficients with root vegetables, other (than citrus) fruit, olive oil, leafy vegetables (raw
and cooked), cabbages, soups and bouillon, whereas the “Regional” DP was positively
correlated with the consumption of grains (wholemeal), tea (including herbal tea), and
leafy vegetables (raw and cooked).

Table 4 provides a description of the CLU-based DPs or clusters identified at baseline
using the PAM CLU method on the EFA-based DP scores.

Table 4. Description of the dietary patterns identified at baseline from cluster analysis 1: cluster size
(i.e., number of subjects included in each cluster) and cluster centers. Italy, 2018–2019.

Cluster Name 2 Cluster Size Cluster Center (Medoid)

Animal
Products

Vitamins
and Fiber

Regional

C1-High consumers 11 0.11 0.24 0.88 3

C2-Low consumers 19 −0.72 −0.59 −0.41
C3-Omnivorous with

meat prevalence 18 0.81 3 −0.30 −0.30

C4-Omnivorous with
plant-based foods prevalence 11 −0.69 0.70 3 −0.70

1 Estimates from the Partitioning Around Medoids clustering algorithm carried out on the factor scores derived
from a previous Principal Component Factor Analysis on nutrient information at baseline. The optimal number
of clusters was equal to four, as derived from a combination of criteria, including results of the average silhouette
method, parsimony and cluster interpretation. 2 Cluster names were based on the position of center coordinate
within the range of the factor scores used as input data. Specifically, coordinates exceeding the third quartile (in
absolute value) indicated extreme dietary behavior. Quartiles (Q) of the factor scores at baseline were as follows:
“Animal products” pattern: Q1: −0.69; Q2: −0.24; Q3: 0.48; “Vitamins and fiber” pattern: Q1: −0.53; Q2: −0.19;
Q3: 0.37; “Regional”pattern: Q1: −0.60; Q2: −0.30; Q3: 0.32. 3 For each cluster, center coordinates greater than or
equal to the third quartile score are shown in bold typeface.

The optimal number of clusters was equal to four. Each cluster showed an extreme
behavior (exceeding the third score quartile) in one of its center coordinates, except for
cluster number 2 (C2) (19 subjects). Specifically, the C1 center was extreme on the “Regional”
factor (11 subjects), and the C3 center was extreme on the “Animal products” factor
(18 subjects), whereas the C4 center was extreme on the “Vitamins and fiber” pattern
(11 subjects). The C2 coordinates were all lower than the corresponding factor medians,
being close to the first quartile for the “Animal products” and “Vitamins and fiber” factors
and being between the first quartile and the median of the “Regional” factor score: we
therefore named C2 as “Low consumers”. Similarly, higher-than-median score coordinates
described C1 for the remaining “Animal products” and “Vitamins and fiber” patterns; we
indicated it as the “High consumers” cluster, especially extreme on the “Regional” DP.
The extreme coordinate of the C3 center on the “Animal products” factor was balanced
with approximately median score coordinates on the “Vitamins and fiber” and “Regional”
factors, thus pointing to an “Omnivorous with meat prevalence” cluster. Finally, we named
C4 as the “Omnivorous with plant-based foods prevalence” cluster: apart from the extreme
coordinate on the “Vitamins and fiber” pattern, the remaining coordinates were both close
to—or even lower than—the corresponding first quartile of the factor score.

The identified clusters were similar with respect to demographic, anthropometric,
biochemical, and immunological characteristics (data not shown).

3.1.3. Gut Microbiota Profiling

The gut microbiota of the enrolled subjects was profiled at baseline and during the
intervention at five time points (see Figure 1), for a total of 343 fecal samples subjected to
16S rRNA gene sequencing. Seventeen samples were missing or of low quality. A total of
6,682,079 high-quality reads (mean ± SD, 19,481 ± 9578) were obtained and analyzed.

The baseline profile was compared with that of 60 healthy Italians from previous
studies, matched by age and gender [42–44], which are well-known microbiota-associated
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confounding factors [59]. According to the inverse Simpson index, alpha diversity was
significantly lower in the enrolled subjects than in the healthy controls (p = 0.01, Wilcoxon
test) (Figure 2A).

Figure 2. The gut microbiota of study subjects at risk for metabolic syndrome segregated from those of healthy Italian
controls, matched by microbiota-associated confounding factors (i.e., age and gender). (A) Boxplots showing the distribution
of alpha diversity, according to the inverse Simpson index, in study subjects (dark red) compared to healthy Italian controls
(grey). A significantly reduced diversity was observed in the former group (p = 0.01, Wilcoxon test). (B) PCoA plot of
beta diversity, based on Bray–Curtis dissimilarity between the genus-level microbial profiles. A significant separation
between study subjects and healthy Italian controls was found (p = 0.001, permutation test with pseudo-F ratio). Samples
are identified with colored dots as in (A). Ellipses include 95% confidence area based on the standard error of the weighted
average of sample coordinates (dark red, subjects at risk for metabolic syndrome; grey, healthy controls). (C) Boxplots
showing the relative abundance distribution of differentially represented genera between study subjects and healthy Italian
controls (p ≤ 0.05, Wilcoxon test).

Similarly, the PCoA of beta diversity, based on Bray–Curtis dissimilarity between
the genus-level profiles, showed significant separation between the study samples and
the healthy controls (p = 0.001, permutation test with pseudo-F ratio) (Figure 2B). In line
with the available literature on gut microbiota in metabolic disorders [15,60–62], the study
subjects showed a higher relative abundance of Coriobacteriaceae (p < 0.001, Wilcoxon test)
and Streptococcus (p = 0.01), as well as reduced proportions of Bacteroidaceae members,
including Parabacteroides (p < 0.001) (Figure 2C and Supplementary Figure S1). Interestingly,
Parabacteroides has recently been suggested as a novel probiotic taxon for reducing obesity,
inflammation levels and insulin resistance [63]. As expected [64], several health-associated
SCFA-producing commensals belonging to the Lachnospiraceae and Ruminococcaceae families,
including Roseburia, Coprococcus, Lachnospira, Oscillospira and Faecalibacterium, were also
underrepresented in the gut microbiota of the study participants (p < 0.001).

Correlations between the relative abundances of bacterial taxa and anthropomet-
ric, biochemical and immunological parameters in the study subjects were next sought
(Supplementary Figure S2). Despite the low correlation coefficients, it is worth noting that
a Coriobacteriaceae member (i.e., Adlercreutzia) correlated positively with total cholesterol
(tau = 0.239, p = 0.03, Kendall rank correlation test) and LDL cholesterol (tau = 0.237,
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p = 0.03), while a negative correlation was found between Akkermansia, a mucus degrader
associated with improved metabolic health [65] and insulin (tau = −0.226, p = 0.03). Fur-
thermore, we found inverse correlations for Bifidobacterium (tau = −0.221, p = 0.04) and
Bacteroides (tau = −0.216, p = 0.03) against IL-17A, as well as for Bacteroides (tau = −0.25,
p = 0.02) and Ruminococcus (tau = −0.219, p = 0.02) against IFN-γ. Ruminococcus was also
inversely correlated with IL-6 (tau = −0.215, p = 0.02).

As for associations with dietary habits (Supplementary Figure S3), the Bray–Curtis-
based PCoA showed a significant separation between the microbiota structure of the
“Omnivorous with plant-based foods prevalence” cluster and the others (p = 0.05, per-
mutation test with pseudo-F ratio). When looking for a potential relationship with food
groups, we found that consumption of milk (p ≤ 0.05, “envfit” function) and white meat
(p ≤ 0.1) was associated, or tended to be, with the microbiota of individuals from the “High
consumers”, “Low consumers”, and “Omnivorous with meat prevalence” clusters, where
most animal products were represented to a greater or lesser extent. On the other hand,
the microbiota of the “Omnivorous with plant-based foods prevalence” cluster subjects
tended to be associated with the consumption of garlic and onion, and butter (p ≤ 0.1).
At the taxonomic level, the “High consumers”-related gut microbiota was characterized
by greater proportions of Enterobacteriaceae members (p = 0.02, Kruskal-Wallis test) and
a tendency to higher amounts of Bifidobacterium (p = 0.1), a well-known probiotic taxon
associated with dairy consumption. The “Omnivorous with plant-based foods prevalence”-
related microbiota tended to be discriminated by greater relative abundances of Blautia and
Butyricimonas (p = 0.1). It is worth mentioning that both genera are SCFA producers, even if
the former is acetogenic and the latter butyrogenic. However, conflicting data exist on the
association between Blautia and metabolic health, with particular reference to abdominal
fat [66,67], and its abundance was found to be positively associated with saturated and
monounsaturated fatty acids [13], probably suggesting the existence of different oligotypes
with various metabolic capacities.

3.1.4. Urine Nuclear Magnetic Resonance-Based Metabolomics

The urine metabolome was profiled at baseline and after intervention (see Figure 1),
for a total of 120 urine samples. Six NMR spectra were excluded due to the presence of
detectable ethanol as contaminant and high levels of glucose, thus obtaining a total of
114 urine samples suitable for successive multivariate analyses. Although very complex,
the 1H NMR spectra of urine contained thousands of sharp lines from predominantly
low-molecular weight metabolites. Resonances were directly assigned on their chemical
shifts, signal multiplicities (resolved by 2D NMR experiments, randomly performed on
urine samples) and literature data [45]. Based on all subjects together, the main metabolites
identified were creatinine, trimethylamine-N-oxide (TMAO), glycine, citrate, alanine, ac-
etate, erythritol, trigonelline and hippurate. No substantial differences in the metabolomic
profile between the two study groups and among the dietary clusters were observed. More-
over, samples were also homogeneous with respect to the information reported in Table 1
(Supplementary Figure S4).

As for associations with the gut microbiota (Supplementary Figure S2), again the corre-
lation coefficients were very small, but it is interesting to mention that we found a negative
correlation between the relative abundance of Lactobacillus and several metabolites, i.e.,
creatinine (tau = −0.234, p = 0.04), TMAO (tau = −0.226, p = 0.05) and phenylacetylglycine
(tau = −0.239, p = 0.03). A positive correlation was found between Blautia and trigonelline
(tau = 0.219, p = 0.03), an alkaloid with potential anti-diabetic activity [68].

3.2. Effects of the Dietary Intervention
3.2.1. Impact on Anthropometric, Biochemical and Immunological Parameters

Supplementary Table S2 shows the comparison of anthropometric, biochemical and
immunological characteristics, as well as presence of MS, for all enrolled subjects and by
SA- and PROB-groups, at the two time points T0 and T30. Compared to the baseline, some

66



Nutrients 2021, 13, 2081

parameters changed after the dietary intervention. In particular, a statistically significant
reduction in insulin values was observed (p = 0.013, Wilcoxon signed rank test). Other
measures, such as cortisol, blood pressure (BP), and body mass index (BMI), showed an
improvement, that is, a decrease, after the intervention, even if not statistically significant
at a 5% level. Similarly, MS was detected in six of the nine subjects with the disease at
baseline, thus representing a statistically significant improvement from the baseline to
the end of the intervention (p < 0.001, McNemar test). When inspecting group-specific
differences, statistically significant reductions were observed for systolic BP in the SA-
group (p = 0.032, paired t-test), and for cortisol and insulin in PROB-group (p = 0.020 and
p = 0.006, Wilcoxon signed rank test, respectively) (Supplementary Figure S5). With respect
to insulin, one subject reported a very high value at baseline. However, after removal of
this individual, the difference remained statistically significant (p = 0.010). In the SA-group,
a slightly lower BMI was registered after the intervention (medians equal to 26.1 [IQR: 5.1]
and 25.4 [IQR: 5.9] kg/m2 for T0 and T30, respectively; p = 0.057, paired t-test), as well as
reduced glucose levels (medians equal to 83.0 [IQR: 14.0] and 83.0 [IQR: 8.0] mg/dL for T0
and T30, respectively; p = 0.067, Wilcoxon signed rank test). In addition, in both groups, the
number of subjects with MS decreased from the baseline to the end of the intervention, in a
statistically significant way (SA-group: from six to four, p < 0.001, McNemar test; PROB-
group: from three to two, p = 0.002, McNemar test). No other significant modifications
were observed (data not shown).

3.2.2. Impact on the Gut Microbiota Composition

No differences in alpha and beta diversity were observed over time in the SA-group
(Supplementary Figure S6). Similar results (i.e., no separation between fecal samples at
different time points in the PCoA of beta diversity) were obtained in the PROB-group, for
which, however, a temporal reduction in alpha diversity was found, with the lowest values
after 30 days of intervention (Faith’s Phylogenetic Diversity and number of observed ASVs:
p ≤ 0.04, Friedman test) (Supplementary Figure S6).

Interestingly, at the compositional level, some of the dysbiotic features identified at
baseline were reversed after intervention with SA-derived foods, and others tended to be
reversed (Figure 3A).

In particular, the relative abundance of Coriobacteriaceae, especially Collinsella, a po-
tential pathobiont proposed as a target in future microbiome-based interventions for
metabolic disorders [69], was significantly reduced in SA-group after 30 days of diet
(p ≤ 0.007, Wilcoxon test), with proportions of Collinsella tending to decrease already after
15 days (p = 0.1). Furthermore, we observed a rapid increase in the relative abundance
of Oscillospira (T0 vs. T15, p = 0.02), a likely heritable taxon positively associated with
leanness and health [70]. It is worth noting that such an increase persisted in the follow-up
(T0 vs. TF15, p = 0.04), while other changes appeared only later on, namely the increase
in Clostridiaceae (T0 vs. TF7, p = 0.02) and the tendency towards increased amounts of
Lachnospiraceae (T0 vs. TF15, p = 0.07). For these taxa, the baseline variation in the 2 weeks
prior to dietary intervention was not significant (p > 0.05, Friedman test) (Supplementary
Figure S7), which supports that the aforementioned compositional changes were related to
the change in diet and not to the typical oscillations of the gut microbiota in the absence of
perturbation (see [71] for a recent discussion on the topic). When looking at the compo-
sitional variations within the four dietary clusters (Supplementary Figure S8), we found
that “High consumers” cluster individuals showed a significant decrease in Desulfovibrio
after 7 days of diet (p = 0.04, Wilcoxon test), which persisted over time, and a tendency
towards increased proportions of Roseburia at the end of the intervention, until follow-up
(p = 0.1, Friedman test). On the other hand, for the “Low consumers” and the “Omnivorous
with meat prevalence” clusters, we found increasing trends in other SCFA producers, i.e.,
Coprococcus (p = 0.06) and Oscillospira (p = 0.09), respectively. Interestingly, Coprococcus cor-
related negatively with cortisol, whose levels decreased after intervention as reported above
(Supplementary Figure S9). A negative correlation in the whole dataset was also found
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between Phascolarctobacterium, another SCFA (mainly propionate) producer, and blood
pressure, in line with previous studies associating it with improved metabolic health [72].
Furthermore, the relative abundance of some taxa and precisely Adlercreutzia, Prevotella,
Butyricimonas and Blautia, showed overall expected correlations with total cholesterol, LDL
cholesterol and waist-to-hip ratio in all sample (Supplementary Figure S9).

Figure 3. Impact on the gut microbiota of a diet with fresh foods from organic symbiotic agriculture versus probiotic
supplementation. Boxplots showing the relative abundance distribution of differentially represented taxa over time, in
subjects at risk for metabolic syndrome consuming fresh foods from organic symbiotic agriculture (SA-group) (A), or
receiving probiotic supplementation (PROB-group) (B). The gut microbiota was profiled at baseline (T0), after 7 (T7), 15 (T15)
and 30 (T30) days of intervention, and at follow-up, 7 (TF7) and 15 (TF15) days after the end of the intervention. *, p ≤ 0.05;
#, 0.05 < p ≤ 0.1; Wilcoxon test.

As for the PROB-group, apart from the reduction in the proportions of Desulfovibri-
onaceae (T0 vs. T15 and T0 vs. TF7, p = 0.04, Wilcoxon test), we observed some unfavorable
changes, including the increase in pro-inflammatory taxa, such as Peptostreptococcaceae
(T0 vs. T15, p = 0.02) and unclassified Erysipelotrichaceae members (T0 vs. TF7, p = 0.02),
and the decrease in the metabolic health-associated genus, Akkermansia (T0 vs. TF15,
p = 0.04) (Figure 3B). Again, these taxa showed no significant changes in the 2 weeks prior
to intervention (p > 0.05, Friedman test) (data not shown).

When we inspected the relationship between changes in genus relative abundances
and improvements in MS components over time within the SA-group, we identified
two genera that showed peculiar trends: Oscillospira and Akkermansia (Supplementary
Figure S10). The former showed an increasing trend over time (p = 0.01, ATS test for time
effect), although similar in subjects who had an improvement in at least one MS factor
and in those who didn’t have it (p = 0.14, ATS test for group effect). The latter showed a
difference between the two mentioned groups at T0, with lower values for those showing
an improvement in the MS factors. However, this difference tended to disappear later on
due to a subsequent increase of Akkermansia relative abundance over time for this group
(p = 0.08, ATS test for the interaction effect). In line with the available literature [65], this
further stresses the close association of Akkermansia with metabolic health.

The same approach was then applied to the single components of MS. Within the SA-
group, Oscillospira showed a consistent increasing temporal trend for each MS component
(all p ≤ 0.01, ATS test for the time effect). An increase over time was also observed for
Roseburia in relation to systolic BP (p = 0.07, ATS test for the time effect); however, this
was similar for those who showed or not an improvement of at least 5% in this parameter
(p = 0.65, ATS test for the interaction effect). Finally, Lachnospira showed a differential
trend over time in relation to triglycerides and glycaemia, with an increase in those who
improved only at the last time-point, TF15 (p = 0.04, ATS test for the interaction effect).
When we analyzed PROB-group, other interesting trends were found. Among them,
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Akkermansia behaved differently between subjects who then showed or not an improvement
in triglyceride levels, with an increase in the former up to T30 (p = 0.001, ATS test for the
interaction effect). Differential trends were also observed for Oscillospira in relation to both
triglycerides and glycaemia, with an increase in follow-up for those who showed reduced
triglyceride levels (p = 0.01, ATS test for the interaction effect) and at T15 for those with
decreased blood glucose (p = 0.03, ATS test for the interaction effect) (data not shown).

3.2.3. Impact on the Urine Metabolome

Within the SA-group, after the dietary intervention, a good separation of the data
points was observed as well as time-dependent discriminant metabolites. In particular, the
corresponding S-line plot from OPLS-DA analysis showed increased levels of erythritol
(3.78–3.68 ppm), glycine (3.57 ppm), citrate (2.68–2.54 ppm), acetate (1.93 ppm), and alanine
(1.48 ppm), in samples after 30 days of treatment, with a concomitant reduction in the level
of creatinine (4.06 ppm) and TMAO (3.27 ppm) (Supplementary Figure S11). Moreover,
by comparing the predictive performances of the OPLS-DA models built for each dietary
cluster, we observed that the “Omnivorous with meat prevalence” cluster showed a greater
sample classification capacity (Q2 of 0.18) as compared to the others. This indicates that the
intervention with SA-foods had a greater overall impact on subjects with “Omnivorous
with meat prevalence” behavior. Interestingly, a relatively higher level of hippurate and
a particularly pronounced decrease in TMAO level were observed in these subjects after
intervention. The decrease of TMAO is extremely favorable, as this molecule, which is
formed in the liver from trimethylamine, a metabolite synthesized by the gut microbiota
from dietary choline, is recognized as a cardiovascular risk factor and associated with
various negative health outcomes [73]. Regarding glycine, its circulating levels have been
reported to decrease in metabolic disorders associated with obesity [74]. Moreover, plasma
glycine concentration is altered according to food choice, being higher in vegetarian and
vegan groups than in meat eaters [75].

Interestingly, some of the metabolites whose levels varied following the interven-
tion showed consistent correlations with the proportions of some of the aforementioned
microorganisms (Supplementary Figure S9). In particular, in the SA-group, erythritol
correlated negatively with Collinsella (tau = −0.204, p = 0.04, Kendall rank correlation test)
while positively with Coprococcus (tau = 0.25, p = 0.01). Positive correlations were also
observed for Coprococcus (tau = 0.249, p = 0.01) and Faecalibacterium (tau = 0.246, p = 0.01)
against alanine, as well as between Faecalibacterium and glycine (tau = 0.263, p = 0.009).
Finally, as expected based on its metabolic propensity, Blautia positively correlated with
acetate (tau = 0.187, p = 0.05).

Within the PROB-group, a good sample discrimination after treatment was observed. In
particular, the corresponding S-line plot of the OPLS-DA analysis (Supplementary Figure S11)
allowed us to identify a decreased level of trigonelline (8.81–8.06 ppm, detectable only in the
“High consumers” cluster). The analyses within dietary clusters did not reveal significant
deviations, with the exception of relatively higher levels of hippurate in the “High consumers”
and “Omnivorous with meat prevalence” clusters (data not shown).

4. Discussion

In this first pilot intervention study offering SA-derived products to subjects at risk
for MS, we showed that mycorrhized farming products modulate certain components of
the gut microbiota; this effect was accompanied by changes in some metabolic parameters
and urinary metabolites and it was partly modulated by DPs at baseline. In addition,
two out of six study participants suffering from MS at baseline no longer had MS after
the intervention.

In line with the existing literature on gut microbiota in metabolic disorders [15,61,62],
the study subjects, as compared to healthy age/sex-matched Italian adults, showed some
dysbiotic features at baseline, namely: (i) reduced biodiversity; (ii) lower proportions of
health-associated taxa, mainly SCFA producers from the Lachnospiraceae and Ruminococ-

69



Nutrients 2021, 13, 2081

caceae families, i.e., Lachnospira, Coprococcus, Roseburia, Oscillospira and Faecalibacterium, as
well as Parabacteroides; and (iii) greater relative abundance of generally subdominant taxa
with pathogenic potential, such as Coriobacteriaceae and Streptococcus. While the decrease in
SCFA producers is frequently found in disparate diseases and pre-disease conditions, as
a probably universal dysbiotic signature [64], the overrepresentation of Coriobacteriaceae
could be regarded as a potentially specific alarm bell for metabolic disorders. Indeed,
increased levels of Coriobacteriaceae members have been found in conditions of overweight
and obesity, as well as in the context of type 2 diabetes and symptomatic atherosclerosis,
and directly associated with metabolic risk factors, including those predisposing to MS,
such as insulin, triglycerides and LDL cholesterol [15,17,60,76], as also observed in our
sample. It has been hypothesized that a gut microbiota profile enriched in such microbes
may influence intestinal absorption of cholesterol, hepatic glycogenesis and triglyceride
synthesis, as well as interfere with the expression of tight junction proteins, resulting in loss
of barrier integrity, metabolic endotoxemia and chronic low-grade inflammation [17,77].
On the other hand, Parabacteroides, which was found to be underrepresented in study
participants, has recently been proposed as a probiotic candidate for its metabolic benefits,
as observed in mouse models, probably through the production of succinate and secondary
bile acids [63,78].

Dietary habits at baseline were well characterized by the use of DPs, which are combi-
nations of dietary components meant to summarize total diet—or key aspects of the overall
diet—in free-living individuals, as measured at one or more time points. As compared to
analyzing single dietary components one at a time, the DP approach allows to capture well-
known interactive effects among nutrients or foods, while solving statistical issues related
to collinearity between food components and adjustment for multiple comparisons [79,80].
In the current application, we referred to both a priori (or index-based) and a posteriori
(empirically derived) DPs [80]. Among available a priori DPs, we referred to the IMI to
assess if study participants did follow a Mediterranean diet and to what extent it happened.
We showed that our study sample adhered to the Mediterranean diet—as measured by the
IMI—to the same extent as the more representative Italian sample of subjects belonging
to the EPICOR study [47]. In addition, we applied a combination of EFA and CLU for
identifying a posteriori DPs at baseline and relating them to microbiome or metabolome.
The small number of subjects—as compared to nutrients—and the by-product of having
the correlation structure of nutrients described in terms of EFA-based DPs suggested to per-
form an EFA before CLU. Cluster-based DPs provided an additional advantage within this
project. As individual dietary habits were summarized with one belonging indicator—and
not by multiple factors simultaneously—the assessment of the potential links between diet
and microbiome or diet and metabolome was easier with CLU-based DPs rather than with
the more common EFA based ones. In addition, the current paper explores the use of a
more robust CLU partitioning algorithm, PAM, which is more suitable than the well-known
k-means. The DPs derived from the application of EFA and CLU are very similar to those
derived in an Italian network of case-control studies exploring the association between
diet and cancer at several sites (e.g., [48,49,81]); the statistical approach was similar and the
same Italian Food Composition Tables [34] were used to convert food items into nutrients,
thus improving the possibility of finding similar patterns, as far as they are indeed present.
In detail, our EFA-based “Animal products” DP—loading high on animal protein, fats,
zinc, B-group vitamins, calcium, phosphorus, sodium, vitamin D, and retinol—was mostly
overlapping with the corresponding “Animal products” identified in the previous network
(e.g., [48,49,81]); minor differences between the two DPs likely included the major role
of meat, including offal—represented by the additional presence of retinol—in our DP,
as compared to the major role of dairy products—represented by the highest loadings
on calcium and phosphorus—identified on similar DPs in the case-control studies. Simi-
larly, our EFA-based “Vitamins and fiber” DP—loading high on vitamin C, beta-carotene,
total fiber, total folate, vitamin E, potassium, monounsaturated fatty acids, and soluble
carbohydrates—was similar to the corresponding “Vitamins and fiber” DP identified in
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the network, with both DPs pointing to consumption of fruit and vegetables; a minor
difference between the 2 DPs dealt with the less dominant role of the “citrus fruits” food
group in the current study, as compared to the case-control study network. Moreover, in
our “Vitamins and fiber” DP, we have oils and vegetable consumption together (with high
loadings on vitamin E and monounsaturated fatty acids), in the absence of an additional
DP targeting vegetable fats. The “Regional” DP identified in the current study—loading
high on vegetable protein, other polyunsaturated fatty acids, and starch—is in between
the “Starch-rich” and the “Animal unsaturated fatty acids” DPs, as it combines vegetable
protein and starch (but not sodium) from the formed DP with the other polyunsaturated
fatty acids (but not vitamin D and niacin) from the latter DP. A paper of the same network
applied CLU on the factor scores from a previous EFA [82]; like in the current applica-
tion, each of the five selected clusters showed an extreme behavior in one of the center
coordinates, except for one that is similar to our “Low consumers” DP. Specifically, two
cluster centers were extreme on a “Vitamins and fiber” and on an “Animal products”
DP that were comparable to our “Omnivorous with plant-based foods prevalence” and
“Omnivorous with meat prevalence”, respectively; the remaining two cluster centers were
extremes on an “Unsaturated fats” and on a “Starch-rich” DP, which combine elements
of our “High consumers” DP, although the fat profile is likely more oriented towards the
vegetable source in the previous paper [82]. Within the Italian arm of the EPIC Elderly
project, four EFA-based DPs (21% of explained variance) were identified on a comparable
population interviewed with the same FFQ used in the current study [83,84]. Among them,
the “prudent” (cooked vegetables, pulses, cabbage, seed oil and fish) and the “olive oil &
salad” (raw vegetables, olive oil, soup and chicken) share similarities with our “Vitamins
and fiber” DP, although we did not observe the simultaneous presence of vegetables and
meat; their “pasta & meat” (pasta, tomato sauce, red meat, processed meat, bread and
wine) is in between our “Animal products” and “Regional” DPs, but we were not able to
identify any sort of “sweet & dairy” (sugar, cakes, ice cream, coffee and dairy) DP in our
study sample. In conclusion, our study provided the possibility to confirm that, to some
extent, Italian DPs derived with multivariate statistics show a good reproducibility across
studies [85].

When looking for associations between CLU-based DPs and the gut microbiota, we
found that the basal microbiota structure of the “Omnivorous with plant-based foods
prevalence” cluster separated from all others, being discriminated by higher proportions
of Blautia and Butyricimonas. Both genera are producers of SCFAs (mainly acetate and
butyrate, respectively), which could play a multifactorial role in maintaining metabolic
and immunological homeostasis [86]. With specific regard to Blautia, although the data
have not been replicated in the elderly population [67], this taxon has recently been found
to be inversely associated with visceral fat in a large population-based adult cohort [66],
and hypothesized to have the potential to counteract MS risk factors. Unlike that study,
in which no dietary factor correlated with Blautia amount, here we found that the Blautia
and Butyricimonas-enriched “Omnivorous with plant-based foods prevalence” cluster was
particularly associated with garlic, onion and butter consumption, suggesting a possible
link between these foods and those microorganisms. However, as far as we know, no
information is currently available on their impact on the microbiota, except for a correla-
tion between Blautia and saturated and monounsaturated fatty acids [13], which are the
major lipids of butter. As for the other clusters, it is worth mentioning that the “High
consumers”-related microbiota was discriminated by higher proportions of enterobacte-
ria and bifidobacteria, and associated with the intake of animal products, such as meat
and milk. This was expected, as the link between Bifidobacterium and the intake of dairy
products is well established, from early childhood [87,88]. After one month of dietary
intervention, study participants experienced modest improvements in BMI, insulin and
cortisol levels (especially in PROB-group), and BP (particularly in SA-group).

As for gut microbiota, some dysbiotic signatures were reversed and others tended to
be reversed after intervention. In particular, the SA-based diet counteracted the increase in
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pathobionts, namely Coriobacteriaceae, as well as the decrease in SCFA producers, i.e., Lach-
nospiraceae and Oscillospira, a potentially heritable taxon capable of promoting leanness [70].
Interestingly, the increase in Oscillospira was already noticeable after only 15 days of diet,
as well as a tendency towards reduced proportions of Collinsella, the dominant taxon of
the Coriobactaeriaceae family, thus suggesting a modulatory effect even in the short term.
Since these taxa did not show significant changes over the run-in period, we can reasonably
argue that their variation is the result of introducing SA-derived food products into the diet.
As expected, the extent of microbiota modulation was greater in participants not belonging
to the “Omnivorous with plant-based foods prevalence” cluster, for whom the increase in
Lachnospiraceae and Ruminococcaceae members, along with the decrease in Desulfovibrio (a
sulphate-reducing pathobiont found to be increased in type 2 diabetic patients and those
suffering from inflammatory bowel disease [89,90]) were more evident. Furthermore, it
should be noted that an increase in Akkermansia specifically discriminated the participants
who showed improvement in at least 1 risk factor for MS, further stressing the close as-
sociation between this taxon and metabolic health [17,65]. Akkermansia is in fact a mucus
degrader with promising metabolic benefits, as validated in a recent proof-of-concept
exploratory study [65]. On the other hand, in the PROB-group, i.e., in subjects receiving
probiotic supplementation, we observed a reduction of sulphate-reducing bacteria, but
also several unfavorable microbiota changes, including reduced diversity and relative
abundance of Akkermansia. In this group, we also found increased proportions of Pep-
tostreptococcaceae and Erysipelotrichaceae, less characterized microorganisms, but generally
associated with increased inflammatory tone [91,92].

Urine metabolomics confirmed a general beneficial effect of SA-derived products on
the metabolic health of the participants, as exemplified by the decrease in TMAO levels and
the increase in citrate levels in SA-group. As a result of the microbiota–host co-metabolism
of dietary choline, TMAO has indeed been repeatedly associated with cardiovascular
disease risk and atherosclerosis [73]. As for citrate, its urinary excretion rate mainly
depends on the acid–base status of the body, and urinary citrate has long been recognized
as an inhibitor of calcium salt crystallization [93]. Even small acid loads, such as meat-based
or protein-rich meals in general, reduce urinary citrate excretion. It is, therefore, tempting to
speculate that the intervention in SA-group may have a more protective role against kidney
disease. Furthermore, subjects from the “Omnivorous with meat prevalence” cluster in
both SA-group and PROB-group, and those from the “High consumers” cluster in PROB-
group showed a relatively higher level of hippurate following the intervention. Hippurate
has been strongly associated with increased gut microbiome diversity, consumption of
polyphenol-rich foods, and reduced odds of MS [94]. On the other hand, subjects from the
“High consumers” cluster of PROB-group experienced a lower amount of urine trigonelline,
which could be unfavorable. Despite a possible dietary-related origin, trigonelline is mostly
biosynthesized by the gut microbiota during the conversion of S-adenosylmethionine to S-
adenosylhomocysteine (methionine cycle). Interestingly, this metabolite has been inversely
correlated with obese and diabetic phenotypes [95].

This study has several strengths, including: (i) the collection of data over time, al-
lowing for a strict control of potential changes over the study period; (ii) the collection of
anthropometric, biochemical, and immunological information, as well as baseline dietary
data, which allowed for a parallel exploration and interpretation of temporal effects in
microbiome and metabolome; and (iii) the use of a validated instrument for the assessment
of subjects’ DPs. However, the present study has also some limitations: (i) its small sample
size, even if legitimate for a hypothesis-generating study characterized by considerable
organizational commitment; (ii) the lack of a control group who eat the same products of
the SA-group but produced with conventional techniques, to disentangle the actual contri-
bution of SA-based products; and (iii) the lack of an assessment of individual adherence
to the dietary intervention to monitoring also the evolution of diet quality and potential
shifting towards more balanced or controlled diets, including a higher adherence to the
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Mediterranean diet, which is already known to provide some beneficial effects in obesity,
type 2 diabetes, cardiometabolic disease risk and aging [15,96–98].

5. Conclusions

To our knowledge, this is the first study exploring the potential beneficial effects of
SA-derived products on the gut microbiota and urinary metabolome in humans. Our
preliminary evidence points to some improvements in the amounts of certain microorgan-
isms and metabolites relevant to health, as well as in some risk factors for MS, in subjects
receiving fresh food products. These benefits were greater in those who followed less
healthy dietary habits. Participants receiving probiotics also showed some changes in
microbial, metabolic and health parameters but the effects were marginal and not entirely
favorable, in accordance with recent literature [99]. Diets based on foods from organic
symbiotic crops may therefore be effective in modulating unbalanced microbiomes towards
eubiotic configurations, and improving metabolomics profiles and metabolic health, with
likely lower risk of developing MS and related disorders. Future studies in larger cohorts
or randomized controlled trials, possibly including patients with MS or other metabolic
diseases, and employing other omics techniques, such as shotgun metagenomics, are
needed to validate these findings and provide further functional insights into the SA-based
diet–microbiota–host axis.
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Abstract: Muscle wasting is a frequently observed, inflammation-driven condition in aging and
disease, known as sarcopenia and cachexia. Current treatment strategies target the muscle directly
and are often not able to reverse the process. Because a reduced gut function is related to systemic
inflammation, this might be an indirect target to ameliorate muscle wasting, by administering pro-,
pre-, and synbiotics. Therefore, this review aimed to study the potential of pro-, pre-, and synbiotics
to treat muscle wasting and to elucidate which metabolites and mechanisms affect the organ crosstalk
in cachexia. Overall, the literature shows that Lactobacillus species pluralis (spp.) and possibly other
genera, such as Bifidobacterium, can ameliorate muscle wasting in mouse models. The beneficial
effects of Lactobacillus spp. supplementation may be attributed to its potential to improve microbiome
balance and to its reported capacity to reduce gut permeability. A subsequent literature search
revealed that the reduction of a high gut permeability coincided with improved muscle mass or
strength, which shows an association between gut permeability and muscle mass. A possible working
mechanism is proposed, involving lactate, butyrate, and reduced inflammation in gut–brain–muscle
crosstalk. Thus, reducing gut permeability via Lactobacillus spp. supplementation could be a potential
treatment strategy for muscle wasting.

Keywords: muscle wasting; cachexia; sarcopenia; probiotics; prebiotics; Lactobacillus; intestinal
permeability; gut–brain axis

1. Introduction

Muscle wasting is a frequently observed condition that contributes to progressive
functional impairment, psychologic distress, and overall reduced resilience [1,2]. Normally,
the equilibrium between protein synthesis and breakdown is tightly regulated and influ-
enced by external stimuli such as physical activity and protein intake. However, during
muscle wasting, this equilibrium shifts toward muscle protein breakdown, which is often
driven by inflammation, either disease- or age-induced. These inflammation-related muscle
wasting syndromes are known as cachexia and sarcopenia, respectively [2,3]. Because
chronic inflammatory diseases such as cancer primarily develop in the elderly, sarcopenia
and cachexia can also co-occur [1,2]. Both syndromes negatively affect life expectancy,
survival, and quality of life; however, especially for cachexia, current treatment strategies
are limited, palliative, and often not able to reverse the muscle wasting process [1,3].

Current treatment strategies may not be effective yet, as they primarily focus on
directly increasing muscle mass. However, not only muscle but also other organs are
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affected by cachexia such as the brain, kidneys, and gut [1,4]. Communication between
these organs is mediated by inflammatory mediators and results in the disturbance of
core processes such as appetite regulation, stress, and energy homeostasis [5]. These
processes are all closely related to gut function because nutrient absorption, secretion of
appetite-regulating hormones, and immune responses are involved. Thus, a disturbed gut
function might play a central role in the organ crosstalk that contributes to cachexia [1,4,5].
In addition, it may also be an important factor in sarcopenia, as in both syndromes, gut
barrier dysfunction and changed microbiota composition have been observed [4,6].

An intervention that has been described to support gut function is the administering
of pro-, pre-, and synbiotics. Probiotics are defined as live microorganisms that confer
health benefits when administered in adequate amounts, whereas prebiotics are substrates
that are selectively utilized by host microorganisms conferring a health benefit [7,8]. Syn-
biotics refers to the mixture of pro- and prebiotics that positively affects the beneficial
microorganisms in the gut [9]. The mechanisms for their positive effect on gut function
still need to be elucidated; however, they may restore gut barrier dysfunction [7]. As more
microbiota-related proinflammatory compounds can enter the body when gut barrier func-
tion is disrupted, gut permeability could be an important contributor to the inflammatory
state during cachexia [5]. Because gut barrier dysfunction has indeed been observed in
both cachectic mice and patients [10,11], decreasing gut permeability might be part of the
mechanisms via which probiotics could ameliorate muscle wasting. Therefore, the aim of
this review was to study the potential of pro-, pre-, and synbiotics to treat muscle wasting
and to investigate the association between gut permeability and muscle mass or function.

2. Methods

A systematic search was conducted in the databases PubMed and Scopus for all
studies published up to 28 October 2020 that used pro-, pre-, and synbiotics to treat
muscle wasting and/or function loss in human or animal models of disease or aging. The
following advanced search was applied in PubMed (All Fields) and Scopus (TITLE-ABS-
KEY): (probiotic* OR prebiotic* OR symbiotic* OR synbiotic*) AND (mice OR male OR
female OR men OR women OR patient OR human OR animal) AND (infect* OR tumor OR
tumour OR cancer OR disease OR ag*ing) AND (“muscle mass” OR “muscle function” OR
“muscle strength” OR “muscle wasting” OR “muscle weakness” OR sarcopen* OR cachexi*
OR cachec*). By including the terms “ag*ing” and “sarcopen*,” data on age-induced
muscle wasting were also covered and could thus be compared to data on disease-induced
muscle wasting. Study selection and data extraction were performed independently by
three researchers.

Additionally, a systematic search was conducted for all studies published up to
28 October 2020 that measured gut permeability as well as muscle mass or muscle strength
in human or animal models of disease or aging. The following advanced search was applied:
(“gut permeability” OR “leaky gut” OR “intestinal permeability” OR “gut homeostasis”
OR “intestinal homeostasis” OR “gut barrier”) AND (“skeletal muscle” OR “muscle mass”
OR “muscle atrophy” OR “muscle function” OR “muscle strength” OR “muscle weakness”
OR cachexi* OR cachec*). This search and its study selection and data extraction were
performed similarly to the first systematic search.

3. Results

Over the last five years, the application of pro-, pre-, and synbiotics as disease treat-
ment has substantially gained attention. Due to their effect on gut function, which could
influence the multiorgan crosstalk, the use of pro-, pre-, and synbiotics could also be
effective to treat cachexia. However, an overview regarding the exact effect of both pro-,
pre-, and synbiotics on muscle wasting was lacking. Therefore, a systematic search was
conducted to determine whether pro-, pre-, and synbiotics can be used as a treatment for
muscle wasting (Figure 1A). This search resulted in 48 articles in PubMed and 151 arti-
cles in Scopus, which, together, made a total of 199 articles (Figure 1A). Of those articles,
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41 duplicates were removed. After checking their reference lists, we excluded reviews,
book chapters, case reports, conference articles, and study protocols, which resulted in
35 research articles being left. These articles were screened fully to assess their eligibility,
and eight articles were accepted for inclusion based on exposure, study population, and
outcome measures [12–20]. After reviewing the reference lists of the included articles
and broadening the term “disease” to (“heart failure” OR COPD OR “renal failure” OR
HIV), one additional study was included in the review [21]. Moreover, additional re-
search was performed to gain more insights into the relationship between gut permeability
and muscle mass or function (Figure 1B). This study selection and data extraction was
performed similarly to the first systematic search and resulted in the inclusion of eight
studies [15,16,20,22–26].

Figure 1. Flow diagram of (A) the identified, screened, and included studies on the effect of pro-, pre-, and synbiotics on
muscle wasting [12–21] and (B) on the relationship between gut permeability and muscle wasting [15,16,20,22–26].

3.1. Effects of Pro-, Pre-, and Synbiotics on Muscle Wasting

All studies selected from the systematic search that included probiotic supplementa-
tion were performed in mice and used species from the genus of Lactobacillus, except for
one that also used a strain of Bifidobacterium (Table 1). First of all, Varian et al. [12] found
that supplementation with Lactobacillus reuteri significantly increased the muscle-to-body
weight ratio and muscle fiber size in mice suffering from spontaneous intestinal adenoma.
In line with these findings, Bindels et al. [21] showed that supplementation with a combi-
nation of L. reuteri and L. gasseri increased tibialis muscle weight by 8% (p = 0.05). However,
gastrocnemius muscle weight was not significantly affected. This study was performed in
mice injected with BaF cells, mimicking acute leukemia, which is a commonly used model
for cancer cachexia. In addition to these studies in cachexia models, four studies with
Lactobacillus species pluralis (spp.) supplementation in aging models were included. Firstly,
Sugimura et al. [13] found that supplementation with L. lactis significantly increased the
muscle-to-body weight ratio. Secondly, Chen et al. [14] showed that supplementation with
L. paracasei significantly increased lean body mass. Furthermore, Varian et al. [12] reported
that L. reuteri supplementation increased both the muscle-to-body weight ratio and muscle
fiber size. Lastly, Ni et al. [15] found that L. casei significantly increased the muscle-to-body
weight ratio as well as forelimb grip strength. Ni et al. [15] was the only study that also
assessed the effects of another genus: Bifidobacterium longum. These effects were shown to
be roughly comparable to the effects of L. casei. However, interestingly, the gut microbiota
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compositions of Lactobacillus- and Bifidobacterium-treated mice were changed differently
upon treatment. For instance, Lactobacillus spp. significantly increased upon L. reuteri
supplementation, but did not change upon B. longum supplementation. In summary,
these studies collectively show that supplementation with Lactobacillus spp., and possibly
also Bifidobacterium spp., has the potential to reduce cancer-induced and aging-induced
muscle loss.

Furthermore, three studies on prebiotics were obtained from the systematic search, of
which one was a randomized controlled clinical trial (Table 1). Firstly, supplementation
with pectic oligosaccharides (POS) did not affect muscle mass in a mouse model of neurob-
lastoma. POS supplementation did also not change Lactobacillus spp. abundance in these
diseased mice [16]. Secondly, Bindels et al. [17] also studied the effects of POS and, next to
that, the effects of inulin in mice injected with BaF cells, inducing acute leukemia. In both
groups, no treatment effect on muscle mass or Lactobacillus spp. abundance was found.
Unfortunately, in the above-mentioned mice studies on prebiotics, cancer development
failed to induce loss of muscle mass, which indicated there was no cachexia. Addition-
ally, these prebiotic fibers have been tested in the elderly. A randomized controlled trial
focusing on frailty in people over 65 years showed that supplementation with inulin and
fructooligosaccharides (FOS) for 13 weeks resulted in reduced exhaustion and increased
hand grip strength [18]. This indicates that prebiotics may increase muscle function. Un-
fortunately, muscle mass was not measured, so it remains unclear whether prebiotics can
increase muscle mass in frail elderly.

Lastly, two studies were included focusing on synbiotics (Table 1). The effects of kim-
chi, a fermented product containing Leuconostoc mesenteroides and Lactobacillus plantarum,
were tested in mice injected with adenocarcinoma [19]. Kimchi was found to significantly
increase muscle mass in these mice. Interestingly, reduced expression and serum lev-
els of interleukin (IL)-6 were also found, which is a proinflammatory cytokine involved
in cachexia progression. Further, the effects of a combined treatment of L. reuteri with
oligofructose were studied in mice suffering from acute leukemia [20]. This treatment
significantly increased the percentage of lean body mass. So, prebiotics may produce a
synergistic effect when combined with probiotics. This section may be divided by subhead-
ings. It should provide a concise and precise description of the experimental results, their
interpretation, and the experimental conclusions that can be drawn.
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3.2. Gut Permeability and Muscle Wasting

As mentioned before, reducing gut permeability is hypothesized to be an effect of
probiotic supplementation that may contribute toward the amelioration of muscle wasting.
Therefore, a systematic search was performed to investigate the association between gut
permeability and muscle mass or function. In total, eight studies were included, mea-
suring both gut permeability and muscle mass or function in disease and aging models
(Table 2) [15,16,20,22–26]. All studies were performed in mice, except for the studies of
Cuoco et al. [22], Qi et al. [25], and van der Meij et al. [26], which concern human obser-
vational studies using matched controls to compare with patients and a young group to
compare with elderly. Gut permeability was determined by measuring either the mRNA
expression of one or multiple tight junction genes, levels of tight junction proteins, gut
permeability markers, or by using an inert sugar permeability assay. Muscle mass was
determined as the absolute weight of one or multiple muscles in the mice studies, while
the human observational study of Cuoco et al. [22] measured muscle mass by Dual-Energy
X-ray Absorptiometry (DEXA). Qi et al. [25] and van der Meij et al. [26] were the only
studies that measured hand grip strength rather than muscle mass. In general, high gut per-
meability is associated with lower muscle mass in the majority of the studies [16,20,22–25],
as only Obermüller et al. [17] showed no difference in muscle mass while gut permeability
was increased in the diseased group. Van der Meij et al. [26] did not find an increase in
gut permeability in cancer patients compared to matched controls but did find a signifi-
cant negative correlation between small-intestinal barrier function and hand grip strength.
Furthermore, four mice studies included an intervention group aiming to decrease gut
permeability [15,16,20,24]. In these studies, decreased gut permeability was associated
with decreased muscle mass loss. Thus, the results of the systematic search support the
hypothesis of a correlation between gut permeability and muscle mass.
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4. Discussion

The aim of this review was to study the potential of pro-, pre-, and synbiotics to treat
muscle wasting. Our systematic literature analysis showed that Lactobacillus spp. and
possibly other genera, such as Bifidobacterium, can ameliorate muscle wasting in mouse
models; however, it has not been studied yet in humans. The effect of prebiotics on muscle
wasting could not be established, as the disease models in which this was studied did
not develop cachexia. Our second literature search showed that reduced gut permeability
often coincides with improved muscle mass or strength in both mouse and human models.
Therefore, the described effect of Lactobacillus spp. on muscle wasting could be mediated
via reduced gut permeability. Unfortunately, the included studies on gut permeability
did not elaborate on Lactobacillus spp. or the possible working mechanism. Therefore,
the following paragraphs will discuss the relation between Lactobacillus spp. and gut
permeability in the context of the multiorgan nature of cachexia.

4.1. Lactobacillus spp., Microbiome Composition, and Gut Permeability

As mentioned earlier, gut permeability appears to be an important factor during
muscle wasting. Increased gut permeability in cachectic mice can be linked to microbiome
imbalance characterized by an increase in bacteria such as Klebsiella oxytoca and Enterobac-
teriaceae spp. [20,27,28]. Interestingly, an increase of these bacteria is associated with a
decrease in Lactobacillus spp. [20,23,28]. Thus, this suggests that Lactobacillus spp. plays an
important role in microbiome balance and gut permeability. Yet, in cachexia models, little
research has been conducted on the effect of Lactobacillus spp. on gut permeability. This
effect has, however, been studied in in vitro models [29–31] and other diseases/conditions
such as inflammation and aging [10,11]. Several in vitro studies showed that Lactobacil-
lus spp. positively affects gut permeability, as incubation of CaCo2 cells with different
strains of Lactobacillus spp. restored the transepithelial resistance after induced intestinal
barrier impairment [29–31]. In line with these findings, Cui et al. [10] showed that mice
injected with lipopolysaccharide (LPS) and supplemented with L. rhamnosus had a reduced
gut permeability compared to the mice supplemented with the placebo. Moreover, they
showed that L. rhamnosus affected gut permeability via the regulation of tight junction
proteins. These findings were further supported by van Beek et al. [11], as they found that
supplementation with L. plantarum in aging mice led to a thicker mucus layer compared to
control, which is a marker of a balanced microbiome. All three of these studies suggest that
supplementation with Lactobacillus spp. could improve microbiome balance and decrease
gut permeability.

The above-mentioned studies were performed either in in vitro or in mice models.
In human studies, there is some indirect evidence supporting the findings mentioned
above. The in vitro and mice studies directly showed the effect of Lactobacillus spp. on
gut permeability, while the human studies only showed gut microbiome composition
changes. For example, during chronic kidney disease, systemic inflammation can result
in an increase in Enterobacteriaceae and Pseudomonadaceae genera and a decrease in Lacto-
bacillus spp., Prevotella spp., and Bifidobacterium spp. [32]. In these patients, the changes
in the microbiome composition are similar to those found in cachectic mice [20,27,28].
Furthermore, Haran et al. [33] found that with increasing frailty, during aging, there was
an increase of Ruminococcus gnavus and a decrease of the Lachnospira spp. and Ruminococcus
spp. families. Both bacteria are associated with the maintenance of microbiome balance
and production of short-chain fatty acids (SCFAs), specifically butyrate [34,35]. Further-
more, the abundance of other butyrate-producing bacteria decreased, while the elderly
with better fitness had a high abundance of Lactobacillus spp. [33]. All in all, these human
studies show unfavorable changes in the microbiota composition, specifically the reduction
of Lactobacillus spp., upon inflammation. These findings are in line with the microbiota
changes in cachectic mice models.
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4.2. Lactobacillus spp. and Metabolites

As a result of the transition toward a more imbalanced microbiome during cachexia,
the gut permeability can increase. A balanced microbiome breaks down indigestible food
components into favorable metabolites that can influence body function. However, when
the abundance of certain unfavorable species increases, the metabolites produced by the
microbiota can differ from those of a balanced microbiome. Several of these metabolites,
such as ammonia and hydrogen sulfide, may increase the risk of high gut permeability
and consequently inflammation [36]. The gut microbiome balance can be restored using
pro-, pre-, and synbiotics because they stimulate the growth of specific, more favorable
groups of bacteria. Consequently, the metabolite profile will be influenced, leading to a
more beneficial metabolite profile and lower gut permeability.

Both Lactobacillus spp. and Bifidobacterium spp. are known to have beneficial effects on
the metabolite profile. They belong to the group of lactic acid bacteria and thus produce
lactate via fermentative processes. This metabolite is often associated with a balanced
microbiome because of its immunomodulating properties via suppression of the LPS/Toll-
like receptor 4 signaling pathway [37]. Next to lactate, other metabolites that are considered
to have a wide range of beneficial effects are the SCFAs. SCFAs, such as acetate, propionate,
and butyrate, are produced by the direct bacterial fermentation of complex carbohydrates.
In addition to direct fermentation, the products of one bacterium can be further converted
by another bacterium, resulting in the indirect production of metabolites. This mechanism
is called cross-feeding and especially contributes to butyrate production. For instance,
Lactobacillus spp. and Bifidobacterium spp. produce lactate, as mentioned before, and
acetate, which can both be converted into butyrate by other gut bacteria [38,39]. Butyrate
is a frequently studied metabolite in microbiome research because of its “butyrogenic
effects.” These effects include providing energy for the colon epithelial cells, maintaining
the gut barrier functions, and modulating the immune system in an anti-inflammatory
manner [40]. In vitro studies on the relation between butyrate and other SCFAs and
gut permeability showed that supplementation with these metabolites normalized the
transepithelial resistance after induced intestinal barrier impairment [41,42]. Moreover,
these studies showed that SCFAs stimulated the formation of tight junctions. This might
be a possible mechanism via which probiotics positively affect gut permeability.

Butyrate production is not only increased by probiotics such as Lactobacillus spp. and
Bifidobacterium spp. but probably also by prebiotics, in particular oligosaccharides and
inulin-type fructans (ITFs). Both prebiotics were found to increase Bifidobacterium spp.,
which resulted in increased butyrate production via cross-feeding [18,43]. Research has
shown that oligofructose and (pectic) oligosaccharides indeed promote the production of
butyrate from lactate and acetate [44–46]. In addition, ITFs and (pectic) oligosaccharides
can also be consumed by certain butyrate-producing bacteria [47,48]. In conclusion, it is
hypothesized that the effect of pro-, pre-, and synbiotics on gut and immune function is
partly attributed to increased production of lactate and SCFAs, specifically butyrate, both
directly as well as via cross-feeding.

4.3. Lactobacillus spp., Inflammation, and Organ Crosstalk

Lactobacillus spp. supplementation was hypothesized to ameliorate muscle wasting by
modulating gut permeability and immune function through SCFA production. Because
both increased gut permeability and muscle wasting are related to inflammation, this could
be a central mediator in the underlying mechanism (Figure 2). IL-6 has especially been
described as an important cytokine with respect to these conditions [49]. Several studies
on pro- and/or prebiotic supplementation included in Table 1 also measured the levels
of IL-6 and other proinflammatory cytokines [13,14,19,21]. In these studies, ameliorated
muscle wasting after Lactobacillus spp. supplementation was accompanied by decreased
levels of these cytokines. This association between inflammation, gut permeability, and
muscle wasting is further supported by the observation that injection of anti-IL-6 antibody
in cachectic mice leads to a decrease of both gut permeability as well as muscle wasting [23].
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So, in general, inflammation and particularly IL-6 can be suggested to play a mediating role
in the mechanism via which Lactobacillus spp. supplementation ameliorates muscle wasting.

Figure 2. Hypothesis on the mechanism behind the reported effects of probiotics on muscle wasting, involving the organ
crosstalk during cancer cachexia. On the left-hand side, the situation when gut permeability is high is illustrated. On the
right-hand side, the effect of probiotics is shown. The probiotics inhibit gut permeability and thus improve gut function,
reduce inflammation, and consequently ameliorate muscle wasting. LPS: lipopolysaccharide; SCFA: short-chain fatty acid

In cachexia, inflammation can stimulate muscle wasting directly, as well as via organ
crosstalk. The latter could include the gut–brain axis because this crosstalk is affected by
the inflammation resulting from increased gut permeability. Moreover, the gut–brain axis
influences core processes involved in muscle wasting such as stress and appetite regula-
tion [5]. Braun et al. [50] found that in cancer cachexia models, hypothalamic inflammation
plays a key role in muscle mass loss via the hypothalamus–pituitary–adrenal axis induced
production of cortisol. To discover whether influencing these processes could be part of
the underlying mechanism, we explored the effects of Lactobacillus spp. supplementation
on cortisol production and food intake in relation to gut function and inflammation. With
respect to cortisol production, Gareau et al. [51] and Ait-Belganoui et al. [52] showed
that Lactobacillus spp. supplementation decreased corticosterone release as well as gut
permeability in stressed rats. In addition, Ait-Belganoui et al. [52] showed in a model with
antibiotic-induced disruption of the gut microbiota that increased corticosterone release
was a result of more bacterial compounds crossing a disturbed gut barrier. With respect
to appetite, decreased levels of IL-6 have been reported to increase food intake. This
effect has been associated with the altered expression of inflammation-related genes in
the hypothalamus [53]. Contradictorily, supplementation of Lactobacillus spp. was found
to increase the release of appetite-suppressing hormone glucagon-like peptide (GLP)-1.
This effect is thought to be induced via an increased butyrate production [54,55]. When
directly assessing the effect of Lactobacillus spp. supplementation on food intake in disease
and aging, no significant changes were reported (Table 1) [14,15,20,21]. This could be the

89



Nutrients 2021, 13, 1115

result of Lactobacillus spp. supplementation stimulating appetite via lowering IL-6 on the
one hand, while suppressing appetite via stimulating GLP-1 release on the other hand.
The effect of Lactobacillus spp. stimulating GLP-1 release via butyrate could, however, also
potentially improve the delivery and uptake of insulin in the muscle, thereby promoting
muscle protein synthesis [56]. Furthermore, GLP-1 agonists have been shown to amelio-
rate muscle wasting via suppressing myostatin, stimulating myogenic factors, and thus
supporting muscle regeneration which has been linked to improved muscle function [57].
Altogether, supplementation of Lactobacillus spp. is suggested to ameliorate muscle wasting
via increasing butyrate production and decreasing gut permeability, which alters gut–brain
interactions and exerts multiorgan effects.

4.4. Translatability of Mouse Models

Current findings are foremostly based on mouse studies, and even though the mouse
models provide intriguing results, it is important to note that these findings are not directly
translatable to humans. Although the gastrointestinal tracts of mice and humans are
anatomically comparable, the colon of humans consists of different sections, while in
mice it is rather smooth, and there is no division [58]. Moreover, mice have a larger
colon than humans when compared to their body weight [59]. These small differences
in anatomy can make a big difference in the translatability of the results. Furthermore,
many variables can influence the gastrointestinal tract, such as diet, exercise, environment,
and stress [59,60]. As these variables are more difficult to control in humans compared to
mice, it also makes it harder to translate the results directly. In addition, cancer patients
often receive chemotherapy as an anticancer treatment. This has been associated with
microbiome imbalance and increased gut permeability, wherefore the chemotherapy may
worsen cachexia development. Additionally, it may interfere with interventions that
aim to improve microbiome balance such as probiotic supplementation [61]. When the
interaction between chemotherapy and probiotic supplementation is further elucidated,
an intervention can be developed in which probiotics are combined with other treatment
strategies to achieve optimal efficacy. Such multitarget treatment is hypothesized to be
more effective because cachexia is a multiorgan syndrome [5].

4.5. Future Research

All in all, only a limited number of studies specifically measured the effect of pro-,
pre-, and synbiotics on muscle mass or function in cachexia-inducing disease models and
could therefore be included in this review. Notably, all included studies on pro- and
synbiotics in cachexia used Lactobacillus strains. Interestingly, our review showed that
although various strains of Lactobacillus were used in different cachectic mice models, all
studies consistently showed increased muscle mass and function after its supplementation.
In addition, the potential of several strains of Lactobacillus to reduce muscle wasting was
also established in models of age-induced muscle mass loss. This suggests that a generic
property of Lactobacillus spp. influences muscle wasting regardless of cause. Based on the
literature, we hypothesize that the genus of Lactobacillus, solely or combined with prebiotics,
decreases gut permeability in cachexia by improving gut function via increased lactate
and butyrate production. Other lactate-producing bacteria such as Bifidobacterium spp.
may have similar effects [37], as shown by Ni et al. [15] However, they only investigated
age-induced muscle wasting, and the effects of Bifidobacterium spp. on disease-induced
muscle wasting have not yet been studied. Next to that, it might be of interest to take
electrolyte changes into account. In rodent hypertension models, sodium has been reported
to influence inflammatory factors both directly as indirectly via the microbiome [62].

To determine whether the effects of pro- and synbiotics are genera- and/or strain-
specific and to investigate the underlying mechanism(s), more research is necessary. Future
research should focus on the effect of different bacterial genera and strains on microbiome
balance, metabolite profiles, gut function, and muscle mass in cachexia and sarcopenia.
Based on deviations observed in the microbiota composition of cachectic mice and expected
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metabolite profile changes [20,27,28], multiple strains of both Lactobacillus and Bifidobac-
terium should be investigated in future studies. If these studies show that amelioration
of muscle mass loss is mainly driven by improved microbiome balance and gut function
rather than by genera-specific effects, other nutritional interventions, such as prebiotics,
may also be effective. To improve the validity and comparability of these studies, lean body
mass measurements by DEXA are recommended [63]. In the included mice studies, only
one or two isolated muscles were measured. Differences occur between studies regarding
which muscles are measured and in which units these measurements are expressed. In
addition, a few studies define muscle wasting solely based on muscle function, while
muscle mass was not taken into account. By measuring total lean body mass by DEXA,
validity, as well as comparability, will be increased [64].

5. Conclusions

To summarize, Lactobacillus spp. has the potential to ameliorate muscle wasting via
influencing organ crosstalk, presumably by inducing the production of lactate and butyrate,
decreasing the gut permeability, and consequently reducing inflammation. Other genera of
bacteria might have similar effects but are not studied yet in relation to muscle mass loss in
disease models, although Bifidobacterium spp. was found to reduce muscle mass loss in an
aging model. To investigate whether the described effects are genus-specific or related to
improved gut function in general, more research is needed. Altogether, Lactobacillus spp.
and possibly other pro-, pre-, and synbiotics have the potential to contribute to effective
multitarget cachexia treatment.
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Abstract: Folic acid, referred to as vitamin B9, is a water-soluble substance, which participates in
the synthesis of nucleic acids, amino acids, and proteins. Similarly to B12 and B6, vitamin B9 is
involved in the metabolism of homocysteine, which is associated with the MTHFR gene. The human
body is not able to synthesize folic acid; thus, it must be supplemented with diet. The most common
consequence of folic acid deficiency is anemia; however, some studies have also demonstrated the
correlation between low bone mineral density, hyperhomocysteinemia, and folic acid deficiency.
Patients with inflammatory bowel disease (IBD) frequently suffer from malabsorption and avoid
certain products, such as fresh fruits and vegetables, which constitute the main sources of vitamin B9.
Additionally, the use of sulfasalazine by patients may result in folic acid deficiency. Therefore, IBD
patients present a higher risk of folic acid deficiency and require particular supervision with regard
to anemia and osteoporosis prevention, which are common consequences of IBD.

Keywords: folic acid; homocysteine; inflammatory bowel disease; microbiota

1. Introduction

Folic acid (FA), also known as vitamin B9, is a fully oxidated synthetic form of pteroyl-
glutamic acid monoglutamate and a water-soluble vitamin, whose name originates from the
Latin “folium” meaning “leaf.” Naturally occurring folic acid has a reduced form, referred
to as folate [1,2]. Since the human body is unable to produce vitamin B9 by itself, it must
either be derived from a traditional or fortified diet, as the human intestinal microbiome
is capable of synthesizing it [3], or by means of potential supplementation. This vitamin
is essential for the growth of new cells and remethylation of homocysteine (Hcy), which
is vital for the process of nucleotide synthesis [4], while appropriate vitamin B9 intake
during pregnancy is a preventive factor of neural tube defects (NTDs) in gastrulation [5].
Conversely, folic acid deficiency is associated with several types of adverse health condi-
tions, and although the most discussed conditions comprise anemia and cardiovascular
disease, it is common among patients suffering from inflammatory bowel disease (IBD) [6].
Some studies have also reported an increased risk of osteoporosis as a consequence of low
folic acid concentration, suggesting low bone mineral density may be due to low folic acid
levels or hyperhomocysteinemia. Additionally, genetic factors are also known to affect the
FA concentration [7].

2. The Role of Folic Acid in the Human Body

Folate performs many functions in the human body—it acts as a coenzyme in the
synthesis of purines and pyrimidines, but it is also involved both in the transformation
of one-carbon units and in the methylation cycle. Folate deficiency may be the result of
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insufficient intake, higher demand, malabsorption, or administration of certain drugs.
Hence, it may lead to an increased risk of numerous diseases, such as cardiovascular
disease, neoplasms, and cognitive impairment. In fact, B9 deficiency may result in hyper-
homocysteinemia and disorders of protein and DNA synthesis [8]. Folic acid is absorbed
by the high-affinity folate transporter in the active process in the duodenum and jejunum.
In food, folates occur as polyglutamates, which may be absorbed in the intestine following
enzymatic conversion into folate monoglutamates by the jejunal mucosal [9,10].

The molecular structure of folic acid comprises three different moieties—glutamic acid
residue, pteroyl group, and para-aminobenzoic acid [11]. However, it must be subjected
to a two-step enzymatic reaction with the dihydrofolic acid intermediate and the dihy-
drofolate reductase (DHFR) enzyme before it becomes an active coenzyme, i.e., the THF
(tetrahydrofolian) form [5]. Subsequently, THF converts to 5-10-MTHF (methylenetetrahy-
drofolate), and it is reduced by MTHFR to 5-MTHF, which is involved in homocysteine
conversion to methionine, donating the remaining methyl group in the process via methio-
nine synthase. Figure 1 shows a diagram of folic acid metabolic pathways. Apart from the
abovementioned elements, vitamin B12 and B6 also play a major role in the metabolism
of homocysteine [12]. In fact, folic acid takes part in one-carbon metabolism, because
1-carbon units are transferred to THF for reduction or oxidation and are essential for DNA
synthesis. S-adenosylmethionine is a methyl donor for biological methylation, including
DNA and protein methylation. Low concentrations of folic acid in cell division inhibit the
conversion of dUMP (deoxyuridine monophosphate) to dTMP (thymidylate) and uracil
may be substituted in the DNA sequence [13]. Therefore, folic acid deficiency may lead to
genomic hypomethylation [14]. It has been proven that cytosine methylation in the DNA
sequence plays an important role in gene expression [15]. The control of gene transcription
and particularly its suppression can stem from changes in methylation levels within the
promoter regions of genes. Hypomethylation caused by folic acid deficiency can lead to
the induction of protooncogenes, which promote tumorigenesis [16]. Hypermethylation,
in turn, causes inactivation of the promoter regions of suppressor genes.

Figure 1. Folic acid cycle and homocysteine metabolism. DNA, deoxyribonucleic acid; dTMP, de-
oxythymidine monophosphate; dUMP, deoxyuridine monophosphate; DHFR, dihydrofolate reduc-
tase; SHMT, serine hydroxymethyltransferase; 5,10-MTHF, 5,10-methylenetetrahydrofolate; 5-MTHF,
5-methylenetetrahydrofolate; CBS, cystathionine-β-synthase; CGL, cystathionine gamma-lyase;
MetAd, methionine adenosyltransferase; MeTrans, methyltransferase; SAM, S-adenosylomethionine;
SAH, S-adenosylhomocysteine hydrolase.
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Folic acid is fundamental in the proper development of pregnancy, as its deficiency
exacerbates the risk of neural tube defects in children, whereas its supplementation in the
course of pregnancy mitigates the risk of heart disorders [1]. In fact, an elevated demand
for vitamin B9 during gestation may lead to a decrease in its concentration. Crucially, folic
acid participates in the synthesis of protein and amino acids, as well as in the multiplication
of cells, which is particularly important in the first weeks of gestation. Current research
indicates that the supplementation of multivitamin formulations, including folic acid, may
lower the risk of pre-eclampsia in pregnant women [17]. Finally, vitamin B9, as well as B12,
participate in erythropoiesis; thus, the deficiency of the aforementioned substances may
lead to macrocytosis, erythroblasts apoptosis, and anemia [18].

As a result, folic acid affects numerous human metabolic pathways; therefore, in-
adequate folic acid intake may cause many diseases, including cancers, cardiovascular
diseases, cognitive disorders, birth defects, and anemia [19].

2.1. Dietary Sources of Folic Acid

Green leafy vegetables, nuts, beans, and vitamin B9-supplemented products (e.g., rice,
breakfast cereals, and pasta) are rich sources of folic acid [20]; Table 1 shows the folate
content of the selected products [21]. It should be noted that the bioavailability of folate
in food (estimated to equal approximately 50%) is approximately half of that of synthetic
folic acid found in supplements [1] (amounting to 85–100%), although it is worth bearing
in mind that taking supplements with meals reduces bioavailability [22]. Nevertheless, it is
difficult to determine the bioavailability of folic acid in different groups of products. In
fact, the supplementation of folic acid (400 μg/day) for five weeks significantly increases
the serum folate levels in pregnant women [23]. An enhancement of serum folate levels
upon folic acid supplementation in adults has also been observed [24].

Table 1. Folate content in the selected products [21].

Product Folate Content in 100 g of a Product (μg)

Milk 5
Quark 27

Egg yolk 152
Chicken liver 590

Beef liver 330
Rice 29

Broccoli 119
Parsley 170
Spinach 193
Avocado 62

Apple 6

2.2. Recommendations Regarding Folic Acid Intake

The daily requirements for folic acid depend on the patient’s medical condition.
Folic acid, similarly to other water-soluble vitamins, does not accumulate in the human
body and is rarely known to cause toxic effects [1,2]. Since the human body is unable to
synthesize folate, supplementation or a dietary intake is essential. It is noteworthy that the
daily intake of folic acid in food amounts to 150–250 μg, which is significantly below the
recommended dietary allowance (RDA). Since folic acid plays a role in embryonic and fetal
development, pregnant women, or women attempting pregnancy, its supplementation
should be initiated 12 weeks prior to pregnancy and should be continued throughout
the entire pregnancy, as well as during the post-partum period and breastfeeding. The
recommended supplementation dosage of folic acid depends on the risk of neural birth
tube defects, i.e., 0.4 mg/day for women at low risk and 5 mg/day for women in a
high risk group [25]. Additionally, folic acid supplements are recommended for smokers,
individuals treated with aspirin, patients suffering from kidney disease, in whom serum
homocysteine levels often increase albuminuria, individuals taking certain medications
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following bariatric surgery, as well as in patients with diseases related to malabsorption
(e.g., inflammatory bowel disease) [20].

3. The Role of Folic Acid in Inflammatory Bowel Disease

Folic acid deficiency constitutes a serious health factor, particularly for patients suffer-
ing from IBD. Yun et al. demonstrated in their meta-analysis that the level of folate in IBD
patients was significantly lower when compared to that of healthy groups. Additionally,
the folate concentration was lower in UC patients than in healthy individuals, although
not in CD patients [6]. On the contrary, according to Ehrlich et al., folic acid deficiency
occurred in approximately 92% of CD patients, as well as in more than 94% of UC patients
and patients with an unclassified form of IBD. Moreover, 10–13% and 3.8–9.7% of children
suffering from CD and UC, respectively, displayed vitamin B9 deficiency [26].

One of the significant risk factors in IBD is a poor folic acid diet, as patients often
avoid vitamin B9-rich products, mostly for fear of the exacerbation of symptoms following
consumption. Another one is total parenteral nutrition, as folic acid is absorbed in the
duodenum and proximal jejunum. Therefore, severe inflammation, fibrosis, resection, and
the occurrence of fistulas in this region may impair absorption due to a reduced active
absorption area. Finally, active inflammation leads to a higher demand for folic acid, which
is associated with the increased production of granulocytes and inflammatory cells [27].

Folic acid plays an important role in IBD patients—it affects the growth and regulation
of cell functions because it is involved in the production of nucleic acids, protein synthesis,
and amino acid transformation. IBD treatment involves the administration of methotrexate,
a chemical compound included in the antimetabolite group, which has immunomodulatory
and anti-inflammatory activity. The structure of methotrexate is similar to that of folic acid,
and it inhibits the activity of dihydrofolate reductase, which catalyzes the transformation of
dihydrofolate to tetrahydrofolate [28]. The most common adverse reactions comprise nau-
sea, vomiting, diarrhea, bloating, liver damage, bone marrow suppression, pneumonitis,
teratogenic effects, and folic acid deficiency. Studies have shown that the supplementation
of folic acid may decrease the occurrence of side effects, mainly gastrointestinal disease,
inflammation of the mucosa, and myelotoxicity [29]. The causes and consequences of folic
acid deficiency in IBD are presented on Figure 2.

 

Figure 2. Causes and consequences of folic acid deficiency.

According to the guidelines of the European Crohn’s and Colitis Organization (ECCO),
folic acid supplementation of 5 mg is a recommended dose within two to three days of
methotrexate administration [30], while the British Society of Gastroenterology recom-

98



Nutrients 2021, 13, 4036

mends discontinuation of methotrexate in women who are planning pregnancy during
therapy and a high dose (15 mg daily) of folic acid supplementation for a minimum period
of six months [31]. Moreover, since sulfasalazine impairs folic acid absorption, selected pa-
tients treated with sulfasalazine should be supplemented with folic acid [32]. Additionally,
pregnant women suffering from IBD treated with sulfasalazine should increase their dose
of folic acid to 2 mg/day [33]. In the case of IBD, folic acid deficiency is one of the most
common causal agents of non-iron deficiency anemia (NIDA) [34], which may decrease
the quality of life in patients. Simultaneously, patients suffering from IBD are at a higher
risk of folic deficiency (e.g., with inflammation in the small intestine or following resection)
and require adequate supervision.

In folic acid deficiency, the production of red blood cells is disturbed, their volume
increases, the survival time is shortened, and the bone marrow is damaged prematurely.
The main reason for this phenomenon is the disruption of the synthesis of nucleic acids,
mainly purine precursors. In normal circumstances, the level of folic acid should be
controlled at least once a year, whereas in patients following extensive resection of the
small intestine, extensive involvement of the ileum, with intestinal reservoir or with
symptoms of deficiency its levels, should be monitored more frequently [35,36].

According to the guidelines of ECCO-ESGAR (the European Society of Gastrointestinal
and Abdominal Radiology), the folic acid concentration should be tested every three to
six months in patients suffering from IBD with a damaged small intestine, or following
small intestine resection [37]. Samblas et al. suggested that folic acid may be effective
in controlling the chronic inflammation in inflammatory diseases, mainly by means of
DNA methylation. Folic acid is a methyl donor, and this activity is associated with the
synthesis of S-adenosyl methionine (SAM), which is also a methyl donor. As researchers
have observed, folic acid and other methyl donors decreases the expression of interleukin
1β (IL-1β), as well as tumor necrosis factor (TNF). Moreover, they also reduce the level
of C-C motif chemokine ligand 2 (CCL2) mRNA, and increases the methylation in CpGs
located in the genes of IL-1β, SERPINE1, and IL-18 [38].

Patients with long-term UC or CD present an increased risk of colorectal cancer (CRC)
associated with inflammation and dysplasia. Additionally, CRC related to IBD is associated
with chromosomal instability, microsatellite instability, and hypermethylation. In sporadic
CRC, a low intake of folic acid is associated with a higher risk of adenomas and CRC,
and the mechanisms are possibly related to the maintenance of normal methylation of
DNA [39]. DNA methylation may affect gene expression. Therefore, folic acid deficiency
might cause hypomethylation of DNA, leading to disorders of protooncogene participating
in cancerogenesis. According to another hypothesis, deficiency of folic acid may induce
uracil misincorporation during the synthesis of DNA, which leads to the breakage of DNA
strands and chromosome damage [16].

According to Lashner et al., the supplementation of folic acid decreases the risk of
neoplasms by approximately 62%, although these changes are not significant. Moreover,
researchers have reported no considerable correlation between the folic acid dose and the
development of neoplasms in a six-month supplementation of folate [40,41]. In contrast, as
pointed out in the experimental study by Biasco et al., a three-month long supplementation
of folic acid resulted in decreased cell proliferation [39]. A meta-analysis indicated that the
supplementation of folic acid plays a protective role against the development of colorectal
cancer [42]. It is vital to note that the role of folic acid in the prevention of CRC in
patients suffering from IBD has not been substantiated in a large, randomized study yet.
Furthermore, ECCO does not recommend routine supplementation of folic acid for the
prevention of CRC in patients suffering from IBD [43].

Hyperhomocysteinemia, associated with group B vitamin deficiency, may increase the
activity of Th17 cells in the bowel mucosa [44]. It is suggested that the supplementation
of folic acid—due to decreased homocysteine levels—may reduce the activity of IBD and
the occurrence of other autoimmune diseases [45]. The supplementation of folic acid,
vitamin B12, and vitamin D did not change the lumbar spine and femoral neck BMD
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values more than in the placebo group (supplemented with vitamin D only). However,
the concentration of Hcy was significantly reduced in the study group when compared
to patients administered the placebo [46]. As Salari et al. reported, a six-month folic acid
supplementation in postmenopausal women resulted in a significantly lower vitamin B12
level and a higher concentration of osteocalcin in the study group as compared to the
control group [47].

3.1. Methylenotetrahydrofolate Reductase Gene

The MTHFR gene is located in the shorter arm of chromosome 1 (loci: 1p36.22) [48].
The metabolism of Hcy depends on MTHFR, which is coded by the MTHFR gene. A
single nucleotide polymorphism (SNP) in the position 677 C → T causes a decrease in
enzyme activity by 60% [49]. As pointed by Hanks et al., the 677CC genotype occurred
in 55% of subjects, 677CT in 35%, and 677TT in 10% [50]. It is interesting to observe
that the 677TT genotype occurred in 17.5% of patients presenting with ulcerative colitis
(UC), in 16.8% of subjects with Crohn’s disease (CD), and in 7.3% of healthy individuals.
Moreover, in patients suffering from inflammatory bowel disease (IBD), the Hcy levels
were significantly higher in persons with the 677TT genotype when compared to those
with 677CT [51]. Nevertheless, no significant differences were observed in the frequency
of the 677TT genotype in IBD patients and healthy persons [52,53]. As a meta-analysis
showed, the mutation of the MTHFR gene in the position 677C/T did not increase the
risk of IBD development [54], although in the Chinese population, 677TT polymorphism
occurs more frequently in pancolitis than in other CD patients [55]. The mutation has been
associated with a higher serum level of homocysteine; in fact, subjects with the 677TT and
677CT genotypes present higher homocysteine levels than subjects with 677CC. Moreover,
serum folate levels decreased as the number of T alleles increased [56]. Therefore, using
677CC and 677CT as reference values, the odds ratio for folic acid deficiency amounted to
2.34 for individuals with the 677TT genotype. [57].

Another polymorphism of the MTHFR gene is 1298A → C. It is vital to notice that
individuals with 1298AA and 1298AC demonstrate higher folic acid concentrations than
patients with 1298CC, which is considered a wild-type [57].

Additionally, the differences in the previously discussed polymorphisms vary in
different populations; for instance, the frequency of allele 1298C and genotype 1298CC is
lower in western Africa and Mexico than in European countries (Italy—Sicily and France).
Moreover, the 677TT genotype considerably increases the Hcy levels in individuals from
western Africa, whereas only moderately in subjects from France and Italy. However, the
abovementioned genotype does not elevate the concentration of Hcy in Mexicans [58].

Patients suffering from IBD are thought to be at a risk of developing osteoporosis,
although no research has been conducted in regard to the risk of low bone mineral density
(BMD) in IBD patients and the specific polymorphisms of the MTHFR gene. Gjesdal
et al. presented various genotypes of the MTHFR gene in position 677C/T, and claimed
that 1298A/C did not affect the risk of hip fracture [59]. On the contrary, as another
meta-analysis showed, postmenopausal women with 677TT presented a higher femoral
neck BMD than women with 677CC/CT, in spite of the fact that no such observation
was made concerning lumbar spine BMD [60]. Furthermore, the TT genotype occurred
more frequently in women with vertebral fractures than in female patients without such
fractures [61]. Finally, studies have shown that the 677C/T polymorphism also affects
spine BMD in nine-year-old children, which may further affect peak bone mass [62].

3.2. Homocysteine and Bone Mineral Density in Inflammatory Bowel Disease Patients

Inflammatory bowel disease patients present an increased risk of low BMD, leading
to osteoporosis. Among others, risk factors of osteoporosis in IBD include malnutrition,
low body mass, malabsorption, or use of corticosteroids [63]. According to Adriani et al.,
osteopenia and osteoporosis affect 46% and 11% of patients suffering from IBD, respec-
tively [64].
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Research has indicated that the mean homocysteine concentrations are, in general,
higher in IBD patients than in control groups, with no significant difference between UC
and CD; however, it has been pointed out that Hcy levels are higher in men than in women
and also correlate with age in the study group, although not in the control group [65,66].
Similarly, Akbult et al. noted that the Hcy level among patients suffering from UC was
higher than in healthy individuals [67], while Zezes et al. demonstrated a greater incidence
of hyperhomocysteinemia in UC patients than in healthy subjects [68].

Homocysteine (Hcy) is an amino acid containing sulfur and does not occur in proteins,
but it is formed in the course of methionine transmethylation [69], and the average Hcy
level is below 15 μmol/L. Vitamin B6, folic acid, vitamin B12, and methylene tetrahy-
drofolate reductase are essential for homocysteine remethylation. If a deficiency of the
abovementioned substances occurs, homocysteine is accumulated in serum, leading to
hyperhomocysteinemia; moreover, it may be metabolized into cysteine and excreted in
urine [70]. Homocysteine is a well-known risk factor of atherosclerosis, which is a chronic
inflammation of the endothelium with an increased plasma permeability and lipid de-
position in the atherosclerotic plaque. The accumulated atherosclerotic plaque, in turn,
undergoes calcification and fibrosis. Additionally, homocysteine affects bone tissue, since
the substance increases the activity of osteoclasts and inhibits apoptosis. The increased
activity of osteoclasts may lead to increased bone resorption, a reduction of BMD, and an
elevated risk of fracture [69]. What is more, Hcy exacerbates apoptosis in bone marrow
and osteoclastogenesis, simultaneously decreasing blood flow in bone tissue, which may
lead to reduced BMD [71], as well as increases intracellular reactive oxygen spices, which
causes an increased differentiation of osteoclasts [72]. Finally, the concentration of Hcy is
associated with bone resorption markers, e.g., β-CTX (C-terminal cross-linked telopeptide
of type I collagen) [73].

No association between folic acid and vitamin B12 treatment to reduce the Hcy level
and risk of hip fracture was shown in a previous meta-analysis [74]. On the contrary, Hcy
levels have been shown to be correlated negatively with BMD among women [75]. In a
study by Bailey et al., the researchers observed a lower serum level of vitamin B12 and
folic acid in erythrocytes, as well as a higher level of bone turnover markers (serum of
alkaline phosphatase and urine excreted of N-terminal cross-linked telopeptide of type I
collagen) in postmenopausal women with a higher concentration of Hcy in comparison to
individuals presenting normal Hcy levels. Additionally, Hcy levels correlated negatively
with total BMD and BMD of the lumbar spine [76]. Nevertheless, Tariq et al. reported no
association between Hcy levels and T- and Z-scores in postmenopausal women [77], and,
according to Mittal et al., the concentration of Hcy is correlated positively with the level of
parathormone (PTH) and phosphate. In contrast, Hcy levels were not related to BMD of the
hip, lumbar spine, and forearm [78]. Postmenopausal women with osteoporosis presented
a higher level of homocysteine than the control group. Moreover, the concentration of
folic acid was lower in the study group than in the controls, although not significantly.
In fact, Hcy levels were associated with the concentration of PTH, CTX (type I collagen
C-telopeptides), and bone-specific alkaline phosphatase [79,80]. The adjusted hazard ratio
for fracture was 2.42 (women) and 1.37 (men) for a concentration of homocysteine above
15 μM when compared to Hcy levels below 9 μM. The Hcy level correlated positively with
the risk of fracture and, in fact, there was no association between the MTHFR genotype,
vitamin B level, and risk of fracture [59]. As a meta-analysis showed, an increase in the
homocysteine level by 1 μM elevates the risk of fracture by 4% [80]. According to Stone
et al., the supplementation of folic acid and vitamins B6 and B12 did not alter the risk of
fracture in women with higher levels of Hcy, or lower concentrations of folic acid, vitamin
B6, or vitamin B12. Supplementation did not affect bone turnover markers such as CTX
and P1NP (type I procollagen N-propeptide) [81]. Additionally, the supplementation of
folic acid and vitamins B12 and B6 (individually or in combination) did not change the
concentration of bone turnover markers and osteoporotic fracture in individuals suffering
from the vascular disease with a normal level of Hcy [82].
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Although the studies describing the association between IBD and homocysteine
focused on non-IBD individuals, they suggest that hyperhomocysteinemia may constitute
a potential additional factor of low BMD among IBD patients.

