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Abstract: In this article, the impact of an anthropogenically transformed environment on the content
of pharmaceutically valuable biologically active compounds in medicinal plants is analyzed. The
studied biologically active substances included phenolic compounds (flavonoids, anthocyanins,
tannins, and phenolic acids). The number of transmissible forms of heavy metals (HMs), including
cadmium, lead, and mercury, were discharged from factories that are present in the soil. Plants
uptake these toxic metals from the soil. HM causes changes in the activity of the several enzymes
such as phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), chalcone isomerase (CHI)
and other enzymes. These enzymes play an important role in biosynthesis of phenolic compounds in
medicinal plants. It has been demonstrated that plant materials possess high antioxidant potential
due to their high phenolic content. As a result, the present review discusses a thorough investigation
of anthropogenically transformed environment effects on the quantity of pharmaceutically valuable
phenolic compounds in medicinal plants.

Keywords: heavy metals; anthropogenically transformed environment; phenolic compounds; flavonoids;
anthocyanins; tannins and phenolic acids

1. Introduction

Despite all the advances in the production of synthetic drugs, the interest in herbal
medicines has increased in the last few decades. In the modern pharmaceutical market,
every third drug is of plant origin [1]. However, the traditional areas for harvesting
medicinal plants are constantly decreasing as more and more lands are experiencing a
technogenic load. This necessitates studying the possibility of using medicinal plants
growing in anthropogenically transformed environments, particularly in urban areas. Our
previous review [2] is devoted to the analysis of the environmental safety of medicinal
plants harvested under such conditions. The review shows that although it depends
on the biological characteristics of plants, the conditions of a particular region, the type
and intensity of pollution, for some plant species it is possible to obtain uncontaminated
medicinal plant materials even when growing in a contaminated area. However, in order to
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conclude on the potential possibility of expanding the zones of medicinal plant harvesting,
it is necessary, in addition to environmental safety, to assess their pharmaceutical values.

Plants are characterized by significant variability in chemical composition depending
on growing conditions. Therefore, when growing medicinal plants in an anthropogenically
transformed environment, it is necessary to carefully study the content of biologically active
substances (BASs), which determine their therapeutic effects. Many of these metabolites
play a significant role in the formation of the ecological stability of plants, and therefore their
concentration can vary significantly under the conditions of the technogenic environment.
First of all, this concerns phenolic compounds, whose important function is to protect plants
from adverse factors, which causes their biosynthesis to be more sensitive to technogenic
pollution [3–6].

From the aforesaid, the purpose of this study was to systematize and analyze the
information on the content of pharmaceutically valuable phenolic compounds in medicinal
plant materials harvested under the conditions of technogenic load.

2. Phenolic Compounds

Unlike other secondary metabolites, phenolic compounds are found in almost all
plant cells. They hold functional significance not at the cell level, but at the level of
the whole plant. The central enzyme of phenylpropanoid metabolism (phenylalanine
ammonia-lyase) is inducible: due to the induction of the expression of coding genes, its
activity increases sharply under the influence of stress factors [3]. The antioxidant effect
of phenolic compounds is due to the presence of aromatic rings with hydroxyl groups, is
widely known. Under controlled conditions, these metabolites exhibit a higher ability to
inhibit free radical oxidation than known non-enzymatic antioxidants such as ascorbic acid
and α-tocopherol [6,7]. The example of transgenic plants Solanum tuberosum L. showed
that an increase in the antioxidant potential correlates with an increase in the content of
phenolic compounds, such as anthocyanins, flavonoids, and phenolic acids [8]. The activity
of the multicomponent antioxidant system largely determines the resistance of plants to
technogenic stress [5]; however, the polyfunctionality of phenolic compounds does not
allow us to reduce their participation in the formation of plant tolerance only to their
antioxidant activity. They are also cofactors for polyphenol oxidase and monooxygenases,
and therefore take part in the functioning of the plant cell microsomal system responsible
for the detoxification of xenobiotics [5].

The scientific literature quite often describes model experiments where plants are treated
with salts of heavy metals (HMs) under controlled conditions [9]. Aegiceras corniculatum L.
plants were treated with copper, zinc, and cadmium chlorides led to increased accumulation
of phenolic compounds [9]. The example of Dunaliella salina (Dunal) Teodoresco shows an
increase in the concentration of phenolic compounds, flavonoids and carotenoids caused
by cadmium stress [10]. However, to study the possibility of using plants for medicinal
purposes, it is necessary to conduct studies in natural conditions. In natural conditions,
plants are exposed to the complex effects of various toxicants with the response to a certain
extent depending on the soil and climatic conditions of a particular region. Leaves of
Vaccinium myrtillus L. accumulated phenolic compounds when growing near a zinc–lead
smelter [11]. An increase in the concentration of phenolic compounds in the needles of
Pinus halepensis Mil was found under high concentration of sulfur dioxide in the air, while
a negative correlation was found between the content of nitrogen oxides in the air and
the total level of phenolic compounds in the needles, which apparently, is explained by
the influence of these toxicants on the activity of nitrate reductase [12]. When grown in
soil contaminated with copper and zinc sulfates, the content of phenols and flavonoids in
Avena sativa L. seedlings decreased [13].

The study of the above-ground parts (for herbaceous plants) and leaves (for trees and
shrubs) of 22 plant species in the urban ecosystem of Kaliningrad showed that herbaceous
plants are the most sensitive to lead pollution in the soil. In most of the studied grass species,
with an increase in the level of lead in the soil, an average decrease of 1.4–3.1 times was
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observed in the content of phenolic compounds. In shrubs, a decrease in the concentration
of phenolic compounds under the influence of a pollutant was observed in the leaves of
Viburnum opulus ‘Roseum., Syringa vulgaris L., Ribes alpinum L., Philadelphus coronarius L.,
and Symphoricarpos rivularis Suksdorf. In the zone of maximum pollution, it decreased
by 1.3–1.9 times compared with the background. In the leaves of Ligustrum vulgare L.,
Hippophae rhamnoides L., and Spirae vanhouttei (Briot.) Zab., an increase in the content of
lead in the soil stimulated the accumulation of phenols by an average of 1.3 times, and in
the leaves of Berberis vulgaris L., Sambucus nigra L., and Rosa rugosa Thunb. at different sites,
it did not have significant differences compared with the control. In the leaves of woody
plants, the accumulation of polyphenols was multidirectional: in Tilia cordata Mill., and
Acer platanoides L., a decrease in the content of phenolic compounds by 1.8–2.4 times was
observed; in the leaves of Betula pendula Roth and Populus nigra L., their level increased by
1.7–2.8 times [5].

However, the study of the total content of phenolic compounds does not allow one to
understand the complex mechanisms of regulation of the biosynthesis of individual groups
of these substances by external conditions, and therefore there is no possibility of predicting
the phytochemical composition of plants under specific conditions, especially introducing
a medicinal species to a new habitat in order to obtain pharmaceutically valuable raw
materials. It is important to note that numerous groups of phenolic compounds are
united by a common biosynthetic pathway, and therefore their content changes in an
interconnected manner. Changes in the metabolism of phenols are the most important
mechanism for plant adaptation to technogenic load [4]. In plants, the total content of
phenolic compounds may not change under the influence of toxicants, but the concentration
of individual metabolites of this group may change [9,14]. Due to an increase in the total
content of phenolic compounds, a decrease in the level of the phenolic metabolites that
determine the therapeutic effects of the plant are possible. It also depends on the vital state
of the plant, since the substances of secondary metabolism do not have their own synthesis
pathways, and their biosynthesis occurs in the branches of the metabolic pathways of
primary metabolites (e.g., proteins, carbohydrates, and lipids), where a wide range of
enzymes function. From the aforesaid, we further considered the impact of technogenic
load on the content of the most important phenolic metabolites in pharmacy flavonoids,
anthocyanins, tannins, and phenol carboxylic acids.

2.1. Flavonoids

Flavonoids play a significant role in protecting plants against various kinds of stresses
of a biogenic and abiogenic nature [3,12,15]. Appropriate literature analysis shows that the
impact of technogenic pollution can affect the accumulation of these substances in plants in
different ways.

A number of authors have put forward the assumption that flavonoids contribute to
the formation of plant tolerance to adverse environmental conditions. An increase in the
content of these metabolites is one of the nonspecific reactions to stress [11,12,16,17]. Several
pharmacopeia authorities fixed the HM concentration in different herbal formulation are
shown in Figure 1.

Literature describes the possibility of using HM to activate the phenylpropanoid path-
way. Induction of the synthesis of flavonoids was noted in the tissues of Lemna gibba L. plants
under the influence of Cu2+, in the calluses of Linum isitatissimum L. and Camellia sinensis (L.)
Kuntse treated with cadmium preparations, in Phaseolus coccineus L. treated with Cd2+ and
Cu2+ [16,18]. In the study by Santiago et al. copper sulfate was used to induce the synthesis
of phenolic compounds in Phyllanthus tenellus Roxb. [3]. The example of Spinacia oleracea L.,
showed that mercury salts treatment leads to an increase in the content of flavonoids in
leaves due to a decrease in the total amount of phenolic compounds, which is explained
by the effect of this toxicant on the phenylpropanoid pathway [19]. In the needles of
Larix sibirica Ledeb, an increase in the total content of phenolic compounds (by 50–55%),
flavonoids (by 1.5–1.8 times), catechins (by 1.9–2.5 times), and proanthocyanidins (by 45%)
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was noted compared with the background level. The described effects were observed
at weak, moderate, and strong pollution levels due to large aluminum plant emissions,
while at a critical level of pollution, the content of these metabolites decreased [20]. In the
study of plants growing along the highways of the large city of Donbass, an increase in
the concentration of flavonoids was revealed in the flowers of Sambucus nigra L., the fruit
of Rosa lupulina Dubovik, as well as in the fruit, leaves, and flowers of Crataegus fallacina
Klokov due to a decrease in the content of other phenolic compounds in the fruits of this
species Crataegus [21].
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There are often studies that describe directly opposite phenomena. The revealed de-
crease in the level of flavonoids under the influence of technogenic load in Tussilago farfara L.,
Trifolium rubens L., and Vicia cracca L. is explained by the participation of these metabolites
in HM chelation, their antioxidant function, oxidation to quinones under the action of free
radicals, and suppression of biosynthesis by toxicants due to damage to the structure of
enzymes (synthetase and reductase) by reactive oxygen species (ROS) or HM [13]. There is
a probable relationship between the lower photosynthetic capacity of Tibouchina pulchra
Cogn. in the conditions of environmental pollution from emissions of fertilizer producers,
metallurgical plants and the chemical industry, changes in carbohydrate metabolism, and a
decrease in the concentrations of phenolic compounds and tannins [22]. At the same time,
when exposed to industrial air pollution in a large city in Latin America (emissions from the
chemical and steel industries, ferrous metallurgy, the production of fertilizers and ceramics)
with high concentrations of fluorine, particulate matter, and sulfur dioxide, no significant
differences were found in the total amount of flavonoids in the leaves of Psidium guajava L.
compared with plants growing in an uncontaminated area [14].
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In the leaves and flowers of Tanacetum vulgare L., Chamaenerion angustifolium (L.)
Holub., leaves of Linaria autiloba Fisch. ex. Reichenb., Artemisia mongolica (Bess.) Fisch.
ex. Nakai, Artemisia jacutica Drob., Inula britannica L., Taraxacum ceratophorum (Ledeb.)
DC., Achillea millefolium L., a significant decrease in the concentration of flavonoids was
revealed in conditions of cement dust pollution (in the vicinity of a cement plant) [15]. In
the study of plants growing along the highways of the capital of Donbass, a decrease in the
concentration of flavonoids was found in the leaves of Cotinus coggygria Scop, the fruit of
Rosa corymbifera Borkh., Sorbus aucuparia L. and Sorbus intermedia (Ehrh.) Pers [23].

The study of the characteristics of flavonoid metabolism in wild plants forced to adapt
to an environment polluted by industrial emissions is also important for studying the for-
mation of tolerance in specific species to technogenic stress and can be used to diagnose the
state of the environment. In the study of plants Trifolium pratense L., Artemisia absinthium L.,
Taraxacum officinale L., and Achillea millefolium L. under the conditions of their long-term
adaptation to technogenic pollution (at the Ufa oil refinery and its surroundings), a lower
content of flavonoids in the aerial part was found compared with plants from an ecolog-
ically clean zone. The results obtained correlated with the level of soil contamination.
At the same time, another pattern was revealed in the roots of the studied plants–the
content of flavonoids was higher for plants from the contaminated area [24]. It is shown
that under conditions of varying degrees of pollution in the plant, both an increase and a
decrease in the content of flavonoids can be observed (for example, Matricaria chamomilla
and Poa pratensis), as the authors suggest, this indicates a wide range of resilience of these
species [13].