4. Microbiota and Folate Metabolism in IBD Patients

There are many factors that can affect the gut microbiota in patients with inflamma-
tory bowel disease [83], such as age, inhabitable environment, culture habits, medical
history, and the applied treatment. Nevertheless, the most critical factor affecting the
diversity of species in the gut microbiota is diet, where saturated fatty acids and sugar
have demonstrated a negative impact [84]. On the contrary, a vegetarian diet, rich in fiber,
fruits, and vegetables, stimulates the growth of eubiotic bacteria and improves the function
of enterocytes. The type of diet is particularly important for patients suffering from IBD,
as a well-balanced one provides all macro- and micronutrients and eliminates products
exacerbating symptoms of the disease. Conversely, fiber-rich products, vegetables, and
fruits, which influence the microbiota content and the metabolism of folate, often exac-
erbate the symptoms. Additionally, using bacteriostatic and immunosuppressive drugs
inhibiting the synthesis of PGE2 and leukotrienes may modify the gut microbiota and affect
species diversity. In contrast, dietary carbon, nitrogen, water, and other nutrients provide
a healthy development of intestinal bacteria, which are a source of vitamins and macro-
and micronutrients. The most significant amount of folic acid is found in plant products,
but folate may also be provided through animal products and various supplements [85],
though the absorption of folic acid from plant products is decreased due to the presence of
a conjugate inhibitor. Moreover, although the bioavailability of folic acid is higher in animal
products, the content of vitamin B9 is significantly lower. As a result, the gut microbiota
constitutes an essential element of folate absorption, which is twofold and occurs via folate
receptors, as well as by means of specific receptors [86].

Most bacterial strains of Bifidobacteria, except for B. gallicum and biavatii, possess genes
responsible for folate synthesis [87], while most lactic acid bacteria cannot synthesize folate.
In fact, Lactobacillus plantarum is the only strain capable of producing folate, although
the presence of 4-aminobenzoic acid is necessary [86]. According to Strozzi et al., the
supplementation of Bifidobacterium adolscentis and pseudocatenulatum results in an increased
level of fecal folate [88]. Additionally, as pointed out by LeBlanc et al., lactic acid bacteria
and Bifidobacteria—found in fermentable dairy products—are able to synthesize vitamins de
novo, particularly group B vitamins such as folic acid and vitamin B12 [89]. Furthermore,
the supplementation of L. plantarum decreases the level of Il-8 and TNF-α and the expression
of the occludin gene [90]. MacFarlane, on the other hand, evaluated how diet and microflora
affect the course of IBD. The effect of folate on colonic microflora and the development of
colonic tumors was determined in chemically induced ulcerative colitis in mice. According
to the study results, the concentration of folic acid depended on the diet, and mice with
colitis did present lower levels of circulating folic acid. However, folic acid had a minimal
effect on tumor initiation and no effect on intestinal microflora. These data suggest that
folic acid intake has little or no effect on the alleviation of IBD symptoms, or the risk of
developing colon cancer in patients with IBD [91].

In another study, folate synthesized in the colon was absorbed and utilized by the host,
and the local production of folic acid in the colon could help patients with IBD and reduce
the risk of carcinogenesis [92]. In a study by Laiño, Lactobacillus delbrueckii subsp. bulgaricus
CRL 863 and S. thermophilus CRL 415 and CRL 803 produced folic acid in fat-free milk,
and increased the initial concentration of folic acid by approximately 190% [93]. Therefore,
probiotic supplementation containing Bifidobacterium and Lactobacillus plantarum strains
may increase folic acid production in patients with IBD and have a protective function
for colonocytes in the course of this disease. Additionally, Bifidobacteria are involved in
the regulation of intestinal homeostasis and have the ability to modulate the immune
response [94]. Finally, it has been demonstrated that the use of B. adolescentis and B.
pseudocatenulatum strains in humans increases the fecal folic acid concentration [95].
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Microbial folate synthesis may also be affected by certain drugs, e.g., metformin, used
in type 2 diabetes mellitus and insulin resistance, decreasing folate synthesis due to an
increase of Coenorhabditis elegans, which also leads to decreasing serum folate levels [96].
Similarly, sulfonamides (structural analogs of p-aminobenzoic acid (PABA)) inhibit the
synthesis of dihydrofolate (DHF) [97].

In summary, a proper supply of folic acid has a beneficial impact on the development
of the gut microbiota, and certain bacteria strains provide an optimal level of folate in
patients suffering from IBD.

5. Summary and Conclusions

Folic acid is a water-soluble group B vitamin, and its deficiency may lead to clinical
complications, especially among patients suffering from IBD. Folic acid participates in
the metabolism of homocysteine, high levels of which are associated with an increased
risk of cardiovascular diseases and osteoporosis. Additionally, vitamin B9 is essential
for the synthesis of nucleic acids and proteins. Therefore, providing adequate amounts
of folic acid may prevent complications in this specific group of patients. Nevertheless,
research regarding the association between folic acid, IBD, and bone mineral density is
scarce. Therefore, future studies are necessary in order to investigate the potential benefits
of folic acid use among IBD patients, which may improve both the course of the disease
and the quality of life.

Summary:

1. In patients suffering from IBD, the concentration of folic acid should be evaluated
more frequently than once per year, as it will help to diagnose a potential deficiency
and macrocytic anemia.

2. Following the recommendations of ECCO, IBD patients treated with methotrexate
should be supplied with 5 mg of folic acid at two- to three-day intervals during the
administration of methotrexate.

3. Pregnant women, or women attempting pregnancy, should supplement folic acid.
The recommended dosage is 0.4–5 mg/day (depending on the risk of neural birth
tube defects).

4. The supplementation of folic acid may be a protective factor against the development
of CRC. However, this hypothesis requires further research.
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Abstract: Experimental studies suggest that sodium induced inflammation might be another missing
link leading to atherosclerosis. To test the hypothesis that high daily sodium intake induces systemic
inflammatory response in humans, we performed a systematic review according to PRISMA guide-
lines of randomized controlled trials (RCTs) that examined the effect of high versus low sodium dose
(HSD vs. LSD), as defined per study, on plasma circulating inflammatory biomarkers. Eight RCTs
that examined CRP, TNF-a and IL-6 were found. Meta-analysis testing the change of each biomarker
in HSD versus LSD was possible for CRP (n = 5 studies), TNF-a (n = 4 studies) and IL-6 (n = 4 studies).
The pooled difference (95% confidence intervals) per biomarker was for: CRP values of 0.1(−0.3,
0.4) mg/L; TNF-a −0.7(−5.0, 3.6) pg/mL; IL-6 −1.1(−3.3 to 1.1) pg/mL. Importantly, there was
inconsistency between RCTs regarding major population characteristics and the applied method-
ology, including a very wide range of LSD (460 to 6740 mg/day) and HSD (2800 to 7452 mg/day).
Although our results suggest that the different levels of daily sodium intake are not associated with
significant changes in the level of systemic inflammation in humans, this outcome may result from
methodological issues. Based on these identified methodological issues we propose that future RCTs
should focus on young healthy participants to avoid confounding effects of comorbidities, should
have three instead of two arms (very low, “normal” and high) of daily sodium intake with more than
100 participants per arm, whereas an intervention duration of 14 days is adequate.

Keywords: sodium; sodium intake; inflammation; systemic inflammation; sodium induced inflam-
mation; CRP; TNF-a; IL-6

1. Introduction

The first observational evidence showing that the higher the sodium intake the higher
the systemic inflammation—as measured by plasma c-reactive protein (CRP)—was pub-

Nutrients 2021, 13, 2632. https://doi.org/10.3390/nu13082632 https://www.mdpi.com/journal/nutrients109
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lished twelve years ago [1]. However, the magnitude of this association was only marginal
(increase in CRP of 1.06 mg/L per 2.3 g/L of urinary sodium excretion) with the authors
suggesting that dietary sodium consumption is unlikely to be an important modifiable risk
factor for increased systemic inflammation [1]. However, since robust evidence suggest
that higher sodium intake is associated with higher incidence of cardiovascular (CV) dis-
ease [2], it seems plausible that sodium induced inflammation might be another missing
link, beyond blood pressure (BP) increase, leading to atherosclerosis, a per se inflammatory
process [3].

Since then, several studies have been conducted in humans but mostly in animal
models to test the hypothesis of sodium induced systemic inflammation [4]. In animal
models, the majority of the available data, but not all [5,6], indicate that high sodium intake
is associated with increased levels of circulating inflammatory biomarkers [7–10]. However,
the evidence regarding the association of sodium intake and systemic inflammation in
humans remain limited and controversial, in part due to the high heterogeneity and
differences in the methodology applied e.g., regarding type of study (observation or
intervention (acute or chronic) [11–14], the level of daily sodium intake tested [13,15], and
the type of inflammatory biomarker that was evaluated [16,17]).

Of note, over the years this hypothesis has become even more intriguing because:
(i) of the presence of a J-shape association between daily sodium intake and mortality
in epidemiological studies [18–20], (ii) both very high and very low sodium intake are
implicated in the pathogenesis of arterial damage [5,21–24], (iii) data derived from in vitro
and in vivo experimental animal studies, as well as preliminary human studies, suggest an
association between high sodium intake and autoimmune disease [25], and finally (iv) not
only high, but also very low sodium intake seems to be proinflammatory [26,27]. However,
given the fact that other factors (including certain types of foods, sedentary life, sleep
apnea) [28,29] may have proinflammatory effects, the task to delineate and quantify the
potential effects of sodium intake on systemic inflammation is quite complex.

In the present study we aimed to investigate the hypothesis that sodium intake induces
systemic inflammatory response in humans in a dose response manner. To this end, we
performed a systematic review and meta-analysis of all randomized studies comparing the
effect of at least two different levels of dietary sodium intake on the magnitude of systematic
inflammatory response, as described by predefined circulating inflammatory biomarkers.
The primary endpoint of the meta-analysis was the magnitude of inflammatory response
(i.e., the difference in the levels of each inflammatory biomarker) after the intervention with
a high sodium diet (HSD) versus low sodium diet (LSD); the magnitude of BP response
was defined as a secondary endpoint (i.e., the difference in BP).

2. Materials and Methods

2.1. Search Strategy

This systematic review and meta-analysis was performed according to PRISMA guide-
lines (Supplement Table S1) [30]. A systematic search of potentially relevant studies was
performed throughout April 2020 by two separate investigators (E.D. Basdeki & C. Tsir-
imiagkou) in PUBMED and SCOPUS databases. Search terms applied included: (“dietary
sodium” OR “sodium intake” OR “sodium excretion” OR “urinary sodium” OR salt) AND
(inflammation OR “inflammatory biomarkers” OR “inflammatory indices” OR “inflam-
matory cells” OR “white blood cells” OR “C-reactive protein” OR crp OR interleukin OR
lymphocyte OR leukocytes OR il-5 OR il-6 OR il-10 OR il-12 OR il-23 OR il-17 OR cytokines
OR “tumor necrosis factor” OR tnf OR tnf-a OR tnf-b OR cd4 OR cd8)). Articles were also
identified from reference lists of relevant papers and hand search. Studies were limited to
English language, human, and randomized controlled studies (RCTs). Disagreements were
resolved by consensus with a senior author (A.D. Protogerou).
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2.2. Inclusion & Exclusion Criteria

Eligible studies were full-text peer-reviewed articles in English that: 1. were RCTs
with parallel-arm (different patients) or crossover (same patients) design, 2. conducted in
males and/or females regardless of diseases (chronic or acute), 3. examined the effect of at
least two different daily doses of sodium intake on circulating inflammatory biomarkers.
The following exclusion criteria were applied: epidemiological studies, non-RCTs, animal
studies, reviews, systematic reviews, meta-analyses, comments/letters.

2.3. Selection of Studies & Data Extraction

Two reviewers screened the available titles, abstracts and keywords from all of the
available articles. Discrepancies were resolved after discussion. After agreement, full text
screening was carried out. Both reviewers extracted independently qualitative and quanti-
tative data from all included articles, concerning study design, population characteristics
and data regarding primary endpoints from included studies where available. Authors
of the included studies were contacted by e-mail to obtain additional details not reported
in the published paper (i.e., mean and SD of difference regarding the variable of interest).
The risk of bias was assessed using a Cochrane Collaboration’s tool for assessing risk of
bias in randomized trials [31].

2.4. Statistical Analysis

Meta-analysis was performed using the Stata/SE 11 (Texas) software. Sensitivity anal-
yses were performed to compensate for the observed methodological heterogeneity among
the included studies. Meta-regression analysis was performed for assessing associations
between the difference in (a) CRP or systolic/diastolic BP (SBP/DBP) and (b) sex, age,
duration of intervention, and difference in sodium intake between the examined diet arms
across the included studies. Sensitivity analyses were performed according to the design
of the study (crossover or parallel), the mean age of the studied population, the average
sodium intake in each arm, and by excluding studies with patients on hemodialysis. Mean
values of subgroups were combined where feasible [32]. Median values were converted
to mean values using appropriate formulas [33]. In the case of missing values regarding
the mean (SD) of difference in the outcome of interest between the examined groups, these
were calculated from the groups’ mean values using appropriate calculators [34]. The latter
procedure was also implemented for paired comparisons in crossover studies as a rough
approximation. Heterogeneity was tested using an I2 statistic. A value of I2 statistic >50%
was considered to indicate significant heterogeneity between studies. When significant
heterogeneity was present, a random-effects model of analysis was used; otherwise, a fixed-
effects model of analysis was used. Publication bias was assessed by inspecting funnel
plots, as well as Egger’s test (linear regression method) and Begg’s test (rank correlation
method) [35,36]. Two-sided p values of <0.05 were considered significant.

3. Results

3.1. Number of Studies Screened and Selected—General Description

The PRISMA Checklist for the present systematic review and meta-analysis is pre-
sented in Table S1. Three thousand six hundred and twenty-three (3623) studies were
identified through a systematic search. The flow chart for study selection is shown in
Figure 1. Eight studies [13,27,37–42] met the inclusion criteria for examining the effect of
sodium intake on circulating inflammatory biomarkers and were included in the systematic
review. Detailed descriptive data, as well as results for all the included studies are provided
in Tables 1 and 2.
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Figure 1. Identification and selection of the eligible studies according to the PRISMA criteria.
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All 8 eligible studies identified (published from 2005 to 2019) were predefined RCTs,
5 of which had a cross-over study design [13,27,39,41,42] and 3 had a parallel-arm study
design [37,38,40] (Table 1). Each study had 2 sodium intervention periods (for cross-over
design studies) or 2 sodium intervention groups (for parallel-arm design studies); no
study with more than 2 sodium periods or groups was identified (Table 1). Half of the
studies [27,38,39,42] used sodium capsules versus placebo as an add-on intervention to the
diet; only 5 out of the 8 studies used 24-h urine collection as a sodium intake assessment
method (Table 1).

Throughout this present text, the different levels/groups of daily sodium consumption
in each study are quoted for simplicity as “HSD” and “LSD”. However, there was high
heterogeneity between the identified studies regarding the level of daily sodium intake.
LSD was highly variable, ranging from 115 to 6740 mg/day, and likewise HSD ranged
from 1380 to 9240 mg/day (Table 1).

The examined inflammatory biomarkers were CRP in 6 out of 8 studies [13,27,37,38,41,42],
TNF-a and IL-6 in 5 out of 8 studies [27,37,40–42], IL-8 in 2 out of 8 studies [39,41] and IL-
10 [40], IL-12 [41], IL-1β [39], interferon-γ [42], and procalcitonin (PCT) [27], in 1 out of 8
studies for each biomarker.

All studies included small to moderate size populations (from 11 to 173 participants;
male sex from 37% to 100%) with high heterogeneity (Table 1) regarding: (a) the type of
populations investigated, (b) their age level (from 18 to 72 years old), and (c) duration
of intervention (from 14 to 365 days; as well as one acute effect study) [13]. Finally, only
2 studies had a run-in period [38,42], and baseline sodium levels were described only
in 3 studies [40–42] (Table 2); in only 1 out of 8 studies, salt sensitivity assessment was
conducted [27]. No differences in the changes of the inflammation biomarkers (CRP, TNF-a,
IL-6, PCT) were detected between salt sensitive and salt resistant individuals.

3.2. Systematic Review Results per Inflammatory Biomarker: Qualitative Description per
Inflammatory Biomarker

Results on CRP (Tables 1 and 2 and Figure 2): out of the 6 studies [13,27,37,38,41,42]
investigating the effect of different levels of sodium intake on CRP, 1 was an acute effect
study (evaluating the effect of sodium for 2 h, every 30 min), in which participants were
asked to consume a meal that was low or high in sodium [13]. This acute effect study
indicated no statistically significant changes in CRP results. Only 2 out of the 5 remaining
studies showed statistically significant results [37,38].

Figure 2. Scatter dot plot of average daily sodium intake (mg/day) and CRP plasma levels (mg/L) per study group. Data
from 5 available randomized studies [27,37,38,41,42], after excluding 1 study [13], which evaluated the acute effect (after
one meal, every 30 min, for 2 h) of sodium intake. Range of duration of sodium intervention was 14 to 112 days. r = 0.663;
p = 0.037.
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Results of TNF-a (Tables 1 and 2): 3 of the 5 studies [27,37,40–42] examining sodium
intake and TNF-a showed statistically significant results [27,37,40]. In 2 of the studies [27,40],
TNF-a levels after the LSD (460 mg/day [27] and 1800 mg/day [40]) intervention were
significantly higher than that after the HSD (4600 mg/day [27] and 2800 mg/day [40]). In the
third study [37], TNF-a decreased significantly only after LSD (6740 mg/day) compared to the
baseline. No statistically significant results were found after HSD intervention (9240 mg/day)
compared to baseline.

Results on IL-6 (Tables 1 and 2): 3 out of the 5 studies [27,37,40–42] investigating
sodium intake and IL-6 showed statistically significant results. In 1 study [41], IL-6 levels
after the LSD (736 mg/day) intervention were significantly lower than that after the HSD
(7452 mg/day). In 1 study [40], IL-6 levels after the LSD (1800 mg/day) intervention were
significantly higher than those after the HSD (2800 mg/day). In the third study [37], IL-6
decreased significantly after LSD (6740 mg/day) compared to the baseline. No statistically
significant results were found after HSD intervention (9240 mg/day) compared to baseline.

Results on IL-8 (Tables 1 and 2): 1 of the 2 studies [39,41] investigating IL-8 found statis-
tically significant results [39]; IL-8 levels after the intervention with LSD were significantly
lower than that after the HSD intervention period.

Results on IL-10 (Tables 1 and 2): only 1 study [40] examined sodium intake and IL-10,
indicating that IL-10 levels after the intervention with LSD were significantly lower than
that after the HSD intervention period.

Results on IL-12 (Tables 1 and 2): only 1 study [41] investigated sodium intake and
IL-12, but no statistically significant results were found.

Results on IL-1β (Tables 1 and 2): only 1 study [39] investigated sodium intake and
L-1β, indicating statistically significant results; IL-1β levels after the intervention with LSD
were significantly lower than that after the HSD intervention period.

Results on Interferon-γ (Tables 1 and 2): only 1 study [42] investigated sodium intake
and interferon-γ, but no statistically significant results were found.

Results on PCT (Tables 1 and 2): only 1 study [27] investigated sodium intake and
PCT levels. PCT levels after the intervention with LSD were significantly higher than that
after the HSD intervention period.

3.3. Meta-Analysis Results: Primary Endpoints

Out of the 8 studies, 6 [27,37,38,40–42] were included in the meta-analysis (Figure 1).
One study [39] was not included since it investigated inflammatory biomarkers not mea-
sured in any of the rest of the studies. A second study [13] was excluded because it was the
only acute effect study (2 h duration of intervention period); therefore, the results were not
comparable to the rest of the long-duration studies (14 to 180 days). The assessment of the
risk of bias is presented in Table S2.

Five studies provided data on the CRP difference between HSD versus LSD and were
included in the meta-analysis [27,37,38,41,42] (n = 273, weighted age 47.7 ± 8.4 years, men
47%, hypertension 23.4%). HSD versus LSD resulted in a pooled difference in CRP values
(HSD–LSD) of 0.1 (95% confidence intervals [CI] −0.3, 0.4) mg/L (Figure 3). No publication
bias was identified (all p = NS, Begg’s funnel plot is presented in Figure S1a). Meta-regression
analysis did not reveal any significant associations between the difference in CRP and male
percentage, mean age, duration of intervention and difference in sodium intake between the
examined diet arms across the included studies (all p = NS). In a sensitivity analysis excluding
the study of Telini et al. [37] (which included patients on hemodialysis and had parallel
arm design), the pooled difference in CRP values was similar at 0.1 (−0.3, 0.4) mg/L. In
another sensitivity analysis including only the 3 studies [27,41,42] with crossover design, the
pooled estimate was −0.1 (−0.4, 0.3) mg/L. By selecting the 2 studies with average sodium
intake at the lowest (<1000 mg/day) and highest (>4500 mg/day) range for each arm [27,41],
the pooled difference was −0.1 (−0.4, 0.3) mg/L. Three studies had populations with an
average age <50 years [27,38,41] and the pooled difference calculated from these was 0.2 (−0.4,
0.7) mg/L.
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Figure 3. Forest plot of the mean difference in CRP levels for high sodium dose (HSD) versus low sodium dose (LSD), as
defined per study [27,37,38,41,42].

Four studies provided data on the TNF-difference between HSD versus LSD and
were included in the meta-analysis [27,37,40,42] (n = 264, weighted age 67.1 ± 8.7 years,
men 60%, hypertension 45.8%). They showed that the HSD versus the LSD resulted in a
pooled difference in TNF-a values (HSD-LSD) of −0.7 (−5.0, 3.6) pg/mL (Figure 4). No
publication bias was identified (all p = NS, Begg’s funnel plot is presented in Figure S1b).
Meta-regression analysis did not reveal any significant associations between the difference
in TNF-a and male percentage, mean age, duration of intervention and difference in
sodium intake between the examined diet arms across the included studies (all p = NS).
In a sensitivity analysis excluding the study of Telini et al. [37] (which included patients
on hemodialysis and had a parallel arm design), the pooled difference in TNF-a values
showed a pooled difference of −1.3 (−3.5, 0.8) pg/mL. Three studies had populations with
an average age >55 years [37,40,42] and the pooled difference calculated from these was
2.8 (−7.8, 13.5) pg/mL.

Four studies provided data on the IL-6 difference between HSD versus LSD and were
included in the meta-analysis [27,37,40,42] (n = 264, weighted age 67.1 ± 8.7 years, men
60%, hypertension 45.8%). They showed that the HSD versus the LSD resulted in a pooled
difference in IL-6 values (HSD-LSD) of −1.1 (−3.3, 1.1) pg/mL (Figure 5). No publication
bias was identified (all p = NS, Begg’s funnel plot is presented in Figure S1c). Meta-regression
analysis did not reveal any significant associations between the difference in IL-6 and male
percentage, mean age, duration of intervention and difference in sodium intake between the
examined diet arms across the included studies (all p = NS). In a sensitivity analysis excluding
the study of Telini et al. [37], the pooled difference in IL-6 was −2.4 (−4.9, 0.2) pg/mL. Three
studies had populations with an average age >55 years [37,40,42] and the pooled difference
calculated from these was −1.8 (−5.3, 1.7) pg/mL.
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Figure 4. Forest plot of the mean difference in TNF-a levels for high sodium dose (HSD) versus low sodium dose (LSD) as
defined per study [27,37,40,42].

Figure 5. Forest plot of the mean difference in IL-6 levels for high sodium dose (HSD) versus low sodium dose (LSD) as
defined per study [27,37,40,42].
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3.4. Meta-Analysis Results: Secondary End-Points—Blood Pressure

Five studies [27,37,40–42] (n = 275, weighted age 65.5 ± 11.5 years, men 61%, hyper-
tension 44%) reported the effect of HSD vs. LSD on SBP/DBP difference with a pooled
estimate of 4.5 (−1.4, 10.4)/2.2 (−0.1, 4.4) mmHg (Figure 6). No publication bias was
identified (all p = ns, Begg’s funnel plots are presented in Figure S2). Meta-regression
analysis showed a higher difference in SBP with a shorter duration of the intervention
(in days) across the included studies, whereas this was not evident for DBP (p = 0.03/ns
respectively; Figure S3). No significant associations were observed between the difference
in SBP/DBP and male percentage, mean age and difference in sodium intake between
the examined diet arms across the included studies (all p = ns). The following sensitivity
analyses were conducted: the first analysis excluded the study of Telini et al. [37] and
showed a pooled SBP/DBP difference of 5.0 (−1.8 to 11.8)/2.4 (0.1 to 4.7) mm Hg. The
second analysis included only the 3 studies [27,41,42] with crossover design (same patients)
and showed a pooled SBP/DBP difference of 8.1 (4.1,12.2)/2.6 (−0.3, 5.5) mm Hg. The third
analysis included studies with an average age of the population >55 years [37,40,42] and
showed a pooled SBP/DBP difference of 2.2 (−5.6, 10.1)/2.2 (−1.0, 5.4) mm Hg. The fourth
analysis included the 2 studies with average sodium intake at the lowest (<1000 mg/day)
and highest (>4500 mg/day) range for each arm [27,41], and showed a pooled SBP/DBP
difference of 7.7 (3.4, 12.0)/2.1 (−1.0, 5.3) mm Hg.

(a) (b) 

Figure 6. (a) Forest plot of the mean difference in systolic blood pressure (SBP) levels for high sodium dose (HSD) versus
low sodium dose (LSD) as defined per study [27,37,40–42]. (b) Forest plot of the mean difference in diastolic blood pressure
(DBP) levels for high sodium dose (HSD) versus low sodium dose (LSD) as defined per study [27,37,40–42].

4. Discussion

In this present systematic review, we identified eight RCT studies that compared the
effect of two different levels of dietary sodium intake on the magnitude of systematic
inflammatory response, by assessing overall nine different circulating biomarkers (CRP,
TNF-a, IL-1β, IL-6, IL-8, IL-10, IL-12, interferon-γ and hs-PCT). The meta-analysis of studies
was feasible only for three inflammatory biomarkers (CRP, TNF-a, IL-6); all three of them
showed non-significant differences in the primary endpoint i.e., the difference in circulating
inflammatory biomarkers after HSD versus LSD.

The qualitative description of the included studies revealed inconsistent results for
all biomarkers, as well as major methodological limitations (e.g., small sample size, poor
sodium intake assessment methods) and high heterogeneity regarding major methodolog-
ical traits (e.g., sodium doses, age, underlying diseases). Of note, there was extremely
high heterogeneity and variability regarding the level of daily sodium intake that ren-
ders the used terms “LSD” and “HSD” relative and valid mostly for within each study
comparison. This major limitation should be taken into account for the interpretation of
meta-analysis results.
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CRP was the inflammatory biomarker most commonly studied in the RCTs studies
(overall six studies [13,27,37,38,41,42]; five included in the meta-analysis), however the
overall negative result of the meta-analysis is limited by numerous methodological limi-
tations, as previously discussed. Only two of the studies examined high sensitivity CRP
(hs-CRP) [27,38], and only one study investigated more than 40 participants (the higher
sample size was 171 [38]), whereas the overall sample size included in the metanalysis
was 273. Actually, the most convincing data regarding a positive inflammatory response
in HSD were derived from a single study [38], which is the only one that satisfied all of
the following necessary methodological characteristics, i.e., evaluated population without
low- or high-grade inflammation, had adequate sample size and methodology for sodium
intake assessment and, most importantly, compared two “reasonable” levels of daily LSD
and HSD (i.e., LSD of 1840 mg/day versus HSD of 3680 mg/day). On the contrary, other
studies examined healthy populations either with a very small sample size (n = 11) [41], or
examined a small number of diseased populations that exhibited at least low (if not high)
grade inflammation (e.g., chronic kidney disease) [37,42]. Moreover, two studies [27,41]
evaluated the effect of very low doses of daily sodium intake (460 to 736 mg/day) versus
high doses of daily sodium intake; given the fact that both very low and high doses of
sodium may be proinflammatory, the conclusions from these studies are not easy to inter-
pret [26,27]; therefore, this may have limited the detection of any significant differences in
inflammatory response. The only acute phase study that evaluated inflammatory response
after a few hours of sodium intake used extremely low doses versus the usual dose of
sodium intake [13].

TNF-a and IL-6 were examined in five studies; the same four of which were included in
the respective meta-analysis with no overall significant effects for both biomarkers. All the
previous discussed limitations are also present in these four studies. One study [27], that
evaluated the effect of a very low sodium intake (i.e., LSD: 460 mg sodium/day versus HSD:
4600 mg sodium/day) showed that LSD significantly increased TNF-a levels versus HSD;
however, as already discussed, it has been suggested that a very low sodium diet may also
be proinflammatory [26,27]. On the other hand, two of the studies [40,42] that evaluated
close to the internationally recommended LSD level (i.e., LSD: 1800 mg sodium/day and
LSD: 1700 mg sodium/day) versus reasonable HSD, showed conflicting results.

All of the other identified inflammatory biomarkers (IL-1β, IL-8, IL-10, IL-12, interferon-
γ and hs-PCT) have been barely evaluated since they were all examined just once [27,39–42],
except for IL-8, which was examined in two different studies [39,41]; however, only one
found significant results [39]. Overall, all of the above studies but one [41] were conducted
in non-healthy subjects (i.e., asthmatic patients, chronic kidney disease, hypertensives,
heart failure patients), with a limited number of participants: less than 33 in each included
study, with the exception of one study that was conducted in 173 heart failure patients and
evaluated IL-10 levels [40]. Although three of the studies indicated statistically significant
results [27,39,40] regarding IL-8, IL-1β, IL-10 and hs-PCT, safe conclusions cannot be drawn
given the described limitations above.

Given the fact that the association between daily sodium intake and BP levels is very
well established [2,43], we included in the present meta-analysis—as a secondary end
point—the change of BP levels, between HSD versus LSD, using the extracted data from
the very same studies that were used to evaluate inflammatory biomarkers. The fact that
the principal BP meta-analysis showed marginally no significant associations between
sodium and SBP/DBP does verify that the previously described methodological limitations
of the included studies are important and may have indeed limited our ability to identify
an association between sodium intake and systematic inflammation biomarkers.

The present systematic review and meta-analysis has some major limitations, mainly
due to the methodological heterogeneity of the included studies. First, the available
studies have been conducted in populations with different characteristics and types of
chronic diseases. The existence of chronic diseases might have also influenced participants’
levels of inflammation. Second, there was heterogeneity in the duration of intervention

121



Nutrients 2021, 13, 2632

and the intake of sodium among the included studies. Third, the number of the studies
included was small, as this topic is understudied. Four, several other undetermined factors
(diet, quality of sleep, exercise) might have confounded the final results. However, the
abovementioned limitations were, at least partly, compensated by sensitivity and stratified
analyses. In addition, the significant effect of the increased sodium intake on BP levels is
reassuring for the use of validated methodology in the included studies.

Beside the negative results, the present systematic review helped us to critically revise
all the literature and to identify major issues that must be addressed in future RCT efforts
to address this hypothesis. Based on previously discussed data, we recommend that such
RCT should have three arms (very low, “normal” and high) of daily sodium intake, with
sample sizes of more than 100 participants per arm, and should focus on healthy and young
participants to avoid the confounding effect of aging and comorbidities. A short study
duration of 14 days with a seven days run-in period has been proven to be sufficient, and
seems to be more adequate than longer studies, in order to accomplish maximal adherence
to the study diets which, however, should be very closely monitored and verified with
repeated 24-h urine selections. Most importantly, the above studies were all focused on
circulatory biomarkers of inflammation and cannot provide evidence of tissue response or
other types of inflammatory (e.g., cellular) response. Therefore, future studies should not
only use state-of-the-art methodology to assess circulating biomarkers of inflammation,
but should also provide evidence at a cellular level.

5. Conclusions

To conclude, this present study failed to verify the hypothesis that sodium intake
induces systemic inflammatory response in humans in a dose response manner. However,
due to the aforementioned major limitations, the negative results of the meta-analysis
are neither convincing nor provide a definite response to the hypothesis. Future better
designed RCTs addressing all of the issues that were discussed above are needed, since a
potentially weak association between dietary sodium intake and systemic inflammation,
as suggested by Fogarty et al. in the very first publication [1] on the topic, needs a very
carefully designed trial to be properly quantified.
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Abstract: Rheumatic diseases (RDs) are often complicated by chronic symptoms and frequent side-
effects associated with their treatment. Saffron, a spice derived from the Crocus sativus L. flower, is a
popular complementary and alternative medicine among patients with RDs. The present systematic
review aimed to summarize the available evidence regarding the efficacy of supplementation with
saffron on disease outcomes and comorbidities in patients with RD diagnoses. PubMed, CENTRAL,
clinicaltrials.gov and the grey literature were searched until October 2021, and relevant randomized
controlled trials (RCTs) were screened for eligibility using Rayyan. Risk of bias was assessed using the
Cochrane’s Risk of Bias-2.0 (RoB) tool. A synthesis without meta-analysis (SWiM) was performed by
vote counting and an effect direction plot was created. Out of 125 reports, seven fulfilled the eligibility
criteria belonging to five RCTs and were included in the SWiM. The RCTs involved patients with
rheumatoid arthritis, osteoarthritis and fibromyalgia, and evaluated outcomes related to pain, disease
activity, depression, immune response, inflammation, oxidative stress, health, fatigue and functional
ability. The majority of trials demonstrated some concerns regarding overall bias. Moreover, the
majority of trialists failed to adhere to the formula elaborations suggested by the CONSORT statement
for RCTs incorporating herbal medicine interventions. Standardization of herbal medicine confirms
its identity, purity and quality; however, the majority of trials failed to adhere to these guidelines.
Due to the great heterogeneity and the lack of important information regarding the standardization
and content of herbal interventions, it appears that the evidence is not enough to secure a direction
of effect for any of the examined outcomes.

Keywords: crocin; crocetin; safranal; effect direction plot; complementary and alternative medicine;
medicinal plant; CAM; herbal medicine; TNF-α; qualitative synthesis; medicinal plant; dietary supplements
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1. Introduction

Rheumatic and musculoskeletal diseases have the highest population impact across
all adverse health outcomes, including greater disability-adjusted life years (DALY) [1,2].
Due to the chronic nature of these conditions and the frequent side-effects associated with
their treatment, patients often resort to complementary and alternative medicines (CAMs),
in search of “less toxic” therapies [3,4].

Garlic, ginger, curcumin, cinnamon, or saffron are a few of the most popular CAMs
used in rheumatic diseases (RDs) [5–7]. Saffron, in particular, is the dried stigma of the
flowers of Crocus sativus L. (family Iridaceae), cultivated mainly in Southern Europe, India
and Iran, and is considered as one of the most expensive culinary spices globally [8]. The
medicinal properties of saffron and its constituents (safranal, crocin, and crocetin) include
anti-inflammatory, antioxidant, analgesic, antihypertensive, hypolipidemic, antitussive,
anticonvulsant, antidepressant, anxiolytic, anticancer, and antinociceptive characteris-
tics [9–15]. Nevertheless, although saffron supplementation has been tested in patients
with various RDs employing a randomized controlled trial (RCT) design, we have insuffi-
cient evidence regarding its efficacy, as no systematic reviews have attempted to synthetize
these data in order to aid in the formulation of recommendations.

A common issue in CAM research, however, is the lack of standardization of the admin-
istered products, often resulting in an inability to reproduce the findings and understand
which active ingredients may in fact propel the observed outcomes. The standardization of
herbal medicine confirms its identity, purity and quality, and for this, relevant trials ought
to disclose information regarding formula elaborations [16]. This information is required
to judge the internal validity, external validity, and reproducibility of the administered
interventions [17,18].

The aim of the present systematic review was to evaluate the efficacy of saffron oral
nutrient supplementation (ONS) on top of standard treatment, on disease outcomes and
comorbidities in patients with RDs and evaluate the quality of these trials.

2. Materials and Methods

2.1. Systematic Review Protocol and PIO

The Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) [19]
and the Synthesis Without Meta-analysis (SWiM) extension [20] were used for the presen-
tation of the present review. The study’s protocol was published at the center for open
science framework (OSF) (https://bit.ly/3pHeSa7, accessed on 26 November 2021).

The PICO of the study’s research question is detailed in Table 1.

Table 1. PICO components of the study’s research question.

Population Patients with any rheumatic disease diagnosis
Intervention Saffron (tabs, sachets, pills, tea, etc.)
Comparison Placebo, or any other intervention
Outcomes Any disease-specific (immediate/intermediate) or comorbidity-related outcome

2.2. Search Strategy and Algorithm

Studies related to the research question were identified through PubMed, the Cochrane
Central Register of Controlled Trials (CENTRAL), clinicaltrials.gov and grey literature
searches from inception until October 2021 by three independent reviewers (S.G.T., M.G.G.
and K.G.). Any disagreement between reviewers was resolved by a senior researcher
(D.P.B.). The search syntax used in each database is presented in Figure 1.

Rayyan [21], a web and mobile application for conducting systematic reviews, was
used to scan and identify all studies fulfilling the study’s criteria. All identified references
were imported into Rayyan using reference manager software, and duplicate entries
were excluded.

Combinations of relevant keywords were used to identify relevant RCTs in the litera-
ture. The keywords used included (Crocus sativus), (saffron), (crocin), (crocetin), (safranal),
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(rheumatoid arthritis), (scleroderma), (fibromyalgia), (Behçet’s syndrome), (osteoarthritis),
(hyperuricemia), (gout), (ankylosing spondylitis), (psoriatic arthritis), (psoriasis), (psori-
atic plaque), (spondylarthritis), (systemic lupus erythematosus), (lupus), (SLE), (Sjogren’s
syndrome), (systemic sclerosis), and (rheumatic disease*).

 

Figure 1. Search syntax used in the databases.

Although not belonging to the RDs, osteoarthritis (OA) was also included in the search
strategy, since many patients with RA are often misdiagnosed with OA and vice versa [22].

2.3. Inclusion and Exclusion Criteria

Studies were included in the synthesis when they (1) had an RCT design, (2) were
parallel or cross-over, (3) used an active per os intervention with saffron in any form (tabs,
caps, powder, syrup, sachets, tea), (4) were conducted in patients with a RD diagnosis (or
osteoarthritis), (5) examined any age group, and (6) used a placebo or any other intervention
as a comparator (comparative effectiveness studies).

Exclusion criteria involved (1) all other study designs (non-interventional) including
those lacking a comparator arm, (2) studies not including patients with RDs, (3) or using
interventions lacking saffron, (4) interventions with curcumin, and (5) published protocols
without published results, as well as (6) studies on animals or preclinical studies.
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Special caution was taken not to include RCTs investigating the effects of curcumin,
which is also known as “Indian saffron” [23].

2.4. Outcomes of Interest

Outcomes of interest involved any specific index/score for RDs, including disease
activity scores, pain, inflammation markers, antioxidant and oxidative stress status, anxiety,
depression, quality of life (QoL), health assessment, immune response indicators, etc.

2.5. Risk of Bias

Eligible studies were independently assessed for bias using the Cochrane’s revised
Risk of Bias (RoB) tool 2.0 [24] by two authors (K.G. and M.G.G.). Judgments were made
if there was a low risk, some concerns or high risk of bias in terms of the randomization
process, deviations from intended interventions, missing outcome data, measurement
of the outcomes, selection of the reported results and the final assessment regarding the
overall bias.

2.6. Data Extraction

Two independent researchers (M.G.G. and K.G.) extracted data in Excel spreadsheets.
Information regarding the sample (size, RD diagnosis, age, % female), recruitment, country
of origin, funding, design and methodology (randomization particularities, masking, etc.),
intervention (standardization particularities and dosage) and comparator arms, outcomes
of interest, drop-outs, adverse events, presented analysis, and general results was extracted
for all studies.

2.7. Data Synthesis

At least three RCTs investigating the same outcome for each RD were required for
an effective data synthesis. Since a meta-analysis was not feasible, vote counting was
applied, based on the direction of effect (mean differences) for each outcome [25] in order
to accompany the narrative synthesis [26].

The methodological characteristics of each study (RD diagnosis, overall risk of bias,
etc.) were used to assess heterogeneity, according to the Cochrane Handbook [26] and the
SWiM guidelines [20].

3. Results

3.1. Search Results

Out of 139 studies screened in total, five RCTs and seven publications (two studies
with duplicate publications) [27–33] fulfilled the protocol’s criteria and were included in the
systematic review. Figure 2 details the PRISMA 2020 flow diagram of the study selection
process [19].
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Figure 2. PRISMA [19] flow diagram of the studies’ selection process.

3.2. Characteristics of RCTs with Saffron Interventions in Patients with Rheumatic Diseases
3.2.1. RD Diagnoses

Details of the RCTs fulfilling the study’s criteria, evaluating saffron interventions
in patients with rheumatoid arthritis (RA), osteoarthritis (OA), or fibromyalgia (FM),
the respective trials are detailed in Figure 3. The effect of saffron supplementation was
evaluated in two trials using participants with RA [27,31,33], an additional two RCTs
with patients with a knee OA diagnosis [28,29,32] and finally, on one RCT performed in
patients with FM [30] (Figure 3). In RA, two different diagnostic criteria were employed,
including the American College of Rheumatology/European league against Rheumatism
(ACR/EULAR) 2010 [34] and the revised ACR 2017 [35]. For patients with OA and FB, the
ACR [36] and ACR [37] criteria were employed, respectively.

No relevant completed trials were retrieved for spondylarthritis, ankylosing spondyli-
tis, Sjogren’s syndrome, hyperuricemia, systemic lupus erythematosus (SLE), scleroderma,
psoriatic arthritis, psoriasis, or Behçet’s syndrome (BS).

3.2.2. Trial Design and Origin

All trials were conducted in Iran and were published between the years 2018 and 2021.
The RCTs employed a parallel intervention design. No cross-over trials were retrieved,
fulfilling the PICO question of the study. All included RCTs were double blinded [27–30,32].

3.2.3. Intervention and Comparator Particularities

The administered doses of Crocus sativus L. ranged between 15 mg/day [28,30] and
100 mg daily [27,29,31–33]. All studies used pills, tablets or capsules for the delivery of
saffron supplements. Sahebari and associates [27] used pure saffron powder made of
saffron flowers (Saharkhiz Saffron Factory, Mashhad, Iran), Hamidi et al. [31,33] admin-
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istered saffron Sargol (Saharkhiz Saffron Factory, Mashhad, Iran), and Poursamimi and
associates [28] applied interventions with KrocinaTM (Samisaz Pharmaceutical Company,
Mashhad, Iran). In the Shakiba trial [30], dried and milled Crocus sativus L. stigma (IMPI-
RAN, Tehran, Iran) was used for the preparation of tablets, and Firoozabadi et al. [29,32]
administered saffron pills (not-other defined). Extraction information and methods were
only provided in two trials [27,30]. Additional compounds in the administered tabs were
reported in two trials [27,30], but the exact composition of the final products was not de-
clared in any RCT. Standardization of the final product was only reported by Shakiba and
associates [30], based on the crocin and safranal content of the capsules via spectrometry.
Although Poursamimi et al. [28] administered ready-to-buy supplements, no information
is currently provided on the manufacturer’s website [38]. Intervention duration spanned
between 8 weeks [30] and 4 months [28].

Four RCTs used placebos as comparators [27–29,31–33] and one used duloxetine [30],
but the aim in the latter was to assess the comparative effectiveness of saffron versus
duloxetine for depression in patients with FM.

3.2.4. Sample Size

The sample size was rather small in all RCTs, spanning from 40 [28] to a maximum of
82 [27] patients per trial, prior to randomization. The included RCTs involved a total of
148 patients with RA, 106 patients with OA, and 54 patients with FM. In the pooled sample,
104 patients received a saffron intervention and 104 were allocated to the control arms.
One trial which was only published in abstract format [29,32] did not report the number of
patients allocated in the intervention/comparator arms.

3.3. Outcomes Assessed in the Included Interventions
3.3.1. Sensation of Pain

One important outcome of interest among the included trials involved pain, which
was evaluated using the visual analogue scale (VAS) [39], the pain scale (not defined),
the brief pain inventory (BPI) [40], or the Western Ontario and McMaster universities
(WOMAC) OA index pain subscale [41].

3.3.2. Immune Response

Immune response post-saffron supplementation was evaluated in one RCT [28] as-
sessing CD8+ and CD4+ T helper (Th) cells, Th17 cell percentage (%), T-regulatory (Treg)
cells percentage (%), and the geometric mean fluorescence intensity (gMFI) of forkhead
box protein P3 (FOXP3) of Treg cells, as well as the Treg/Th17 ratio.

3.3.3. Inflammation

Assessed inflammation markers included the erythrocyte sedimentation rate (ESR), C-
reactive protein (CRP) and hs-CRP (high sensitivity CRP), tumor necrosis factor-α (TNF-α),
interferon-γ (IFN-γ), interleukine-17 (IL-17), and interleukine-1β (IL-1β) levels.

3.3.4. Health Assessment, Depression and Fatigue

Health was self-assessed by the patients themselves using the health assessment
questionnaire-disability index (HAQ-DI) [42], or by their physicians using the physician
global assessment (PGA) [43]. Fatigue was evaluated using the global fatigue index
(GFI) [44] in one trial.

Depression was assessed using Beck’s depression inventory (BDI), the Hamilton
depression rating scale [45], or the Hospital Anxiety and Depression Scale (HADS) [46].
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Figure 3. Characteristics of the parallel RCTs evaluating interventions with saffron in patients with RA, OA, or FM included
in the qualitative synthesis. ACR, American College Of Rheumatology; AID, anti-inflammatory drug; anti-CCP, anti-cyclic
citrullinated peptide; AUB, abnormal uterine bleeding; BPI, Brief Pain Inventory [40]; DAS-28, disease activity score
-28 [47]; ELISA, enzyme-linked immunosorbent assay; ESR, erythrocyte sedimentation rate; EULAR, European League
Against Rheumatism; FIQ, Fibromyalgia Impact Questionnaire [48,49]; FM, fibromyalgia; FOXP3, forkhead box protein
P3; GFI, global fatigue index [44]; GI, gastrointestinal; gMFI, geometric mean fluorescence intensity; HADS, Hospital
Anxiety and Depression Scale [46]; HAQ-DI, health assessment questionnaire-disability index [42]; HPMC, hydroxy-propyl
methyl-cellulose; hs-CRP, high sensitivity C-reactive protein; HRSD, Hamilton Rating Scale for Depression [45]; IFN-
γ, interferon-γ; IPAQ, International Physical Activity Questionnaire [50]; LOCF, last-observation carry forward; MDA,
malondialdehyde; N/A, not applicable; NR, not reported; NSAIDs, non-steroid anti-inflammatory drugs; ITT, intention-to-
treat; OA, osteoarthritis; ONS, oral nutrient supplementation; PE, physical exercise; PGA, Physician Global Assessment [43];
PP, per protocol; PS, Pain score; RA, Rheumatoid arthritis; SJC, swollen joint count; Th, T helper; TJC, tender joint count;
TNF-a, tumor necrosis factor α; Treg-cells, regulatory T cells; VAS, visual analogue scale [39]; WOMAC, Western Ontario
and McMaster Universities Osteoarthritis Index [41]. * Within the manuscript text, 31 participants were reported to have
completed the active arm intervention and 30 controls, in the CONSORT flow chart it appears that 32 women from the
intervention and 31 from the control arm were analyzed, but in the tables, the respective number of reported participants in
active and comparator arms was 33 and 32. ‡ Reported data refer to the PP analysis; R range; M mean ± standard deviation.
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3.3.5. Antioxidant Status

Antioxidant activity and oxidative stress were assessed according to the malondialde-
hyde (MDA) levels, and total antioxidant capacity (TAC) via the ferric reducing ability of
plasma (FRAP) method.

3.3.6. Disease-Specific Scores

Disease-specific scores were also evaluated, depending on the diagnosis of the partici-
pants in each trial. For RA, the disease-specific scores involved the disease activity score-28
(DAS-28) including the ESR assay [47] (DAS-28-ESR) and the swollen and tender joint
count (SJC, TJC). For the RCT performed in patients with FM [30], the fibromyalgia impact
questionnaire (FIQ) [48,49] was applied. In the case of OA, one trial [29,32] reported using
the WOMAC [41].

3.4. Risk of Bias Summary

The summary of risk of bias for the included RCTs is presented in Figure 4. The majority
of RCTs (60%) exhibited some concerns for overall risk of bias, with the remaining 40% having
a high risk for overall bias. The greatest proportion of trials with unclear bias involved the
randomization process and the deviations from intended interventions domains.

 
Figure 4. Summary of risk of bias [24] assessment for the included RCTs. HADS, Hospital Anxiety
and Depression Scale; HDRS, Hamilton Depression Rating Scale; RCT, randomized controlled trial;
VAS, visual analogue scale.

3.5. Other Bias
3.5.1. Treatment Adherence

Treatment adherence was assessed only in two trials [30,31,33], with the remaining
studies failing to control for this issue. Furthermore, the ban of antioxidant supplements at
the beginning of the trials was not reported by any trialist, whereas in Shakiba’s trial [30],
only a history of treatment with saffron was an exclusion criterion, without controlling for
other antioxidants.

3.5.2. Dietary Intake and Exercise Patterns

Diet was only recorded and assessed by Hamidi et al. [31,33], despite the fact that
it can alter antioxidant intake. Similarly, physical activity a known mediator of disease
activity and stress was only assessed by Hamidi [31,33].
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3.6. Adherence to the CONSORT Statement for RCTs with Herbal Medicine

Among the included trials, the majority failed to adhere to the formula elaborations
suggested by the Consolidated Standards of Reporting Trials (CONSORT) statement for
RCTs including herbal medicine interventions [17] (Figure 5). Thus, it appears that the exact
composition and dosage of active saffron ingredients, including crocin, crocetin or safranal,
cannot be calculated, with the exception of one trial [30]. Shakiba’s RCT [30] adhered
to the majority of CONSORT components involving the standardization and procedures
required for RCTs with herbal medicine interventions. On the other hand, Sahebari [27]
also reported all added constituents, but failed to define the exact dosage per administered
unit. Firoozabadi and associates [29,32] demonstrated the least adherence; however, their
results were only published in abstract format, and thus limited space was available.

 

Figure 5. Summary of adherence to the formula elaborations suggested by the CONSORT statement for RCTs implementing
herbal medicine interventions [17]. CONSORT, Consolidated Standards of Reporting Trials; RCT, randomized controlled

trial. not reported; reported.

3.7. Results

Regarding the sensation of pain, ONS with Crocus sativus L. either reduced [27,28,33],
or did not appear to have an effect [27,29,30,32] when administered to patients with RA,
OA or FM. The use of NSAIDs was reduced in one trial using a sample of patients with
OA [29,32]. On the other hand, no change was recorded regarding the sensation of fatigue
in FM (one trial) [30].

Markers of inflammation were examined in RA and OA and were either reduced or
remained unchanged post-intervention, with trials indicating conflicting results. Indicators
of antioxidant activity and oxidative damage remained unchanged (MDA [31,33] and
TAC [31,33] in one RCT each), raising concerns regarding the efficacy of saffron.

Immune response was evaluated in one OA RCT [28], which reported an increase in
the percentage of Treg-cells, the Treg/Th17 ratio and a decrease in the Th17 cell percentage.
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In RA, disease-specific indexes such as the DAS-28-ESR, morning stiffness, TJC and
SJC were reduced in one RCT [31,33] and were not affected in another [27]. In OA, results
concerning the total WOMAC score were not reported by the trialists [29,32]. In FM, saffron
ONS did not affect the FIQ among participants [30].

Depression scores remained unchanged in individual trials in patients with RA [27]
and FM [30]. ONS with saffron failed to induce improvement in physical function among
patients with RA (one RCT) [27]. Last, self-rated health assessment remained unchanged
in RA post-intervention [27], but was improved when assessed by the physicians using the
PGA in patients with RA [31,33].

3.8. Adverse Events

In the present systematic review, two [28,29,32] out of five RCTs failed to report
adverse events. The most frequently reported issues following saffron supplementation
involved xerostomia, abdominal pain, vomiting, anxiety, palpitations, etc.

3.9. Synthesis without Meta-Analysis (SWiM)

Figure 6 details the effect direction plot of the outcomes assessed in the included
RCTs. For the majority of outcomes, conflicting results are apparent. Moreover, for most
outcomes, less than three RCTs have provided results regarding similar outcomes.

 

Figure 6. Qualitative synthesis without meta-analysis of the outcomes in each RCT, favoring the saffron arms post-
intervention. All RCTs had less than 50 participants in each arm. Row background colors denote study quality according to
the RoB assessment. BDI, Beck Depression Inventory [51]; BPI, Brief Pain Inventory [40]; DAS-28, disease activity score
28 [47]; ESR, erythrocyte sedimentation rate; FIQ, Fibromyalgia Impact Questionnaire [48,49]; FM, fibromyalgia; FOXP3,
forkhead box protein P3; GFI, global fatigue index [44]; gMFI, geometric mean fluorescence intensity; HADS, Hospital
Anxiety and Depression Scale [46]; HAQ-DI, health assessment questionnaire-disability index [42]; HDRS, Hamilton
Depression Rating Scale [45]; hs-CRP, high sensitivity C-reactive protein; IFN-γ, interferon-γ; MDA, malondialdehyde; NR,
not reported; NSAIDs, non-steroid anti-inflammatory drugs; OA, osteoarthritis; PGA, Physician Global Assessment [43]; RA,
rheumatoid arthritis; RCT, randomized controlled trial; RoB, risk of bias [24]; SJC, swollen joint count; TAC, total antioxidant
capacity; Th, T helper; TJC, tender joint count; Treg, T regulatory; ‖ intervention duration <3 months; § intervention duration
between 3–4 months; � increased; � reduced;  no change.

For the outcome of pain (VAS), four RCTs provided results, with two indicating a
reduction in pain and two failing to reveal an effect. Regarding the levels of ESR, and
TNF-α, three and two of the included RCTs, respectively, provided results. However,
for both ESR and TNF-α, the direction plot was similar in all, indicating a lack of effect
following saffron supplementation in patients with RA and OA.
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Due to the heterogeneity of the RCTs and the lack of data regarding the standardization
of the herbal medicine interventions, a meta-analysis was not deemed as a safe option.

4. Discussion

The present SWiM assessed the effects of supplementary Crocus sativus L. intake on
disease-related outcomes among patients with a RD diagnosis. It appears that limited RCTs
have been performed on this issue, thus demonstrating1 that the evidence is not enough to
secure a positive direction of effect for any of the examined outcomes. Moreover, serious
pitfalls regarding the reporting of the intervention formulas are apparent, further reducing
the quality of the trials.

Consumption of saffron can reduce inflammation through inhibition of the cyclooxy-
genase enzyme activity [52]. According to a recent meta-analysis [9], saffron is effective
in improving the levels of inflammatory markers such as TNF-α, IL-6 and CRP when
administered at specific doses (≤30 mg/day) in young adults (<50 years old) lacking a
diabetes diagnosis. In the present review, only four trials administered a dose not ex-
ceeding 30 mg/day [28,30], with only one [28] evaluating inflammatory markers among
participants. Interestingly, CRP and IL-17 were improved in this trial post-intervention.
Thus, it is possible that the higher doses administered in the rest of the trials [29,31–33]
might have produced a negative or null effect. Nevertheless, another meta-analysis [9]
failed to detect any differences regarding CRP, TNF-α, and IL-6 between the saffron and
placebo arms. These discrepancies, however, may lay in the underline pathologies of the
participants, the duration of interventions, or differences in the standardization of the
administered supplements.

Research indicates that saffron can reduce the concentrations of endogenously gener-
ated reactive oxygen species, inhibiting oxidative damage, while reducing the production of
pro-inflammatory biomarkers [9,53]. According to a recent meta-analysis [54], supplemen-
tation can induce improvements in the MDA and TAC levels. However, no improvements
were revealed in the present SWiM, due to the small number of studies evaluating these
outcomes, most of which indicated a null effect.

Depression and anxiety are common problems in patients with chronic disease and
rheumatic disease in particular. Moreover, recent meta-analyses indicate that ONS with
Crocus sativus L. may improve depressive symptoms and anxiety [12,55]. This effect is per-
sistent even when used as an adjunct to antidepressants, as in the present RCTs. Moreover,
specific depression batteries such as the BDI appear to be more sensitive to saffron ONS,
whereas the HDRS has been reported to be less flexible [56]. Saffron has been suggested to
entail relaxant, inhibitory effects on both histamine (H1) and the muscarinic receptors [57].
By inducing relaxation and reducing anxiety, supplementation with Crocus sativus can
also improve sleep quality [58]. On the other hand, improved sleep is associated with less
fatigue. Overall, previous evidence synthesis indicates that saffron is more efficient com-
pared to placebo and additionally equally effective with synthetic antidepressants [59,60].
These findings, however, were not akin to the present SWiM due to the probable method-
ological pitfalls of the included trials, heterogeneity and lack of information regarding the
standardization of the intervention formulations.

Regarding pain, no meta-analyses have evaluated the effect of saffron ONS, although
individual RCTs performed on patients with distinct diagnoses indicate possible improve-
ment in the sensation of pain [61].

According to research, the dried stigmas and tops of the plant styles have the majority
of medicinal properties, including immunomodulating responses. Saffron contains a va-
riety of mineral agents, glycosides, anthocyanins, alkaloids, carotenoids and flavonoids
including quercetin and kaempferol, which further increase its immunoregulatory proper-
ties [62,63]. Studies using animal models have revealed that saffron acts on selective Th2
upregulation, naming it a “nutraceutical” spice [64]. Other preclinical and animal studies
showed that saffron can increase the expression levels of FOXP3, a transcriptional factor, in
Treg cells, and suppress IL-10 and IFN-γ secretion [65–67]. In the present SWiM, only one
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trial [28] evaluated immune response post-saffron supplementation, indicating improved
immunomodulation. However, further studies are required, assessing similar outcomes.

4.1. Methodological Limitations of the Included Trials
4.1.1. Assessment of Treatment Adherence Rate

According to research, treatment adherence in clinical trials is suboptimal, affecting the
economic costs, while impacting the methodological quality of the trials [68]. Nearly half of
the RCTs involving oral pharmacological interventions failed to report adherence rates [69],
indicating that proper adherence consideration is the exception instead of the rule [68]. In
the present review 40% (n = 2) of the included RCTs reported assessing treatment adherence,
although the exact rates were not presented. Moreover, none of the trials adhered to the
ESPACOMP Medication Adherence Reporting Guideline (EMERGE) reporting guidelines
regarding treatment adherence assessment [68]. A high non-adherence rate can reduce a
trial’s ability to detect a true treatment effect [70]. If adherence was considered and reported,
the results regarding Crocus sativus L. supplementation in RDs might have been different.

4.1.2. Possible Cross-Treatment Effect

The standard treatment of participants was not reported in all trials. In the Sahebari
et al. RCT [27], vitamin D ONS was among the standard therapy received by the partic-
ipants and changes the sensation of pain was one of the outcomes of interest. Although
pain was improved post-saffron administration [27], the scientific literature indicates that
vitamin D might influence immune cells and pain sensitization through a variety of hor-
monal and neurological pathways [71,72]. Thus, the improved pain sensation noted in the
trial might well be the synergistic result of vitamin D and Crocus sativus L.

Similarly, in the trial conducted by Poursamimi and associates [28], as the authors
promptly noted, the improved pain relief observed may be the result of sodium diclofenac,
which was administered to all participants during the trial. For this, significant improve-
ments regarding pain were noted in both arms [28].

4.1.3. Differentiation between OA and RA

In the present SWiM, RCTs performed in patients with an OA diagnosis were also
included, as often, patients with RA are misdiagnosed with OA, and vice versa [22]. Thus,
it is possible that some of the patients included in the trials might have belonged in the
opposite diagnosis, despite recruitment intentions.

Among the included RCTs, the one conducted by Sahebari and associates [27] was
the only one where the anti-cyclic citrullinated peptide (anti-CCP)-positive patients were
assessed within the sample, reporting that 89.2% of those allocated in the intervention and
81.6% of the controls were positive. The remaining RA/OA trials [28,29,31–33] failed to
address this issue. Since this is a common problem in arthritis research, including both
diagnosis without merging them was deemed as the safest option for the SWiM.

4.1.4. Effect of Lifestyle on RD Outcomes

Lifestyle has an impact on disease activity and outcomes in patients with RDs. In
further detail, exercise can reduce disease activity and diet can either improve or amplify
symptoms related to the diseases [73–77]. For this, the diet of participants in each RCT
with ONS interventions must be recorded, and in parallel, physical activity should also
be monitored. Among the included RCTs, however, only one [31,33] evaluated the diet
of participants and their physical activity levels. The remaining failed to control for this
important factor, introducing bias to their results.

4.1.5. Standardization of the Herbal Intervention and Reporting Quality of
Formula Elaborations

As Ali [78] noted, herbal medicines tend to suffer from lack of standardization pa-
rameters. In more detail, there appears to be a lack of standardization regarding the raw
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materials used, the harvesting, drying, storage and processing methods, as well as the
final products and dosage formulation [16,79]. Moreover, quality control procedures are
inexistent in most of the trials [79]. According to the World Health Organization (WHO),
all medicines, whether they are of plant origin or synthetic, must fulfill the basic require-
ments of safety and effectiveness [16,80]. Nevertheless, it appears that trials implementing
herbal medicine interventions often fail to report information required to judge internal
validity, external validity, and reproducibility [17,18]. From the bush to the content of a pill,
herbal substances undergo a variety of procedures that define the final product’s active
ingredients and may greatly affect efficacy. As a result, most frequently, batch-to-batch
uniformity of the active constituents and quality control using various analytical techniques
are inexistent [81], leading to substantial variations in the formulation and bioactivity of
herbal medicine supplements from lot to lot [82], and it is unclear if single and consistent
batches are used for the formulations applied in the trials. Moreover, the need to quantify
the test substance using high-performance liquid chromatography, gas chromatography, or
other techniques is required to understand the exact dose of active ingredient that produces
a significant effect [81].

According to Guo [83], the often non-standardized nature of the prepared interven-
tions increases the probability for adverse events, indicating that in all cases of RCTs with
herbal medicine, standards of safety and efficacy must be implemented. Today, poor
reporting of adverse events consists of a frequent criticism regarding CAM research [84,85]
and in the present systematic review 2/3 of the RCTs failed to report any adverse reactions.
Moreover, serious adverse events have been reported by the FDA; however, as they are
rare, they often fail to be manifested in small or underpowered RCTs [82].

Apart from the CONSORT for herbal medicine interventions [17], a variety of addi-
tional guidelines have been published with regard to quality standards and good clinical
practice in herbal medicine trials, including WHO recommendations and International
Union of Pure and Applied Chemistry (IUPAC) protocols [86–89]. Furthermore, informa-
tion regarding fingerprinting analyses for the quality assessment of herbal medicine have
also been proposed for interested stakeholders [90].

In the present systematic review, it was shown that regarding RCTs with saffron
interventions in patients with RDs, the majority failed to adhere to the CONSORT-specific
requirements for herbal medicine interventions. Similar issues have also been reported to
exist in Cochrane systematic reviews evaluating herbal medicine [91]. For this important
limitation, despite the plethora of meta-research evaluating herbal medicine interventions
that have been published in high-end academic journals without considering this limita-
tion [84,92], we considered that any quantitative synthesis would be misleading for the
authors and clinical practice, and was avoided.

4.1.6. Intervention Duration

The duration of the intervention varied greatly in the included RCTs, spanning from
as low as 8 weeks [30] to 4 months [28]. It is possible that a longer intervention duration
might have changed the results in several trials, as other trials administering saffron for
other conditions have, in their majority, applied the interventions for 3–4 months [9,15,93],
with a respective follow-up session. Moreover, according to a recent meta-analysis, longer
saffron supplementation durations have been shown to improve outcomes with regard
to blood pressure [15]. Suffice to say, the exact intervention duration required to produce
beneficial effects for each outcome has not yet been delineated.

4.1.7. Country of Origin

All trials included in the present SWiM were conducted in Iran. Today, 80% of the
global saffron production is harvested from Iran, and this is why Iranian researchers are
keen on investigating the plant’s properties [57]. Nevertheless, according to an umbrella
review [94], when studying the available literature, the need to conduct higher-quality
trials outside of Iran becomes apparent, in order to reduce bias.
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4.2. Ongoing Trials

Figure 7 details the ongoing trials investigating the effect of saffron in patients with
RDs. A total of four RCTs were identified in the Iranian registry of clinical trials (IRCT) and
none in the clinicaltrials.gov database. These trials are recruiting patients with BS, RA or
FM, investigating similar outcomes as in the present review. Their results are expected to
aid in understanding the possible results of saffron supplementation among patients with
rheumatic diseases.

 

Figure 7. Parallel RCTs investigating ONS with saffron in patients with rheumatic diseases. BCVA, best corrected visual
acuity; BMI, body mass index; BPI, brief pain inventory; BS, Behcet’s syndrome; CRP, C-reactive-protein; CTI, clinical trial
identifier; ELISA, enzyme-linked immunosorbent assay; FM, fibromyalgia; FOXP3, forkhead box P3; HDRS, Hamilton
Depression Survey Questionnaire; HRmax, maximum heart rate; IL-4, interleukin-4; IL-17, interleukin-17; mo, months;
NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NR, not reported; ONS, oral nutrient supplementation;
PPAR-γ, peroxisome proliferator-activated receptors γ; QoL, quality of life; RA, rheumatoid arthritis; RCT, randomized
controlled trial; ROR-γt, RAR-related orphan receptors γt (thymus-specific isoform); RT-PCR, real-time polymerase chain
reaction; SF-36, Short Form 36; T-bet, T-Box protein expressed in T cells; VAS, visual analogue scale; wks, weeks; DB double
blind; OL open label.

4.3. Limitations of the Present Qualitative Synthesis

The limitations of the present qualitative synthesis primarily involve the lack of an
adequate number of trials investigating similar outcomes in distinct RDs. Furthermore,
a gap in the literature is apparent, with null saffron RCTs conducted for specific RDs
(psoriasis, SLE, ankylosing spondylitis, Sjogren’s syndrome, etc.)

As in every meta-research, the present review also carries the limitations of the
included trials, indicating that there is room for the methodological improvement of
RCTs investigating saffron in RDs. Interestingly, most of the included trials failed to
assess and report changes in disease-activity specific scores (e.g., WOMAC), an issue that
should be accounted for when designing future trials. Moreover, the high clinical and
methodological heterogeneity among the included trials did not allow for a meta-analysis
to be performed. According to a recent umbrella systematic review [94], RCTs evaluating
saffron interventions entail a variety of biases, and their methodology should be improved.

The need for evaluating herbal medicine interventions is indisputable. Today, it is
estimated that 2/3 of the global population uses herbal medicines, with some countries
having incorporated them into the public health system [88]. Nevertheless, serious doubts
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regarding their safety and effectiveness remain [95]. According to Ernst and Pittler [96], the
majority of studies published in CAM journals report positive findings and the concerns
regarding the variation in formulation and bioactivity of some supplements remain a
challenge [82]. As suggested by the European research network for CAM [97], CAM
constitutes a neglected research area requiring more activities; however, specific standards
of reporting must be met in advance. Although the assessment of the adherence to the
CONSORT guidelines for the conduction and reporting of herbal medicine RCTs was not
included in the initial aims of the present systematic review or the protocol, during the
peer review process, it became clear that this issue constitutes an important factor affecting
trial quality and intervention efficacy. This additional analysis added value to the present
review, highlighting an area in need of improvement regarding the reporting of these trials.

5. Conclusions

Pedanio Dioscorides, an ancient Greek medical practitioner, was the first to report
the medicinal properties of saffron [52,57]. In an extensive review of the history and the
literature, Christodoulou [57] underlined the value of saffron over the centuries, with the
“Saffron war” taking place in the Middle Ages and the execution of those who dared to
tamper with saffron’s composition due to its medicinal properties. Today, in the era of
evidence-based medicine, whether this value can also be evidence-based greatly depends
on the appraisal of the existing primary studies.

Research has suggested that Crocus sativus can form an effective adjuvant therapy
for many conditions, and a promising one for RDs. RCTs performed in patients with
RDs indicate that saffron may target many different outcomes, including inflammation,
antioxidant status, depression and anxiety, pain, immune response and many others. If
its efficacy is demonstrated, then it will undoubtedly be the “golden spice” for RDs.
Nevertheless, at the moment, more primary studies are required to help us find the
appropriate dose and conclude with certainty on the efficacy of saffron ONS in rheumatic
diseases-related outcomes. Furthermore, the present systematic review raised concerns
regarding the importance of reporting standards in herbal medicine research, with chemical
fingerprinting being a required prerequisite for the standardization, safety and efficacy
evaluation of the active ingredients.
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Abstract: Diabetes mellitus (DM) is a high-risk non-communicable disease with an emerging burden
for the European Union (EU) member states in the past decades. The unfavorable trend of the burden
is striking compared to the declining disease burden due to cardiovascular diseases or stagnation
of neoplasms. The goal of this study is to describe the temporal changes of diabetes in the adult
population of Slovakia through the three European Health Interview Survey (EHIS) waves and
to assess the association between DM and socioeconomic and/or lifestyle characteristics. These
cross-sectional studies were carried out using microdata derived from Slovakia’s EHISs conducted in
the years 2009 (n = 4972), 2014 (n = 5490), and 2019 (n = 5527). The DM variable was compared to
the independent variables such as sociodemographic and lifestyle characteristics including dietary
patterns and physical activity. DM prevalence for the EHIS in 2009, 2014, and 2019 were 6.1%, 8.2%,
and 9.8%, respectively. In bivariate analysis, the relationship between DM and age, education level,
job status, BMI, walking for at least 10 min, and physical activity was significant in the three EHISs.
In 2014 and 2019, there was an inverse association between the risk of DM and walking regularly.
There was no association between the frequency of eating fruits or vegetables and DM, with the
exception of 2009, where a negative association between eating vegetables one to six times a week
and DM was observed. Present health policies and activities in Slovakia were unable to reverse
the increasing DM burden, indicating that a more systematic approach is needed. Complex policy
strategies and legislative measures must be developed and implemented at both the national and
EU levels.

Keywords: EHIS; diabetes; disease burden; European Union; policies

1. Introduction

Diabetes mellitus (DM) and its complications rank high in the global list of dis-
eases with high burden values [1]. DM is one of the four most common chronic non-
communicable diseases (NCDs), which occurs due to inadequate insulin production in the
pancreas, or when the body does not use its insulin production properly, which impact
blood sugar regulation. Uncontrolled DM can lead to several systemic complications in the
body. According to the World Health Organization (WHO), the three major types of DM are
type 1 diabetes mellitus, type 2 diabetes mellitus (T2DM), and gestational diabetes. Among
these, the T2DM is by far the most common, accounting for 90% of total DM cases. With
regard to its frequency and preventability, policies and strategies for the prevention of DM
are mainly tackling diabetes T2DM risk factors [2,3]. The European Union (EU) member
states are especially facing an increasing burden of DM; projections for 2030 and 2045 show
that the prevalence of DM among adults will increase to 50.48% and 50.51%, respectively [4].
Such a trend is very unfavorable compared to the two other major NCDs—cardiovascular
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diseases and neoplasms. According to the Global Burden of Disease (GBD) database, the
trend of DALYs (age-standardized rate per 100,000) due to cardiovascular diseases showed
a considerable decline from 8477.91 in 1990 to 5779.75 in 2019. Neoplasms had a plateau in
trend with modest change on DALYs from 5752.73 in 1990 to 6022.41 in 2019. In the same
time period, DM was reported to show a significant increase of burden, from 741.63 to
1098.57 [1].

In European countries, efforts have been made to tackle DM since the establishment
of the St. Vincent Declaration in 1989. Although some political initiatives by the European
Parliament were taken [5], in the last 20 years, DM has been mostly addressed as one of the
NCDs—for example, the Action Plan for the Prevention and Control of Non-communicable
Diseases in the WHO European Region [6].

However, according to Article 168 of the Treaty on the Functioning of the European
Union, the member states have the primary role of organizing the healthcare services; the
EU provides support and funds for prevention and research to reduce the burden due to
DM in many ways [7]—for instance, by facilitating the production of comparable datasets
for the identification and adoption of effective health policy measures. The European
Health Interview Survey (EHIS) is the most significant health data collection instrument.
It provides information on the health status, health determinants and healthcare services
facilitating data comparability between the member states [8]. These comparable data
allow stakeholders to develop and select tailored responses targeting the causal factors
of NCDs.

According to the WHO, the onset of type 2 diabetes can be delayed by maintaining a
healthy body weight, being physically active, eating a healthy diet and avoiding tobacco
use [9]. Poor diet is one of the major issues implicated in the incidence of DM. High intake
of foods with a high quantity of sugar, such sweetened beverages, can lead to worsened
DALYs in countries of the EU. Moreover, the suboptimal consumption of whole grains,
nuts, fruit, fish and legumes have a negative impact on the burden of DM [10]. Increased
physical activity, exercise or training, and reduced sedentary lifestyle are also behaviors
needed to avoid the occurrence of DM [11].

In addition to lifestyle related factors, socioeconomic factors also influence the de-
velopment of DM. Population-based studies have reported an association with older age,
lower socioeconomic status, and a lower level of education [12]. The burden due to DM
varies significantly among member states, and the diversity is present at a subnational
and regional level [13,14]. Thus, individual-based strategies addressing socioeconomic
disadvantages also seem necessary for DM prevention [15].

This study aims to describe the temporal changes of DM in the adult population of
Slovakia through the three EHIS waves, and to assess the association between DM and
socioeconomic and/or lifestyle characteristics. This study shows important results from an
ongoing project analyzing data from the three EHIS waves with a focus on DM in the EU.

2. Methods

Cross-sectional studies were carried out using microdata derived from Slovakia’s
EHISs conducted in 2009 (n = 4972), 2014 (n = 5490), and 2019 (n = 5527). The microdata
was obtained from Eurostat for European Health Interview survey 2009 and 2014, and
The Statistical Office of the Slovak Republic for European Health Interview Survey 2019.
These samples are representative of the Slovakian adult population (aged 15 years or over)
residing in private households. The three surveys included different participants. The
EHIS data collection method differs between countries, which may include face-to-face
interviews, telephone interviews, postal, web interviews or a combination of these methods.
Self-administered questionnaires were also applied for some questions; through papers,
the Internet, or both. According to the quality report of wave 2 in Slovakia, face-to-face
interviews and self-administered paper-based questionnaires were used. The sampling
frame varied by countries as some used population registers, dwelling registers, population
censuses, and others. Slovakia’s sampling frame was drawn from the dwelling register.
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Some countries used proxy interviews; in Slovakia, proxy interviews were not applied.
Details of the methodology and sampling are reported by the European Commission [8].
Our study variables were based on questions consequently asked in the 2009, 2014, and 2019
EHISs. Respondents who answered “yes” to the question: “During the past 12 months,
have you had diabetes?” were considered in the group with DM, including any types
of diabetes mellitus. Self-reporting sociodemographic and lifestyle characteristics were
analyzed as independent variables; a definition of each variable as derived from the survey
is available in Supplementary.

Demographic and socioeconomic characteristics included sex, age (15 to 44, 45 to
64, and 65 and above), regions based on level 2 of nomenclature of territorial units for
statistics (NUTS2) of Slovakia (Bratislavský kraj, Západné Slovensko, Stredné Slovensko,
and Východné Slovensko), degree of urbanization (cities, towns and suburbs and rural
areas), education level (less than primary/primary education, secondary education and
higher education), labor status (employed, unemployed and others).

The included lifestyle variables were body mass index (BMI, kg/m2) (<18.5, 18.5–24.9,
25–29.9 and ≥30), frequency of walking for transportation purposes (to get to and from
places) at least 10 min per day (everyday, one to six days, and never), physical activity per
week (two days and more, one day per week and never), the frequency of eating fruits and
frequency of eating vegetables per week (one or more per day, one to six times a week, and
less than once a week and never).

The distribution of the variables was described and compared within surveys and
for diabetic and nondiabetic respondents. Proportions were used as descriptive statistics.
The estimated prevalence of DM for each year was based on the study sample. To perform
bivariate comparisons, Pearson chi-square test was used to analyze the association between
the study variables and DM. A multivariable unconditional logistic regression model
was conducted, including variables which were statistically significant in the bivariate
analysis, and variables that were not statistically significant, but were of interest from an
epidemiological perspective. The regression results are shown as odds ratios (ORs) with
95% confidence interval (CIs). We used the three datasets separately for analysis. Sampling
weights were available in the database; svy function in Stata was used to preserve the EHIS
survey weighting only in the multivariable analysis. Statistical analyses were performed
by using STATA IC version 13.0 software.

3. Results

DM prevalence for the 2009 EHIS was 6.1%, 8.2% for 2014, and 9.8% for 2019. The
distribution by numbers of the study population by DM occurrence according to demo-
graphic, socioeconomic variables, and lifestyle are shown in Table 1. The distribution by
numbers and relative frequencies of the study population divided by the presence of DM
according to demographic, socioeconomic variables, and lifestyle are shown in Table S1 of
the Supplementary File.

The results of the bivariate analysis showed that the percentage of individuals who
had DM differed by gender (p-value < 0.05) in 2009; female respondents had higher
percentages in the diabetes group than males. Frequencies were significantly different by
age groups in 2009, 2014, and 2019: diabetic respondents belonged to older age categories
of 65 and older—3.59%, 4.81%, and 6.06%, respectively. It is observed that respondents
with secondary education were more affected by DM than any other education levels and
the relation between DM and education level is significant. The degree of urbanization
presented a significant relationship with DM only in 2009 and 2014; the respondents who
had DM and lived in the rural areas were higher in 2009. In 2014, the most individuals
with DM lived in towns and suburbs. The occurrence of DM differed by labor status;
respondents who were diabetic were higher in other groups (e.g., students, pensioners) of
labor status. As seen by the frequencies in the cross-tabulated Table 1, there is a significant
relationship between the presence of DM and BMI in 2009, 2014, and 2019. The majority
of diabetic individuals belonged to the overweight or obesity group. Individuals with
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DM were higher in the BMI group between 25 to 29.9 in 2009 and 2014, but in 2019, the
frequency of diabetes was higher in the BMI group ≥30. The frequency of having DM
differed by the number of days walking for at least 10 min per week. Of the total number
of respondents, most of the diabetic individuals in 2009 and 2014 walked to get to and
from places one to six times per week for 10 min. Walking every day for transportation
purposes was higher and less diabetic individuals never walked in 2009 and 2014. In 2019,
respondents with DM had a higher frequency for walking for transportation for 10 min
every day than walking one to six times per week for 10 min or never groups. A significant
relationship was shown between the presence of DM and physical activity categories in
2009, 2014, and 2019. Higher frequencies of diabetic individuals were found in the group of
individuals who never performed any kind of physical activity per week in 2009, 2014, and
2019. The relationship between the consumption of fruits and vegetables and the presence
of DM was significant only in 2009. Diabetic respondents had the highest frequency of
eating one or more fruits and vegetables per day in 2009 than eating one to six times a
week or less than once a week or never.

The results of the multivariable model are shown in Table 2. The results indicated that
females in 2019 were 27% less likely to have DM compared to males (OR 0.77; 95% CI 0.62
to 0.95). Age groups of 15 to 44 and 45 to 64 had a negative association to DM compared to
the reference age group (65 and above) in all three surveys. The degree of urbanization
was not associated with the presence of DM. Primary or less than primary education was
positively associated with having DM in 2019 (OR 3.25; 95% CI 1.12 to 9.46) compared to
respondents who were in the higher education category. Employment as a labor status had
significant lower likelihood of DM, compared to the reference group of other labor status
(OR 0.40; 95% CI 0.27–0.60) (OR 0.35; 95% CI 0.25–0.49) (OR 0.36; 95% CI 0.25 to 0.50) in
the years of 2009, 2014 and 2019. Unemployment (OR 0.56; 95% CI 0.33 to 0.95) presented
lower probability of having DM compared to reference group of other labor status, only
in 2014.

People with BMI of 30 or higher had a greater probability of developing DM in 2009
and 2019 as compared to the overweight group (BMI 25 to 29.9), and accordingly, lower
BMI (<18.5 to 24.9) was associated with a low probability of having DM in 2009 (OR 0.59;
95% CI 0.41 to 0.84), 2014 (OR 0.57; 95% CI 0.43 to 0.76), 2019 (OR 0.65; 95% CI 0.49 to 0.88),
respectively. Regarding physical activity and movement, a negative association between
the risk of DM and walking to get to and from places for at least 10 min every day (OR
0.67;95% CI 0.49 to 0.92) (OR 0.57; 95% CI 0.42 to 0.77) or at least one to six times per week
(OR 0.70; 95% CI 0.52 to 0.96) (OR 0.69; 95% CI 0.50 to 0.94) compared to our reference
category of “never” was found in the years of 2014 and 2019, respectively. In 2014, a lack
of physical activity, “never”, increased the probability of DM (OR 2.55; 95% 1.02 to 6.37).
There was no association between the frequency of eating fruits and the presence of DM.
The frequency of eating vegetables one to six times per week compared to our reference
category of one and more a day decreased the risk of DM presence in the year 2009 (OR
0.66; 95% CI 0.48 to 0.92). There was no significant association regarding regions of Slovakia
(data from 2019, exclusively).
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4. Discussion

To the best of our knowledge, this is the first study analyzing DM burden throughout
the three waves of EHIS. Our study presents nationwide, representative data on an adult
population covering basic health monitoring indicators, establishing the required baseline
data for future evaluation. According to our analysis, the prevalence of DM patients has
shifted upwards from 2009 to 2019. This increase is similar to the increase of prevalence in
most of the EU member states and the EU average [16].

The results showed that the degree of urbanization was not associated with the risk
of DM, contrary to results from a meta-analysis, which considered living in cities would
elevate the risk of DM [17]. Socioeconomic factors such as lower education attainment level
and labor status may function as factors due to various disparities in the population [18,19].
Results from Denmark and other European countries demonstrate that individuals who
are less educated are prone to develop DM than those without. Employment is inversely
linked to DM in the three waves; studies have found that individuals with DM exit labor
earlier, in addition to reducing their quality of work [20]. Studies suggest that the work
environment, type of work and working hours increase the risk of DM [21–23].

Dietary habits have shifted in all EU countries to a “Westernized” diet based on the
globalization of food production and distribution, which is most striking in the Mediter-
ranean countries [24]. The vegetable intake in Europe increased by approximately 20%
from the middle of the last century until 2006. Historically, countries of southern Europe
reported the highest vegetable intake (double other European regions), but in the beginning
of this century, it has started to decrease. Fruit consumption has increased across Europe
over the past 60 years, in line with vegetable consumption. Market sales of fruit increased
until the beginning of the 21st century, followed by a slow decline. At a regional level, the
most significant growth was observed in Northern European countries, where it has been
slowly declining in recent years [25].

Our study has supported the already established evidence of the association between
obesity and overweight with higher DM risk, which was revealed significantly through
the three waves. Fruit and vegetable intake is often at the center of health policies tackling
DM. In some prospective studies, fruit and vegetable consumption was found to reduce
the risk of DM [26,27]. However, in our cross-sectional analyses, their consumption did
not show a consistent association with DM occurrence. People with DM may consume
similar amounts of fruits and vegetables as individuals without DM following healthcare
recommendations [6,7]. This contradiction is not surprising; the lack of a clear link between
total vegetable and fruit consumption and the incidence of T2DM was already reported by
a meta-analysis [28].