It is important to note that the method of quantification of flavonoids (different
authors often use different methods) can affect the results obtained. It should also be taken
into account that under conditions of technogenic load, hydrolysis of glycosidic forms of
flavonoids can occur, and can lead to an increase in their recorded content [13]. The place
of harvesting of the control plants with which the comparison is made is also important.
As such, various researchers use a botanical garden, a park, the countryside, as well as
pharmacy plant materials. Often, an article does not provide a detailed description of
the environmental conditions for the growth of control plants, although the content of
biologically active substances is affected not only by the technogenic load, but also by the
composition of the soil, humidity, temperature, amount of solar radiation, etc. This makes
it difficult to interpret the results.

Mechanism of Heavy Metals in Enhancement of Phenolic Compound

A significant worldwide concern is the release of HM into the ecosystem as a result of
various anthropogenic activities. The growth of medicinal plants in soil enriched with HM
can ultimately impact the biosynthesis of phytocompounds [25,26]. These HM is be respon-
sible for a higher level of ROS generation. Due to increasing ROS generation, it may cause
oxidative stress, deterioration of biomolecules, and breakdown of the lipid membrane.

On the other hand, ROS also function as messenger molecules, which may trigger other
downstream signaling channels that regulate phytocompound synthesis inside medicinal
plants. It has been discovered that higher levels of ROS brought on by HM stress cause
mitogen-activated protein kinases (MAPKs) to become active. Directly phosphorylating
the higher expression of transcription factors like CrMAPK3 and ORAC3, in turn causes
an increase in quantity of various phyto-compounds of Catharanthus roseus under Ag+

treatment via increasing expression of GS, STR, and CrPRX as well as DAT genes [27]. It is
also widely known that HM stimulates the expression of other signaling molecules such
as ethylene, which participates in the regulation of pathways that lead to the synthesis of
tropane alkaloids (hyoscyamine and scopolamine) in Brugmansia candida hairy root cultures
subjected to Ag+ [28]. A diagrammatic representation of the signaling route involved in
the buildup of phytochemicals brought on by heavy metals is represented in Figure 2.
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HM stress leads to the production of toxic ROS in plants, which in turn results in
poisoning as well as diminished plant development [29–31]. Several studies reveal that
HM is responsible for the biosynthesis of polyphenols, which act as shields for plants
against oxidative damage [32–34]. The finding reveals that the amount of polyphenols in
plants has been shown to be significantly boosted by metal excess [34,35], which aligns
well with the finding that polyphenols may accelerate the metallic chelation mechanism
and assist in reducing the amount of damaging free radicals in plant cells [36,37]. High
exposure to HM causes the accumulation of bioactive compounds like flavonoids that
help the defense systems of plants [38–40]. Under metal stress the level of transcription of
the genes of such enzymes as phenylalanine ammonia lyase (PAL), chalcone synthase
(CHS), chalcone isomerase (CHI), cinnamate 4-hydroxylase (C4H), 4-coumarate: CoA
ligase (4CL), flavanone3-hydroxylase (F3H), flavonoid 30-hydroxylase (F30H), flavonoid
305 0-hydroxylase (F305 0H), flavonol synthase (FLS), flavone synthase (FNS), UDP flavonoid
glycosyl-transferase (UFGT), isoflavone synthase (IFS), isoflavone reductase (IFR), dihy-
droflavonol 4-reductase (DFR), anthocyanidin synthase (ANS) [40].

In the phenolic/ascorbate-peroxidase cycle, flavonoids are known for their ability to
scavenge H2O2 and are thought to be essential [41–43]. Several significant enzymes, includ-
ing shikimate dehydrogenase (SKDH) and glucose-6-phosphate dehydrogenase (G6PDH),
facilitate the biochemical process needed to produce key substrates of phenylpropanoid
pathways [44]. By increasing the activity of important biosynthesis enzymes such as PAL,
SKDH, G6PDH, and CADH, heavy metals drive the phenylpropanoid biosynthetic path-
way in plants [44,45]. The effects of metal stress on plants’ phenolic content are summarized
in Figure 3. Several major flavonoids like catechin, kaempferol, apigenin and vitexin are
shown in Figure 4.
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2.2. Anthocyanins

Anthocyanins deserve special attention as a group of flavonoids due to their high
physiological activity. It is suggested that, in contrast to pigmentation in flowers and fruit,
the accumulation of these metabolites in leaves is a response to oxidative stress [46]. In
addition to the direct neutralization of free radicals (their antiradical activity exceeds that
of other classes of flavonoids, ascorbate, and α-tocopherol), anthocyanins are capable of
chelating metal ions [47]. Anthocyanins located in vacuoles are able to neutralize peroxides,
which is especially important due to the fact that the absence of ascorbate peroxidase in
cell vacuoles does not allow ascorbic acid to participate in the detoxification of ROS [48].
Not vacuolar, but cytosolic anthocyanins likely make a more significant contribution to the
antioxidant system; they are located closer to the sources of superoxide radical synthesis.
The degree of contribution of anthocyanins to the antioxidant system of the plant differs
among other low molecular weight antioxidants in different species. In some plants, they
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are the main antioxidants, while in others, a high level of anthocyanin biosynthesis is not
necessary for protection against oxidative stress [49].
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The biosynthesis of anthocyanins is a nonspecific response to stressful growing con-
ditions (low temperatures, drought, HM pollution, oil pollution, and ionizing radiation),
and can be explained by the expression of genes associated with their synthesis [5,50,51].
The content of anthocyanins is proposed to be used to assess the physiological state of
plants [5].

An analysis of literary sources shows that most researchers note the accumulation of
anthocyanins in the leaves of plants growing under conditions of technogenic pollution. Un-
der conditions of oil pollution, an increase in the content of anthocyanins was detected in the
leaves of Leymus arenarius L. Hochst, Ammophila arenaria L. Link, Lathyrus maritimus Bigel.,
Petasites spurious (Retz) Reishb., Salix daphnoides Will., Salix caprea L., and Salix aurita L. [5,52].
Under conditions of pollution with railway pollutants (petroleum and transmission oils), an
increase in the concentration of anthocyanins was found in the leaves of Geum urbanum L.,
Anthriscus sylvestris L., Glechoma hederacea L., Taraxacum officinalis L., Dactylis glomerata L., and
Achillea millefolium L. (by an average of 5.2 times). Cultivation of Cassia grandis L. plants on a
mining waste substrate for 4 months led to an increase in the concentration of anthocyanins
in leaves and roots (due to a decrease in the content of chlorophyll a, b and carotenoids),
where the control plants were grown on a commercial substrate [51]. In urban conditions,
an increase in the content of anthocyanins in the leaves of Psidium guajava ‘Paluma’ was
found [53].

In the conditions of the urbanized environment of Donbass, anthocyanin accumula-
tion was observed in the fruitof Rosa corymbifera, Sorbus aucuparia, and Sorbus intermedia,
flowers and leaves of Crataegus fallacina, while in the fruit of Rosa lupulina and flow-
ers of Sambucus nigra their concentration decreased [21,23]. With the intensification
of urban air pollution by automobile pollutants, the content of anthocyanins increased
in the needles of Picea abies (L.) Karst., leaves of Tilia cordata Mill., Taraxacum officinale
Webb., Plantago major L., Sorbus aucuparia L., and Acer platanoides L. An increase in the
concentration of cadmium in soil stimulated the accumulation of anthocyanins in the
leaves of Lathyrus maritimus Bigel., Secale cereale L., Lolium perenne L., Festuca rubra L., and
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Poa pratensis L. was due to a decrease in the total content of phenolic water-soluble antioxi-
dants [5,52].

An increase in the anthocyanin content of a plant’s leaves is frequently a sign of envi-
ronmental stress. For example, Vasconcelos et al. showed the accumulation of anthocyanins
in the leaves of Zea mays L. plants growing under conditions of phosphorus deficiency [50].
Some anthocyanins are shown in Figure 5.
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2.3. Tannins

Many studies have noted a decrease in the content of tannins with an increase in the
intensity of technogenic pollution, which is explained by the suppression of the processes
of synthesis and the ability of metals to reduce the content of tannins by precipitation. In
particular, a decrease in the level of tannins was found in the leaves of Acer negundo L.,
Acer platanoides L., and Tilia cordata, growing on plantations in sanitary protection zones of
industrial enterprises and along the highways, in the leaves of Prunus padus L., collected
next to a metallurgical enterprise and by a combined heat and power plant, in the leaves
of Plantago major L., growing by a highway, in the leaves of Betula pubescens spp., growing
near a steel plant, and in the aerial part of Achillea nobilis L. and Melampyrum pratense L. in
the area of industrial installations of a gas processing plant [53–55]. The chelating ability of
tannins is proposed to be used to remove metal ions from wastewater [56].

Under urban conditions, an increase in the content of tannins was found in the leaves
of Psidium guajava ‘Paluma’ [53]. In the leaves of Acer platanoides L. plants growing on the
plantations in the sanitary protection zones of the casting and blacksmith plants and along
the highways, an increase in the activity of polyphenol oxidase was revealed compared with
the control (plantations of the forestry), while the content of condensed tannins decreases,
which indicates the active participation of tannins in adaptive reactions of plants associated
with the mechanisms of neutralization of pollutant effects [54].
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Katoh et al. showed that the inhibition of the synthesis of condensed tannins in
the leaves of Cryptomeria japonica D. Don., caused by air pollution in the vicinity of
a steam power plant, is due to disturbances in the formation of aromatic rings from
3-dehydroshikimic acid, i.e., the conversion of shikimic acid to phenylalanine and tyro-
sine [57]. The content of tannins in the leaves is negatively correlated with the levels of
soluble sulfate. Under the influence of toxicants, a decrease in the photosynthetic activity
of C. japonica is observed. The authors suggest that in this case the main part of free glucose
is used for growth and primary metabolism, which can explain the decrease in the intensity
of secondary metabolism, including synthesis of tannins [58].

Along with the above results, there are also other studies showing an increase in
the biosynthesis of tannins in contaminated areas, which is explained by the protective
reaction of plants to adverse environmental conditions. This is observed in the leaves
of Fragaria viridis L. plants growing on the territory of the gas processing plant, and in
Plantago samples taken near the highway [53,55,58]. Under the conditions of the urbanized
environment of Donbass, a decrease in the concentration of tannins was found in the
medicinal raw material of most of the studied species (Rosa lupulina, Sorbus aucuparia,
Sorbus intermedia, Sambucus nigra, Tilia cordata, Cotinus coggygria), while in the fruit of
Rosa corymbifera, leaves and flowers of Crataegus fallacina its content increased [21,23].

Thus, the dynamics of the content of tannins under conditions of pollution requires
careful study for each individual type of medicinal plants in a particular region. The
revealed discrepancy in the results observed by different authors can also be explained
by the predominant group of tannins (hydrolysable or condensed) in the studied plant
material and, accordingly, by different ways of their biosynthesis and properties, which
determine the reaction of their metabolism to technogenic impact. A good example of
this is the work that analyzed the concentration of tannins in the fruit of Rosa L., grass
Tussilago farfara L. and Plantago major L., harvested near the highway [55]. A decrease in
the concentration of hydrolysable tannins compared with the control (forest) was revealed,
which is explained by their binding to HM, and an increase in the content of condensed
tannins due to their protective function (Figure 6).

2.4. Phenolcarboxylic Acids

Free phenol carboxylic acids, along with flavonoid aglycones, are the most physio-
logically active forms of phenolic compounds [4]. Of these, hydroxycinnamic acids are
especially significant in pharmacy, having a variety of pharmacological effects on the
human body. In plants, they are localized in the cell wall and play an essential role in
the regulation of its physico-chemical properties. In the case of mechanical damage or
penetration of pathogens, hydroxycinnamic acids, and lignin, by binding to non-phenolic
polymers of cell walls, they contribute to their strengthening, prevent the penetration of
pathogens and uncontrolled loss of water. The ability of these metabolites to bind HM ions
into stable complexes was found. Interestingly, the use of exogenous hydroxycinnamic
acids to increase plant tolerance when growing under conditions of HM intoxication is a
promising direction in soil reclamation. High antioxidant activity was noted for chlorogenic
and ferulic acids [4,16,59].

Appropriate literature analysis shows that since various acids differ significantly in
their functions, particularly in antioxidant activity and chelating ability, it is more infor-
mative to study not their total content, but the concentrations of individual acids. Under
the conditions of the urbanized environment of Donbass, a decrease in the concentra-
tion of hydroxycinnamic acids was found in the fruit of Crataegus fallacina, Rosa lupulina,
Sorbus aucuparia, and Sorbus intermedia, while in other types of medicinal raw materials
harvested under the same conditions (leaves and flowers of Crataegus fallacina, leaves
of Cotinus coggygria, flowers of Sambucus nigra), the concentration of these metabolites
decreased [21].
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In the leaves of Matricaria chamomilla L., under the influence of Ni treatment, the
accumulation of chlorogenic acid (antioxidant) increases four times, while the content
of protocatechuic acid, which has a high chelating ability, decreases [60]. A minimum
amount of chlorogenic acid derivatives was found in the herb Leonurus quinquelobatus
Gilib, collected in the zone of moderate pollution where the plants are the largest, while
the samples from the control and severe pollution areas differed insignificantly for this
indicator [16]. The example of Hypericum perforatum L. shows an increase in the level of
some phenolic acids (for example, ferulic) in shoots and roots due to a decrease in the
content of flavonoids. A possible explanation for this is the activation of the first stages
of the synthesis of hydroxycinnamic acids, which is more preferable for plants, which
is accompanied by a decrease in the activity of genes involved in the subsequent stages
leading to the formation of flavonoids and anthocyanins. This is a way to save energy
when it is enough to deal with stress [59].