In high-income countries such as Slovakia, DM occurrence may be more associated
with obesity and physical inactivity than other socioeconomic factors and urbanization.
This might be caused by diet transitioning towards Westernized diet in recent years. The
dietary quality of a country may depend on interrelated factors including traditional food
patterns, local food availability, the food supply chain, and food policies.

Sedentary lifestyle, decreased physical activity, is more so than an unhealthy diet
considered to be associated directly or indirectly with DM. A study using data from Sport
and Physical Activity EU Special Eurobarometers reported that sedentary behavior became
more prevalent from 2005 to 2017 in the EU member states (except for Finland) and this
increasing prevalence occurred in the total population, and men and women separately.
The higher prevalence of sedentary lifestyle was observed among men than women, except
for Bulgaria, Estonia, Hungary, Latvia and Lithuania [29].

Based on our results, walking as part of active transportation was a protective factor
for DM, which aligns with results from a dose–response meta-analysis; walking up to
two to three hours per week reduces the risk of DM, but above these levels, there is no
reduction in the risk [30]. Individuals who had a sedentary lifestyle were associated
with DM. Clinical trials and cohorts found that both aerobic and resistance exercise have

152



Nutrients 2021, 13, 2156

an inverse association with DM risk [31]. Meta-analysis suggests a greater risk of DM
associated with a large duration of sedentary behavior [32].

Human studies have supported that DM can be delayed or managed integrating
a multi-component approach including the main affecting socioeconomic and lifestyle
factors through regulating food intake, behavioral changes, and physical activity. A recent
randomized controlled trial found that intensive lifestyle interventions resulted in signifi-
cant weight loss over 12 months, and that more than 60% of participants experienced the
remission of diabetes and 30% achieved normoglycemia [33].

Although Slovakia has already established legislative efforts in these domains [34,35]—
which include a policy on the organization of sport in educational settings and promoting
sport in younger ages, as well as a national action plan to promote sport and physical
activity, several nutritional and labeling policies targeting obesity and improving health,
and a national DM plan—the burden of DM is still high [36]. However, the experience
with policy interventions at the population level is controversial. While population-based
interventions are often followed by some successes, these do not necessarily translate into
long-term reductions in disease burden. A systematic review, for example, about regu-
latory interventions targeting population nutrition found that some “isolated regulatory
interventions” may have a positive impact on intermediate outcomes, but this change has
not reached clinically significant levels—e.g., having such an impact on food intake that
can result in reduced incidence of obesity or NCDs [37]. Similarly, another systematic
review has not found evidence of the impact of any of the studied interventions on the
prevalence of overweight, obesity, or T2DM [38]. Simulation studies project that a network
of interventions is needed to achieve the targets in disease burden reduction. In a model
with all potential interventions incorporated, the population risk ratios could be reduced
both for obesity and T2DM [39].

The major limitation of this study is that, due to the cross-sectional design, causal
relationship between DM and risk factors cannot be established. In our analysis, the
employment position was not considered. Regions of level 2 of nomenclature of territorial
units for statistics (NUTS2) were only available in 2019; thus, the association between
DM and living in different regions of Slovkia was studied in 2019 exclusively. EHIS
is a self-reported survey; all answers were subjective, which may affect the accuracy
and reliability of the reported data and estimated associations. Additionally, due to the
homogenous category of DM that was used in the EHIS waves, the different types of DM
were not distinguished in our analysis, although the background pathologies of each type
are different.

5. Conclusions

Lifestyle characteristics such as dietary habits of eating fruit and vegetables were not
associated with DM, but results from 2009 demonstrated that eating vegetables several
times a week may reduce the risk of DM and movement for at least 10 min, as walking
may prevent DM. However, more lifestyle characteristics and socioeconomic conditions
should be studied to evaluate their role in the increased prevalence in Slovakia and in
comparison to other EU countries. In the EU, the member states have a leading role in
combating DM and its risk factors, to make legislation and provide healthcare services. In
Slovakia, existing health policies and actions could not reverse the gradually growing DM
burden, indicating that a more systematic approach should be adopted. In conclusion, to
achieve improvement, creating and implementing complex policy initiatives and legislative
measures seem unavoidable, both at national and EU levels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13072156/s1. Table S1: Distribution of the study population. Definitions of the variables
that were used in the study.

153



Nutrients 2021, 13, 2156

Author Contributions: Conceptualization, N.M. and O.V.; data curation, N.M.; formal analysis,
N.M., C.A.S.A., N.K., D.W.N. and O.V.; funding acquisition, O.V.; methodology, N.M., C.A.S.A. and
O.V.; supervision, O.V.; writing—original draft, N.M.; writing—review and editing, N.M., C.A.S.A.,
N.K., D.W.N. and O.V. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the GINOP-2.3.2-15-2016-00005 project, co-financed by the Euro-
pean Union under the European Social Fund and European Regional Development Fund. O.V. receives
a fellowship from the Hungarian Academy of Sciences (Premium Postdoctoral Research Program).

Institutional Review Board Statement: The Ethical Committee of the Hungarian Scientific Council
on Health has approved the research protocol and methodology (61327-2017/EKU).

Informed Consent Statement: Not applicable.

Data Availability Statement: Microdata of EHIS 2009 and 2014 are available via Eurostat upon
request. Microdata of EHIS 2019 is available via Statistical Office of the Slovak Republic upon request.

Acknowledgments: We express our gratitude to Eurostat microdata team and to Statistical Office of
the Slovak Republic.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Disclaimer: The responsibility for all conclusions drawn from the data lies entirely with the authors.

Source of the Data: This study is based on data from Eurostat, European Health Interview survey
2009, 2014, and Statistical Office of the Slovak Republic, European Health Interview Survey, 2019.

References

1. Institute for Health Metrics and Evaluation (IHME). GBD Compare; IHME, University of Washington: Seattle, WA, USA, 2019.
2. World Health Organization. Fact Sheets: Diabetes. Available online: https://www.who.int/news-room/fact-sheets/detail/

diabetes (accessed on 15 May 2021).
3. International Diabetes Federation (IDF). Type 2 Diabetes. Available online: https://idf.org/aboutdiabetes/type-2-diabetes.html

(accessed on 15 May 2021).
4. International Diabetes Federation. IDF Diabetes Atlas, 9th ed.; International Diabetes Federation: Brussels, Belgium, 2019.
5. European Parliament. European Parliament News: Parliament Calls for EU Diabetes Strategy. Available online: https://

www.europarl.europa.eu/news/en/press-room/20120313IPR40731/parliament-calls-for-eu-diabetes-strategy (accessed on 15
May 2021).

6. World Health Organization. Action Plan for the Prevention and Control of Noncommunicable Diseases in the WHO European
Region. In Proceedings of the Regional Committee for Europe 66th Session 2016, Copenhagen, Denmark, 12–15 September 2016.

7. European Commission. Non-Communicable Diseases Overview. Available online: https://ec.europa.eu/health/non_
communicable_diseases/overview_en (accessed on 27 March 2021).

8. Eurostat. Glossary: European Health Interview Survey (EHIS). Available online: https://ec.europa.eu/eurostat/statistics-
explained/index.php/Glossary:European_health_interview_survey_(EHIS) (accessed on 27 March 2021).

9. World Health Organization. Diabetes Mellitus. Fact Sheet, no. 138. April 2002. Available online: https://www.who.int/health-
topics/diabetes (accessed on 13 May 2021).

10. Schwingshackl, L.; Knüppel, S.; Michels, N.; Schwedhelm, C.; Hoffmann, G.; Iqbal, K.; De Henauw, S.; Boeing, H.; Devleess-
chauwer, B. Intake of 12 food groups and disability-adjusted life years from coronary heart disease, stroke, type 2 diabetes, and
colorectal cancer in 16 European countries. Eur. J. Epidemiol. 2019, 34, 765–775. [CrossRef]

11. Carbone, S.; Del Buono, M.G.; Ozemek, C.; Lavie, C.J. Obesity, risk of diabetes and role of physical activity, exercise training and
cardiorespiratory fitness. Prog. Cardiovasc. Dis. 2019, 62, 327–333. [CrossRef] [PubMed]

12. Seiglie, J.A.; Marcus, M.-E.; Ebert, C.; Prodromidis, N.; Geldsetzer, P.; Theilmann, M.; Agoudavi, K.; Andall-Brereton, G.;
Aryal, K.K.; Bicaba, B.W.; et al. Diabetes Prevalence and Its Relationship With Education, Wealth, and BMI in 29 Low- and
Middle-Income Countries. Diabetes Care 2020, 43, 767–775. [CrossRef] [PubMed]

13. Schipf, S.; Ittermann, T.; Tamayo, T.; Holle, R.; Schunk, M.; Maier, W.; Meisinger, C.; Thorand, B.; Kluttig, A.; Greiser, K.H.; et al.
Regional differences in the incidence of self-reported type 2 diabetes in Germany: Results from five population-based studies in
Germany (DIAB-CORE Consortium). J. Epidemiol. Commun. Health 2014, 68, 1088–1095. [CrossRef]

14. Du, Y.; Baumert, J.; Paprott, R.; Teti, A.; Heidemann, C.; Scheidt-Nave, C. Factors associated with undiagnosed type 2 diabetes in
Germany: Results from German Health Interview and Examination Survey for Adults 2008–2011. BMJ Open Diabetes Res. Care
2020, 8, e001707. [CrossRef]

154



Nutrients 2021, 13, 2156

15. Rawshani, A.; Svensson, A.-M.; Zethelius, B.; Eliasson, B.; Rosengren, A.; Gudbjörnsdottir, S. Association Between Socioeconomic
Status and Mortality, Cardiovascular Disease, and Cancer in Patients with Type 2 Diabetes. JAMA Intern. Med. 2016, 176,
1146–1154. [CrossRef]

16. Global Burden of Disease Collaborative Network. Global Burden of Disease Study 2019 (GBD 2019) Results; Global Burden of
Disease Collaborative Network: Seattle, WA, USA, 2020.

17. Braver, N.R.D.; Lakerveld, J.; Rutters, F.; Schoonmade, L.J.; Brug, J.; Beulens, J.W.J. Built environmental characteristics and
diabetes: A systematic review and meta-analysis. BMC Med. 2018, 16, 1–26. [CrossRef]

18. Kumari, M.; Head, J.; Marmot, M. Prospective Study of Social and Other Risk Factors for Incidence of Type 2 Diabetes in the
Whitehall II Study. Arch. Intern. Med. 2004, 164, 1873–1880. [CrossRef]

19. Stringhini, S.; Zaninotto, P.; Kumari, M.; Kivimäki, M.; Batty, G.D. Lifecourse socioeconomic status and type 2 diabetes: The role
of chronic inflammation in the English Longitudinal Study of Ageing. Sci. Rep. 2016, 6, 24780. [CrossRef] [PubMed]

20. Rumball-Smith, J.; Barthold, D.; Nandi, A.; Heymann, J. Diabetes Associated with Early Labor-Force Exit: A Comparison of
Sixteen High-Income Countries. Health Aff. 2014, 33, 110–115. [CrossRef] [PubMed]

21. Magadzire, B.P.; Mathole, T.; Ward, K. Reasons for missed appointments linked to a public-sector intervention targeting patients
with stable chronic conditions in South Africa: Results from in-depth interviews and a retrospective review of medical records.
BMC Fam. Pract. 2017, 18, 1–10. [CrossRef] [PubMed]

22. Pazmino, L.; Esparza, W.; Aladro-Gonzalvo, A.; León, E. Impact of Work and Recreational Physical Activity on Prediabetes
Condition among U.S. Adults: NHANES 2015–2016. Int. J. Environ. Res. Public Health 2021, 18, 1378. [CrossRef] [PubMed]

23. Kang, E. Differences in Clinical Indicators of Diabetes, Hypertension, and Dyslipidemia Among Workers Who Worked Long
Hours and Shift Work. Workplace Health Saf. 2021, 69, 268–276. [CrossRef] [PubMed]

24. Vareiro, D.; Bach-Faig, A.; Quintana, B.R.; Bertomeu, I.; Buckland, G.; De Almeida, M.D.V.; Serra-Majem, L. Availability of
Mediterranean and non-Mediterranean foods during the last four decades: Comparison of several geographical areas. Public
Health Nutr. 2009, 12, 1667–1675. [CrossRef] [PubMed]

25. Riccardi, G.; Vitale, M.; Vaccaro, O. Are Europeans moving towards dietary habits more suitable for reducing cardiovascular
disease risk? Nutr. Metab. Cardiovasc. Dis. 2020, 30, 1857–1860. [CrossRef] [PubMed]

26. Jiang, Z.; Sun, T.-Y.; He, Y.; Gou, W.; Zuo, L.-S.-Y.; Fu, Y.; Miao, Z.; Shuai, M.; Xu, F.; Xiao, C.; et al. Dietary fruit and vegetable
intake, gut microbiota, and type 2 diabetes: Results from two large human cohort studies. BMC Med. 2020, 18, 1–11. [CrossRef]
[PubMed]

27. Cooper, A.; Sharp, S.J.; Lentjes, M.; Luben, R.; Khaw, K.-T.; Wareham, N.J.; Forouhi, N.G. A Prospective Study of the Association
Between Quantity and Variety of Fruit and Vegetable Intake and Incident Type 2 Diabetes. Diabetes Care 2012, 35, 1293–1300.
[CrossRef]

28. Neuenschwander, M.; Ballon, A.; Weber, K.S.; Norat, T.; Aune, D.; Schwingshackl, L.; Schlesinger, S. Role of diet in type 2 diabetes
incidence: Umbrella review of meta-analyses of prospective observational studies. BMJ 2019, 366, l2368. [CrossRef]

29. López-Valenciano, A.; Mayo, X.; Liguori, G.; Copeland, R.J.; Lamb, M.; Jimenez, A. Changes in sedentary behaviour in European
Union adults between 2002 and 2017. BMC Public Health 2020, 20, 1–10. [CrossRef]

30. Aune, D.; Norat, T.; Leitzmann, M.; Tonstad, S.; Vatten, L.J. Physical activity and the risk of type 2 diabetes: A systematic review
and dose–response meta-analysis. Eur. J. Epidemiol. 2015, 30, 529–542. [CrossRef]

31. Ross, L.M.; Slentz, C.A.; Zidek, A.M.; Huffman, K.M.; Shalaurova, I.; Otvos, J.D.; Connelly, M.A.; Kraus, V.B.; Bales, C.W.;
Houmard, J.A.; et al. Effects of Amount, Intensity, and Mode of Exercise Training on Insulin Resistance and Type 2 Diabetes Risk
in the STRRIDE Randomized Trials. Front. Physiol. 2021, 12. [CrossRef]

32. Bailey, D.P.; Hewson, D.J.; Champion, R.B.; Sayegh, S.M. Sitting Time and Risk of Cardiovascular Disease and Diabetes: A
Systematic Review and Meta-Analysis. Am. J. Prev. Med. 2019, 57, 408–416. [CrossRef] [PubMed]

33. Taheri, S.; Zaghloul, H.; Chagoury, O.; Elhadad, S.; Ahmed, S.H.; El Khatib, N.; Amona, R.A.; El Nahas, K.; Suleiman, N.;
Alnaama, A.; et al. Effect of intensive lifestyle intervention on bodyweight and glycaemia in early type 2 diabetes (DIADEM-I):
An open-label, parallel-group, randomised controlled trial. Lancet Diabetes Endocrinol. 2020, 8, 477–489. [CrossRef]

34. Richardson, E.; Zaletel, J.; Ellen, N. National Diabetes Plans: In Europe What Lessons Are there for the Prevention and Control of Chronic
Diseases in Europe? National Institute of Public Health Ljubljana: Ljubljana, Slovenia, 2016.

35. World Health Organization. Diabetes Country Profiles: Slovakia. Available online: https://www.who.int/diabetes/country-
profiles/svk_en.pdf (accessed on 15 May 2021).

36. World Obesity Federation. Global Obesity Observatory. Available online: https://data.worldobesity.org/ (accessed on 15
May 2021).

37. Sisnowski, J.; Street, J.M.; Merlin, T. Improving food environments and tackling obesity: A realist systematic review of the policy
success of regulatory interventions targeting population nutrition. PLoS ONE 2017, 12, e0182581. [CrossRef]

38. Roberts, S.; Pilard, L.; Chen, J.; Hirst, J.; Rutter, H.; Greenhalgh, T. Efficacy of population-wide diabetes and obesity prevention
programs: An overview of systematic reviews on proximal, intermediate, and distal outcomes and a meta-analysis of impact on
BMI. Obes. Rev. 2019, 20, 947–963. [CrossRef] [PubMed]

39. Nianogo, R.A.; Arah, O.A. Impact of Public Health Interventions on Obesity and Type 2 Diabetes Prevention: A Simulation Study.
Am. J. Prev. Med. 2018, 55, 795–802. [CrossRef]

155





nutrients

Article

High Fructose Intake Contributes to Elevated Diastolic Blood
Pressure in Adolescent Girls: Results from The HELENA Study

Laurent Béghin 1,*, Inge Huybrechts 2,3, Elodie Drumez 4,5, Mathilde Kersting 6, Ryan W Walker 7,

Anthony Kafatos 8, Denes Molnar 9, Yannis Manios 10, Luis A Moreno 11, Stefaan De Henauw 2

and Frédéric Gottrand 1

Citation: Béghin, L.; Huybrechts, I.;

Drumez, E.; Kersting, M.; Walker,

R.W.; Kafatos, A.; Molnar, D.; Manios,

Y.; Moreno, L.A.; De Henauw, S.; et al.

High Fructose Intake Contributes to

Elevated Diastolic Blood Pressure in

Adolescent Girls: Results from The

HELENA Study. Nutrients 2021, 13,

3608. https://doi.org/10.3390/

nu13103608

Academic Editor: Luisa Cigliano

Received: 12 August 2021

Accepted: 10 October 2021

Published: 15 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Univ. Lille, Inserm, CHU Lille, U1286—INFINITE and CIC-1403, F-59000 Lille, France;
Frederic.gottrand@chu-lille.fr

2 Department of Public Health and Primary Care, Faculty of Medicine and Health Sciences, Ghent University,
B-9000 Ghent, Belgium; HuybrechtsI@iarc.fr (I.H.); Stefaan.DeHenauw@ugent.be (S.D.H.)

3 Dietary Exposure Assessment Group, International Agency for Research on Cancer, F-69000 Lyon, France
4 Univ. Lille, CHU Lille, ULR 2694—METRICS: Évaluation des Technologies de Santé et des Pratiques

Médicales, F-59000 Lille, France; elodie.drumez@chu-lille.fr
5 CHU Lille, Department of Biostatistics, F-59000 Lille, France
6 Research Department of Child Nutrition, Pediatric University Clinic, Ruhr-University Bochum,

D-44791 Bochum, Germany; mathilde.kersting@ruhr-uni-bochum.de
7 Department of Environmental Medicine and Public Health, Icahn School of Medicine at Mount Sinai,

New York, NY 10029, USA; ryan.walker@mssm.edu
8 Preventive Medicine and Nutrition Clinic, University of Crete School of Medicine, G-14122 Crete, Greece;

kafatos@med.uoc.gr
9 Department of Pediatrics, University of Pecs, H-7600 Pecs, Hungary; denes.molnar@aok.pte.hu
10 Department of Nutrition and Dietetics, University of Harakopio, G-10431 Athens, Greece; manios@hua.gr
11 GENUD (Growth, Exercise, Nutrition and Development) Research Group Escuela Universitaria de Ciencas

de la Salud, Universidad de Zaragoza, S-50009 Zaragoza, Spain; lmoreno@unizar.es
* Correspondence: Laurent.beghin@chu-lille.fr

Abstract: Background: The association between high fructose consumption and elevated blood
pressure continues to be controversial, especially in adolescence. The aim of this study was to
assess the association between fructose consumption and elevated blood pressure in an European
adolescent population. Methods: A total of 1733 adolescents (mean ± SD age: 14.7 ± 1.2; percentage
of girls: 52.8%) were analysed from the Healthy Lifestyle in Europe by Nutrition in Adolescence
(HELENA) study in eight European countries. Blood pressure was measured using validated devices
and methods for measuring systolic blood pressure (SBP) and diastolic blood pressure (DBP). Dietary
data were recorded via repeated 24 h recalls (using specifically developed HELENA–DIAT software)
and converted into pure fructose (monosaccharide form) and total fructose exposure (pure fructose +
fructose from sucrose) intake using a specific fructose composition database. Food categories were
separated at posteriori in natural vs. were non-natural foods. Elevated BP was defined according to
the 90th percentile cut-off values and was compared according to tertiles of fructose intake using
univariable and multivariable mixed logistic regression models taking into account confounding
factors: centre, sex, age and z-score–BMI, MVPA (Moderate to Vigorous Physical Activity) duration,
tobacco consumption, salt intake and energy intake. Results: Pure fructose from non-natural foods
was only associated with elevated DBP (DBP above the 10th percentile in the highest consuming girls
(OR = 2.27 (1.17–4.40); p = 0.015) after adjustment for cofounding factors. Conclusions: Consuming
high quantities of non-natural foods was associated with elevated DBP in adolescent girls, which
was in part due to high fructose levels in these foods categories. The consumption of natural foods
containing fructose, such as whole fruits, does not impact blood pressure and should continue to
remain a healthy dietary habit.

Keywords: pure fructose consumption; adolescent; blood pressure
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1. Introduction

The introduction of industrial foods and new manufacturing food process at the begin-
ning of 20th century has modified sources of fructose in humans. For centuries, the main
source of fructose in humans was the consumption of natural foods containing fructose
such as honey, fruits and vegetables intrinsically rich in the pure monosaccharide form
(α-D-glucopyranose) [1]. Since the substitution of sucrose for fructose in many foods and
beverages, the consumption of extrinsic fructose has increased in parallel with increas-
ing industrially manufactured or confectionary foods commonly appearing as an added
sugar [2,3]. This high use in industrially manufactured or confectionary foods can be
attributed to the low cost of fructose compared to sucrose. For nearly two decades, the
overconsumption of pure fructose has been reported as a potential unique dietary risk
factor because of links to obesity risk, the preeminent epidemic and health concern in the
US and worldwide [4,5]. The overconsumption of pure fructose is also associated with
risk of chronic metabolic noncommunicable diseases such as hypertension [6], cardiovas-
cular diseases [3,7], type 2 diabetes [8], metabolic syndrome [9], steatohepatitis [10] and
inflammatory conditions [11]. In this context, overconsumption of pure fructose became an
important public health issue in both the scientific and public domain [12–14].

Arterial hypertension is one of the top five leading worldwide risks of mortality [15].
It is also the most common modifiable risk factor for cardiovascular disease [16], with
the tracking of hypertension across adolescence to adulthood being a very important
health metric [17]. Previous studies have suggested that high levels of pure fructose intake
contribute to elevation in blood pressure [6,18–22]. This observation has been confirmed
in animal studies, where consuming a diet comprising 60% of total energy from fructose
induces hypertension [23–27]. Few studies have examined the possible deleterious health
effects of pure fructose consumption among adolescents [6], despite the observation that
adolescents are the highest consumers of fructose [28,29]. To our knowledge, only two
studies have assessed the impact of fructose-rich beverages such as caffeinated and/or
sugar-sweetened beverages (SSB) on blood pressure in adolescents [18,30], both showing
that consumption of these beverages was associated with higher systolic blood pressure.
However, results from these studies were highly criticized because they did not take
into account of potential confounding factors such as physical activity level, tobacco
consumption and salt intake. Moreover, they did not examine the total all food sources
containing fructose [31]; they were only focalized on some food categories such as SSB,
for example. The impact of fructose consumption on adolescent blood pressure continues
to be controversial [32,33], and the relationship between blood pressure and fructose
consumption should be viewed as a major public health issue [34].

The purpose of our study was to assess the association of fructose intake from various
foods categories on the blood pressure of adolescents. The hypothesis was that high
fructose intake from several food sources extrinsically fructose rich could increase blood
pressure in adolescents.

2. Materials and Methods

2.1. Sample

Data were derived from the Healthy Lifestyle in Europe by Nutrition in Adolescence
(HELENA) study from eight different countries in Northern (Ghent in Belgium, Lille in
France, Dortmund in Germany, Stockholm in Sweden), Central (Vienna in Austria) and
Southern Europe (Athens in Greece, Roma in Italy, Zaragoza in Spain) between 2006 and
2007, as previously described [35]. Briefly, the HELENA study was a multisite study
designed to obtain reliable, comparable data about nutritional habits and patterns, body
composition and levels of physical activity and fitness from European adolescents aged
12.5 y to 17.5 y. Details of the sampling procedures, field team preparation, the pilot study
and data reliability are presented elsewhere [36]. The study was performed in accordance
with the ethical guidelines of the Declaration of Helsinki, good clinical practice and the
legislation concerning clinical research in each of the participating countries. The protocol
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was approved by the appropriate independent ethics committee for each study centre,
and written informed consent was obtained from both parents and adolescents [37]. In
total, 3865 adolescents were enrolled through their schools, which were randomly selected
according to a proportional cluster sampling methodology that took age and socioeconomic
status into account [38]. From the initial data set of 3528 analysable adolescents, 1705 were
complete for fructose intake and blood pressure analysis.

2.2. Assessment of Daily Fructose Intake

Dietary intake was assessed by two nonconsecutive 24 h recalls performed at any point
in the week [39]. The recalls did not necessarily include a weekday and a weekend day for
each individual. The 24 h recalls were recorded with a self-administered, computer-based
tool: the HELENA Dietary Intake Assessment Tool (HELENA–DIAT) adapted from the
YANA-C tool developed with and validated for Flemish adolescents [40]. The HELENA–
DIAT tool is based on six meal occasions (breakfast, morning snacks, lunch, afternoon
snacks, evening meal and evening snacks) on the previous day. Trained dieticians assisted
the adolescents to complete the 24 h recalls when needed. The adolescents selected all
foods and beverages consumed at each meal occasion from a standardized food list [41].
Dietary sources of fructose were extracted according to Mesana et al. [42] and Duffey
et al. [43] for SSB. Fructose in its pure monosaccharide form was computed using fructose
content data from several studies/databases described in Supplementary Table S1 [44–47].
As fructose is also made available through the consumption of sucrose (a disaccharide
made of α-D-glucopyranosyl (1→2)-β-D-fructofuranoside), commonly appearing as an
added sugar in processed foods [2,3], fructose was also expressed as fructose total expo-
sure. Total fructose exposure was calculated as fructose from monosaccharide form plus
fructose from sucrose (0.5 × sucrose per 100 g), in accordance with Ramne et al. [48]. Pure
fructose and total fructose exposure were separately analysed because of their difference in
intestinal/blood absorption [9]. Two foods categories were created at posteriori using a
classification close to Aeberli et al. [49]: (i) food categories extrinsically fructose rich such
as industrial/manufactured/confectionary non-natural food products: sugar-sweetened
beverages, nonchocolate confectionary, chocolate, cakes/pies/biscuits, desserts and pud-
dings, breakfast cereals and others sources categories [50], and (ii) intrinsically fructose-rich
natural foods: fruit/vegetable juices, honey/jam/syrup and whole fruits.

2.3. Assessment of Anthropometrics

Weight was measured in underwear, with shoes removed, using an electronic scale
(SECA 861, SECA, Birmingham, UK) to the nearest 0.1 kg. Height was measured with shoes
removed using a telescopic height measuring instrument (SECA 225) to the nearest 0.1 cm.
Body Mass Index (BMI) was calculated by dividing body weight (kg) by the square of
height (m2), and BMI z-score was calculated using the lambda, mu and sigma method [51].

2.4. Assessment of Blood Pressure

Blood pressure (BP) measurements were performed following the recommendations
for adolescent population [52]. BP was measured in mmHg twice after weight and height
measurements were taken. The subjects were seated in a separate, quiet room for 10 min
with their backs supported and feet on the ground. Two BP readings were taken with
a 10 min interval of quiet rest. The lower of the two measurements was used. Systolic
blood pressure (SBP) and diastolic blood pressure (DBP) were measured by the arm
blood pressure oscillometric monitor device OMRON HEALTHCARE HEM7001 (OMRON
HEALTHCARE, Koyoto, Japan), which has been approved by the British Hypertension
Society [53]. Data collection HEM7001 procedures have been described earlier [36]. The
use of percentiles is usually used to define reference clinical data in a set of data from a
population. Adolescents of this study were separated in 2 groups according to percentiles of
blood pressure data: systolic and diastolic, >90th percentile or ≤90th percentile. Elevated
BP was defined where systolic or diastolic blood pressure was >90th percentile of the
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HELENA population analysed. The cut-off of the 90th percentile to define elevated blood
pressure for systolic and diastolic has been described by Flynn, J.T. et al. [54].

2.5. Assessment of Physical Activity

Physical activity was measured using a uniaxial accelerometer (ActiGraph GT1M®,
Pensacola, FL, USA) in pure living conditions [55]. The accelerometer recorded activity
for 7 consecutive days the same week as daily fructose intake collection. PA collection by
the accelerometer was taken off at night. Moderate to vigorous physical activity (MVPA)
time spent was computed when PA counts/min were more than 2000 count/min, cut-off
defined by Ekelund et al. [56].

2.6. Assessment of Tobacco Consumption

Regular tobacco smoking, defined as the regular consumption of at least one cigarette
per day in the past month [57], was assessed using the ad hoc HELENA study question-
naire [36].

2.7. Statistical Analysis

Data are presented as frequency (percentage) for categorical variables and mean ±
standard deviation (SD) or median interquartile range (IQR) for continuous variables.
Normality of distribution was checked graphically and by using the Shapiro–Wilk test.
To assess the potential bias related to missing or incomplete nutrients and BP parame-
ters, the main characteristics of included and excluded adolescents were compared using
Student’s t-test for continuous variables and Chi-square test for categorical variables. To
evaluate the magnitude of differences between analysed and nonanalysed participants, we
calculated the absolute standardized differences; a standardized difference >20% denotes
a meaningful imbalance. Associations of elevated SBP and DBP values with pure and
total fructose exposure (categorized according to tertiles distributions) were investigated
with and without adjustment for confounding factors (data of confounding factors are
presented in Supplemental Table S2). Mixed logistic regression models were used including
elevated blood pressure as dependent variables, fructose exposure and the confounding
variables as independent fixed effects and centre as a random effect. To avoid case dele-
tion in multivariate analyses, missing data were imputed by multiple imputations using
the regression-switching approach (chained equations, m = 10 imputations) [58]. The
imputation procedure was performed under the missing-at-random assumption using all
variables, with the predictive mean-matching method for continuous variables and logistic
regression (binary, ordinal or multinomial) models for categorical variables. Rubin’s rules
were used to combine the estimates derived from multiple imputed data sets [58]. Due to
established sex differences in prior similar studies of blood pressure in children, analyses
were stratified by sex [59,60]. All statistical tests were done at the two-tailed α level of 0.05.
Data were analysed with SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

Main characteristics of the 1705 participants are presented in Supplemental Table S3.
Body mass of excluded adolescents from statistical analysis was slightly higher
(ASD = 26.6%) than included adolescents. Consequently, a similar difference (ASD = 35.6%)
was found for z-score BMI.

Median pure fructose intake was 34.69 g/day in girls (n = 901) and 45.29 g/day in
boys (n = 804) from all food sources and 12.94 g/day in girls and 21.14 g/day in boys from
non-natural foods sources only (Table 1). Total fructose exposure was higher and reached
51.24 g/day in girls and 63.62 g/day in boys from all food sources and 24.47 g/day in girls
and 35.89 g/day in boys from non-natural foods sources only.
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Table 1. Daily fructose intake from various fructose-containing foods in girls and boys.

Girls Foods
Pure Fructose

(g/day)
Total Fructose

(g/day)

Sugar-sweetened beverages 7.98 (2.51 to 17.22) 8.80 (2.76 to 18.98)
Nonchocolate confectionary 0.12 (0.05 to 0.28) 1.00 (0.40 to 2.41)

Chocolate 1.53 (0.67 to 2.73) 1.71 (0.75 to 3.05)
Cakes/pies/biscuits 1.95 (1.07 to 2.90) 8.79 (4.83 to 13.10)

Desserts and puddings 0.09 (0.06 to 0.19) 0.22 (0.14 to 0.47)
Breakfast and cereals 0.01 (0.01 to 0.20) 0.13 (0.07 to 1.90)

Others 0.02 (0.01 to 0.02) 0.02 (0.01 to 0.02)
Fruit and vegetable juices 5.14 (1.85 to 10.08) 5.86 (2.10 to 11.49)

Honey/jam/syrup 1.31 (0.37 to 5.28) 1.61 (0.45 to 6.50)
Fruits 8.60 (4.62 to 13.70) 10.45 (5.61 to 16.64)

Fructose from all food sources 34.69 ** (25.39 to 46.35) 51.24 ** (39.17 to 65.12)
Fructose from non-natural foods * 12.94 ** (7.57 to 22.36) 25.47 ** (18.04 to 36.76)

Boys Foods
Pure Fructose

(g/day)
Total Fructose

(g/day)

Sugar-sweetened beverages 15.10 (6.04 to 27.45) 16.64 (6.66 to 30.25)
Nonchocolate confectionary 0.06 (0.03 to 0.20) 0.55 (0.28 to 1.78)

Chocolate 1.71 (0.91 to 3.74) 1.91 (1.01 to 4.18)
Cakes/pies/biscuits 2.12 (1.03 to 3.41) 9.58 (4.64 to 15.40)

Desserts and puddings 0.05 (0.04 to 0.08) 0.12 (0.09 to 0.19)
Breakfast and cereals 0.03 (0.02 to 0.28) 0.25 (0.15 to 2.70)

Others 0.01 (0.01 to 0.02) 0.01 (0.01 to 0.02)
Fruit and vegetable juices 5.43 (1.94 to 11.19) 6.19 (2.21 to 12.75)

Honey/jam/syrup 1.40 (0.61 to 5.81) 1.73 (0.76 to 7.15)
Fruits 8.05 (3.59 to 13.29) 9.78 (4.37 to 16.13)

Fructose from all food sources 45.29 ** (32.19 to 59.98) 63.62 ** (47.55 to 81.12)
Fructose from non-natural foods * 21.14 ** (11.69 to 34.60) 35.89 ** (23.61 to 51.55)

Values are medians and interquartile range * Non-natural foods are: sugar-sweetened beverages, nonchocolate confectionary, chocolate,
cakes/pies/biscuits, desserts and puddings, breakfast cereals and others sources categories. ** values presented are medians; the sum of
medians from each foods categories do not follow an arithmetic computation.

Across the two food classifications “all food sources” or “non-natural”, adolescents
were classified into low/middle/high tertiles for “pure” and “total fructose” exposure
(Table 2).

Table 2. Tertiles of daily pure fructose intake from all food sources and from non-natural foods sources.

Tertiles Levels
For Girls

n (%)
Ranges for Pure Fructose

(g/day)
n (%)

Ranges for Total Fructose
Exposure (g/day)

All food sources
Low 284 (31.5%) 7.85 to 27.60 285 (31.6%) 13.78 to 41.88

Middle 311 (34.5%) 27.63 to 41.76 310 (34.4%) 41.92 to 59.38
High 306 (34.0%) 41.90 to 130.86 306 (34.0%) 59.52 to 160.16

Non-natural foods
Low 296 (32.9%) 1.39 to 9.12 296 (32.8%) 3.80 to 20.18

Middle 305 (33.8%) 9.15 to 18.73 304 (33.7%) 20.22 to 32.01
High 300 (33.3%) 18.76 to 81.50 301 (33.4%) 32.15 to 112.56

Tertiles Levels
For Boys

n (%)
Ranges for Pure Fructose

(g/day)
n (%)

Ranges for Total Fructose
Exposure (g/day)

All food sources
Low 258 (32.1%) 9.55 to 35.65 256 (31.8%) 13.17 to 51.76

Middle 270 (33.6%) 35.65 to 53.98 273 (34.0%) 51.77 to 72.70
High 276 (34.3%) 54.00 to 136.75 275 (34.2%) 72.83 to 191.25

Non-natural foods
Low 267 (33.2%) 2.21 to 14.15 269 (33.5%) 4.56 to 27.55

Middle 272 (33.8%) 14.19 to 28.92 267 (33.2%) 27.61 to 45.01
High 265 (33.0%) 28.9 to 114.79 268 (33.3%) 45.07 to 161.18

161



Nutrients 2021, 13, 3608

Table 3 presents mean ± SD of blood pressure in all adolescents and cut-off values for
elevated BP or mildly elevated BP. For girls, cut-offs for 90th and 75th percentile were 125
and 118 mmHg for SBP and 75 and 69 mmHg for DBP, respectively. For boys, cut-offs for
90th and 75th percentile were 137 and 127 mmHg for SBP and 75 and 69 mmHg for DBP
respectively.

Table 3. Blood pressure data and threshold for elevated blood pressure.

Blood Pressure for Girls n Mean ± SD
(mmHg)

Systolic blood pressure (SBP) 901 111.56 ± 11.21
Elevated SBP above the 90th percentile > 125 (mmHg) 84 132.52 ± 7.27

Mildly elevated above the 75th percentile > 118 (mmHg) 223 125.7 ± 7.1
Mildly elevated above 110 (mmHg) 487 119.6 ± 7.6

Diastolic blood pressure (DBP) 901 64.48 ± 8.50
Elevated DBP above the 90th percentile > 75 (mmHg) 86 80.52 ± 6.10

Mildly elevated above the 75th percentile > 69 (mmHg) 228 75.4 ± 5.7
Mildly elevated above 70 (mmHg) 199 76.1 ± 5.7

Blood Pressure for Boys n Mean ± SD
(mmHg)

Systolic blood pressure (SBP) 804 119.61 ± 13.40
Elevated SBP above the 90th percentile > 137 (mmHg) 79 145.32 ± 7.85

Mildly elevated above the 75th percentile > 127 (mmHg) 203 137.1 ± 8.5
Mildly elevated above 110 (mmHg) 600 125.1 ± 10.6

Diastolic blood pressure (DBP) 804 63.99 ± 8.41
Elevated DBP above the 90th percentile > 75 (mmHg) 86 79.21 ± 4.33

Mildly elevated above the 75th percentile > 69 (mmHg) 197 75.0 ± 4.8
Mildly elevated above 70 (mmHg) 170 75.8 ± 4.7

Abbreviations: SBP = systolic blood pressure; DBP = diastolic blood pressure.

Table 4 shows the association between elevated systolic blood pressure and pure and
total fructose exposure from various fructose-containing foods for girls and boys. Elevated
blood pressure values were not associated with pure and total fructose exposure from
fructose-containing foods.

Table 5 shows the association between elevated diastolic blood pressure and pure and
total fructose exposure from various fructose-containing foods. Elevated diastolic blood
pressure values were not associated with pure and total fructose exposure from various
fructose-containing foods.

Table 6 shows the association between elevated systolic blood pressure and pure
and total fructose exposure from non-natural foods. Elevated systolic blood pressure
values were not associated with pure and total fructose exposure from various fructose-
containing foods.

Table 7 shows the association between elevated diastolic blood pressure and pure
and total fructose exposure from non-natural foods for girls and boys. Among the highest
tertiles of fructose consumption from non-natural foods, we found an association with
elevated diastolic blood pressure in girls (OR = 2.27 (1.17–4.40); p = 0.015) that persisted
after adjustment for cofounding factors compared to the lowest tertiles of “pure” fructose.
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Table 4. Association between elevated systolic blood pressure and pure and total fructose exposure from various fructose-
containing foods.

Model 1 Model 2

For Girls
Elevated SBP

(n = 84)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.97 * 0.66 *
Low 22/284 (7.7%) 1.00 (ref.) - 1.00 (ref.) -

Middle 22/311 (7.1%) 0.72 (0.37 to 1.39) 0.32 0.76 (0.38 to 1.53) 0.45
High 40/306 (13.1%) 0.96 (0.51 to 1.84) 0.91 1.14 (0.55 to 2.39) 0.72

Total fructose exposure 0.48 * 0.86 *
Low 24/285 (8.4%) 1.00 (ref.) - 1.00 (ref.) -

Middle 21/310 (6.8%) 0.67 (0.35 to 1.28) 0.23 0.80 (0.40 to 1.60) 0.54
High 39/306 (12.7%) 0.83 (0.44 to 1.57) 0.57 1.06 (0.50 to 2.21) 0.89

Model 1 Model 2

For Boys
Elevated SBP

(n = 79)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.12 * 0.035 *
Low 24/258 (9.3%) 1.00 (ref.) - 1.00 (ref.) -

Middle 25/270 (9.3%) 0.72 (0.38 to 1.34) 0.30 0.55 (0.27 to 1.09) 0.084
High 30/276 (10.9%) 0.60 (0.31 to 1.14) 0.12 0.44 (0.21 to 0.93) 0.031

Total fructose exposure 0.44 * 0.13 *
Low 21/256 (8.2%) 1.00 (ref.) - 1.00 (ref.) -

Middle 28/273 (10.3%) 0.96 (0.51 to 1.80) 0.89 0.64 (0.32 to 1.30) 0.22
High 30/275 (10.9%) 0.78 (0.41 to 1.50) 0.46 0.54 (0.25 to 1.17) 0.12

High SBP is defined as a value greater than the 90th percentile (>125 mmHg for girls and >137 mmHg for boys). Model 1: adjusted
for centre. Model 2: adjusted for centre, age, Z-score BMI, MVPA duration, tobacco consumption, salt intake and energy intake and
calculated after multiple imputations (m = 10) to handle missing data. * p calculated using fructose levels as ordinal variable. Abbreviations:
SBP = systolic blood pressure; OR = odds-ratio; CI = confidence interval.

Table 5. Association between elevated diastolic blood pressure and pure and total fructose exposure from various fructose-
containing foods.

Model 1 Model 2

For Girls
Elevated DBP

(n = 86)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.12 * 0.038 *
Low 23/284 (8.1%) 1.00 (ref.) - 1.00 (ref.) -

Middle 18/311 (5.8%) 0.68 (0.35 to 1.33) 0.26 0.67 (0.34 to 1.34) 0.26
High 45/306 (14.7%) 1.51 (0.81 to 2.78) 0.19 1.93 (0.99 to 3.75) 0.052

Total fructose exposure 0.45 * 0.086 *
Low 23/285 (8.1%) 1.00 (ref.) - 1.00 (ref.) -

Middle 23/310 (7.4%) 0.89 (0.47 to 1.66) 0.71 1.10 (0.57 to 2.10) 0.78
High 40/306 (13.1%) 1.24 (0.67 to 2.31) 0.50 1.83 (0.91 to 3.65) 0.089

For Boys Model 1 Model 2
Elevated DBP

(n = 86)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.88 * 0.38 *
Low 25/258 (9.7%) 1.00 (ref.) - 1.00 (ref.) -

Middle 29/270 (10.7%) 1.02 (0.57 to 1.83) 0.95 0.87 (0.45 to 1.68) 0.69
High 32/276 (11.6%) 0.96 (0.52 to 1.77) 0.89 0.72 (0.34 to 1.51) 0.39

Total fructose exposure 0.45 * 0.97 *
Low 22/256 (8.6%) 1.00 (ref.) - 1.00 (ref.) -

Middle 29/273 (10.6%) 1.11 (0.61 to 2.03) 0.73 0.98 (0.49 to 1.94) 0.95
High 35/275 (12.7%) 1.26 (0.68 to 2.34) 0.46 1.01 (0.47 to 2.16) 0.98

High DBP is defined as a value upper than the 90th percentile (>75 mmHg). Model 1: adjusted for centre. Model 2: adjusted for
centre, age, Z-score BMI, MVPA duration, tobacco consumption, salt intake and energy intake and calculated after multiple imputations
(m = 10) to handle missing data. * p calculated using fructose levels as ordinal variable. Abbreviations: DBP = diastolic blood pressure;
OR = odds-ratio; CI = confidence interval.
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Table 6. Association between elevated systolic blood pressure with pure and total fructose exposure from non-natural foods.

Model 1 Model 2

For Girls
Elevated SBP

(n = 84)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.79 * 0.70 *
Low 21/296 (7.1%) 1.00 (ref.) - 1.00 (ref.) -

Middle 29/305 (9.5%) 1.01 (0.54 to 1.88) 0.98 1.09 (0.56 to 2.10) 0.80
High 34/300 (11.3%) 0.92 (0.49 to 1.76) 0.81 1.15 (0.57 to 2.32) 0.70

Total fructose exposure 0.22 * 0.38 *
Low 26/296 (8.8%) 1.00 (ref.) - 1.00 (ref.) -

Middle 26/304 (8.6%) 0.79 (0.43 to 1.44) 0.44 1.03 (0.52 to 2.04) 0.93
High 32/301 (10.6%) 0.67 (0.36 to 1.26) 0.22 1.45 (0.69 to 3.04) 0.33

For Boys Model 1 Model 2
Elevated SBP

(n = 79)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.75 * 0.52 *
Low 19/267 (7.1%) 1.00 (ref.) - 1.00 (ref.) -

Middle 30/272 (11.0%) 1.15 (0.61 to 2.18) 0.66 1.04 (0.53 to 2.06) 0.90
High 30/265 (11.3%) 0.93 (0.48 to 1.81) 0.83 0.81 (0.39 to 1.67) 0.56

Total fructose exposure 0.83 * 0.45 *
Low 21/269 (7.8%) 1.00 (ref.) - 1.00 (ref.) -

Middle 28/267 (10.5%) 1.02 (0.54 to 1.93) 0.94 0.68 (0.35 to 1.33) 0.26
High 30/268 (11.2%) 0.94 (0.49 to 1.79) 0.85 0.83 (0.39 to 1.76) 0.62

High SBP is defined as a value greater than the 90th percentile (>125 mmHg for girls and >137 mmHg for boys)). Model 1: adjusted
for centre. Model 2: adjusted for centre, age, Z-score BMI, MVPA duration, tobacco consumption, salt intake and energy intake and
calculated after multiple imputations (m = 10) to handle missing data. * p calculated using fructose levels as ordinal variable. Abbreviations:
SBP = systolic blood pressure; OR = odds-ratio; CI = confidence interval.

Table 7. Association between elevated diastolic blood pressure with pure and total fructose exposure from non-natural foods.

Model 1 Model 2

For Girls
Elevated DBP

(n = 86)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.051 * 0.013 *
Low 19/296 (6.4%) 1.00 (ref.) - 1.00 (ref.) -

Middle 26/305 (8.5%) 1.23 (0.65 to 2.33) 0.52 1.36 (0.71 to 2.59) 0.36
High 41/300 (13.7%) 1.82 (0.97 to 3.39) 0.061 2.27 (1.17 to 4.40) 0.015

Total fructose exposure 0.18 * 0.030 *
Low 22/296 (7.4%) 1.00 (ref.) - 1.00 (ref.) -

Middle 24/304 (7.9%) 0.97 (0.52 to 1.80) 0.92 2.06 (1.14 to 3.70) 0.016
High 40/301 (13.3%) 1.47 (0.81 to 2.66) 0.21 1.85 (0.91 to 3.79) 0.091

Model 1 Model 2

For Boys
Elevated DBP

(n = 86)
OR (95%CI) p OR (95%CI) p

Pure fructose 0.73 * 0.87 *
Low 24/267 (9.0%) 1.00 (ref.) - 1.00 (ref.) -

Middle 30/272 (11.0%) 1.06 (0.59 to 1.91) 0.84 1.04 (0.53 to 2.01) 0.91
High 32/265 (12.1%) 1.11 (0.60 to 2.06) 0.73 1.06 (0.52 to 2.16) 0.86

Total fructose exposure 0.71 * 0.86 *
Low 25/269 (9.3%) 1.00 (ref.) - 1.00 (ref.) -

Middle 29/267 (10.9%) 1.02 (0.57 to 1.84) 0.94 0.82 (0.42 to 1.59) 0.55
High 32/268 (11.9%) 1.12 (0.61 to 2.04) 0.72 1.17 (0.55 to 2.49) 0.68

High DBP is defined as a value greater than the 90th percentile (>75 mmHg). Model 1: adjusted for centre. Model 2: adjusted for
centre, age, Z-score BMI, MVPA duration, tobacco consumption, salt intake and energy intake and calculated after multiple imputations
(m = 10) to handle missing data. * p calculated using fructose levels as ordinal variable. Abbreviations: DBP = diastolic blood pressure;
OR = odds-ratio; CI = confidence interval.

164



Nutrients 2021, 13, 3608

4. Discussion

Fructose intake has quadrupled in the US since the beginning of the 20th century [61,62]
and is probably rising across Europe [42], a trend which is predominately driven by the
consumption of processed and non-natural food products such as SSB [13]. The median
pure and total fructose exposures from our study were similar to the 2007–2010 Dutch food
consumption survey (46 g/day) in the same age group [46] and an earlier NHANES study
(59 g/day) [63], but greater than a similar study in New Zealander adolescents (21.6 g/day
for boys and 18.3 g/day for girls) [46]. In these prior studies, the higher fructose intake
observed was explained by SSB consumption [46,63]. Other high-fructose-containing foods
contributing to total fructose exposure were honey/jam/syrup, fruits, fruit/vegetable
juices and cakes/pies/biscuits, which was also observed in a study of adolescents from
Switzerland [49]. In this context, fructose from SSBs could be considered the main source
of pure fructose exposure in the typical adolescent diet [62]. Therefore, we consider the
data we obtained in the HELENA study to represent habitual pure fructose intake of
European adolescent. Most studies showed that medians of fructose intake in subjects
more than 15 years old was 50 g/day [9,64,65]. The cut-off of 50 g/day is close to the
cut-off of excessive fructose intake used in our study: 41.90 g/day for girls and 54 g/day
for boys. The use of tertiles to find the cut-off of excessive fructose (the third tertile) intake
in our specific adolescent population permits a well-balanced sample size between groups
according to a more powerful statistical analysis.

The effect of fructose intake in the present study was analysed accounting for co-
founding factors known to mediate blood pressure [60,66], as demonstrated in similar
studies [18,66,67]. Other influencing factors have been analysed such as menarche, pres-
ence or absence of menstruation cycle (within one week before BP measurement) and
contraceptive use. Data did not show any influence of menarche, presence or absence of
menstruation cycle or contraceptive use on girls diastolic BP (using Chi-square tests, data
not shown).

In our study, cut-off of 90th percentiles for elevated SBP and DBP were close to the
study described by Flynn, J.T. et al. [54]. Adolescence is considered as a vulnerable period
of high blood pressure development because the highest peak of blood pressure occurs
during puberty [68,69]. As increase of adrenal androgen production occurs earlier in girls
than in boys, pure fructose intake levels have more impact on DBP and were significant in
girls from this study population [70].

DBP differed among pure fructose intake levels (from non-natural foods) in adolescent
girls but not in boys. Indeed, during girls’ puberty, there is an increase of adrenal androgen
production [71]. Additionally, girls are less physically active than boys at this age [72],
which could contribute to elevated DBP. Moreover, presence of polycystic ovary syndrome,
which is now frequently associated with an increase of DBP in adolescent girls, could be a
possible explanation.

The proposed mechanism by which fructose intake increases blood pressure after
an acute load is related to fructose metabolism. After an acute load, maximum blood
fructose levels are rapidly achieved at 60 min [65]. Pure fructose is degraded in the liver,
resulting in a rapid and transient increase of blood uric acid levels. Importantly, fructose
is the only carbohydrate that increases blood uric acid in humans, and uric acid exerts
hemodynamic effects (increased oxidative stress, endothelial dysfunction and activation
of the renin–angiotensin–aldosterone system) that have been shown to contribute to high
blood pressure [6,20,21,23]. Indeed, there are epidemiologic/clinical data and plausible
mechanisms that explain increased blood pressure with excessive fructose intake (more
than 40 or 50 g/day) [73]. In the high-fructose, non-natural-foods-consumers groups from
HELENA study, we observed elevated diastolic blood pressure in adolescent girls. This may
be explained by fructose from fruits and vegetables being more slowly absorbed, compared
to pure fructose, due to the presence of dietary fibres that slow fructose metabolism [74].

There are several strengths in the present study. Most studies on fructose consumption
have focused on SSB intake [18,28,75–77], whereas our study takes into account the contri-
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bution of several other food types to fructose exposure. The HELENA study is comprised
of a large sample size from eight geographically diverse European cities, and fructose
exposure was collected in a “real life” manner from validated dietary instruments. Dietary
intake was collected, across all eight countries, using these standardized and validated
tools (HELENA–DIAT) and the same food composition database, allowing us to assess
both between- and within-individual variability. The large battery of health data, lifestyle
measures, anthropometric data and SES variables measured in the HELENA adolescents
were obtained through standardized and validated procedures/tools, allowing for analyses
to be adjusted for several possible confounding factors. There are some limitations to the
present study. Due to the cross-sectional design of the study, causality cannot be deter-
mined. Pure fructose consumption was collected from dietary records representing 2 days;
thus, it may not completely reflect habitual adolescent consumption patterns and allow
total quantification of fructose exposure. Similarly, the fructose content of foods comes
from multiple food data composition database or datasets, as a comprehensive dataset
on the content of fructose in foods does not exist. Unfortunately, the question about the
presence of polycystic ovary syndrome could not been answered. Indeed, confirmation
of this diagnostic should include a hormone blood sample analysis and an ovarian ultra-
sound imaging, which were not performed in the HELENA study. Differences in intake
of fructose in the various countries were not assessed in the HELENA study. Some blood
sample analyses such as renin or aldosterone were not performed, and only one-third of
adolescents’ Hb1Ac was analysed [38]. Lastly, our study did not record history of parental
hypertension and genetic factors associated with BP; therefore, we could not use these data
in our analyses.

5. Conclusions

In conclusion, consuming high quantities of non-natural foods containing extrinsically
high fructose is associated with elevated DBP in adolescent girls. The consumption of
natural foods containing fructose, such as whole fruits, does not impact blood pressure in
our study and should continue to remain a healthy dietary habit [78–80], especially since
whole fruit could decrease diastolic blood pressure in girls [81].
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Abstract: Pre-pregnancy, pregnancy and postpartum are critical life stages associated with higher
weight gain and obesity risk. Among these women, the sociodemographic groups at highest risk
for suboptimal lifestyle behaviours and core lifestyle components associated with excess adiposity
are unclear. This study sought to identify subgroups of women meeting diet/physical activity
(PA) recommendations in relation to sociodemographics and assess diet/PA components associated
with body mass index (BMI) across these life stages. Cross-sectional data (Australian National
Nutrition and Physical Activity Survey 2011–2012) were analysed for pre-pregnancy, pregnant and
postpartum women. The majority (63–95%) of women did not meet dietary or PA recommendations
at all life stages. Core and discretionary food intake differed by sociodemographic factors. In
pre-pregnant women, BMI was inversely associated with higher whole grain intake (β = −1.58,
95% CI −2.96, −0.21; p = 0.025) and energy from alcohol (β = −0.08, −0.14, −0.005; p = 0.035). In
postpartum women, BMI was inversely associated with increased fibre (β = −0.06, 95% CI −0.11,
−0.004; p = 0.034) and PA (β = −0.002, 95% CI −0.004, −0.001; p = 0.013). This highlights the need
for targeting whole grains, fibre and PA to prevent obesity across life stages, addressing those most
socioeconomically disadvantaged.

Keywords: diet; physical activity; body mass index; dietary guideline; reproductive age women

1. Introduction

Reproductive age women are at higher risk of longitudinal weight gain and developing
obesity [1]. Data from longitudinal studies reports that women gain on average up to 0.7 kg
per year, and there are greater rates of weight gain in women aged 18–50 years compared to
women aged 50 and over [1]. Reproductive life stages, including preconception, pregnancy
and postpartum, are critical windows that drive weight gain and maternal adiposity [2].
Nearly 50% of women enter pregnancy with overweight or obesity [3] or gain weight above
the Institute of Medicine guidelines’ recommendation during pregnancy [4], and postpar-
tum women retain an extra 0.5–3 kg on average during each pregnancy [5]. Overweight and
obesity in preconception and during pregnancy increase the risk of maternal complications
and adverse birth outcomes [4,6]. Maternal obesity at conception increases the time to
conceive, reduces fertility and increases the risk of future comorbidities, such as type-2
diabetes and cardiovascular diseases, including hypertension [6]. Furthermore, higher
pre-pregnancy body mass index (BMI) is a strong predictor of excessive gestational and
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pregnancy complications [7]. Excessive gestational weight gain additionally drives post-
partum weight retention (PPWR), which further increases risks for subsequent pregnancies
and exacerbates maternal obesity [8].

Diet and physical activity (PA) are key modifiable risk factors in weight gain and
obesity, and optimal diet and regular PA are inversely associated with weight gain and
obesity [9,10]. Optimal diet and a higher level of PA can therefore prevent weight gain
and obesity [11]. Suboptimal diet and PA have been reported in adults at the population
level [12,13]. As a specific high-risk population for weight gain and future obesity, women in
pre-pregnancy, during pregnancy and postpartum also have unhealthy dietary patterns and
poor diet quality [14]. For example, only 7–10% of pregnant and postpartum women meet
population-level recommended intakes of healthy core foods [15,16], and 80% of pregnant
women are insufficiently active, which persists into postpartum [16–18]. This may be related
to barriers such as fatigue or a lack of motivation, and confidence and time. Women may
also prioritise family commitments (e.g., parenting or household responsibilities) over their
personal lifestyles [19,20]. All these barriers to a healthy lifestyle and sociodemographic
factors are potentially associated with increased adiposity in pre-pregnancy, excessive
gestational weight gain during pregnancy and PPWR. However, there is limited and
conflicting research on sociodemographic factors associated with meeting population-level
diet and PA recommendations in women across the reproductive life stages [21].

National guidelines broadly recommend targeting unhealthy diet and sedentary be-
haviour for management of overweight and obesity in the general population [22]. Women
at key reproductive life stages may also benefit from targeting specific diet and PA compo-
nents to prevent excess adiposity. Identifying both specific diet and PA components and
specific groups of reproductive age women could contribute to future interventions for
preventing weight again and obesity. This would also contribute to the evidence base for
tailoring intervention strategies to improve healthy eating and increase PA in specific high-
risk groups of women. We hypothesise that women across reproductive life stages have
inadequate diets and PA levels, which may be disparately linked with sociodemographic
characteristics, including age, ethnicity, geographic location, marital status, employment
and educational and socioeconomic disadvantages. We also hypothesise that higher intakes
of specific core foods and increased PA will be associated with lower BMI, but increased
total energy intake and higher energy from total discretionary foods will be associated with
higher BMI.

The aims of this study were: (i) to identify women who meet and do not meet diet and
PA population-level recommendations based on sociodemographic factors and (ii) to assess
the key diet and PA components associated with BMI in women across the reproductive
life stages.

2. Materials and Methods

2.1. Data Source and Study Participants

We used data from the National Nutrition and PA Survey (NNPAS) component of
the 2011–2012 Australian Health Survey (AHS) conducted by the Australian Bureau of
Statistics (ABS) between May 2011 and June 2012. This national survey was designed to
provide detailed information on the health and wellbeing of the Australian population. A
stratified multistage sampling of urban and rural private dwellings was obtained to ensure
a representative sample of Australians (N = 12,153). Detailed information on participant
recruitment, the survey design, data collection and response rates have been previously
reported in the Australian Health Survey User Guide [23].

Data were collected using a face-to-face interview from randomly selected people
in each selected household (one adult ≥ 18 years and one child aged 2–17 years where
applicable). Ethical approval was not required because this study was based on secondary
data using Confidentialised Unit Record Files (CURF).

This sub-study was a cross-sectional analysis limited to reproductive age women in
various key reproductive life stages (pre-pregnancy, pregnancy and postpartum) (Figure 1)
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(N = 2492). Key reproductive life stages were identified based on proxy questions on
‘female life stages’ and ‘number of children’ in the household (household type, ‘HHTYP’
variable). The question ‘female life stages’ has responses: 1: Have never menstruated. 2:
Currently pregnant. 3: Currently breastfeeding. 4: Currently experiencing menopause. 5:
Post menopause. 6: None of these apply. 9: Not applicable. To identify pre-pregnancy
and postpartum, responses 4 and 5 were excluded. Then, female life stage responses
1 or 6 or 9 (have never menstruated OR none of these apply OR not applicable) AND
household type responses: 1 (person living alone), 2 (couple only), 5 (unrelated persons
aged 15+ only), 6 (all other households) AND age 18–48 (to exclude lower limit of peri-
menopause [24]) were classified as pre-pregnancy. Female life stage responses: 3 or 6 or 9
(current breastfeeding OR none of these apply OR not applicable) AND household type
responses: 3 (couple family with children) or 4 (one parent family with children) AND age
18–48 were classified as postpartum women; and those who responded currently pregnant
taken as pregnant women (Table S1). We note that by this definition, pre-pregnant women
were all reproductive age women who were not pregnant or postpartum at the time of
the survey.

 

NNPAS 2011–12 
Total participants 

n = 12,153

Included for diet and 
physical activity analysis

n = 2492
Pre-pregnant n = 880

Pregnant n = 117
Postpartum n = 1495                                                       

Reproductive age 
women (18–48 yrs.)

n = 2617

Adults aged 18 and over
n = 9435

Excluded:
Men >18 yrs. (n = 4329)
Women 49 yrs. (n = 2489)

Excluded: Non-adults <18 yrs.
(n = 2812)

Excluded: Currently 
experiencing menopause and 

post menopause (n = 125)

Included for regression 
analysis

Pre-pregnant n = 755
Postpartum n = 1292

Excluded: Missing BMI data
Pre-pregnant n = 125
Pregnant n = 117‡

Postpartum n = 203

Included for sensitivity 
analysis

Pre-pregnant n = 577
Postpartum n = 989

Excluded: Energy under 
reporters
Pre-pregnant n = 178
Postpartum n = 303

Figure 1. Flow diagram of study participant inclusion for analysis. NNPA, National Nutrition and
Physical activity Survey. ‡ Weight/BMI measurement from pregnant women was not taken. § Energy
under reporters based on Goldberg cut-off (EI:BMR < 0.9).
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2.2. Variables and Measures
2.2.1. Dietary Assessment

Dietary information was collected face-to-face using 24 h dietary recall administered
by trained interviewers. ABS used an Automated Multiple-Pass Method (AMPM) [25]
developed by the Agricultural Research Service of the United States Department of Agri-
culture to capture all foods, beverages and dietary supplements. The nutrients and energy
(kJ) intake were calculated from each food and beverage consumed using the 2011–2013
Australian Food and Nutrient (AUSNUT) food composition database developed by Food
Standards Australia New Zealand (FSANZ). Individual foods were each given an eight-
digit food code and classified into food classification groups using the AUSNUT 2011–2013
database. Two-day and 24 h dietary recall were collected; the second day was collected via
a telephone interview conducted 8 days or more after the first interview. The first day’s
dietary recall response rate was 98% (n = 12,153), and the second day’s recall response
rate was 64% (n = 7735). The first day of dietary recall was used for all analyses to re-
tain a larger sample size and ensure national representativeness consistent with previous
studies [13,26,27].

Daily serves of the five core food groups and total daily energy from discretionary
foods/beverages were calculated. Details of the five core food group serving size defini-
tions and daily recommended intake are presented in Table S2. The usual daily intakes
of fruit and vegetables (serves per day), grain/cereal foods (serves/day), whole grains
(serves/day, g/day, as half proportion of grains), dairy products (serves per day), lean
meats and alternatives (serves per day), total energy intake (kJ/d), energy from macronu-
trients (carbohydrate (%E), protein (%E), total fat (%E), saturated fat (%E), polyunsaturated
fat (%E), monounsaturated fat (%E)) and fibre (g/day) were included in the analyses. Dis-
cretionary foods and beverages, including percentages of energy from total discretionary
foods/beverages, sugar sweetened beverages (SSBs), saturated fats, alcohol intake and
added sugar, were included in the analyses. The ABS classified discretionary foods and bev-
erages in the NNPAS using the discretionary flag list, which was based on food grouping
level (five-digit code, e.g., 11,501 soft drinks non-cola, 11,503 soft drinks cola) or individual
food level (eight-digit codes where the flag is assigned to individual food codes within
the five-digit subgroup). A list of discretionary choices and respective food codes with
examples are presented in Table S3.

2.2.2. PA

Self-reported PA levels were assessed using the Active Australia Survey, which has
been validated against accelerometers in middle-aged women [28]. Respondents reported
the estimated time spent in walking, moderate-intensity activity (e.g., gentle swimming,
social tennis doubles, golf) and vigorous PA (e.g., jogging, fast cycling, circuit training,
competitive tennis) in the past week. The reported durations (excluding the number of
sessions) of these activities were summed (sum of minutes) to estimate the total time spent
in PA. We used only the duration of PA reported during the previous week to ensure
comparability with international guidelines. Total minutes of PA was dichotomised as
meeting (≥150 min/week) or not meeting the guidelines (<150 min/week) according to the
2014 Australia’s PA and Sedentary Behaviour Guidelines for Adults [29]. Furthermore, the
reported durations for moderate and vigorous activity (multiplied by two) were summed
to estimate the total time spent in moderate–vigorous PA (MVPA), which was used both as
a continuous variable and dichotomised as ≥150 MVPA minutes/week or ≤ 150 MVPA
minutes/week. In multivariable analysis, we included total PA, as it includes all types of
activity, such as walking and moderate to vigorous activities, which can be common across
life stages.

2.2.3. Covariates

Covariates in the analyses included age (in years), marital status (married vs. not
married), country of birth (Australian born, mainly English-speaking country born, other
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countries), educational level (bachelor/graduate diploma, certificates/advanced diploma
or other no non-school qualifications), socio-economic index for areas (SEIFA) or index of
relative socio-economic disadvantage (IRSD) (in quintiles: quintile one corresponds to the
lowest scores for the most disadvantaged areas and quintile five represents the highest
scores for the most advantaged areas), remoteness (inner regional Australia, major cities and
other (outer regional/remote)), household income (in quintiles considered as continuous
in regression analyses) and health behaviours, such as smoking status (current smoker,
ex-smoker or never smoked) and self-assessed health (excellent/very good, good, fair
and poor). Participants were also asked whether they were currently on a diet: responses
included currently on a diet to lose weight, currently on a diet for health reasons, currently
on a diet to lose weight and for health reasons, not currently on a diet or not applicable.
Responses were dichotomized to currently on a diet for any reason and not currently
on diet.

2.2.4. Dependent Variable

Anthropometric measures (weight and height) of the respondents were taken during
the interview using a digital scale (maximum 150 kg and recoded to the nearest 0.1 kg) and a
stadiometer (maximum 210 cm and recorded to the nearest 0.1 cm) respectively. Participants
were encouraged to remove their shoes and heavy clothing before measurements were
taken. Height measurements were repeated on a random 10% sample of respondents to
validate the measurement, and if the second measurement of height or waist varied by more
than one centimetre, then a third reading was taken. Body mass index (BMI, kg/m2) was
calculated from measured weight and height as weight in kilograms divided by the square
of height in metres. Anthropometric data of women who were pregnant at the time of the
survey were not obtained. According to WHO categories, BMI was defined as underweight
(<18.5 kg/m2), normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2) and obese
(≥30 kg/m2).

2.3. Statistical Analysis

Descriptive statistics were used to estimate the proportion and mean consumption of
dietary intake and PA across reproductive life stages (pre-pregnancy, pregnancy and post-
partum). Pearson Chi-square tests were used to determine differences between categorical
variables and student’s t-test for continuous variables.

Univariable and multivariable linear regression analyses were performed to inves-
tigate diet, PA and sociodemographic factors associated with BMI in pre-pregnancy and
postpartum. For multivariable regression, residuals were checked and met the normality
assumption. All estimates (proportion, means, standard error, beta-coefficients and 95%
CI) were population weighted to take into account sampling weights and sampling design
of the survey by applying replicate weights. Jack knife replicate weights were used to
obtain unbiased standard errors and coefficient estimates. The analysis was based on
complete case data, and codes followed recommendations [30] to account for the complex
survey design.

The backward stepwise regression technique was used to select most appropriate
variables, removing the least significant variables one by one (variable with the highest
p-value in the model) and continued until a parsimonious model was reached (p < 0.05).
The variables were assessed for multicollinearity through the variance inflation factor (VIF)
and tolerance statistics (VIF > 10) to exclude the redundant explanatory variables. Collinear
variables were excluded, as they showed linear relationship with the other independent
variables. All statistical analyses were performed using STATA SE version 16.1 (StataCorp
LLC, College Station, TX, USA). Statistical significance was considered at p-value ≤ 0.05.

2.4. Sensitivity Analysis

Under-reporting is common in nutrition surveys, as people tend to underestimate
their food intakes [31], which would affect the overall results. The most utilised method
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to identify under-reporters is to compare each person’s basal metabolic rate (BMR) with
their reported energy intake (EI) and apply Goldberg cut-off values to examine whether
the EI reported is plausible. We employed this approach to identify under-reporters, and a
sensitivity analysis was performed in women only with plausible energy intakes (excluding
under-reporters) consistent with previous studies [32,33]. Briefly, BMR is the amount of
energy needed for an individual’s minimum set of body functions required for life over
a 24 h period. This was calculated in kilojoules per 24 h based on individual’s age, sex
and weight without activity level adjustment. The ratio of energy intake (EI) to BMR
(EI:BMR) was used to identify under-reporters (implausibly low energy intakes) using
the Goldberg cut-off limit of 0.9 for EI:BMR. This is for data below the 95% confidence
limit for an individual, allowing for daily variation in energy intakes and errors in EI:BMR
computation. After excluding 481 women (pre-pregnancy n = 178 and postpartum n = 303)
with implausibly low energy intake, n = 577 pre-pregnant and n = 989 postpartum women
were included for sensitivity analysis in the multivariable model (Figure 1). Approximately
a quarter of the total analytical sample, with similar proportions of pre-pregnant (23.6%)
and postpartum women (23.5%), were excluded in the sensitivity analysis.

3. Results

3.1. Sociodemographic Characteristics

Socio-demographic characteristics across reproductive life stages are presented in
Table 1. The mean ages of study participants were 31.2 ± 8.4, 29.3 ± 5.3 and 33.6 ± 8.7 years
for pre-pregnant, pregnant and postpartum women, respectively. One in five (20.7%) and
19.3% of pre-pregnant women were overweight and obese, respectively, whereas 25.4% and
22.3% of postpartum women were overweight and obese, respectively. The majority of the
participants (64.8% pre-pregnant, 66.7% pregnant and 74.9% postpartum) were Australian
born. Next, 42.0% of pre-pregnant, 33.8% of pregnant and 29.4% of postpartum women
had high education levels (bachelor’s degree or graduate diploma); 38.6% of pre-pregnant,
69.6% of pregnant and 52.2% of postpartum women were married; 58.6% of prepregnant,
55.6% of pregnant and 60.3% of postpartum women reported never smoking; and 90.0% of
pre-pregnant, 96.0% of pregnant and 90.6% of postpartum women reported ‘excellent/very
good/good’ self-rated health.

Table 1. Sociodemographic characteristics across reproductive life stages (n = 2492).

Pre-Pregnancy
(n = 880)

Pregnancy
(n = 117)

Postpartum
(n = 1495)

n (%) a n (%) a n (%) a

Age, mean (SD) 31.2 ± 8.4 29.3 ± 5.3 33.6 ± 8.7
BMI, kg/m2 25.4 ± 6.21 NA 26.2 ± 5.61
BMI (WHO categories)

Under/normal weight (<25 kg/m2) 412 (60.3) NA 639 (52.3)
Overweight (25–<30 kg/m2) 180 (20.7) NA 336 (25.4)
Obese (≥30 kg/m2) 163 (19.3 NA 317 (22.3)
Dieting
Not currently on diet 132 (13.6) 1 (0.18) 242 (16.6)
Currently on diet 748 (86.4) 116 (99.8) 1253 (85.1)
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Table 1. Cont.

Pre-Pregnancy
(n = 880)

Pregnancy
(n = 117)

Postpartum
(n = 1495)

n (%) a n (%) a n (%) a

Country of birth
Australia 645 (64.8) 87 (66.7) 1113 (74.9)
English speaking countries 80 (10.7) 7 (9.7) 145 (9.8)
Others 155 (24.5) 23 (15.3) 237 (15.3)
Remoteness area
Major cities 596 (79.4) 67 (61.7) 972 (72.6)
Inner regional 150 (14.1) 26 (22.4) 286 (18.2)
Other 134 (6.50) 24 (15.9) 237 (9.16)
Marital status
Married 313 (38.6) 83 (69.6) 880 (52.2)
Not married 567 (61.4) 34 (30.4) 615 (47.8)
Non-school educational level
Bachelor/Graduate diploma 362 (42.0) 41 (33.8) 447 (29.4)
Certificates/Advanced diploma 276 (33.3) 37 (31.9) 523 (35.7)
No non-school qualification 232 (24.7) 39 (34.3) 514 (35.0)
Household income b

Q1 (lowest) 72 (8.21) 17 (17.4) 260 (14.0)
Q2 97 (15.2) 15 (13.0) 265 (17.2)
Q3 127 (17.0) 25 (25.4) 297 (21.9)
Q4 242 (28.3) 27 (23.3) 301 (24.0)
Q5 (highest) 261 (31.4) 28 (20.9) 216 (22.8)
Occupation
Professional 320 (34.2) 37 (29.6) 369 (26.3)
Assoc. Professional 296 (33.0) 30 (24.0) 474 (33.8)
Clerical trade 135 (16.2) 7 (7.94) 177 (13.6)
Other 129 (16.5) 40 (38.5) 475 (26.3)
SEIFA quintile
Q1 (lowest) 151 (15.0) 18 (18.6) 277 (18.6)
Q2 162 (18.4) 36 (25.2) 274 (17.6)
Q3 176 (23.7) 20 (14.7) 316 (21.6)
Q4 158 (20.5) 21 (26.0) 260 (16.9)
Q5 (highest) 233 (22.3) 22 (15.4) 368 (25.4)
Smoking status
Current smoker 201 (23.3) 12 (9.5) 295 (16.3)
Ex-smoker 169 (18.2) 42 (35.0) 380 (23.8)
Never smoked 510 (58.6) 68 (55.6) 820 (60.3)
Self-assessed health
Excellent/very good/good 789 (90.0) 111 (96.0) 1341 (90.6)
Fair/poor 91 (10.0) 6 (4.0) 154 (9.4)

a Weighted percentage (replicate weight accounted); BMI, body mass index; NA, not applicable as BMI data were
not collected from pregnant women. SEIFA, socio-economic index of disadvantage; quintile one represents the
most disadvantaged areas, and quintile five represents the least disadvantaged areas (higher quintiles correspond
to areas with lower levels of disadvantage areas where fewer individuals have low incomes, low educational
attainment or work in unskilled occupations); b Equivalised household income (weekly, AUD)—an indicator
of the economic resources available to each member of a household to indicate the situation of individuals
and households.

3.2. Proportion of Reproductive Age Women Meeting Recommended Intakes of Core Foods,
Discretionary Choices and PA

The mean intakes of core food groups, discretionary foods, energy from macronutrients
and PA across reproductive life stages are shown in Tables 2 and 3; and the proportions of
women who met and did not meet population-level dietary recommendations are shown
in Figure 2. Similar mean proportions of total daily energy were from discretionary foods,
beverages and SSBs in pre-pregnant (33.4% and 3.77% respectively), pregnant (29.1% and
4.94% respectively) and postpartum (31.5% and 3.51% respectively) women (Table 2).
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Table 2. Core food groups and energy from discretionary foods in women across reproductive
life stages.

Pre-Pregnancy
(n = 880)

Pregnancy
(n = 117)

Postpartum
(n = 1495) Population Level

Recommendations
Mean ± SD Mean ± SD Mean ± SD

Vegetables, legumes/beans (serve/day) 2.90 ± 2.67 2.95 ± 2.97 2.95 ± 2.97 ≥5 serves/day
Fruit (serves/day) 1.32 ± 1.58 1.77 ± 1.88 1.31 ± 1.51 ≥2 serves/day
Grain/cereals foods (serve/day) 3.97 ± 2.75 5.21 ± 3.34 4.01 ± 2.67 ≥6 serves/day
Milk, yoghurt, cheese and alternatives
(serve/day) 1.32 ± 1.11 1.97 ± 1.80 1.39 ± 1.13 ≥2.5 serves/day

Meats and alternatives (serve/day) 1.56 ± 1.45 1.24 ± 1.12 1.60 ± 1.46 ≥2.5 serves/day
Whole grains (serves/day) 1.26 ± 1.57 1.61 ± 1.80 1.19 ± 1.55 ≥3 serves/day
Fibre (g/day) 20 ± 11.20 23.3 ± 12.4 20.5 ± 10.9 ≥25 g/day
DF (%E) 33.4 ± 22.4 29.1 ± 18.9 31.5 ± 19.4 <2.5 serves/day
SSBs (%E) 3.77 ± 7.21 4.94 ± 9.70 3.51 ± 6.81 <2.5 serves/day

Proportion is weighted (population weight and survey design accounted); DF, discretionary foods; SSBs, sugar
sweetened beverages; %E, percentage energy.

Table 3. Energy and macronutrient intake and PA in women across reproductive life stages.

Pre-Pregnancy
(n = 880)

Pregnancy
(n = 117)

Postpartum
(n = 1495)

Population Level
Recommendations

Mean ± SD Mean ± SD Mean ± SD

Total energy (kJ) 7781.4 ± 3118.6 8683.3 ± 4037.6 7637.2 ± 2880.8 8700 kJ
Protein (%E) 17.8 ± 6.71 17.0 ± 5.48 18.3 ± 5.76 15–25%
CHO (%E) 44.4 ± 11.2 49.4 ± 10.8 44.4 ± 10.7 45–65%
Total fat intake (%E) 31.0 ± 9.14 30.6 ± 8.32 31.8 ± 8.79 20–35%
Saturated and trans-fat (%E) 12.1 ± 4.88 12.3 ± 4.62 12.5 ± 4.74 <10%
Trans-fat intake (%E) 0.56 ± 0.36 0.59 ± 0.34 0.57 ± 0.36 -
Monosaturated fat intake (%E) 11.8 ± 4.20 11.3 ± 3.48 12.2 ± 4.14 -
Added sugar (%E) 10.3 ± 8.92 11.8 ± 11.44 9.44 ± 7.79 <10%
Sodium (mg/day) 2249 ± 1334.0 2295.5 ± 1190.8 2222 ± 1153.2 2000 mg/day a

Alcohol (%E) 3.92 ± 9.61 0.07 ± 0.83 2.49 ± 6.46 <10 standard
drink/week b

Total PA (min/week) 1 255.4 ± 253.1 149.2 ± 204.6 201.8 ± 224.8 ≥150 min/day
MVPA (min/week) 2 143.9 ± 248.0 30.6 ± 80.1 115.2 ± 210.7 ≥150 min/day

Proportion is weighted (population weight and survey design accounted); CHO, carbohydrates; MVPA, moderate–
vigorous physical activity; PA, physical activity; %E, percentage energy.1 Total minutes of physical activity
undertaken in last week (includes walking for transport + walking for fitness + moderate + vigorous time but does
not include sessions). 2 Moderate–vigorous physical activity derived from time spent in moderate and vigorous
intensity activities (moderate time + 2 times vigorous time). a Reference for sodium guideline [34]. b Reference for
alcohol guideline [35].

Approximately one in ten women across all life stages obtained much of their daily
energy from added sugars, and this portion was slightly higher in pregnant women (11.8%).

Despite reproductive age women not meeting the recommended serves of core foods,
energy intake from macronutrients was generally in the optimal range across reproduc-
tive life stages (Table 3) (acceptable macronutrient distribution range: 15–25% of energy
from protein, 20–35% of energy from fat and 45–65% of energy from carbohydrates) [34].
Similar proportions of women met the recommended daily intakes of both fruit and veg-
etables (5.12% of pre-pregnant, 2.14% of pregnant and 4.35% of postpartum women),
vegetables (15.9% for pre-pregnant and 15.0% for pregnant and postpartum women) and
meat and alternatives (17.9% of pregnant and 22.0% of pre-pregnant and postpartum
women) (Figure 2). The proportions of women who met recommended intakes of fruit,
grains/cereals and dairy or alternatives were higher for pregnant women (37.1%, 33.3%
and 27.7%, respectively) than pre-pregnant (26.0%, 19.6% and 13.4%, respectively) and
postpartum (24.9%, 18.5% and 14.9%, respectively) women (Figure 2). The proportion of
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women meeting PA guidelines (total activity in minutes) was lower for pregnant women
(31.0%) than for pre-pregnant (59.4%) and postpartum (48.8%) women. Similarly, a low pro-
portion of pregnant women (6.9%) had ≥150 min MVPA/week compared to pre-pregnant
(30.6%) and postpartum women (25.4%) (Figure 3).

Figure 2. The proportions of women who met and do not meet the population-level recommended
intakes of core food groups across reproductive life stages. (A) Fruit, (B) vegetables and legumes,
(C) fruit and vegetable combined, (D) grain (cereal) foods, (E) milk and alternatives, (F) meat
and alternatives.

Figure 3. The proportions of women who spent time performing physical activity at least 150 min
per week or more across reproductive life stages. (A) Total minutes of physical activity per week,
(B) moderate–vigorous intensity activity per week. Error bars represent 95% CI of proportions.
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Differences in sociodemographic characteristics for women meeting or not meeting
population recommendations for diet and PA pre-pregnancy and postpartum are reported
in Tables S4a–g. These data are not presented for pregnant women due to the small sample
size. For pre-pregnant women, the recommended intakes of vegetables; fruit; dairy or
alternatives; and meat or alternatives, did not differ by sociodemographic factors. For
post-partum women, the recommended intakes of dairy or alternatives and meat or alter-
natives did not differ by sociodemographic factors. Pre-pregnant women born in Australia
were less likely to meet the recommended intake of grains/cereals and more likely to
have intake of discretionary foods above the recommended level (>2.5 serves/day). Those
with a higher education and SEIFA were more likely to meet the PA recommendations.
Postpartum women with a higher education were more likely to meet the recommended
intakes of vegetables and fruit; those born in Australia were less likely to meet the recom-
mended intakes of fruit and grains/cereals and discretionary foods; those with professional
jobs were more likely to meet the recommended intake of fruit, and those with a higher
education and SEIFA were more likely to meet the PA recommendations.

3.3. Diet and PA Variables Associated with BMI

In multivariable analysis among pre-pregnant women, BMI was inversely associated
with higher intake of whole grains (β = −1.58, 95% CI −2.96, −0.21; p = 0.025) and with
increased energy from alcohol (β = −0.08, 95% CI −0.14, −0.005; p = 0.035) (Table 4).
However, no associations were found among core foods (fruit, vegetable, grain/cereal
foods, dairy, meat and/or alternatives), total energy intake, energy from discretionary
foods/beverages, SSBs and PA. With regard to sociodemographic factors, in pre-pregnant
women, age (β = 0.22, 95% CI 0.15, 0.29; p < 0.001), being born in other county (β = −3.20,
95% CI −4.52, −1.88; p < 0.001), being a current smoker (β = −1.40, 95% CI −2.76, −0.04;
p = 0.044), excellent/very good/good health (β = −2.89, 95% CI −5.51, −0.28; p = 0.030)
and currently on a diet (β = 2.25, 95% CI 0.25, 4.24; p = 0.028) were independently associated
with BMI (Table 4).

Table 4. Associations between diet and physical activity and BMI in pre-pregnant women (N = 755).