In the study of Karpova et al. the leaves of Spiraea media Fr. Schmidt, Spiraea chamaedryfolia L.,
and Spiraea hypericifolia L. are analyzed when growing in areas of Novosibirsk with high and
background levels of industrial pollution [4]. The content of the total phenolic compounds
in the leaves of the studied species under pollution conditions is reduced in compari-
son with the plants growing in an ecologically clean zone. The decrease in the content
of phenolic compounds in S. media occurred due to flavonol glycosides (mainly rutin),
in S. chamaedryfolia and S. hypericifolia, due to hydroxycinnamic acids. In the leaves of
S. media from an urban area, an increase in the concentration of p-coumaric and o-coumaric
acids and a decrease in protocatechuic and p-hydroxybenzoic acids were revealed. In
the leaves of S. chamaedryfolia from an urban planting, the concentration of the dominant
cinnamic acid increased compared with the control (due to a decrease in the content of
the other studied phenolcarboxylic acids and the total content of phenolic compounds).
In the leaves of S. hypericifolia from an urban planting, the content of most components
is reduced compared with the control samples, and only the content of protocatechuic
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acid is increased. The qualitative composition of phenolic compounds also changed, most
significantly in S. media: the leaves of urban plants lack free quercetin and kaempferol
and contain only half of the flavonol glycosides found in the leaves of plants from the
control area. In the complex of phenolic compounds in leaves harvested under background
conditions, flavonoid glycosides dominated, and in urban conditions, phenolcarboxylic
acids dominated. The opposite pattern was observed in the leaves of S. chamaedryfolia. In
the leaves of S. hypericifolia, both values did not change significantly. According to the
authors, this indicates a greater adaptive potential of S. chamaedryfolia and S. hypericifolia
due to the revealed tendency to inhibit the activity of metabolic processes [4].

Thus, the change in the level of phenolcarboxylic acids in plants as a result of expo-
sure to technogenic pollution depends both on the predominant acid and on the overall
metabolism of phenolic compounds and the level of physiological activity of the plant as
a whole.

3. Nonmonotonic Dependences of the Content of Phenolic Compounds on the
Technogenic Load

An analysis of the rich factual material accumulated in literature indicates that some
plant species (probably more resistant) are characterized by a two-phase dependence of
the content of phenolic compounds on the intensity of the technogenic load. As long as
the pollution does not exceed the norm of the reaction of a particular type, an increase in
the content of these metabolites is observed, and with a stronger technogenic pollution, a
decrease is observed. It has recently been suggested that it is possible to achieve an increase
in yield and the content of pharmacologically valuable substances in some types of plants
when grown on soil contaminated with HM (subject to mandatory control of environmental
cleanliness) [15,61,62]. This is very promising for plants whose medicinal raw materials are
fruit, seeds, or flowers, i.e., parts characterized by the least accumulation of toxicants. The
possibility of growing Polygonatum sibiricum plants in soil contaminated with cadmium was
shown, which makes it possible to obtain tubers with a high content of active substances,
polysaccharides [61]. Similarly, an increase in the quantity and quality of the essential oil
of Cymbopogon citratus (D.C.) Stapf. when grown in soil supplemented with red mud and
sewage, and the essential oil content of Melissa officinalis were highest when grown in the
vicinity of a lead-zinc smelter [63]. However, these positive phenomena were observed
only up to a certain concentration of toxicants, and then the inhibition of plant metabolism
began. It has also been shown that the positive role of xenobiotics for the induction of the
synthesis of secondary metabolites weakens with prolonged stress [61,64].

The reaction described above (the stimulating effect of low doses of the toxicant) is
hormetic. The nonmonotonic dependencies of the BAS content on the intensity of the
technogenic load also include a paradoxical dependence (an increase in the dose of a
toxicant leads to a decrease in its damaging effect) [65]. Presumably, such dependen-
cies are typical for metabolites directly involved in plant adaptation to environmental
conditions [66].

The study [21] revealed a hormetic dependence of the content of anthocyanins and
procyanidins in the leaves and flowers of Crataegus fallacina: under conditions of a moderate
technogenic load, their concentration increases, and under a strong one, it no longer has a
significant difference with the control. Such a hormetic dependence is probably due to the
switching of plant resources to the synthesis of phenolic metabolites that are more effective
under these conditions. A similar pattern was noted in the leaves of Betula pendula Roth.:
lead in low doses caused an increase in the content of carotenoids, and high doses reduced
this indicator [66].

Nonmonotonic dependencies can be observed not only in leaves, but also in other types
of raw materials. The dependence of the concentration of anthocyanins and carotenoids
on the degree of technogenic load in the fruit of Crataegus fallacina was ambiguous: under
conditions of moderate pollution, their content was significantly lower than the control,
and under conditions of severe pollution it significantly exceeded it. This is probably due
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to the ability of Crataegus fallacina plants to function in several adaptive modes depending
on the strength of the stress factor. The same relationship was observed in the fruit of
Sorbus intermedia for the content of carotenoids, and ascorbic and free organic acids, which
may indicate the activation of additional protective mechanisms during the accumulation
of HM by the plant, when the enhanced biosynthesis of anthocyanins is no longer enough
to normalize vital activity [21]. A similar dependence is described by Erofeeva E.A. for
the content of photosynthetic pigments in Betula pendula Roth, Taraxacum officinale Wigg.,
Triticum aestivum L. under polluted conditions [66,67]. A change in the level of certain
phenolic metabolites is often recommended for bioindication of the state of the environment,
since the dynamics of biologically active substances make it possible to detect the first
stages of pollution, before any visual signs of damage appear [5,11,12,21,53,55,58]. However,
with such recommendations, the authors often do not take into account the possibility of
nonmonotonic dependencies, which can lead to an incorrect assessment of the quality of
the environment. Such dependencies may go unnoticed due to the small number of zones
selected for study.

4. Safety of Medicinal Plants, Growing under Technogenic Pressure

Of course, it is necessary to remember that medicinal plant materials harvested under
conditions of technogenic load can be a source of various toxicants entering the human
body and damage human health. According to the regulatory documentation of most
countries when assessing the environmental safety of medicinal plant materials, the content
of such heavy metals as lead, cadmium, and mercury is normalized. At the same time,
the standards established by different countries differ somewhat. According to the State
Pharmacopoeia of the Russian Federation the concentration of lead in medicinal plant
materials and herbal medicinal products should not exceed 6.0 mg/kg, 1.0 mg/kg of
cadmium, and 0.1 mg/kg of mercury [68]. The European Pharmacopoeia establishes
the following standards: 5.0 mg/kg of lead, 1.0 mg/kg of cadmium, and 0.1 mg/kg of
mercury [69]. According to the United States Pharmacopoeia the content of lead should
not exceed 5.0 mg/kg, 0.5 mg/kg of cadmium, and 1.0 mg/kg of mercury, and the content
of methylmercury is separately regulated (not exceed 0.2 mg/kg) [70].

There is large number of publications that analyzes the regional features of HMs’ accumu-
lation in medicinal herbs. Many medicinal plants growing under conditions of technogenic
load accumulate HM in amounts that are many times higher than the permissible concentra-
tions. However, for certain plant species, safety has been shown in terms of the HMs’ content of
their medicinal plant materials harvested in urban ecosystems [21,23,71–73]. For example, the
concentration of cadmium, lead, and mercury in medicinal raw materials of Sorbus aucuparia L.,
Sorbus intermedia (Ehrh.) Pers, Rosa corymbifera Borkh., Crataegus fallacina Klokov, and
Sambucus nigra L., growing in the urbanized environment of Donbass, did not exceed
the exceed the permissible concentrations, even for plants of first-row planting along urban
highways with heavy traffic, and the contents of active substances met the requirements
of regulatory documentation; while the leaves of Cotinus coggygria Scop were harvested
under the same conditions, lead was accumulated in concentrations nine times higher than
the permissible [2,21,23].

It is very important which part of the toxicants passes from the plant material into
various dosage forms. For example, Hypericum perforatum L. is a super-concentrator of
cadmium; however, the maximum extraction into decoctions did not exceed 23%, and 5%
of its content in the herb into tinctures, which was due to the formation of physiologically
inactive complexes [74]. The literature data on the extraction of HM by various extractants
are very contradictory [16,75–77]. When assessing environmental safety, the dosage and
duration of particular drugs use are important. Thus, it is necessary to approach with
caution the results of studies showing an increase in the content of pharmacologically
valuable phenolic compounds in medicinal plants growing in conditions of technogenic
pollution. It is necessary to carry out a comprehensive check of medicinal plants growing
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in a specific territory, analyzing their environmental safety and medicinal value, while
researchers often limit themselves to only one of these aspects.

5. Conclusions

To conclude on the suitability of a particular anthropogenically transformed area for
growing medicinal plants, it is necessary not only to analyze their environmental safety, but
also to evaluate pharmaceutical values. Under conditions of technogenic load, the content
of phenolic compounds in plants changes species-specific, which is largely determined by
the degree of contribution of one or another group of phenolic metabolites to the antioxidant
system of a particular species, along with other low molecular weight antioxidants. The
induction of the synthesis of a specific group of phenolic compounds as an adaptive
response of plants to pollution can be considered a characteristic feature of the species. The
impact of technogenic pollution leads to a change not only in the quantitative, but also
in the qualitative composition of phenolic compounds. There is a potential possibility of
using changes in the content of phenolic compounds for bioindication of the state of the
environment and analysis of plant tolerance to stress conditions; however, it is necessary to
take into account the possibility of nonmonotonic dependencies. It is necessary to study
the content of pharmaceutically valuable compounds in medicinal plants across a wide
gradient of technogenic load. For a large number of plant species, not only leaves, but other
types of raw materials (fruits, flowers, and underground organs) are used to manufacture
medicines, while most of biological research is devoted to study the changes in the chemical
composition of leaves under conditions of technogenic load. This is logical since leaves
are most susceptible to pollution due to metabolic activity, and a high surface area of
interaction with air. However, due to the unequal response of various plant organs to stress,
such studies are not enough to conclude on the suitability of a particular area for growing
medicinal plants for their use in pharmacal industries. This substantiates the relevance of
conducting a comprehensive phytochemical study of medicinal plant species in a particular
region, not limited to leaves.

Author Contributions: N.V., E.V., V.C. and S.M.; Conceptualization, Methodology, Proper analysis,
Preparing manuscript Draft. P.K., C.S.S., R.K.S., M.B. and D.L.; Writing—Review and Editing. V.D.R.
and T.M.; Supervision, Conceptualization, Writing—Review and Editing. All authors have read and
agreed to the published version of the manuscript.

Funding: The study was supported by the Russian Science Foundation (project No. 22-77-10097) at
the Southern Federal University.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Mafimisebi, T.E.; Oguntade, A.E.; Ajibefun, I.A.; Mafimisebi, O.E.; Ikuemonisan, E.S. The expanding market for herbal, medicinal

and aromatic plants in Nigeria and the international scene. Med. Aromat. Plants 2013, 144, 2167–2412.
2. Vinogradova, N.; Glukhov, A.; Chaplygin, V.; Kumar, P.; Mandzieva, S.; Minkina, T.; Rajput, V.D. The content of heavy metals in

medicinal plants in various environmental conditions: A review. Horticulturae 2023, 9, 239–253. [CrossRef]
3. Santiago, L.J.; Louro, R.P.; Olivera, D.E. Compartmentation of phenolic compounds and phenylalanine ammonia-lyase in leaves

of Phyllanthus tenellus Roxb. and their Induction by copper sulphate. Ann. Bot. 2000, 86, 1023–1032. [CrossRef]
4. Karpova, E.A.; Khramova, E.P. Phenolic composition and content of representetives of genus Spirea L. under industrial pollution

in Novosibirsk. Contemp. Probl. Ecol. 2014, 7, 228–236. [CrossRef]
5. Adelisardou, F.; Mederly, P.; Minkina, T. Assessment of soil- and water-related ecosystem services with coupling the factors of

climate and land-use change (Example of the Nitra region, Slovakia). Environ. Geochem. Health 2023, 45, 6605–6620. [CrossRef]
6. Ali, M.A.; Fahad, S.; Haider, I.; Ahmed, N.; Ahmad, S.; Hussain, S.; Arshad, M. Oxidative stress and antioxidant defense in plants

exposed to metal/metalloid toxicity. In Reactive Oxygen, Nitrogen and Sulfur Species in Plants: Production, Metabolism, Signaling and
Defense Mechanisms; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2019; Volume 1, pp. 353–370.

https://doi.org/10.3390/horticulturae9020239
https://doi.org/10.1006/anbo.2000.1271
https://doi.org/10.1134/S1995425514020073
https://doi.org/10.1007/s10653-023-01656-y


Molecules 2023, 28, 6322 15 of 17

7. Anahita, A.; Asmah, R.; Fauziah, O. Evaluation of total phenolic content, total antioxidant activity, and antioxidant vitamin
composition of pomegranate seed and juice. Int. Food Res. J. 2015, 22, 1212–1217.