Unadjusted Model Adjusted Model

β (95% CI) p Value β (95% CI) p Value

Age, year 0.20 (0.14, 0.25) <0.001 0.22 (0.15, 0.29) <0.001
Country of birth
Australia (ref.)
Other English-speaking country −0.20 (−2.05, 1.66) 0.832 0.34 (−1.10, 1.79) 0.639
Others −3.04 (−4.11, −1.96) <0.001 −3.20 (−4.52, −1.88) <0.001
Remoteness area
Major cities (ref.)
Inner regional 1.77 (0.22, 3.32) 0.026 0.36 (−1.04, 1.76) 0.613
Other 3.01 (0.83, 5.20) 0.008 1.73 (−0.37, 3.83) 0.104
Marital status
Not married (ref.)
Married 0.30 (−0.95, 1.55) 0.633 −0.51 (−1.79, 0.77) 0.432
Education
Bachelor/Graduate diploma (ref.)
Certificates/Advanced diploma 0.99 (−0.42, 2.41) 0.164 −0.97 (−2.62, 0.67) 0.242
No non-school qualification 2.09 (0.34, 3.85) 0.020 −0.56 (−2.18,1.06) 0.491
Household income (cont. decile) −0.08 (−0.33, 0.18) 0.553 ·· ··
Occupation
Clerical trade (ref.)
Professional −0.82 (−2.54, 0.91) 0.347 −0.77 (−2.33, 0.79) 0.327
Assoc. Professional −0.90 (−2.50, 0.70) 0.265 −1.08 (−2.55, 0.40) 0.150
Other 0.05 (−2.18, 2.27) 0.967 −0.54 (−2.50, 1.42) 0.584
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Table 4. Cont.

Unadjusted Model Adjusted Model

β (95% CI) p Value β (95% CI) p Value

SEIFA
1st (highest disadvantage) (ref.)
2nd quintile −0.52 (−2.36,1.32) 0.575 −0.65 (−2.65, 1.36) 0.521
3rd quintile −2.10 (−3.98, −0.22) 0.029 −1.16 (−2.90, 0.57) 0.184
4th quintile −1.55 (−3.79,0.69) 0.171 −1.48 (−3.53, 0.57) 0.15
5th quintile (least disadvantage) −2.18 (−3.98, −0.38) 0.018 −1.85 (−3.71, 0.01) 0.051
Smoking status
Never smoked (ref.)
Current smoker 0.55 (−1.09, 2.18) 0.505 −1.40 (−2.76, −0.04) 0.044
Ex-smoker 1.73 (0.05, 3.41) 0.043 0.53 (−1.08, 2.15) 0.512
Self-assessed health
Fair/poor (ref.)
Excellent/very good/good −2.77 (−5.57, 0.03) 0.052 −2.89 (−5.51, −0.28) 0.030
Dieting
Not currently on diet (ref)
Currently on diet 2.41 (0.21, 4.61) 0.032 2.25 (0.25, 4.24) 0.028
Vegetables, legumes/beans
(categorical)
<1 serves/day (ref.)
≥1 to <3 serves/day −0.43 (−1.82, 0.96) 0.537 ·· ··
≥3 to <5 serves/day 0.49 (−1.24, 2.21) 0.574 ·· ··
≥5 serves/day −1.56 (−3.32, 0.21) 0.083 ·· ··
Vegetables, legumes/beans (binary)
<5 serves/day (ref.)
≥5 serves/day −1.48 (−2.93, −0.03) 0.046 −1.06 (−2.54, 0.42) 0.156
Fruit (categorical)
<1 serves/day (ref.)
≥1 to <2 serves/day −1.55 (−3.86, 0.72) 0.007 ·· ··
≥2 to <3 serves/day −0.79 (−2.50, 0.93) 0.363 ·· ··
≥3 serves/day −1.13 (−3.19, 0.94) 0.279 ·· ··
Fruit (binary)
<2 serves/day (ref.)
≥2 serves/day −0.47 (−1.84, 0.90) 0.494 0.39 (−1.04, 1.81) 0.588
Grain (cereal) foods (categorical)
Zero or none (ref.)
>0 to <2 serves/day −1.62 (−4.71, 1.47) 0.299 ·· ··
≥2 to <4 serves/day −2.48 (−5.67, 0.71) 0.125 ·· ··
≥4 to <6 serves/day −2.42 (−5.73, 0.89) 0.149 ·· ··
≥6 serves/day −2.78 (−6.09, 0.53) 0.098 ·· ··
Grain (cereal) foods (binary)
<6 serves/day (ref.)
≥6 serves/day −0.64 (−2.07, 0.79) 0.373 0.74 (−0.92, 2.39) 0.376
Whole grain (categorical)
<1 serves/day (ref.)
≥1 to <2 serves/day −0.64 (−2.34, 1.07) 0.459 −0.12 (−1.69, 1.44) 0.874
≥2 to <3 serves/day −1.88 (3.43, −0.33) 0.019 −1.63 (−3.44, 0.17) 0.075
≥3 serves/day −2.10 (−3.78, −0.41) 0.016 −1.58 (−2.96, −0.21) 0.025
Whole grains (binary)
<48 g/day (ref.)
≥48 g/day −1.65 (−2.96, −0.34) 0.014 ·· ··
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Table 4. Cont.

Unadjusted Model Adjusted Model

β (95% CI) p Value β (95% CI) p Value

Whole grain (half of total grain
intake)
<50% (ref.)
≥50% −1.84 (−3.12, −0.56) 0.006 ·· ··
Milk and/or alternatives (categorical)
<0.5 serves/day (ref.)
≥0.5 to <1.5 serves/day −1.23 (−3.19, 0.73) 0.214 ·· ··
≥1.5 to <2.5 serves/day −1.08 (−3.05, 0.89) 0.280 ·· ··
≥2.5 serves/day −1.66 (−4.22, 0.89) 0.199 ·· ··
Milk and/or alternatives (binary)
<2.5 serves/day (ref.)
≥2.5 serves/day −0.86 (−2.89, 1.17) 0.401 ·· ··
Meats and/or alternatives
(categorical)
<0.5 serves/day (ref.)
≥0.5 to <1.5 serves/day −1.86 (−3.54, −0.17) 0.032 ·· ··
≥1.5 to <2.5 serves/day −0.38 (−1.93, 1.17) 0.624 ·· ··
≥2.5 serves/day −0.58 (−2.32. 1.17) 0.510 ·· ··
Meats and/or alternatives (binary)
<2.5 serves/day (ref.)
≥2.5 serves/day 0.22 (−1.12, 1.55) 0.748 0.87 (−0.34, 2.08) 0.157
Fibre (g/day) −0.07 (−0.11, −0.03) 0.001 ·· ··
CHO (%E) 0.01 (−0.04, 0.07) 0.639 ·· ··
Protein (%E) 0.11 (0.03, 0.20) 0.010 ·· ··
Total fat (%E) −0.03 (−0.07, 0.02) 0.197 −0.06 (−0.14, 0.03) 0.179
Trans-fat (%E) 0.84 (−0.66, 2.34) 0.268 ·· ··
Saturated and trans-fat (%E) −0.05 (−0.17, 0.07) 0.414 ·· ··
Monosaturated fat (%E) −0.04 (−0.18, 0.10) 0.545 ·· ··
Polyunsaturated fat (%E) −0.14 (−0.47, 0.18) 0.381 ·· ··
Alcohol (%E) −0.03 (0.09, 0.03) 0.352 −0.08 (−0.14, −0.005) 0.035
DF (%E) 0.02 (−0.01, 0.05) 0.221 0.01 (−0.03,0.05) 0.475
SSBs (%E) 0.09 (−0.007,0.18) 0.069 0.04 (−0.06, 0.15) 0.378
Added sugar intake (%E) 0.05 (−0.03, 0.13) 0.211 ·· ··
Total energy (MJ) −0.24 (−0.42, −0.05) 0.013 −0.16 (−0.37, 0.05) 0.135
Total PA (minutes/wk) cont 1 −0.003 (−0.004, −0.001) 0.005 −0.002 (−0.004, 0.0002) 0.080
Total PA (minutes/wk) 1

Did not meet recommended
guideline (ref.)
Met recommended guidelines −1.38 (−2.86, 0.09) 0.066 ·· ··

Data were analysed using linear regression with data presented from univariable and multivariable linear regres-
sion analyses. Collinear diet variables (VIF > 10) were excluded (protein correlated with meat and alternatives,
carbohydrate with alcohol, monosaturated fat, polyunsaturated fat, trans-fat saturated fat + trans-fat correlated
with total fat, added sugar correlated with SSBs). β, beta-coefficient; CHO, carbohydrate; DF, discretionary foods;
MJ, megajoules; MVPA, moderate–vigorous physical activity; PA, physical activity; SEIFA, socio-economic index
of disadvantage for areas; SSBs, sugar sweetened beverage, %E, percentage energy. 1 Total minutes of physical
activity undertaken in last week (includes walking for transport + walking for fitness + Moderate + Vigorous time
but does not include sessions). Used as continuous and dichotomized as whether physical activity last week met
150 min recommended guidelines.

In postpartum women, BMI was inversely associated with increased fibre intake
(β = −0.06, 95% CI −0.11, −0.004; p = 0.034) and each minute increase in PA per week
(β = −0.002, 95% CI −0.004, −0.001; p = 0.013) (Table 5). There were no significant associa-
tions between fruit, vegetable, whole grain, dairy, meat and/or alternatives, total energy
intake and energy from discretionary foods and BMI in postpartum. Higher socioeconomic
disadvantage (β = −1.73,95% CI −3.12, −0.05; p = 0.017; Q5 vs. Q1) and excellent/very
good/good health condition (β = −2.30, 95% CI −4.06, −0.54; p = 0.011) were inversely
associated with BMI, whereas currently on diet (β = 2.82, 95% CI 1.76, 3.89; p < 0.001) and
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increased age (β = 0.13, 95% CI 0.08, 0.19; p < 0.001) were positively associated with BMI
(Table 5).

Table 5. Associations between diet and physical activity and BMI in postpartum women (N = 1292).

Unadjusted Model Adjusted Model

β (95% CI) p Value β (95% CI) p Value

Age, year 0.12 (0.07, 0.16) <0.001 0.13(0.08, 0.19) <0.001
Country of birth
Australia (ref.)
Other English-speaking country 0.18 (−1.28, 1.65) 0.802 −0.01(−1.59, 1.58) 0.993
Others −0.45 (−1.67, 0.77) 0.461 −0.98 (−2.31, 0.36) 0.148
Remoteness
Major cities (ref.)
Inner regional 1.24 (0.07, 2.40) 0.038 0.40 (−0.77, 1.58) 0.496
Other 1.87 (0.45, 3.28) 0.011 1.16 (−37, 3.83) 0.129
Marital status
Not married (ref.)
Married 0.77 (−0.15, 1.70) 0.101 ·· ··
Education
Bachelor/Graduate diploma (ref.) 1.36 (0.18, 2.55) 0.025 −0.40 (−1.58, 0.78) 0.500
Certificates/Advanced diploma 0.50 (−0.61, 1.61) 0.373 0.83 (−0.20, 1.87) 0.491
No non-school qualification
Household income (cont. decile) −0.03 (−0.20, 0.14) 0.703 ·· ··
Occupation
Clerical trade (ref.)
Professional −0.59 (−2.25, 1.07) 0.482 −0.58 (−2.34, 1.18) 0.511
Assoc. Professional −0.51 (−2.23, 1.21) 0.559 −0.92 (−2.40, 0.55) 0.216
Other −0.23 (−2.08, 1.63) 0.807 −0.19 (−1.89, 1.51) 0.828
SEIFA
1st (highest disadvantage) (ref.)
2nd quintile −0.76 (−2.49,0.97) 0.383 −0.37 (−1.99, 1.24) 0.644
3rd quintile −1.36 (−3.46, 0.74) 0.199 −1.07 (−3.06, 0.92) 0.286
4th quintile −1.94 (−3.67, −0.22) 0.028 −1.62 (−3.28, 0.05) 0.058
5th quintile (least disadvantage) 2.30 (−3.75, −0.86) 0.002 −1.73 (−3.12, −0.32) 0.017
Smoking status
Never smoked (ref.)
Current smoker 1.22 (0.20, 2.25) 0.020 0.15 (−0.84, 1.15) 0.761
Ex-smoker 1.49 (0.55, 2.43) 0.002 0.85 (−0.14, 1.84) 0.092
Self-assessed health
Fair/poor (ref.)
Excellent/very good/good −3.16 (−4.92, −1.41) 0.001 −2.30 (−4.06, −0.54) 0.011
Dieting
Not currently on diet (ref)
Currently on diet 2.81 (1.75, 3.88) <0.001 2.82 (1.76, 3.89) <0.001
Vegetables, legumes (categorical)
<1 serves/day (ref.)
≥1 to <3 serves/day −0.59 (−1.76, 0.57) 0.311 ·· ··
≥3 to <5 serves/day −0.90 (−2.33, 0.53) 0.211 ·· ··
≥5 serves/day −0.85 (−2.31, 0.60) 0.246 ·· ··
Vegetables, legumes/beans
(binary)
<5 serves/day (ref.)
≥5 serves/day −0.36 (−1.68, 0.96) 0.587 1.04 (−0.53, 2.62) 0.189
Fruit (categorical)
<1 serves/day(ref.)
≥1 to <2 serves/day 0.73 (−0.40, 1.86) 0.201 ·· ··
≥2 to <3 serves/day −0.24 (−1.65, 1.16) 0.731 ·· ··
≥3 serves/day −1.49 (−2.94, −0.05) 0.043 ·· ··
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Table 5. Cont.

Unadjusted Model Adjusted Model

β (95% CI) p Value β (95% CI) p Value

Fruit (binary)
<2 serves/day (ref.)
≥2 serves/day −1.09 (−2.07, 0.11) 0.030 −0.29 (−1.44, 0.86) 0.617
Grain (cereal) foods (categorical)
Zero or none (ref.)
>0 to <2 serves/day −0.95 (−3.40, 1.51) 0.442 ·· ··
≥2 to <4 serves/day −1.51 (−3.561, 0.49) 0.137 ·· ··
≥4 to <6 serves/day −1.36 (−3.53, 0.80) 0.212 ·· ··
≥6 serves/day −1.93 (−4.14, 0.28) 0.086
Grain (cereal) foods (binary)
<6 serves (ref.)
≥6 serves −0.66 (−1.72, 0.41) 0.222 ·· ··
Whole grain (categorical)
<1 serves/day (ref.)
≥1 to <2 serves/day −1.34 (−2.35, −0.31) 0.459 −0.85 (−1.86, 0.16) 0.097
≥2 to <3 serves/day −0.52 (−1.91, 0.87) 0.460 −0.40 (−1.80, 1.00) 0.569
≥3 serves/day −1.90 (−3.11, −0.69) 0.003 −1.08 (−2.54, 0.38) 0.144
Whole grain (binary)
<48 g/day (ref.)
≥48 g/day −0.81 (−1.69, 0.73) 0.071 ·· ··
Whole grain (half of total
grains intake)
<50% (ref.)
≥50% −0.95 (−1.99, 0.09) 0.072 ·· ··
Milk and/or alternatives
(categorical)
<0.5 serves/day (ref.)
≥0.5 to <1.5 serves/day 0.64 (−0.40, 1.68) 0.221 ·· ··
≥1.5 to <2.5 serves/day −0.16 (−1.46, 1.14) 0.808 ·· ··
≥2.5 serves 0.04 (−1.24, 1.32) 0.953 ·· ··
Milk and/or alternatives (binary)
<2.5 serves/day (ref.)
≥2.5 serves/day −0.20 (−1.28, 0.88) 0.715 −0.48 (−1.53, 0.57) 0.366
Meats and/or alternatives
(categorical)
<0.5 serves/day (ref.)
≥0.5 to <1.5 serves/day −0.96 (−2.01, 0.09) 0.071 ·· ··
≥1.5 to <2.5 serves/day −0.69 (−1.82, 0.44) 0.228 ·· ··
≥2.5 serves/day −0.62 (−1.85, 0.62) 0.322 ·· ··
Meats and alternatives (binary)
<2.5 serves/day (ref.)
≥2.5 serves/day −0.08 (−1.12,0.97) 0.880 −0.29 (−1.48, 0.90) 0.630
Fibre (g/day) −0.06 (−0.09, −0.03) 0.001 −0.06 (−0.11, −0.004) 0.034
CHO (%E) 0.01 (−0.03, 0.05) 0.687 ·· ··
Protein (%E 0.05 (−0.02, 0.132) 0.154 ·· ··
Total fat (%E) −0.03 (−0.07, 0.02) 0.197 −0.04 (−0.09, 0.008) 0.097
Trans-fat (%E) 0.40 (−0.76, 1.56) 0.492 ·· ··
Saturated and trans-fat (%E) 0.02 (−0.10, 0.06) 0.628 ·· ··
Monosaturated fat (%E) −0.04 (−0.18, 0.10) 0.545 ·· ··
Polyunsaturated fat (%E) −0.14 (−0.31, 0.27) 0.100 ·· ··
Alcohol (%E) 0.01 (−0.06, 0.08) 0.820 −0.03 (−0.09, 0.04) 0.460
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Table 5. Cont.

Unadjusted Model Adjusted Model

β (95% CI) p Value β (95% CI) p Value

DF (%E) 0.007 (−0.01, 0.03) 0.437 −0.006 (−0.03,0.02) 0.673
SSBs (%E) 0.04 (−0.05, 0.13) 0.340 ·· ··
Added sugar intake (%E) 0.06 (−0.01, 0.12) 0.075 ·· ··
Total energy (MJ) −0.11 (−0.28, 0.04) 0.144 0.15 (0.09, 0.39) 0.209
Total PA (minutes/wk) cont 1 −0.003 (−0.004, −0.001) 0.005 −0.002 (−0.004, −0.001) 0.013
Total PA (minutes/wk) 1

Did not meet recommended
guideline (ref.)
Met recommended guidelines −0.96 (−1.95, 0.03) 0.057 ·· ··

Data were analysed using linear regression with data presented from univariable and multivariable linear regres-
sion analyses. Collinear diet variables were excluded (protein correlate with meat and alternatives, carbohydrate
with alcohol, monosaturated fat, polyunsaturated fat, trans-fat saturated fat + trans-fat correlated with total
fat, added sugar correlated with SSBs). β, beta-coefficient; CHO, carbohydrate; DF, discretionary foods; MJ,
megajoules; MVPA, moderate-vigorous physical activity; PA, physical activity; SEIFA, socio-economic index of
disadvantage for areas; SSBs, sugar sweetening beverages, %E, percentage energy. 1 Total minutes of physical
activity undertaken in last week (includes walking for transport + walking for fitness + Moderate + Vigorous
time but do not include sessions). Used as continuous and dichotomized as whether physical activity last week
met 150 min recommended guidelines. The difference in the number of variables included in the multivari-
able analysis for pre-pregnant and postpartum women is due to model selection strategies using backward
elimination techniques.

3.4. Results from Sensitivity Analysis

Multivariable linear regression analysis results of diet and PA and BMI after excluding
implausible energy reporters in pre-pregnant and postpartum women are presented in
Table 6. In pre-pregnant women, the associations between whole grains and energy from
alcohol and BMI were not maintained in the sensitivity analysis. Other diet variables
showed similar associations in terms of directionality without substantial differences in
the magnitudes of estimates (<20% relative change) from the main analysis. In postpartum
women, the association between fibre and BMI was no longer statistically significant, but
the total energy intake’s association with BMI became statistically significant. The inverse
association between increased PA and BMI was maintained after excluding implausible
energy reporters.

Table 6. Sensitivity analysis of the associations between diet and physical activity and BMI after
excluding implausible energy reporters among pre-pregnant and postpartum women.

Pre-Pregnancy (n = 577) § Postpartum (n = 989) §

Adjusted β (95% CI) p Value Adjusted β (95% CI) p Value

Age, year 0.20 (0.13, 0.27) <0.001 0.14 (0.08., 0.19) <0.001
Country of birth
Australia (ref.)
Other English-speaking country 0.39 (−0.96, 1.74) 0.567 0.18 (−1.61, 1.97) 0.841
Others −1.66 (−2.70, −0.62) 0.002 −0.68 (−2.11, 0.75) 0.154
Remoteness
Major cities (ref.)
Inner regional 0.80 (−90, 2.51) 0.350 0.03 (−1.11, 1.17) 0.952
Other 1.70 (−0.67, 4.07) 0.157 1.18 (−0.46, 2.82) 0.154
Marital status
Not married (ref.)
Married −0.35 (−1.44, 0.74) 0.517 ... ..
Education
Bachelor/Graduate diploma (ref.)
Certificates/Advanced diploma −0.75 (−2.54, 1.05) 0.408 −0.68 (−1.86, 0.50) 0.254
No non-school qualification −0.28 (−1.93, 1.36) 0.731 1.08 (−0.07, 2.22) 0.064
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Table 6. Cont.

Pre-Pregnancy (n = 577) § Postpartum (n = 989) §

Adjusted β (95% CI) p Value Adjusted β (95% CI) p Value

Occupation
Clerical trade (ref.)
Professional −0.31 (−1.99, 1.36) 0.710 −0.83 (−2.74, 1.09) 0.392
Assoc. Professional −0.35 (−1.92, 1.22) 0.659 −1.46 (−3.20, 0.29) 0.100
Other −1.51 (−2.96, −0.06) 0.041 −0.69 (−2.71, 1.33) 0.498
SEIFA
1st (highest disadvantage) (ref.)
2nd quintile 0.18 (−2.15, 2.50) 0.880 −0.48 (−2.27, 1.30) 0.591
3rd quintile −0.42 (−2.49, 1.64) 0.684 −1.13 (−3.04, 0.78) 0.241
4th quintile −0.62 (−2.75, 1.51) 0.564 −1.77 (−3.66, 0.12) 0.066
5th quintile (least disadvantage) −0.49 (−2.52, 1.54) 0.631 −1.49 (−3.10, 0.12) 0.68
Smoking status
Never smoked (ref.)
Current smoker −1.55 (−2.95, −0.16) 0.030 0.33 (−0.96, 1.62) 0.612
Ex-smoker 0.47 (−1.12, 2.06) 0.558 0.74 (−0.56, 2.04) 0.262
Self-assessed health
Fair/poor (ref.)
Excellent/very good/good −2.22 (−5.09, 0.64) 0.125 −1.04 (−2.66, 0.58 0.203
Dieting
Not currently on diet (ref)
Currently on diet 2.28 (0.39, 4.17) 0.019 3.24 (1.79, 4.71) <0.001
Vegetables, legumes/beans
(binary)
<5 serves/day (ref.)
≥5 serves/day −1.23 (−2.46, 0.003) 0.051 0.63 (−0.72, 1.99) 0.354
Fruit (binary)
<2 serves/day (ref.)
≥2 serves 0.86 (−0.31, 2.04) 0.146 −0.74 (−2.07, 0.59) 0.270
Grain (cereal) foods (binary)
<6 serves (ref.)
≥6 serves/day 1.44 (−0.21,3.09) 0.086 .. . . .
Whole grain (serve, categorical)
<1 serves/day (ref.)
≥1 to <2 serves/day 0.48 (−1.07, 2.03) 0.537 −1.10 (−2.17, −0.03) 0.044
≥2 to <3 serves/day −0.58 (−2.44, 1.28) 0.537 −0.22 (−1.59, 1.15) 0.748
≥3 serves/day −1.11 (−2.42, 0.20) 0.096 −0.78 (−2.35, 0.79) 0.324
Milk and/or alternatives (binary)
<2.5 serves/day (ref.)
≥2.5 serves/day .. .. −0.26 (−1.38, 0.85) 0.641
Meats and alternatives (binary)
<2.5 serves/day (ref.)
≥2.5 serves/day 1.09 (−0.08, 2.25) 0.067 −0.66 (−1.88, 0.57) 0.287
Fibre (g/day) .. . . . −0.04 (−0.09, 0.01) 0.144
Total fat (%E) −0.01 (−0.09, 0.07) 0.724 −0.04 (−0.09, 0.02) 0.211
Alcohol (%E) −0.04 (−0.11, 0.03) 0.231 −0.01 (−0.08, 0.06) 0.737
DF (%E) 0.03 (−0.01, 0.07) 0.153 −0.0003 (−0.03, 0.03) 0.865
SSBs (%E) 0.06 (−0.06, 0.17) 0.303 .. ..
Total energy (MJ) −0.01 (−0.23, 0.21) 0.927 0.33 (0.09, 0.58) 0.007

Total PA (minutes/wk) cont 1. −0.001(−0.003, 0.001) 0.208 −0.002 (−0.004,
−0.0001) 0.041

Data were analysed using linear regression. Only data from multivariable linear regression analyses are presented.
β, beta-coefficient; DF, discretionary foods; MJ, megajoules; MVPA, moderate-vigorous physical activity; PA,
physical activity; SEIFA, socio-economic index of disadvantage for areas; SSBs, sugar sweetened beverages, %E,
percentage energy. § Variables included here are similar to variables that were included in the main analyses
and were selected based on backward stepwise elimination processes. 1 Total minutes of physical activity
undertaken in last week (includes walking for transport + walking for fitness + Moderate + Vigorous time but do
not include sessions).
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4. Discussion

4.1. Main Findings

We report here for the first time on diet and PA and their associations with BMI in a
nationally representative sample of Australian women across key reproductive life stages.
We confirm women across life stages failed, on average, to meet population-level recom-
mended intakes of key core foods. A higher proportion of daily energy from discretionary
foods persisted in pre-pregnant, pregnant and postpartum women. Sociodemographic
factors, including country of birth, education, occupation and socioeconomic disadvantage
areas, were associated with core and discretionary food intake and PA in pre-pregnancy
and postpartum women. An inverse association was observed for both higher whole grain
intake and higher energy from alcohol and BMI in pre-pregnant women, whereas increased
fibre intake and PA were inversely associated with BMI in postpartum women.

4.2. Meeting Recommended Intakes of Core Foods, Discretionary Choices and PA

Our findings of failure to meet population-level recommendations for core foods,
discretionary foods and PA are consistent with previous studies in pre-pregnant, preg-
nant [21,36] and postpartum women [37,38] and in the general population [13]. Failure
to meet dietary or PA recommendations may be explained by factors, including lack of
awareness, limited resources for accessing healthy foods for low-socioeconomic-status
women, [36], cultural influences on food choice, lack of social support, exposure to fast food
outlets [39] and other psychosocial barriers [40]. Low proportions of pregnant and post-
partum women met the PA guidelines, which is consistent with previous studies [41–43].
Several barriers may prevent pregnant women from engaging in PA, including perceived
mother–baby safety concerns, fatigue, lack of motivation and lack of social support [44,45];
and barriers such as time limitations, lack of childcare, lack of partner support and family
responsibilities may prevent PA by postpartum women [20].

4.3. Socioeconomic Factors

Consistent with prior research in the general population [46–48], a range of sociode-
mographic characteristics were associated with meeting the recommended intakes of PA
guidelines in pre-pregnant and postpartum women. For women pre-pregnancy, those born
in Australia were less likely to have an optimal intake of grains/cereals, and those with
higher education and the least socioeconomically disadvantaged were more likely to meet
PA guidelines. Conversely, the recommended intakes of vegetables, fruit, dairy or alterna-
tives and meat or alternatives did not differ by sociodemographic factors in pre-pregnant
women, as previously reported [21]. Postpartum women with higher education and liv-
ing in socioeconomically advantaged areas were more likely to have the recommended
intakes of vegetables and fruits and the recommended level of PA. While research is limited
in postpartum women, this finding is consistent with previous studies reporting socio-
economic disadvantage as being a strong determinant of fruit and vegetable intake [46] and
PA [48] in the general population. A disparity in overall food and nutrient intake has been
previously reported between Australian-born and overseas-born women, with overseas
born women having higher intakes of cereals/beans but less vegetable/legume, dairy and
meat intakes than Australian-born women [49]. This suggests that future interventions
could potentially target grains/cereals and PA for pregnant women; and vegetables, fruit,
discretionary foods and PA for postpartum women, specifically those from different ethnic
and socioeconomic backgrounds.

4.4. Dietary Components and BMI

A higher whole grain intake (≥3 servings/day) in pre-pregnant women and increased
fibre intake in postpartum were associated with decreased BMI (kg/m2). The association
between wholegrains and BMI in pre-pregnancy is consistent with previous meta-analyses
in the general population reporting ≥3 servings/day whole grains was associated with a
lower BMI and less central adiposity [50]. In postpartum women, a 1 g/d increase in fibre
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was associated with a 0.06 kg/m2 lower BMI and 0.15 kg lower postpartum weight gain [51];
and fibre intake below the recommendation (<29 g/day) increased the risk of PPWR by
24% [52]. These findings may be related to the effects of whole grains [53] and fibre [54]
on satiety and fullness and the subsequent inhibitory effect on energy intake. Given the
mean wholegrains and fibre intakes were ~1.2 serves/day and ~20 g/day, respectively
(compared to broad guidelines of ≥3 serves/day [55] and population recommendations of
25–30 g/day [34], respectively), it is imperative to target both fibre and wholegrains for
optimising weight management in women at key reproductive life-stages.

We report an inverse association between BMI and energy from alcohol in pre-pregnant
women. While there is a lack of research currently on the association between alcohol
and obesity in pre-pregnant and postpartum women, there are inconsistent findings in
the general population [56–59]. This may be partly attributed to variations in frequency,
amount or types of alcohol, and variations in lifestyle and dietary habits or energy intake
for drinkers and non-drinkers [60]. Our analysis was adjusted for factors such as dieting
and total energy intake, and indicates an independent relationship between alcohol and
BMI in pre-pregnant women. The link between alcohol intake and BMI is likely complex
and modifiable across life stages due to physiological variations. Furthermore, given that a
large proportion of pregnancies are unplanned [61] and population recommendations are
to stop alcohol intake when trying to conceive [35], the contribution of alcohol to both BMI
and adverse pregnancy outcomes must be considered.

We observed no significant association between fruit or vegetable intake and BMI in
pre-pregnant and postpartum women. This is in contrast to prior studies reporting inverse
associations between the ‘vegetables and meat’ pattern and BMI in preconception [14]
and the fruit and vegetable index and weight gain in young women [62], and systematic
reviews reporting an inverse association between fruit and vegetable intake and BMI in the
general population [63]. This discrepancy could be due to the lack of consistent adjustment
for important confounders, including total energy intake and the low intake of fruit and
vegetables. In contrast to reports in the general population [64,65], we also report no
association between energy from discretionary foods or SSBs and BMI in pre-pregnant
and postpartum women. These disparate results are unclear, but may be due to the use
of different analysis approaches. We used energy from discretionary foods, unlike prior
studies that assessed individual discretionary foods [65]. Total energy intake was not
also associated with BMI in pre-pregnant and postpartum women, in contrast to prior
studies of postpartum women [66]. This may be partly explained by energy misreporting,
particularly in women with higher BMIs [67], or other factors, such as the relatively high
rate of dieting. In sensitivity analysis, however, increased energy intake was associated
with BMI in postpartum women, even after exclusion of energy misreporters. Here, for our
main analysis, we reported results without exclusion of energy misreporters, as these are
consistent with prior reports from this large national survey [68].

4.5. PA and BMI

We report here a modest but significant inverse association between PA and BMI in
postpartum women, which is consistent with some [69,70] but not all [71] observational
studies. Conversely, we found no significant association between PA and BMI in pre-
pregnant women, which is in contrast to longitudinal studies in reproductive-aged women
that reported an inverse association between a higher level of MVPA and weight gain [72]
or overweight and obesity [73]. However, these studies did not consistently adjust for
important confounders, such as energy intake and other dietary factors. Differences in
study design (cross-sectional vs. longitudinal) may partly explain the inconsistent reports.
It is difficult to explain the finding here that PA is more closely associated with BMI only
in postpartum women, but this may be related to the smaller sample size for the pre-
pregnant population. Given over half of women currently undertake suboptimal amounts
of PA [16] and the benefits of PA for psychological and physical wellbeing [74] and weight
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management [69], there is a need for further research to elucidate the mixed findings of PA
and BMI in free-living pre-pregnant and postpartum women.

4.6. Strength and Limitations

This study has several strengths. Given the use of a subsample from a nationally
representative survey, the results can be generalisable to the Australian population of
reproductive age women. Height and weight were collected based on measured data,
which give accurate BMI status and more reliable estimates than self-reported data. Fur-
thermore, our analysis followed rigorous methods by accounting for sampling weight
and survey design, resulting in unbiased estimates. The analysis also adjusted for several
important confounders, such as dieting. However, the limitations of this study should
be acknowledged. First, self-reported dietary data based on 24 h recall may be subject
to recall bias or misreporting due to social desirability bias [75], which affects the results
towards the null. However, the use of AMPM aids to minimize recall bias by maximising
the recall of foods and accounting for intrapersonal variability [25]. Second, although
24 h recall gives a good estimation of dietary intake at the population level, dietary data
based on one day recall may not reflect the usual intake of foods and nutrients. Third, we
used a proxy method to identify reproductive life stages using prespecified terms ‘female
life stages’ and ‘number of children’ in the household that may not definitely separate
pre-pregnancy and postpartum women. Despite the lack of certainty on the definitions
of the specific reproductive life stages, this dataset allowed the use of robust methods of
dietary assessment by 24 h recall. Fourth, the sample size for pre-pregnant and pregnant
women was relatively small, which may have reduced the power in the multivariable
analysis for pre-pregnant women. Finally, the cross-sectional study design precluded the
assessment of any causal relationships and may also explain inconsistencies with previous
longitudinal studies. We also note that some food group recommendations are different
for lactating women. We did not differentiate postpartum women based on breastfeeding
status, as the subgroup sample sizes, particularly for sociodemographic analysis, would
have been too small.

5. Conclusions

Our findings showed that women across reproductive life stages, in particular, those
from lower socioeconomic groups and those born in Australia, failed to meet population-
level diet and PA recommendations. In pre-pregnant women, whole grains and energy
from alcohol were inversely associated with BMI, and fibre and PA were associated with
BMI in postpartum women. This study suggests that the lifestyle components of whole
grains, fibre, alcohol and PA; and sociodemographic groups of country of birth, education
and socioeconomic disadvantage, should be targeted in future interventions to prevent
weight gain or obesity in women across reproductive life stages. The findings, however,
should be interpreted with caution due to the indirect definitions of reproductive life stages.
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//www.mdpi.com/article/10.3390/nu14132607/s1. Table S1: Definitions of reproductive life stages.
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a–g: Dietary intake and physical activity by sociodemographic characteristics in pre-pregnant and
postpartum women.
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Abstract: This study examines the impact of longitudinal dietary trajectories on obesity and early
childhood caries (ECC) in preschool children in Australia. Mother–infant dyads from the Healthy
Smiles Healthy Kids study were interviewed at 4 and 8 months, and 1, 2, and 3 years of age.
Children underwent anthropometric and oral health assessments between 3 and 4 years of age.
Multivariable logistic regression and negative binomial regression analysis were performed for
the prevalence of overweight and obesity, and the number of tooth surfaces with dental caries,
respectively. The intake of core, discretionary, and sugary foods showed distinct quadratic (n = 3)
trajectories with age. The prevalence of overweight or obesity was 10% (n = 72) and that of early
childhood caries (ECC) was 33% (mean decayed, missing, and filled tooth surfaces (dmfs) score: 1.96).
Children with the highest trajectories of discretionary foods intake were more likely to be overweight
or obese (adjusted OR: 2.51, 95% CI: 1.16–5.42). Continued breastfeeding beyond 12 months was
associated with higher dmfs scores (adjusted IRR: 2.17, 95% CI: 1.27–3.73). Highest socioeconomic
disadvantage was the most significant determinant for overweight or obesity (adjusted OR: 2.86,
95% CI: 1.11–7.34) and ECC (adjusted IRR: 2.71, 95% CI: 1.48–4.97). Targeted health promotion
interventions should be designed to prevent the incidence of two highly prevalent conditions in
preschool children.

Keywords: diet; dietary trajectories; dietary patterns; overweight; obesity; early childhood caries;
ECC; dental caries; health risk; preschool children

1. Introduction

Obesity and early childhood caries (ECC) are the two common and important health
problems affecting Australian children [1,2]. In Australia, 20% of children aged 2–4 years
are either overweight or obese [3] and 34% have ECC by the age of 5-years [4]. Both these
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conditions can have detrimental long-term health consequences [5,6] and also have a
tendency of progression into adulthood [1,5].

Childhood obesity and ECC are multi-factorial in origin with a diverse range of risk
factors [7]. Recent evidence shows that these two conditions share common risk factors
including low socioeconomic status (SES), poor diet, and other social–environmental
factors [8,9]. Hence, considering the evident association between these two conditions,
the Common Risk Factor Approach (CRFA) seems to be the most suitable interventional
strategy as it seeks to target risk factors that are common to both the conditions [10].

Poor diet, comprising of energy-dense, low-nutritious foods, and an earlier intro-
duction of such foods can contribute to the rising prevalence of childhood obesity and
ECC [11,12]. For example, earlier research from the Healthy Smiles Healthy Kids (HSHK)
study [13–15] identified that 95% of infants were introduced to discretionary foods, and more
specifically, almost 43% of infants were introduced to sugar beverages (SSBs) before the
recommended age of 52 weeks [16]. The research team further noted that over 13% and over
76% of Sydney infants were introduced to solid foods before 17- and 26-weeks post-partum,
respectively [15]. Another Australian cohort study found that a high consumption of
sugary drinks led to obesity and ECC in young children [9]. In addition to sugars, poor diet
comprises of other constituents that are considered to be obesogenic (e.g., ultra-processed
foods high in saturated and trans fats and/or salts) and cariogenic (e.g., acidic foods or
beverages) [17,18]. Contrariwise, an individual’s diet also consists of foods that can have
an obesity-protective effect (e.g., fruits and vegetables) [19]. Therefore, in order to under-
stand the disease epidemiology and prevention of obesity and dental caries in early life,
it is important to examine the impact of whole diet, rather than single nutrients or foods.
Measuring multiple dietary elements together and their patterns assists in identifying the
synergistic and correlational nature of individual foods and nutrients. Moreover, they may
be suggestive of how individuals eat and in what frequency [20]. Furthermore, measuring
diet patterns longitudinally (from early infancy to preschool age) will help with defin-
ing which foods and/or nutrients are amenable to change and at what stage of life [21],
particularly if those foods or nutrients are specifically related to disease outcomes.

Dietary patterns in children have been examined using statistical approaches such as
factor analysis, principal component analysis (PCA), and cluster analysis [22–24]. In recent
years, the Group-Based Trajectory Modelling (GBTM) approach has emerged for examining
longitudinal dietary patterns [25]. The GBTM identifies clusters of individuals who follow
similar trajectories over time [26]. This study is innovative and novel, since it examines
the dietary intakes evolving over the first three years of life using advanced statistical
approaches such as GBTM and their impact on two subsequent health outcomes. This may
provide a greater understanding of the diet–disease relationship, which in the case of the
present study is obesity and ECC.

Dietary patterns and their association with later health outcomes in children have
been investigated previously [27,28]. However, studies exploring the association be-
tween dietary patterns and obesity amongst children [28,29] as well as the relationship
between dietary patterns and ECC [28,30] have shown inconsistent findings. A recent
Australian cohort study did not find any meaningful association between two dietary
patterns (i.e., healthy and unhealthy), body mass index (BMI) scores, and ECC in tod-
dlers [28]. Whilst a Singapore-based study [31] involving a multi-ethnic Asian children
population, using multi-level mixed modelling to examine the dietary trajectories between
6 and 12 months of age and ECC at a later age (i.e., age 2 and 3 years), demonstrated
an inverse relationship between healthy diet patterns and ECC [31]. It is suggested that
inconsistencies in the limited existing evidence may be due to discrepancies in the method-
ological approaches used to examine dietary patterns [28]. Moreover, to the best of our
knowledge, no study has used GBTM to examine the longitudinal dietary patterns of core,
discretionary, and added-sugar foods in infancy and early childhood and their association
with later health outcomes. Therefore, the aim of this study was to examine the association
between healthy and unhealthy dietary trajectories and obesity and ECC in preschool
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children. Moreover, the use of GBTM to characterise dietary patterns in early life would
assist in providing a more detailed picture of diet and its evolution with age. Hence, the
objectives of this study were:

1. To investigate the impact of longitudinal dietary trajectories on obesity and ECC in
Australian preschool children.

2. To ascertain the impact of sociodemographic, socioeconomic, behavioural, and bio-
logical factors on obesity and ECC in Australian preschool children.

2. Methods

2.1. Data Source

This study is a secondary analysis of data collected from an ongoing birth cohort study
called Healthy Smiles Healthy Kids (HSHK) [32], which has followed socioeconomically
diverse families based in South West Sydney (SWS) since 2009, as described in detail in
earlier studies [15,32,33]. In terms of recruitment, Child and Family Health Nurses (CFHNs)
recruited mother–infant dyads (n = 1035) between October 2009 and February 2010 from
public hospitals located within the Sydney and South Western Sydney Local Health Districts
(LHDs) (formerly known as Sydney South West Area Health Service). The mothers were
provided information on the study at the first post-natal visit, and written consent was
obtained. Interpreter services and written material in the native language of non-English
speaking participants (i.e., Arabic, Assyrian, Hindi, Cambodian, Cantonese, Mandarin,
Vietnamese, and Samoan) were also arranged to facilitate participation.

2.2. Data Collection
2.2.1. Dietary Data

Children’s dietary data were periodically collected via telephone interviews at five
age points i.e., 4 months, 8 months, 1 year, 2 years, and 3 years, respectively. The dietary
questionnaire was adapted from the Iowa Fluoride study [34], the NSW Child Health
Questionnaire [35], the National Child Oral Health Survey [36], the Perth Infant Feeding
Studies (PIFS I and II) [37,38], and the HSHK pilot study [39]. Children’s dietary habits,
in terms of consumption of 32 individual food and drink items in the preceding seven
days, were recorded using a short food frequency questionnaire (FFQ) (Table S1). At every
interview, mothers were asked an open-ended question “In the past 7 days, how often
was your baby/child fed each of the following foods and/or drinks?”. A numerical
response was recorded to represent the number of times the specified food and/or drink
was consumed in a week.

For dietary trajectory analyses, the 32 listed food and drink items were broadly
categorised into ‘core’ and ‘discretionary’ foods groups based on the 2013 Australian
Dietary Guidelines [16,40]. The same categorisation method was used in previously
published research [14]. The core foods group (n = 12 items) comprised of dairy, grains,
fruits, vegetables, and meat and its alternatives; whilst the discretionary foods group
(n = 20 items) comprised of foods with added fats and/or salt, and foods with added
sugars. Additionally, the discretionary foods group was further categorised into sugary
foods group (n = 18 items). The frequency (continuous data) of each item in the five
individual core foods subgroups were summed to give the ‘total of the core food group
intake’, and the frequency of each item in the two discretionary food groups were summed
to give the ‘total of the discretionary food group intake’. This same method was used for
sugar-containing items to give the ‘total of the sugary food group intake’. The focus of
this study was on dietary trajectories of core, discretionary, and sugary foods, respectively.
Children were included in the study if they had diet data available for at least three
interview age points along with the clinical outcome data.

2.2.2. Other Predictors

Information on sociodemographic characteristics (including maternal age, marital sta-
tus, country of birth, education level, employment status at 12 months postpartum, parity,

197



Nutrients 2021, 13, 2240

and child gender), area-level socioeconomic status (SES), behavioural factors including
maternal smoking practices during pregnancy, and biological factors including infant
birth weight were collected via telephone interview at baseline (i.e., 8 weeks postpartum)
using the adapted study questionnaire. Data on child age, breastfeeding duration, and age
at which complementary (solid) foods were first introduced were periodically recorded
via telephone interviews at 4 months, 8 months, 1 year, 2 years, and 3 years age points.
Furthermore, children’s physical activity (time spent playing outdoors) was recorded at
the 3-year interview [41].

2.2.3. Anthropometric Data

Once the children reached the age of 3 years, they were invited (accompanied by their
mothers) for a dental assessment. At the time of the dental visit, children’s weight and
height were measured by trained and experienced health professionals using standardised
methodology and equipment [42]. For weight measurement, a calibrated digital scale
placed on a flat, hard surface was used, with children wearing light clothing and no shoes.
The measured weight was recorded to the nearest 100 g. For the height measurement,
a portable SECA stadiometer was used with a vertical backboard and movable headboard.
The child’s head, back, buttocks, and heels were in contact with the vertical backboard.
The measured height was recorded to the nearest 1 mm. For weight and height assessment,
two measurements were taken by the examiner, and if the two measures for weight
differed by more than 50 g, and/or if the two measures for height differed by more than
5 mm, then a third measurement was taken. For anthropometric outcome, age and gender-
specific BMI z-score was calculated using the World Health Organization’s (WHO) (Geneva,
Switzerland) AnthroPlus software program version 2.0 [43]. Children were categorised
(based on the WHO age and gender specific cut-offs) as healthy (BMI z-score ≥ −2 and
≤+2 standard deviations (SD)), overweight (BMI z-score > +2 and ≤+3 SD) or obese (BMI
z-score > +3 SD) [44]. For analytical purposes, overweight and obese categories were
combined into a single category ‘overweight or obese’ (BMI z-score > +2 SD) due to the
small number of obese children.

2.2.4. Dental Data

Children’s dental examinations were conducted between the ages of 3 and 4 years.
The examinations were conducted by trained and experienced dental therapists in clinical
settings using standardised protocols [45,46]. A standard dental index—decayed, missing,
and filled tooth surfaces (dmfs)—was used to record the ECC prevalence [47]. For this
study, ECC was characterised as the ‘presence of one or more decayed (non-cavitated or
cavitated lesions), missing (due to decay), or filled tooth surfaces in any primary (baby)
teeth in children less than 6 years of age’ [48].

2.3. Statistical Analyses

Statistical analyses were performed using Stata Statistical Software version 15.0 (Stata-
Corp, College Station, TX, USA). Continuous data were presented as mean and SD and
categorical data were presented as frequency and percentages.

2.4. Dietary Pattern Analyses
2.4.1. Group-Based Trajectory Modelling

Dietary patterns were examined using the Group-Based Trajectory Modelling (GBTM)
analysis. A plug-in (PROC TRAJ) in Stata was used to construct the dietary trajectories.
The GBTM uses finite mixture modelling and creates meaningful subgroups comprising
of individuals who follow statistically similar trajectories. It statistically identifies (rather
than assuming a priori) groups of distinctive trajectories that are summarised by a finite
set of different polynomial functions of age or time, as determined by maximum likelihood
estimation. The maximisation uses a general quasi-Newtown method. GBTM allows the
trajectories to emerge from the data itself rather than establishing trajectories on the basis of
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an individual trait or traits. In terms of trajectory groups, this method determines the form
and numbers that best fit the data. GBTM predicts the trajectory of each group, the form
of each trajectory, estimates the probability for each individual for group membership,
and assigns them to the group for which they have the highest probability.

For GBTM, Bayesian information criteria (BIC) are often used for selecting the model
(number of trajectory groups) that best represents the heterogeneity in the trajectories of
the study sample. However, the BIC does not always clearly identify the ideal number of
groups. Therefore, the objective of model selection is centred around summarising the data
features in as parsimonious manner as possible. In this study analysis, a Poisson-based
model was used due to the continuous distribution (count data) of the food frequency data
at each age point. GBTM analysis comprises of a two-step process: (1) select the number
of groups; and (2) determine the order of the polynomial defining each group’s trajectory
(i.e., zero-order, linear, cubic, and quadratic). A series of 2- to 6-group models were fitted,
starting with zero-order specifications for the trajectory shapes and moving to linear,
cubic, and quadratic specifications until the best-fitting model (which was parsimonious
and analytically tractable) was established.

Prior to dietary analyses, the 32 food and drink items were categorised into meaningful
groups (described earlier in the methods section) that had clinical relevance to the outcomes
of obesity and ECC, respectively. Three food groups, namely core, discretionary, and sugary
foods were used as input variables for GBTM. Trajectories of core foods were constructed
due to their protective effect against obesity [19]. Trajectories of discretionary foods were
constructed in relation to the obesity outcome, since foods high in saturated fats, salts,
and sugars are known to be obesogenic [17]. Meanwhile, trajectories of sugary foods were
generated in relation to the ECC outcome, since sugars are known to be one of the principal
determinants of ECC [49]. Dietary data available for at least three interview periods were
included in the analyses. In summary, dietary trajectories for ‘core’ and ‘discretionary’
foods were constructed for a total of 738 children, since they had the anthropometric data,
whilst dietary trajectories for ‘sugary’ foods were constructed for a total of 718 participants,
since they had ECC outcome data.

2.4.2. Predictors of Anthropometric Measures and ECC

Multi-level multivariable regression modelling was used for primary outcomes of
overweight/obesity and ECC, respectively. Regression modelling for both outcomes
was based on conceptual models; it was guided by prior evidence that certain dietary,
biological, sociodemographic, socioeconomic, and behavioural factors were the likely
candidate predictors [17,19,49,50]. Binary logistic regression was used to investigate the
associations of dietary patterns (specifically ‘core’ and ‘discretionary’ foods) and other
predictors with child weight status. Additionally, to investigate the associations of sugary
foods dietary patterns and other predictors with the presence of dental caries; the countfit-
function was used [51] to compare negative binomial and zero-inflated negative binomial
regression. The negative binomial regression was the best fit, and hence, it was used for
this analysis.

For each primary outcome, a series of models was generated. The first model was gen-
erated with only the diet trajectory groups. Then, demographic factors were sequentially
entered into the model to check for effect size and random variations. Furthermore, socioe-
conomic factors at the individual and area level were sequentially entered into the models
followed by behavioural and biological factors, respectively. For this study, each research
question is answered by presenting the full model with factors at all the levels. The fixed
effects were presented as odds ratios (OR) and 95% confidence intervals (95% CI) for
child weight status, and incidence rate ratios (IRR) and 95% CI for the prevalence of ECC.
A significance level of 5% was used for all analyses.
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2.5. Ethics Approval and Participant Consent

Ethics approval to conduct this study was given by the former Sydney South West
Area Health Service—RPAH Zone (ID number X08-0115), Liverpool Hospital, University of
Sydney and Western Sydney University. All participants signed a written consent form
prior to study commencement.

3. Results

Fifteen hundred mothers were invited to participate in the HSHK study, of whom
1035 formally agreed to participate (69% response rate). Participating (n = 1035) and non-
participating mothers (n = 465) were compared on certain sociodemographic characteristics
and chosen method of infant feeding. Both cohorts had no significant differences in terms of
maternal age (Chi-square (X2) = 4.75, p = 0.153), educational level (X2 = 6.65, p = 0.328), and
method of infant feeding (X2 = 2.46, p = 0.813). Before the baseline interview, a further 101
mothers either opted out or were non-contactable. Hence, in total, 934 mothers completed
the interviews (62.2% response rate), and of these, 738 had the anthropometric outcome
data (21% attrition rate), whilst 718 participants had the ECC outcome data (23% attrition
rate). No differences in the age, education level, and method of infant feeding were
evident between mothers who withdrew from the study and those who completed all the
interviews, including the clinical assessments (data not reported).

‘Core’ and ‘discretionary’ foods intake trajectories were constructed for 738 children
having anthropometric data (52% males and 48% females), while ‘sugary’ foods intake tra-
jectories were constructed for 718 children having ECC data (52% males and 48% females).
The mean (±SD) age of children was 3.57 (±0.25) years at the time of clinical assessment.
Most children were of healthy weight (90%), with 7% being overweight, 3% having obesity,
and 0.27% being underweight. Eleven percent (n = 38) of females and 9% (n = 34) of males
were overweight or obese in the study sample. In relation to the prevalence of dental
caries, 33% (n = 239) of children had ECC with a mean dmfs score of 1.96. There was
no difference in the caries experience of male (n = 124) and female (n = 115) children.
Furthermore, the majority of mothers were married and/or partnered, university educated,
and non-smokers during pregnancy. The characteristics of participants in relation to the
anthropometric and ECC outcomes are shown in Tables 1 and 2, respectively.

Table 1. Participant characteristics—diet trajectories, demographic, socioeconomic, behavioural, and biological characteris-
tics based on anthropometric groups (n = 738).

Characteristics Healthy a (n = 666) Overweight and Obese b (n = 72)

Diet trajectories

Core foods
Lowest (Gradual increase with late decrease) 149 (89.76%) 17 (10.24%)
Medium (Rapid increase with late decrease) 288 (88.62%) 37 (11.38%)
Highest (Rapid increase with early decrease) 229 (92.71%) 18 (7.29%)

Discretionary foods
Lowest (Low and gradual rising) 282 (93.69%) 19 (6.31%)
Medium (Moderate and stable) 297 (89.46%) 35 (10.54%)

Highest (High and late declining) 87 (82.86%) 18 (17.14%)

Demographic factors

Child age (in years) Mean ±SD 3.57 ± 0.25 3.58 ± 0.27

Child gender
Male 350 (91.15%) 34 (8.85%)

Female 316 (89.27%) 38 (10.73%)

Maternal age (in years) Mean ± SD 31.54 ± 5.02 30.64 ± 6.58

Maternal marital status
Married 616 (90.32%) 66 (9.68%)
Single 50 (89.89%) 6 (10.71%)
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Table 1. Cont.

Characteristics Healthy a (n = 666) Overweight and Obese b (n = 72)

Maternal country of birth
Australia-born 309 (9.09%) 34 (9.91%)

English speaking country 36 (90%) 4 (10%)
Non-English-speaking country 321 (90.42%) 34 (9.58%)

Number of children in household
1 334 (90.27%) 36 (9.73%)
2 210 (90.52%) 22 (9.48%)
≥3 122 (89.71%) 14 (10.29%)

Individual-level socioeconomic status

Maternal education
University 314 (92.90%) 24 (7.10%)

College/TAFE 119 (89.47%) 14 (10.53%)
Completed 12 132 (88.59%) 17 (11.41%)

Left school < 12 101 (85.59%) 17 (14.41%)

Maternal work status
Not working 339 (88.74%) 43 (11.26%)

Working 298 (91.98%) 26 (8.02%)

Area-level socioeconomic status

Index of relative socioeconomic advantage and
disadvantage
Deciles 9–10 162 (95.29%) 8 (4.71%)
Deciles 7–8 123 (92.48%) 10 (7.52%)
Deciles 5–6 18 (90%) 2 (10%)
Deciles 3–4 157 (88.70%) 20 (11.30%)
Deciles 1–2 206 (86.55%) 32 (13.45%)

Behavioural factors

Breastfeeding duration
<17 weeks 236 (87.41%) 34 (12.59%)

17–25 weeks 71 (89.87%) 8 (10.13%)
26–51 weeks 165 (90.16%) 18 (9.84%)
≥52 weeks 193 (94.15%) 12 (5.85%)

Age of introduction of solid foods
<17 weeks 63 (85.14%) 11 (14.86%)

17–25 weeks 362 (90.05%) 40 (9.95%)
≥26 weeks 232 (91.70%) 21 (8.30%)

Infant feeding at 4-weeks age
Only BF 436 (92.77%) 34 (7.23%)
Only FF 87 (83.65%) 17 (16.35%)

Both BF and FF 143 (87.20%) 21 (12.80%)

Outdoor physical activity
≥180 min 414 (89.61%) 48 (10.39%)
<180 min 239 (91.22%) 23 (8.78%)

Maternal smoking during pregnancy
No 636 (90.60%) 66 (9.40%)
Yes 30 (83.33%) 6 (16.67%)

Biological factors

Infant birthweight
Normal/High 634 (90.44%) 67 (9.56%)

Low 32 (86.49%) 5 (13.51%)
a,b The total of the categories might not always add up to 738 due to missing or incomplete data for some items. Index of relative
socioeconomic advantage and disadvantage: deciles 9–10 = least disadvantaged; deciles 7–8 = low disadvantaged; deciles 5–6 = mod-
erately disadvantaged; deciles 3–4 = highly disadvantaged; deciles 1–2 = most disadvantaged. SD: standard deviation. n: sample size.
BF: breastfeeding. FF: formula feeding.
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Table 2. Participant characteristics—diet trajectories, demographic, socioeconomic, and behavioural
characteristics based on early childhood caries (ECC) groups (n = 718).

Characteristics
ECC − ve a

(n = 479)
ECC + ve b

(n = 239)

Diet trajectories

Sugary foods
Lowest (Low and gradual rising) 219 (67.80%) 104 (32.20%)
Medium (Moderate and stable) 194 (65.54%) 102 (34.46%)

Highest (High and late declining) 66 (66.67%) 33 (33.33%)

Demographic factors

Child age (in years) Mean ± SD 3.56 ± 0.25 3.59 ± 0.25

Child gender
Male 248 (66.67%) 124 (33.33%)

Female 231 (66.76%) 115 (33.24%)

Maternal age (in years) Mean ±SD 31.54 ± 5.09 31 ± 5.49

Maternal marital status
Married 442 (66.77%) 220 (33.23%)
Single 37 (66.07%) 19 (33.93%)

Number of children in household
1 257 (71.59%) 102 (28.41%)
2 146 (64.60%) 80 (35.40%)
≥3 76 (57.14%) 57 (42.86%)

Individual-level socioeconomic status

Maternal education
University 223 (69.25%) 99 (30.57%)

College/TAFE 97 (75.78%) 31 (24.22%)
Completed 12 94 (62.67%) 56 (37.33%)

Left school < 12 65 (55.08%) 53 (44.92%)

Maternal work status
Not working 233 (62.47%) 140 (37.53%)

Working 226 (72.20%) 87 (27.80%)

Area-level socioeconomic status

Index of relative socioeconomic
advantage and disadvantage

Deciles 9–10 122 (78.21%) 34 (21.79%)
Deciles 7–8 88 (69.84%) 38 (30.16%)
Deciles 5–6 16 (76.19%) 5 (23.81%)
Deciles 3–4 116 (65.91%) 60 (34.09%)
Deciles 1–2 137 (57.32%) 102 (42.68%)

Behavioural factors

Breastfeeding duration
<17 weeks 176 (66.17%) 90 (33.83%)

17–25 weeks 54 (71.05%) 22 (28.95%)
26–51 weeks 129 (72.88%) 48 (27.12%)
≥52 weeks 119 (60.10%) 79 (39.90%)

Maternal smoking during pregnancy
No 453 (66.42%) 229 (33.58%)
Yes 26 (72.22%) 10 (27.78%)

a,b The total of the categories might not always add up to 718 due to missing or incomplete data for some items.
Index of relative socioeconomic advantage and disadvantage: deciles 9–10 = least disadvantaged; deciles 7–8 = low
disadvantaged; deciles 5–6 = moderately disadvantaged; deciles 3–4 = highly disadvantaged; deciles 1–2 = most
disadvantaged. SD: standard deviation. n: sample size. ECC: early childhood caries.
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3.1. Dietary Pattern Trajectories
3.1.1. Core Foods

Three distinct core foods trajectories were identified (Figure 1): trajectory 1 (Lowest
consumers—gradual increase with late decrease) comprising 22.9% of the sample; trajectory
2 (Medium consumers—rapid increase with late decrease) comprising 43.6%; and trajectory
3 (Highest consumers—rapid increase with early decrease) comprising 33.5%. The resulting
patterns indicate that children’s core foods intake increased between 4 months and 2 years
of age, with frequency for all patterns decreasing between 2 and 3 years of age. From the
age of 1 to 2 years, children with the highest consumption began to decrease their intake of
core foods, while children in the lower consumption trajectories continued to increase their
consumption until 2 to 3 years, after which a downward decline in core foods consumption
was observed. Overall, the medium and highest trajectories seemed to converge with
advancing age, whilst the lowest trajectory remained distinct at the 3-year age point
(Figure 1).

Figure 1. Trajectories of core foods consumption in infancy and early childhood.

3.1.2. Discretionary Foods

Three distinct discretionary foods trajectories were identified (Figure 2): trajectory
1—‘Lowest consumers—Low and gradual rising’ comprising 40.8% of the sample; trajectory
2—‘Medium consumers—Moderate and gradual rising’ comprising 44.8%; and trajectory
3—‘Highest consumers—High and late declining’ comprising 14.4%. The resulting patterns
indicate that children’s discretionary foods intake steadily increased between 4 months
and 3 years of age. Between 2 and 3 years of age, children who had the lowest and medium
trajectories continued to have slightly higher or stable intakes respectively, whilst children
who had the highest trajectories began a downward trend in discretionary foods consumption.
Overall, all three trajectories remained distinctive with advancing age (Figure 2).
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Figure 2. Trajectories of discretionary foods consumption in infancy and early childhood.

3.1.3. Sugary Foods

Three distinct sugary foods trajectories were identified (Figure 3): trajectory
1—‘Lowest consumers—Low and gradual rising’ comprising 41.3% of the sample; tra-
jectory 2—‘Medium consumers—Moderate and stable’ comprising 45.3%; and trajectory
3—‘Highest consumers—High and late declining’ comprising 13.4% of the total sample.
The resulting patterns indicate that children’s sugary foods intake steadily increased be-
tween 4 months and 3 years of age. Between the ages of 2 and 3 years, children who had
the lowest and medium trajectories continued to have slightly higher or stable intakes,
respectively, whilst children who had the highest trajectories tended to begin a downward
trend in sugar foods consumption. Overall, all the three trajectories remained distinctive
with advancing age (Figure 3).

Figure 3. Trajectories of sugary foods consumption in infancy and early childhood.

3.2. Impact of Dietary Pattern Trajectories and Other Predictors on Overweight/Obesity

After adjustment of covariates, the highest trajectory of discretionary foods intake
compared with the lowest trajectory was independently associated with overweight or
obesity (OR = 2.51, 95% CI: 1.16–5.42; p = 0.019). Additionally, low area-level SES (deciles
1–2: most disadvantaged), compared with highest area-level SES (deciles 9–10: least
disadvantaged) was associated with overweight or obesity (OR = 2.86, 95% CI: 1.11–7.34;
p = 0.029). There was no independent association between core food intake trajectories and
overweight or obesity (Table 3).
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Table 3. Final model—impact of diet trajectories, demographic, socioeconomic, behavioural, and biological factors on
overweight or obesity in early childhood.

Adjusted OR 95% CI p-Value Overall p-Value

Diet trajectories

Core foods
Lowest (Gradual increase with late decrease) ref

0.559Medium (Rapid increase with late decrease) 1.26 0.64 2.47 0.505
Highest (Rapid increase with early decrease) 0.82 0.39 1.72 0.603

Discretionary foods
Lowest (Low and gradual rising) ref

0.022Medium (Moderate and stable) 1.55 0.83 2.89 0.165
Highest (High and late declining) 2.51 1.16 5.42 0.019

Demographic factors

Child age (in years) 1.03 0.37 2.86 0.958 0.973

Child gender
Male ref

0.496Female 1.21 0.72 2.06 0.468

Maternal age (in years) 1.00 0.95 1.06 0.856 0.803

Maternal marital status
Married ref

0.521Single 0.68 0.24 1.89 0.457

Maternal country of birth
Australia-born ref

0.252English speaking country 1.23 0.38 3.99 0.734
Non-English-speaking country 0.71 0.38 1.31 0.275

Number of children in household
1 ref

0.3462 0.80 0.43 1.48 0.481
≥3 0.67 0.31 1.45 0.314

Individual-level socioeconomic status

Maternal education
University ref

0.707
College/TAFE 1.11 0.52 2.39 0.777
Completed 12 1.06 0.51 2.24 0.861

Left school < 12 1.19 0.51 2.80 0.678

Maternal work status
Not working ref

0.381Working 0.77 0.43 1.37 0.375

Area-level socioeconomic status

Index of relative socioeconomic advantage and
disadvantage
Deciles 9–10 ref

0.030
Deciles 7–8 1.65 0.60 4.49 0.328
Deciles 5–6 1.94 0.35 10.83 0.449
Deciles 3–4 2.25 0.87 5.81 0.092
Deciles 1–2 2.86 1.11 7.34 0.029

Behavioural factors

Breastfeeding duration
26–51 weeks ref

0.121
<17 weeks 0.63 0.29 1.38 0.257

17–25 weeks 0.65 0.23 1.89 0.433
≥52 weeks 0.55 0.25 1.22 0.143
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Table 3. Cont.

Adjusted OR 95% CI p-Value Overall p-Value

Age of introduction of solid foods
<17 weeks ref

0.49217–25 weeks 0.97 0.41 2.28 0.948
≥26 weeks 0.88 0.34 2.25 0.786

Infant feeding at 4-weeks age
Only BF ref

0.072Only FF 1.96 0.81 4.75 0.137
Both BF and FF 1.85 0.96 3.56 0.067

Outdoor physical activity
≥180 mins ref

0.730<180 min 0.89 0.51 1.58 0.714

Maternal smoking during pregnancy
No ref

0.822Yes 1.07 0.31 3.69 0.908

Biological factors

Infant birthweight
Normal/High ref

0.730Low 1.31 0.45 3.78 0.621

Index of relative socioeconomic advantage and disadvantage: deciles 9–10 = least disadvantaged; deciles 7–8 = low disadvantaged; deciles
5–6 = moderately disadvantaged; deciles 3–4 = highly disadvantaged; deciles 1–2 = most disadvantaged. AOR: adjusted odds ratio. 95% CI:
95% confidence interval. ref: reference category. BF: breastfeeding. FF: formula feeding.

3.3. Impact of Dietary Pattern Trajectories and Other Predictors on ECC

No statistically significant or clinically meaningful association was found between tra-
jectories of sugary foods intake and ECC after adjusting for covariates (Table 4). In regard
to other predictors, low area-level SES (deciles 3–4: highly disadvantaged—IRR = 2.02,
95% CI: 1.08–3.77; p = 0.027 and deciles 1–2: most disadvantaged—IRR = 2.71, 95% CI:
1.48–4.97; p = 0.001), compared with highest area-level SES (deciles 9–10: least disad-
vantaged) was associated with ECC. Furthermore, a longer duration of breastfeeding
(≥52 weeks) was associated with ECC (IRR = 2.17, 95% CI: 1.27–3.73; p = 0.005) compared
with breastfeeding for 26 to 51 weeks (Table 4).

Table 4. Final model—impact of diet trajectories, demographic, socioeconomic, and behavioural factors on early child- hood caries.

Adjusted IRR 95% CI p-Value Overall p-Value

Diet trajectories

Sugary foods
Lowest (Low and gradual rising) ref

0.737Medium (Moderate and stable) 1.30 0.85 2.00 0.228
Highest (High and late declining) 0.90 0.47 1.70 0.747

Demographic factors

Child age (in years) 0.87 0.39 1.97 0.747 0.941

Child gender
Male ref

0.246Female 0.86 0.57 1.29 0.473

Maternal age (in years) 0.98 0.94 1.03 0.464 0.755

Maternal marital status
Married ref

0.352Single 1.34 0.59 3.00 0.482
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Table 4. Cont.

Adjusted IRR 95% CI p-Value Overall p-Value

Number of children in household
1 ref

0.5632 1.11 0.69 1.78 0.654
≥3 1.53 0.84 2.79 0.164

Individual-level socioeconomic status

Maternal education
University ref

0.195
College/TAFE 0.75 0.43 1.33 0.329
Completed 12 1.07 0.60 1.89 0.817

Left school < 12 1.75 0.91 3.37 0.092

Maternal work status
Not working ref

0.126Working 0.78 0.52 1.18 0.241

Area-level socioeconomic status

Index of relative socioeconomic advantage and
disadvantage
Deciles 9–10 ref

0.005
Deciles 7–8 1.64 0.86 3.13 0.132
Deciles 5–6 0.67 0.19 2.28 0.521
Deciles 3–4 2.02 1.08 3.77 0.027
Deciles 1–2 2.71 1.48 4.97 0.001

Behavioural factors

Breastfeeding duration
26–51 weeks ref

0.008
<17 weeks 1.23 0.72 2.08 0.448

17–25 weeks 0.99 0.47 2.06 0.976
≥52 weeks 2.17 1.27 3.73 0.005

Maternal smoking during pregnancy
No ref

0.223Yes 0.51 0.17 1.56 0.242

Index of relative socioeconomic advantage and disadvantage: deciles 9–10 = least disadvantaged; deciles 7–8 = low disadvantaged; deciles
5–6 = moderately disadvantaged; deciles 3–4 = highly disadvantaged; deciles 1–2 = most disadvantaged. Adjusted IRR: adjusted incidence
rate ratio. 95% CI: 95% confidence interval. ref: reference category.

4. Discussion

This study augments the existing literature on childhood nutrition by exploring the
longitudinal trajectories of dietary intake in Australian children as they transition from
infancy to early childhood using an innovative statistical approach such as GBTM and their
association with two highly prevalent childhood health issues.

In the present study, the prevalence of overweight and obesity was 10% while the
prevalence of ECC was 33%. A similar birth cohort study based in South Australia reported
8.2% prevalence of overweight and obesity and 8.8% prevalence of ECC in children aged
24–36 months [28]. In an Australia-wide context, the prevalence of overweight and obesity
in the present study is significantly lower (10% vs. 20%) [3], while the prevalence of ECC is
identical (33% vs. 34%) [4].

This study investigated the association of longitudinal dietary trajectories with over-
weight or obesity and ECC at 3–4 years of age. A positive association between high
frequency of discretionary foods intake (poor quality diet) and overweight or obesity was
observed. However, no association was found between high frequency of sugary foods
intake and ECC. Furthermore, no evidence of an inverse association between trajectories of
core foods intake (good quality diet) and overweight or obesity was found. Nevertheless,

207



Nutrients 2021, 13, 2240

the risk of childhood overweight or obesity and ECC was predicted by area-level SES,
and the risk of ECC was predicted by child breastfeeding practices in expected directions.

The frequent consumption of energy-dense, nutrient-poor discretionary foods was
prospectively associated with overweight and obesity. This finding is consistent with
previous literature [52,53]. For instance, a previous systematic review identified a positive
relationship between energy-dense, high-fat, and low-fibre dietary patterns, and later
overweight and obesity risk based on high-quality prospective studies [54]. Another recent
review including longitudinal cohort studies suggested that energy-dense diets increase the
risk of obesity in childhood [55]. However, inconsistent findings have been reported, and a
recent Australian cohort study did not find any association between unhealthy diet patterns
and obesity in children aged 24–36 months [28]. Frequent consumption of discretionary
foods can displace the intake of healthier core foods, provide excessive energy leading
to weight gain, and ultimately contribute to incidence of chronic health conditions [56].
Hence, understanding the contribution of discretionary nutrients (such as saturated fat,
salt, and added sugars) to total energy intake will assist in the identification of targets
to focus our efforts on preschool children to improve their nutrient intakes, diet quality,
and subsequent health.

Previous literature related to associations between unhealthy dietary patterns and
anthropometric outcomes mostly includes older children and/or adolescents and/or is
predominantly based on cross-sectional analysis using explanatory dietary pattern methods
(e.g., factor analysis, PCA, and cluster analysis) [22–24]. To the best of our knowledge, this is
the first Australian cohort study that uses the newly emerging GBTM approach to examine
children’s diet patterns (or trajectories) in the first three years of life and investigates their
impact on overweight/obesity between 3 and 4 years of age.

For ECC, the present study did not find an association between sugary foods trajecto-
ries and ECC. This outcome is not surprising considering the inconsistent findings about
the association between sugary diet patterns and dental caries measures reported in earlier
studies [28,31]. A probable explanation for the lack of association in the present study
might be that the dietary items, particularly sugary items, within the FFQ were limited,
and the questionnaire assessed the dietary intake on a weekly basis. Moreover, the dietary
assessment was self-reported. Nonetheless, a recent Australian cohort study also did
not find any association between sugar-containing dietary patterns in the first 12 months
and ECC at 24–36 months of age [28]. It was suggested that the lack of association was
because 24–36 months of age might be too early to detect the impact of poor diet [28].
Likewise, another recent cohort study did not find any evidence for sugary diet patterns
subsequently causing dental caries in Asian toddlers [31].

In relation to the methods of dietary assessment, FFQ is one of the most widely used
instruments in epidemiological studies because of its relative simplicity, time efficiency,
and cost-effectiveness [57]. However, a major disadvantage of FFQ is the reliance on
self-reporting, which is influenced by participants’ honesty, education level, memory,
and cognitive capability in terms of dietary intake. Such factors are suggested to sig-
nificantly underestimate the true energy intake [58], thereby possibly affecting the true
diet–disease relationship. On the contrary, objective data, for example SES (including
education level, income, and employment status) is a composite indicator of health and
is suggested to influence the dietary intake and diet quality, as well as the health of indi-
viduals. Thus, using such data helps to better explain the social inequalities in nutrition
and health [59].

In the present study, beside dietary patterns, the two health outcomes were associated
with certain socioeconomic and behavioural factors. Familial socioeconomic disadvantage
was found to be a common risk factor for both overweight or obesity and ECC in the
study sample. A recent systematic review identified familial wealth as one of the most
important predictors for both obesity and ECC risk in preschool children [8]. The present
study findings are consistent with previous literature that also found an inverse association
between parental SES and children’s weight status and dental caries experience [60,61].
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Poor parental income influences children’s dietary choices, since low-calorie, nutrient-rich
foods (namely fruits, vegetables, and whole-grain cereals) are likely to be more expensive,
therefore possibly leading to higher consumption of an energy-dense, nutrient-poor diet,
which is relatively inexpensive [62]. Furthermore, a low family income may lead to
limited access to a low-sugar diet, fluoridated toothpaste, and professional preventative
measures [61], and subsequent poor dietary and lifestyle choices [62].

Breastfeeding is known to have considerable health benefits for both child and the
mother [63]. However, this study found that a longer duration of breastfeeding (i.e., be-
yond 12 months of age) increases ECC risk. This finding adds to the current body of evi-
dence about the causal role of breastfeeding on ECC. Previous systematic reviews [64,65]
reported that the risk of ECC increases with breastfeeding beyond 12 months of age.
Although a recent Australian cohort study [66] did not find an association between breast-
feeding beyond 12 months of age and ECC, the authors concluded that the size and
direction of the relationship was suggestive of a higher risk. Meanwhile, a second national
Australian study found that this effect was modified by fluoride, and an association be-
tween ECC and breastfeeding beyond 24 months was only evident in children without
access to a fluoridated water supply [67]. Breastfeeding is known to be protective against
caries in the first 6 to 12 months of life compared to no breastfeeding, but ECC prevalence
tends to increase if breastfeeding continues beyond the first year of life [64,65]. The ex-
act age at which breastfeeding begins to have a cariogenic effect is not known, which is
possibly because studies have used different cut-offs, e.g., 12 months [68], 18 months [69],
and 24 months and beyond [70]. Human breast milk is suggested to be more cariogenic
than bovine milk but less than infant formula [71]. In the first 12 months, infants are
usually fed either breastmilk or formula, both of which have almost the same carbohydrate
content [65]. After 12 months, infants are usually weaned onto cow’s milk, which has a
significantly lower carbohydrate content than both formula and human milk. Hence, a pro-
longed contact of teeth with human milk combined with intake of sugars in the diet leads
to an acidogenic oral environment and subsequent demineralisation of tooth (or teeth) due
to the bacterial fermentation of sugars [72]. Furthermore, these elements can be modified
by various risk factors such as SES, maternal education, maternal smoking, parity, sugar in-
take, fluoride exposure, and oral hygiene practices [73]. Some studies have also shown that
children who are breastfed for longer durations tend to consume cariogenic foods more
frequently [68,74].

Strengths and Limitations

This study used the longitudinal data from the HSHK birth cohort study, thereby overcom-
ing the possibility of reverse directionality between dietary patterns and overweight/obesity and
ECC outcomes [28]. Furthermore, oral health related birth-cohort studies such as HSHK
are rare, and this study provides an opportunity to explore the common risk factors of
two highly prevalent health issues affecting children at present. This study examines the
frequency of intake of core foods, discretionary, and added-sugar foods over a longitudinal
period in early years of life and its impact on obesity and ECC. Earlier studies have primar-
ily focussed on assessing dietary patterns in older children or adults [24,25]. The dietary
intake was able to be estimated at multiple and regularly spaced time points over the first
three years of life, thus allowing for the influence of dietary patterns to possibly manifest
into examinable changes in weight status and teeth at 3 to 4 years of age. The dietary
patterns were generated using the newly emerging Group-Based Trajectory Modelling
(GBTM) in longitudinal and clinical research, which provides a comprehensive picture of
the evolution of children’s diet over time. Additionally, the use of multiple meaningful
dietary patterns (i.e., core, discretionary, and sugar-based) to assess relationships with
obesity and ECC outcomes is unique and a major strength of the present study. The attrition
rate of the study sample by the time of clinical assessment (i.e., at 3–4 years of age) was con-
siderably lower than those of other birth cohort studies [28,75]. Various sociodemographic,
socioeconomic, behavioural, and biological predictors were also assessed, which would
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assist in identifying potential target groups for preventing two health outcomes using the
common risk factor approach in health promotion.

This study also has some limitations that need to be acknowledged. First, the dietary
intake was based on parent reports through interviews and food frequency questionnaire
(FFQ; therefore, there is a possibility of underreporting, inaccurate dietary recall, and/or
social desirability bias. However, FFQ are commonly used in longitudinal studies because
they are cost-effective and relatively quick to complete [57]. This assisted in maintain-
ing good retention in the present study. In addition, since the data were longitudinal,
the chances of heaping of data and recall bias are minimised. Second, a FFQ adapted from
well-established literature was used in the study; however, it was not able to capture the
whole diet. Moreover, the short FFQ consisted of essential core and discretionary foods
listed in the Australian dietary guidelines; however, the items’ list is limited, particularly
in relation to foods with free sugars (a strong determinant of ECC) [66], which might
have produced different dietary trajectories. Similarly, in regard to core foods, refined ce-
reals could not be distinguished from unrefined cereals; therefore, popular cereals that
are high in sugar were categorised as core foods rather than discretionary foods [76].
Additionally, only the frequency of intake of foods was recorded rather than their fre-
quency, amount, and relative percent of total calories, so we could not capture actual
dietary intake, since the amount might vary within and between individuals, and total
calories might vary between different foods. Another potential limitation is that the in-
fluence of parental BMI on children’s weight status could not be evaluated, considering
that this is one of the most important determinants of childhood overweight and obesity.
Furthermore, in relation to the predictors of ECC, the frequency and timing of breastfeeding
(day- and night-time), and role of oral hygiene practices such as supervised tooth brushing,
frequency of toothbrushing, and use of fluoridated toothpaste could not be evaluated,
which might have produced different results.

5. Conclusions

In summary, this is one of the first studies to describe the early life dietary patterns
using Group-Based Trajectory Modelling (GBTM) and examine their impact on two highly
prevalent chronic diseases in childhood—obesity and early childhood caries (ECC). An in-
dependent association was found between the highest trajectory of discretionary foods
intake and being overweight or obese. However, an association between trajectories
of sugary foods intake and ECC could not be established. Further research to investi-
gate the impact of longitudinal trajectories of free-sugars intake on ECC is warranted.
Familial socioeconomic disadvantage was identified to be a common risk factor for both
health conditions, thus justifying the concept of common risk factor approach (CRFA)
in disease epidemiology and prevention. Additionally, breastfeeding beyond 12 months
was found to be a significant predictor of ECC in this sample; however, other factors re-
lated to breastfeeding (frequency and timing) and oral hygiene practices were unadjusted.
In conclusion, these study findings have identified target groups to implement preventa-
tive and interventional strategies against the rising obesity and dental caries burden in
early childhood.
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Abstract: Several dietary interventions have been conducted to prevent/reduce childhood obesity,
but most of them are known to have failed in tackling the obesity epidemic. This study aimed
to review the existing literature on dietary interventions for the prevention of childhood obesity
and their effectiveness. A literature search was conducted using PubMed Central®. Only articles
published between 2009 and 2021, written in English, conducted in humans, and including children
and/or adolescents (<18 years old) were considered. The majority of studies were school-based
interventions, with some addressing the whole community, and including some interventions in the
food sector (e.g., taxation of high fat/sugar foods, front-of-pack labelling) and through mass media
(e.g., restrictions on food advertising for children) that directly or indirectly could help to manage
childhood obesity. Most of the programs/interventions conducted focus mainly on person-based
educational approaches, such as nutrition/diet education sessions, allied to the promotion of physical
activity and lifestyles to students, parents, and school staff, and less on environmental changes to
offer healthier food choices. Only a few trials have focused on capacity building and macro-policy
changes, such as the adaptation of the built environment of the school, serving smaller portion sizes,
and increasing the availability and accessibility of healthy foods and water in schools, and restricting
the access to vending machines, for example. Overall, most of the intervention studies showed
no consistent effects on changing the body mass index of children; they have only reported small
weight reductions, clinically irrelevant, or no effects at all. Little is known about the sustainability of
interventions over time.

Keywords: pediatric obesity; children; dietary interventions; diet; prevention

1. Introduction

In the recent past, there was a shift from prevailing infectious diseases to a high preva-
lence of chronic and degenerative diseases associated with lifestyle choices [1]. Obesity is
one of the conditions that has dramatically increased all over the world, and children, in
particular, are a cause of public health concern [2].

The prevalence of overweight and obesity has increased substantially over the past
four decades, and an epidemiological transition from underweight to overweight and
obesity has been described throughout the world [3]. This alarming rise has been observed
in all regions, including developing countries, with an increase of overweight and obesity
prevalence from 1980 to 2013 of 8.1% to 12.9% (in boys) and 8.4% to 13.4% (in girls) [2].
These increases have been also reported in developed countries, among children and
adolescents, with 23.8% of boys and 22.6% of girls having either overweight or obesity in
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2013 [2]. Although the prevalence is clearly higher in developed countries at all ages, the
differences between sexes are small. Nonetheless, the prevalence of childhood obesity in
the United States and some European countries has apparently reached a plateau [4], but it
continues at high rates.

Obesity is a complex, multifactorial disease. Although genetics may be an important
etiological factor for obesity development, genes do not fully explain the huge and fast
increase of obesity at the population level [4,5]. It is believed that this obesity epidemic
may be due to gene–environment interactions [6], enhanced by an increasingly permissive
obesogenic environment, with different levels of determinants [1,7]. There are micro-
environmental settings, such as schools, workplaces, homes, and neighborhoods, and these
are influenced by macro-environmental sectors, such as the health system and the food
industry that may be key settings to tackle the obesity epidemic [7]. Now, more than ever,
individuals are embedded in a more permissive environment with concern to eating habits
and are more likely to adopt sedentary behaviors. It has been recognized many years ago
in the Ottawa Charter that it is very important to promote supportive environments [8]. In
the case of children, the family and school are included in a wider proximal context [7].

It is well known that diet and other habits are shaped at the earlier stages of life and
maintained through adulthood [9]. With the current increasing rates of childhood obesity,
there has been a growing amount of research focusing on the determinants of obesity in
children and their families, and several studies have described possible dietary/nutritional
interventions to prevent childhood obesity. It is known that interventions that are mostly
based on educational, behavioral, or pharmacological measures are not very effective in
preventing and treating obesity [10,11].

This study aims to review the existing literature on dietary interventions for the
prevention of childhood obesity and to assess their effectiveness.

2. Materials and Methods

A literature search was conducted using the PubMed Central® search engine, the
most comprehensive dataset for biomedical literature. The search expression used for this
search included the mesh terms “(pediatric obesity) OR (childhood obesity) AND (primary
prevention) AND “diet”. Due to the extensive amount of published data, we limited the
timeline to have only articles from 2009 up to 2019. An update search was then performed
to include studies published between 2019 and 2021. Only articles written in English,
conducted in humans, and including children and/or adolescents (<18 years old) were
included. This search yielded 538 articles, of which we excluded 513, including 25 in this
study. The literature search had three stages, the search for the titles, then abstracts, and
finally the full-text papers were searched and retrieved (when deemed of interest). Some
articles were discarded because they did not report measures to prevent obesity in children
(n = 192) or because these measures were implemented only in adults (n = 321).

Additional papers (n = 27) were included in this review from a snowball process
or searched to put into context the dietary interventions for the prevention of childhood
obesity, totaling 52 references. Figure 1 presents the flowchart of the studies’ selection.

In this literature review, dietary interventions to prevent childhood obesity were
grouped and described into four levels: school-based interventions, community-based
interventions, interventions through mass media, and food sector interventions.
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Figure 1. Flowchart of studies’ selection.