8. Lukaszewicz, M.; Matysiak-Kata, I.; Skala, J.; Fecka, I.; Cisowski, W.; Szopa, J. Antioxidant capacity manipulation in transgenic
Potato tuber by changes in phenolic compounds content. J. Agric. Food Chem. 2004, 52, 1526–1533. [CrossRef]

9. Guangqiu, Q.; Chongling, Y.; Haoliang, L. Influence of heavy metals on the carbohydrate and phenolics in Mangrove, Aegiceras
corniculatum L.; seedlings. Bull. Environ. Contam. Toxicol. 2007, 78, 440–444. [CrossRef] [PubMed]

10. Belghith, T.; Athmouni, K.; Bellassoued, K.; El Feki, A.; Ayadi, H. Physiological and biochemical response of Dunaliella salina to
cadmium pollution. J. Appl. Phycol. 2015, 28, 991–999. [CrossRef]

11. Bialonska, D.; Zobel, A.M.; Kuras, M.; Tykarska, T.; Sawicka-Kapusta, K. Phenolic compounds and cell structure in bilberry leaves
affected by Emissions from a Zn–Pb smelter. Water Air Soil. Pollut. 2007, 181, 123–133. [CrossRef]

12. Pasqualinia, V.; Roblesb, C.; Garzinob, S.; Greffb, S.; Bousquet-Meloub, A.; Bonin, G. Phenolic compounds content in Pinus
halepensis Mill. needles: A bioindicator of air pollution. Chemosphere 2003, 52, 239–248. [CrossRef]

13. Petukhov, A.S.; Petukhova, G.A. Biochemical protective mechanisms in the accumulation of heavy metals in organisms. Gig. I
Sanit. 2017, 96, 114–117. [CrossRef]

14. Furlan, C.M.; Santos, D.Y.; Motta, L.B.; Domingos, M.; Salatino, A. Guava flavonoids and the effects of industrial air pollutants.
Atmos. Pollut. Res. 2010, 1, 30–35. [CrossRef]

15. Yakovleva, A.I.; Okhlopkova, E.D.; Olesova, L.D.; Krivoshapkina, Z.N.; Konstantinova, L.I.; Grigorieva, A.A.; Semenova, E.I.;
Efremova, A.V.; Mironova, G.E. Influence of cement plant emissions on medicinal properties of medicinal plants in central
Yakutia. Yakutia Med. J. 2019, 2, 38–41. [CrossRef]

16. Zagurskaya, Y.V.; Siromlya, T.I. Chemical elemental composition of Htpericum perforatum—Standardized chemical elements (As,
Cd, Hg, Pb). Khimiya Rastit. Syr’ya 2020, 3, 163–170.

17. Azzazy, M.F. Plant bioindicators of pollution in Sadat City, Western Nile Delta, Egypt. PLoS ONE 2019, 15, e0226315. [CrossRef]
[PubMed]

18. Rakhmankulova, Z.F.; Shuyskaya, E.V.; Shcherbakov, A.V.; Fedyaev, V.V.; Biktimerova, G.Y.; Khafisova, R.R.; Usmanov, I.Y.
Content of proline and flavonoids in the shoots of halophytes inhabiting the South Urals. Russ. J. Plant Physiol. 2015, 62, 71–79.
[CrossRef]

19. Nihal, A.; Mithun, P.R.; Praveen, N. Effect of heavy metals (Hg, As and La) on biochemical constituents of Spinacia oleracea.
J. pharmacogn. Phytochem. 2019, 8, 669–674.

20. Kalugina, O.V.; Afanasyeva, L.V.; Mikhailova, T.A.; Filinova, N.V. Activity of low-molecular weight components of Larix sibirica
antioxidant system under exposure to technogenic pollution. Ecotoxicology 2022, 31, 1492–1505. [CrossRef] [PubMed]

21. Vinogradova, N.A.; Glukhov, A.Z. Ecological and phytochemical features of Crataegus fallacina Klokov under conditions of
technogenic pollution. Contemp. Probl. Ecol. 2021, 14, 90–97. [CrossRef]

22. Furlan, C.M.; Salatino, A.; Domingos, M. Leaf contents of nitrogen and phenolic compounds and their bearing with the herbivore
damage to Tibouchina pulchra Cogn. (Melastomataceae), under the influence of air pollutants from industries of Cubatao, Sao
Paulo. Braz. J. Bot. 1999, 22, 317–323. [CrossRef]

23. Vinogradova, N.A.; Glukhov, A.Z. Ecological valence of Rosa corymbifera Borkh. to conditions of the technogenic environment.
Contemp. Probl. Ecol. 2022, 15, 521–527. [CrossRef]

24. Nikitina, V.S.; Kuz’mina, L.Y.; Melent’ev, A.I.; Shendel’, G.V. Antibacterial activity of polyphenolic compounds isolated from
plants of Geraniaceae and Rosaceae families. Appl. Biochem. Microbiol. 2007, 43, 629–634. [CrossRef]

25. Lajayer, B.A.; Ghorbanpour, M.; Nikabadi, S. Heavy Metals in Contaminated Environment: Destiny of Secondary Metabolite
Biosynthesis, Oxidative Status and Phytoextraction in Medicinal Plants. Ecotoxicol. Environ. Saf. 2017, 145, 377–390. [CrossRef]

26. Pandey, A.; Agrawal, M.; Agrawal, S.B. Ultraviolet-B and Heavy Metal-Induced Regulation of Secondary Metabolites in Medicinal
Plants: A Review. Metabolites 2023, 13, 341. [CrossRef]

27. Paeizi, M.; Karimi, F.; Razavi, K. Changes in Medicinal Alkaloids Production and Expression of Related Regulatory and
Biosynthetic Genes in Response to Silver Nitrate Combined with Methyl Jasmonate in Catharanthus roseus in vitro Propagated
Shoots. Plant Physiol. Biochem. 2018, 132, 623–632. [CrossRef] [PubMed]

28. Nasim, S.A.; Dhir, B. Heavy metals alter the potency of medicinal plants. Rev. Environ. Contam. Toxicol. 2010, 203, 139–149.
29. AbdElgawad, H.; Zinta, G.; Hamed, B.A.; Selim, S.; Beemster, G.; Hozzein, W.N.; Wadaan, M.A.M.; Asard, H.; Abuelsoud, W.