3. Results

To prevent obesity in children there is a need to take multidimensional actions at
different levels, including the individual, familial, institutional, and environmental levels.
At the moment, these types of multilevel interventions seem to be the most promising ones
to actually prevent/manage obesity. In particular, children are very influenced by social
and environmental conditions, so at these ages, community-based interventions, changing
the supportive environment, seem to play an especially important role [12].

Table 1 provides a descriptive summary of the dietary interventions to tackle child-
hood obesity, described in detail below.

3.1. School-Based Interventions

The Ballabeina study is a cluster-randomized controlled single-blinded trial that took
place in some preschools in Switzerland, designed to study the effect of a multidimensional
lifestyle intervention on aerobic fitness and adiposity, mainly in migrant preschoolers with
the duration of over one school year [13]. This study included 652 preschool children
with a mean age of 5.1 years. The interventions comprised a physical activity program,
lessons on nutrition, media use, and sleep, and adaptation of the built environment of the
preschool. The dietary intervention included weekly nutrition lessons given by a dietician;
the students could learn about balanced nutrition and healthy nutritional behaviors in
a didactic way. These lessons were centered on five messages: “drink water”, “eat fruit
and vegetables”, “eat regularly”, “make clever choices”, and “turn your screen off when
you eat”, which were developed in collaboration with the Swiss Society for Nutrition.
These messages were also described on funny cards that children could get with a task
to implement the message at home. After 4 months of intervention, the results showed
no differences between the groups in the children’s body mass index (BMI). However, an
increase in aerobic fitness by the end of the intervention was reported, and children in the
intervention group also showed beneficial effects in the percentage of body fat (−1.1%),
and their motor agility, when compared with the children in the control group. It was also
possible to observe benefits in reported physical activity, media use (less screen time in
boys), and eating habits, such as an increase in fruit and vegetable consumption in the
intervention group [13].

In the Netherlands, a school-based trial was implemented including students from
the ages of 12–14 years old (n = 1108), within a multidimensional health promotion inter-
vention [14,15]. There were 10 intervention and eight control secondary schools included.
The intervention included an educational component, with classes in biology and physical
education, and a computer-based information program; and an environmental component,
with propositions such as serving smaller portion sizes in the canteen and healthier food
options, or restricting the access to vending machines. There were also posters affixed
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to create more awareness about which foods were healthier and which were not. With a
twenty-month follow-up, it was observed in the intervention group a reduction in body
composition measures, such as skinfold thickness, lower consumption of sugar-containing
beverages at 12 months, and less screen time (but only in boys) [14,15].

A school-based obesity-prevention trial in Chile evaluated the effect of weekly physical
activity classes and classes on healthy nutrition for parents and students from 1st to 8th
grade; 2141 schools were in the intervention group and 945 in the control group [16].
Some environmental changes were also made, including instructing school kiosks to offer
healthier options to students and still remain lucrative. The results showed a reduction
in BMI z-scores in boys after 6 months of intervention and better physical fitness in both
genders. On the other hand, the modifications in the kiosk’s food availability did not seem
to change the students’ food choices [16].

The school-based Healthier Options for Public Schoolchildren (HOPS) is a randomized
trial implemented over two school years (2004–2005 and 2005–2006) that included six
elementary schools (4588 children aged 6 to 13 years; 48% Hispanic) in Osceola, Florida.
Interventions implemented included modifications in the school menu, school gardens,
and physical activity [17]. Complementarily, there were healthy nutrition and physical
activity lessons for the students and parents through monthly newsletters. After 2 years, it
was possible to observe a higher percentage of students who maintained a normal weight
(under the 85th percentile of BMI-for-age) in the intervention group (52.1%) than in the
control group (40.7%). Students in the intervention group had also improved academic
performance compared to the control group [17].

The “Shape up Somerville” (SUS) is a non-randomized controlled trial conducted
over two school years (September 2003–June 2005) in 1178 children in grades 1–3 (average
of 8 years old) attending public school in three different communities from Somerville,
Massachusetts, United States [18]. This intervention included more physical activity
opportunities around the school, such as information on safe routes to school and walking
to the school bus; modifications inside the school space, such as new equipment for physical
activities; and a dietary intervention. This included taste tests of fruit and vegetables
during lunchtime, where children could vote on whether they would like to see those
fruits or vegetables on the monthly school menu; new vegetarian recipes and fresh fruit
were made available every day for breakfast and lunch; colorful educational posters with
nutrition and health information were displayed in the school cafeterias, and food service
staff was trained. Additionally, there was an approval of restaurants according to SUS
guidelines which offer low-fat dairy products, some dishes in smaller portion sizes, fruits
and vegetables as side dishes, and have visible signs highlighting healthier options. After
1 year, results showed that the BMI z-scores were 0.06 lower in the intervention group than
in the control group [18]. There was a decrease in overweight and obesity and an increase
in remission in both sexes in the intervention group, but the comparison groups were not
randomly assigned.

A randomized cluster controlled trial was performed in Mexico on 532 school-aged
children from the 2nd and 3rd grades, with an average age of 8.5 ± 0.73 years at baseline
(280 children in the intervention and 252 in the control group; each arm with one public
and one private school, totaling four) [19]. It aimed to make these children and their
parents reduce their sedentary behaviors, consumption of soft drinks and high-fat and
salt-containing snack foods and increase their consumption of fruits and vegetables. The
intervention consisted of sessions for discussing healthy lifestyles dedicated to the school
board and teachers, conducted by nutritionists and physical activity professionals. There
were also interactive lessons provided by nutrition graduated students for the children
with the intent of increasing their fruit and vegetable intake, physical activity practice, and
reducing their intake of soda and high-fat and salt-containing snacks, while simultaneously
lowering their TV watching time. There were also nutrition sessions for parents run by
nutrition professionals, with the intent of educating them about healthy eating. The results
showed that by the sixth month of the intervention, there was a greater decrease in BMI in
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the intervention group than in the control group (difference of −0.82 kg/m2 in children
BMI), although this was not sustained in the long-term, after 18 and 24 months [19].

A Multicomponent School Nutrition Policy Initiative on the prevention of overweight
and obesity among children was conducted in 1349 students in grades four through six
from 10 schools in a US city [20]. This initiative included the following interventions: school
self-assessment, in which the schools suggested strategies such as limiting the use of food
as reward/punishment, promoting active recess, and serving breakfasts in the classrooms
to ensure the students eat a healthy meal; training in nutrition education for the school staff;
nutrition education classes for the children; nutrition policies in the intervention schools,
such as changing the foods that were sold and served according to the Dietary Guidelines
for Americans to meet the nutritional standards; social marketing, such as giving raffle
tickets to students who purchased or brought from home healthy snacks and beverages;
and parent outreach through nutrition educators in home and school association meetings,
report card nights, parent education meetings, and weekly nutrition workshops [20]. The
results of this intervention were a 50% reduction in the incidence of overweight. There were
significantly fewer children in the intervention schools (7.5%) than in the control schools
(14.9%) who had become overweight after 2 years. However, there were no differences in
the incidence or prevalence of obesity, nor in the remission of being overweight or obesity
after 2 years of follow-up [20].

Donnelly et al. [21] conducted a 2-year trial in students from grades three to five in
two school districts in rural Nebraska aiming to reduce obesity and improve physical
and metabolic fitness. The intervention consisted of nutrition education, modified school
lunches, and increased physical activity. The meals were planned with the kitchen staff
according to the Lunchpower! Program. This program consists of energy, fat, and sodium
reduced lunches, in agreement with the Healthy People 2000 objectives [22]. According
to this, the fat content is restricted to 30% of the total energy intake, the sodium is limited
to 1000 mg, the cholesterol to 100 mg, and the dietary fiber is increased to 8 to 10 g per
day. There were also nutrition classes given by the teacher, after being trained. These
classes included basic nutrition, nutrition for proper growth and development, the re-
lationship between diet and health, healthy food choices, how to reduce fat in the diet,
snack alternatives, and food safety. After two years of intervention, the control school
showed significantly higher total energy (9%) and total fat (25%). The control school also
showed considerably greater values for sodium and smaller for fiber. After the first year of
intervention, there were no significant differences between the control and intervention
schools in nutrition knowledge. However, after two years of intervention, the intervention
school reduced by 45% their wrong answers about nutrition knowledge. Concerning
physical activity, the control school practiced significantly more sports outside school
compared to the intervention school. After 2 years of the intervention, neither the control
nor intervention schools showed significant increases in aerobic capacity. Both schools
showed no significant changes in the percentage of body fat, but a significant increase in
BMI [21].

The DECIDE-Children Study [23] is a cluster-randomized controlled trial conducted
in 1200 Chinese students from four primary schools (8–10 years old). The intervention
consisted of health education activities for the parents; supervision and encouragement of
the children as a way of increasing their physical activity practice outside of school; school
policies to prevent obesity and health education activities for the children. There was also
the development of an app called ‘Eat Wisely, Move Happily’ that aids in diffusing infor-
mation, monitoring the children’s behavior, managing their weight, and giving feedback
for the teachers and parents. Since this study is ongoing, the results of this intervention are
not yet available [23].

In 2020, a multicenter randomized controlled trial [24] was conducted in 4846 Chinese
school children aged 7 to 13 years, in which the intervention consisted of the development
of a nutrition handbook that was given to all students; nutrition and health courses to the
students, parents, teachers, and health workers about the proportion of the meals, how to
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choose healthy foods, and how to reduce eating out, unhealthy fast food, sugar-sweetened
beverages, and snacks; and displaying informative posters around the school. Courses
on physical activity for the parents and physical activity classes for the students were
also given. There were no significant improvements in the overall diversity of the food
consumption in the intervention group; however, there were some improvements in the
diversity of the foods consumed at breakfast and a decrease in the consumption of some
unhealthy foods [24]. No effects on children’s BMI were studied.

The Abriendo Caminos Program [25] was implemented in several schools in Illinois,
California, Iowa, Texas, and Puerto Rico targeting families of parents and one child aged
6−18 years old (n = 500). This randomized control trial consisted of workshops, presenta-
tions and activities on nutrition education, family wellness, and physical activity. There are
still no known results from this study.

Another randomized control trial called Healthy Start [26] was conducted in Denmark
and targeted school children aged 2 to 6 years (n = 3722) and consisted of guiding families
on how to improve their children’s diet and physical activity practices, reduce stress, and
improve sleep quantity and quality. Activities included cooking classes, games focused
on exercise and motor skills development, and access to a website that provided recipe
inspiration and ideas. The clinical effects of this intervention on children’s growth and
body composition measures were small [26].

The FIVALIN Project [27] is a quasi-experimental study conducted in 810 children
aged 8–12 years and 600 parents in Barcelona. This study consisted of workshops on health
education and sports educational sessions. Educational materials, mobile messages to
remind parents to attend the workshops, with the date and hour, and videos were sent to
families to reinforce the health behaviors encouraged during the workshops and sports
educational sessions. This study is ongoing; therefore, there are still no known results.

The CHIRPY DRAGON Intervention [28] was a cluster-randomized controlled trial
led in Chinese school children with a mean age of 6.15 years (n = 1641). This school- and
family-based obesity prevention program consisted of workshops and family activities to
promote physical activity and healthy eating behaviors, and school support to improve
physical activity and healthy food provision. After 12 months of intervention, the BMI
z- scores of children in the intervention group decreased, along with an increase in the
consumption of fruit and vegetables, and a decrease in the consumption of sugar-sweetened
beverages and unhealthy snacks. Screen time also decreased and physical activity increased
in this group [28].

The Kids in Action [29] was a controlled trial conducted with children aged 9–12 years
from four primary schools in Amsterdam. The study consisted of meetings with the
children to develop interventions that targeted their physical activity and healthy eating
habits. This intervention consists of environmental changes, organizational changes, or
educational approaches, and depending on the type of intervention, the executors could be
dieticians, sports coaches, or supermarkets in the community. There are no results from
this study yet.

In 2018, an education-based intervention study called The ABC of Healthy Eating
Project (including 464 students) was conducted in Poland [30]. This study included students
aged 11–13 years. The intervention group received a diet and lifestyle-related educational
program and both the intervention and the control group partook in school activities with
the theme of nutrition and healthy lifestyles. There are still no known results.

3.2. Community-Based Interventions

The MOVE/me Muevo was a randomized community trial implemented in 30 recre-
ation centers in San Diego County in a total of 541 families with children between the ages
of 5 and 8 years to prevent and control childhood obesity [31]. This program consisted of ac-
tivities at the recreation centers and participants’ homes, as well as phone calls from health
coaches and emailing tip sheets. The intervention families had “Family Health Coaches”
who addressed the following nutrition behaviors: increase the consumption of fruit and
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vegetables through modifications in meal and snack purchases and preparation; decrease
the consumption of sugar-sweetened beverages through changes in food purchases and set-
ting limits; increase healthy food portions by modifying the food consumption behaviors;
reduce eating out and when eating out, choosing healthier options; increase the availability
and accessibility of healthy foods and beverages at home; reduce screen time and avoid
eating in front of the television, and increase the number of meals eaten as a family. After
2 years, there were no significant differences between the control and intervention groups
concerning BMI or waist circumference [31]. Some changes were observed in the dietary
domain, namely a reduction in fat and sugary beverages, which means that it was easier for
the participants to adopt healthier behaviors in this field, compared to the more complex
and multidimensional attitudes of physical activity [31].

The “Romp & Chomp” is a community-based trial carried out in Australia in children
aged 1–5 years old (n = 12,000) and their families [32]. There were changes regarding
the provision of water in childcare centers, childcare policies regarding healthy eating
and physical activity, and skills in physical activity and nutrition were taught to the
childcare professionals. Amongst the nutrition interventions, there were the following: a
collaboration with Dental Health Services Victoria, which provided some resources (lunch
boxes and drink bottles, and some marketing material for the kindergarten children);
training of the staff as a way to support nutrition messages and healthy eating choices for
children aged 5 years; support from dental health professionals to the kindergartens, as a
way to engage with parents on the topic of healthy eating and with the intent of providing
support for the staff to implement health and nutrition policies; access to a dietitian and
other allied health professionals through e-mails, phone calls, and site visits; production
and distribution of promotional materials (balloons, stickers, posters, postcards). After
3 years of intervention, the 3.5 years old subsample showed considerably lower mean
weight, BMI, and z-score BMI, and the 2 and 3.5 years old children showed a considerably
lower prevalence of overweight and obesity when compared with baseline values. The
intervention group also showed a considerably lower intake of packaged snacks and fruit
juice [32].

The Aventuras Para Niños Study is a community-based intervention to promote
healthy eating and physical activity and prevent excess weight gain in Latino children [33].
It was performed in thirteen elementary schools, with randomization to assign them to
either a family-only intervention, a community-only, or a family+community intervention.
In the family-only intervention, professionals would either call the families or make home
visits as a way of discussing ways to pass through the difficulties of maintaining a healthy
diet and being physically active, by showing them how to prepare healthy meals at home,
as well as presenting them with the benefits of encouraging their children to eat healthily
and practice physical activity. The community-only intervention included improving
the schools’ playgrounds, implementing salad bars, as well as community parks, and
displaying water bottles in classrooms for the students. It also included the implementation
of better physical education equipment and healthy menus for the children, all of this
combined with spreading media messages through posters, news, and point-of-choice
messages in grocery stores with healthy messages. The family+community intervention
included all of the interventions above. The results showed no noteworthy main effects for
the family or community interventions. Therefore, it is possible that not any real effects for
the family or community interventions were observed in the BMI z-scores of the children
compared with either of those circumstances alone. Despite the lack of significant effects
on children’s BMI z-scores, there were several obesity-related behaviors in these children
that were changed by the family intervention, such as the increased consumption of fruits
and vegetables [33].

The EPODE (Ensemble Prevenons l’Obesité Des Enfants/Together Let’s Prevent Child-
hood Obesity) aims to reduce childhood obesity through a societal process that consists of
childhood settings, local environments, and family norms becoming more supportive and
making it easier for children to adopt healthy lifestyles by enjoying healthy eating, active
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play, and recreation [34]. This program was launched in 2004 in 10 French pilot communi-
ties, and targeted children aged 1–12 years, their families, and various local stakeholders
who have the power to initiate micro-changes in these children and their families through
local initiatives focusing on better and balanced eating habits and the regular practice of
physical activity. Recently, there have been some other programs, inspired by the EPODE
methodology, such as the Healthy Weight Communities in Scotland or the JOGG program
in the Netherlands.

The Pacific Obesity Prevention in Communities (OPIC) Project was carried out in
four countries, Australia, Fiji, New Zealand, and Tonga, over 30 months, between 2004
and 2009 [35]. This was a complex community-based intervention that included
18,000 secondary-school children (aged 12–18 years) from eight ethnic and cultural groups,
60 multi-professional research staff, 300 stakeholders and partner organizations, and
27 higher degree research students. The interventions varied across sites, but all sites
included targeting reductions in the consumption of high-sugar content drinks and energy-
dense snacks and increasing physical activity. The authors state that the project may have
positive effects on diet and physical activity, but the effects on childhood obesity are not
clearly described [36].

3.3. Interventions through Mass Media

Some interventions to tackle childhood obesity through mass media have been based
on restrictions on food advertising to children. It has been shown that restricting the
number of hours spent watching television (TV) can be an effective approach to reduce the
prevalence of childhood obesity, and reducing the meals in front of a TV has been shown
to be as important as increasing physical activity [37]. Energy-dense foods and drinks
and fast-food companies often target children in their advertisements, since they are very
easily influenced at young ages, namely through TV commercials. Thus, reducing the time
spent in front of the TV might be a useful strategy to try to reduce the childhood obesity
prevalence. Sweden has banned TV commercials/advertisements to children under 12 and
TV advertising to children. Norway, Denmark, Austria, Ireland, Australia, and Greece have
also imposed some restrictions on advertising to children [38], as well as Portugal [39].

3.4. Food Sector Interventions

Food taxation is a primordial prevention measure taken that is currently being applied
in several countries, such as some parts of the USA and Canada [40], to reduce the intake of
unhealthy foods and, in the long term, their health effects such as obesity. Some examples
are high-volume foods with low nutritional value, such as soft drinks, confectionery, and
snack foods. Portugal has also adopted the taxation of sugar-sweetened beverages as an
intervention to reduce its high consumption in the country [41]. There was a decrease
of 6.58 million liters of sugar-sweetened beverages sold per year, which translates into
a decrease in consumption of 21% compared to the baseline consumption data from
the National Dietary Survey [41]. The number of cases of obesity prevented by taxing
sugar-sweetened beverages was studied, concluding that there was a higher impact on
adolescents (0.012%), preventing 0.76 cases of obesity yearly [41].

According to Teng et al. studies suggest that the implementation of sugar-sweetened
beverages taxes worldwide has proven effective in reducing sugar-sweetened beverages
purchases and intake [42]. Evidence also shows that the taxation of sugar-sweetened bever-
ages might be an effective tool to reduce the consumption of sugar-sweetened beverages
and an important component to prevent obesity [42]. Roberts et al. suggest that a fiscal
strategy could very likely reduce the purchase of high-sugar content products, even if in
the short term [43].

Another measure currently being taken is the addition of logos or some type of labeling
to alert the consumers to the healthier products, making it easier for them to choose healthy
foods. Although it is not directly focused on childhood obesity, it may have indirect effects.
Anastasiou et al. reported that food labeling may affect the consumer’s dietary intake;
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however, results are inconclusive [44]. It is uncertain if using health-related claims is
beneficial or damaging. Nonetheless, other than health-related claims, negative effects
derived from food labeling seem highly unlikely according to the evidence. Therefore, food
labeling should continue to be promoted in policies and education programs [44].

An example of this intervention is the “Pick the Trick” Program, conducted in Australia
and New Zealand, providing foods with symbols for the consumers that make it easier
to identify the healthier choices [45]. In Europe, the WHO European Food and Nutrition
Action Plan 2015–2020 identifies the introduction of interpretative, consumer-friendly
labeling on the front of packages as a priority policy issue [46]. Although the majority of
countries in the region (n = 15) have some form of front-of-pack labeling, fewer countries
have interpretive systems which provide judgments about the relative healthfulness of
foods. Among other future policies, there is the intention of the application of a single
front-of-pack labeling system in all countries. A WHO report summarizes the existing
evidence on the development processes and effectiveness of front-of-pack food labeling
policies in the WHO European region [47].

The portion sizes have also been getting increasingly larger over the past four decades
in most high-income countries [48,49]. Despite this increase in portion sizes, few countries
report measures to reduce them. Most measures are focused on information to consumers
rather than changes in the food and drink environment [50].

Table 1. Summary of dietary interventions on childhood obesity and their main characteristics and results.

Author
(Study Title)
(Reference)

Country, Year
Type of
Intervention

Intervention Description Target Audience Results

School-Based Interventions

Niederer I, et al.
(Ballabeina
study) [13]

Switzerland,
2009

Cluster
randomized
controlled
single-blinded
trial

Lessons on nutrition
(balanced nutrition and
healthy nutritional behaviors
in a didactic way), physical
activity program, media use,
and sleep, and adaptation of
the built environment of the
preschool.

Preschool
children (mean
5.1 years)
(n = 652), the
parents, and the
teachers

No differences in children’s
BMI were found between
groups. However, the
intervention group had a
reduction in body fat
percentage, better motor
agility, as well as benefits in
reported physical activity,
media use, and eating habits.

Singh AS, et al.
[14,15]

Netherlands,
2006

School-based
trial

Educational component
(classes in biology and
physical education, and a
computer-based information
program); and an
environmental component
(e.g., serving smaller portion
sizes in the canteen and
healthier options, restricting
access to vending machines,
and food awareness by
posters).

Students from
the ages of
12–14 years
(n = 1108)

With a twelve-month
follow-up, a reduction in the
skinfold thickness of the
intervention groups was
found, as well as lower
consumption of
sugar-containing beverages,
and less screen time (but only
in boys).

Kain J, et al. [16] Chile, 2004

School-based
obesity-
prevention
trial

Weekly classes on physical
activity and healthy nutrition
for parents and students.
Some environmental changes
were also made (e.g., school
kiosks were instructed to offer
healthier choices and at the
same time remain lucrative).

Parents and
students from 1st
to 8th grade;
2141 schools in
the intervention
group and 945 in
the control
group.

After 6 months, there was a
reduction of body mass index
(BMI) z-scores in boys and
better physical fitness in both
genders. On the other hand,
the modifications in the
kiosk’s food availability did
not seem to change the
students’ food choices.
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Author
(Study Title)
(Reference)

Country, Year
Type of
Intervention

Intervention Description Target Audience Results

Hollar D, et al.
(Healthier
Options for
Public
Schoolchildren
(HOPS)) [17]

Florida, US,
2004–2006 Randomized trial

Modifications in the school
menu, school gardens, and
physical activity; monthly
newsletters with healthy
nutrition and physical activity
lessons for the students and
parents.

6 elementary
schools (4588
children aged 6
to 13 years; 48%
Hispanic)

After 2 years, a higher
percentage of students who
maintained a normal weight
(<85th percentile of
BMI-for-age) was found in
the intervention group
(52.1%) when comparing with
the control group (40.7%).
Students in the intervention
group had improved
academic performance.

Economos CD,
et al. (Shape up
Somerville) [18]

United States,
(September
2003–June 2005)

Non-
randomized
controlled trial

Dietary intervention (e.g.,
promotion of fresh fruit and
vegetables and taste tests,
posters with nutritional and
health information, training
of food staff, modification of
food offers in restaurants
according to the study
guidelines); increase of
physical activity
opportunities around the
school (e.g., information on
safe routes); modifications
inside the school space (e.g.,
new equipment).

1178 children
(average
7.92 years)
attending public
school in three
different
communities
from Somerville,
Massachusetts

After 1 year, the BMI z-scores
were 0.06 lower in the
intervention group than in
the control group. There was
a decrease in overweight and
obesity and an increase in
remission in both sexes in the
intervention group. The
study design did not include
randomization of the
intervention.

Bacardí-Gascon
M, et al. [19] Mexico, 2012

Randomized
cluster controlled
trial

Sessions discussing healthy
lifestyles to the school board
and the teachers; interactive
lessons to the children to
increase fruit and vegetables
intake and physical activity
practice, and reduce soda and
high fat and salt-containing
snacks intake, while
simultaneously decreasing
TV watching time; healthy
eating sessions to parents.

532 school-aged
children from
2nd and 3rd
grade

By the sixth month, there was
a greater decrease in BMI in
the intervention group than
in the control group
(difference of −0.82 kg/m2 in
children BMI), although it
was not sustained after 18 and
24 months of intervention.

Foster GD, et al.
[20] USA, 2008

Multicomponent
School Nutrition
Policy Initiative

School self-assessment (e.g.,
strategies like limiting the use
of food as
reward/punishment,
promoting active recess, and
serving breakfasts in
classrooms); training of
school staff and children in
nutrition education; nutrition
policies (e.g., changing sold
foods); social marketing;
school association
meetings/workshops.

1349 students in
grades 4 through
6 from 10 schools

There were significantly
fewer children in the
intervention schools (7.5%)
than in the control schools
(14.9%) who became
overweight after 2 years, but
no differences after 2 years of
follow-up.

Donnelly JE, et al.
[21]

Nebraska, USA,
1996 2-year trial

Nutrition education (basic
nutrition, diet, and general
health, nutrition for growth
and development, healthy
food choices, snack
alternatives, food safety),
modified school lunches
(meals planned according to
the Lunchpower! Program
aiming to reduce energy, fat,
and sodium lunches), and
increased physical activity.

Students from
grades 3 to 5 in
two school
districts in rural
Nebraska
(n = 338)

After 2 years of the
intervention, both schools
showed no significant
changes in the body fat
percentage, but a significant
increase in the BMI. The
control school showed
significantly higher total
energy, total fat and sodium
intake, and lower fiber intake.
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Author
(Study Title)
(Reference)

Country, Year
Type of
Intervention

Intervention Description Target Audience Results

Liu Z, et al. (The
DECIDE-
Children study)
[23]

China, 2019
Cluster-
randomized
controlled trial

Health education activities for
parents and children;
supervision and
encouragement of children’s
physical activity practice
outside of school; school
policies to prevent obesity.
Development of an app called
‘Eat Wisely, Move Happily’
that aids in diffusing
information, monitoring the
children’s behavior, and
managing their weight.

4-grade primary
schools
(8–10 years old)
(n = 1200)

No known results.

Xu H, et al. [24] China, 2020
Multicenter
randomized
controlled trial

Development of a nutrition
handbook that was given to all
students; nutrition and health
courses to students, parents,
teachers, and health workers
(e.g., meals proportion, how to
choose healthy foods, reduce
eating out and unhealthy
foods); informative posters
around the school; course on
physical activity for parents,
and physical activity classes
for students.

4846 school
children aged
7–13 years

The effects on children’s BMI
were studied. There were
some improvements in the
diversity of the foods
consumed at breakfast and a
decrease in the consumption
of some unhealthy foods.

Hannon BA, et al.
(Abriendo Caminos
Program) [25]

Illinois,
California, Iowa,
Texas, and
Puerto Rico, 2019

Randomized
control trial

Workshop presentations and
activities on nutrition
education, family wellness,
and physical activity.

Families of
parents and 1
child aged
6–18 years
(n = 500)

No known results.

Olsen NJ, et al.
(Healthy Start)
[26]

Denmark, 2020 Randomized
controlled trial

Guidance on how to improve
the child’s diet and physical
activity, quantity and quality
of sleep, and reduce their
stress. Cooking classes,
games focused on exercise
and motor skills
development, access to a
website with recipes.

Children aged 2
to 6 years
(n = 3722)

The clinical effects of this
intervention in the children’s
growth and body
composition were small.

Homs C, et al.
(FIVALIN
project) [27]

Barcelona, 2021
Quasi-
experimental
design

Workshops on health
education and sports
educational sessions.

810 children
aged 8–12 years
and 600 parents

No known results.

Li B, et al. (The
CHIRPY
DRAGON
intervention) [28]

China, 2019
Cluster-
randomized
controlled trial

Workshops and family
activities to promote physical
activity and healthy eating
behaviors; school support to
improve physical activity and
healthy food provision.

School children
with a mean age
of 6.15 years
(n = 1641)

There was a decrease in the
BMI z-scores of the children
in the intervention group,
along with an increase in the
consumption of fruit and
vegetables, and a decrease in
the consumption of
sugar-sweetened beverages
and unhealthy snacks. There
was also a decrease in screen
time and an increase in
physical activity in this group.

Anselma M, et al.
(Kids in Action)
[29]

Amsterdam, 2019 Controlled trial

Meetings with children to
develop interventions that
targeted their physical activity
and healthy eating habits.
These interventions consist of
environmental changes,
organizational changes, or
educational approaches.

Children aged
9–12 years from
four primary
schools

No known results.
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Intervention Description Target Audience Results

Hamulka J, et al.
(The ABC of
Healthy Eating
Project) [30]

Poland, 2018
Education-based
intervention
study

Diet and lifestyle-related
programs for the intervention
group and school activities
with the theme of nutrition
and healthy lifestyles for both
the intervention and the
control group.

School children
aged 11–13 years.
(464 students)

No known results.

Community-based interventions

Elder JP, et al.
(MOVE/me
Muevo) [31]

San Diego
County, USA,
2014

Randomized
community trial

Activities and phone calls
from health coaches on how to
increase the consumption of
fruit and vegetables; decrease
the consumption of
sugar-sweetened beverages;
increase healthy food portions;
reduce eating out and do
healthier options when eating
out; increase the availability
and accessibility of healthy
foods and beverages at home;
reduce the screen time and
avoid eating in front of the TV,
and increase the number of
family meals.

541 families with
children between
the ages of 5 and
8 years old

After 2 years, there were no
significant differences
between the control and the
intervention group
concerning BMI or waist
circumference. Some changes
were observed in dietary
intake, namely a reduction in
fat and sugary beverages in
the intervention group.

De Silva-
Sanigorski A,
et al. (Romp &
Chomp) [32]

Australia, 2020 Community-
based trial

Changes in the provision of
water in childcare centers,
childcare policies regarding
healthy eating and physical
activity; teaching of skills in
physical activity and
nutrition to the childcare
professionals; production and
distribution of promotional
materials (balloons, stickers,
posters, postcards).

Children aged
1–5 y (n = 12,000)
and their families

After 3 years of intervention, the
3.5 years old subsample
showed considerably lower
mean weight, BMI, and z-score
BMI, and the 2 and 3.5 years old
children showed a considerably
lower prevalence of overweight
and obesity when compared
with the baseline values. The
intervention group also showed
a considerably lower intake of
packaged snacks and fruit juice.

Crespo NC, et al.
(The Aventuras
Para Niños
Study) [33]

Southern
California, 2003

Randomized
Community-
based trial

Three arms: family-only,
community-only, or
family+community
intervention. In the
family-only intervention,
professionals call/make home
visits to discuss how to
maintain a healthy diet,
prepare meals, and be
physically active. The
community-only intervention
included improving the
school’s playgrounds,
implementing salad bars, as
well as community parks,
displaying water bottles in
the classrooms for the
students, better physical
education equipment and
healthy menus for the
children, all of this combined
with spreading media
messages through posters,
news and point-of-choice
messages in grocery stores,
with health messages. The
family+community included
all described.

811 predomi-
nantly Mexican
immigrant/
Mexican-
American
mothers with
children in
kindergarten
through second
grade

No noteworthy main effects
nor interactions for the family
or community interventions
were found, including on BMI
z-scores. Despite the lack of
significant effects on the
children’s BMI z-score, there
were multiple obesity-related
behaviors in these children
that were changed by the
family intervention, like
increased consumption of
fruit and vegetables.
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Borys JM, et al.
(EPODE
(Ensemble
Prevenons
l’Obesité Des En-
fants/Together
Let’s Prevent
Childhood
Obesity) [34]

France, 2004
Community-
based
intervention

Changes in local
environments, childhood
settings, and family norms to
make them more supportive
and aid the adoption of
healthy lifestyles in children.

Children aged
1–12 years, and
their families, as
well as a wide
variety of local
stakeholders in
10 French pilot
communities

No known results.

Swinburn BA,
et al. and Schultz
JT, et al. (Pacific
Obesity
Prevention in
Communities
(OPIC) project)
[35,36]

Australia, Fiji,
New Zealand,
and Tonga, over
30 months,
between 2004
and 2009

Community-
based
intervention

Interventions aiming to
reduce the consumption of
high sugar content drinks and
energy-dense snacks and
increase physical activity.

18 000 children
12–18 years,
300 stakeholders,
60 multi-
professional
research staff,
27 research
students.

The authors state that the
project can produce positive
effects in diet and physical
activity, but effects on
childhood obesity are not
clearly described.

Interventions through mass media

World Health
Organization and
Assembly of the
Republic (TV
ban/restrictions
of food
commercials to
kids in several
countries [38]
and Portugal)
[39]

Sweden, Norway,
Denmark,
Austria, Ireland,
Australia, Greece,
and Portugal,
2019

Mass-media
based-
intervention

Sweden has banned TV food
commercials for children
under the age of 12 and TV
food advertising for children.
Norway, Denmark, Austria,
Ireland, Australia, and Greece
have also made some
restrictions on commercials
for children.
Portugal approved a law to
restrict advertising to
children for foodstuffs and
beverages of high energy
value, salt, sugar, and
saturated fatty acids content.

Children

No efficacy results. However,
energy-dense foods and
drinks and fast-food
companies often target
children in their
advertisements, since they are
very easily influenced at this
age, namely through TV
commercials.

Interventions through the Food Sector

Goiana-da-Silva
F, et al. (Taxation
of sugar-
sweetened
beverages) [41]

Portugal, 2017 Food sector
intervention

Taxation of sugar-sweetened
beverages as an intervention
to reduce its high
consumption in the country.

Community

Decrease of 6.58 million liters
per year, which translates into
a decrease in consumption of
21% compared to the baseline
consumption data of IAN-AF
2015–2016. The number of
cases of obesity prevented
had a higher impact in
adolescents (0.012%),
preventing 0.76 cases of
obesity yearly, followed by an
impact of 0.062% in adults
aged 18 to <65 years, and the
children showed an impact of
0.049%. These data show that
Portugal achieved its goal,
decreasing sales of
sugar-sweetened beverages.

Young L, et al.
(“Pick the Trick”
program) [45]

Australia and
New Zealand

Food sector
intervention

Providing foods with
symbols for the consumers
making it easier to identify
the healthier choices.

Community No known results

Kelly B, et al. and
Nielsen S, et al.
(WHO
front-of-pack
labeling system)
[47]

WHO-E Food
and Nutrition
Action Plan
2015–2020

Food sector
intervention

Among other future policies,
there is the intention of
application of a single
front-of-pack labeling system
in all countries.

Community No known results
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4. Discussion

This study aimed to review the most recent literature on dietary interventions for the
prevention of childhood obesity. It describes different levels of interventions: the school
level, the community level, the mass media, and the food sector level, and provides an
overview of their effectiveness (the ability to show consistent results overtime on decreasing
children’s BMI), which stand out from previous reviews.

Given the complexity and multifactorial nature of obesity, it is consensual that there is
a need to take actions at multidimensional levels, including individual, familial, institu-
tional, and environmental. The majority of the studies included in this review aiming to
reduce/manage childhood obesity were school-based interventions, with some addressing
the whole community, and some including distal interventions through the food sector
and mass media, which may have an indirect effect on childhood obesity by changing
food behaviors.

Children are highly influenced by social and environmental conditions, so at these
ages, the modification of the environment is expected to play an important role. How-
ever, most of the programs/interventions conducted focus mainly on person-based ed-
ucational approaches, such as nutrition/diet education sessions combined with the pro-
motion of physical activity and lifestyles to students, parents, and school staff, and less
on environmental changes that facilitate healthier behavioral choices. Only some tri-
als [13,14,16–18,20,21,30,31] have focused on capacity building and macro-policy changes,
such as the adaptation of the built environment of the school, serving smaller portion sizes
and increasing the availability and accessibility of healthy foods and water in schools, and
restricting access to vending machines, for example.

Multidimensional intervention studies are usually difficult to evaluate and highly
depend on the complexity of evaluation designs (e.g., only outcome evaluation vs. com-
plex evaluation including process, impact, and outcome). Moreover, especially in the
multidimensional community-based programs, it is hard to distinguish which part of the
intervention was the most effective.

Overall, most of the intervention studies did not show consistent effects on changing
children’s BMI. A large number of studies, mainly based on school interventions, did
not show very effective results, which may be a reflection of the difficulties experienced
trying to obtain significant results when relying only on school-based interventions. In
fact, the small weight reductions described in most studies could be clinically irrelevant. It
is difficult to figure why the interventions taken until now to prevent/reduce childhood
obesity have failed to provide substantial results in terms of effectiveness. The ineffec-
tiveness of some interventions may be due to insubstantial evaluation, or because studies
were too short to detect appropriate outcomes, or, simply, because they do not work [51].
Another possible explanation is the lack of interventions at multiple levels of determinants,
especially environmental changes (distal level). Importantly, little is known about the
sustainability of interventions over time [51]. However, other positive results, such as the
change of dietary behaviors or physical activity performance have been described and
should not be discarded.

Actions to prevent childhood obesity need to be taken in multiple settings and incor-
porate a variety of approaches and involve a wide range of stakeholders [51]. Complex
interventions focused on environmental changes and the strengthening of individuals and
communities as well as macro-policy changes seem to be promising strategies to reduce
childhood obesity without increasing socioeconomic inequalities [52]. The best approach
should include the family context and contemplate early life determinants. An approach
that could be much more effective to prevent obesity is a combination of interventions
that promote healthier diets and increase physical activities through society, rather than an
approach focused solely on school environments [52]. Focusing on mass media campaigns
and political actions to prevent obesity by influencing people’s eating choices and the
increase of physical activities might be an effective approach to this problem [52].
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Overall, sustained interventions are likely to be required at several levels, at an
individual level in schools and community settings to effect behavioral change, and in
sector changes involving different stakeholders [51].

5. Conclusions

Most dietary interventions to tackle childhood obesity focus mainly on person-based
educational approaches and less on environmental changes to offer healthier behavioral
choices. Most of them failed to reduce childhood obesity.

The creation of environments supportive of healthier behaviors seems to be the best
approach to mitigate the challenge that is childhood obesity. Complex and multilevel
interventions focused on environmental changes and the strengthening of individuals and
communities, including family, as well as macro-policy changes will have the potential to
tackle childhood obesity without increasing socioeconomic inequalities.
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Abstract: MaestraNatura is an innovative nutrition education program aimed at both enhancing
awareness about the importance of a healthy food–lifestyle relationship and the ability to transfer
the theoretical principles of nutrition guidelines to everyday life. The educational contents of the
program resulted from the analysis of the answers to a questionnaire submitted to students aged
6–13 in order to assess their degree of knowledge about nutritional facts. Educational paths were
specifically designed and implemented to address the main knowledge gaps identified through the
analysis of the answers and were then tested for teachers’ satisfaction in a sample of 56 schools in the
north, centre, and south of Italy, involving 790 classes, 600 teachers, and 15,800 students. The results
showed an approval rating from teachers from 90% to 94%. Said paths were designed for primary
(6–10 years old) and first-level secondary (11–13 years old) school students. In addition, in a pilot
study carried out in nine Educational Institutes located in an area close to Rome (Lazio region), a
specific path was tested for effectiveness in increasing students’ knowledge about fruit and vegetables
by conducting questionnaires before (T0) and after (T1) the didactic activities. Results showed a
significant increase in right answers at T1 with respect to T0 (z = 2.142, p = 0.032). Fisher’s exact
probability test showed an answer variability depending on the issue considered. In conclusion, this
work could be considered as a first necessary step toward the definition of new educational program,
aimed at increasing food literacy and favouring a healthier relationship with food, applicable in a
widespread and effective manner, also outside of Italy.

Keywords: health literacy; education; food; students; healthy lifestyle

1. Introduction

Chronic non-communicable diseases (NCDs) are the leading cause of death world-
wide [1,2]. The main NCDs risk factors are unhealthy lifestyles, mostly bad eating habits
and physical inactivity [3,4]. For this reason, the increasing incidence of NCDs is a huge
challenge for a sustainable health system that intends to make universal prevention its main
tool for protecting people’s health [5]. The need for preventive interventions and policies
in the nutritional field concerns all age groups, because the negative effects associated with
inadequate lifestyles affect all age groups worldwide. In Italy, although overweight and
obesity in children have been reported to follow a decreasing trend from 2008 to 2016 [6],
they still affect 30–40% of children under 18 years of age [7]. As any other behaviour, the
development of the eating behaviour starts very early in life in response to a range of
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personal, social, economic, and environmental factors. Once acquired, eating behaviours
are very hard to change [8–10].

Health literacy (HL) is defined as “the degree to which individuals can obtain, process,
and understand the basic health information and services they need to make appropriate
health decisions” [11]. HL is a determinant of health as it favours the adoption of correct
lifestyles, the adherence to therapies, and the appropriate access to health services [12].
Furthermore, there is a growing interest about food literacy (FL) defined as a set of skills and
knowledge related to food, which enables people to make informed choices about food and
nutrition for improving their own health [13]. The big challenge, therefore, is to start very
early with nutrition education programs to encourage the adoption of adequate lifestyles.
School appears to be the most eligible setting to implement strategies aimed at improving
students’ diets and food choices that play a pivotal role in promoting health [14,15].

Studies carried out in the last years suggest that the most successful school-based
nutrition education interventions must be intensive, long lasting and comprehensive, and
take account of environmental changes at school as well as family involvement and support.
Research also suggests such interventions should be theory-based and incorporated into
regular school curricula and activities [16,17].

Despite the profusion and widespread dissemination of guidelines for a healthy nutri-
tion both in the US and Europe, the prevalence rates of overweight and obesity have been
increasing [18,19], which is evidence of the scarce influence that mere information can exert
on the modification of behaviour patterns. In 2008, the European Parliament resolution on
the “White Paper on nutrition, overweight and obesity related health issues” indicates a
multilevel and comprehensive approach to be the best way to fight obesity among the EU
population. It has been pointed out the need of European programs on research, health,
education, and lifelong learning, as an important step in an overall strategy to address
diet-related chronic diseases in Europe. The resolution also highlighted the importance of
actions aimed at improving the HL of citizens and the need of a broader educational strat-
egy, for example by means of lessons on diet and health in primary schools [20]. In line with
this vision, since 2013, the EU has promoted a school program to favour the consumption
of fruit in children by distributing fresh fruit to the primary schools accordingly with the
EU ‘School fruit and vegetable scheme’. The scheme also suggests the need of educational
measures, including lessons, farm visits, school gardens, tasting and cooking [21]. However,
much still needs to be done to reach the full potential of food and nutrition education [22].
In particular, a new paradigm is needed that goes beyond school class-based transmission
of basic, generic information about food and nutrition to promote an active, hands-on
learning and skill development to deal with food and nutrition in real life settings. To
the best of our knowledge, this is the first study showing a nutrition education program
that can be spread and easily adapted everywhere, and that allows to standardize the
intervention going beyond the traditional frontal lesson which belongs to the category of
passive learning together with reading, listening, and watching movies, characterized by
low percentage of knowledge retention [23]. The purpose of this study was to design an
effective, innovative nutrition education program, namely MaestraNatura (MN), aimed
at increasing HL, and FL in particular, among primary and first-level secondary school
students (6–13 years old). Final objective having students develop a balanced relationship
with food together with the ability to transfer the theoretical principles contained in dietary
guidelines to the actual context of a daily diet.

2. Methods

2.1. Ethical Aspects

The data were collected according to the parental written informed consent obtained
for the participation of their children, in agreement with both ethical and legal (personal
data protection) requirements of the Italian law. The study was explained to the participants
before the start, by meeting with the teachers and providing leaflets to the parents through
the schools.
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The data collected were pseudonymised soon after the data quality control assigning
a univocal numerical code to each subject in order to allow the connection of data collected
on the same subject before and after the educational plan. The study was not a clinical
trial nor did it gather any genetic data or biological samples. For these reasons, it was
not compulsory to submit the study to the IRB review. The study was part of a larger
educational initiative (innovative protocols for food education in primary and lower
secondary schools) approved by the Ministry of Health, General Direction Food Safety and
Nutrition, which supported the program and subsequently the study.

2.2. Study Design

The methodological approach was built upon the active participation of students in
experimental activities at school, and the involvement of parents—or rather the family
as a whole—in practical applications (cooking). The project activities were organized in
three phases. The first phase of the study was devoted to exposing major misconceptions
about food by administering a simple multiple-choice questionnaire to the students aged
8–13 years (Table 1, Panel A and B). To children aged 6–7 years, only Panel B of the
questionnaire was administered and the questions were asked orally by the teachers. We
also interviewed teachers and parents for criticism and expectations about a nutrition
education program and used the collected information to set up the didactic plans, which
were then submitted to the teachers for assessment. These steps were repeated a few times
for content quality improvement by modifying inadequate parts and strengthening others.
This phase was implemented in the Lazio region, and involved 25 schools, 200 classes,
230 teachers, and about 4000 students (aged 6–13). During the second phase, we tested
the new education program for acceptance among teachers, and extended the activities to
another five regions, including schools in northern (Piemonte, Veneto), central (Lazio) and
southern (Campania, Basilicata) Italy. Seven towns of varying size (Torino, Verona, Padova,
Roma, Benevento, Potenza, Avigliano) were involved, for a total of 56 schools, 790 classes,
600 teachers, and 15,800 students (aged 6–13) (Figure 1). The adherence and the level of
satisfaction to the activities proposed by the program, were evaluated by interviewing
the teachers. To evaluate the overall judgement on the project, a 0–5 scale was used; the
question score > 2 was considered as positive. The developed contents of the didactic
paths, as well as additional information, experiments, and recipes, were provided through
a web platform (www.maestranatura.org, accessed on 3 May 2021) that teachers, students
and parents could easily access. The web platform was structured to become an actual
learning management system. The choice of using an information technology (IT) tool to
disseminate contents allowed for cost reduction and real-time updating, not to mention the
sharing of experience.

Finally, in order to test the effectiveness of the implemented didactic paths in increas-
ing food knowledge, a pilot study was carried out with 1235 students (aged 8–10) attending
61 primary classes (3rd, 4th, and 5th classes) at 9 Educational Institutes (EI) located in
a small town close to Rome, testing the educational path “It Is Easy To Say Vegetables”.
We chose these classes because the contents of the path were in line with their curricular
programs. The path included two didactic power point presentations on “Seeds & Fruits”
and “Food Chains”, and four experimental and practical activities aimed at increasing
knowledge and familiarity with vegetables (Seed’s germination and dissemination; Draw a
vegetable identity card; Create a vegetable garden from kitchen waste; Extract chlorophyll
from leaves). In addition, some recipes on seasonable vegetables were provided in order to
favour interactions between children and parents, and to induce the students to experiment
new tastes. All the planned activities were carried out throughout the school year. To
evaluate the effectiveness of the path in increasing the students’ knowledge about vegeta-
bles and fruit, they were asked to fill out the panel B of the multiple-choice questionnaire
(Table 1, Panel B) at the beginning and at the end of the school year.

235



Nutrients 2021, 13, 1547

Table 1. Questionnaire for the students.

Panel A: What do you know about food?

Question

1. What is the function of fats in our body?
2. What is the function of sugar in our body?
3. What is the function of water in our body?
4. What is the function of proteins in our body?
5. What is the function of vitamins in our body?
6. What is in milk?
7. What is in a steak?
8. Which of the following foods provide more energy?
9. Which of the following foods is a fruit?
10. Which of the following foods is a vegetable?
11. Which is the energy source for plants?

Panel B: What do you know about vegetables?

Question

Q01 Tomatoes are . . .
Q02 Fennel is . . .
Q03 Onions are . . .
Q04 Courgettes are . . .
Q05 Aubergines are . . .
Q06 Carrots are . . .
Q07 Stems develop into . . .
Q08 Roots allow the plant to . . .
Q09 Flowers are useful to . . .
Q10 What do seeds need to develop?

Figure 1. Geographic localization of the Educational Institutes (EI) and classes participating in the
implementation of MaestraNatura program.

2.3. Statistical Analysis

Categorical data are presented as absolute and percent frequencies for any question of
the questionnaire, both at the beginning (time 0, T0) and at the end (time 1, T1) of the study.
Percentages of correct response across the questions of the questionnaire are summarized
by median, minimum and maximum, separately at T0 and T1. For any child and for any
question, the responses given at T1 have also been classified as changed (from wrong,
W0 to correct C1 or, conversely, from correct C0 to wrong W1) or unchanged (correct or
wrong at both T0 and T1). For any question and at any time, differences between sexes or
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classes in the percentage of correct response were assessed by the Fisher exact probability
test, because the low expected frequencies in some of the contingency tables make the
chi-square test not always applicable. The same test was used for each question to assess if
the percentage of “improving” children (W0 to C1) was different from the percentage of
“worsening” children” (C0 to W1).

Finally, the percentages of correct answer at T0 were compared to the percentages
of correct answer at T1 across the questions of the questionnaire using the Wilcoxon
matched-pairs signed ranks test.

For all tests, p < 0.05 was considered statistically significant. The significance levels
were reported both with and without Bonferroni’s correction, which was applied to take
into account the increase in Type I error probability due to multiple tests, where appropriate.
STATA 16.0 was used for the analyses.

3. Results

3.1. Preliminary Assessment of the Main Knowledge Gaps in Nutritional Facts

The results of the questionnaire (Table 1) highlighted relevant knowledge gaps on
the origin and function of foods, metabolism, the role of water and macro/micronutrients,
and the energy issues. For instance, 37% of the students (11–13 years old) correctly iden-
tified tomatoes as fruit, while only 24% and 16% of them identified pumpkin and cour-
gette, respectively, as the fruit of the plant. Among the students of primary school classes
(8–10 years old), 29% correctly identified courgettes but defined radish a fruit instead of
a root. The analysis of the answers showed that, in general, the students seemed to have
relied more on intuition than knowledge, giving their responses on the basis of colour and
shape. For instance, the courgette, green and oblong, was very frequently classified as a
stem. The situation was a little better with potatoes and carrots: 25% of the students aged
6–9 years and 40–50% of those aged 10–13 years correctly identified potatoes as tubers and
carrots as roots. Regarding the origin of food, about 49% of students of the second and third
classes (7–8 years old) and 40% of the students of the fourth and fifth classes (9–10 years old)
believed that yoghurt does not derive from milk but rather from vegetables. More than half
(60%) of the primary school students (8–10 years old) thought that milk does not contain
water, protein being its main component over water and sugar. Finally, only 5% of the
students (11–13 years old) correctly answered the questions on the energy, whereas most of
them affirmed that steaks and vitamins (in pills) are foods that provide energy faster.

3.2. Definition of the Nutrition Education Contents

These findings helped us define what topics had to be discussed in detail and what
basic concepts were worthy of consideration. In conclusion, at the end of the first two years
of activity, we implemented a very effective, innovative nutrition education program aimed
at increasing HL, and FL in particular, in primary and first level secondary school stu-
dents (6–13 years old). The didactic paths specifically designed for each class of primary
(6–10 years old) and first-level secondary schools (11–13 years old) are shown in Table 2.
The nutrition education contents were defined according to WHO [24] and national guide-
lines [25] while those about sustainable diet were from FAO and United Nations [26,27].
In primary school classes, from the first to the fourth (6–9 years old), the following topics
are addressed: the handling and processing of food, the discovery of water as an essential
element for life, the identification of the different parts of the plant and their functions
together with the knowledge about variety and seasonality of vegetables. In the fifth class,
the differences between food and nutrients, and food groups are introduced in order to
start learning how to combine food in a balanced daily menu. In the first class of first-level
secondary school (11–12 years old), food waste, environmental footprint and sustainable
diet issues are discussed in depth. Finally, in the second class of first-level secondary school
(12–13 years old), the digestive process and the different organs of the human body that
take part in it are discussed along with a further study of nutrients and their function in
human metabolism.
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On the whole, MN sets the student as main target, the school as the ideal gateway for
the educational program, the teacher as a major player to promote and support the didactic
activities, and parents as indispensable actors for transferring the basic concepts of healthy
diet guidelines from theory to practice.

The MN program features didactic contents that taken together represent a complete
teaching plan strictly connected to the different science programs specifically designed for
each class. The contents are meant to be distributed gradually along the entire scholastic
path, to allow for a progressive development of the scientific issues by adapting them to
the age of children.

Each educational path has the following contents:

(a) Units for teachers that comprise texts and power point presentations on the themes of
the course.

(b) Practical activities and experiments to be carried out in the classroom with (i) illus-
trations and explanations facilitating the achievement of the expected results; (ii)
precautions to be taken; (iii) the list of the materials and the time required to carry out
the experiment.

(c) Practical activities as homework with the involvement of household adults.
(d) Concept maps that sum up the basic concepts covered by the didactic paths in

a simplified schematic view to provide the full picture of a complex process in a
simple way.

(e) Questionnaires with a variable number of multiple-choice answers to evaluate the
acquired knowledge.

After defining all the educational plans, we evaluated the completing rate for the
proposed activities and the approval rating among the teachers involved in the study. The
percentage of teachers’ positive judgements on the proposed educational contents and
practical activities was significantly high (over 90%) (Table 3). The same table shows the
percent of fully carried out activities. As regard the overall judgement of the projects, the
100% of teachers expressed a positive judgement. The program also received some criticism
mostly regarding the management of printed contents, the composition of some of the kits
to carry out the experiments, and the interaction with parents. This survey allowed us
to improve the program and reorganize the distribution of contents and questionnaires,
which were then transferred to the e-learning platform.

Table 3. Percentage of completing activities and teachers’ satisfaction for the proposed activities.

Activity
% of Completing Activities

(Mean ± SD)
% of Teachers’ Positive Judgement

(Mean ± SD)

Experimental laboratory 71 ± 20 90 ± 4

Activities at home 86 ± 5 94 ± 4

Training 96 ± 3 92 ± 3

Overall judgement on the project 100

3.3. Pilot Study to Test One of the Educational Paths
3.3.1. Assessment of Students’ Basal Knowledge on Fruit and Vegetables

A pilot study was carried out in a small town close to Rome to assess the increase in
knowledge on fruit and vegetables after attending the educational path ‘It’s easy to say
vegetables’. Students were given a multiple-choice questionnaire (Table 1, Panel B) at the
beginning and at the end of the didactic activities. Out of the 1235 students enrolled in the
study, 826 (67%) filled in the questionnaire at T0. Upon analysing the students’ answers
to the questions, it became evident that the level of basal knowledge varied considerably
depending on the subject of the question. The percentage of correct answers varied from a
minimum of 22% (WHAT DO SEEDS NEED TO DEVELOP?) to a maximum of 81% (ROOTS
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ALLOW THE PLANT TO . . . ). There were no gender differences regarding the level of basal
knowledge, other than for few topics, such as tomato and fennel, for which the percentage
of boys providing the correct answers was significantly higher than for girls (data not
shown). Finally, there were not differences in the level of knowledge with students’ age,
unless for some topics (fennel, flower, seeds) for which the percentage of correct answers
significantly increased with age (p < 0.001, p = 0,007, p = 0.055, respectively) (Table 4).

Table 4. Assessment of students’ basal knowledge on fruit and vegetables.

Question On Total 3rd Class
(n = 314)

4th Class
(n = 276)

5th Class
(n = 236)

p
(n = 826)

n % n % n % n %

tomato 391 47.3 161 51.3 122 44.2 108 45.8 0.199
fennel 214 25.9 52 16.6 88 31.9 74 31.4 <0.001 *

courgette 260 31.5 105 33.4 82 29.7 73 30.9 0.606
onion 513 62.1 198 63.1 160 58.0 155 65.7 0.183

aubergine 271 32.8 109 34.7 86 31.2 76 32.2 0.636
carrot 579 70.1 210 66.9 195 70.7 174 73.7 0.214
stem 407 49.3 163 51.9 151 54.7 93 39.4 0.001 *
root 673 81.5 263 83.8 221 81.1 189 80.1 0.414

flower 457 55.3 153 48.7 158 57.3 146 61.9 0.007
seed 180 21.8 54 17.2 61 22.1 65 27.5 0.055

Percentages of correct answers to panel B questionnaire collected at the beginning of the educational activities (T0). Data are shown in total
and by school class. Significance level p refers to Fisher’s exact probability test; * p < 0.05 when applying Bonferroni’s correction.

3.3.2. Evaluation of the Knowledge Increase at the End of Didactical Activities

Out of the 826 filling in the questionnaire at T0, 246 students (30%) answered the
questionnaire at T1. At the end of the activities the total knowledge increased, with
a median increase of about 12% (range from −13.8% to 32.9% for flower and tomato,
respectively). The Wilcoxon test applied to the answers to all the questions showed a
significant overall improvement of right answers at T1 with respect to T0 (z = 2.142,
p = 0.032). Specifically, for seven questions out of 10 there was an increase in the right
answer ranging from +7.7 to +32.9%, for two questions the percentage was quite similar at
T0 and T1 (change equal to +2.4 and −2.4%), and for one out of 10 questions there was a
decrease of −13.8% (Table 5).

Table 5. Evaluation of the knowledge increase at the end of didactical activities.

Question on T0 T1 T1-T0 Wilcoxon

(n = 246) (n = 246) p

n % n % %

tomato 116 47.2 197 80.1 32.9
fennel 61 24.8 96 39.0 14.2

courgette 75 30.5 118 48.0 17.5
onion 142 57.7 136 55.3 −2.4

aubergine 70 28.5 123 50.0 21.5
carrot 159 64.6 204 82.9 18.3
stem 133 54.1 159 64.6 10.6
root 202 82.1 208 84.6 2.4

flower 135 54.9 101 41.1 −13.8
seed 51 20.7 70 28.5 7.7

0.032
Percentages of correct answers collected at the beginning (T0) and at the end (T1) of the educational activities.
T1-T0 represents the percentage of knowledge increase for each question. Significance level p refers to Wilcoxon
matched-pairs signed ranks test p < 0.05.
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With respect to the assessment of the efficacy in increasing knowledge in the 246 chil-
dren, Fisher’s exact probability test showed that the percentage of “improving” children
((W0 to C1)/W0) was significantly higher than the percentage of “worsening” children
((C0 to W1)/C0) for questions 1, 6, 7, and 8 (p < 0.001); the two percentages did not differ
for questions 3, 4, and 5, while the percentage of “improving” children was significantly
lower than that of “worsening” children for questions 2 (p < 0.020), 9 (p < 0.047), and 10
(p < 0.001) (Figure 2).

Figure 2. Answer variation to the questionnaires filled in at the end of the didactic path. Data
represent the answer variation (%) of children that move from wrong to correct answer (W0 to C1)
computed as [(W0 to C1)/W0] and from correct to wrong answer (C0 toW1) computed as [(C0 to
W1)/C0]. C0, C1: correct answer at T0 or T1, respectively; W0, W1: wrong answer at T0 or T1,
respectively. Q01–Q10: questions showed in Table 1, Panel B. Significance level p refers to Fisher’s
exact probability test; * p < 0.05 when applying Bonferroni’s correction.

4. Discussion

MN stands as an innovative nutrition education program that uses food as a didactic
tool to stimulate scientific thought and the students’ awareness on the importance of healthy
dietary habits. MN tries to connect different fields of knowledge, such as biology, physics,
chemistry, history, ecology, environmental sciences, anthropology, and taste education, to
eventually achieve adequate levels of HL. Actually, food can be considered from many
different points of view: as a tool to observe natural and chemical–physical phenomena,
as a main determinant of the planet survival because of its impact on the environment,
as a product and expression of human culture, and as a vehicle for social relationships
starting from very early life when it represents the strongest bond between a child and
their parents.

MN program is a model of mixed-mode learning that appears to be especially suitable
these days. In view of the information spread through old and new media and technologies,
in fact, we need to balance information redundancy and the increasing speed of learning
processes with the growth in learning difficulties and functional illiteracy that in Italy
involves about 20% of the young population (16–24 years old) [28]. A large part of the adult
population is not able to understand the complexity of reality, and similar difficulties affect
children that might react with diverse cognitive disorders. The survey conducted among
Italian students aged 6–13 years to define their knowledge about food and nutrition showed
serious shortcomings. A certain degree of heterogeneity in the students’ responses was
found depending on the issue considered and the age of participant; taken as a whole, the
results of the preliminary survey were rather discouraging. Nevertheless, we started from
those results to build up a comprehensive, multifaceted educational program to provide
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an answer to those needs by using a completely different teaching approach. Firstly, MN
proposes a systemic-constructivist approach that aims to facilitate the comprehension of
complexity. To face a problem from a systemic point of view is to seek connections with
similar problems in different areas and, only later, to explore the distinctive characteristics
of the starting problem [29]. This approach simplifies the knowledge process without
trivializing it and seeks to be effective in leading to a progressive, self-generating learning
typical of the constructivist approach [30]. It also favours cooperative learning, a successful
teaching strategy in which small groups of students with different levels of ability engage
in a variety of learning activities to improve their understanding of a subject [31]. Finally,
the MN method takes into consideration Dale’s cone of learning that indicates the active
learning techniques as the best base to support the acquiring of knowledge [23]. Consider-
ing purely the health aspect of nutrition education, the traditional approach embraced by
most interventions is that it is enough to feed scientific information on food and nutrition
to the population in order to induce a behavioural change and the adoption of a healthy
lifestyle in any person. However, this approach has been questioned because of its poor
effectiveness. For this reason, the American Dietetic Association stated that new nutrition
education interventions must adopt methodologies able to produce effective changes in
dietary habits and not to disseminate solely nutrition information [32]. Furthermore, an
interesting paper reviewing the intervention programs carried out in the last years to
counteract childhood obesity reports that the most effective ones were those conducted
at school in the age range 6–12 and focused to modify one behaviour at a time. Didac-
tic contents promoting healthy nutrition, physical activity, food processing, and safety,
among others, appeared to be more effective when originally included in the scholastic
plan and delivered in multiple sessions during the school year [33]. Finally, to create an
environment facilitating behavioural changes (e.g., offering healthy food like fruit and
nuts to the students) and to support parents in improving their relationship with their
children also by sharing time together, e.g., cooking, are highlighted as relevant points to
get good results [34].

The MN program takes into account these suggestions and introduces some novelties
in the traditional educational approach. First of all, the educational path direction: it
does not start from the food pyramid to guide behaviour towards healthy eating. On the
contrary, the understanding of the food pyramid is the endpoint to be reached after gaining
knowledge of nutritional facts in order to understand the guidelines for healthy eating.
Focusing on health in general, MN avoids emphasis on concepts like “healthy body weight”
or “good/bad” foods and promotes the whole person without neglecting children’s psycho-
logical and emotional aspects [35], which should be reconciled in integrated intervention
programs aimed at the prevention of obesity and eating disorders [36]. Another distinctive
aspect is that knowledge is acquired through experience in the eight-year period of primary
and secondary school (6–13 years old). Finally, an ambitious objective we set is to define
the real effectiveness of educational contents in increasing FL. In this regard, the pilot study
carried out to evaluate the efficacy of the path ‘It Is Easy To Say Vegetables!’ in improving
the knowledge on fruit and vegetables, provided interesting and encouraging results. The
significant increase in right answers obtained after the path execution with respect to those
obtained before, indeed, support the educational effectiveness of the path tested. However,
by analysing the answer variability, the students failed more the answers to the questions
about the plant functionality than those about plant recognizing. The variability found in
some answers, evidenced by Fisher’s test, led us to rethink the wording of the questions
and to improve the discussion of specific issues. Furthermore, we found a drop out of
70% in completing the questionnaire at T1. This could have been due to several factors.
However, the most relevant aspect, in our opinion, was the delay in presenting the project
to the teachers with respect to the school times. This determined either the withdrawal
of a number of teachers that felt unable to complete the program, or the difficulty in ad-
ministering the questionnaire at T1 because the end of the school year was approaching.
The work herein presented represents the first step of an on-going activity to increase Food
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Literacy, and lay the foundation for a healthier relationship with food and the daily diet.
In particular, the progressive journey towards a better knowledge of the vegetable world
might reduce children’s reluctance to eat vegetables and favour awareness regarding the
importance of consuming a balanced diet rich in fruits and vegetables. Such knowledge
can provide children with a scientific basis to understand how to combine food in daily
and weekly menus to maintain the right balance among nutrients and reinforce the concept
that consuming a healthy and varied diet is the main tool to preserve human health. In
conclusion, our study, although developed for Italian students, can be suitable for applica-
tion in other countries, as it deals with public health issues and nutrition principles and
recommendations widely accepted and shared. Moreover, the program is not limited to
specific traditional or geographical contexts and can, thus, be implemented as an effective
preventive action on public health.
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Abstract: Background: Little is known about the effects of dietary quality on the risk of ischemic
stroke among Southwest Chinese, and evidence from prospective studies is needed. We aimed
to evaluate the associations of ischemic stroke with dietary quality assessed by the Chinese Diet
Balance Index 2016 (DBI-2016). Methods: The Guizhou Population Health Cohort Study (GPHCS)
recruited 9280 residents aged 18 to 95 years from 12 areas in Guizhou Province, Southwest China.
Baseline investigations, including information collections of diet and demographic characteristics,
and anthropometric measurements were performed from 2010 to 2012. Dietary quality was assessed
by using DBI-2016. The primary outcome was incident ischemic stroke diagnosed according to the
International Classification of Diseases 10th revision (ICD-10) until December 2020. Data analyzed
in the current study was from 7841 participants with complete information of diet assessments and
ischemic stroke certification. Cox proportional hazards models were used to estimate the risk of
ischemic stroke associated with dietary quality. Results: During a median follow-up of 6.63 years
(range 1.11 to 9.53 years), 142 participants were diagnosed with ischemic stroke. Participants with
ischemic stroke had a more excessive intake of cooking oils, alcoholic beverages, and salt, and had
more inadequacy in meats than those without ischemic stroke. (p < 0.05). Compared with participants
in the lowest quartile (Q1), those in the highest quartile (Q4) of the higher bound score (HBS) and of
the dietary quality distance (DQD) had an elevated risk for ischemic stroke, with the corresponding
hazard ratios (HRs) of 3.31 (95%CI: 1.57–6.97) and 2.26 (95%CI: 1.28–4.00), respectively, after adjust-
ment for age, ethnic group, education level, marriage status, smoking and waist circumference, and
the medical history of diabetes and hypertension at baseline. In addition, excessive intake levels
(score 1–6) of cooking oils, excessive intake levels (score 1–6) of salt, and inadequate intake levels
(score −12 to −7) of dietary variety were positively associated with an increased risk for ischemic
stroke, with the multiple HRs of 3.00 (95%CI: 1.77–5.07), 2.03 (95%CI: 1.33–3.10) and 5.40 (95%CI:
1.70–17.20), respectively. Conclusions: Our results suggest that unfavorable dietary quality, including
overall excessive consumption, excessive intake of cooking oils and salt, or under adequate dietary
diversity, may increase the risk for ischemic stroke.

Keywords: dietary quality; ischemic stroke; Chinese Diet Balance Index 2016; DBI-16; South-
east China

1. Introduction

Stroke is the second leading cause of death and disability worldwide, and has been
the first leading cause of death and the leading cause of all-age disability-adjusted life years
(DALYs) in China [1,2]. Notably, nationwide studies and periodic governmental reports
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revealed a great burden of stroke in China, with an increasing prevalence and incidence in
the past decade [3,4]. According to the latest annual report in 2019, China currently has
21 million patients with stroke [5]. Ischemic stroke, defined as the permanent infarction of
cerebral tissues due to abrupt decreases in cerebral blood flow, accounts for more than 70%
of prevalences among all sub-types of stroke. A large prospective cohort study based on
half a million Chinese adults showed that the incidence of ischemic stroke during 7.2-year
follow-up was 5.86 per 1000 person-years [6].

Dietary intake is a modifiable lifestyle behavior closely associated with most non-
communicable diseases (NCDs), including cardiovascular diseases (CVDs) [7–9]. There has
been an increasing interest in using specific indexes to evaluate dietary quality and their
effects on NCDs, especially in some developed countries, such as the Healthy Eating Index
(HEI) and the Diet Quality Index (DQI) developed for Americans [10,11], and the Mediter-
ranean Diet Score (MDS) used for the residents in Northern Europe [12]. With reference to
the methods of HEI and DQI, the Chinese Dietary Balance Index (DBI) has been designed
to assess the overall diet quality in the Chinese population [13], according to the most
recent Dietary Guidelines for Chinese residents [14]. Although associations of DBI with
diabetes, hypertension, and cardiometabolic risk factors have been reported in previous
cross-sectional studies among subgroups in China [15–17], data on the relationship be-
tween DBI and ischemic stroke is inconclusive, and evidence from prospective studies
are warranted.

In this current study, we aimed to explore the associations between diet quality
assessed by DBI and risk of incident ischemic stroke based on a prospective cohort in
Guizhou Province in Southwest China, a region where economy and culture are relatively
underdeveloped and with a great disease burden of ischemic stroke [18], in order to provide
some evidence on further dietary intervention to manage and prevent ischemic stroke.

2. Methods

2.1. Study Design and Participants

The Guizhou Population Health Cohort Study (GPHCS) is one of few large population-
based prospective cohort studies in Southwest China, which was established from 12 areas
(five urban districts and seven rural counties) in Guizhou Province between 20 November
2010 and 19 December 2012. A multistage proportional stratified cluster sampling method
was used to obtain a representative sample of the general population in Guizhou Province.
The inclusive criteria were as follows: (1) age of 18 years or above; (2) living in the study
regions for more than six months and having no plan to move out; (3) completing survey
questionnaire and blood sampling; (4) signing the written informed consent. A total of
9280 local residents were enrolled in the cohort. All participants were followed up for major
chronic diseases and vital status through a repeated investigation conducted between 2016
and 2020. All deaths were confirmed by the record from Death Registration Information
System and Basic Public Health Service System. Ethics approval was obtained from the
ethics review board of Guizhou Province (No.S2017-02). All participants provided written
informed consent at enrollment.

In this study, we excluded participants with a history of ischemic stroke, haemor-
rhagic stroke, myocardial infarction or other cardiovascular diseases, missing data of diet
consumption or cardiovascular diseases at baseline, loss to follow-up, and death, leaving
7841 participants for the analyses (Figure 1).

2.2. Outcome Definition

The primary outcome was the first onset of ischemic stroke (I63) diagnosed according
to the International Classification of Diseases 10th revision (ICD-10). All reported events
were reviewed and integrated centrally by trained clinical staff. Each participant was
followed up until the first occurrence of the corresponding outcome, death, or loss to
follow-up, which occurred first before 31 December 2020. The incidence rate was calculated
as the number of incident cases divided by follow-up person-years.
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Figure 1. Flow chart of the study.

2.3. Dietary Data Collection

The information of dietary intake for each participant was assessed using a semi-
quantitative food frequency questionnaire (FFQ), both at the individual level and at the
household level. The individual FFQ covered 23 items of foods and beverages which were
commonly consumed, including cereals, tubers, livestock meats, poultry meats, aquatic
products, vegetables, fruits, eggs, dairy products, soybean products, etc. A commonly
used unit or portion size was specified for each food item, participants were required to
answer their usual consuming frequency (daily, weekly, monthly, yearly, or never) of each
specific food or beverages over the past one year and the amount of consumption at each
time. The daily intake on average for each food item was then calculated according to
the product of the intake frequency and the amount consumed at each time (in gram per
day, g/day). House condiment consumption, such as cooking oils, salt, sugar, sauces, etc.,
was determined by evaluating all condiments consumed by all household members for
one month. The total amount of condiments consumed in the household divided by the
number of members usually eating at home was used to assess individual consumption
of condiments.

2.4. Dietary Intake Assessment

The dietary quality among the participants at baseline was assessed by the Chinese
Diet Balance Index 2016 (DBI-16) [13], a revised version from the Chinese Diet Balance
Index 2007 (DBI-07) [19]. DBI-2016 comprises 14 subgroups of 8 components from the
Dietary Guidelines for Chinese residents [14], including: (1) cereal; (2) vegetable and fruit;
(3) dairy and soybean; (4) animal food (red meats/products/poultry/game, fish/shrimp,
and egg); (5) empty energy foods (cooking oils, and alcoholic beverage); (6) condiments
(addible sugar, and salt); (7) diet variety; and (8) drinking water. A score of 0 for each DBI-16
component means that the individual has reached the recommended intake amounts of the
corresponding food group. Positive scores (ranging 1 to 12) indicate the excessive intake
level of cereals, red meat/products/poultry/game, eggs, cooking oils, alcoholic beverage,
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addible sugar, salt, while negative scores (ranging −12 to −1) indicate the inadequate intake
level of cereals, vegetables, fruits, dairy, soybeans, red meat/products/poultry/game,
fish/shrimps, eggs, diet variety, and drinking water. Considering the difference of nutrient
requirements in energy consumption, the scoring of these 14 food subgroups was based on
11 levels of energy intake. Scoring details of DBI-16 are shown in Table S1.

Based on the scores for each DBI-16 component, three indicators of diet quality were
calculated: (1) the lower bound score (LBS), an indicator for inadequate food intake, was
computed by adding all the negative scores; (2) the higher bound score (HBS), an indicator
for excessive food intake, was calculated by adding all the positive scores; (3) the diet quality
distance, an indicator of unbalanced food intake, is calculated by adding the absolute values
of both positive and negative scores [13]. The ranges of LBS, HBS, and DQD were 0 to 60, 0
to 40, and 0 to 84, respectively. For simplicity, each indicator was further divided into five
levels to reflect the diet quality: (1) no problem, a score of 0; (2) almost no problem, less
than 20% of the total score; (3) low-level problem, between 20% and 40% of the total score;
(4) moderate level problem, between 40% and 60% of the total score; and (5) high-level
problem, greater than 60% of the total score.

2.5. Other Variables Collection

A standardized questionnaire was used to collect the information of demographic char-
acteristics, lifestyles, and medical history, including age, sex, area, ethnic group, education
level, family income, marriage status, occupation status, physical activity, smoking or not,
alcohol drinking or not, medical history of diabetes, hypertension and dyslipidemia, use of
medications and nutraceuticals. Smoking was defined as smoking at least one cigarette
a day for 12 months or more. Alcohol drinking was defined as drinking at least three
times a week for 12 months or more. Medication use was defined as taking medications
for diabetes, hypertension, dyslipidemia, or obesity regularly. Nutraceutical intake was
defined as intaking some common nutraceuticals (such as vitamins or minerals), or foods
with health-care functions (such as wine, tea) at least one time a week for 12 months or more.
The physical activity level was calculated as the product of the duration and frequency of
each activity, weighted by an estimate of the metabolic equivalent (MET) of that activity
and summed for all activities performed, with the result expressed as the average MET
hours per day.

Height, weight, and waist circumference were determined by trained technicians,
using calibrated instruments with standard protocols and recorded to the nearest 0.1 cm or
0.1 kg. Waist-to-height ratio (WHtR) was calculated as waist circumference in centimeters
divided by height in meters. Body mass index (BMI) was calculated as weight in kilograms
divided by the square of height in meters. Systolic blood pressure (SBP) and diastolic
blood pressure (DBP) were measured from the left arm after the participant rested in a
seated position. All participants provided a 10-mL blood sample after an overnight fast
of at least 10 h, they were also required to undergo an oral glucose tolerance test (OGTT),
and the plasma was obtained at 2 h during the test. Fasting plasma glucose (FPG), 2-h
postload glucose (2h-PG) and Hemoglobin A1c (HbA1c) were determined by the glucose
oxidase methods (Roche Diagnostics, Mannheim, Germany). Serum triglycerides (TG),
total cholesterol (CHOL), low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) were measured by enzymatic methods (Roche Diagnostics,
Mannheim, Germany).

Diabetes was defined as those above the threshold of glycemia (FPG ≥ 6.1 mmol/L or
2h-PG ≥ 7.8 mmol/L), having a reported diabetes history, or experiencing anti-diabetes
medications [20]. Hypertension was defined as an abnormal level of current blood pressure
(SBP > 140 mmHg or DBP > 90 mmHg), having a reported hypertension history, or experi-
encing anti-hypertension medications [20]. Dyslipidemia was defined as an abnormal level
of current blood lipids (TG ≥ 1.7 mmol/L, CHOL ≥ 5.2 mmol/L, LDL ≥ 3.4 mmol/L, HDL
< 1.0 mmol/L), having a reported dyslipidemia history, or experiencing anti-dyslipidemia
medications [20]. General overweight or obesity was defined as BMI ≥ 24 kg/m2, central
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obesity was defined as WC ≥ 85 cm for females or ≥ 90 cm for males, and obesity status
was defined as having either of these two types of obesity [21].

2.6. Statistical Analysis

Continuous variables were expressed as means and standard deviations (mean ± SD)
and compared by using the Student’s t-test. Categorical variables were presented as frequen-
cies and percentages (n, %) and compared by using the Chi-square test. Considering that
the proportional hazards assumption showed no strong evidence of departure, cox pro-
portional hazards models were used to estimate hazard ratios (HRs) and 95% confidence
intervals (95%CIs) for ischemic stroke by the components of DBI-16 and the indicators of
diet quality. The level of statistical significance was defined as α = 0.05 of two-side proba-
bility. All analyses were performed using the R program (version 4.0.4, R Foundation for
Statistical Computing, Vienna, Austria), and all figures were performed by using GraphPad
Prism software (version 9, GraphPad Prism, San Diego, CA, USA).

3. Results

3.1. Descriptions of Study Population

The baseline characteristics of all 7841 participants in this study are shown in Table 1.
The mean age was 44.18 ± 14.97 years at enrollment, and 47.4% (n = 3719) were male.
Of these, 67.1% (n = 5258) of participants were rural residents, and more than half were Han
Chinese (58.5%, n = 4589) and farmers (57.3%, n = 4490). The majority had an education
level below junior middle school or no formal educated (86.7%, n = 6799).

Table 1. Baseline Characteristics of participants according to ischemic stroke status.

Characteristics
All

(n = 7841)

Non-Ischemic
Stroke

(n = 7699)

Ischemic Stroke
(n = 142)

p Value

Age (n, %) <0.001
18–40 years 3252 (41.5) 3231 (42.0) 21 (14.8)
41–60 years 3322 (42.4) 3256 (42.3) 66 (46.5)
≥60 years 1267 (16.1) 1212 (15.7) 55 (38.7)
Sex (n, %) 0.754

Male 3719 (47.4) 3654 (47.5) 65 (45.8)
Female 4122 (52.6) 4045 (52.5) 77 (54.2)

Area (n,%) 0.136
Urban 2583 (32.9) 2545 (33.1) 38 (26.8)
Rural 5258 (67.1) 5154 (66.9) 104 (73.2)

Ethnic group (n,%) 0.003
Ethnic Han 4589 (58.5) 4488 (58.3) 101 (71.1)

Minority 3252 (41.5) 3211 (41.7) 41 (28.9)
Education (n,%) 0.038

No formal education 1606 (20.5) 1565 (20.3) 41 (28.9)
Junior middle school and below 5193 (66.2) 5111 (66.4) 82 (57.7)

Senior high school and above 1042 (13.3) 1023 (13.3) 19 (13.4)
Family income (n, %) 0.010
<3000 RMB/person 1664 (32.6) 1625 (32.6) 39 (33.9)

3000–10,000 RMB/person 2129 (41.8) 2080 (41.7) 49 (42.6)
≥10,000 RMB/person 1306 (25.6) 1279 (25.7) 27 (23.5)

Marriage (n,%) 0.001
Married/Cohabit 6340 (80.9) 6226 (80.9) 114 (80.3)

Unmarried/Single 744 (9.5) 740 (9.6) 4 (2.8)
Divorced/Widowed/Separated 757 (9.7) 733 (9.5) 24 (16.9)
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Table 1. Cont.

Characteristics
All

(n = 7841)

Non-Ischemic
Stroke

(n = 7699)

Ischemic Stroke
(n = 142)

p Value

Occupation (n, %) 0.284
Farmers 4490 (57.3) 4407 (57.2) 83 (58.5)
Others 2092 (26.7) 2061 (26.8) 31 (21.8)

Unemployed or retired 1259 (16.1) 1231 (16.0) 28 (19.7)
Smoking (n, %) 0.375

No 5856 (74.7) 5755 (74.7) 101 (71.1)
Yes 1985 (25.3) 1944 (25.3) 41 (28.9)

Alcohol drinking (n, %) 0.403
No 6038 (77.0) 5924 (76.9) 114 (80.3)
Yes 1803 (23.0) 1775 (23.1) 28 (19.7)

Diabetes (n, %) 0.015
No 7162 (91.7) 7042 (91.8) 120 (85.7)
Yes 648 (8.3) 628 (8.2) 20 (14.3)

Hypertension (n, %) <0.001
No 5835 (74.4) 5756 (74.8) 79 (55.6)
Yes 2006 (25.6) 1943 (25.2) 63 (44.4)

Dyslipidemia (n, %) 0.581
No 3353 (42.8) 3296 (42.8) 57 (40.1)
Yes 4488 (57.2) 4403 (57.2) 85 (59.9)

Obesity (n, %) 0.376
No 4794 (64.1) 4716 (64.1) 78 (60.0)
Yes 2688 (35.9) 2636 (35.9) 52 (40.0)

Medication use (n, %) <0.001
No 6919 (88.2) 6812 (88.5) 107 (75.4)
Yes 922 (11.8) 887 (11.5) 35 (24.6)

Nutraceutical intake (n, %) 0.044
No 6944 (88.7) 6810 (88.6) 134 (94.4)
Yes 883 (11.3) 875 (11.4) 8 (5.6)

MET (per day, mean ± SD) 109.82 ± 122.62 109.87 ± 122.68 107.17 ± 120.00 0.795
WC (cm, mean ± SD) 7661 ± 9.46 76.57 ± 9.46 78.67 ± 9.63 0.013

WHtR 5.52 ± 10.15 5.50 ± 10.15 6.83 ± 9.76 0.182
BMI (kg/m2, mean ± SD) 22.90 ± 3.36 22.89 ± 3.36 23.26 ± 3.25 0.203

FPG (mmol/L, mean ± SD) 5.25 ± 1.26 5.25 ± 1.25 5.40 ± 1.51 0.158
2h-PG (mmol/L, mean ± SD) 5.79 ± 2.25 5.79 ± 2.25 6.12 ± 2.52 0.088

SBP (mmHg, mean ± SD) 125.09 ± 20.87 124.90 ± 20.72 135.33 ± 25.97 <0.001
DBP (mmHg, mean ± SD) 78.24 ± 11.90 78.16 ± 11.85 82.56 ± 13.88 <0.001
TG (mmol/L, mean ± SD) 1.76 ± 1.57 1.75 ± 1.56 1.89 ± 1.92 0.324

CHOL (mmol/L, mean ± SD) 4.79 ± 1.32 4.79 ± 1.31 4.85 ± 1.55 0.64
HDL-C (mmol/L, mean ± SD) 1.45 ± 0.56 1.45 ± 0.56 1.41 ± 0.63 0.405
LDL-C (mmol/L, mean ± SD) 2.66 ± 1.18 2.66 ± 1.18 2.54 ± 1.30 0.239

Abbreviation: SD, standard deviation; MET, metabolic equivalent of task; WC, waist circumference; WHtR, waist-
to-height ratio; BMI, body mass index; FPG, fasting plasma glucose; 2h-PG, 2-h postload glucose; SBP, systolic
blood pressure; DBP, diastolic blood pressure, TG, triglyceride; CHOL, total cholesterol; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

During a median follow-up of 6.63 years (range 1.11 to 9.53 years), 142 partici-
pants were diagnosed with ischemic stroke. Compare with participants without ischemic
stroke, those with incident ischemic stroke were more likely to be older, Han Chinese,
with lower economic level, and less likely to be formally educated, and married (di-
vorced/widowed/separated). Those with ischemic stroke also tended to have prevalent
diabetes and hypertension (p < 0.001).

3.2. Assessments of Dietary Quality

The distributions of scores for the DBI-16 components are presented in Table 2. Overall, 0.3%
to 98.9% of participants have reached the recommended dietary intakes (score = 0) of
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the DBI-16 components, and the majority (over 90%) consumed appropriate amounts of
addible sugar and alcoholic beverages. Inadequate intakes (score < 0) were most commonly
observed in dairy, fish, fruits, eggs, vegetables and soybeans, with the corresponding
proportions among all participants of 99.7%, 97.5%, 95.5%, 83.5%, 62.0%, and 54.4%, re-
spectively. Over 84.8 % of individuals had a dietary variety below the recommended level.
By contrast, excessive intakes (score > 0) in cereals, cooking oils, salt and meats were also
observed among 72.5%, 64.1%, 60.8%, and 46.6% of participants, respectively. Participants
with ischemic stroke had more excessive intake in cooking oils, alcoholic beverages, and
salt, and were more likely to have inadequate intake in meats than those without ischemic
stroke. (p < 0.05).

Table 2. Distributions of scores for the DBI-16 components and the percentages of participants with
each score.

Components Score Range a Group

Distribution of Score (%)

p Value b(−12)–
(−11)

(−10)–
(−9)

(−8)–
(−7)

(−6)–
(−5)

(−4)–
(−3)

(−2)–
(−1)

0
(1)–
(2)

(3)–
(4)

(5)–
(6)

(7)–
(8)

(9)–
(10)

(11)–
(12)

Cereals (−12)–(12)
Non-Ischemic

stroke 0.6 0.8 1.4 2.2 4.8 1.7 16.0 1.1 18.2 8.8 5.6 2.9 36.0
0.296

Ischemic stroke 0 1.4 0.7 0.7 5.6 1.4 16.2 2.8 13.4 5.6 7.7 2.1 42.3

Vegetables (−6)–(0)
Non-Ischemic

stroke 4.2 26.3 31.5 38.0
0.249

Ischemic stroke 1.4 23.2 35.9 39.4

Fruits (−6)–(0)
Non-Ischemic

stroke 49.0 39.4 7.1 4.5
0.325

Ischemic stroke 46.5 45.8 4.9 2.8

Dairy (−6)–(0)
Non-Ischemic

stroke 91.3 6.2 2.3 0.3
0.167

Ischemic stroke 88.7 5.6 4.9 0.7

Soybeans (−6)–(0)
Non-Ischemic

stroke 31.0 12.8 10.6 45.6
0.065

Ischemic stroke 24.6 14.1 16.9 44.4

Red
meats/products,
Poultry/game

(−4)–(4)
Non-Ischemic

stroke 5.2 28.3 19.8 15.6 31.1
0.004

Ischemic stroke 12.0 32.4 16.2 14.1 25.4

Fish/shrimps (−4)–(0)
Non-Ischemic

stroke 85.8 11.7 2.5
0.546

Ischemic stroke 88.7 9.9 1.4

Eggs (−4)–(4)
Non-Ischemic

stroke 49.4 34.1 13.3 1.4 1.8
0.896

Ischemic stroke 49.3 36.6 12.0 0.7 1.4

Cooking oils (0)–(6)
Non-Ischemic

stroke 36.2 22.4 12.4 29.0
<0.001

Ischemic stroke 19.7 19.0 16.2 45.1

Alcoholic
beverages (0)–(6)

Non-Ischemic
stroke 93.8 3.2 1.3 1.7

0.009
Ischemic stroke 91.5 1.4 4.2 2.8

Addible
sugar (0)–(6)

Non-Ischemic
stroke 98.9 0.7 0.1 0.3

0.915
Ischemic stroke 99.3 0.7 0 0

Salt (0)–(6)
Non-Ischemic

stroke 39.5 41.0 5.1 14.4
0.004

Ischemic stroke 27.5 55.6 3.5 13.4

Diet variety (−12)–(0)
Non-Ischemic

stroke 0 0.1 4.2 9.3 21.1 50.0 15.3
0.644

Ischemic stroke 0 0 4.9 6.3 21.8 54.9 12.0

a Score range of total score is −60 to 44; b p value for chi-square test for the proportions of the scores for each
food group.

The DBI-16 also revealed that 57.3%, 35.1%, and 2.3% of participants had a low,
moderate, and high level of under intake (indicated by LBS), respectively; 43.8%, 16.8%, and
0.9% of them had a low to high level of over intake (indicated by HBS), respectively; 50.6%,
44.1%, and 3.9% of them had a low to high-level problem of overall unbalance (indicated by
DQD), respectively (Table 3). The ischemic stroke patients had a higher median HBS, higher
prevalence of moderate level of over intake (HBS, 25.4%) and higher overall unbalance
(DQD, 48.6%) as compared with those without ischemic stroke. Moreover, the distributions
of dietary quality across two groups divided by area and ethnicity are shown in Figure 2.
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Table 3. Distribution of dietary quality and the percentages of participants with each category.

Diet
Quality

Indicator
Score
Range

Group Mean ± SD

Distribution of Dietary Quality (%) a

No
Prob-
lem

Almost
No

Prob-
lem

Low
Level
Prob-
lem

Moderate
Level
Prob-
lem

High
Level
Prob-
lem

Under
intake

LBS 0–60
Non-Ischemic

stroke 22.68 ± 6.82 0 5.3 57.2 35.2 2.3

Ischemic stroke 22.42 ± 7.09 0 5.6 62.0 29.6 2.8

Over intake HBS 0–40
Non-Ischemic

stroke 11.84 ± 6.68 2.7 36.0 43.8 16.6 0.9

Ischemic stroke 13.30 ± 6.43 2.1 28.9 42.9 25.4 0.7

Overall
unbalance

DQD 0–84
Non-Ischemic

stroke 34.51 ± 8.35 0 1.4 50.7 44.0 3.9

Ischemic stroke 35.72 ± 7.81 0 0 47.2 48.6 4.2
a Distribution of the lower bound score (LBS): No problem: 0; Almost no problem: 1–12; Low level: 13–24;
Moderate level: 25–36; High level: 37–60. Distribution of the higher bound score (HBS): No problem: 0; Almost no
problem: 1–9; Low level: 10–18; Moderate level: 19–27; High level: 28–44. Distribution of the diet quality distance
(DQD): No problem: 0; Almost no problem: 1–17; Low level: 18–34; Moderate level: 35–50; High level: 51–84.

3.3. Association Analyses of Ischemic Stroke with Dietary Quality Indicators and DBI-16 Components

The results of Cox regression analyses were shown in Table 4. The hazard ratios
(HRs) for ischemic stroke were progressively elevated with increasing HBS. Compared
with participants in the lowest quartile (Q1) of HBS, those in the highest quartile (Q4) had
a 3.15-fold (95%CI: 1.50–6.63) increased risk for ischemic stroke, after adjustment for age,
sex, area, ethnic group, education level, marriage status, smoking, diabetes, hypertension,
dyslipidemia, and obesity status; (Model 2), and the association slightly increased after
additional adjustment for medication use and nutraceutical intake at baseline (HR: 3.31,
95%CI: 1.57–6.97, Model 3). A similar result was observed for the highest DQD quartile
(Q4), with the corresponding multiple-adjusted HR of 2.19 (95%CI: 1.24–3.86) based on
Model 2 and 2.26 (95%CI: 1.28–4.00) based on Model 3.

Table 4. Hazard ratios (HRs) and 95% confidence intervals (95%CIs) for ischemic stroke by diet
quality indicators and DBI-16 components according to Cox regression models.

Indicators
No
(n)

Cases
(n)

Incident Density (Cases
per 1000 PYs)

HR (95%CI) a

Model 1 Model 2 Model 2

LBS b

Quartile 1 (Q1) 1761 34 2.78 1.00 1.00 1.00
Quartile 2 (Q2) 1907 41 3.06 1.04 (0.66–1.64) 1.13 (0.68–1.89) 1.13 (0.68–1.89)
Quartile 3 (Q3) 2008 29 2.07 0.78 (0.48–1.29) 0.79 (0.44–1.41) 0.76 (0.43–1.36)
Quartile 4 (Q4) 2165 38 2.46 0.92 (0.57–1.46) 0.86 (0.46–1.59) 0.84 (0.45–1.56)

HBS c

Quartile 1 (Q1) 1619 14 1.19 1.00 1.00 1.00
Quartile 2 (Q2) 2042 37 2.57 2.24 (1.21–4.15) * 2.38 (1.12–5.05)* 2.38 (1.12–5.06) *
Quartile 3 (Q3) 2168 44 2.89 2.48 (1.36–4.53) ** 2.38 (1.14–5.00)* 2.39 (1.14–5.01) *
Quartile 4 (Q4) 2012 47 3.43 3.12 (1.72–5.68) *** 3.15 (1.50–6.63)** 3.31 (1.57–6.97) **

DQD d

Quartile 1 (Q1) 1853 26 1.98 1.00 1.00 1.00
Quartile 2 (Q2) 1797 32 2.50 1.28 (0.76–2.15) 1.34 (0.75–2.37) 1.33 (0.75–2.36)
Quartile 3 (Q3) 2166 36 2.36 1.29 (0.78–2.13) 1.11 (0.62–2.01) 1.13 (0.63–2.04)
Quartile 4 (Q4) 2025 48 3.44 1.99 (1.23–3.23) ** 2.19 (1.24–3.86) ** 2.26 (1.28–4.00) **
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Table 4. Cont.

Indicators
No
(n)

Cases
(n)

Incident Density (Cases
per 1000 PYs)

HR (95%CI) a

Model 1 Model 2 Model 2

Cereals
Score 0 1252 23 2.61 1.00 1.00 1.00
Score

(−12)–(−7) 220 3 1.90 0.76 (0.23–2.51) 1.06 (0.31–3.62) 1.03 (0.30–3.53)

Score (−6)–(−1) 680 11 2.26 0.85 (0.41–1.74) 0.69 (0.29–1.65) 0.65 (0.27–1.55)
Score (1)–(6) 2192 31 2.01 0.74 (0.43–1.26) 0.55 (0.29–1.04) 0.54 (0.28–1.02)

Score (7)–(12) 3497 74 3.02 1.08 (0.67–1.72) 0.95 (0.56–1.61) 0.94 (0.55–1.59)
Vegetables

Score 0 2982 56 2.67 1.00 1.00 1.00
Score (−6)–(−1) 4859 86 2.52 0.98 (0.70–1.37) 1.02 (0.68–1.53) 1.05 (0.70–1.57)

Fruits
Score 0 354 4 1.62 1.00 1.00 1.00

Score (−6)–(−1) 7487 138 2.62 1.75 (0.65–4.73) 1.88 (0.59–6.04) 1.95 (0.61–6.28)
Dairy

Score 0 25 1 5.84 1.00 1.00 1.00
Score (−6)–(−1) 7816 141 2.57 0.54 (0.07–3.82) 0.31 (0.04–2.30) 0.31 (0.04–2.26)

Soybeans
Score 0 3575 63 2.52 1.00 1.00 1.00

Score (−6)–(−1) 4266 79 2.62 1.09 (0.78–1.53) 1.04 (0.69–1.57) 1.03 (0.68–1.54)
Meats
Score 0 1544 23 2.12 1.00 1.00 1.00

Score (−4)–(−1) 2645 63 3.4 1.66 (1.03–2.68) * 1.13 (0.67–1.90) 1.08 (0.64–1.82)
Score (1)–(4) 3652 56 2.17 0.95 (0.59–1.55) 0.64 (0.37–1.12) 0.63 (0.36–1.09)

Fish/shrimps
Score 0 194 2 1.47 1.00 1.00 1.00

Score (−4)–(−1) 7647 140 2.60 1.76 (0.44–7.10) 2.02 (0.28–14.50) 1.98 (0.28–14.20)
Eggs

Score 0 1042 17 2.37 1.00 1.00 1.00
Score (−4)–(−1) 6547 122 2.64 1.01 (0.61–1.68) 0.78 (0.45–1.35) 0.79 (0.46–1.37)

Score (1)–(4) 252 3 1.69 0.65 (0.19–2.21) 0.52 (0.12–2.25) 0.50 (0.12–2.20)
Cooking oils

Score 0 2814 28 1.39 1.00 1.00 1.00
Score (1)–(6) 5027 114 3.26 2.60 (1.72–3.94) *** 2.96 (1.75–5) *** 3.00 (1.77–5.07) ***

Alcoholic
beverages

Score 0 7353 130 2.51 1.00 1.00 1.00
Score (1)–(6) 488 12 3.64 1.62 (0.90–2.93) 1.30 (0.60–2.80) 1.35 (0.62–2.93)

Addible sugar
Score 0 7757 141 2.59 1.00 1.00 1.00

Score (1)–(6) 84 1 1.74 0.81 (0.11–5.80) 0.84 (0.12–6.00) 0.81 (0.11–5.81)
Salt

Score 0 3079 39 1.76 1.00 1.00 1.00
Score (1)–(6) 4762 103 3.13 2.04 (1.41–2.96) *** 1.98 (1.29–3.02) ** 2.03 (1.33–3.10) **

Dietary variety
Score 0 1195 17 1.97 1.00 1.00 1.00
Score

(−12)–(−7) 337 7 2.85 1.58 (0.65–3.85) 5.24 (1.66–16.50) ** 5.40 (1.70–17.20) **

Score (−6)–(−1) 6309 118 2.68 1.65 (0.99–2.76) 1.66 (0.94–2.95) 1.69 (0.95–3.01)
a Model 1: Adjusted for age only; Model 2: Model 1 + additionally adjusted for sex, area, ethnic group, education
level, marriage status, economic level, smoking, diabetes, hypertension, dyslipidemia, and obesity status; Model 3:
Model 2 + additionally adjusted for medication use and nutraceutical intake. b Quartile levels for the lower bound
score (LBS): Q1, score 0–18; Q2, score 19–22; Q3, score 23–27; Q4, score 28–52. c Quartile levels for the higher
bound score (HBS): Q1, score 0–6; Q2, score 7–12; Q3, score 13–17; Q4, score 18–33. d Quartile levels for the diet
quality distance (DQD): Q1, score 9–29; Q2, score 30–34; Q3, score 35–40; Q4, score 41–68. * p < 0.05; ** p < 0.01;
*** p < 0.001.
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Figure 2. Distribution of the diet quality stratified by area (urban/rural) and ethnic group (ethnic
Han/minority): (A,B) for the lower bound score (LBS); (C,D) for the higher bound score (HBS);
(E,F) for the diet quality distance (DQD).
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Among the thirteen components of DBI-16, both cooking oils and salt showed sig-
nificant associations with ischemic stroke. Compared with the appropriate intake level
(score = 0), excessive intake level (score 1–6) in cooking oils or salt added a 200% risk
(HR: 3.00, 95%CI: 1.77–5.07, Model 3) and 103% risk (HR: 2.03, 95%CI: 1.33–3.10, Model 3)
for ischemic stroke, respectively. Moreover, lower dietary variety (score −12 to −7) also
promoted incident ischemic stroke (HR:5.40, 95%CI: 1.70–17.20, Model 3).

3.4. Stratified Analyses of the Association of Ischemic Stroke with Dietary Quality Indicators across
Different Status of Comorbidities, Medication Use, and Nutraceutical Intake

After eliminating the role of comorbidities, medications, and nutraceuticals, HBS
was still related to ischemic stroke among participants without diabetes or obesity, or
those free of nutraceuticals or medications (Figure 3). In addition, the effect strengths
of the associations between HBS with ischemic stroke were more evident in those with
hypertension history (HR: 7.10, 95%CI: 2.71–19.9) and using medications (HR: 6.30, 95%CI:
1.44–18.6) than in total participants, comparing the highest quartile (Q4) of HBS to the
lowest quartile (Q1) based on Model 3. However, HBS seemed to play less of a role in
ischemic stroke among those with diabetes or intaking nutraceuticals. A similar pattern
was also observed for DQD, with the increased HRs of 4.87 (95%CI: 1.66–14.20, Q4 vs. Q1,
Model 3) and 6.00 (95%CI: 1.39–17.70, Q4 vs. Q1, Model 3) among those with hypertension
history and using medications, respectively.

Figure 3. Cont.
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Figure 3. Adjusted hazard ratios (HRs) and 95% confidence intervals (95%CIs) for ischemic stroke
associated with baseline dietary quality after stratified by the status of diabetes, hypertension,
dyslipidemia, obesity, medication use and nutraceutical intake: (A) for the lower bound score (LBS);
(B) for the higher bound score (HBS); (C) for the diet quality distance (DQD).

3.5. Stratified Analyses of the Associations of Ischemic Stroke with Dietary Quality Indicators
across Baseline Demographic Factors

The multi-adjusted HRs for ischemic stroke by dietary quality indicators varied ac-
cording to different demographic factors (Figure 4). The positive associations between HBS
and ischemic stroke were seen only among participants with a baseline age of 60 years
or more (HR: 4.70, 95%CI: 2.89–16.00, Q4 vs. Q1), female (HR: 2.94, 95%CI: 1.17–7.34, Q4
vs. Q1), rural residents (HR: 3.50, 95%CI: 1.57–7.81, Q4 vs. Q1) and the Ethnic Han (HR:
3.15, 95%CI: 1.36–7.32, Q4 vs. Q1), although there was no significant effect modification
(pinteraction > 0.05) by age, sex, area, and ethnic group. When predicted by DQD, the risks for
ischemic stroke elevated in females (HR: 2.68, 95%CI: 1.24–5.80, Q4 vs. Q1), rural residents
(HR: 2.49, 95%CI: 1.26–4.90, Q4 vs. Q1), and the Ethnic Han (HR: 2.80, 95%CI: 1.36–5.77, Q4
vs. Q1). There was additionally a negative association between LBS and ischemic stroke in
those aged more than 60 years (HR: 0.12, 95%CI: 0.03–0.55, Q3 vs. Q1).
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Figure 4. Adjusted hazard ratios (HRs) and 95% confidence intervals (95%CIs) for ischemic stroke
associated with baseline dietary quality after stratified by age, sex, area, and ethnic group: (A) for
the lower bound score (LBS); (B) for the higher bound score (HBS); (C) for the diet quality distance
(DQD); * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussions

In this prospective cohort study conducted in Guizhou Province, Southwest China,
we observed that the participants were exposed to dietary unbalance to different extents at
baseline, mainly including the inadequate intakes of dairy, fish, fruits, eggs, vegetables, and
soybeans, and the excessive intakes of cereals, cooking oils, salt, and meats. Our analyses
further suggested that unfavorable dietary quality, including overall excessive consumption,
high oils and salt diet, and low food diversity, may be a risk for ischemic stroke.

Several studies conducted in American, Swedish, and Chinese populations have
estimated the effects of dietary quality on ischemic stroke. A recent study based on
73,890 women in Nurses’ Health Study (NHS, 1984–2016), 92,352 women in NHSII (1991–
2017), and 43,266 men in Health Professionals Follow-Up Study (1986–2012) in America
revealed that the healthful plant-based dietary quality assessed by the Plant-based Diet
Index (PDI) seemed to reduce the risk of ischemic stroke [22]. Similarly, a prospective
cohort study of 26,547 Swedish aged 46 to 73 years found that less risk of incident ischemic
stroke was related to the higher dietary quality, which was based on adherence to the
Swedish nutrition recommendations [23]. By contrast, a large-scale prospective cohort
study of 512,725 Chinese aged 30 to 79 years reported that less healthy dietary habits, which
was defined as non-daily eating of vegetables, fruits, and eggs combined with eating daily
or less than weekly, contributed to incident ischemic stroke [24].

China has experienced an ongoing transition of dietary patterns over the past decades,
which mainly featured declines in the intakes of coarse and refined grains and vegetables,
as well as increases in the intakes of animal-derived foods, with pork being most popular.
Intakes of eggs, fish, and dairy have been consistently below recommended levels [25].
In addition, as the cooking methods markedly shifted from steaming and boiling to stir-
fried and deep-fried, the daily consumption of cooking oils has been gradually increased
from 18.2 g to 42.1 g from 1982 to 2012 [26]. People preferred to add a certain amount of
salt to keep food from spoiling, such as pickles and salted fish, especially in rural or remote
areas without a good condition for food storage. Data from China National Nutrition
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Surveys (CHNS) also revealed that more than 55.9% and 71.8% of Chinese have consumed
excessive cooking oil and salt, which were far above the recommended levels and strongly
linked to increased risk of chronic diseases [27]. These cooking and eating behaviors are
partly driven both by the great accessibility of cooking oils and salt and by their low price.

Compared to a previous study from Shanghai in East China and a cross-sectional
study based on the CHNS, participants in this current study from Guizhou Province
in Southeast China have a higher percentage of excessive intake of cooking oil and salt
(score > 0) [28,29]. We also observed that the probabilities of occurring ischemic stroke for
participants consuming the excessive level of cooking oil and salt were about appropriate
two to three times as high as those consuming the moderate level. Cooking oil has been
the main source of fat intake these decades. As expected, a diet with elevated fat or salt
was associated with a significantly increased risk of hypertension and stroke, as reported
previously [30,31]. A rat experiment found that a long-term administration of canola oil,
sesame oil, or trans-fat led to marked dyslipidemia, fat accumulation, neuroinflammation,
vascular lesion, and endothelial injury for rats, and thereby remarkably contributed to
ischemic and hemorrhagic strokes [32]. Results from a gerbil animal model study indicated
that a high-fat diet accelerates and exacerbates microgliosis and neuronal damage [33].
Although extra virgin olive oil (EVOO) or other oils rich in monounsaturated fat have
been reported to bring some benefits to the cardiocerebral vascular system, but their
consumption by the Chinese was relatively low [26]. In numerous epidemiology and
clinical studies, excessive dietary sodium salt intake was linked to hypertension, which has
been considered as the main risk factor for stroke [34]. A large prospective cohort study
observed a significant linear association between calibrated urinary sodium excretion and
stroke in patients with chronic kidney disease [35].

Given the potential effects of comorbidities, some medications for metabolic diseases,
and some nutraceuticals, which may promote or decelerate the progress of cardiovascular
diseases [36,37], we performed the same analyses in those with different status’ of these
conditions. The risk effects of excessive food intake (evaluated by HBS) and unbalanced
food intake were more evident in those with hypertension history and taking medications
for metabolic diseases, indicating that people with a high risk of stroke should pay more
attention to the balance of food types and daily intake, reasonable diet is also one of
the major measures to prevent hypertension [16]. However, we failed to observe any
associations of ischemic stroke with diet quality among those with diabetes or intaking
nutraceuticals, perhaps due to a smaller sample size in those subgroups.

The current study provides primary evidence that the risk of ischemic stroke among
the residents from Guizhou Province in Southwest China may be partly due to the potential
effects of dietary quality. The chief strengths lie in the use of a large population-based
cohort, a prospective study design with more than six years of follow-up, a dietary as-
sessment index suitable for Chinese people. The scores of DBI-16 are based on different
levels of energy consumption for specific individuals recommended by the most recent
Dietary Guidelines for Chinese residents, so the potential confounding effects of total
energy intake may be appropriately controlled [38]. There also exist certain limitations.
Firstly, dietary habits and socioeconomic characteristics were collected based on individual
self-report, which might lead to recall bias. The food frequency questionnaire (FFQ) has
been considered a convenient and widely-used dietary assessment tool, but this method
is subject to less accuracy of quantification of food portions than the method of weighing,
which might make some measurement errors [39]. Secondly, we just applied the proportion
of condiment intakes at home to estimate the total daily intakes, inevitably ignoring the
condiment intakes from eating outside. Thirdly, our study population was from Southeast
China and the dietary assessment index was applicable to the Chinese, so the findings from
the current study should be generalized with caution to other populations. In conclusion,
considering a great disease burden caused by ischemic stroke in China, our study suggests
that it is essential to adjust dietary habits and conduct dietary interventions, especially
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controlling risk factors in preventive mode better than therapeutic mode, because of a fairly
short time to death or irreversible injuries after the onset of stroke.

5. Conclusions

Our results suggest that unfavorable dietary quality, including overall excessive
consumption, excessive intake of cooking oils and salt, or under adequate dietary diversity,
may increase the risk for ischemic stroke.
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Abstract: Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system
(CNS) characterized by inflammation and neurodegeneration. The most prominent clinical features
include visual loss and sensorimotor symptoms and mainly affects those of young age. Some of
the factors affecting its pathogenesis are genetic and/or environmental including viruses, smoking,
obesity, and nutrition. Current research provides evidence that diet may influence MS onset, course,
and quality of life of the patients. In this review, we address the role of nutrition on MS pathogenesis
as well as dietary interventions that show promising beneficial results with respect to MS activity and
progression. Investigation with large prospective clinical studies is required in order to thoroughly
evaluate the role of diet in MS.
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1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous sys-
tem (CNS) characterized by loss of myelin and inflammation, leading to neurodegener-
ation. Clinical features mainly include visual loss and sensorimotor symptoms as well
as more atypical features such as fatigue and mental/cognitive impairment. It affects
mainly patients of young age and mostly women [1]. It is classified in three clinical forms:
relapsing-remitting (RRMS), primary progressive (PPMS), and secondary progressive
(SPMS) disease [2], characterized by varying degree of pathology across the spectrum of
acute/chronic inflammation and/or neurodegeneration. Its prevalence varies, with Europe
and North America reporting the highest prevalence. Diagnosis is based on the revised
2017 McDonald criteria [3]. For RRMS, a clinical attack and dissemination in time and
space is required. For PPMS, there is a need for disability progression confirmed for at least
one year and dissemination in space. The SPMS subtype requires disability progression
following the initial diagnosis of RRMS [3]. Several disease modifying treatments (DMTs)
are currently in use in order to manage the ongoing disease activity in an attempt to control
relapses and disability progression [4].

The pathogenesis of MS remains complicated and multifactorial. Other than genetic,
various environmental factors seem to play a role in the development of MS. Microbial
and viral infections, smoking, vitamin D, sun exposure, obesity, and dietary habits may be
relevant to its pathogenesis. Environmental factors not only affect the development of MS
but also the disease course and progression. Conversely, physical exercise and healthy diet
appear to have an anti-inflammatory effect and to, at least in part, ameliorate the disease
course [1,5–8].
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Nutrition and dietary factors affect the mechanisms of MS pathology, its development,
and degree of activity [9]. Although studies have shown the important role of nutri-
tion in MS, the current therapy is not combined with any specific nutritional or lifestyle
recommendation [1].

The present article reviews the current literature concerning the association of nutrition
with the pathogenesis of MS and dietary interventions that affect its course.

2. Mechanisms of MS Pathology—The Effect of Diet/Nutritional Factors

2.1. Neurodegeneration

It is already known that neurodegeneration is presented even at the earliest stages of
the disease [5]. In experimental models, oxidative stress leads to mitochondrial dysfunction,
causing cell membrane disruption and eventually neuronal cell death [9]. Dietary antioxi-
dant factors can dampen oxidative stress and may help against chronic demyelination and
neuronal or axonal damage [5]. Both oxidative and mitochondrial injury primarily disrupt
the function of neurons and glia, causing disturbances in cellular communication [10].

2.1.1. Oxidative Stress

Oxidative injury is involved in both relapsing-remitting and progressive forms of
MS [11]. Inflammatory cytokines, reactive oxygen species, and phagocytes lead to damage
of myelin and axons. It is found that oxidative stress enhances inflammation and causes
damage of the myelin, consequently leading to cell death. Clinically, the course of MS has
been associated with inflammatory and oxidative stress mediators including cytokines
such as IL-1β, IL-6, IL-17, TNF-α, and INF-γ [12].

Dietary antioxidant factors may regulate the activation of immune inflammatory cells,
leading to the reduction in inflammatory and may also dampen oxidative stress, thus pre-
venting chronic demyelination and axonal damage. Antioxidant factors such as curcumin,
vitamin D, and fatty acids have been studied and seem to play a role in the regulation
of oxidative stress [13]. Curcumin, derived from the plant Curcuma longa [12], has been
advocated to inhibit proinflammatory cytokines [14]. In animal models of MS, curcumin
was shown to reduce clinical severity and decrease CNS infiltration by inflammatory cells
in mice. Curcumin possesses antioxidant and anti-inflammatory properties. Its anti-oxidant
effects have been assessed in several neurodegenerative diseases including Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), and MS [15]. Another nutritional factor is melatonin,
which is produced naturally by the pineal gland during the night. It is formed exogenously
from tryptophan. Melatonin is mainly consumed from meat, oily fish such as salmon,
eggs, milk, seeds, nuts, almonds, and soy products. Melatonin is suggested to regulate
anti-oxidative defensive systems by stimulating the synthesis of superoxide dismutase and
glutathione peroxidase, especially in patients with SPMS [16].

Vitamin D plays a significant role not only in calcium homeostasis and bone health, but
also in immunomodulation and the reduction in oxidative stress. MS patients frequently
exhibit vitamin D deficiency [1]. Studies report that low levels of vitamin D are associated
with a higher risk for the development and relapse of MS [8,17]. Supplementation with
vitamin D has been shown to have anti-inflammatory and immunomodulatory effects on
MS pathogenetic mechanisms by inhibiting the production of CD4+ T cells, thus lowering
the risk of MS and diminishing disease progression [18]. However, Bagur et al. reported in
their systematic review that existing studies on the effect of vitamin D supplementation in
MS are inconsistent with respect to EDSS, MRI lesions, overall functional status, and relapse
rate [13]. It has been suggested that empirical replacement with high doses of vitamin D
supplementation (at least 4000 IU/day orally) and for a prolonged period appears to
be safe and is associated with low risk for adverse events, although available data are
limited [12,19–21].

Vitamin A is a fat-soluble nutrient with a variety of functions in visual ability, skin, and
immunity. Vitamin A includes retinoids and carotenoids, available in liver, milk, cheese,
green leaves, oil, vegetables, and fruit. Association between the pathogenesis of MS and

266



Nutrients 2022, 14, 1150

vitamin A remains undefined. Studies in animal models demonstrate a possible role of
vitamin A in the modulation of immunity [22,23]. A negative correlation has been found
between the development of MS and low levels of vitamin A in plasma [12]. A randomized
controlled trial showed benefits in fatigue, depression, and cognitive status of MS patients
supplemented with high doses of vitamin A (400 IU/day), which were considered safe and
were not associated with adverse effects [24].

Fatty acids, especially omega-3 polyunsaturated fatty acids (PUFAs), are other antioxi-
dant compounds that are associated with ameliorating neurodegeneration in MS. Intake of
PUFAs consumed via fish, nuts, and seeds seems to be associated with protective effects
against demyelination [5]. In animal models, PUFAs decrease inflammation, maintain im-
munomodulation and promote neuroprotection and remyelination [5]. Some studies have
shown inconsistent results indicating the effect of PUFAs mainly against progression. In
one study, association between PUFA intake and MS incidence seems to be non-significant.
Conversely, one Swedish and one Australian study reported low incidence of MS in people
following diets enriched in PUFAs [5,12,13,25,26]. Results from meta-analyses suggest that
PUFAs may reduce the frequency of relapses, but are not effective against the progression
of the disease [1,19]. In human studies, a low fat diet supplemented with PUFAs was
associated with lower levels of disability assessed by EDSS, slight improvement in relapse
rat, as well as improved quality of life [13,25]. Another study provided evidence of PUFA-
related improvement with respect to specific markers linked with inflammation and/or
neurodegeneration in patients with MS (for instance, matrix metallopeptidase-9 (MMP-9)
rather than in quality of life, EDSS score, or fatigue [26].

Among PUFAs, α-linolenic acid (ALA) is associated with low incidence of MS. It can
contribute to the immune pathway by decreasing markers of inflammation. Eicosapen-
taenoic acids (EPAs) and docosahexaenoic acids (DHAs) can also play a role in in decreasing
MMP-9 levels in patients with MS [25]. Riccio et al. reported that fish oil supplementation
enriched with omega-3 fatty acids have a beneficial effect in the inhibition of the expression
and reduction in the levels of MMP-9 in MS patients [27]. Ramirez et al. reported the
beneficial effects of fish oil containing high amounts of omega-3 PUFAs into protecting
against inflammation and oxidative stress [25]. Omega-3 fatty acid supplementation results
in the decrease in proinflammatory cytokines, free radicals, and as a result, improving the
quality of life of patients with MS by decreasing relapse rates [25].

Polyphenols, which are included in vegetables, fruit, wine, and tea, have been proven
to be beneficial, leading to modulation of the immune response and affecting the expression
of genes encoding pro-survival proteins including antioxidant enzymes. Polyphenols can
also enhance neuronal survival [28]. Studies have focused particularly on polyphenols
such as resveratrol and ginkgo biloba. In animal studies, these compounds seemed to
promote protection against oxidative stress, also protecting against demyelination and
axonal injury [26]. Khalili et al. suggested that lipoic acid consumption by patients with
MS results in the improvement of total antioxidant capacity [13].

Randomized clinical trials seem to confirm the efficacy of some of the compounds dis-
cussed above such as melatonin, vitamin D3, omega-3 PUFAs, and polyphenol compounds.
However, further research is needed in order to understand the potential protective effects
exerted by antioxidants on the cellular immunology of MS neurodegeneration [12].

2.1.2. Mitochondria—Energy Production

Mitochondrial injury or the accumulation of iron in the brain is also enhanced in the
progressive phase of the disease [12]. In patients with MS, mitochondrial structural changes
and enzyme activity increase ROS production and cause oxidative damage [12]. Among the
other antioxidants, curcumin is especially reported to play a major role against free radicals.
Curcumin may benefit patients with MS by binding transition metals and forming stable
inactive complexes, especially with ferrous ions, protecting against neurodegeneration [29].
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2.2. Immune System (Innate and Adaptive) Responses—Factors of Immune System Activation

Nutrients and special diets such as saturated and ‘trans’ fatty acids, α-lipoic acid,
polyphenols, high-fat diet, and high-carbohydrate diet result in the modulation of the
components of inflammatory cascade. Several studies have shown that saturated and ‘trans’
fatty acids and lipopolysaccharide (LPS) may upregulate the activity of proinflammatory
compounds, promoting inflammation; on the other hand, calorie restriction, polyphenols,
and Ω-3 PUFAs would exert the opposite effect [26]. The influence of diet on inflammatory
and autoimmune processes in MS is highlighted, supporting the hypothesis of a close
relationship between nutritional factors and the immune system responses that play a role
in the pathogenesis of MS [26].

2.3. Proinflammatory Diet

Recent studies have highlighted the role of proinflammatory diets in the pathogenesis
of MS. Fatty acids and polyphenols as well as diets high in carbohydrates and fats may
induce inflammatory cascade [26]. Diet can induce the production of inflammatory fac-
tors such as tumor necrosis factor, interleukins, MMP9, prostaglandins, and leukotrienes,
leading to inflammation and oxidative stress [26].

Swank et al. reported adverse effects of saturated fatty acids (SFAs) on the course
of MS, emphasizing their proinflammatory character [9]. High intake of SFAs leads to a
dysbiosis of gut microbiota. Additionally, the consumption of vegetable oils, which are
enriched with trans fatty acids, is associated with gut inflammation and the upregulation
of proinflammatory cells [30]. Red meat leads to the formation of nitrous compounds in-
creasing chronic inflammation. Red meat also contains arachidonic acid, which participates
in inflammatory pathways by activating Th17 cells [27]. Furthermore, a high consumption
of sugar-sweetened beverages and refined cereals leads to the production of insulin, which,
in this way, is responsible for the upregulation of synthesis and the production of arachi-
donic acid. High salt intake can induce the production of Th17 cells and proinflammatory
cytokines [27]. Proteins contained in cow-milk may play a role in the mechanisms of
pathogenesis of MS. Particularly, butyrophilin can induce EAE by mechanisms of molecular
mimicry with myelin oligodendrocyte glycoprotein [27].

2.4. Gut Brain-Axis and MS
2.4.1. Gut Microbiota

The gut–brain axis represents a bidirectional communication system between the CNS
and the gastrointestinal system that includes the CNS, the enteric nervous system, the
autonomic nervous system, the immune system, and the gut microbiota [31,32]. The role of
gut microbiota is crucial because of its impact on regulating and maintaining the normal
function of the innate immune system [31,32]. From birth to adolescence, commensal
microbiota infests the gastrointestinal system, remaining in a stable condition, a state called
eubiosis [31,32]. However, in early stages of life, factors such as antibiotics, infections, or
unhealthy dietary habits may lead to alterations of the relative distribution and frequency
of commensal microbiota, thus also, at least in part, predisposing to gut colonization by
pathogens, a state called dysbiosis. In dysbiosis, there is an increase in the number of
pathogenic bacteria and decrease in their biodiversity, resulting in gastrointestinal and
systemic inflammation, possibly leading to increased risk for local or systemic inflammatory
disease [31,32].

Studies on the experimental model of MS show the possible association of gut mi-
crobiota with the severity of the disease, indicating a possible protective role as well as a
role in inducing pathological mechanisms in the context of immune dysregulation in CNS
autoimmunity. The presence of gut commensal microbiota is necessary for the occurrence
of CNS autoimmunity [33]. In animal models, it has been shown that the gut is involved in
the modulation of inflammation of the CNS and may orchestrate mechanisms of immune
tolerance, thus protecting from the development of CNS autoimmunity [34]. Metagenomic
studies addressing the gut microbiota composition by next generation sequencing (NGS)

268



Nutrients 2022, 14, 1150

demonstrated microbial imbalance and differences in the relative composition of gut micro-
biota in MS patients compared to healthy individuals, linking the dysbiosis with possible
MS pathogenesis [35,36]. In this respect, nutritional modification with a potential to modu-
late the gut commensal microbiota has been advocated as a strategy that may affect the
development of the disease and/or alter the disease course [1,32,33,37,38].

Metabolism of nutrients, especially carbohydrates, the production of neurotransmitters
and vitamins, and competition with other colonizing pathogens are some of the main
physiological functions of gut microbiota [32]. Furthermore, gut microbiota is possibly
associated with CNS homeostasis and development and also with neuroimmunological
and neurodegenerative disease [32]. Diet comprises a main factor determining the synthesis
and metabolism of gut microbiota, thus enabling the host to defend against pathogens.
The role of gut microbiota is also significant for the regulation of the immune system by
affecting the overall activation status of T cells and other cells of the innate and adaptive
immunity. In particular, T regulatory cells and T helper cells type 2 may suppress the
activation of the immune system [1,32,33,39]. Moreover, short-chain fatty acids (SCFAs)
such as butyrate, derived from gut microbiota, promote anti-inflammatory processes by
producing anti-inflammatory cytokines and by inhibiting the connection of leukocytes
to epithelium [1,32,33,39]. It is believed that the consumption of a diet with high fiber
intake may increase the production of butyrate, thus leading to improved outcomes in
patients with CNS disorders [1,32,33,39]. Studies in animal models demonstrated a strong
and important connection between the microbiota, butyrate production, and the CNS.
Patients with MS have lower levels of SCFAs in feces as well as reduced frequency of
SCFA-producing bacteria in the gut [1,32,33,39].

Nutrition and dietary interventions regulate the gut microbiota affecting its compo-
sition and its functionality [32]. Diets characterized by a high intake of fat, sugar, and
animal protein may lead to the development of specific pathogenic bacteria species such
as Bacteroidetes in the gut, which, in turn, may induce enteric inflammation, damage of
the intestinal barrier and increase in cross-reactive cells of the adaptive immunity [31].
Moreover, diet-induced low biodiversity of gut microbiota is associated with metabolic
changes as well as an increase in inflammation markers [31].

It has been proposed that a diet enriched with vegetables, a high amount of fiber
combined with probiotics, vitamin D and vitamin A supplementation, and lipoic acid results
in gut eubiosis. This leads to an increase in microbial diversity and microbe-associated anti-
inflammatory mediators such as short chained fatty acids (SCFAs). Conversely, a diet rich in
animal fat and trans-fatty acids also including sugar and salt intake, promotes gut dysbiosis
and results in an increase in the presence of pro-inflammatory mediators and also in gut
barrier and blood–brain barrier (BBB) permeability, resulting in CNS autoimmunity [40].

2.4.2. Effects of Pre- and Probiotics in Patients with Multiple Sclerosis

The impact of diet on gut microbiota has been experimentally studied through the
observations of effects of pre- and probiotics in patients with autoimmune diseases [37].
Prebiotics are nonviable compounds of living microorganisms with an ability to benefi-
cially manipulate the host’s microbiota. Many fermentable carbohydrates have prebiotic
effects. Non digestible oligosaccharides such as fructans and glycans, which are utilized by
Bifidobacteria, are reported to have the most beneficial effects. In addition, oligasaccha-
rides identified in dairy products are reported to act as prebiotics. Probiotics are mostly
consumable live microorganisms such as Lactobacillus. Sources of probiotics are contained
in food such as yogurt [38]. Kouchaki et al. reported improvement in EDSS scale and
decrease in inflammatory markers in patients with MS who were treated with probiotic
supplementation [39]. A number of studies have encouraged the use of pre- and probiotics
in patients with MS due to their benefits in maintaining the homeostasis of the CNS, im-
proving the intestinal microbial balance and regulating the composition of gut microbiota.
In these studies, the combination of prebiotics and probiotics is highly recommended [27].
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3. Comorbidities in MS as an Independent Factor of Pathology—The Effect of Diet
and Nutrition

Results from recent studies have shown that the presence of factors that predispose
toward cardio-vascular risk in MS patients not only increases the risk for higher disability in
the context of MS, but is also associated with diagnostic delay in MS. In addition, vascular
comorbidity is reported to be associated with higher risk of hospitalization for patients
with MS [5]. Of these, hyperlipidemia and obesity are the most common comorbidities
among patients with MS [5].

3.1. Hyperlipidemia

Hyperlipidemia has been reported to be a common comorbidity among patients with
MS. The mechanism by which hyperlipidemia affects MS is currently unexplained, but it
may involve fatty acid metabolic and inflammatory pathways that influence the regulation
of gene expression and metabolism. Lipid composition of myelin and its morphology are
affected during neuroinflammation. A high-fat diet is thought to promote neuroinflamma-
tion. Cholesterol and its components are associated with adverse disease effects on patients
with MS. Moreover, it is hypothesized that cholesterol and its molecules could be markers
of disease activity, markers of efficacy of treatment, or possible therapeutic targets [1]. It is
also suggested that fatty acids are not only associated with neuroinflammation, but also
with neurodegeneration, affecting the progression of MS [1]. High consumption of fatty
acids, especially saturated fats, evidently leads to increased levels of blood LDL cholesterol.
In particular, long chain fatty acids included in processed food influence the immune
system by activating proinflammatory components, leading to T cell and macrophage
activation and expression of inflammatory cytokines [5]. Swank et al. reported in an
epidemiological study in patients with MS that low intake of saturated fat was associated
with lower disability and mortality rate. However, no controlled randomized trials that
have focused on saturated fat consumption exist, thus conclusions are difficult to make [5].

3.2. Obesity and Increased BMI

Patients with MS often consume a low-carbohydrate and high-lipid diet associated
with abdominal obesity and higher body mass index (BMI). This condition leads to a
pro-inflammatory status increasing levels of interleukin 6 (IL-6), TNF-alpha, and leptin,
factors that are associated with MS pathogenesis [41]. Additionally, recent studies suggest
that increased BMI and obesity play a major role in MS development and progression [42].
Obesity and MS can lead to altered adipokine release into the blood circulation. This
activates inflammatory pathways and increases the infiltration of immune cells in the CNS.
Moreover, increased levels of pro-inflammatory cytokines in MS release pro-inflammatory
adipokines and disrupt adipokine pathway, creating a feedback loop [42]. Pathophysio-
logically, obesity affects MS by promoting chronic inflammation, altering the endocrine
system by disturbing the secretion of adipokines and influencing the gut microbiota [42].
Moreover, an unbalanced diet contributes to an increase in BMI and abdominal obesity.
BMI is affected by protein and lipid intake as well as carbohydrate intake. Excessive simple
carbohydrate intake is related to obesity and being overweight as well as an increase in
adipose tissue in the abdomen [43]. It has been reported that in MS patients, intake of lipid
and protein favors abdominal obesity and increases BMI. This fact is associated with an
increase in proinflammatory cytokines, promoting inflammation [43].

Overweight and obesity are associated with chronic inflammation of adipose tissue,
which is accompanied by an altered secretion of adipokines. These adipokines are hor-
mones and cytokines that regulate metabolic pathways [42]. Among others, leptin and
adiponectin seem to be associated with the pathogenesis of MS. Leptin regulates energy
and acute phase reactions, interfering in the activity and progression of experimental
autoimmune encephalomyelitis (EAE) in mice or the pathogenesis of MS in humans [26].
Increased leptin in humans has been suggested to be related with proinflammatory con-
ditions and autoimmunity. As a result, a diet associated with increased levels of leptin
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could possibly influence the balance between T cells, promoting inflammation and induc-
ing cell-mediated autoimmunity [26]. In humans, hyperleptinemia has been correlated
with pro-inflammatory conditions [44]. In patients with MS, expression of leptin recep-
tors has been found to be significantly higher in the relapse phase than that observed in
remission [45]. Piccio et al. suggested that caloric restriction, leading to a reduction in leptin
levels, can reduce inflammation, demyelination, and axonal injury [46]. Adiponectin (APN)
is another adipokine that exhibits anti-inflammatory activity on immune system cells [47].
Musabak et al. found that in patients with MS, the APN serum levels were lower than those
of the healthy controls [48]. Their study found that low APN levels were associated with
high risk for early onset of MS, especially in females, and also with increased disability and
progression, predicted by higher EDSS score [48].

4. Dietary Patterns—Interventions and Effects on MS

Dietary approaches have been studied in order to improve outcomes in MS. However,
several studies have provided at least some indications on the potential role of dietary
habits in the course of MS. Among the most popular dietary interventions overall are the
Mediterranean, the Paleolithic, the Swank, the McDougall, and the Hyberbolic-caloric
restriction diets [1,31].

4.1. Mediterranean Diet

The Mediterranean diet consists of a high intake of fruit, vegetables, and whole grains
including olive oil as the main source. It also includes a moderate amount of fish and dairy
products and a low intake of red meat [5]. Phenols in olive oil are responsible for its anti-
inflammatory effects, thus protecting the nervous system from oxidative stress. It seems
that the Mediterranean diet reduces inflammatory markers [31], regulates predisposing
factors of vascular pathology in the context of several autoimmune disorders [28,49], and
regulates gut microbiota [28,49]. Thus, it has been suggested that the Mediterranean diet is
associated with low risk for MS onset [5,30,32].

4.2. Paleolithic Diet

The Paleolithic diet is characterized by the consumption of leaf green vegetables, plant
proteins, soy, and nuts excluding the consumption of dairy and processed food. Studies
indicate that fatigue in MS patients following the Paleolithic diet was improved, although
risk for nutritional deficiencies was increased [5,32].

4.3. Swank Diet

The Swank diet is based on limited saturated fat intake. Increased fruit, vegetable,
and oil intake is encouraged. Swank observed that the risk of MS development was higher
in people living in areas with a high consumption of fat [9]. This study showed that
patients with MS who followed the Swank diet exhibited a lower risk for relapse, disease
progression, and reduced mortality. Although possible underlying mechanisms have not
been identified, it has been advocated that reduction in fat consumption may be related to
protection against inflammation and demyelination [1,32].

4.4. McDougall Diet

The main caloric source of the McDougall diet is carbohydrates, based on consuming
plants [5]. In addition, olive oil and animal products including eggs and dairy products
are not preferred and restricted. Studies showed an association with lower fatigue in the
group of MS patients who followed the McDougall diet [9,32]. Conversely, there was no
significant effect on relapse rate, magnetic resonance imaging activity and disability [5,32].

4.5. Hyberbolic Diet-Caloric Restriction

It is believed that an increased amount of consumed calories is associated with inflam-
mation, especially following meals [5,9]. As a result, caloric restriction has been suggested
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to reduce the risk of postprandial inflammation. Results from studies concerning caloric re-
striction revealed a reduction in oxidative stress in patients with relapsing and progressive
types of MS, leading to a better quality of life [32]. Trials on the possible beneficial effect of
intermittent fasting on relapse rate and progression of MS are currently ongoing [49,50].
Overall, following an anti-inflammatory diet, in terms of intermittent fasting, seems to
regulate inflammation and protect against oxidative damage and progression of MS in
experimental models [27]. Choi et al. reported in their study that an anti-inflammatory diet
that included mainly caloric restriction diet showed promising results by reducing inflam-
mation and promoting regeneration in animal models with experimented autoimmune
encephalomyelitis [51].

4.6. Ketogenic Diet

The ketogenic diet is low in carbohydrates and high in fat [32]. It is characterized by
the induction of ketones released in blood circulation that may exert anti-inflammatory
effects [32]. Trials in MS patients revealed a possible improvement in quality of life, fatigue,
and depression related to the ketogenic diet, although negative effects including deficiency
of vitamins, weight loss, and gastrointestinal symptoms may also arise [49].

4.7. Gluten Free Diet

Current evidence does not show a significant effect of the gluten free diet in MS [49,50].
Few gluten-free interventions showed an improvement in EDSS, lesion activity, fatigue,
and quality of life, however, existing studies pose limitations in terms of the high risk of
bias and also the lack of controlled randomized trials [49,50].

5. Conclusions

Although a balanced diet involving high amount of fruit, vegetables, and low fat
may not replace DMTs in controlling disease activity in MS, it may have an add on value
in a more efficient management of the disease overall. Existing evidence indicates that
nutrition and diet may play a role in MS pathogenesis and course. These factors may affect
gut microbiota function, enzyme activity, and risk factors of vascular pathology in MS
patients. At the moment, precise recommendations regarding a specific dietary plan in
patients with MS do not exist. However, clinical and experimental studies provide indirect
evidence that a balanced diet in combination with an overall healthy lifestyle is linked
with an improvement in several clinical parameters as well as measurements of quality of
life for patients with MS. Furthermore, we strongly suggest large, well-scheduled clinical
trials containing both clinical and biochemical, molecular, metagenomic, and metabolomic
technologies aiming to clarify the role of diet in MS management.
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Abstract: Anxiety appears among the most frequent psychiatric disorders. During recent years,
a growing incidence of anxiety disorders can be attributed, at least in part, to the modification of
our eating habits. To treat anxiety disorders, clinicians use benzodiazepines, which unfortunately
display many side effects. Herein, the anxiolytic-like properties of two natural products (αS1–
casein hydrolysate and Gabolysat®) were investigated in rats and compared to the efficacy of
benzodiazepine (diazepam). Thus, the conditioned defensive burying test was performed after a
unique oral dose of 15 mg/kg, at two time-points (60 min and then 30 min post oral gavage) to show
potential fast-onset of anxiolytic effect. Both natural products proved to be as efficient as diazepam to
reduce the time rats spent burying the probe (anxiety level). Additionally, when investigated as early
as 30 min post oral gavage, Gabolysat® also revealed a fast-anxiolytic activity. To date, identification
of bioactive peptide, as well as how they interact with the gut–brain axis to sustain such anxiolytic
effect, still remains poorly understood. Regardless, this observational investigation argues for the
consideration of natural compounds in care pathway.

Keywords: fish protein hydrolysate; anxiety; burying test; rodent

1. Introduction

Anxiety disorders are among the most prevalent and disabling psychiatric disorders
worldwide [1]. Currently, on the market anxiolytic drugs are mostly benzodiazepine
or benzodiazepine-like agents, which particularly target the GABAergic system. Unfor-
tunately, their use is not harmless and requires caution and vigilance. Indeed, a life-
threatening anxiety rebound effect may appear when withdrawal of benzodiazepine is
too rapid [2–4]. Furthermore, benzodiazepines display significant side effects and drug
interactions [5]. Risk-taking behavior have been observed under benzodiazepines prescrip-
tion [6,7], together with impaired cognition, mobility and driving skills, as well as increased
fall risk [8]. Additionally, if their consumption lasts for a long period (usually considered
as 3 months), GABAergic medications might create a tolerance and dependence [5]. Finally,
remote adverse effects have more recently been suspected, notably with an increased risk,
to develop an Alzheimer’s disease [9].

In view of the risks associated with benzodiazepine intake, intense preclinical and clin-
ical research were carried out to identify/develop new therapeutic strategies for the man-
agement of anxiety disorders. Therefore, anxiolytic drugs free of GABAergic action (such
as buspirone) or even anti-depressant drugs (such as Selective Serotonin/Norepinephrine
Reuptake Inhibitors) have been proposed as a substitute. Although they might be used
routinely to cure general anxiolytic disorders, they are unfortunately devoid of fast-acting
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effects. In addition, they may lack therapeutic efficacy and/or display important side
effects. Thus, apart from only a few drug developments and/or repurposing of some
antidepressant drugs, fast-acting, efficient and safe therapeutic alternatives are scarce [10].

Surprisingly, hope for a new therapeutic strategy could come from diet supplements.
Indeed, they are increasingly considered as a natural alternative to treat—or to manage—
anxiety disorders [11]. This assumption comes, at least in part, from an observed close
relationship (that some would qualify as a causal relationship) between changes in eating
habits (mostly in Western countries) and the occurrence of anxiety disorders (associated or
not with sleep disturbances) [12]. As a consequence, increasing efforts have been made in
the search for natural, non-chemical, diet supplements with anxiolytic-like effect. Notably,
natural peptides extracted from animal proteins appear as promising candidates. Thus,
several interesting results were reported from experiments conducted with the milk-derived
αS1–casein hydrolysate or with the fish protein hydrolysate. In fact, under a chronic oral
administration regimen, both hydrolysates demonstrated anxiolytic-type properties in
rodents (both mice and rats [13–17]), but also in several other animal species such as
cats and dogs [18–21]. A few investigating works in humans have also been published
([22,23], see also for review [24]). For instance, level of state anxiety—assessed by the STAI
test—was reduced in young adult students aged 18 to 25 after 1 week of supplementation
with fish protein hydrolysate [25]. Similarly, 30 days of daily administration of αS1–casein
hydrolysate (150 mg) appeared efficient to relieve 63 women suffering from stress-related
symptoms [23]. Of note, treatment efficiency was in this work evaluated through a newly
constructed questionnaire on a mix of two previously published ones (Hamilton Anxiety
scale and Ferreri Anxiety Rating Diagram). Nevertheless, other stress-related physiological
parameters seem to benefit from oral intake regimen of hydrolysates. Indeed, a dampening
effect in stress-induced variations was also observed on different physiological parameters,
such as stress hormone level (corticosterone) or systolic blood pressure [22].

To further examine underlying mechanisms, several preclinical investigations have
been performed and each reported an anxiolytic effect either with one or the other natural
hydrolysates. To date, no study has compared similar experimental protocols for the
onset/efficacy of different hydrolysates. In fact, as worthwhile it can be, such a comparison
is not possible given the high level of disparities in terms of tested doses or administration
regimen as well as behavioral test used. For instance, anxiolytic properties of fish protein
hydrolysate were reported in the elevated plus maze and in the defensive burying test, as
well as in the conditioned light extinction test. All those experiments were conducted using
a chronic administration regimen, i.e., an oral gavage twice a day, for either 3 or 8 days, with
doses ranging from 25 to 100 mg/kg [15,26]. In addition, when using even higher range
doses (i.e., 300 and 1200 mg/kg during 5 days), biochemical experiments demonstrated
that Gabolysat®, a proprietary fish protein hydrolysate, displayed a diazepam-like effect
on stress responsiveness of the pituitary–adrenal system and sympathoadrenal activity
(with a reduced adrenaline and noradrenaline level in a stress condition and increase brain
hippocampal GABA content in a non-stress condition) [13]. Conversely, when anxiolytic
properties of αS1–casein hydrolysate were investigated under an acute administration
regimen, a dose effect study (from 5 to 50 mg/kg) demonstrated that the minimal effective
dose (15 mg/kg) was as efficient as diazepam (3 mg/kg) in the conditioned burying test.
This beneficial effect was then observed for 60 min after a single oral administration [16,17].

2. Materials and Methods

We aimed to assess and compare acute anxiolytic properties (i.e., after a single oral
dose) of two compounds (Gabolysat® and αS1–casein hydrolysate), through a one trial
burying behavioral test. This test was chosen given its high degree of face and construct
validity, but also given its good pharmacological validation (predictive validity) [27].
Efficacy of the tested compound was compared to a reference drug (the most frequently
consumed benzodiazepine on the market, i.e., diazepam).
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Animals: All experiments were carried out in accordance with the European Commu-
nities Council Directive (63/2010) regarding the care and use of animals for experimental
procedures, and they were approved by the local ethics committee (Comité d’Ethique
NOrmandie en Matière d’EXpérimentation Animale, CENOMEXA, agreement number:
03-08-11/16/08-14). Aged of 8 weeks, male Wistar RjHan:WI rats were obtained from
Janvier Labs (France) and pair-housed in Plexiglas cages with ad libitum access to food
and water. A total number of 102 rats were necessary to perform displayed experiments.
The animal facility was maintained on a controlled light–dark cycle (lights on from 7 a.m.
to 7 p.m.), with a constant temperature (22 ± 2 ◦C). After 1 week acclimatization, animals
were daily handled (2 × 5 min) during the following week to reduce the stress induced
through the restraint required for oral gavage (Figure 1).

Figure 1. Experimental design. There was a 2 week acclimatization period, where animals were first
left undisturbed for the first week, then handled twice daily in order to acclimate the animals to
the experimenter. On the testing day, 60 or 30 min after an oral gavage, the Conditioned-Defense
Burying (CDB) task was performed.

Group testing: αS1–casein hydrolysate and Gabolysat® were obtained from Ingredia®

(Aras, France) and Laboratoire Dielen® (Cherbourg, France), respectively. Diazepam
(Sigma, France) was used as the pharmacological benzodiazepine references substance. All
compounds were solubilized in a saline (NaCl, 0.9%) mix with 1% Carboxymethylcellulose
(Sigma Aldrich®), which was used as treatment for the control group. The dose of 15 mg/kg
was selected according to previous related studies [13,17]. Each compound was orally
administered in a volume of 2 mL/kg body weight.

Defensive probe-burying test: Animals were familiarized in pairs for 2 consecutive
days (20 min session) with the testing room (dim lit) and apparatus which consisted in a
Plexiglas acrylic cage 42.5 × 26.6 × 18.5 cm (Intelli-bio®, Seichamps, France) [28,29]. The
floor of the cage was covered with 5 cm of bedding material (fine wood sawdust). The
following day, each rat was individually placed in the testing cage, with an electrified probe
(7 cm long) emerging from one of its walls 2 cm above the bedding material. The latency
for first approach to the probe, reflecting level of exploration behavior, was then recorded
to ensure no bias interpretation of the data. Once the rat touched the probe, it received
an electric shock of 0.2 mA (constant current shocker). All tested rats, whatever group or
experiments considered, touched the probe only once and, therefore, received only a single
shock. Burying behavior (pushing the sawdust ahead with rapid alternating movements
of the forepaws oriented to cover the electrified probe) has been directly related with the
experimental anxiety levels [29]. This behavior was constantly recorded during a 15 min
period and in 5 min time slices.

Statistical analysis: All graphs displayed results as the mean ± standard errors of mean
(SEM). Statistical analyses were performed with Statview®. ANOVAs were performed,
followed when appropriate by post-hoc group comparison tests. The p-value was set at
0.05. Bonferroni correction was applied for post-hoc multiple comparisons.
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3. Results

3.1. Evaluation of Anxiolytic-Like Effect (60 min after Oral Gavage)

One-way ANOVA of elapsed time to first approach to the probe (probe contact latency)
did not reveal any statistical group differences (F(3,48) = 0.301, p = 0.8245), thus, ensuring no
locomotor and/or exploration behavior bias (Figure 2A). Furthermore, two-way ANOVA
with a repeated measurement of burying time during the behavioral test did not reveal
a group effect (F(3,48) = 1.655, p = 0.1892), but a significant time effect (F(2,96) = 27.773,
p < 0.0001) and a group x time interaction (F(6,96) = 3.158, p = 0.0072) (Figure 2B). When
focused on the first 5 min of the test, a significant group difference was revealed (one-way
ANOVA, F(3,48) = 5.390 and p = 0.0028). In fact, the post-hoc test showed that all treated
groups of rats (Diazepam, αS1–casein hydrolysate as well as Gabolysat®-treated animals)
spent significantly less time burying the probe compared to the control group (p = 0.0162,
0.0159 and 0.0362, respectively). Thereafter (for the last 10 min of the test), probe-burying
time for the control group massively dropped down (time effect: F(2,24) = 52.373 and
p < 0.0001). No group difference can then be revealed for the last 10 min of the test
(p > 0.05).

Figure 2. Conditioned behavioral test performed 60 min (A,B) and 30 min (C,D) after oral gav-
age. Figure 1 displays the latency for first contact to probe, as a control measurement of motiva-
tion/locomotor activity for all animals’ groups. Figure 1 display probe-burying behavior during the
test (by 5 min time slices), reflective of anxiety levels. A total of 102 rats were used. Groups sizes were
13, 11, 16 and 12 for control, diazepam, αS1–casein hydrolysate and Gabolysat®, respectively, when
the test was performed 60 min after gavage (A,B); corresponding 13, 11, 13 and 13 when test was
performed 30 min after gavage (C,D) (ANOVA with repeated measurement, post-hoc test: # p < 0.05
and ### p < 0.001 compared to respective control time).

3.2. Evaluation of Rapid (30 min after Oral Gavage) Anxiolytic-Like Effect

One-way ANOVA of elapsed time to first approach to the probe did not reveal any
statistical group difference (F(3,46) = 0.376, p = 0.7705), thus, ensuring no locomotor biases
(Figure 2C). Furthermore, two-way ANOVA with a repeated measurement of burying time
during the behavioral test revealed a significant group (F(3,46) = 12.749, p < 0.0001) and
time effect (F(2,92) = 75.708, p < 0.0001), as well as a group x time interaction (F(6,92) = 3.779,
p = 0.0021) (Figure 2D). Whichever group considered, animals spent less and less time
burying the probe during the behavioral test (Control group: F(2,20) = 53.993, p < 0.0001 and
for diazepam, αS1–casein hydrolysate and Gabolysat®-treated group: F(2,24) = 7.490, 25.232
and 12.089, respectively with p < 0.001). The post-hoc tests showed that the global group
difference relied on significantly lesser probe burying time for diazepam- and Gabolysat®-
treated animals compared to the control group (p = 0.0001 and 0.0005, respectively). In
addition, if we consider only the first or second 5 min-section of the test, one-way ANOVA
of burying time revealed a significant group difference (F(3,46) = 12.981 and 4.556, with
p < 0.0001 and p = 0.0071, respectively). The post-hoc tests showed that both diazepam-
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and Gabolysat®-treated animals spent significantly less time burying the probe compared
to the control group (from 0 to 5 min test: p < 0.0001 and p = 0.0002; for 5–10 min test:
p = 0.0150 and 0.0463, respectively).

4. Discussion

We herein experimentally demonstrated acute anxiolytic-like properties of Gabolysat®

and αS1–casein hydrolysate [17]. Orally given at a dose of 15 mg/kg and tested in the
conditioned burying task 60 min later, both natural products were as efficient as diazepam
(used as benzodiazepine reference pharmacological drug) to elicit anxiolytic activity. More
interestingly, when the anxiolytic-effect was assessed even as soon as 30 min after the oral
dose, a similar efficiency (still compared to diazepam) was observed for Gabolysat®. This
last result demonstrates a fast onset of anxiolytic activity for Gabolysat®.

Diazepam is a well-known and frequently prescribed benzodiazepine, which already
experimentally demonstrated its anxiolytic activity in the conditioned burying test. Thus,
its anxiolytic activity was described either when administrated intra-peritoneal (doses
ranging from 0.5 to 2 mg/kg) [29,30], or orally given (3 mg/kg) [16,17]. Despite any
potential differences of laboratory experimental conditions (light/dark cycle, strain, testing
room environment, . . . ), an anxiolytic effect of diazepam is always found, as herein.
The same holds true for αS1–casein hydrolysate. Indeed, when administered orally at
15 mg/kg and then tested 60 min after, αS1–casein hydrolysate demonstrated anxiolytic
properties in the conditioned burying test. Such a result is in accordance with literature
data [16,17], reinforcing our choice to use αS1–casein hydrolysate as a reference natural
product having demonstrated anxiolytic activity. Here, we demonstrated for the first
time, that Gabolysat®—a fish proteins extract—also has rapid anxiolytic properties, as
testified by the reduced probe-burying time observed in animals with acute treatment.
Additionally, one can note that, whichever treatment was considered, the animals’ anxiety
levels (behaviorally assessed through probe-burying time measurement) were similar (no
statistical difference between treated animals’ groups). Thus, within the sensitivity limits
of the test, we observed similar anxiolytic properties of each of the natural compounds and
the benzodiazepine.

In a rat, the maximum plasmatic concentration of diazepam per os is observed at
30 min [31]. Hence, the experiment was conducted again with a shorten elapsed time
(30 min) after oral dose to attempt to observe a rapid anxiolytic effect of both natural
compounds and benzodiazepine. Since the maximum plasma concentration of diazepam
is observed 30 min after oral gavage, this was taken as the new elapsed time to evaluate
anxiolytic properties. Thus, we demonstrated for the first time to the best of our knowledge,
that diazepam—but also Gabolysat®—have rapid anxiolytic properties. This was testified
by the decreased probe-burying behavior during the first 10 min of the test, performed only
30 min after oral dose. This last finding regarding the fast onset of Gabolysat® could draw
clinicians’ attention as it might find application in several disorders (such as sleep anxiety
and insomnia) or even psychiatric pathologies, such as depression. Indeed, depression,
for instance, displays a 57% rate to co-occur with one anxiety disorder. Antidepressants
prescribed so far, have revealed to be moderately efficient. This is firstly because some pa-
tients do not respond to treatment, and then because the average time to achieve remission
for those who are sensitive to it is approximately 7 weeks [32]. Thus, natural products such
as Gabolysat®—provided they are devoid of toxicity—may offer a therapeutic adjuvant
during the first phase of treatment. So far, no side effect was reported in rodents after
chronic (5 days) oral treatment of high doses of Gabolysat® (dose ranging from 300 to
1200 mg/kg) [13].

Beyond toxicity, the mechanisms underlying anxiolytic activity observed after an
oral dose of those two natural compounds still remains unknown. Given the different
behavioral profile observed in our study, one might imagine that their mechanisms may
slightly diverge. Among possible mechanisms, a direct action on central GABAergic and/or
serotonergic transmission, as well as modulatory role on corticotrope axis have shown
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preliminary results [13,33]. However, one exciting hypothesis recently emerged from
current ongoing research on microbiota–gut–brain axis functioning. Indeed, gut peptides
were recently evoked as important regulators of microbiota–gut–brain signaling in health
and stress-related psychiatric illnesses [34]. Further works are required to investigate how
those two natural compounds might interact with microbiome and, as a consequence, on
gut–brain axis functioning.

A major study limitation is the chosen route of administration. In fact, while closely
related to human practice, oral gavage required animal restraint which is a stress-induced
event. In addition, the technique might be harmful or induce pain (esophageal trauma,
etc.), if the experimenter is not skilled in animal handling and restraint. All animals herein
underwent handling/restraint by the same experimenter (with acknowledged expertise)
and the animals’ groups were counterbalanced across the session.

5. Conclusions

In conclusion, our results confirm the efficacy of αS1–casein hydrolysate to dampen
anxiety level but they also demonstrate, for the first time, the efficacity of Gabolysat® to do
so. In addition, this last compound also displays a fast onset of action affording a rapid and
lasting anxiolytic action. Numerous natural products are marketed for behavior therapy,
but very few have demonstrated any evidence of efficacy. Additionally, as both natural
products were described as being devoid of any major side effects, they appear as powerful
natural alternative solutions to benzodiazepine drugs and to their constraints of use.

Author Contributions: The authors’ responsibilities were as follows: Conceptualization, M.B. and
T.F.; formal analysis, investigation and data curation, S.L., M.C., G.N. and S.C.; writing—original
draft preparation and editing, T.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All experiments were carried out in accordance with the Eu-
ropean Communities Council Directive (63/2010) regarding the care and use of animals for experimen-
tal procedures, and they were approved by the local ethics committee (Comité d’Ethique NOrmandie
en Matière d’EXpérimentation Animale, CENOMEXA, agreement number: 03-08-11/16/08-14).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Diet complement αS1–casein hydrolysate and Gabolysat® was kindly given by
INGREDIA and DIELEN, respectively. Additionally, authors wish to warmly thank Miss Nicole
Turnbull for proofreading the manuscript, spelling corrections and editing English.

Conflicts of Interest: The authors declare no conflict of interest. DIELEN and INGREDIA had no
role in the design of the study; in the behavioral analyses, or interpretation of data; in the writing of
the manuscript; or in the decision to publish the results.

References

1. Murrough, J.W.; Yaqubi, S.; Sayed, S.; Charney, D.S. Emerging drugs for the treatment of anxiety. Expert Opin. Emerg. Drugs 2015,
20, 393–406. [CrossRef]

2. Bandelow, B.; Michaelis, S.; Wedekind, D. Treatment of anxiety disorders. Dialogues Clin. Neurosci. 2017, 19, 93–107.
3. Fluyau, D.; Revadigar, N.; Manobianco, B.E. Challenges of the pharmacological management of benzodiazepine withdrawal,

dependence, and discontinuation. Ther. Adv. Psychopharmacol. 2018, 8, 147–168. [CrossRef]
4. Lader, M.; Kyriacou, A. Withdrawing Benzodiazepines in Patients with Anxiety Disorders. Curr. Psychiatry Rep. 2016, 18, 8.

[CrossRef]
5. Votaw, V.R.; Geyer, R.; Rieselbach, M.M.; McHugh, R.K. The epidemiology of benzodiazepine misuse: A systematic review. Drug

Alcohol Depend. 2019, 200, 95–114. [CrossRef] [PubMed]
6. Deakin, J.B.; Aitken, M.R.; Dowson, J.H.; Robbins, T.W.; Sahakian, B.J. Diazepam produces disinhibitory cognitive effects in male

volunteers. Psychopharmacology 2004, 173, 88–97. [CrossRef] [PubMed]

280



Nutrients 2021, 13, 2445

7. Lane, S.D.; Tcheremissine, O.V.; Lieving, L.M.; Nouvion, S.; Cherek, D.R. Acute effects of alprazolam on risky decision making in
humans. Psychopharmacology 2005, 181, 364–373. [CrossRef] [PubMed]

8. Olfson, M.; King, M.; Schoenbaum, M. The popularity of benzodiazepines, their advantages, and inadequate pharmacological
alternatives-reply. JAMA Psychiatry 2015, 72, 624. [CrossRef]

9. Endres, J.; Graber, M.A.; Dachs, R. Benzodiazepines and Alzheimer disease. Am. Fam. Physician 2015, 91, 191–192. [PubMed]
10. Bandelow, B. Current and Novel Psychopharmacological Drugs for Anxiety Disorders. Adv. Exp. Med. Biol. 2020, 1191, 347–365.

[CrossRef]
11. Fernandez-Rodriguez, M.; Rodriguez-Legorburu, I.; Lopez-Ibor Alcocer, M.I. Nutritional supplements in Anxiety Disorder. Actas

Esp. Psiquiatr. 2017, 45, 1–7.
12. Godos, J.; Currenti, W.; Angelino, D.; Mena, P.; Castellano, S.; Caraci, F.; Galvano, F.; Del Rio, D.; Ferri, R.; Grosso, G. Diet and

Mental Health: Review of the Recent Updates on Molecular Mechanisms. Antioxidants 2020, 9, 346. [CrossRef]
13. Bernet, F.; Montel, V.; Noel, B.; Dupouy, J.P. Diazepam-like effects of a fish protein hydrolysate (Gabolysat PC60) on stress

responsiveness of the rat pituitary-adrenal system and sympathoadrenal activity. Psychopharmacology 2000, 149, 34–40. [CrossRef]
14. Dela Pena, I.J.I.; Kim, H.J.; de la Pena, J.B.; Kim, M.; Botanas, C.J.; You, K.Y.; Woo, T.; Lee, Y.S.; Jung, J.C.; Kim, K.M.; et al. A

tryptic hydrolysate from bovine milk alphas1-casein enhances pentobarbital-induced sleep in mice via the GABAA receptor.
Behav. Brain Res. 2016, 313, 184–190. [CrossRef] [PubMed]

15. Messaoudi, M.; Lalonde, R.; Nejdi, A.; Bisson, J.F.; Rozan, P.; Javelot, H.; Schroeder, H. The effects of Garum Armoricum®(GA) on
elevated-plus maze and conditioned light extinction tests in rats. Curr. Top. Nutraceutical Res. 2008, 6, 41–45.

16. Messaoudi, M.; Lalonde, R.; Schroeder, H.; Desor, D. Anxiolytic-like effects and safety profile of a tryptic hydrolysate from bovine
alpha s1-casein in rats. Fundam. Clin. Pharmacol. 2009, 23, 323–330. [CrossRef]

17. Violle, N.; Messaoudi, M.; Lefranc-Millot, C.; Desor, D.; Nejdi, A.; Demagny, B.; Schroeder, H. Ethological comparison of the
effects of a bovine alpha s1-casein tryptic hydrolysate and diazepam on the behaviour of rats in two models of anxiety. Pharmacol.
Biochem. Behav. 2006, 84, 517–523. [CrossRef] [PubMed]

18. Landsberg, G.M.; Mougeot, I.; Kelly, S.; Milgram, N.W. Assessment of noise-induced fear and anxiety in dogs: Modification by a
novel fish hydrolysate supplemented diet. J. Vet. Behav. 2015, 10, 391–398. [CrossRef]

19. Makawey, A.; Iben, C.; Palme, R. Cats at the Vet: The Effect of Alpha-s1 Casozepin. Animals 2020, 10, 2047. [CrossRef] [PubMed]
20. Tynes, V.V.; Landsberg, G.M. Nutritional Management of Behavior and Brain Disorders in Dogs and Cats. Vet. Clin. N. Am. Small

Anim. Pract. 2021, 51, 711–727. [CrossRef] [PubMed]
21. Beata, C.; Beaumont-Graff, E.; Coll, V.; Cordel, J.; Marion, M.; Massal, N.; Marlois, N.; Tauzin, J. Effect of alpha-casozepine

(Zylkene) on anxiety in cats. J. Vet. Behav. 2007, 2, 40–46. [CrossRef]
22. Messaoudi, M.; Lefranc-Millot, C.; Desor, D.; Demagny, B.; Bourdon, L. Effects of a tryptic hydrolysate from bovine milk

alphaS1-casein on hemodynamic responses in healthy human volunteers facing successive mental and physical stress situations.
Eur. J. Nutr. 2005, 44, 128–132. [CrossRef] [PubMed]

23. Kim, J.H.; Desor, D.; Kim, Y.T.; Yoon, W.J.; Kim, K.S.; Jun, J.S.; Pyun, K.H.; Shim, I. Efficacy of alphas1-casein hydrolysate on
stress-related symptoms in women. Eur. J. Clin. Nutr. 2007, 61, 536–541. [CrossRef] [PubMed]

24. Phing, C.H. A Review of the Potential Efficacy of Alpha-S1-Casein Tryptic Hydrolysate on Stress and Sleep Disorder. Malays. J.
Psychiatry 2016, 25, 99–109.

25. Dorman, T.B.L.; Glaze, P.; Hogan, J.; Skinner, R.; Nelson, D.; Bowker, L.; Head, D. The effectiveness of Garum armoricum
(Stabilium) in reducing anxiety in college students. J. Adv. Med. 1995, 8, 193–200. [CrossRef]

26. Messaoudi, M.; Nejdi, A.; Bisson, J.F.; Rozan, P.; Javadov, H.; Lalonde, R. Anxiolytic and antidepressant-like effects of Garum
Armoricum® (GA), a blue ling fish protein autolysate in male wistar rats. Curr. Top. Nutraceutical Res. 2008, 6, 115–123.

27. De Boer, S.F.; Koolhaas, J.M. Defensive burying in rodents: Ethology, neurobiology and psychopharmacology. Eur. J. Pharmacol.
2003, 463, 145–161. [CrossRef]

28. Fucich, E.A.; Morilak, D.A. Shock-probe Defensive Burying Test to Measure Active versus Passive Coping Style in Response to an
Aversive Stimulus in Rats. Bio-protocol 2018, 8, e2998. [CrossRef]

29. Treit, D.; Pinel, J.P.; Fibiger, H.C. Conditioned defensive burying: A new paradigm for the study of anxiolytic agents. Pharmacol.
Biochem. Behav. 1981, 15, 619–626. [CrossRef]

30. Wilson, M.A.; Burghardt, P.R.; Ford, K.A.; Wilkinson, M.B.; Primeaux, S.D. Anxiolytic effects of diazepam and ethanol in two
behavioral models: Comparison of males and females. Pharmacol. Biochem. Behav. 2004, 78, 445–458. [CrossRef]

31. Gong, W.; Liu, S.; Xu, P.; Fan, M.; Xue, M. Simultaneous Quantification of Diazepam and Dexamethasone in Plasma by High-
Performance Liquid Chromatography with Tandem Mass Spectrometry and Its Application to a Pharmacokinetic Comparison
between Normoxic and Hypoxic Rats. Molecules 2015, 20, 6901–6912. [CrossRef] [PubMed]

32. Gaynes, B.N.; Warden, D.; Trivedi, M.H.; Wisniewski, S.R.; Fava, M.; Rush, A.J. What did STAR*D teach us? Results from a
large-scale, practical, clinical trial for patients with depression. Psychiatr. Serv. 2009, 60, 1439–1445. [CrossRef]

33. Mizushige, T.; Sawashi, Y.; Yamada, A.; Kanamoto, R.; Ohinata, K. Characterization of Tyr-Leu-Gly, a novel anxiolytic-like peptide
released from bovine alphaS-casein. FASEB J. 2013, 27, 2911–2917. [CrossRef] [PubMed]

34. Lach, G.; Schellekens, H.; Dinan, T.G.; Cryan, J.F. Anxiety, Depression, and the Microbiome: A Role for Gut Peptides. Neurothera-
peutics 2018, 15, 36–59. [CrossRef] [PubMed]

281





nutrients

Article

Poor Dietary Quality and Patterns Are Associated with Higher
Perceived Stress among Women of Reproductive Age in the UK

Karim Khaled 1,*, Vanora Hundley 2 and Fotini Tsofliou 1,2

Citation: Khaled, K.; Hundley, V.;

Tsofliou, F. Poor Dietary Quality and

Patterns Are Associated with Higher

Perceived Stress among Women of

Reproductive Age in the UK.

Nutrients 2021, 13, 2588. https://

doi.org/10.3390/nu13082588

Academic Editor: Panagiota Mitrou

Received: 2 July 2021

Accepted: 26 July 2021

Published: 28 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Rehabilitation & Sport Sciences, Faculty of Health & Social Sciences, Bournemouth University,
Bournemouth BH8 8GP, UK; ftsofliou@bournemouth.ac.uk

2 Centre for Midwifery, Maternal & Perinatal Health, Faculty of Health & Social Sciences,
Bournemouth University, Bournemouth BH8 8GP, UK; vhundley@bournemouth.ac.uk

* Correspondence: Khaledk@bournemouth.ac.uk

Abstract: The aim of this study was to investigate the association between stress and diet qual-
ity/patterns among women of reproductive age in UK. In total, 244 reproductive aged women
participated in an online survey consisting of the European Prospective into Cancer and Nutrition
food frequency questionnaire in addition to stress, depression, physical-activity, adiposity, and so-
cioeconomic questions. An a-priori diet quality index was derived by assessing the adherence to
Alternate Mediterranean Diet (aMD). A-posteriori dietary-patterns (DPs) were explored through
factor analysis. Regression models were used to assess the predictors of the DPs. Participants mainly
had medium (n = 113) aMD adherence. Higher stress levels were reported by participants with
low aMD adherence. Participants with high aMD adherence were of normal BMI. Factor analysis
revealed three DPs: fats and oils, sugars, snacks, alcoholic-beverages, red/processed meat, and
cereals (DP-1), fish and seafood, eggs, milk and milk-products (DP-2), and fruits, vegetables, nuts and
seeds (DP-3). Regression models showed that DP-1 was positively associated with stress (p = 0.005)
and negatively with age (p = 0.004) and smoking (p = 0.005). DP-2 was negatively associated with
maternal educational-level (p = 0.01) while DP-3 was negatively associated with stress (p < 0.001),
BMI (p = 0.001), and white ethnicity (p = 0.01). Stress was negatively associated with healthy diet
quality/patterns among reproductive aged women.

Keywords: perceived stress; psychological; stress; diet quality; dietary patterns; women; reproduc-
tive age; childbearing age; a-priori; a-posteriori

1. Introduction

Increased body weight before pregnancy is associated with higher risk of pregnancy
complications [1–4] and of severe maternal morbidity and mortality [5]. A recent meta-
analysis has indicated that a healthy diet is crucial to prevent increased weight gain
before and during pregnancy and its related complications (e.g., gestational diabetes,
preeclampsia, caesarean section delivery) [6].

There are several predictors of diet quality, one of which is perceived stress. Stress is
increasing among people and has been associated with poorer diet quality among women
of reproductive age [7–11]. However, most studies have focused on the association between
stress and individual foods/food groups. For example, a higher level of psychological
stress among women of reproductive age was found to be significantly associated with a
greater consumption of fat in their diet [12–15]. Studies have also found that stress has been
associated with decreased intake of fruits and vegetables among women of reproductive
age [16,17]. Moreover, higher levels of perceived stress have been found to associate with
increased consumption of sweets, fast foods, snacks, and saturated fats and decreased
intake of fruits, vegetables, and unsaturated oils [18,19]. However, these studies assessed
dietary intake through recall questionnaires that do not include a variety and wide range of
food items and food groups; this might predispose participants to misreporting [8,20–25].
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With respect to the evaluation of diet quality, most studies on stress and diet have included
only the a-priori dietary approach (based on measuring adherence to diet index) [12,22,25].
To the best of our knowledge, no study on stress and diet have combined both the a-
priori and a-posteriori (based on statistical techniques such as factor analysis) approaches
which offer comprehensive insight and characterisation of the diet pattern specific to the
population group under investigation. Additionally, the small sample sizes and the lack of
representativeness in those studies mean that generalising the results is not possible. Not
considering confounding factors such as sociodemographic characteristics and physical
activity was also a major limitation of some studies [12,16,24,26,27]. Moreover, most
studies on the association between stress and diet were conducted among the general adult
population, however evidence is scarce among women of reproductive age (18–49 years
old) [26,28,29].

In summary, studies on stress and diet in the literature have several limitations. In-
vestigating the factors that affect diet quality in women of reproductive age has crucial
importance especially because diet-related morbidity among these women had an increas-
ing trend during the past years [30]. To our knowledge, this study is the first to examine
the association between stress and diet quality among women of reproductive age in UK.
The aim of this study is to investigate whether higher level of perceived stress is associated
with lower diet quality among women of reproductive age in the UK.

2. Materials and Methods

This was a cross sectional study targeting women of reproductive age in the UK. The
study used an online questionnaire survey developed and administered via the Bristol
Online Surveys (BOS).

The sample was one of convenience and consisted of females of reproductive age
(between 18 and 49 years old) who were students and staff at a UK University. There
are varying definitions for reproductive age in the literature; the range for this study
was chosen to reflect the majority of recent studies [31,32]. Participants were excluded if
they were: males at birth, below 18 or above 49 years old, not students or staff, suffering
from a chronic illness or disease such as: cancer, Crohn’s disease, diabetes, heart disease,
HIV/AIDS/multiple sclerosis, depression, asthma, COPD, cystic fibrosis, or mental health
disorder, having any kind of food intolerance or food allergy, pregnant or breastfeeding,
or were on any medication known to affect appetite or body weight or have undergone
bariatric surgery. The sample size was calculated by applying the correlation sample-size
method [33] with a power of 80%, and an α (significance level) of 0.05. A correlation
coefficient of 0.18 was chosen for the power calculation and it was based on the lowest
correlation coefficient r reported in studies about stress and diet quality in women of
reproductive age [24,30]. This yielded a total sample of 240 participants.