Maize roots and shoots show distinct profiles of oxidative stress and antioxidant defense under heavy metal toxicity. Environ.
Pollut. 2020, 258, 113705. [CrossRef] [PubMed]

30. Shahzad, B.; Tanveer, M.; Che, Z.; Rehman, A.; Cheema, S.A.; Sharma, A.; Song, H.; Rehman, S.U.; Zhaorong, D. Role of
24-epibrassinolide (EBL) in mediating heavy metal and pesticide induced oxidative stress in plants: A review. Ecotoxicol. Environ.
Saf. 2018, 147, 935–944. [CrossRef]

31. Pandey, N.; Sharma, C.P. Effect of heavy metals Co2+, Ni2+ and Cd2+ on growth and metabolism of cabbage. Plant Sci. 2002, 163,
753–758. [CrossRef]

32. Villiers, F.; Ducruix, C.; Hugouvieux, V.; Jarno, N.; Ezan, E.; Garin, J.; Junot, C.; Bourguignon, J. Investigating the plant response
to cadmium exposure by proteomic and metabolomic approaches. Proteomics 2011, 11, 1650–1663. [CrossRef]

https://doi.org/10.1021/jf034482k
https://doi.org/10.1007/s00128-007-9204-9
https://www.ncbi.nlm.nih.gov/pubmed/17619796
https://doi.org/10.1007/s10811-015-0630-5
https://doi.org/10.1007/s11270-006-9284-x
https://doi.org/10.1016/S0045-6535(03)00268-6
https://doi.org/10.18821/0016-9900-2017-96-2-114-117
https://doi.org/10.5094/APR.2010.005
https://doi.org/10.25789/YMJ.2019.66.11
https://doi.org/10.1371/journal.pone.0226315
https://www.ncbi.nlm.nih.gov/pubmed/32160195
https://doi.org/10.1134/S1021443715010112
https://doi.org/10.1007/s10646-022-02607-6
https://www.ncbi.nlm.nih.gov/pubmed/36445649
https://doi.org/10.1134/S1995425521010091
https://doi.org/10.1590/S0100-84041999000500014
https://doi.org/10.1134/S1995425522050122
https://doi.org/10.1134/S0003683807060117
https://doi.org/10.1016/j.ecoenv.2017.07.035
https://doi.org/10.3390/metabo13030341
https://doi.org/10.1016/j.plaphy.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30340174
https://doi.org/10.1016/j.envpol.2019.113705
https://www.ncbi.nlm.nih.gov/pubmed/31864075
https://doi.org/10.1016/j.ecoenv.2017.09.066
https://doi.org/10.1016/S0168-9452(02)00210-8
https://doi.org/10.1002/pmic.201000645


Molecules 2023, 28, 6322 16 of 17

33. Handa, N.; Kohli, S.K.; Sharma, A.; Thukral, A.K.; Bhardwaj, R.; Abd_Allah, E.F.; Alqarawi, A.A.; Ahmad, P. Selenium modulates
dynamics of antioxidative defence expression, photosynthetic attributes and secondary metabolites to mitigate chromium toxicity
in Brassica juncea L. plants. Environ. Exp. Bot. 2019, 161, 180–192. [CrossRef]

34. Kohli, S.K.; Handa, N.; Sharma, A.; Gautam, V.; Arora, S.; Bhardwaj, R.; Wijaya, L.; Alyemeni, M.N.; Ahmad, P. Interaction
of 24-epibrassinolide and salicylic acid regulates pigment contents, antioxidative defense responses, and gene expression in
Brassica juncea L. seedlings under Pb stress. Environ. Sci. Pollut. Res. 2018, 25, 15159–15173. [CrossRef]

35. Kaur, R.; Yadav, P.; Sharma, A.; Kumar Thukral, A.; Kumar, V.; Kaur Kohli, S.; Bhardwaj, R. Castasterone and citric acid treatment
restores photosynthetic attributes in Brassica juncea L. under Cd(II) toxicity. Ecotoxicol. Environ. Saf. 2017, 145, 466–475. [CrossRef]

36. Handa, N.; Kohli, S.K.; Sharma, A.; Thukral, A.K.; Bhardwaj, R.; Alyemeni, M.N.; Wijaya, L.; Ahmad, P. Selenium ameliorates
chromium toxicity through modifications in pigment system, antioxidative capacity, osmotic system, and metal chelators in
Brassica juncea seedlings. S. Afr. J. Bot. 2018, 119, 1–10. [CrossRef]

37. Mira, L.; Fernandez, M.T.; Santos, M.; Rocha, R.; Florencio, M.H.; Jennings, K.R. Interactions of flavonoids with iron and copper
ions: A mechanism for their antioxidant activity. Free. Radic. Res. 2002, 36, 1199–1208. [CrossRef] [PubMed]

38. Williams, R.J.; Spencer, J.P.; Rice-Evans, C. Flavonoids: Antioxidants or signalling molecules? Free. Radic. Biol. Med. 2004, 36,
838–849. [CrossRef] [PubMed]

39. Cardenas-Sandoval, B.A.; López-Laredo, A.R.; Martínez-Bonfil, B.P.; Bermudez-Torres, K.; Trejo-Tapia, G. Avances en la fi-
toquímica de Cuphea aequipetala, C. aequipetala var. hispida y C. lanceolata: Extracción y cuantificación de los compuestos fenólicos y
actividad antioxidante. Rev. Mex. Ing. Quim. 2012, 11, 401–413.

40. Leng, X.; Jia, H.; Sun, X.; Shangguan, L.; Mu, Q.; Wang, B.; Fang, J. Comparative transcriptome analysis of grapevine in response
to copper stress. Sci. Rep. 2015, 5, 17749. [CrossRef] [PubMed]

41. Zafari, S.; Sharifi, M.; Ahmadian Chashmi, N.; Mur, L.A. Modulation of Pb-induced stress in Prosopis shoots through an
interconnected network of signaling molecules, phenolic compounds and amino acids. Plant Physiol. Biochem. 2016, 99, 11–20.
[CrossRef]

42. Michalak, A. Phenolic compounds and their antioxidant activity in plants growing under heavy metal stress. Pol. J. Environ. Stud.
2016, 15, 523–530.

43. Keilig, K.; Ludwig-Mueller, J. Effect of flavonoids on heavy metal tolerance in Arabidopsis thaliana seedlings. Bot. Stud. 2009, 50,
311–318.
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