Potential participants were targeted through posters and social media advertisements
(e.g., twitter). Consent was ascertained on the landing page of the survey.

2.1. Methodological Measurements and Procedures
2.1.1. Diet

Diet quality and patterns were estimated via the European Prospective into Cancer
and Nutrition food frequency questionnaire (EPIC FFQ) which has been previously vali-
dated among UK adult females [34,35]. The EPIC-FFQ consists of 130 food items and one
additional question for milk (131 items). The questionnaire represents either individual
food (51%), combination of between two and four individual foods (23%), or food types
(26%) that are further described by examples of individual foods. The number and percent-
age of food types in the list are: vegetables, 25 (19%); fruit and fruit juices, 12 (9%); meats,
poultry, fish and eggs, 18 (14%); breads, cereals and starches, 18 (14%); dairy foods and
fats, 15 (11%); beverages, 10 (8%); sweets and confectionery items, 14 (11%) and miscella-
neous foods, 19 (14%). The food list is associated with a set of nine frequency choices for
consumption ranging from ‘never or less than once a month’ to ‘6 or more times per day’.
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The questionnaire consists of two parts. Part 1, the main part, lists 130 food items. Part 2
includes a set of additional questions that determine further information on the type and
brand of breakfast cereal and kind of fat used in frying, roasting, grilling or baking and the
amount of visible fat on meat.

2.1.2. Dietary Data Analysis

The FETA software was used to analyse the EPIC FFQ data and calculate the grams/day
of nutrients and food groups [36]. Eleven food groups (grams/day) were derived from
the EPIC food frequency questionnaire data analysis which included fats and oils, sugars
and snacks, cereals, alcoholic beverages, red and processed meat, fish and seafood, eggs,
milk and milk products, fruits, vegetables, and nuts and seeds. Adherence to the Alter-
nate Mediterranean Diet Index (aMED) was used to assess the a-priori approach for diet
quality assessment. The aMED is an adjustment of the Mediterranean Diet Index, which
is based on the evidence suggesting a protective effect of this diet on the risk of chronic
diseases, and that was previously developed by Trichopoulou et al. [37]. The aMED is
based on the consumption of nine food groups: vegetables (excluding potatoes), fruit, nuts,
legumes, fish, whole grains, mono-unsaturated fatty acids to saturated fatty acids ratio,
alcohol, and red and processed meat [38]. The a-posteriori approach was based on factor
analysis that derived the dietary patterns of participants. The importance of factor analysis
(a-posteriori approach) is that it characterises the sample’s variation in dietary intake and
provides a more meaningful description of the overall patterns and quality of the diet
which complements the a-priori dietary approach [39].

2.1.3. Mental Health Indicators

Perceived stress was measured using the 14-item Perceived Stress Scale (PSS) [40].
PSS measures the level of psychological stress, thoughts, and feelings of each participant
over the past month. The scale has been tested in several trials in adult populations and
showed significant consistency with Cronbach’s alpha = 0.75 and 0.85 [40]. The PSS is not a
diagnostic tool; hence there are no cut-off points that determine if an individual is stressed.
PSS was equally divided into two categories: low to medium level of stress (score = 0–27)
and medium to high level of stress (score = 28–56) as per previous studies [11,41].

Depression was measured using the 21-item Beck Depression Inventory II (BDI-
II) [42]. The BDI-II has become one of the most widely used measures to assess depressive
symptoms and their severity in adolescents and adults [43]. The BDI-II is a 21-item self-
report measure that taps major depression symptoms according to diagnostic criteria listed
in the Diagnostic and Statistical Manual for Mental Disorders [44]. Since its publication,
a number of studies have examined the validity and reliability of BDI-II across different
populations and countries [45]. Results have consistently shown good internal consistency
and test-retest reliability of the BDI-II in community [46,47] adolescent and adult clinical
outpatients [48] as well as in adult clinical inpatients [49].

2.1.4. Physical and Socio-Demographic Characteristics

Physical activity was measured using the International Physical Activity Question-
naire (IPAQ) [50]. The IPAQ records the activity of participants of four intensity levels:
vigorous-intensity activity such as aerobic, moderate-intensity activity such as leisure
cycling, walking, and sitting [50].

Adiposity measures: weight in kg and height in cm were self-reported and body mass
index (BMI) in kg/m2 was estimated to classify body weight status [51]. BMI was calculated
by dividing weight in kilograms over height squared in centimetres [51]. Previous papers
stated that self-reported weight and height are acceptable for determining BMI [52].

Data on socioeconomic factors (age, education, income, race, and marital status) were
collected to control for the influence of these confounding factors [53,54].
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2.2. Statistical Analysis

IBM SPSS statistics version 25 (Chicago, IL, USA) was used for data analysis. The
normality of the data was assessed by Shapiro–Wilk test. Descriptive data are presented
as median and interquartile range (IQR) for data with non-normal distribution. Kruskal–
Wallis test was used to compare continuous data among the aMD adherence categories
(low, medium, high). Categorical data among the three aMD adherence categories were
compared through Chi-squared test. The Bonferroni method was used to correct for
multiplicity in data.

The normality of the food groups’ data was assessed, and appropriate transformation
was undertaken when high skewness was detected in the data. Kaiser–Meyer–Olkin (KMO)
measure of sampling adequacy and Bartlett’s test of sphericity were conducted to check the
appropriateness of factor analysis. Results revealed a large KMO of 0.75 (>0.5) and a very
significant Bartlett’s test (p < 0.00001) with an approximate Chi-square of 832 and 55 degrees
of freedom; therefore, factor analysis was deemed appropriate to use [55]. Additionally, the
sample size of the present study (n = 244) is acceptable for conducting factor analysis [56,57].
To derive the number of factors from the food groups’ data, a scree plot was generated
showing the factors that have an eigenvalue >1. A varimax rotation was assigned to calcu-
late factor loadings for each factor (dietary pattern) based on the assumption that factors
were not correlated. Simple linear regression models carried out for each factor (dietary
pattern) were revealed to investigate the association between that factor (dietary pattern)
and the following variables separately: perceived stress, depression scores, BMI (kg/m2),
PA (Mets) and socioeconomic measures. The predictors with significant association were
then included in a multiple linear regression model of the diet pattern along with the
other significant predictors. Some categories of the socioeconomic measures were merged
together before inclusion in the regression models due to their small size (e.g., marital
status (single/divorced/widowed, living together/married), parity (never, once/two times
or more), religion (no religion, Christian, other), education (No qualification/Certificate of
Secondary School (CSE)/General Certificate of Secondary School (GCSE), A-level/higher
education), ethnicity (white, other), smoking status (smoker, non-smoker), income (below
the average, above the average), parents occupation (employee, other)).

3. Results

A sample of 252 women participated in the study, and after screening eight were
excluded since they did not meet the eligibility criteria (e.g., food intolerance/food al-
lergy/chronic disease). In total, the data of 244 women were included in the analysis of the
present study. Overall, participants had an average age of 24 years, were mainly of white
ethnicity, single, non-smokers, and their parental educational level was mainly O-level or
GCSE examinations taken at 16 years. In addition, 47% of the total sample had a moderate
level of physical activity (Tables 1 and 2).

The participants’ characteristics are reported across the three categories of the Al-
ternate Mediterranean Diet Scores (aMDS: low, medium, and high). The majority of the
244 participants had a medium adherence to aMD (46%), followed by 39% having low
adherence, and only 15% of participants had high adherence to aMD.

There was a significant association between perceived stress and diet quality. Medium
to high levels of stress were more likely to be reported by participants (73%) with a low
adherence to aMDS (X2 (2, n = 244) = 14.08, p = 0.001). Pairwise comparisons showed that
stress was different between low and high aMD adherence (p = 0.005) and between low
and medium aMD adherence categories (p = 0.003) but not between medium and high
adherence categories (p = 0.467).
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Table 1. Physical and mental characteristics of participants (n = 244).

Participants’
Characteristics(N (%))

Total Sample

Alternate Mediterranean Diet Adherence Categories

p-ValueLow aMDS (0–3) Medium aMDS (4–6) High aMDS (7–9)

95 (39) 113 (46) 36 (15)

Physical and lifestyle characteristics

Age (years) # 24.0 (21.0–32.0) 23.0 (21.0–29.0) 25.0 (21.5–32.0) 24.0 (20.3–35.0) 0.277

Age (years) *

0.09
18–24 124 (51) 54 (57) 51 (45) 19 (53)
25–34 77 (32) 26 27) 44 (39) 7 (19)
35–49 43 (17) 15 (16) 18 (16) 10 (28)

BMI (kg/m2) # 23.7 (20.9–27.9) 26.1 (21.5–49.4) 23.7 (20.6–27.5) 21.9 (20.3–23.9) 0.093

BMI *

0.005
Underweight 14 (6) 4 (4) 7 (6) 3 (8)

Normal Weight 120 (49) 38 (40) 56 (50) 26 (72)
Overweight/obese 108 (44) 52 (56) 50 (44) 6 (17)

Physical Activity
(METs-h/wk) # 1429 (464.3–2824.5) 1159 (330.0–2615.0) 1440 (479.3–2886.3) 2380

(1325.5–3464.3) 0.336

Physical Activity level *

0.018
Low (<600 MET
minutes/week) 76 (31) 39 (41) 33 (29) 4 (11)

Moderate (>600 MET
minutes/week) 114 (47) 39 (41) 55 (49) 20 (56)

High (>3000 MET
minutes/week) 54 (22) 17 (18) 25 (22) 12 (33)

Mental Health Indicator

Stress # 29 (22.0–33.0) 31 (26.0–34.0) 27 (22.0–27.0) 26.5 (18.0–31.8) 0.002

Stress *
0.001Low-Medium 103 (42) 26 (27) 58 (51) 19 (53)

Medium-High 141 (58) 69 (73) 55 (49) 17 (47)

Depression # 5 (2.0–12.0) 5 (2.0–13.0) 5 (2.0–11.0) 5 (1.0–13.0) 0.926

Depression *

0.07
Minimal (0–13) 191 (78) 73 (77) 90 (80) 28 (78)

Mild (14–19) 28 (11) 15 (16) 10 (9) 3 (8)
Moderate (20–28) 12 (5) 4 (4) 8 (7) 0 (0)

Severe (29–63) 13 (5) 3 (3) 5 (4) 5 (14)

METs-h/wk: Metabolic equivalents of tasks-hours per week, BMI: body mass index., GCSE: General Certificate of Secondary Education,
O-level: ordinary level. p-values were derived through a Chi-squared test of independence to display differences in physical activity,
mental health indicators, and BMI of participants across the three Alternate Mediterranean diet (aMD) scores categories. The differences
between median (IQR) of physical, mental health, and lifestyle characteristics were explored with Kruskal–Wallis test and post-hoc pairwise
comparisons. * represents N (%). # represents median (IQR). aMDS: alternate Mediterranean Diet Score.
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Table 2. Socio-demographic characteristics of participants (n = 244).

Participants’ Characteristics
(N (%))

Total Sample
N (%)

Alternate Mediterranean Diet Adherence Categories

p-ValueLow aMDS (0–3)
Medium aMDS

(4–6)
High aMDS (7–9)

95 (39) 113 (46) 36 (15)

Father’s education

0.626

No qualifications 23 (9) 8 (8) 11 (10) 4 (11)
Certificate of Secondary

education (CSE) taken at 14–16
years at a lower level than GCSE

57 (23) 28 (29) 25 (22) 4 (11)

O-level or GCSE examinations
taken at 16 years

71 (29) 23 (24) 35 (31) 13 (36)

A-level school examinations
taken at 18 years 45 (18) 18 (19) 19 (17) 8 (22)

Higher education 48 (20) 18 (19) 23 (20) 7 (19)

Mother’s education

0.399

No qualifications 16 (7) 5 (5) 9 (8) 2 (6)
Certificate of Secondary

education (CSE) taken at 14–16
years at a lower level than GCSE

47 (19) 24 (25) 20 (18) 3 (8)

O-level or GCSE examinations
taken at 16 years

82 (34) 26 (27) 41 (36) 15 (42)

A-level school examinations
taken at 18 years 44 (18) 17 (18) 18 (16) 9 (25)

Higher education 55 (23) 23 (24) 25 (22) 7 (19)

Father’s occupation

0.424

Working as an employee 92 (38) 35 (37) 42 (37) 15 (42)
On a government sponsored

training scheme 5 (2) 4 (4) 1 (1) 0 (0)

Self-employed or freelance 68 (28) 28 (29) 30 (27) 10 (28)
Working paid or unpaid for
your own or your family’s

business

31 (13) 13 (14) 15 (13) 3 (8)

Doing any other kind of paid
work

9 (4) 6 (6) 1 (1) 2 (6)

Retired (whether receiving a
pension or not) 36 (15) 8 (8) 22 (19) 6 (17)

Long-term sick or disabled 3 (1) 1 (1) 2 (2) 0 (0)

Mother’s occupation

0.266

Working as an employee? 101 (41) 38 (40) 43 (38) 20 (56)
On a government sponsored

training scheme 9 (4) 4 (4) 5 (4) 0 (0)

Self-employed or freelance 25 (10) 6 (6) 14 (12) 5 (14)
Working paid or unpaid for
your own or your family’s

business

17 (7) 9 (9) 7 (6) 1 (3)
20 (8) 11 (12) 6 (5) 3 (8)

Doing any other kind of paid
work

Retired (whether receiving a
pension or not) 34 (14) 8 (8) 22 (19) 4 (11)

Looking after home or family 27 (11) 14 (15) 11 (10) 2 (6)
Long-term sick or disabled 11 (5) 5 (5) 5 (4) 1 (3)

Income per year

0.047
<£13,000 119 (49) 43 (45) 54 (48) 22 (61)

£13,000 to £33,800 99 (40) 45 (48) 47 (41) 7 (19)
>£33,800 26 (11) 7 (7) 12 (11) 7 (19)
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Table 2. Cont.

Participants’ Characteristics
(N (%))

Total Sample
N (%)

Alternate Mediterranean Diet Adherence Categories

p-ValueLow aMDS (0–3)
Medium aMDS

(4–6)
High aMDS (7–9)

95 (39) 113 (46) 36 (15)

Parents’ annual income

0.432

<£13,000 36 (15) 14 (15) 15 (13) 7 (19)
£13,000 to £23,400 51 (21) 21 (22) 25 (22) 5 (14)

>£23,400 to £33,800 69 (28) 31 (33) 33 (29) 5 (14)
>£33,800 to £52,000 47 (19) 16 (17) 20 (18) 11 (31)

>£52,000 41 (17) 13 (14) 20 (18) 8 (22)

Marital Status

0.46

Single 176 (72) 67 (71) 84 (74) 25 (69)
Married 43 (18) 16 (17) 18 (16) 9 (25)
Divorced 17 (7) 9 (9) 8 (7) 0 (0)

Separated but still legally
married 6 (2) 3 (3) 2 (2) 1 (3)

Widowed 2 (1) 0 (0) 1 (1) 1 (3)

Smoking

0.47
Current Smoker 56 (23) 25 (26) 23 (20) 8 (22)

Ex-smoker 27 (11) 10 (11) 11 (10) 6 (17)
Never smoked 161 (66) 60 (63) 79 (70) 22 (61)

Religion

0.437

No religion 104 (43) 36 (38) 53 (47) 15 (42)
Christian 105 (43) 45 (47) 42 (37) 18 (50)
Buddhist 7 (3) 2 (2) 5 (4) 0 (0)

Hindu 9 (4) 5 (5) 3 (3) 1 (3)
Jewish (0) (0) (0) (0)
Muslim 19 (8) 7 (7) 10 (9) 2 (6)

Sikh (0) (0) (0) (0)

Ethnicity

0.231

Mixed/multiple ethnic groups 10 (4) 5 (5) 4 (4) 1 (3)
White 177 (73) 61 (64) 82 (73) 34 (34)

Asian/Asian British 35 (14) 18 (19) 16 (14) 1 (3)
Black/African/Caribbean/Black

British 15 (6) 7 (7) 8 (7) 0 (0)

Other ethnic group 7 (3) 4 (4) 3 (3) 0 (0)

Parity

0.229
Never 189 (77) 72 (76) 92 (81) 25 (69)
Once 26 (11) 14 (15) 6 (5) 6 (17)

Two times or more 29 (12) 9 (9) 15 (13) 5 (14)

aMDS: alternate Mediterranean Diet Score. GCSE: General Certificate of Secondary Education, O-level: ordinary level. p-values were
derived through a Chi-squared test of independence to display differences in socio-demographics of participants across the three alternate
Mediterranean diet scores (aMDS) categories.

BMI was also found to be different among aMD adherence groups (X2 (4, n = 244) = 14.815,
p = 0.005) (Table 1). Participants who had normal BMI were more likely to have high
aMDS (72%) compared to those who were underweight (8%) and overweight/obese
(17%). The physical activity level of participants differed across the three categories (X2 (4,
n = 244) = 11.92, p = 0.018). A higher percentage of participants with high aMDS adherence
were engaging in moderate (56%) and high (33%) physical activity levels whereas those
with low aMDS adherence were engaging in low (41%) and moderate (41%) physical
activity levels.

Income per year showed a significant, but weak, association with adherence to aMDS
(X2 (10, n = 244) = 18.48, p = 0.047). However, adherence to aMD was not associated with
any other socio-demographic characteristics (Table 2).
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Factor Analysis

Figure 1 demonstrates a scree plot showing the number of factors (dietary patterns)
retained from factor analysis. As shown in the scree plot, the number of factors (dietary
patterns) with eigenvalue ≥1 is 3. The three factors (dietary patterns) explained 60% of the
total variance in data.

Figure 1. Scree plot showing the number of factors (dietary patterns) retained from factor analysis on
the X-axis and the eigenvalues on Y-axis.

Table 3 demonstrates the 11 food groups with factor loadings for the three factors
(dietary patterns). Coefficients with absolute value below 0.3 for each factor were sup-
pressed, therefore five food groups were assigned to factor 1 (DP-1), three to factor 2 (DP-2),
and three to factor 3 (DP-3). The first dietary pattern (DP-1) had high factor loadings for
the following food groups: fats and oils, sugars and snacks, alcoholic beverages, cereals,
and red and processed meat and was labelled “Western-style” dietary pattern. DP-2 had
high factor loadings for food groups such as fish and seafood, eggs, and milk and milk
products and was labelled “high-quality protein” dietary pattern. The third dietary pattern
(DP-3) was labelled “vegetarian-like” dietary pattern with factor loadings high for fruits,
vegetables, and nuts and seeds food groups.

Regression analysis that was used to examine the association between the three dietary
patterns (DPs), which were derived from factor analysis, and all other variables indicated
the following: In the first model, DP-1 was positively associated with stress (p = 0.005) and
negatively with age (p = 0.004) and smoking (p = 0.005) (Table 4). DP-1 was common among
young, smokers, and highly stressed women. Model 2 of the second dietary pattern showed
that DP-2 was negatively associated with mother’s educational level (p = 0.019) (Table 4).
The second dietary pattern (DP-2) was common among participants who had mothers
with lower educational level. The third dietary pattern (DP-3) was common among normal
weight people who had low stress level and non-white. As shown in Table 4, DP-3 was
negatively associated with stress (p < 0.001), BMI (p = 0.001), and ethnicity (p = 0.013).

Table 3. Orthogonally rotated (varimax) factor loadings for the 3 factors (dietary patterns) of the 11 food groups (grams/day).

11 Food Groups Derived from the European Prospective into Cancer and
Nutrition (EPIC) Food Frequency Questionnaire

Factors (Dietary Patterns)

1 2 3

Fats and Oils (grams/day) 0.838

Sugars and Snacks (grams/day) 0.738

Cereals (grams/day) 0.712

Alcoholic beverages (grams/day) 0.665

Red and processed meat (grams/day) 0.553

Fish and Seafood (grams/day) 0.821
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Table 3. Cont.

11 Food Groups Derived from the European Prospective into Cancer and
Nutrition (EPIC) Food Frequency Questionnaire

Factors (Dietary Patterns)

1 2 3

Eggs (grams/day) 0.809
Milk and milk products (grams/day) 0.518

Fruits (grams/day) 0.750

Vegetables (grams/day) 0.747

Nuts and Seeds (grams/day) 0.619

Table 4. Multiple regression models showing the association between each a-posteriori-derived diet pattern and its
predictor variables.

Model Predictor Coefficient Estimate p-Value

1
(DP-1)

“fats & oils, sugars & snacks,
alcoholic beverages, red and

processed meat, and cereals” DP

Intercept 0.419 <0.001
Stress 0.003 0.005

Physical activity (METs-h/wk) −0.0000002 0.395
BMI 0.002 0.062
Age −0.003 0.004

Father’s educational level
(A-level/higher) −0.027 0.107

Mother’s educational level
(A-level/higher) −0.006 0.713

Ethnicity (white) 0.026 0.128
Father’s occupation (other) 0.015 0.369
Mother’s occupation (other) 0.022 0.174

Smoking status (smoker) −0.05 0.005
Participant’s income (above average) 0.026 0.098

2
(DP-2)

“fish & seafood, eggs, and milk &
milk products” DP

Intercept 0.441 <0.0001
Stress −0.002 0.14

Depression 0.0001 0.676
Mother’s education (A-level/higher) −0.038 0.019

Father’s occupation (other) 0.035 0.057
Mother’s occupation (other) 0.018 0.313

Participant’s income (above average) 0.033 0.069

3
(DP-3)

“fruits, vegetables, and nuts &
seeds” DP

Intercept 0.653 <0.001
Stress −0.005 <0.001

Physical activity (METs-h/wk) 0.0000006 0.115
BMI −0.005 0.001

Ethnicity (white) −0.047 0.013
Parent’s income (above average) 0.023 0.184

Smoking (smoker) 0.033 0.092

DP: dietary pattern. METs-h/wk: metabolic equivalents of tasks-hours per week. Model 1 of the first dietary pattern was based on the
following formula: DP − 1 = β0 + β1 Stress + β2 Physical activity + β3 BMI + β4 Age + β5 Father’s educational level + β6 Mother’s
educational level + β7 Ethnicity + β8 Father’s occupation + β9 Mother’s occupation + β10 Smoking status + β11 Participant’s income.
Model 2 of the second dietary pattern was based on the following formula: DP − 2 = β0 + β1 Stress + β2 Depression + β3 Mother’s
education + β4 Father’s occupation + β5 Mother’s occupation + β6 Participant’s income. Model 3 of the third dietary pattern was based on
the following formula: DP − 3 = β0 + β1 Stress + β2 Physical activity + β3 BMI + β4 Ethnicity + β5 Parent’s income + β6 Smoking.

4. Discussion

This is the first study to investigate the association between perceived stress and diet
quality/patterns among women of reproductive age in the UK. The association between
stress and diet quality/patterns has recently gained the interest of health researchers, espe-
cially that diet is a main modifiable risk factor of obesity and many chronic diseases [21]. In
the present study, diet quality/patterns analysis was used, rather than individual-nutrient
assessment, because it allows the description of the whole diet of the population and is
considered essential in understanding the relationship between dietary consumption and

291



Nutrients 2021, 13, 2588

diet-related diseases [16]. Additionally, the association between stress and single nutrients
is difficult to investigate since they are never consumed separately but rather within meals,
and they metabolically interact with one another [16]. Our findings indicate that stress is
associated with lower diet quality where 73% of participants who had low adherence to
the alternate Mediterranean Diet (aMD) had a high stress level. Therefore, stress-coping
strategies and programs for women of reproductive age should be implemented to prevent
unhealthy eating habits and poor diet quality and their adverse health consequences.

Participants in this study were recruited from a university setting and included both
students and employees (18–49 years old) to provide a more representative sample of
reproductive aged women of this setting.

The a-priori assessment of diet quality indicated an overall medium adherence to the
alternate Mediterranean Diet index (46% of the total sample). Similar results were found in
the US where 43% of women of reproductive age (n = 248) had a moderate adherence to
the Mediterranean Diet [58] and in the UK where most workplace females (n = 426) were
moderate adherers to the Mediterranean Diet Index (n = 346) [59]. Similarly, our research
team has previously assessed diet quality by the Mediterranean Diet Index, among 123
women of reproductive age in the UK and also reported an overall moderate adherence [60];
the alternate Mediterranean Diet Index was used in the present study because it has been
considered more reflective of MD for non-Mediterranean countries such as the UK [61]. In
this context, women of reproductive age should be supported with nutrition counselling
and education, in addition to reproductive health care services, to further enhance their
diet quality [62].

The a-posteriori dietary approach (Table 4) corroborated further the negative asso-
ciation between stress and healthy diet quality/patterns and offered additional dietary
insight by highlighting the types of food groups that might contribute to this association. It
showed that stress was positively associated with the Western-style dietary pattern (DP-1)
consisting of fats and oils, sugar and snacks, alcoholic beverages, red/processed meat, and
cereals (p = 0.005) and negatively with the vegetarian-like dietary pattern (DP-3) consisting
of fruits, vegetables, nuts and seeds (p < 0.001). These findings agree with other studies
targeting the association between stress and diet. For instance, El-Ansari et al. [16] assessed
stress levels using the Perceived Stress Scale and nutritional habits through a 12-food item
FFQ and found that among female university students in the UK, stress was significantly
associated with poorer diet quality resembled by high intake of sugar, snacks, fat, and low
intake of unsaturated fats, fruits, and vegetables. Additionally, Isasi et al. [25] found that
stress was negatively linked with diet quality (Alternate-Healthy Eating Index 2010) among
Hispanic/Latino females in the US. Similarly, Groesz et al. [63] targeted 561 females from
the US and found that highly stressed females reported high consumption of unhealthy
foods (fast food, sweets, etc.) and low consumption of whole grains, fruits, and vegeta-
bles as assessed via a food frequency questionnaire. In another study conducted among
females across three countries (Germany, Poland, and Bulgaria), a positive association
between stress and poor dietary patterns was reported [26]. Habhab et al. [64] also assessed
the link between stress and food restraint and diet quality/patterns among 40 women
of childbearing age via mixed-design analysis of variance and found that women with
poorer diet quality had a high stress level. These findings were corroborated by our recent
systematic review and meta-analysis [30] that was the first to examine the association
between perceived stress and diet quality in women of reproductive age. The systematic
literature review included 24 studies (8 had diet quality as the primary outcome and 16 as-
sessed food frequency of consumption) with a total of 41,033 participants. Overall, the 16
studies on food intake and frequency of consumption (n = 33,477) found that stress was
associated with high intake of fat, fast food, sweets, processed foods, and low intake of
fruits, vegetables, whole grains, and legumes. The meta-analysis included the 8 studies on
diet quality (n = 7556) and reported a significantly negative association between stress and
diet quality (r = −0.35, p < 0.001, 95% CI (−0.56; −0.15)).
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On the contrary, some studies reported different findings. For example, Richard-
son et al. [24] assessed stress through the 14-item PSS and diet quality via Healthy Eating
Index-2010 among 101 childbearing aged women (aged 18–44 years) and found no associ-
ation between stress and diet quality. Similarly, Ferranti et al. [65] found no association
between perceived stress and diet quality among 433 females in the US who were univer-
sity and health centre employees. The study assessed stress via the 14-item PSS and diet
quality via a-priori approach using three diet quality indices: Alternate Healthy Eating
Index, Mediterranean Diet Index, and Dietary Approach to Stop Hypertension Index. Two
other studies in Egypt [66] and Iran [67] among women of childbearing age also found no
significant association between diet quality and stress.

Discrepancies in findings between these studies and the present study might be ex-
plained by variations in sample sizes, diversity of the tools used to assess variables, and
difference in the population from which the sample was taken. For instance, Richard-
son et al. [24] recruited 101 women and Widaman et al. [23] recruited 75 females. On
the other hand, the present study recruited 244 participants. Secondly, most studies on
the association between perceived stress and diet quality in women of reproductive age
have used 24-h recalls as the dietary assessment tool [21–25] whereas the EPIC food fre-
quency questionnaire, which measures a wide variety of food items and the frequency of
consumption over the past one year, was used in the present study.

In understanding the stress/diet relationship, studies have argued that the association
between perceived stress and dietary quality/patterns is bidirectional: psychological stress
symptoms could be associated with behaviours that are considered “health-compromising”
that put the individual at risk of health problems [16]. For example, in a group of female
students, high stress levels were associated with weight dissatisfaction and other health-
compromising behaviours such as alcohol intake, binge eating and smoking, skipping
breakfast [68]. Stressed people tend to consume high energy-dense foods to taper down
their stressful emotions [69]. Adam et al. [69] suggested that the important reason behind
these eating behaviours resulting from negative emotions and stress is the lack of eating
control. This is when the consumption of high caloric and palatable foods relates to satis-
faction and reward and becomes comfort eating during the stressful periods [69]. However,
the absence of significant association between perceived stress and diet quality/patterns in
some studies does not support these views. The findings of these studies can be explained
by the following coping strategies that are not related to food such as spirituality that
could attenuate the effect of stress on dietary behaviour [70]. Although these studies show
no significant associations between perceived stress and diet quality, some environmen-
tal factors including stress coping strategies, cultural food traditions, cognitive factors
(such as the knowledge of nutrition), and the cost of food might contribute to the dietary
pattern and quality and must be further studied. Another explanation of the stress/diet
relationship is derived from the fact that perceived stress causes physiological changes (in
addition to psychological changes) to the human body that trigger food craving [71]. Upon
stress, the hypothalamus and central nervous system secrete the hormone cortisol into
the bloodstream which leads, if in high circulating concentrations, to the formation and
accumulation of visceral fat in the body [69]. Additionally, several studies have pointed out
that elevated levels of stress cortisol can be associated with increased food intake [72,73].
This is because perceived stress, and elevated serum cortisol, stimulate the secretion of the
gastric hormone Ghrelin that increases appetite and food craving [71].

Strengths and Limitations

The study has several strengths. To our knowledge, it is the first to assess the asso-
ciation between perceived stress and diet quality in women of reproductive age in the
United Kingdom. Diet quality/patterns were assessed comprehensively through two
approaches: the a-priori (hypothesis-driven) and the a-posteriori (data-driven) which gave
robust results and clearer insight about the overall dietary quality/patterns of the study’s
participants. Another strength of this study is the fact that the tools used to assess all

293



Nutrients 2021, 13, 2588

variables were validated and standardised, such as the Perceived Stress Scale to assess
stress levels [40], Becks Depression Inventory II to assess depression [42], in addition to the
anthropometric and socioeconomic questions [74–76]. Furthermore, while most studies on
the association between stress and diet utilised dietary recalls to assess dietary intake, this
study used the EPIC food frequency questionnaire which is considered a gold standard
dietary assessment tool [34,35].

On the other hand, there are several limitations which are worth acknowledging.
The cross-sectional design of the study made it hard to draw and generalise a definitive
conclusion about the association between perceived stress and diet quality/patterns among
women of reproductive age. Additionally, the convenience sample that was selected from a
population of a UK university setting and consequently might not be representative of the
general population of women of reproductive age. Although all variables were measured
using validated and standardised tools, they have been self-reported by participants, which
might have caused inaccuracy in the results. For example, anthropometric measures would
be better estimated using advanced and more accurate tools such as Dual-Energy X-ray
Absorptiometry (DEXA) which measures the whole-body composition including weight,
height, fat mass, and fat-free body mass [77]. Similarly, the Perceived Stress Scale, that was
used to assess stress levels of participants, was self-reported and hence participants might
not have accurately recalled the stressful situations that occurred over the past weeks. A
more accurate measure of stress should be used in future studies such as blood or salivary
cortisol [78]. Moreover, food intake biomarkers (such as urinary and blood samples), which
objectively measure the nutritional intake of individuals, should complement the food
frequency questionnaires and other self-reported measures of dietary intake [79].

5. Conclusions

In conclusion, the negative association between perceived stress and diet quality (in
both a-priori and a-posteriori approaches) that was found among a sample of women of
reproductive age in the present study is important and merits further investigation. The
results of this study have implications for future interventions which should include not
only dietary but also other behavioural aspects to support lifestyle changes among women
of reproductive age. In other words, the interventions are complex; they are more than
simply changing the diet alone. Women of reproductive age seem to eat depending on
the level of stress and therefore dietary interventions need to take that into consideration
when applying it. Future randomised controlled trials with accurate measures should be
implemented to further confirm this negative association.
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Abstract: (1) Background: Beach handball is a relatively new type of sport, derived from team
handball. The purpose of the study was to evaluate the physical fitness of elite players of this sport
by studying some variables of sports performance, including strength, endurance and power, and
dietary habits, and to assess bone ultrasonographic variables. (2) Methods: 33 beach handball players
have participated in this research; 18 juniors (age: 16.7 ± 0.50) and 15 seniors (age: 24.8 ± 4.71). The
athletes’ strength was evaluated using the Handgrip Test on the dominant hand, the height of jump
was evaluated by a counter-jump on a contact platform, and velocity, agility, and resistance by the
Yo-Yo test. The broadband ultrasound attenuation (BUA) and the sound of speed (SOS) through the
calcaneus were also measured. The Mediterranean diet adherence (KIDMED) was the questionnaire
used to evaluate eating habits. In the statistical analysis, descriptions and correlations were made
between the study variables. (3) Results: Both in the case of the dynamometric hand strength test
(p < 0.05) and in the lower extremity power test (p < 0.01), senior players presented significantly
higher values compared to junior players (35.1 ± 3.84 vs. 31.8 ± 3.37 and 35.1 ± 6.89 vs. 28.5 ± 5.69
with the dynamometry and Abalakov tests, respectively). However, no differences were observed
in the variables by playing position. Significant correlations between different variables have been
established, highlighting negative correlations between BMI and weight with the Abalakov Jump
Test and positive correlations between Yo-Yo and BUA, and, between BMI and BUA. (4) Conclusions:
Older and trained players are in better physical fitness; high weight and BMI have a negative
influence on power, agility, speed, and endurance. In general, adherence to the Mediterranean diet is
moderate and it seems evident that there is a beneficial influence of beach handball on bone condition,
as measured by ultrasound. However future research should be carried on, including dual-energy
x-ray absorptiometry assessments and food intake registers for a whole week.

Keywords: women’s health; bone mineral density; diet; beach sports; osteoporosis

1. Introduction

Beach handball (BH) is relatively a new sport specialty. It has led to arousing the inter-
est of the scientific community in the sport, analyzing the different specific performance
variables of BH players (e.g., physical and physiological demands or body composition
and anthropometric profile) [1–7] resulting from the particularities of this discipline (e.g.,
in-flight throw, spin shot, shoot-out, attack in numerical superiority, or defense in numeri-
cal inferiority) [8] and caused by the attack–defense actions of the game cycle [9]. Moreover,
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the competition format of a BH tournament —two to three games per day for two to three
days—makes it necessary to design specific training exercises that respond to the actual
physiological needs required by the players [7].

In relation to the physiological demands (internal load), BH, like other team sports
(e.g., ice hockey or soccer [10,11]), requires intermittent efforts [7]. In this sense, this sport
discipline is considered to be high-intensity because most of the playing time, the player is
over 80% of the HRMAX [2,4,7,12]. Other characteristics to consider because they affect the
internal load of the athlete would be the kinematic variables: (a) distance: 445.6 ± 156.3 to
669 ± 155 m per set, and (b) speed: 4.2 ± 0.6 to 5.7 ± 1.2 m/s [4,7,12].

There are different validated instruments and tests to determine performance variables
in team sports, and they can provide the necessary data to assess the physical and physi-
ological profile of the athlete. One of these tests is the Yo-Yo Intermittent Recovery Test
Level 1 [13], widely applied in recent decades by researchers in indoor handball [14–20].
Another of the tests, the use of which is widespread, is the Abalakov Jump Test, used to
determine the lower body power and fatigue of athletes [21–24]. In this case, we used the
research of Sánchez-Sáez et al. [7] as a reference study of BH, which determined that there
were no significant decreases in jumping ability during the tournament in female beach
handball players (p > 0.05).

Regarding muscle strength, the Handgrip Test is used to evaluate the musculoskeletal
fitness of the upper extremities [3] and muscle fatigue [7] in BH players. This variable
could be considered of vital importance when establishing the performance profile of the
BH player since the grip of the ball should be propitiated with sufficient strength both in
the control and mastery of the ball, and at the time of execution of the passes or throws.
To perform all the actions above, the implementation of an adequate high-performance
training program is essential, which includes good eating habits, such as the ones offered by
the Mediterranean diet (MD) [25]. In this way, in addition to improving physical capacities,
the risk of suffering sports injuries, such as bone fractures, will be reduced [26].

Regarding bone quality, it has been observed that in addition to being determined by
body composition, genetic/ethnic factors, and hormonal status, it is also related to lifestyle
behaviors, such as diet and physical activity, which influence bone gain during growth
and bone loss later in life [27]. From a mechanical point of view, changes in bone mineral
density (BMD) can be made by inducing mechanical stimuli with loading forces or external
loads during skeletal muscle contractions. For this reason, athletes practicing sports, such
as beach handball, that require high muscular forces (strength training) or general high
impacts (sprinting and jumping), are regularly recommended to work on the improvement
of bone mass and density [28]. It appears that exercise activities that combine the tension
produced by intense muscle contractions and the mechanical stimulus of ground reaction
forces are considered better for bone stimulation [29–31] than sports such as swimming,
water polo, or rowing, which do not show measurable osteogenic benefits [32].

In fact, it has been shown that an optimal nutritional status can enhance the effects of
training, speeding up recovery and optimizing body composition [33]. The dietary culture
of the Spanish population is within the framework of the Mediterranean diet [34–36]. This
one is characterized by being a balanced diet that provides sufficient calories in the right
proportions through high consumption of vegetables, legumes, fruits, nuts, cereals, and
olive oil, moderate consumption of fish, eggs, and dairy products, preferably yogurt or
cheese, and a lower intake of meat and less consumption of animal fats [37].

Therefore, the main objective of this research was to evaluate the physical fitness of
elite female BH players through the study of the determinant variables of sports perfor-
mance, including strength, endurance and power, and their dietary habits, and to assess
bone ultrasonographic variables. This research provides relevant information for coaches
and physical trainers when planning the season and training sessions.

2. Materials and Methods

Figure 1 presents a brief scheme of this section.
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Figure 1. Material and methods scheme.

2.1. Study Design

A descriptive, cross-sectional study was conducted to analyze the influence of age
category and playing position on the results of performance tests, adherence to the Mediter-
ranean diet, and bone mineral density in female BH players. The research involved the
best international players from Spain of this sport modality, who represent elite BH players
from all over the world. The Declaration of Helsinki guidelines (revised in Hong Kong
in September 1989 and in Edinburgh in 2000) and the recommendations of Good Clinical
Practice of the EEC (Document 111/3976/88 of July 1990) were followed for all the proce-
dures carried out. Approval of the research was granted by the Human Research Ethics
Committee of the University of Alicante (Spain) (UA-2019-04-09).

2.2. Participants and Eligibility Criteria

A total of 33 female beach handball players participated in the study; 54% were juniors
and 45% were seniors. For the distribution of the sample by playing position, 6 goalkeepers,
10 wings, 8 specialists, 6 pivots, and 3 defenders participated. All the players who were part
of the current Spanish BH national team participated. The following exclusion criteria were
considered: the presence of chronic diseases, injury during the training camp preventing
the performance of any test, and non-compliance with the informed consent. However,
no player refused to participate, and no athlete was excluded; every athlete gave written
informed consent. No financial compensation was given to the participants for their
collaboration. For those who were minors, consent was given by their parents or legal
guardians. The players’ anonymity was always preserved.

2.3. Data Collection
2.3.1. Body Composition

Anthropometric measurements included standing body height (stadiometer accuracy
of 0.1 cm; Holtain, Crosswell, Crymych, Pembs, UK) and body mass (0.1 kg; Tanita BF683W
scale, Munich, Germany). With the weight and height data, the body mass index BMI
(kg/m2) was calculated for each of the players.

2.3.2. Performance Tests

The test known as Yo-Yo IR1 was performed in accordance with the procedures de-
scribed by Krustrup et al. [38]. The test consisted of 20 m runs performed at increasing
speeds with 10 s of recovery between runs until the individual became exhausted. Previ-
ously, the players performed a warm-up of 5 min of low intensity running, followed by a
5 min warm-up of running at medium-high intensity. The test was terminated when the
participant did not reach the first line in time (objective evaluation) twice in a row, or if she
felt that she would not be able to complete another sprint (subjective evaluation). The total
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distance covered was recorded as the “score” of the test. The reliability of the Yo-Yo IR1 is
demonstrated by a coefficient of variation (CV) of 3.6% and an ICC of 0.94% [38].

The Abalakov Jump Test was used; participants performed 3 countermovement’s with
30 s rests between jumps [39] performed on a stable surface. All the players had to stand
upright and perform a 90◦ knee flexion followed by the fastest possible extension, with the
goal of reaching the highest achievable jump height. An optical (infrared) data collection
system (Optojump Next Microgate, Bolzano, Italy) was used to calculate the Abalakov
jump height. Of the 3 results, the best one was used for statistical analysis.

A hand-held dynamometer (Takei, Tokyo, Japan) was used with the arm at right
angles and the elbows at the sides of the body. The instrument was adjusted, its base rested
on the first metacarpal and the handle rested on the middle of the participant’s four fingers.
All players performed the test with their dominant hand. Their maximal isometric effort
was maintained for 5 s. The test was performed twice, with a 1 min rest between trials, and
the highest value being the one to be used in the subsequent analysis.

2.3.3. Bone Quality—Ultrasound Measurement

The bilateral calcanei of each subject were measured using a heel ultrasound den-
sitometer (Achilles EXP II, GE Healthcare, Chicago, IL, USA). To assess bone health,
quantitative ultrasound (QUS) measurements are widely used since they are noninvasive
measurements, and are also less expensive and simpler than laboratory techniques (e.g.,
dual-energy X-ray absorptiometry—DXA). Quality assurance was performed using a spe-
cific dummy before the first measurement. Along with a coupling medium to ensure good
contact, ultrasound gel was applied. During each ultrasonographic assessment, the broad-
band ultrasound attenuation (BUA) and the speed of sound (SOS) were directly measured.
The BUA and SOS measurements, and their derived parameters (rigidity), are seriously
associated with fracture risk, while bone quality is the determinant of both bone strength
and bone fragility. Therefore, these variables can be used to refer to bone quality [40,41].
The calcaneus stiffness index was calculated as follows [28]: Calcaneus stiffness (A.U.) =
(0.67 · BUA + 0.28 · SOS) − 420

2.3.4. Mediterranean Diet Adherence (KIDMED Questionnaire)

The KIDMED questionnaire was published in 2004 to evaluate adherence to the
Mediterranean diet (MD) in children and adolescents [42]. The questionnaire constitutes
16 questions, 12 of which represent a positive score in relation to the adherence to the
MD, and the other 4 represent a negative score. Positive answers to questions involving
greater adherence to the diet are worth +1 point. Positive answers to questions involving
less dietary adherence are worth −1 point [43]. Depending on the scores obtained in the
questionnaire, the population was divided into 2 groups: (1) poor or average adherence,
and (2) excellent adherence.

2.4. Statistical Analysis

The Jamovi statistical program (version 1.6.15, Sydney, Australia) was used for data
analysis. First, the descriptive data (mean and standard deviation) were calculated. To
assess the normality of the descriptive statistics (mean ± standard deviation) and inferential
analysis, the Kolmogorov–Smirnov test was performed. To determine homogeneity, the
Levene test was used to evaluate the normality of the data (p > 0.05). To calculate the
differences between the age groups (junior vs. senior), as well as for the analysis of the
different variables according to playing position, analysis of covariance (ANCOVA) with
Bonferroni correction was used, controlling for the effect of BMI. The effect size was also
calculated using a partial eta-squared (ηp2) considering <0.25, 0.26–0.63, and >0.63 as small,
medium, and large effect sizes, respectively [44].

Correlations between the performance variables (Abalakov, Handgrip, Yo-Yo), the
KIDMED total score, bone variables, weight, and BMI (kg/m2) were determined utilizing
Pearson’s product-moment correlation coefficient (r), with 95% confidence intervals (CI).
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3. Results

A total of 33 female BH players (18 junior and 15 senior) of the Spanish Nationality
Team participated in this study. Table 1 shows the basic anthropometric and demographic
characteristics of the sample. The mean height and body mass were 167 ± 4.90 cm and
62.4 ± 7.29 kg for the junior females, and 169 ± 5.31 cm and 64.9 ± 7.87 kg for the senior
players. There were only significant differences in the variable of age (p < 0.001), being
obviously greater in the senior players. In the rest of the variables, there were no significant
differences between the junior and senior players. However, as expected, the senior players
showed higher values for weight and height.

Table 1. Demographic and basic anthropometric characteristics of professional female beach hand-
ball players.

Demographic and
Anthropometric Variables

Junior (n = 18) Senior (n = 15)

Mean ± SD Mean ± SD

Age 16.7 ± 0.50 24.8 ± 4.71
Height (cm) 167 ± 4.90 169 ± 5.31
Weight (kg) 62.4 ± 7.29 64.9 ± 7.87

BMI (kg/m2) 22.5 ± 2.28 22.8 ± 2.75

SD = Standard deviation; BMI: Body Mass Index.

The variables of adherence to the Mediterranean diet, sports performance, and bone
mineral density are presented in Table 2. Except for the KIDMED total score, the senior
players had higher scores for all the variables. In addition, the senior female players present
significantly higher values in the case of the dynamometric hand strength test (Handgrip;
p < 0.05) and the lower limb power test (Abalakov; p < 0.01).

Table 2. Descriptive statistics for the KIDMED, performance tests, and bone mineral density.

Study Variables
Total (N = 33) ANCOVA Comparison (Adjusting for BMI)

Junior (n = 18) Senior (n = 15) Mean Difference SE t p Value

Performance Test Mean ± SD Mean ± SD

Yo-Yo (m) 382 ± 81.4 414 ± 109 −36.4 31.2 −1.17 0.253
Abalakov jump (cm) 28.5 ± 5.69 35.1 ± 6.89 −7.03 1.84 −3.83 <0.001

Handgrip (kg) 31.8 ± 3.37 35.1 ± 3.84 −3.11 1.20 −2.59 0.015

Bone Quality (Ultrasounds)

BUA (dB/MHz) 137 ± 9.55 139 ± 11.7 −2.04 3.47 −0.601 0.552
SOS (m/s) 1666 ± 37.2 1664 ± 42.6 2.44 13.9 0.176 0.861

Stiffness (A.U) 139 ± 13.7 138 ± 17.9 −0.72 5.31 −0.135 0.894

Mediterranean Diet Adherence

KIDMED 7.33 ± 1.61 6.27 ± 2.05 1.14 0.601 1.89 0.068

SD = Standard deviation; Yo-Yo IR: intermittent recovery test; KIDMED: Mediterranean Diet Quality Index; BUA: Broadband ultrasound
attenuation; SOS: Speed of sound; BMI: Body Mass Index; N = total number of the sample; n = number of players on each team; t = t student;
mean differences were significant at p < 0.05.

The results in Table 3 also indicate differences by position for the BMI, KIDMED total
score, performance test, and BDM variables. Post hoc analysis revealed that there were no
differences in any of the variables studied because of the playing position.
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Table 3. Position-related differences in variables.

Goalkeepers
(n = 6)

Wings (n = 10) Specialist (n = 8) Pivots (n = 6)
Defenders

(n = 3)
ANCOVA

(Adjusted by BMI)

Study Variables Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD F p ηp2

Body Composition

BMI (kg/m2) 24.9 ± 3.60 22.2 ± 2.50 22.3 ± 1.45 21.8 ± 1.72 21.8 ± 1.31

Performance Test

Yo-Yo (m) 313 ± 46.8 412 ± 103 405 ± 104 400 ± 63.2 480 ± 80.0 1.18 0.343 0.153
Abalakov jump (cm) 30.9 ± 6.06 30.7 ± 8.73 29.6 ± 4.73 34.6 ± 7.73 34.1 ± 8.34 0.821 0.523 0.108

Handgrip (kg) 35.3 ± 5.85 31.6 ± 3.48 33.6 ± 3.21 32.8 ± 3.40 35.2 ± 2.28 0.751 0.566 0.100

Bone Quality (Ultrasounds)

BUA (dB/MHz) 142 ± 10.6 141 ± 9.47 139 ± 9.84 134 ± 8.20 128 ± 17.1 0.969 0.441 0.126
SOS (m/s) 1660 ± 36.1 1673 ± 38.9 1666 ± 32.1 1659 ± 43.7 1657 ± 74.1 0.317 0.864 0.045

Stiffness (A.U) 138 ± 17.1 143 ± 15.1 139 ± 11.6 133 ± 12.6 129 ± 32.2 0.522 0.720 0.072

Mediterranean Diet Adherence

KIDMED 7.67 ± 1.63 6.80 ± 2.20 6.25 ± 1.83 6.67 ± 1.75 7.33 ± 2.08 0.273 0.893 0.039

SD = Standard deviation; BMI: Body Mass Index; Yo-Yo: intermittent recovery test; KIDMED: Mediterranean Diet Quality Index; BUA:
Broadband ultrasound attenuation; SOS: Speed of sound; n = number of players of each position; np2 = partial eta (effect size); mean
differences were significant at p < 0.05.

The correlations between the different variables, separated by age category (junior
vs. senior) are presented in Table 4. In the case of junior players, statistically significant
negative correlations were observed between BMI and the Abalakov test results (p < 0.05),
and between weight and the Abalakov (p < 0.05). However, significant positive correlations
were also observed between the Yo-Yo and Abalakov test results (p < 0.05) and between the
Yo-Yo test results and SOS values. For the senior players, statistically significant positive
relationships were observed between BMI and BUA (p < 0.05) and between KIDMED and
BMI (p < 0.05). However, between the results of the KIDMED and Abalakov (p < 0.05), and
between BMI and the Abalakov test (p < 0.05), the correlations were negative.

Table 4. Female beach handball players’ correlations.

SENIOR

Weight BMI Yo-Yo Abalakov Handgrip BUA SOS Stiffness KIDMED

JUNIOR

Weight n/a 0.868 * −0.383 −0.493 0.320 0.333 −0.024 0.111 0.605 *
BMI 0.856 ** n/a −0.439 −0.512 * 0.359 0.661 * 0.343 0.316 0.524 *

Yo-Yo −0.359 −0.386 n/a 0.232 −0.101 −0.216 0.247 0.074 0.068
Abalakov −0.471 * −0.630 * 0.653 * n/a 0.133 −0.134 −0.011 −0.069 −0.477 *
Handgrip 0.338 0.314 −0.089 −0.340 n/a 0.108 0.062 0.093 0.044

BUA 0.242 0.057 −0.045 −0.196 −0.059 n/a 0.464 * 0.777 ** −0.079
SOS −0.046 0.029 0.602 * 0.011 −0.035 0.298 n/a 0.915 ** 0.001

Stiffness 0.078 0.049 0.438 −0.083 −0.054 0.681 * 0.894 ** n/a −0.035
KIDMED 0.051 0.186 0.174 −0.085 0.059 −0.335 0.057 −0.113 n/a

BUA: Broadband ultrasound attenuation; SOS: Speed of sound; BMI: Body Mass Index; Yo-Yo: intermittent recovery test; KIDMED:
Mediterranean Diet Quality Index; n/a: not applicable; * = mean differences were significant at p < 0.05; ** mean differences were significant
at p < 0.01. Gray color: numerical representation of the senior category. White color: numerical representation of the junior category.

4. Discussion

The main purpose of this investigation was to assess the physical fitness (through
different physical tests), bone mass quality, and adherence to the Mediterranean diet of
top-level female beach handball players. The present manuscript studied the differences
by age group and playing position, and the correlations between the included variables.

Regarding physical fitness, the senior players were generally heavier and taller than
the junior players. Moreover, the seniors scored higher in both the Abalakov jump and
Handrip tests. Therefore, the senior players had better lower body power than the junior
players (p < 0.001). The same occurred with the variable of musculoskeletal fitness of the
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upper extremities, measured by Handgrip since the senior players had shown higher values
(p = 0.015). This coincides with previous research conducted with other samples of handball
players [25,45]. It seems that the reasons, as demonstrated in female volleyball players [46],
are that these differences may be directly related to neuromechanical adaptations because of
the repeated actions taking place in training and matches. However, it has also been shown
that the results of these tests improved, and therefore, improving physical abilities (jumping,
reaction speed, and running speed), when a Plyometric Training Program training was
performed [21,22]. This data is of special interest for all the coaches.

In the Yo-Yo Test, there were no significant differences between the values obtained for
the junior vs. senior players. One of the reasons why this test was used was because it has
been shown [47] that the Yo-Yo Test contributes specifically to the handball performance
of elite players, which means that this test, among others, measures important qualities
for success in handball. If the results achieved in the present study are compared to those
of [20,47], much lower values are observed; the main reason for this distinction is the
surface since, in this study, the players did the tests on sand.

Furthermore, some researchers underline [47] the importance of aerobic and anaerobic
qualities for success in handball, supporting the emphasis on the development of prolonged
intermittent running ability, sprinting qualities, and repeated sprinting ability in elite
handball players.

In addition, for correlations, negative correlations were observed in the junior players
between BMI and the Abalakov jump and between weight and the Abalakov jump. This
means that lower weight and lower BMI are related to higher jump heights and therefore,
more power in the lower limbs. In previous studies [48] conducted on female handball
players, these physical characteristics were already correlated. As already corroborated [49],
it seems that an excess of body mass has a negative role in jumping. For the same reason,
the senior female players also have negative correlations between BMI and the Abalakov
jump. However, significant positive correlations have been observed in the junior players
between the results of the Yo-Yo and Abalakov jump tests, and therefore, those players who
present greater power in the upper limbs also present greater endurance, agility, and speed.

In terms of bone health, previous studies [50] have demonstrated an osteogenic effect
of high-impact exercise (such as BH) and weight training on BMD by DXA. Additionally, a
study using DXA and QUS measurements by Lehtonen-Veromaa et al. [51] showed that
both femoral neck BMD and heel QUS parameters increased in the following order: control,
runners, and gymnasts. In many of the studies performed, in which they have compared
an athlete population and a control group, such as the case of female runners [28] or
powerlifters [52], it has been observed that athletes who perform a specific sport modality
in which there are both impact movements and strength exercises, the values of SOS, BUA,
and Stiffness were higher than the control group. Moreover, if the values obtained in the
present study of SOS, BUA, and Stiffness are compared for both the junior and senior
players, the values of all three parameters are higher than those of female runners [51,53],
both long and short distance [28], gymnasts [51], and powerlifters [52]. Other studies [54]
also relate higher values to a higher number of hours devoted to training. Therefore, it
seems that the fact that beach handball is played on a surface such as sand, and that there
are repeated impacts after jumps, turns, and sprints is favored by the development and
bone quality of the growing skeleton.

It should be noted that this is the first study to research the correlation between
bone variables (BUA, SOS, and Stiffness) and performance results using different tests
that measure strength, endurance, and power. Positive relationships have been observed
between SOS values and Yo-Yo test results in the junior players; those players who have
managed to run a longer distance (m) are those who have higher values for the speed of
sound. These results indicate that athletes’ training endurance, speed, and agility may
exert progressive adaptation on the calcaneal bone, tending to produce superior elastic
bone strength (this correlates with mineral and protein contents). Furthermore, in the case
of the senior players, a positive correlation can be observed between the BMI and BUA
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values; therefore, those players who have a higher BMI have higher values for broadband
ultrasound attenuation. One of the possible reasons could be that players who are taller
and heavier have higher bone mineral density, and therefore, a lower risk of fractures.

Regarding the nutrition of the players, positive correlations have been established
in senior players between KIDMED and BMI, and thus, those players with higher scores
have higher BMI values. Negative correlations have also been found in the senior players
between the KIDMED score and the Abalakov jump results; the better the KIDMED
score, the lower the Abalakov jump test results, and therefore, lower power. It should
be noted that the KIDMED measures the quality of the diet in terms of adherence to the
Mediterranean diet; however, it is not able to measure the amount of food eaten by the
players. As previously observed [25], adherence to the Mediterranean diet in female beach
handball players is moderate.

It has been previously observed that both correct hydration and nutrition are essential
for better performance in beach handball [55,56]. Because this sport is performed in hot
environments, female athletes are at greater risk of dehydration and hyperthermia, hin-
dering overall physiological function and cognitive and athletic performance. In addition,
sports performance and recovery from exercise have been found to be enhanced by optimal
nutrition. Appropriate food choices should be made, in addition to considering sufficient
energy intake during both high intensity and long duration training periods, with the
goal of maintaining body weight and health and maximizing the effects of training [33].
There is an evident need for athletes to improve their dietary habits, so the intervention of
dieticians/nutritionists in multidisciplinary teams is necessary and essential.

This research has some limitations. Firstly, body composition variables were measured
by anthropometry and bone quality by ultrasound. Although both methods are related
to bone densitometry (dual-energy X-ray absorptiometry), it was not possible to use this
method, which is considered the “gold standard”. In addition, as previously indicated, the
quality of the food was evaluated, but it was not possible to assess the quantity. It would
be interesting to be able to make 7-day records with a photographic report, to be able to
assess both quality and quantity. Due to the fact that there are not many sports played on
sand, there are tests, such as the Yo-Yo, that are not validated for this surface, which is why
the players presented lower values. Therefore, it would be interesting to validate this test
on a sand surface. The Abalakov jump test had to be performed on a regular surface to be
able to use the contact platform correctly because the sand was very unstable.

Future research will consider the mentioned limitations. Researchers in the field are
invited to provide more specific information regarding the evaluation of physical fitness,
body composition, and dietary habits of professional beach handball players, as research is
still scarce, as well as regarding the validation of specific tests for this sport on its usual
playing surface, sand.

5. Conclusions

The results of this cross-sectional study in female athletes from the Spanish BH indicate
that older players performed better in the Handgrip and Abalakov jump tests. Correlation
analysis highlighted the relationship of weight and poor nutrition with worse results in
jumping, agility, power, and endurance tests. Regarding bone mass, it was observed that
female handball players have higher values of SOS, BUA, and Stiffness than athletes of
other sports disciplines, confirming that sports involving impact, jumps, and sprints have
a higher level of bone mineral density.
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Abstract: This study evaluated the changes in bone mineral density (BMD) and serum lipids across
the first postpartum year in lactating women compared to never-pregnant controls, and the in-
fluence of physical activity (PA). The study also explored whether N-telopeptides, pyridinoline,
and deoxypyridinoline in urine serve as biomarkers of bone resorption. A cohort of 18 initially
lactating postpartum women and 16 never pregnant controls were studied. BMD (dual energy
X-ray absorptiometry), serum lipid profiles, and PA (Baecke PA Questionnaire) were assessed at
baseline (4–6 weeks postpartum), 6 months, and 12 months. Postpartum women lost 5.2 ± 1.4 kg
body weight and BMD decreased by 1.4% and 3.1% in the total body and dual-femur, respectively.
Furthermore, BMDdid not show signs of rebound. Lipid profiles improved, with increases in high-
density lipoprotein-cholesterol (HDL-C) and decreases in low-density lipoprotein cholesterol (LDL-C)
and the cholesterol/HDL-C ratio at 12 months (vs. baseline). These changes were not influenced
by lactation, but the fall the Cholesterol/HDL-C ratio was influenced by leisure-time (p = 0.051,
time X group) and sport (p = 0.028, time effect) PA. The decrease in BMD from baseline to 12 months
in total body and dual femur, however, was greater in those who continued to breastfeed for a full
year compared to those who stopped at close to 6 months. Urinary markers of bone resorption,
measured in a subset of participants, reflect BMD loss, particularly in the dual-femur, and may reflect
changes bone resorption before observed changes in BMD. Results provide support that habitual
postpartum PA may favorably influence changes in serum lipids but not necessarily BMD. The benefit
of exercise and use of urinary biomarkers of bone deserves further exploration.

Keywords: bone density; bone resorption markers; HDL-C; LDL-C; lipid profile; cardiovascular
disease; exercise; aerobic fitness

1. Introduction

Pregnancy and lactation are characterized by a variety of physiological changes in the
mother, including changes in bone mineral density (BMD) and lipid profiles. Extensive
research has found significant decreases in BMD [1–3] and increases in plasma cholesterol
and triglyceride concentrations throughout the gestational period [4–6]. While maternal
adaptation, including increased absorption of intestinal calcium [7] and changes in lipid
metabolism [8], help ensure supply of calcium and lipid to the fetus and placenta for steroid
hormone synthesis during pregnancy, the persistence of reduced BMD and elevated serum
lipids and triglycerides (TG) during the postpartum period can become risk factors for
lactation-induced osteoporosis [9] or cardiovascular disease [10].
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According to the Institute of Medicine, lactating women provide two-to-three times
more calcium to their infant through breast milk during the first 6 months of breastfeeding
than during the entirety of pregnancy [11]; this results in significant alterations in maternal
calcium metabolism to maintain serum calcium within the normal range [7,12]. While
increased intestinal calcium absorption helps accommodate these demands during preg-
nancy, the primary mechanisms of calcium conservation during lactation include renal
resorption via the distal tubules, skeletal demineralization, and bone resorption [7]. Addi-
tionally, studies have found that neither calcium intake nor supplementation influences
lactation-induced BMD loss [13–15], highlighting that these changes are physiologically
driven. Previous research has found inconsistent results regarding the impact of lacta-
tion on BMD loss and its subsequent recovery that may vary by skeletal site and length
of lactation. Several studies observed significant decreases in BMD from baseline in
women lactating at least 3 to 6 months [1–3,16–19] with those who breastfed more than
4 to 6 months experiencing greater bone loss than those that weaned earlier [1–3,16,20,21].
In longitudinal studies with mostly young, healthy, Caucasian mothers, BMD was shown
to decrease ~2 to 7.5% during the first 4–6 months of lactation in the lumbar spine and/or
hip [2,3,13,16,18–20,22–24], 0 to 5% in the forearm radius [13,16,19,22,24], and 0 to 3% of
the total body BMD [2,3,13,18,19,24]. Although most BMD loss within the first 6 months
has been observed to approach complete recovery following weaning [2,22,25–30], some
studies have found that lactation past 6 months is associated with only partial recov-
ery [1,16,19,20,31], which suggests that extended lactation can delay the return of BMD
to baseline levels. As a result, limited research has focused on the impact of exercise on
lactation-related bone loss, with several studies supporting an association between exercise
and reduced bone loss [32–34] and others reporting no significant difference [17,20,35]. To
our knowledge, no studies have used emergent urinary markers of bone resorption such as
n-telopeptides (NTX) [36], pyridinoline (PYD), or deoxypyridinoline (DPYD) [37] to help
better understand the dynamic changes in bone that occur postpartum.

Changes in serum cholesterol and lipid profiles may also be of concern postpartum.
Lipid metabolism adapts during pregnancy to transport adequate cholesterol to the placenta
and developing fetus, which supports steroid hormone synthesis and fetal nervous system
development. These changes promote maternal fat accumulation during the first two
trimesters and enhance the breakdown of fat depots during the third trimester, resulting in
hypercholesteremia [8]. While it is well-recognized that cholesterol and TG are elevated
during pregnancy due to the aforementioned changes in lipid metabolism, independent of
dietary patterns [38], less is known during lactation. The persistence of atherogenic lipid
concentrations postpartum has been investigated as a potential predictor of cardiovascular
disease risk with research suggesting that lactation may help mitigate elevated plasma
cholesterol and TG in postpartum mothers [39,40]. Several studies found that total serum
cholesterol and triglyceride concentrations significantly decrease with at least 2 to 6 months
of lactation [39,40]. More specifically, a study conducted by Kallio et al. found that total
serum cholesterol, LDL-C and HDL-C, and TG all returned to baseline concentrations after
one year of exclusive lactation [39]. Limited research has explored the effect of exercise
on lipid profiles. For example, a randomized controlled trial by Lovelady et al. [41] found
modest increases in HDL-C in women assigned to an aerobic exercise intervention in
comparison to sedentary controls but found no changes in other lipid values. Another
study that investigated the impact of both diet and exercise on cardiovascular risk factors
and weight loss during lactation found no effect of exercise on blood lipids independent of
an energy-restricted dietary intervention intended for weight loss [42].

Currently, there is a lack of cohesive research evaluating BMD and/or lipid profile
changes across lactation and during postpartum and the potential influence of physical
activity, exercise and aerobic fitness during this period. Therefore, the present study aimed
to investigate changes in BMD and serum cholesterol and TG across the first postpartum
year in lactating women relative to age-matched never-pregnant controls We specifically
tested the hypotheses that (1) BMD would decrease during the first 6 months of lactation,
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followed by at least a partial rebound after weaning; and (2) that previously elevated serum
cholesterol and triglyceride concentrations would significantly decrease by 12 months of
lactation; Secondary objectives were to evaluate whether habitual physical activity assessed
by questionnaire and aerobic fitness would positively influence changes in BMD and serum
lipid profile during the 12 months postpartum and explore the use of urinary NTX, PYD,
and DPYD as markers of bone resorption during lactation.

2. Materials and Methods

This analysis contains longitudinal data collected as part of a study that evaluated
the effect of appetite-regulating hormones on body weight retention in lactating moth-
ers [43] and the presence of appetite-regulation hormones in breast milk [44]. Participants
were recruited through flyers posted within the community, university, and doctors’ of-
fices. Eligibility criteria included age over 18, singleton birth, 4–6 weeks postpartum, and
intentions to fully breastfeed for one year. Participants were excluded if they smoked,
had pregnancy complications (e.g., gestational diabetes, preeclampsia), had preexisting
kidney, liver, hormonal, stomach, intestine, lung, heart, or blood disease, were taking
prescription or over-the-counter medications or herbal supplements, or had a history of
anxiety, depression, disordered eating, alcoholism or substance abuse. Twenty-four healthy
primiparous women and 20 never-pregnant controls were initially enrolled and provided
written, informed consent. Of these, 18 postpartum women and 16 never-pregnant controls
completed the one year follow up and were used in the current analysis.

2.1. Laboratory Measurements

Measurements were taken at baseline (4 to 6 weeks postpartum), and at 6 and 12 months
postpartum in participants and at corresponding time points in control women. At each visit,
maternal anthropometrics and body composition/bone density analysis (by dual energy X-ray
absorptiometry scan, DXA) were performed, and blood was collected for analysis of serum
lipids. Urine was collected in a subset of postpartum (n = 14) and control (n = 8) women for
analysis of urinary markers of bone resorption Physical activity questionnaires were collected
at all time points, and a maximal oxygen uptake test (VO2max) to assess aerobic fitness was
conducted at 12 months. Study visits were scheduled in the follicular phase of the menstrual
cycle (1–9 days after the start of menstruation) for never-pregnant control women and for
postpartum women who had resumed their menstrual cycles at the 6 and 12 month visits.

2.2. Assessment of Anthropometrics and Bone Mineral Density

Participants were measured without shoes and in light clothing. Height was measured
using a stadiometer (Invicta Plastics, Leicester, UK) with weight measured on a digital
scale (Tanita, Tokyo, Japan). A Gulick tape measure was used to measure maternal hip
and waist circumference. Hip circumference was defined as a horizontal measure taken
at the maximum circumference of the buttocks [45]. Waist circumference was defined as
the narrowest part of the torso above the umbilicus and below the xiphoid process [45].
Bone density and body composition were assessed by DXA (Lunar Prodigy, GE Healthcare,
Fairfield, CT). Participants were placed in the supine position, and instructed to lay still
on the X-ray table while the fan-beam scanner made a series of transverse scans from
head to toe in (0.6- to 1.0-cm) intervals. Three scans were performed: total body, lumbar
spine (L1–L4), and dual femur (hips; femoral neck and trochanter). Scans were analyzed
utilizing manufacturer-provided software (encore Software v13.6) and standardized for
the evaluation of adults. Standardized t-scores, matched against a healthy 30-year female
population were recorded for all sites when calculated by the software.

2.3. Serum Lipid Profiles

At each testing point, blood for analysis of serum triglycerides (TG), total cholesterol,
high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C)
and very low-density lipoprotein cholesterol (VLDL-C) was collected into serum gel tubes
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and centrifuged between 30 and 120 min of draw time and kept refrigerated until anal-
ysis. Analysis was performed by a commercial laboratory (Regional West Laboratories,
Scottsbluff, NE, USA) using standardized procedures. Specifically, TG, total cholesterol and
HDL-C were measured by spectrophotometry and LDL-C and VLDL-C were calculated
using the Friedewald equation.

2.4. Markers of Bone Resorption

Urine samples were collected in the morning (first-morning void) after an overnight fast
for analysis of markers of bone resorption including NTX, a general marker of bone-resorption,
PYD, a general marker of collagen degradation, and DPYD, a sensitive and specific marker of
bone-specific collagen degradation/bone resorption [37] in a subset of postpartum (n = 14)
and control (n = 8) women. Urine samples were immediately frozen (without preservatives)
and later analyzed for the aforementioned markers using chemiluminescent immunoassay
(NTX, Mayo Clinic Laboratories, Rochester, MN, USA) and high-performance liquid chro-
matography (PYD, DPYD, ARUP Laboratories, Salt Lake City, UT, USA) by a commercial
laboratory (Regional West, Scottsbluff, NE, Powered by Mayo Clinic Laboratories). Values
were normalized to urinary creatinine to account for the variation in urinary concentrations be-
tween individuals. Urinary creatinine concentration was analyzed via enzymatic colorimetric
assay (Mayo Clinic Laboratories, Rochester, MN, USA).

2.5. Assessment of Habitual Exercise and Aerobic Fitness

Habitual PA was assessed using the Baecke Physical Activity Questionnaire at each
time point. The Baecke questionnaire is a validated assessment tool that categorizes PA
into sport, work, and leisure-time activity, and has been shown to be a reliable predictor of
habitual PA [46]. Cardiovascular fitness was determined during a walking VO2max test on
the treadmill as previously described [43]. Briefly, after a 2 min warm up, the test began
with participants walking at 1.1 m/s at 0% grade for one minute. Speed and/or grade
was increased each minute in increments appropriate for non-athletic subjects of varying
fitness levels to achieve maximal effort within 12–15 min. Heart rate (HR) and rating of
perceived exertion (RPE; modified Borg scale) were recorded at the end of the third, sixth,
and ninth stages, and at every stage following the ninth. The test was terminated when
the participant reached volitional exhaustion. Cardiorespiratory data were collected at 20 s
intervals using a computerized system (PARVO, Sandy, UT, USA), O2 and CO2 analyzers,
and a 5 L mixing chamber. To determine if VO2max had been attained, at least two of the
following criteria had to be satisfied; Plateau in VO2, HR within 10 beats of age-predicted
max HR (208 − (0.07 × age)) [47], or respiratory exchange ratio (RER) greater than 1.1 and
RPE of ≥ 18.

2.6. Menstrual and Lactation Logs

Participants were instructed to keep records of menstrual cycles and lactation fre-
quency throughout the study. Postpartum women were encouraged to breastfeed for a
minimum of one year; however, the frequency and duration of lactation were recorded
using lactation logs. Menstrual cycle logs were used to determine a return of menses at
6 and 12 months. This information was used to facilitate scheduling of follow-up visits
during the follicular phase. Lactation duration and menstrual cycle status were used as
group variables in statistical analysis as explained below.

2.7. Statistical Analysis

Data were analyzed using SPSS software (Version 26; SPSS Inc., Chicago, IL, USA). Val-
ues are reported as mean ± SEM plus data range for all variables except those determined
to be highly skewed (skewness <−1 or >1); skewed variables are reported using the median
with data range. Differences between body mass, body composition, bone mineral density,
serum lipids, and habitual PA between lactating and never pregnant controls were analyzed
using independent sample t-tests. Changes in BMD, urinary bone resorption markers (sub-
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set), and serum lipids across time were evaluated by repeated-measures ANOVA to test for
time (baseline, 6 month, and 12 month) and time X group (postpartum vs. control) effects
for these and other key variables including PA during the 12-month study period. Paired
t-tests corrected for multiple comparisons were used to determine differences between
baseline and 6 months and baseline and 12 months when a significant time effect was
observed. PA and aerobic fitness were added to ANOVA models of postpartum women as
a cofactor for variables that changed over time. Independent sample t-tests were used to
evaluate change in key variables from baseline to 6 months and baseline to 12 months in
postpartum women who continued to lactate compared to those who discontinued lactation
and to compare women who had a return of their menstrual cycle by 6 months compared
to those who did not. Associations between habitual PA and VO2max and the change in
BMD and urinary markers were evaluated using Pearson product moment correlations.
Statistical significance was set at p ≤ 0.05 unless otherwise specified.

3. Results

3.1. Missing Data

At baseline, hip and waist circumferences were missed for one lactating participant
due to recording error. Blood for analysis of lipid profile was missed in 1 control and
2 lactating participants. All data at the six-month collection were missed for one control
participant with a scheduling conflict. VO2max data at 12 months could not be obtained
from 2 postpartum participants, 1 due to being diagnosed with ataxia oculomotor apraxia
type II and one due to computer malfunction. Complete total body t-scores were miss-
ing for 2 control and 4 lactating women, complete dual femur t-scores were missing for
4 lactating and control women, and complete lumbar spine t-scores were unavailable for
4 control and 7 lactating women. Incomplete t-scores were present in control and postpar-
tum women who were <21 years old, absent due to a scheduling conflict, or when t-scores
were not computed by DXA software.

3.2. Body Mass and Body Composition

The 18 postpartum women who completed the study reported weighing 63.7 ± 1.9 kg
before pregnancy, gaining 16.0 ± 1.1 kg during pregnancy and delivering term babies which
weighed 3.3 ± 0.1 kg at birth. The characteristics of body composition for the postpartum
and never-pregnant participants at each time point are shown in Table 1.

At baseline, differences were not detected in age or anthropometric variables except for
waist circumference and percent body fat, which was higher (p < 0.001) in the postpartum
group as previously reported [43]. During the 1-year follow-up, lactating women lost
5.2 ± 1.4 kg and experienced reductions in body fat and waist circumference, whereas the
control women remained relatively weight stable (Table 1). The majority of loss in weight,
waist circumference, and body fat occurred during the first six months postpartum. At
12 months, body composition did not differ between groups (p < 0.05).

3.3. Bone Mineral Density and Markers of Bone Resorption
3.3.1. BMD at Dual-Femur, Spine and Total Body

Bone mineral density at all sites for control and postpartum women is summarized
in Table 2 and Figure 1. BMD of total body, dual femur or spine did not differ between
postpartum and control women at baseline (p = 0.62, p = 0.58, and p = 0.42, respectively).
At baseline, two women in the control group and two in the lactating group had evidence
of osteopenia (t-score between −1 and −2.5) in the dual femur, and one of the same
controls had evidence of osteopenia in the spine. During the one year follow up, total
BMD decreased by 1.4 ± 0.5% and hip BMD decreased by 3.1 ± 0.9% in the postpartum
group with changes of +0.2 ± 0.3% and −2.2 ± 1.3% in controls. Although average spine
BMD decreased by 2.0 ± 2.3% in the postpartum and 2.2 ± 2.9 in controls (Figure 1), these
changes were highly variable among individuals in both groups and did not differ by time
or time X group (p = 0.19 and p = 0.96, respectively).
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Table 1. Anthropometric Characteristics in Lactating (n = 18) and Control (n = 16) Women.

Baseline 6 Months 12 Months p Value

Age (years)
Control

26.4 ± 1.4 - -
-(19–38)

Lactating 27.9 ± 1.5 - -
(19–38)

Height (cm) Control
169.0 ± 1.4 - - -(160.0–178.5)

Lactating 167.7 ± 1.8 (154.1–179.2) - -

Weight (kg)
Control

68.0 ± 2.2 69.1 ± 2.3 67.9 ± 2.5

* p = 0.019(55.4–86.1) (55.6–87.4) a (54.2–92.2)

Lactating 70.8 ± 2.2 66.8 ± 2.3 65.6 ± 2.3
(52.8–92.3) (48.5–85.2) 1 (48.2–86.6) 2

BMI (kg/m2)
Control

23.9 ± 0.7 24.2 ± 0.7 23.7 ± 0.8

* p = 0.026(19.5–30.0) (20.3–30.2) a (19.0–32.2)

Lactating 25.0 ± 0.8 23.6 ± 0.9 23.0 ± 0.9
(20.3–32.9) (19.0–32.0) 1 (18.4–33.1) 2

Waist Circumference (cm)
Control

81.5 81.1 80.3

* p = 0.027(68.0–101.0) (72.5–104.0) a (29.5–106.0)

Lactating 93.5 83.8 80.5
(77.0–107.0) b (32.0–109.4) (71.5–105.4) 2

Hip Circumference (cm)
Control

99.0 ± 1.9 102.3 ± 1.4 97.7 ± 4.4

* † NS
(84.5–110.0) (92.7–110.6) a (37.5–115.0)

Lactating 104.5 98.8 99
(85.5–118.0) b (37.5–117.2) (86.6–120.7)

Body Fat (%)
Control

34.2 ± 1.8 36.0 ± 1.5 34.5 ± 2.0

* p = 0.007(18.0–44.8) (26.1–44.1) a (15.4–46.4)

Lactating 38.9 ± 1.4 36.0 ± 1.7 34.5 ± 1.9
(26.5–47.0) (24.4–52.3) 1 (22.5–52.9) 2

Results reported as mean ± SEM (range); a missing data due to scheduling conflict (n = 1) or b recording error
(n = 1); * significant time X group interaction by repeated measures ANOVA; † significant time effect by repeated
measures ANOVA; 1 significant difference by paired t-test 6 months vs. baseline (p < 0.025); 2 significant difference
by paired t-test 12 months vs. baseline (p < 0.025); NS = no significant time or time X group effect by repeated
measures ANOVA.

Table 2. Bone Mineral Density in Lactating (n = 18) and Control (n = 16) Women.

Bone Density Baseline 6 Months 12 Months p Value

Total Body (g/cm2)
Control

1.17 ± 0.02 1.16 ± 0.02 1.17 ± 0.02

* p = 0.011(1.07–1.27) (1.06–1.27) a (1.07–1.28)

Lactating 1.16 ± 0.01 1.15 ± 0.01 1.14 ± 0.01
(1.08–1.31) (1.07–1.24) (1.04–1.23) 2

Spine (g/cm2)
Control

1.17 ± 0.04 1.15 ± 0.04 1.14 ± 0.03

* † NS
(0.94–1.41) (0.82–1.39) a (0.93–1.40)

Lactating 1.20 ± 0.03 1.18 ± 0.03 1.17 ± 0.01
(0.99–1.34) (0.96–1.46) (0.81–1.40)

Dual Femur (g/cm2)
Control

1.06 ± 0.03 1.05 ± 0.03 1.04 ± 0.03

† p = 0.014(0.85–1.33) (0.84–1.24) a (0.84–1.19)

Lactating 1.03 ± 0.02 0.99 ± 0.02 1.00 ± 0.03
(0.87–1.21) (0.82–1.13) 1 (0.85–1.15) 2

T-scores Total Body
Control

0.59 ± 0.19 0.56 ± 0.21 0.54 ± 0.20

† p = 0.041(−0.5 – 1.7) c (−0.8 – 1.8) ac (−0.7 – 1.9)

Lactating 0.49 ± 0.17 0.29 ± 0.16 0.22 ± 0.13
(−0.5 – 2.3) d (−0.7 – 1.4) bc1 (−0.6 – 1.3)

T-scores Spine
Control

0.41 ± 0.28 0.28 ± 0.30 0.31 ± 0.32

* † NS
(−2.1 – 1.8) c (−2.0 – 1.6) ad (−2.2 – 2.3) d

Lactating 0.35 ± 0.17 0.16 ± 0.26 0.18 ± 0.22
(−0.9 – 1.2) e (−1.2 – 2.1) be1 (−1.7 – 1.7) c

T-scores Dual Femur
Control

0.45 ± 0.23 0.29 ± 0.26 0.06 ± 0.22

† p = 0.009(−1.3 – 1.7) c (−1.4 – 1.8) ad (−1.3 – 1.4) d

Lactating 0.25 ± 0.20 −0.18 ± 0.17 −0.12 ± 0.17
(−1.1 – 1.6) d (−1.2 – 1.0) bc1 (−1.1 – 1.1)2

Results reported as mean ± SEM (range); a missing data due to scheduling conflict (n = 1) or b (n = 2); c missing
t-score (n = 1) or d (n = 2) or e (n = 3); * significant time X group interaction by repeated measures ANOVA;
† significant time effect by repeated measures ANOVA; 1 significant difference by paired t-test 6 months vs.
baseline (p < 0.025); 2 significant difference by paired t-test 12 months vs. baseline (p < 0.025); NS = not significant.
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Figure 1. The change in total body (panel A), dual-femur panel B) and lumbar spine (panel C)
BMD in lactating verses never-pregnant controls. BMD in total body (time X group interaction,
p = 0.011) and dual femur (time effect, p = 0.014) decreased from 4 to 6 weeks (baseline) to 12 months
postpartum. No differences across time were observed for BMD of the spine. * p < 0.025 vs. baseline
by paired t-test.
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3.3.2. Biochemical Markers of Bone Resorption

Markers of bone resorption for control and postpartum women are summarized in
Table 3. At baseline, urinary PYD and DPYD concentrations were higher in the postpartum
compared to the control women (p < 0.001) with trends for a higher NTX (p = 0.07) and
lower DPYD/PYD ratio (p < 0.01). All markers changed across time with a significant time
X group interaction only for PYD, DPYD, and the PYD/DPYD ratio (Table 3). NTX, PYD
and DPYD concentrations at baseline were predictive of greater absolute (data not shown)
and percent deficits in dual-femur BMD from baseline to 6 months (r = 0.49, 0.52 and 0.62,
respectively, p < 0.05) in the full group (n = 22) with similar patterns in the postpartum
group only (r = 0.41, p = 0.15; r = 0.56 and 0.74, p < 0.05, respectively).

Table 3. Urinary Biochemical Markers of Bone Resorption in a Subset of Lactating (n = 8) and Control
(n = 5) Women.

Baseline 6 Months 12 Months p Value

NTX
(nM BCE/mM creatinine)

Control
67.1 ± 11.1 54.3 ± 6.7 46.6 ± 3.4

† p = 0.007(25–121) (26–76) (31–57)

Lactating 101.1.6 ± 14.0 101.1 ± 8.0 73.8 ± 7.0
(34–219) (66–156) (28–124)2

PYD
(μmol/mol creatinine)

Control
46.5 ± 4.5 47.7 ± 3.7 50.7 ± 3.7

* p = 0.000(34.3–72.8) (34.6–64.4) (38–69.6)

Lactating 151.3 ± 11.8 80.4 ± 5.5 69.0 ± 4.4
(101.5–266.7) (59.4–119.9) 1 (43.4–100.7) 2

DPYD
(μmol/mol creatinine)

Control
13.9 ± 1.4 14.4 ± 1.4 14.8 ± 1.3

* p = 0.021(8.8–20.9) (8.4–18.9) (9.0–20.6)

Lactating 34.3 ± 2.7 26.9 ± 2.0 23.1 ± 1.7
(23.2–64.4) (18.4–37.8) 1 (14.2–32.7) 2

DPYD/PYD Ratio
Control

0.31 ± 0.01 0.31 ± 0.01 0.29 ± 0.01

* p = 0.000(0.25–0.42) (0.23–0.34) (0.24–0.32)

Lactating 0.23 ± 0.01 0.33 ± 0.01 0.33 ± 0.01
(0.17–0.36) (0.25–0.44) 1 (0.27–0.42) 2

NTX, N-telopeptide PYD, pyridinoline; DPYD, deoxypyridinoline. Results reported as mean ± SEM (range);
* significant time X group interaction by repeated measures ANOVA; † significant time effect by repeated measures
ANOVA; 1 significant difference by paired t-test 6 months vs. baseline (p < 0.025); 2 significant difference by paired
t-test 12 months vs. baseline (p < 0.025); NS = no significant time or group effect by repeated measures ANOVA.

3.4. Serum Lipids

Fasting serum TG and cholesterol concentrations at baseline, 6 months, and 12 months
are summarized in Table 4. At baseline, no differences were observed between cholesterol
(p = 0.42), HDL-C (p = 0.33), LDL-C (p = 0.12), VLDL-C (p = 0.60) or triglyceride concentra-
tions (p = 0.57) nor the Cholesterol/HDL-C ratio (p = 0.33) between lactating and control
women. However, one woman in the control group and 4 in the postpartum group had
serum cholesterol concentration of ≥200 mg/dL. Four and 6 control women and 6 and
9 postpartum women had LDL-C and HDL-C concentrations, respectively, that were out
of the optimal ranges of <100 mg/dL and >50 mg/dL [48]. During the first postpartum
year, women experienced an overall improvement in lipid profile with significant increases
in HDL-C concentration and decreases in the cholesterol/HDL-C ratio by 6 months and
decreases in LDL-C concentration at 12 months. The control women were observed to
have improvements in total and HDL-C during the study period. Changes in VLDL-C and
triglyceride concentrations were not observed in either group.

3.5. Aerobic Fitness and Physical Activity

Reported habitual PA at baseline, 6 months, and 12 months and VO2max at 12 months
are shown in Table 5. Total PA and PA associated with work, sport and leisure-time indices
did not differ between lactating and control women at baseline and did not change in either
group over time. Therefore, the total Baecke score and the work, sport, and leisure-time
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indices at all time points were averaged and used for further analysis. All women except
one postpartum participant met the criteria for an acceptable VO2max test at 12 months.
VO2max was highly variable among control (19.9 to 97.5 percentile) and lactating women
(15.1 to 95.7 percentile) [45] but was not different between groups. VO2max was found to
correlate with the Baecke sport index (r = 0.523, p < 0.01) but not with the work (r = 0.002),
leisure-time (r = −0.13) or total Baecke score (r = −0.20) (p > 0.05). Results were not affected
by the participant who did not have an acceptable VO2max test.

3.6. Effect of Habitual Exercise, Lactation and Return of Menses
3.6.1. Habitual exercise and Aerobic Fitness

In postpartum women, measures of PA including VO2max, total Baecke score, or work,
sport or leisure-time indices did not influence change in BMD across the first postpartum
year. The decrease in the Cholesterol/HDL-C ratio was positively influenced by PA during
leisure-time (time X group effect (p = 0.051, time X group) and sport (p = 0.028, time effect).
No other interactions were observed.

Table 4. Cholesterol and Triglyceride (TG) Concentrations in Lactating (n = 18) and Control
(n = 16) Women.

Baseline 6 Months 12 Months p Value

Cholesterol (mg/dL)
Control

163.1 ± 6.5 186.3 ± 7.5 183.8 ± 8.4

* p = 0.002(108.0–208.0) b (154.0–253.0) a1 (133.0–270.0) 2

Lactating 171.6 ± 8.0 165.6 ± 5.8 157.2 ± 5.7
(115.0–227.0) b (130.0–204.0) (113.0–206.0)

HDL-C (mg/dL)
Control

51.1 ± 3.6 62.3 ± 4.7 59.3 ± 3.4

† p = 0.000(32.0–73.0) b (37.0–109.0) a1 (32.0–89.0) 2

Lactating 46.7 ± 2.6 53.7 ± 2.3 52.3 ± 2.1
(29.0–68.0) b (31.0–68.0) 1 (39.0–71.0)

LDL-C (mg/dL)
Control

91.7 ± 6.3 103.2 ± 6.6 104.3 ± 9.3

* p = 0.010(53–156) b (67.0–170.0) a (44.0–212.0)

Lactating 106.4 ± 6.8 95.6 ± 4.8 89.7 ± 4.1
(70.0–165.0) b (69.0–124.0) (58–122) 2

VLDL-C (mg/dL)
Control

19 21 19

* † NS
(10.0–49.0) b (9.0–36.0) a (10.0–45.0)

Lactating 18.6 ± 2.5 16.4 ± 1.8 15.2 ± 2.0
(10–47) b (9–39) (9–47)

TG (mg/dL)
Control

96 103 93.5

* † NS
(52.0–244.0) b (46.0–179.0) a (51.0–227.0)

Lactating 76.1 71 64.5
(50–234) b (43–195) (47–234)

Cholesterol/HDL-C Ratio
Control

3.1 2.8 2.9

† p = 0.001(2.1–6.5) b (2.1–6.0) a1 2.0–7.1)

Lactating 3.5 3 3
(2.7–6.7) b (2.4–6.0) 1 (2.4–3.8) 2

Results reported as mean ± SEM (range); a missing data due to scheduling conflict; b missing blood sample
collection (n = 1 control and 2 lactating); * significant time X group interaction by repeated measures ANOVA;
† significant time effect by repeated measures ANOVA; 1 significant difference by paired t-test 6 months vs.
baseline (p < 0.025); 2 significant difference by paired t-test 12 months vs. baseline (p < 0.025); NS = no significant
time or time X group effect by repeated measures ANOVA.

3.6.2. Lactation Duration

Nine of the 18 postpartum women (50%) continued to breastfeed for the full postpar-
tum year while nine had stopped before (n = 1) or shortly after the 6 month (n = 8) visit.
Those who continued to lactate for 12 months had a greater fall in BMD in the total body
(0.0311 ± 0.0092 g/cm2) and hip (0.0542 ± 0.0083 g/cm2) than those who had stopped
lactating (0.0028 ± 0.0048 g/cm2 and 0.0117 ± 0.0138 g/cm2, respectively (p < 0.05)). Dif-
ferences were not detected in the spine (p = 0.638). There was also no evidence of BMD
re-bound at 12 months in any site. In the subset with urinary bone resorption markers,
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those who continued to lactate (n = 8) had less of a fall in NTX (4.8 ± 10.6 vs. 57.3 ± 21.6 nM
BCE/mM creatinine), PYD (63.5 ± 12.2 vs. 107.4 ± 12.7 μmol/mol creatinine), and DPYD
(5.8 ± 2.7 vs. 18.5 ± 3.4 μmol/mol creatinine) than those (n = 6) who stopped earlier. There
were no differences observed for the change in serum lipid profile.

Table 5. Reported Physical Activity and Aerobic Fitness in Lactating (n = 18) and Control
(n = 16) Women.

Baseline 6 Months 12 Months p Value

Work Index
Control 2.5 ± 0.1

(1.6–3.5)
2.4 ± 0.1

(1.6–3.1) a
2.6 ± 0.2
(1.4–3.9) * † NS

Lactating 2.2 ± 0.2
(0.0–3.1)

2.3 ± 0.1
(1.6–3.3)

2.3 ± 0.1
(1.6–3.3)

Sport Index Control 3.7 ± 0.2
(2.3–4.5)

3.2 ± 0.2
(2.0–4.8) a

3.4 ± 0.2
(2.0–4.5) * † NS

Lactating 2.4 ± 0.2
(1.0–3.5)

2.5 ± 0.2
(1.3–3.8)

2.7 ± 0.2
(1.5–4.5)

Leisure Index
Control 3.6 ± 0.4

(2.5–10.0)
3.7 ± 0.3

(2.3–7.3) a
3.6 ± 0.4
(2.8–8.9) * † NS

Lactating 2.9 ± 0.2
(1.5–6.5)

2.8 ± 0.1
(2.0–3.5)

2.8 ± 0.1
(2.0–3.8)

Total Baecke Score
Control 9.8 ± 2.2

(7.3–16.8)
9.3 ± 1.6

(6.5–12.5.0) a
9.6 ± 2.2
(6.1–15.6) * † NS

Lactating 7.5 ± 0.4
(3.5–11.3)

7.6 ± 0.2
(5.4–10.3)

7.8 ± 0.3
(5.9–10.0)

VO2max
(ml/kg/min)

Control - - 37.9 ± 1.7
(24.2–50.9) -

Lactating - - 37.5 ± 1.5
(29.1–48.7) b

Results reported as mean ± SEM (range); a missing data due scheduling conflict (n = 1); b unable to complete aerobic
fitness test = 2); * = significant time X group interaction by repeated measures ANOVA; † = significant time effect by
repeated measures ANOVA; NS = no significant time or time X group effect by repeated measures ANOVA.

3.6.3. Return of Menses

Six of the 18 postpartum women (33%) had resumed menses by six months postpartum
whereas 12 (67%) resumed menses after six months, with 10 of the 12 not experiencing
menses by study end. The change in hip BMD from baseline to 12 months was positively
influenced by the return of menses in that those who had a return of menses before
6 months had a dampened fall in BMD in the hip (0.0047 ± 0.0148 g/cm2)) compared
to those who didn’t who experienced a greater fall in BMD (0.04709 ± 0.00994 g/cm2)
(p = 0.028). Resumption of menstrual cycle did not impact other areas of BMD or the change
in serum lipid profile.

4. Discussion

Physiological changes that occur following pregnancy and during lactation can have an
impact on bone health and cardiovascular risk. The current study evaluated the longitudinal
changes in BMD and serum lipids and TG across the first postpartum year in lactating
women relative to age-matched never pregnant controls. While results confirm previous,
somewhat inconsistent findings that observed decreases in BMD during lactation, they
further highlight that BMD rebound does not necessarily occur by 12 months in those
continuing to breastfeed, and that BMD loss occurs in never-pregnant controls regardless
of PA patterns. Results also add to the currently limited studies evaluating serum lipids
during postpartum and with lactation that demonstrate general improvements in HDL-C,
LDL-C and the cholesterol/HDL-C ratio independent of habitual PA. Additionally notable
was our exploratory observation in a subset of participants that urinary biomarkers of
bone resorption, namely NTX, DPYD and PYD, may help better understand changes in
BMD in the postpartum period. Overall these findings contribute to understanding of
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whether persistent reductions in BMD and elevated serum lipids postpartum increase risk
for osteoporosis and CVD later in life.

Our results specifically demonstrate the impact of breastfeeding on BMD in the
dual femur, lumbar spine, and total body, and support the concept that skeletal dem-
ineralization and bone resorption during lactation support the calcium demands of milk
production [10,49]. We chose to examine total body BMD, which overall contains a high
content of cortical bone, as well as the dual femur (hip) and lumbar spine that are rich in
trabecular bone. We found that the lactation-induced effect on maternal bone is particularly
pronounced in the total body [13,18,24,50,51] and hip [13,16,17,20,22–24,35,50,52–54]. The
calcium demand of producing breast milk, however, should theoretically have a greater
influence on trabecular bone because it has a higher turnover rate and is more metabol-
ically active than cortical bone [55]. In a 24-month longitudinal study, Hopkinson and
colleagues [18] found that women who breastfed for a longer duration experienced loss in
bone mineral accretion in cortical-rich sites but that trabecular-rich sites were the first to
recover from lactation-induced BMD loss. Several other well-controlled studies support
these findings [1,2,16,23,31].

The current study found that lactating women had an average decrease of 1.4% in
total body BMD from early (4–6 months) to 12 months postpartum, which was significantly
greater than the average total body BMD loss observed in the control group. The magnitude
of these lactation-induced changes in total body BMD is in agreement with previous
studies which have reported deficits ranging from 0.86 to 3% within the first 6 months of
lactation [2,13,18,19,24,50,53] but not in alignment with others that found no changes in
BMD during the first 3 months postpartum [35,49] and post-weaning [53]. Similar to the
current study, DXA was employed to measure BMD in the majority of previous studies.
However, variations in breastfeeding frequency, duration, time of weaning and sample size
may explain the discrepancy in results. To determine the clinical significance of this loss, we
further evaluated t-scores, which standardizeresults to those of healthy 30-year-old female
adults. Despite the significant reduction across the 12-months postpartum, osteopenia risk
(t-score <−1 and >−2.5) [56] was not immediately increased except in the spine of two
postpartum participants who had baseline t-scores in the lower range (0.7 and 0.9) that
dropped into the osteopenic range during the study (−1.2 and −1.3). The two lactating and
two control women who were at risk at baseline based on dual femur t-scores remained
at risk.

In addition, our results show an average decrease of 3.1% in dual femur BMD in
the postpartum group, which agrees with previous studies that found deficits ranging
from 2 to 7% [2,3,13,17,20,35,52–54]. Unlike BMD of total body, the decrease in dual femur
BMD occurred in both groups over the year of study follow up with the controls experiencing
an average decrease of 2.1%. These results align with existing research in postpartum women
that found initial recovery to originate in trabecular-rich sites, such as the dual femur, by
12 months [1,2,16,18,23,31]. Contrary to the majority of previous studies, we did not find a
significant decline in spine BMD [13,16,18,20,22–24,35,49–52,54,57,58], which may be due to
notable variation among individual women in both the postpartum and control groups. There
is also the possibility early postpartum changes in spine BMD (i.e., over the first 4 to 6 weeks),
before our baseline assessment, were missed. By comparison, bone loss occurs at an annual
rate of −1.8 to −2.5% in lumbar spine and −1.0 to −1.7% in the hip in the perimenopausal
period [59] and may be as high as −3.3% in the spine and −2.0% in the femoral neck following
menopause [60].

Although there was a slight average increase (1.01%) in dual-femur BMD during the
6- to 12-month period, this change was not statistically significant and could not be consid-
ered a rebound of BMD, as has been reported by many previous studies [61]. According
to a systematic review by Grizzo et al. [61], the majority of BMD loss occurs during the
first 6 months of lactation with several studies demonstrating complete or almost complete
recovery to baseline levels at all skeletal sites measured post-weaning. However, other
studies only showed partial recovery to pre-pregnancy BMD levels, especially in those who
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lactated for more than 6 months [1,16,18–20,31]. A well-controlled study by Cross et al. [49]
found that spinal BMD lost during lactation was regained approximately 3 months after
weaning, regardless of the duration of breastfeeding. Other research suggests that recovery
of BMD is site specific and takes as long as 6 to 7 months post-weaning for sites such as
the hip [18,62]. Given that 50 percent of our participants were still lactating at 12 months,
a rebound in BMD by study end may not be expected. The mechanism of bone recovery
after lactation is unknown, but reestablishment of ovarian hormones leading to resumption
of ovulation and decreased prolactin (PRL) production following weaning may influence
recovery [63]. Not surprisingly, the fall in BMD from baseline to 12 months in the total body
and dual femur was greater in those who continued to breastfeed for a full year compared
to those who stopped lactating earlier, which at least in the hip was related to the return of
menstrual function and estrogen cycling in women who ceased breastfeeding. Additionally,
we found no evidence supporting a beneficial effect of habitual PA (either from sport, work
or leisure-time) or aerobic fitness on change in postpartum BMD or the propensity for BMD
rebound. From previous studies, a beneficial effect of physical activity is inconsistently
observed. Previous observational studies by Little et al. [35] and Sowers et al. [20] reported
no association between exercise and dampened BMD loss over 12 months in lactating
women who participated in self-selected exercise. In contrast, two more recent random-
ized controlled trials found that those assigned to an exercise intervention group (which
included both resistance and aerobic exercise training) experienced less BMD loss in the
lumbar spine, but not the total body or hip, than those in the control group [32,33].

A secondary purpose of the current study was to evaluate the usefulness of urinary
biochemical markers of bone resorpton in postpartum, lactating women. We showed,
in a subset of participants, that all urinary markers including NTX, PYD and DPYD de-
creased from early to 12 months postpartum. NTX is a urinary amino-terminal cross-linking
telopeptide of type I collagen whereas urinary DPYD is derived from proteolytic hydrolysis
of collagen found in bone, and PYD is a less specific marker of bone as well as cartilage, ten-
don, and blood vessels [37]. As these markers are byproducts of bone remodeling that can
be detected in urine, the reduced urinary concentrations across ~one to six and 12 months
postpartum is indicative of decreased bone resorption across this same time period. The
increase in the DPYD/PYD ratio, however, suggests that a proportion of this reduced
resorption may be from collagen that is not necessarily specific to bone. Additionally, our
finding that baseline NTX, PYD, and DPYD concentrations were predictive of changes
in dual-femur BMD during the first six months postpartum suggest that these markers
could be useful in future studies of pregnant and postpartum women, or at other times
when younger women may be at risk for increased bone resorption. Urinary markers are
thought to be a more cost-effective and obtainable measures of BMD and are more reflective
of current bone status as compared to DXA, which provides only a static snapshot of
BMD [36]. Thus, in clinical settings like the current, where BMD values show no observable
signs of rebound, urinary markers may be useful to further explore the changes in skeletal
demineralization and bone resorption in association with weaning and/or the return of
menses that occur before observed changes in BMD. Use of these markers, however, need
to be further evaluated for sensitivity and specificity as not all findings in our control
women, including the fall in NTX concentration in light of stable PYD and DPYD, can be
easily explained.

A second major objective of this study was to investigate changes in cholesterol and
lipid profiles in the year following childbirth and throughout lactation. While hypercholes-
terolemia is common during gestation due to changes in lipid metabolism [8], a persistent
elevation of atherogenic lipid concentrations postpartum may increase cardiovascular
disease risk with research suggesting that lactation may help mitigate elevated plasma
cholesterol and TG in postpartum mothers [39,40,64]. Little is known about the effect of
postpartum exercise. Our results are in partial support of both our initial hypothesis and
limited previous research that found a reduction in both total serum cholesterol and LDL-C
following at least two to six months of lactation [10,40,65]. While we observed decreases of
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−8.4% and −15.7% in total serum cholesterol and LDL-C concentrations, respectively, in
the postpartum group, only the drop in LDL-C was significant and not until 12 months
postpartum. The changes in total cholesterol were highly variable among both postpartum
and control women, as were the changes in TG which did not change throughout the study
in either group. This is in contrast with existing research that demonstrated decreases in TG
during lactation [10,40,65] and could be attributed to the presence of confounding variables
in both the postpartum and control groups which include variations in dietary intake, body
weight and alcohol consumption. The current study, however, did observe a significant
improvement in HDL-C and cholesterol/HDL-C ratio which was evident by 6 months.
There is limited research surrounding the effects of exercise on expediting the return of
cholesterol and TG to baseline levels. An earlier study by Lovelady et al. [41] found a
slight increase in HDL-C in lactating women assigned to an exercise intervention when
compared to the non-exercising control group. Our data support this, indicating that both
Leisure-time and Sport PA Indices were influential on the change in the cholesterol/HDL-C
ratio over the first postpartum year.

Although our study provides insight into the changes in BMD and serum lipid profile
during the first postpartum year, it is limited by a small sample size, absence of pre-
pregnancy data and a non-lactating postpartum group, time frame of follow up, and
methodological concerns of assessing PA by self-report questionnaire. The majority of
previous studies utilized sample sizes between 6 and 139 lactating women and between
9 and 98 controls. Our sample size was on the lower end, which did not allow us to simul-
taneously account for all potentially important cofounders (lactation duration, menstrual
cycle status, seasonality, etc.) in our repeated measures analysis models. Additionally, the
inclusion of a non-lactating postpartum group would have allowed for teasing out the effect
of lactation vs. childbearing on BMD and serum lipids. Unfortunately, recruitment of a
non-breastfeeding control group proved impossible because of the high breastfeeding initi-
ation rates of our state (>80%) (https://www.cdc.gov/breastfeeding/data/reportcard.htm
accessed on 24 January 2022). Most importantly, however, a longer duration of follow-up
which included testing pre-pregnancy, in earlier postpartum (several days after delivery),
and as far out as 18 or 24 months postpartum would have allowed us to better capture true
changes in BMD and serum lipids postpartum and determine the pattern of these changes
and presence of a true rebound to pre-pregnancy values. Finally, our assessment of PA was
limited because it addressed PA in general, albeit from sport, work and leisure-time, and
did not specifically address exercise intensity or differentiate between weight bearing vs.
non-weight bearing activity. Questionnaires, such as the Baecke PA Questionnaire, can be
subject to recall and social bias and while VO2max is commonly used to assess cardiovascu-
lar fitness, it is still influenced by genetics and does not account for how exercise habits
may have changed after giving birth. It is also important to consider that our participant
population consisted of relatively healthy and active women living in a university town,
which may have reduced the amount of variation necessary to detect a difference and limit
the generality of our findings.

5. Conclusions

Results of the present study confirm previous investigations which observed decreases
in BMD during lactation and highlight that BMD rebound does not necessarily occur by
12 months in women who continue to breastfeed into the latter part of the first postpartum
year. They, however, provide evidence that the overall lipid profile improves from early to
late postpartum, with significant increases in HDL-C concentration and decreases in the
cholesterol/HDL-C ratio by 6 months and decreases in LDL-C concentration at 12 months.
Breastfeeding status was observed to influence the change in BMD in the dual femur
and total body, whereas reported physical activity during sport and leisure heightened
the change in the Cholesterol/HDL ratio. The potential benefits of exercise and use of
urinary biomarkers of bone deserves further exploration during and following pregnancy
and lactation.
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Abstract: In light of the globally increasing prevalence of diet-related chronic diseases, new scalable
and non-invasive dietary monitoring techniques are urgently needed. Automatically collected digital
receipts from loyalty cards hereby promise to serve as an objective and automatically traceable digital
marker for individual food choice behavior and do not require users to manually log individual
meal items. With the introduction of the General Data Privacy Regulation in the European Union,
millions of consumers gained the right to access their shopping data in a machine-readable form,
representing a historic chance to leverage shopping data for scalable monitoring of food choices.
Multiple quantitative indicators for evaluating the nutritional quality of food shopping have been
suggested, but so far, no comparison has validated the potential of these alternative indicators within
a comparative setting. This manuscript thus represents the first study to compare the calibration
capacity and to validate the discrimination potential of previously suggested food shopping quality
indicators for the nutritional quality of shopped groceries, including the Food Standards Agency
Nutrient Profiling System Dietary Index (FSA-NPS DI), Grocery Purchase Quality Index-2016 (GPQI),
Healthy Eating Index-2015 (HEI-2015), Healthy Trolley Index (HETI) and Healthy Purchase Index
(HPI), checking if any of them performs differently from the others. The hypothesis is that some food
shopping quality indicators outperform the others in calibrating and discriminating individual actual
dietary intake. To assess the indicators’ potentials, 89 eligible participants completed a validated food
frequency questionnaire (FFQ) and donated their digital receipts from the loyalty card programs
of the two leading Swiss grocery retailers, which represent 70% of the national grocery market.
Compared to absolute food and nutrient intake, correlations between density-based relative food and
nutrient intake and food shopping data are stronger. The FSA-NPS DI has the best calibration and
discrimination performance in classifying participants’ consumption of nutrients and food groups,
and seems to be a superior indicator to estimate nutritional quality of a user’s diet based on digital
receipts from grocery shopping in Switzerland.

Keywords: food shopping quality indicators; FSA-NPS DI; dietary intake; diet monitoring; digital
receipts
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1. Introduction

The globally increasing prevalence of diet-related chronic diseases, including obesity,
diabetes and certain types of cancers, represents a growing burden for affected patients
and health-care systems alike [1–4]. Due to societal trends, such as urbanization and
the transformation of food systems toward more processed and convenience food items,
dietary patterns around the world show an increase in consumed (added) sugar, sodium,
saturated fats, and calorific energy [5]. These increases elevate the risks of diet-related
chronic diseases [6–8]. Besides the uptake of food items of low nutritional quality, the global
demand for meat, fish, and exotic fruits throughout the year takes a significant toll on
the planetary ecosystem as well [1]. To counter the global trend toward unhealthy and
unsustainable food choices, novel automatic and scalable monitoring tools are needed that
have the potential to help deal with the burden of unhealthy dietary patterns, monitor and
eventually improve food choices [9].

1.1. Conventional Diet Monitoring Approaches

To analyze an individual’s dietary pattern, dietitians and researchers typically rely on
self-reported and laborious dietary assessment approaches, such as seven-day weighed
food diaries or records, 24 h recalls and food frequency questionnaires (FFQs) [10–13].
Although individual dietary data collected in these ways have an accepted accuracy, the
required manual transcription is prone to recall biases and high attrition rates, particularly
when the data collection is conducted over longer periods of time [9,14–16]. The European
Food Safety Authority (EFSA) promoted the use of software-based applications for FFQs,
24 h recalls and food diaries to reduce the labor intensity of data collection [17]. Even so,
the user attrition and adoption in such self-tracking applications remain challenging. For
instance, manual diet logging apps (e.g., MyFitnessPal) are only actively used by 8% of
smartphone users [18]. In addition, collecting data on individual dietary behavior can be
expensive, especially within a validated setup, e.g., conducting FFQs under supervision or
assessing sodium excretion from 24 h urine collection or measuring micro-nutrient content
from blood samples.

Given that contemporary diet monitoring techniques suffer from short-lived retention,
memory bias, low acceptance and expensive costs, it is hard to conduct longitudinal studies
with a strong statistical power or even population-wide diet monitoring via self-reporting
dietary monitoring methods only. To allow for more inclusive and continuous food choice
monitoring, new scalable and automated food choice monitoring tools to substitute or
complement contemporary dietary monitoring approaches are needed.

1.2. Digital Receipts

With the proliferation of digital payments and loyalty cards, digital receipts from
grocery shopping can serve as a novel, scalable, automatically and continuously self-
updating monitoring tool for food choices [19,20]. Digital receipts can be seen as machine-
readable, electronic substitutes for their contemporary paper-based printed counterparts.
They are expected to be adopted around the globe over the next decade, as they promise
significant advantages with regard to environmental footprint [21] and mitigating tax
evasion [22,23], offering superior advantages and transparency for consumers [24].

Food shopping comprises a major part of people’s shopping in supermarkets. Assum-
ing that consumers eat a majority of the groceries which they buy with their loyalty cards,
there exists the possibility to infer individual eating behavior from the household shopping
records. Compared to conventional diet monitoring tools which focus on collecting individ-
ual dietary intake data, digital receipts do not require the laborious active logging of every
single meal, and all historic purchase records are available instantly. In addition to data
on purchased quantities and types of selected food items, information about expenditures
and corresponding timestamps is available. Compared to contemporary food monitoring
approaches, the multi-dimensional digital receipt dataset thus provides new possibilities to
explore further aspects of participants’ food choice behavior. These facets can include their
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favorite stores and shopping habits, their price sensitivity, their preferences for specific
brands, categories and flavors, or even their desire to purchase seasonably, regional or
sustainable products, all potentially relevant avenues for diet-related interventions.

Although representing partial data in a household context, digital receipts can serve
as a fully automated diet monitoring proxy for estimating individual food intake. An im-
portant distinction between digital receipts and the aforementioned contemporary diet
monitoring tools is that digital receipts usually represent the shopping behavior of a house-
hold rather than of an individual. This is because households, e.g., a family or a shared
flat, tend to share groceries and loyalty cards. Assessing household level food shopping
data to infer insights on individual food intake behavior results in lower but still accept-
able accuracy, compared to individual dietary monitoring tools (e.g., FFQs, food diaries,
bio-samples, such as blood or urine sampling). The challenges are manifold. First, food
shopping data are incomplete, and do not consider process factors such as food prepara-
tion, out-of-home consumption, delayed consumption and food waste [25,26]. Still, the
purchases from supermarkets usually represent the vast majority of dietary intake. For
example, in the case of sodium, which is the most often consumed via eating packaged
food products shopped from supermarkets, an estimation of 80% of its intake originates
from supermarket purchases [27]. Second, the conversion from household-level food shop-
ping data to individual diet behavior is challenging. Nevertheless, previous studies have
repeatedly demonstrated that applying statistical methods on the partial food shopping
data allows the inference of absolute dietary intake as well as relative distributions of indi-
vidual food choices [28,29]. Food purchases captured by receipts correlate with and can
predict individual dietary patterns [20,28,30–33], demonstrating moderate to strong agree-
ment [20,31,32,34–37]. The dietary calorific intake of a person correlates with the amount
of shopped energy-dense food products [34,35,37], or that obesity could be detected via
analyzing food shopping patterns [31]. More concretely, by assessing their relative dis-
tribution in terms of weight, calories or expenditures, household-level food shopping
data can be converted to individual level dietary intake estimates. These weight-based,
expenditure-weighted or calorie-weighted approaches thus implicitly assume that each
person in the household consumes similar proportions of the purchased food categories.
While this assumption might be justified for single and smaller households, it might lack
validity for very large households. Still, given the literature in the field, digital receipts can
be assessed as a scalable, non-invasive proxy for individual dietary intake behavior.

In the past, research in this field has been strongly limited by the restricted access to
digital receipt data. This is because considerable efforts are involved in collecting product
data and sample sizes are often small. A key aspect of monitoring food choices via digital
receipts is collecting a user’s electronic shopping history via loyalty cards, which previously
was often done manually via collecting printed paper receipts, or taking stock of home
inventory of shopped food items [19,28,29,38,39]. Because of the introduction of the General
Data Protection Regulation (GDPR) [40], millions of customers in the European Union
recently gained the right to access their digital receipts from loyalty cards. Consequentially,
researchers may obtain these data with their study subjects’ consents. Therefore, product
shopping, including food shopping recorded on loyalty cards, is now retrievable from data
processors (i.e., retailers and loyalty card providers). By itself, a digital receipt does not
contain any nutritional details of the purchased food products. To this end, food product
composition databases, which were mandated by the regulation on mandatory declaration
of food information for food items sold online (EU)1169 [41], allow the data fusion of digital
receipts and nutritional information on the shopped food products.

To objectively determine whether a shopping history record of a certain user indicates a
healthy behavior, validated quantitative indicators are needed to offer a normative, reliable
and interpretable basis for comparison between users, households, regions and retailers.
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1.3. Proposed Food Shopping Quality Indicators

Multiple quantitative food shopping indicators have been suggested to evaluate the
nutritional quality of food and beverage shopping records, including the Grocery Purchase
Quality Index-2016 (GPQI) [28] (designed and validated within the United States (US)),
the Healthy Trolley Index (HETI) [29] (designed and validated within Australia) and
the Healthy Purchase Index (HPI) [42] (designed and validated within France). These
three suggested indicators all assign the observed food items in the shopping data into
different food group categories, thereby allowing to estimate how balanced each respective
user’s shopping history is. Taking their respective local dietary guidelines as the golden
standards, these indicators might not necessarily be directly ’transferable’ to all regions,
but are valid in their respective geographies. In addition, the expenditure share of the
respective food groups was used in the calculation of these three indices in this study’s
digital receipt dataset from Switzerland to guarantee the compliance with respect to each
indicator’s corresponding index guidelines. In absence of food composition data, price-
based indicators might be an interim solution as suggested by the HETI, HPI and GPQI
indices. However, if available, shopped quantities in grams or milliliters or energy in
kilocalories (kcal) or kilojoules (kJ) would give a more accurate representation of the dietary
impact from the evaluated shopping records than price-based estimations. Additionally,
traditional diet indices can be used to evaluate food shopping behavior. The Healthy
Eating Index-2010 (HEI-2010) scores derived from food shopping data showed moderate
agreement and minimal bias with HEI-2010 scores from 24 h recalls [43]. Thus, using
food shopping data to calculate Healthy Eating Index-2015 (HEI-2015) [44], the latest
version of HEI, might be a feasible way of assessing nutritional quality from digital receipts.
Finally, the Food Standards Agency Nutrient Profiling System Dietary Index (FSA-NPS
DI) [45] can also be utilized to assess food shopping quality. Instead of assigning food to
different food groups and evaluating how compliant the baskets are to a certain dietary
guideline, FSA-NPS DI takes all food items into account, weighs them based on the calorific
contribution and focuses on the overall nutritional quality of the entire basket, in this case,
series of shopping baskets over the study’s observation period.

Despite the existence of multiple shopping indices, a published assessment validating
the calibration and discrimination potential of these indicators in a comparative environ-
ment does not yet exist. The calibration capacity of a model, or an indicator in this case, can
be reflected by how agreeable the prediction and actual outcomes are. The discrimination
capacity evaluates how well a model can perform in separating cases with and without
certain outcomes [46,47]. The main objective of this study is to compare the calibration
and discrimination ability of the aforementioned quantitative shopping indices, namely
FSA-NPS DI, GPQI, HEI-2015, HETI and HPI. Digital receipts that were automatically
captured from loyalty cards in Switzerland are used as the data for the calculation of the
five indicators. The results derived from the validated FFQs were taken as the objective
measurement and were what the food shopping quality indicators were used to calibrate
and discriminate. The hypothesis is that some of them perform significantly better than the
others in a general situation. The results should equip researchers, practitioners, and policy-
makers with the insights required to select one among the existing indices. The conclusions
might be relevant for researchers and practitioners who work on designing novel food
shopping quality indicators, monitoring systems or interventions in this domain.

2. Materials and Methods

This manuscript describes the first study comparing the calibration capacity and
validating the discrimination potential of multiple previously suggested food shopping
quality indicators for the nutritional quality of shopped groceries, including FSA-NPS DI,
GPQI, HEI-2015, HETI and HPI. To be more specific, the calibration capacity indicates how
closely the food shopping quality indicators calculated from digital receipts and the dietary
intake reflected by the FFQ results are correlated. The discrimination capacity shows how
well the food shopping quality indicators can distinguish people with different levels of
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dietary intake. In the following, the digital receipt integration, food composition database
and study design are introduced.

2.1. Digital Receipt Integration

The digital receipt infrastructure was implemented in Switzerland due to the avail-
ability of digital receipts from the loyalty card systems of the two leading supermarket
chains. To support the comparative analysis of the suggested quantitative food shopping
quality indicators, a technical setup was designed and implemented to allow the collection
of receipts from users who consented to participate in the study. The study was deployed
on the Bitsaboutme (BAM) online platform (see https://bitsabout.me/, accessed on 15
December 2021). BAM is a GDPR-compliant data marketplace service located in Switzer-
land, which allows users to request their own personal user data from data controllers and
store their data in an encrypted data vault. Just as data sources such as social media or
messaging services process personal data, financial transactions from bank accounts and
digital receipts are also considered as personal data by the GDPR. Hence, users of the BAM
service are able to retrieve their digital receipts from the two leading Swiss loyalty card
providers, namely Migros Cumulus and Coop Supercard. In this regard, Switzerland can be
considered an ideal region to validate quantitative food shopping quality indicators, as just
these two leading Swiss grocery chains, i.e., Migros and Coop, represent a sales share of
70% [48,49]. Additionally, the Swiss consumers can be considered frequent users of loyalty
cards. Taking Coop as an example, around 80% of Coop’s annual sales were achieved
with Supercard customers [50]. In this respect, Switzerland is comparatively ahead of
multiple countries. In regions other than Switzerland, digital receipts are also likely to
be implemented and adopted in the future due to the steadily increasing acceptance of
digital payment methods, such as credit cards and mobile payment, involving an expected
transition from paper to digital receipts. Thus, we believe that the results and implications
from carrying out this study in Switzerland can potentially be generalized toward other
regions as well.

Once users decide to donate their digital receipts to the study via the BAM service,
they need to agree to multiple opt-in consent forms before their historic and future receipts
can be integrated into the study (see Figure 1). To join the study, users had to opt in at
least four times before their digital receipts would become part of the sample analyzed
in this study. First, prospective study participants needed to be enrolled into at least one
of the two Swiss loyalty card systems. Consequentially, users needed to accept the terms
and conditions of at least one or even both of the loyalty card providers and opt-in toward
collecting digital receipts in a digital form. Second, prospective participants needed to
join the BAM service before they could participate in the study. Therefore, they needed
to agree to the terms and conditions of the BAM service so that the service could retrieve
their personal data from data controllers on their behalf. Third, users who already collected
digital receipts from their loyalty cards needed to consent to the BAM service retrieving
their digital receipts on their behalf from the loyalty card system providers directly. In one
case, i.e., Migros Cumulus, this is done by linking the corresponding online account, similar
to using a Facebook connect to hand over user data. In the other case, i.e., Coop Supercard,
a user needs to share email-based digital receipts with the BAM service. Only then can
a user’s up-to-two-year historic and new digital receipts, i.e., those that are created every
time a user buys groceries and uses the loyalty card(s) at the supermarket checkout from
now on, be automatically imported into the BAM service and stored in a standardized
form in the personal BAM data vault. Finally, a prospective user had to join our study,
which was displayed toward eligible users on the BAM service platform, and to donate
their digital receipts to the study.
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Figure 1. Participant on-boarding flow.

The study and its consent form were approved by the Ethics Committee of Swiss
Federal Institute of Technology in Zurich (ETH Zurich) with the protocol code 2019-N-134
on 15 October 2019, prior to the launch of the study. In particular, the study protocol
and the consent form on the BAM service required the anonymization of the donated
digital receipt data. Concretely, no directly identifying personal data such as names, email
addresses, phone numbers or loyalty card identifiers were shared by the BAM service with
the study. To ensure the anonymity of the data donors, even the shopping locations and
time of day were removed from the digital receipt dataset before the analyses conducted in
this manuscript. Thus, each receipt in the final digital receipt dataset donated by the N =
464 users of the BAM service who participated in the study (see Figure 2) only contained
a randomized study identifier of the respective user, the day of the year of the shopping,
the shopped quantity amount, the identifier of the food item that was bought, the price, and
potentially applied discounts. The possibility of re-identifying individual consumers from
a maliciously acquired copy of the anonymized dataset was communicated to prospective
study participants in the consent form and considered as an acceptable study risk, given
the contribution of the study.
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Figure 2. The procedure of excluding ineligible participants.

2.2. Food Composition Database

When using digital receipts as proxies for food choices, a common challenge is map-
ping food products captured via printed or digital receipts to nutrient information [20,51].
To conduct the comparisons of food shopping quality indicators, the anonymized digital
receipt dataset was enriched with data about the nutritional composition of shopped food
items, as digital receipts per se usually do not contain such information. The authors of this
study leveraged an existing food composition database containing detailed information
about over 50,000 grocery products frequently sold and consumed in Switzerland [52,53].
Driven by the recent mandates for online food nutrition databases [41], there are now
trusted, curated databases (such as GS1 trustbox) as well as crowd-sourced databases (e.g.,
OpenFoodFacts) available to retrieve detailed nutritional information on products sold in a
retail environment. This information becomes particularly useful when combined with a
consumer’s shopping history.

In food composition databases, products sold in retail environments are usually iden-
tified via their global trade item number (GTIN). The GTIN is a globally unique product
identifier distributed by GS1, a globally operating non-profit standards organization. Unfor-
tunately, paper-based or digital receipts usually only contain a product’s name in terms of
identifiers. Identifying a product’s GTIN from a digital receipt in fact represents one of the
key challenges in digital-receipt-based monitoring. Therefore, mapping the product names
to GTIN is necessary. To ensure high data quality and correct product mapping, the authors
decided to conduct the product matching manually. Since both retailers, i.e., Migros and
Coop, do not include the GTIN within their digital receipt formats, a heuristic was applied
to correctly identify the most frequently purchased food products. In the context of this
study, a total of N = 464 users were invited to donate their shopping data. These data
were used to identify the most frequently occurring food products. In total, 65,391 differ-
ent products that were bought using the two loyalty card systems from the two leading
Swiss supermarkets were observed by assessing the entire shopping history of the N = 464
users. In total, 5950 product article identifiers from the digital receipts were mapped to
corresponding GTINs. For each of the matched products, its attributes such as nutritional
details (e.g., calorific energy and macro-nutrients such as protein, carbohydrate, sugar, fat,
saturated fat, dietary fiber, and micro-nutrients, such as sodium, all per 100 g or ml of
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product; 1 g corresponds to 1 ml), its logistical data (e.g., product size in grams, kilograms,
milliliters or liters), product images, allergens, and ingredients were made available for
the analysis. These mapped articles correspond to 4951 of the most frequently occurring
products. This is because all coupons and all non-food items were labeled identically,
i.e., the study does not differentiate between different types of coupons or non-food items.
These 4951 labeled product items represent most of the frequently bought food items. Since
the two supermarkets also feature non-food items (e.g., plastic bags, napkins, and toilet
paper) and some food items cannot be identified (e.g., ‘Menu 1’, and ‘Lunch Menu’), some
frequently occurring products are not identified in this study. Neverthless, the overall
matching ratio, i.e., the proportion of identified products in the shopping history of the
eligible users in the four-week observation period is 69.6%. This shows that in order to
capture a majority of the products purchased in digital receipts in Switzerland, less than
10% of the products must be identified in the corresponding food composition database.

The study setup described in this manuscript not only allowed for the post hoc
analysis of nutritional quality of shopped food items from digital receipts within this
study, but also allowed study participants to analyze the nutritional quality of their food
shopping after joining the study (see Figure 3). After joining the study on the BAM
service website successfully, participants gained access to a new widget that shows users
the aggregated Nutri-Score [54] of their recent food shopping. For displaying and faster
processing for the user experience on the BAM website, we simplified the Nutri-Score
framework by using a weight-based five-letter system (A = 0.5, B = 1.5, C = 2.5, D =
3.5, and E = 4.5). For each basket, the weight-weighted average of all products was
calculated and displayed on a chart, as shown in the middle of Figure 3. A careful review
demonstrated that the original framework and the simplified framework yielded very
similar results. The simplified version was chosen for simplicity. The analysis was provided
via an application programming interface (API) and demonstrated the potential of assessing
the nutritional quality of digital receipts for tailored interventions to consumers, aiming at
supporting healthy food choices.

Figure 3. Enriching digital receipts with food composition data and displaying the weight-averaged
Nutri-Scores of aggregated baskets.

2.3. Food Frequency Questionnaire

After having donated their digital receipts, prospective study participants were en-
couraged to also complete a previously validated FFQ in order to collect objective mea-
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surement data on individual diets for the validation of the food shopping quality indi-
cators. Multiple alternative FFQs were identified and evaluated for the study. A sys-
tematic literature research and the assessment of a meta platform that compares avail-
able FFQs (see https://www.nutritools.org/, accessed on 15 December 2021) led to the
comparison of five FFQs and one web-mediated 24 h recall tool. Namely, the VioCare
FFQ (See https://vioscreen.com/, accessed on 15 December 2021), the Ernährungerhe-
bung FFQ provided by Zurich University of Applied Science (ZHAW) (see https://r2
n.ernaehrungserhebung.ch/, accessed on 15 December 2021) [55], the DHQ3 FFQ (See
https://www.dhq3.org/login/, accessed on 15 December 2021), the Block FFQ (see https:
//nutritionquest.com/login/, accessed on 15 December 2021), and the MiniMeal-Q FFQ
(see https://www.nutritools.org/tools/199, accessed on 15 December 2021) were com-
pared. Aspects such as cost, required time, Swiss aptitude, accuracy, validation and
setup effort were structurally assessed. Finally, the web-mediated FFQ (see https://r2
n.ernaehrungserhebung.ch/, accessed on 15 December 2021) provided by ZHAW was
selected (see Figure 4), primarily due to its previous validation in Switzerland, which
was also the focus region of this study [55], as well as its easy-to-use web-based admin-
istration. The FFQ-mediated questionnaire used to validate the digital receipts can be
found here (link: https://gitlab.ethz.ch/jingwu/shopping-index-comparison/-/blob/
master/User_Survey_and_Food_Frequency_Questionnaire__1_.pdf, accessed on 15 De-
cember 2021). The FFQ instrument was validated prior to our study and the validation
study also took place in Switzerland in 2017 [55]. The validation of the FFQ allows for
inferring that its dietary intake estimates correlate well with actual individual dietary
intake. Thus, demonstrating the correlation between digital receipts and the FFQ allows
for inferring that the digital receipts correlate with actual individual food intake. The study
data, its framework and resources are in line with other validation studies in the field
(i.e., HETI, GPQI, HPI). In addition, Prof. Christine Brombach, who also supervised the
FFQ validation study, served as a co-author in the study, ensuring a high validity of the
conducted analyses.

The chosen FFQ took an average of around 30 min for each of the N = 181 users who
filled out at least 70% of the FFQ. The technical link between the BAM service and the
web-based FFQ was realized via personalized links. Participants who agreed to the study
consent on the BAM service received an email from BAM and were then invited via a
personalized link that included a pseudonymous user identifier, linking to a user’s digital
receipts as well as the user’s FFQ responses. Table 1 shows the daily food and nutrient
intake of participants, based on the self-reported FFQ results.
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Figure 4. Web-mediated food frequency questionnaire (FFQ).

Table 1. Absolute individual daily nutritional intake, N = 89.

Category Mean Standard Deviation

Unit: portions/day
Meat and meat products 1.17 1.20

Vegetables and salad 2.55 1.71
Fruits 1.38 1.16

Whole grain products 0.32 0.33
Sweets, salty snacks, sugar-sweetened

beverages, alcohol 2.93 1.95

Unit: grams/day
Sodium 2.1 1.5

Dietary fibers 27.1 14.3
Saturated fatty acids 37.5 26.0

Added sugar 10.4 8.52

An overview of the FFQ questions and potential answers can be found online (see
https://gitlab.ethz.ch/food-coach/shopping-index-comparison, accessed on 15 December
2021). All donated data, i.e., digital receipts as well as the responses, were anonymized
prior to the analyses conducted in this study. After successfully finishing these tasks, all
participants received a nutritional assessment report based on their FFQ (see Figure 4) and
an automatically self-updating Nutri-Score widget based on their recently shopped grocery
baskets, displayed within the BAM service website (see Figure 3). In addition, participants
received a financial compensation of CHF 20 (Swiss francs) (i.e., USD 21.80 (United States
dollars), 28 June 2021) for completing the study.

2.4. Study Participants

The presented study was deployed on the BAM service online platform (see https:
//bitsabout.me/, accessed on 15 December 2021) and was advertised together with an invi-
tation link through a variety of channels, including BAM’s marketplace, BAM’s newsletter,
social media and billboards on the local university campus as well as university shuttle
buses. This approach of using BAM’s marketplace and the university network ensured to
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address younger as well as more mature households, as the socio-demographic characteris-
tics on the BAM website represent more mature consumers (see Table 2).

Table 2. Demographic summary of participants.

Sample Count (%)

Gender
Male 68 (76.4)

Female 21 (23.6)
Other 0 (0.0)

Age [yrs]
18–29 29 (32.6)
30–39 29 (32.6)
40–49 18 (20.2)
> 50 13 (14.6)

Body Mass Index [kg/m2]
Underweight (<18.5) 2 (2.3)

Normal (≥18.5 and <25.0) 55 (61.8)
Overweight (≥25.0 and <30.0) 22 (24.7)

Obese (≥30) 10 (11.2)

Total 89 (100.0)

Participants were recruited from 22 December 2018 to 10 June 2021. Participants used
their own devices (e.g., laptops and/or mobile phones) to enroll in the study. The relatively
high barriers to join the study, as shown in Figure 1, led to a slow uptake of participants.
Hence, the participant recruitment was conducted on a rolling basis of over two years in
order to collect the required sample size for a robust comparison of the suggested food
shopping quality indicators.

To ensure completeness and comparability between the FFQ data and the digital receipt
data, participants were required to meet several eligibility criteria, which are illustrated in
Figure 2. In total, N = 464 participants joined the study via accepting the study consent
form that was displayed on the BAM service website. Out of those, N = 231 followed
the email-based invitation to also start the web-based FFQ (i.e., email response rate of
50.2%). Fifty participants were excluded because they did not complete the FFQ (i.e., drop
out rate 21.6%). To ensure that food shopping recorded on loyalty cards is representative
of actual food intake, eligible users should shop at least 1/7 of the estimated calorific
requirement of all people who share the loyalty cards with participants, within the four
weeks preceding their FFQs. The estimated energy intake of a person who is ≥13 years
old was 2250 kcal/day [56], irrespective of gender. That of a child (<13 years old) was
estimated to be 0.575 [57] times the energy requirement of a person who is older than 13,
i.e., 2250 kcal/day, irrespective of gender. The four-week time window was defined by the
FFQ, which was validated to estimate a participant’s typical diet on a four-week basis [55].
Consequently, 91 participants were excluded, as they did not meet the criteria (exclusion
rate 50.2%, i.e., 91 from 181 users who completed their FFQ and donated digital receipts).
Finally, one participant self-reported his/her own BMI to be 109.8 kg/m2 (height, 88 cm;
weight, 85 kg) and was therefore excluded. The final dataset included 89 users with a
completed FFQ and an acceptable amount of shopped products captured by digital receipts
in the four weeks prior to the FFQ.

On average, an eligible participant was 36.2 years of age (standard deviation (SD):
10.3) and had an average BMI of 24.4 (SD: 3.8). Compared to the general Swiss population,
the recruited sample (see Table 2) has a higher male to female ratio (76.4% in the sample vs.
49.2% in Switzerland), a lower average BMI (24.4 in the sample vs. 25.3 in Switzerland),
and a lower average age (36.2 years in the sample vs. 43.1 in Switzerland). With regard
to the observed shopping behavior, participants in the final dataset spent on average a
total of CHF 230.30 (SD: CHF 175.60) on an average of 39.9 kg (standard deviation: 32.1
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kg) grocery products over the four weeks before finishing the FFQ. The average number
of adults and children who were sharing their loyalty cards are 1.7 (SD: 1.0) and 0.5 (SD:
0.9) respectively (see Table 3). In terms of individual diet as determined by the FFQ, the N
= 89 users on average consumed 1.17 (SD: 1.2) portions of meat per day (see Table 1).
Similarly, they consumed on average 2.55 (SD: 1.71) portions of vegetables and 1.38 (SD:
1.16) portions of fruits per day. Hence, the average participant did not reach the publicly
recommended three portions of vegetables and two portions of fruits per day [58]. The
participants consumed on average 0.32 (SD: 0.33) portions of whole grains per day. Finally,
the participants consumed an average of 2.93 (SD: 1.95) portions of sweets per day. The fact
that the Swiss population consumes too many sweets has been observed in the annual food
intake study MenuCH for many years [59,60]. In terms of nutritional intake, the N = 89
participants on average consumed 2.1 g (SD: 1.5) of sodium, 27.1 (SD: 14.3) grams of dietary
fibers, 37.5 (SD: 26.0) grams of saturated fatty acids and an estimated amount of 10.4 (SD:
8.5) grams of added sugar per day. Compared to the annual food intake study MenuCH,
these values seem representative of typical dietary intake and in line with the observations
for the dietary behavior of the Swiss population [59,60].

Table 3. Food shopping characteristics of the study sample, N = 89.

Characteristics of Observed Food Shopping Behavior a Mean (SD b)

Household
Adults sharing the loyalty card(s) 1.7 (1.0)

Children sharing the loyalty card(s) 0.5 (0.9)

Food shopping quantity identified via digital receipts
Amount spent in Swiss francs (CHF) 230.30 (175.60)

Amount spent in United States dollars (USD) c 250.28 (190.83)
Weight d of shopped food products in kg 39.9 (32.1)

a This is based on the food shopping data in the four weeks before finishing FFQs. b SD: standard deviation.
c Conversion CHF/USD on date: 30 June 2021. d Conversion for liquids: 1 g = 1 mL.

2.5. Validation and Comparison of Food Shopping Quality Indicators

To assess the calibration and discrimination capacity of the alternative food shopping
quality indicators, five different indicators, namely FSA-NPS DI, GPQI, HEI-2015, HETI
and HPI, were selected and calculated. Their respective calibration and discrimination
performance for individual N = 89 dietary behavior was computed. We selected the indica-
tors for multiple reasons. First, all five indicators were defined to represent a quantitative
indication of an individual’s general dietary habitual patterns. Second, the indicators can
all be calculated using the digital receipts mandated by GDPR [40] as well as the food
information, as mandated for products sold online by EU1169 [41]. Therefore, these in-
dicators have the potential to support millions of consumers in the European Union in
terms of monitoring nutritional quality using digital receipts. Finally, the five indicators
have not yet been cross-validated in the same geographic region. While the GPQI and
HEI-2015 were defined in the US, HETI was defined in Australia, and the HPI was defined
in France. Further, the FSA-NPS DI was defined in the United Kingdom (UK) and later
adopted in France. As argued earlier, Switzerland represents a suitable study context for
such a validation study.

All five indicators were be calculated on a four-week basis, as the FFQ was previously
validated over the course of a four-week time period [55]. Receipts whose timestamps
were within the four weeks prior to the completion of the FFQ were used for calculation.
The original definitions of the FSA-NPS DI, GPQI, HETI and HPI were followed and not
adapted in terms of calculation. As discussed in the previous chapter, the HEI-2015 [44]
was adopted to digital receipts, similar to how the Healthy Eating Index-2010 (HEI-2010)
was adapted to food shopping [43]. As defined in their publications, the GPQI, HEI-2015,
HETI and HPI are primarily based on health-relevant food groups. The HEI-2015 also
includes some nutrients but not the other three food shopping quality indicators. Thus,
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for their calculation, the authors included only items belonging to the relevant food groups
used in their respective definitions. When calculating the FSA-NPS DI, all shopped food
items were included.

Results from the FFQ were taken as the objective measurements. We followed the
definition of the Diet Quality Index [61], a Swiss dietary index, and aggregated food to five
groups, namely meat and meat products; vegetables and salad; fruits; wholegrain products;
and sweets, salty snacks, sugar-sweetened beverages and alcohol. On the nutrient level, we
retrieved the consumption of sodium, dietary fiber and saturated fatty acids directly, using
the food composition database. As added sugar content is not mandated in Europe [41],
we estimated it based on an established approach proposed by Louie et al. [62].

To validate the indicators with the nutritional intake as determined by the FFQ, certain
conditions were followed to ensure a coherent process. First, digital receipts that could
not be identified (e.g., rare products) and therefore have missing nutritional data, were
discarded. To assess the number of portions eaten by each individual user as determined
by the FFQ, or shopped as determined by the digital receipts, the following considerations
were agreed upon. First, to calculate the number of consumed meat portions, dried meat
portions were defined as 30 g per portion, while non-dried meat as 120 g per portion.
Second, to assess the number of fruit portions shopped or eaten, 30 g of dried fruits were
defined as one portion, while 120 g of fresh or frozen fruits or 200 mL of fruit juices were
defined as one portion. Third, 30 g of dried vegetables accounted for one portion, while 120
g of fresh or frozen vegetables or 200 mL of vegetable juices were defined as one portion.
The number of portions of whole grains eaten or shopped were defined as follows: 100 g
for bread, 30 g for cereals or flakes, 60 g for crisp bread and 30 g for cereals. In this study,
whole grains were defined as grain products that include at least 5 g of dietary fiber per
100 g of product [63–65]. Finally, for sweets, the definitions of one portion were set to: 17 g
for chocolate, 20 g for cocoa products and jams, 30 g for bonbons, cereal bars and cookies,
50 g for pudding and ice creams, 120 g for sweet cakes and similar. A detailed overview of
the portion sizes used in the data processing for the FFQ and digital receipts can be found
in the datasets that were published together with this manuscript.

Based on the obtained data from the participants’ FFQs and digital receipts, we as-
sessed the calibration capacity and the discrimination capacity of the considered food shopping
quality indicators. To evaluate the calibration capacity of the models, Pearson correlation co-
efficients between food shopping quality indicators and absolute/relative nutritional intake
were calculated. In this context, higher correlation coefficients represent higher calibration
capacity. More specifically, a high correlation of a food shopping quality indicator with a
health-relevant nutrient or food group underlines a valid calibration of the food shopping
quality indicator for the nutrient or food group respectively.

To evaluate the discrimination capacity of the proposed food shopping quality indicators,
the nutritional intake of three compliance tertiles were compared. Similar to validation
studies of single food shopping quality indicators that divided their sample into three
segments, tertile T1 maps to the lowest compliance to a given indicator, and T3 maps to
the highest compliance. For the assessment of the discrimination capacity of the indicators,
their potential to discriminate all three tertiles T1–T3, as well as their ability to distinguish
pairwise differences between each combination of the tertiles were evaluated. In total, four
statistical tests, namely one Kruskal–Wallis test for the three tertile comparisons (T1, T2,
and T3) and three Mann–Whitney U tests for the pairwise comparisons (T1 vs. T2; T2 vs.
T3; and T1 vs. T3, respectively) were conducted for each combination of an indicator with
a nutritional intake category as determined by the FFQ. A significantly different result is
counted as one point, while a non-significant result is counted as zero point. The total points
of each indicator were obtained by summing up the points across all comparisons where the
respective indicator was involved. Therefore, more points represent better discrimination
capacity, and the maximum achievable number of points is 36.
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3. Results

We obtained the following results on the calibration and discrimination capacities of the
investigated indicators.

3.1. Calibration Capacity: Correlations between Food Shopping Quality Indicators and
Nutritional Facts

As shown in Table 4, food shopping quality indicators and individual absolute daily
nutritional intake were in general weakly to moderately correlated. Among all food
shopping quality indicators, only FSA-NPS DI was weakly correlated with the highest
number (4) of food and nutrient categories, i.e. the Pearson’s correlation coefficient was
between 0.1 and 0.3. The strongest correlation was observed between HEI-2015 and absolute
dietary fibers. Generally, the correlations were significantly stronger when using individual
daily density-based relative nutritional intake, as shown in Table 5. The strongest correlation
was observed between FSA-NPS DI and relative intake of dietary fibers, with a Pearson’s
r of 0.500. Compared to the other four indicators, the FSA-NPS DI was correlated more
strongly with the nutritional facts on both absolute and relative scales, demonstrating the
highest correlation coefficient for four (six) out of the nine dimensions for absolute (relative)
dietary intake captured from FFQs. On the other hand, the correlations between HETI, HPI
and nutritional facts were in general weaker than those among other food shopping quality
indicators and nutritional facts, no matter on the absolute or relative scale. On average, the
five food shopping indicators calibrate fruits and dietary fibers the best, on both absolute or
relative scales.

Table 4. Pearson correlation coefficients between food shopping quality indicators and absolute
individual daily nutritional intake, N = 89.

Indicators a - FSA-NPS DI b GPQI c HEI-2015 d HETI e HPI f

Unit: portions/day
Meat and meat products −0.246 * 0.000 −0.083 −0.099 −0.060
Vegetables and salad 0.235 * 0.140 0.190 0.181 0.177
Fruits 0.239 * 0.215 * 0.254 * 0.274 ** 0.288 **
Wholegrain products 0.161 0.184 0.322 ** 0.232 * 0.135

Sweets, salty snacks,
sugar-sweetened
beverages, alcohol

−0.111 −0.036 −0.124 −0.026 −0.002

Unit: grams/day
Sodium −0.121 0.050 0.023 0.072 0.027
Dietary fibers 0.312 ** 0.178 0.329 ** 0.296 ** 0.173
Saturated fatty acids −0.144 0.033 0.006 0.034 −0.008
Added sugar −0.101 −0.197 −0.193 −0.137 0.138

Points 4 1 3 0 1
a The highest absolute value is marked bold to indicate the best calibrated food shopping quality indicator for each
nutrient or food group. b - FSA-NPS DI: Inverted Food Standards Agency Nutrient Profiling System Dietary Index.
We inverted the original FSA-NPS DI scores to make them directly comparable to other food shopping quality
indicators. The higher the inverted FSA-NPS DI, the healthier the food shopping. c GPQI: Grocery Purchase
Quality Index-2016. d HEI-2015: Healthy Eating Index-2015. e HETI: Healthy Trolley Index. f HPI: Healthy
Purchase Index. * p < 0.05. ** p < 0.01.
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Table 5. Pearson correlation coefficients between food shopping quality indicators and relative
individual daily nutritional intake, N = 89.

Indicators a - FSA-NPS DI b GPQI c HEI-2015 d HETI e HPI f

Unit: portions/1000kcal
Meat and meat products −0.359 *** −0.061 −0.241 −0.240 * −0.090
Vegetables and salad 0.321 ** 0.136 0.191 0.108 0.133
Fruits 0.354 *** 0.195 * 0.238 * 0.197 0.245 *
Wholegrain products 0.231 0.101 0267 * 0.193 0.080

Sweets, salty snacks,
sugar-sweetened
beverages, alcohol

−0.097 −0.068 −0.197 −0.139 0.069

Unit: g/1000 kcal
Sodium −0.244 * −0.092 −0.178 −0.055 −0.045
Dietary fibers 0.500 *** 0.126 0.342 ** 0.235 * 0.139
Saturated fatty acids −0.367 *** −0.125 −0.228 * −0.177 −0.143
Added sugar −0.093 −0.329 ** −0.316 ** −0.306 ** −0.259 *

Points 6 1 2 0 0
a The highest absolute value is marked bold to indicate the best calibrated food shopping quality indicator for each
nutrient or food group. b - FSA-NPS DI: Inverted Food Standards Agency Nutrient Profiling System Dietary Index.
We inverted the original FSA-NPS DI scores to make them directly comparable to other food shopping quality
indicators. The higher the inverted FSA-NPS DI, the healthier the food shopping. c GPQI: Grocery Purchase
Quality Index-2016. d HEI-2015: Healthy Eating Index-2015. e HETI: Healthy Trolley Index. f HPI: Healthy
Purchase Index. * p < 0.05. ** p < 0.01. *** p < 0.001.

3.2. Discrimination Capacity: Comparisons of Nutritional Facts across Compliance Tertiles

Tables 6 and 7 show the assessment results of the indicators’ discrimination capacity, dif-
ferentiating absolute and relative nutritional intake, respectively. Regarding the absolute food
category intake as shown in Table 6, all indicators were able to differentiate participants’
intake of fruits to a certain degree. On the contrary, no indicator managed to differentiate
participants’ added sugar intake, which is not declared on products in Switzerland, but was
only indirectly estimated using products’ category affiliation and sugar content [62], in con-
trast to the other nutrients and food groups. In general, the FSA-NPS DI outperformed
the other indicators in differentiating participants’ absolute nutritional intake, as 17 out
of the 36 statistical tests were significant (p < 0.05). It was the only indicator that was
capable of differentiating participants’ intake of sweets, salty snacks, sugar-sweetened
beverages, alcohol, sodium and saturated fatty acids well. All these aspects are important
health-influencing factors. When it comes to differentiating the relative food category intake,
as shown in Table 7, all indicators, except the HPI, performed better compared to distin-
guishing absolute food intake, yielding a higher number of significant results. Moreover,
the FSA-NPS DI outperformed the other indicators, demonstrating 19 significant results
out of 36 statistical tests. HEI-2015 and HETI performed equally well when the nutritional
intake was assessed on a relative basis, having the same number of significant results.
However, the corresponding details were different. For instance, HEI-2015 was able to
differentiate the relative sodium intake, while HETI was not. Note that when considering
specific food categories or nutrients, the best performance might not always be achieved by
the same indicator. On average, the five food shopping indicators discriminate fruits and
dietary fibers robustly on both absolute or relative scales.
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Table 6. Discrimination potential of relevant food shopping quality indicators to differentiate health-
relevant individual daily nutritional intake a behavior (absolute, i.e., weight-based), N = 89.

Indicator - FSA-NPS DI b GPQI c HEI-2015 d HETI e HPI f

Unit: portions/day
Meat and meat products
Vegetables and salad
Fruits
Wholegrain products

Sweets, salty snacks,
sugar-sweetened beverages,
alcohol

Unit: grams/day
Sodium
Dietary fiber
Saturated fatty acids
Added sugar

Points 17 2 11 10 5
a The products contained in each food category can be found on https://gitlab.ethz.ch/food-coach/shopping-
index-comparison. b - FSA-NPS DI: Inverted Food Standards Agency Nutrient Profiling System Dietary Index.
We inverted the original FSA-NPS DI scores to make them directly comparable to other food shopping quality
indicators. The higher the inverted FSA-NPS DI, the healthier the food shopping. c GPQI: Grocery Purchase
Quality Index-2016. d HEI-2015: Healthy Eating Index-2015. e HETI: Healthy Trolley Index. f HPI: Healthy
Purchase Index. No test was significant. The Kruskal–Wallis test showed significant differences between
all three tertiles of the indicator score distribution (p < 0.05). The Mann–Whitney U test between the 2nd and
the 3rd tertiles was significant (p < 0.05). The Mann–Whitney U test between the 1st and the 3rd tertiles was
significant (p < 0.05). The Mann–Whitney U test between the 1st and the 2nd tertiles was significant (p < 0.05).

Multiple above-mentioned statistical tests were significant (p < 0.05).

To confirm the ability of the FSA-NPS DI to distinguish users with different dietary
habits, the characteristics of the highest, medium and lowest tertiles of the inverted FSA-
NPS DI were assessed in Tables 8 and 9, which shows the absolute and relative, i.e., per
1000 kcal, food intake of the entire study sample and three tertiles as measured by the
FSA-NPS DI. The inverted FSA-NPS DI was used to make it more comparable to other food
shopping quality indicators. The higher the inverted FSA-NPS DI, the healthier the food
shopping. T3 has the shopping baskets of the healthiest nutritional quality. The median
and interquartile ranges (IQRs) were reported because of the non-normal distribution of
the inverted FSA-NPS DI. On both absolute and relative scales, T1 consumed significantly
more meat, less fruit and less dietary fiber, compared to T2 and T3.
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Table 7. Discrimination potential of relevant food shopping quality indicators to differentiate health-
relevant individual daily nutritional intake a behavior (relative, i.e., calorie-adjusted), N = 89.

Indicator - FSA-NPS DI b GPQI c HEI-2015 d HETI e HPI f

Unit: portions/1000 kcal
Meat and meat products
Vegetables and salad
Fruits
Wholegrain products

Sweets, salty snacks,
sugar-sweetened beverages,
alcohol

Unit: g/1000 kcal
Sodium
Dietary fibers
Saturated fatty acids
Added sugar

Points 19 7 12 12 3
a The products contained in each food category can be found on https://gitlab.ethz.ch/food-coach/shopping-
index-comparison. b - FSA-NPS DI: Inverted Food Standards Agency Nutrient Profiling System Dietary Index.
We inverted the original FSA-NPS DI scores to make them directly comparable to other food shopping quality
indicators. The higher the inverted FSA-NPS DI, the healthier the food shopping. c GPQI: Grocery Purchase
Quality Index-2016. d HEI-2015: Healthy Eating Index-2015. e HETI: Healthy Trolley Index. f HPI: Healthy
Purchase Index. No test was significant. The Kruskal–Wallis test showed significant differences among all
three tertiles (p < 0.05). The Mann–Whitney U test between the 2nd and the 3rd tertiles was significant (p < 0.05).

The Mann–Whitney U test between the 1st and the 3rd tertiles was significant (p < 0.05). The Mann–Whitney
U test between the 1st and the 2nd tertiles was significant (p < 0.05). Multiple above-mentioned statistical
tests were significant (p < 0.05).

Table 8. Median and interquartile range (IQR) of the absolute nutritional intake across the tertiles of
the inverted Food Standards Agency Nutrient Profiling System Dietary Index (-FSA-NPS DI) a.

-FSA-NPS DI Score Tertile

Overall (N = 89) T1 (N = 30) T2 (N = 29) T3(N = 30)

Median (IQR) Median (IQR) Median (IQR) Median (IQR) p pT1-T2 pT1-T3 pT2-T3

Unit: portions/day
Meat and meat products 1.02 (1.22) 1.28 (0.95) 1.06 (1.15) 0.37 (1.07) <0.001 *** 0.744 <0.001 *** 0.003 **

Vegetables and salad 2.30 (1.99) 1.96 (1.73) 2.16 (2.14) 2.51 (1.60) 0.135 0.128 0.064 0.722
Fruits 1.17 (1.28) 0.74 (1.20) 1.16 (1.44) 1.45 (1.15) 0.063 0.200 0.018 * 0.336

Wholegrain products 0.25 (0.45) 0.09 (0.49) 0.25 (0.47) 0.33 (0.32) 0.049 * 0.367 0.012 * 0.185
Sweets, salty snacks, sugar-sweetened beverages, alcohol 2.53 (2.24) 2.58 (1.62) 3.12 (2.29) 1.97 (1.83) 0.038 * 0.471 0.030 * 0.032 *

Unit: grams/day
Sodium 1.87 (1.00) 1.91 (0.78) 2.03 (1.39) 1.45 (0.98) 0.017 * 0.529 0.022 * 0.011 *

Dietary fibers 22.20 (17.30) 17.35 (10.48) 19.90 (23.30) 31.00 (17.80) 0.018 * 0.084 0.006 ** 0.262
Saturated fatty acids 31.70 (17.10) 34.95 (15.08) 36.30 (17.70) 27.90 (16.23) 0.022 * 0.970 0.011 * 0.028 *

Added sugar 8.01 (7.82) 7.69 (6.81) 9.34 (9.20) 6.49 (7.41) 0.444 0.897 0.304 0.252
a -FSA-NPS DI: Inverted Food Standards Agency Nutrient Profiling System Dietary Index. We inverted the original
FSA-NPS DI scores to make them directly comparable to other food shopping quality indicators. The higher the
inverted FSA-NPS DI, the healthier the food shopping. p The Kruskal–Wallis test was performed to compare all
three tertiles. pT1-T2, pT1-T3, pT2-T3 The Mann–Whitney U tests were performed to compare pairwise tertiles. * p <
0.05. ** p < 0.01. *** p < 0.001.
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Table 9. Median and interquartile range (IQR) of the relative (i.e., per 1000 kcal of) nutritional intake
across the tertiles of the inverted Food Standards Agency Nutrient Profiling System Dietary Index
(-FSA-NPS DI) a.

-FSA-NPS DI tertile

Overall (N = 89) T1 (N = 30) T2 (N = 29) T3 (N = 30)

Median (IQR) Median (IQR) Median (IQR) Median (IQR) p pT1-T2 pT1-T3 pT2-T3

Unit: portions/1000 kcal
Meat and meat products 0.57 (0.57) 0.75 (0.35) 0.68 (0.55) 0.31 (0.54) <0.001 *** 0.611 <0.001 *** 0.002 **
Vegetables and salad 1.19 (1.06) 1.02 (0.96) 1.25 (0.97) 1.50 (1.55) 0.040 * 0.120 0.014 * 0.321
Fruits 0.60 (0.63) 0.49 (0.63) 0.59 (0.59) 0.82 (0.67) 0.008 ** 0.190 0.002 ** 0.080
Wholegrain products 0.13 (0.22) 0.06 (0.15) 0.15 (0.20) 0.22 (0.24) 0.007 ** 0.299 0.002 ** 0.043

Sweets, salty snacks,
sugar-sweetened
beverages, alcohol

1.50 (0.89) 1.59 (0.86) 1.49 (0.88) 1.36 (0.91) 0.165 0.779 0.115 0.097

Unit: g/1000 kcal
Sodium 1.07 (0.36) 1.13(0.25) 1.20 (0.40) 0.93 (0.36) 0.003 0.897 0.003 ** 0.004 **
Dietary fibers 13.23 (8.21) 10.52 (4.11) 13.73 (5.43) 18.78 (11.08) <0.001 *** 0.057 <0.001 0.012 *
Saturated fat 19.54 (6.27) 20.61 (3.68) 19.61 (5.14) 17.01 (5.74) 0.002 ** 0.190 <0.001 *** 0.020 **
Added sugar 4.72 (2.64) 4.42 (2.89) 4.72 (3.43) 4.82 (2.86) 0.851 0.767 0.631 0.688
a -FSA-NPS DI: Inverted Food Standards Agency Nutrient Profiling System Dietary Index. We inverted the original
FSA-NPS DI scores to make them directly comparable to other food shopping quality indicators. The higher the
inverted FSA-NPS DI, the healthier the food shopping. p The Kruskal–Wallis test was performed to compare all
three tertiles. pT1-T2, pT1-T3, pT2-T3 The Mann–Whitney U tests were performed to compare pairwise tertiles. * p <
0.05. ** p < 0.01. *** p < 0.001.

4. Discussion

4.1. Summary

This manuscript represents the first ever quantitative validation study on the calibra-
tion and discrimination ability of previously suggested food shopping quality indicators,
including FSA-NPS DI, GPQI, HEI-2015, HETI and HPI. In total, digital receipts from
two loyalty card systems and validated FFQs from N = 89 individuals in Switzerland
were collected to validate five indicators that were previously developed and validated in
separate regions in the world.

As shown in Tables 4–5, the assessed indicators correlate weakly to moderately with
absolute and slightly more strongly with relative individual daily nutritional intake. The fol-
lowing reasons might explain why the correlations are only weak to moderate. First, there
is a time lag between food shopping and eating. For instance, a person bought fruits on 31
January but consumed them in the first week of February. Second, inter-day and inter-week
variances can be high and are commonly present. For example, a person can eat pizza
on a certain day and skip lunch on the next day. A person can also fast for some time for
different reasons. Physical activity also influences how much energy a person needs [66].
Third, only 69.6% of receipts were successfully matched. With higher product detection
rates, the correlation of digital-receipt-based purchase indicators and individual dietary
intakes might even be higher. Fourth, the relationship of food purchases and individual
dietary intake are moderated by hard-to-assess behavioral factors, such as food waste, food
processing, and out-of-home eating. Still, the observed correlations are in line with the
literature and acceptable in comparison with bio-sampling (e.g., sodium excretion or blood
sampling) and even 24 h recalls [67]. Although the purchase indicators have a lower accu-
racy than contemporary diet intake assessment methods, they are more cost-effective and
scalable. Thus, they are still qualified as either stand-alone or complementary indicators
for large-scale diet monitoring and long-term dietary behavior change interventions.

As shown in Tables 4–7, the performance of indicators was generally better in cali-
brating and discriminating the calorie-weighted relative individual dietary intake than the
absolute individual dietary intake. This could be because when both using relative scales,
the gap between individual calorie-weighted food intake and household expenditure- or
calorie-weighted food shopping is narrower. The FSA-NPS DI has the best calibration capac-
ity and discrimination capacity, followed by HEI-2015. The relatively inferior performance
of GPQI, HETI and HPI might be due to the following reasons. First, calorie-weighted
approaches likely perform better than expenditure-weighted approaches in the nutrition
context. This is intuitive since inflation, prices and promotions moderate the amounts
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consumed from food products that are similar in their nutritional composition but differ-
ent in price. Even differences in currency exchange rates moderate the performance of
expenditure-weighted indicators, as the GPQI, HETI and HPI are designed and calibrated
in the US, Australia and France respectively by evaluating shares of wallet (in USD or
Australian dollars or in Euros). A transformation to other currency regions is likely to
inhibit the performance of such expenditure-based indicators. Hence, weight-based or
calorie-based weighted indicators are likely to correlate better with individual food intake,
as they measure the representation of food choices better from a dietary perspective. There-
fore, if available, data on consumed products’ respective weights and their calorific impact
should be taken into account when designing purchase quality indicators.

The study does not give reason to believe that the geographic context in which an
indicator was designed limits its performance abroad. While the FSA-NPS DI was devel-
oped in the UK, the GPQI and HEI-2015 were defined in the US, HETI was defined in
Australia, and the HPI was defined in France. Since this validation study was conducted in
Switzerland, it might be surprising that although Switzerland is closer to France, where
the HPI was developed, than to the US, where the HEI-2015 was developed, HEI-2015
performed better than HPI in calibrating and discriminating the dietary intake of a Swiss
study sample. In contrast, the FSA-NPS DI, which was developed in the UK, performed
best. Hence, no structural dominance of European indicators could be observed. These
results therefore indicate that food shopping quality indicators are indeed transferable to a
new region, such as Switzerland and can, in fact, give a relatively reliable indication of the
nutritional quality of individual diets by assessing their digital receipts. The FSA-NPS DI
consistently outperformed the other food shopping quality indicators in calibrating and
differentiating participants’ nutritional intake, on both absolute and relative density-based
scales. Hence, a validation of the FSA-NPS DI within digital receipts outside Europe could
be an interesting foray for future research.

The results suggest that considering both food groups and nutrients, particularly fruits
and dietary fibers, might be important in the design of food shopping quality indicators.
The GPQI, HETI and HPI do not include any nutrient categories in their definitions. On the
contrary, the HEI-2015 explicitly includes fatty acids, sodium, added sugars and saturated
fats, and the FSA-NPS DI includes sodium, saturated fats, sugar and dietary fiber. These
two indicators have better performance in calibrating and discriminating actual dietary
intake. As shown in Tables 4–7, dietary fiber can generally be calibrated and discriminated
the best by the food shopping indicators. Therefore, dietary fiber seems to be an important
factor to consider in designing and choosing relevant purchase indicators. In terms of
relevant food groups, all indicators can calibrate and discriminate fruits well. These results
support the important roles of fruits in a healthy diet and in the design of food shopping
indicators. Th European Commission also recommends its member states to track their
consumers’ intake of fruits within their European Core Health Indicators (ECHIM) list of
health-relevant policy indicators [68].

4.2. Contribution

This study has multiple contributions to research and practice. First, this study
represents the first validation of previously suggested food shopping quality indicators
from different regions in the world within a thorough comparative quantitative assessment.
Second, the consistent out-performance of the FSA-NPS DI in nutritional intake calibration
and discrimination demonstrates that it could be a good choice for general purpose of use,
particularly when developing tools for long-term diet monitoring and intervention. Third,
the study found that fruits and dietary fibers are better calibrated and discriminated by food
shopping indicators. This suggests the important roles of fruit and dietary fibers in a healthy
diet. It might be useful to consider these two aspects when designing a food shopping
indicators. Added sugar intake was not well captured by the assessed food shopping quality
indicators. This finding suggests that there is still room for the development of different
purpose-specific food shopping quality indicators (e.g., estimating the risk for diabetes
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type two by estimating intake levels of added sugar and carbohydrate quality). Fourth,
researchers, practitioners and designers for food choice monitoring systems and behavior
change interventions should take away that these indicators capture the calorie-adjusted
relative nutritional intake better than absolute dietary intake. Finally, the study demonstrates
that regulatory mandates such as the GDPR [40] and the mandate for nutritional declaration
for food products sold online (EU)1169 [41] can pave the way for novel tools for scalable,
non-invasive monitoring of food choices and tailored digital behavior change interventions,
using digital receipts and food composition databases.

4.3. Limitations

This study possesses limitations. We select for discussion the ones which warrant
special attention. First, the number of participants restricts the generalizability of the
results. Compared with the actual composition of the Swiss population [69,70], the female
participation ratio, the average age, and the mean BMI of the present sample were lower.
Multiple factors could have led to the sample not being representative. First, most users on
the BAM platform are male. Second, participants were mainly health-conscious individuals
in or beyond tertiary education, considering where our advertisements were placed (e.g.,
university shuttle buses and billboards). In addition, the study is biased toward loyalty
card holders of the leading two retailers in Switzerland since they are the only group that is
able to participate in the study. Compared to non-card-holders, they might have slightly
different eating or food shopping habits.

Regarding the FFQ, although the FFQ was validated previously in Switzerland, the tool
has certain limitations, such as potentially missing food items in the questionnaire or the
fact that vitamin and mineral supplements, which can be very important for vegetarians,
are not covered in the FFQ. All these might lead to reporting biases, which are commonly
present [71].

The five food shopping quality indicators were calculated using relative expenditure
share or portion share per 1000 kcal. This implicitly assumed that each individual consumes
the same proportion of food across all food categories, regardless of gender and age. This
assumption could be biased. For instance, if a participant is a vegan but he or she lives
with meat eaters, we assume that this participant consumes meat as well if there is meat
in the receipts. Moreover, the food waste proportion in different food categories tends
to be different. As the goal is to check if digital receipts are able to provide indications
about dietary behavior, but not to predict actual food intake, these problems are rather
mild for now.

Furthermore, inaccurate or missing information in the food composition database
forms another limitation of the study. The manual matching process between article identi-
fiers in digital receipts and their corresponding GTINs is challenging and can sometimes
lead to ambiguous results. To mitigate this limitation, we invested a significant effort in
the food composition database and manually mapped the most frequent 5950 products’
article identifiers, which is far beyond the top 3000 products mapped and identified in
similar studies.

Lastly, the amount of added sugar captured by the digital receipts seems low compared
to the sugar content, which might be due to different food category definitions. As the dec-
laration of added sugar is not mandated, we used an estimation based on sugar content and
category affiliation of shopped products [62]. While the food categorization frameworks
between studies might differ and were defined in regions other than Switzerland, this effect
might have caused an underestimation of added sugar in this study. Coherent category
definitions seem pivotal, as we found that the performance results of the GPQI and HPI
indicators are very sensitive to changes in the definition of refined grains, for example.

4.4. Future Work

First and foremost, it is essential for the future of this and related studies to recruit
a larger and more representative sample. In addition, data quality of digital receipts and
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food composition databases is another important factor that constructs gaps in research
and practice. The authors have been and will continue being dedicated to increasing the
matching ratio of digital receipts. To overcome the limitations of the FFQ, bio-sampling (e.g.,
sodium excretion or blood sampling) could be added to offset the potential of reporting
biases, but it means higher costs as well. To capture information that is not in receipts,
conducting a survey about other aspects of food behavior, such as food waste, might
be necessary. To ensure the reproducibility of similar studies in the future, researchers
should adhere to established food classification schema, such as FoodEx2 (revision 2) [72].
Although FoodEx2 is only defined for the European context, such classification schema can
be very helpful in transferring concepts to other regions as well. Ultimately, a global food
classification schema would be helpful to reproduce the suggested food shopping quality
indicators internationally.

To support the extensive efforts required for the correct mapping of digital receipts
and food composition databases, machine-learning based algorithms [73] can support the
(semi-)automatic correction of errors in food composition databases [74] or the correct
identification of products present in digital receipts (e.g., word2vec) [75,76].

This study also calls for the integration of product identifiers into digital receipt
standards. Currently, retailers are not required to integrate relevant product identifiers,
such as the GTIN, into their digital receipt structures. Therefore, the identification of
text-based product identifiers within food product composition databases requires lots of
manual effort. It would, therefore, be beneficial for the development of scalable digital
receipt-based food choice monitoring and interventions if regulators would extend the
right for data portability as mandated by the GDPR [40] and mandate the use of product
identifiers within digital receipt standards.

In addition to the FSA-NPS DI, future research could assess the potential of superior
food shopping indicators for estimating or even predicting the nutritional intake and health
states of consumers. Finally, future regulatory mandates, such as the expected GDPR 2.0 in
the European Union, could enforce the use of standardized, real-time APIs to further ease
the barriers for data portability of personal datasets including shopping records.

5. Conclusions

In this study, we present the first comparison of the calibration and the discrimination
capacities of shopping indicators FSA-NPS DI, GPQI, HEI-2015, HETI and HPI on a dataset
that was obtained from 89 participants and included responses to an FFQ and real grocery
shopping data using digital receipts collected from two loyalty card systems in Switzerland.
Our results show that, overall, the surveyed indicators correlate only weakly to moderately
with absolute and slightly more strongly with relative individual daily nutritional intake. All
indicators are weakly to moderately suitable to differentiate health-relevant daily nutri-
tional intake behavior using digital receipts. Among these indicators, the FSA-NPS DI in
general outperforms the other indicators in our dataset, having the best calibration and
discrimination ability, thus contributing an empirically validated guideline regarding the
selection of shopping indicators. This is counterintuitive, as the FSA-NPS DI was primarily
designed to discriminate the basket quality, but not the compliance to certain dietary guide-
lines nor to certain food group intake. The relatively inferior calibration performance of the
GPQI, HETI and HPI might be because they were designed and validated by evaluating
shares of wallet (in Australian dollars or in euros) in the US, Australia and France, rather
than assessing nutrients or food groups by their weight or calorie contribution. This might
make it inappropriate to translate them to other regions, as the prices and retail market dy-
namics in the US, Australia and France might differ from those in other countries. Adopting
these indicators might require a re-calibration within other regions. In the future, we plan
to enlarge the sample size, improve the data quality, and rerun the analysis using machine
learning frameworks to estimate individual dietary intake deficits from digital receipts
more accurately. In addition, we plan a further investigation into the reasons behind the
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differences in the calibration and discrimination capacities of the surveyed indicators in
the future.
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