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Context: Little is known about the association between haptoglobin level and cardiometabolic
traits. A previous genome-wide association study identified rs2000999 in the HP gene as the
stronger genetic contributor to serum haptoglobin level in European populations.

Objective and Design: We investigated the association of HP rs2000999 with serum haptoglobin
and childhood and adult obesity in up to 540/697 and 592/691 Mexican cases and controls,
respectively. Anthropometric and biochemical data were collected. Serum haptoglobin was
measured by an immunoturbidimetry assay. HP rs2000999 was genotyped using the TagMan
technology. Mendelian randomization analysis was performed using the Wald and inverse
variance weighting methods.

Results: Haptoglobin level was positively associated with childhood and adult obesity. HP
rs2000999 G allele was positively associated with haptoglobin level in children and adults.

HP rs2000999 G allele was positively associated with childhood but not adult obesity. The
association between HP rs2000999 and childhood obesity was removed after adjusting for
haptoglobin level. In a Mendelian randomization analysis, haptoglobin level genetically
predicted by HP rs2000999 showed a significant causal effect on childhood obesity by the Wald
and inverse variance weighting methods.

Conclusion: Our data provide evidence for the first time for a causal positive association between
serum haptoglobin level and childhood obesity in the Mexican population. Our study contributes
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to the genetic elucidation of childhood obesity and proposes haptoglobin as an important
biomarker and treatment target for obesity. (J Clin Endocrinol Metab 105: e2501-e2510, 2020)

Freeform/Key Words: serum haptoglobin, obesity, serum lipids, HP rs2000999 polymorphism;
Mendelian randomization, Mexican children and adults

besity prevalence has nearly tripled since 1975.

While the rise in obesity is a global phenom-
enon, certain countries are more affected than others
(1). As an illustration, the Organization for Economic
Co-operation and Development reported that Mexico
had the second highest rate of obesity in the world in
2018, after the United States. The 2016 national survey
of health and nutrition of Mexico reported obesity
prevalence of 15.3%, 13.9%, and 33.3%, respectively,
among children from § to 11 years, 12 to 19 years, and
adults (2). Obesity is an important risk factor for mul-
tiple comorbidities (e.g., type 2 diabetes, cardiovascular
disease, cancer) and premature all-cause mortality, and
the risk increases even more for early-onset cases (3-5).
While therapeutic options are available for children and
adults (e.g., lifestyle and behavioral modifications, phar-
maceuticals, bariatric surgery), they have limited impact
on weight loss, or are only accessible for small fraction
of eligible patients with obesity (6, 7). Therefore, while
efforts have been made to tackle childhood and adult
obesity in Mexico, they have so far failed at curbing the
obesity epidemic (2, 8-10). More research is needed on
the causes and consequences of obesity in this high-risk
population, in order to improve prediction, prevention,
and care (11, 12).

Obesity results from the complex interplay of envir-
onmental, societal, behavioral and biological influences
(13). While the influence of in utero environment, age,
and sex on obesity risk is well-documented (13), the
role of other biological factors is less understood. For
instance, literature provides conflicting and insufficient
data on whether inflammation is a cause or consequence
of obesity (14-16).

Human haptoglobin is a glycoprotein essen-
tially synthesized by the liver (17). Haptoglobin is
up-regulated by cytokines and abundantly produced
during acute phase inflammation (17). Haptoglobin
binds to circulating free hemoglobin released by hem-
olysis or normal red blood cell turnover (18). The cir-
culating haptoglobin/hemoglobin complexes are then
eliminated by Kupffer’s cell(s) in the liver, which pre-
vents the generation of reactive oxygen species and the
loss of iron (18). Haptoglobin also binds apolipoprotein
A-T and E, and consequently modifies the high-density
lipoprotein cholesterol (HDL-C) function and choles-
terol esterification (19, 20). Mouse studies have shown
that haptoglobin is expressed in adipocytes, is regulated

by peroxisome proliferator-activated receptor (PPAR)
gamma, and regulates changes in adipocyte size and
adipogenesis (21-23). Haptoglobin is encoded by the
HP gene that is located on chromosome 16q22.2. The
HP gene exists as 2 copy number variants (CNVs), Hp1
and Hp2 (24). The Hp1/Hp2 CNV has been associated
with serum haptoglobin and lipid levels and inflamma-
tory markers (24- 27). More recently, a genome-wide as-
sociation study (GWAS) identified the single nucleotide
polymorphism (SNP) rs2000999 in HP as the stronger
genetic predictor of serum haptoglobin level, ex-
plaining 11.8% of its variation in European populations
(27). Rs2000999 was also associated with total and
low-density lipoprotein cholesterol and was only mar-
ginally correlated with the Hp1/Hp2 CNV in the same
study (27). However, several questions remain. Are the
associations of HP rs2000999 with serum haptoglobin
and lipid levels transferable to non-European popula-
tions? Is HP rs2000999 associated with inflammation-
related conditions such as obesity? What is the causal
chain of events linking circulating haptoglobin to
cardiometabolic traits? This gap in knowledge prompted
us to investigate the association of HP rs2000999 with
serum haptoglobin, obesity, and cardiometabolic traits
in the Mexican population.

Subjects and Methods

Participants

In the discovery case control study, 447 children (256
with normal-weight and 191 with obesity) between the
ages of 6 and 12 were enrolled in 3 different States of
Mexico (Campeche, Oaxaca, and Mexico City). The
study was conducted from 2017 to October 2018. As
part of the National Obesity Network Mexico initia-
tive, we also collected genetic and anthropometric data
in a replication case control study of 790 children (441
with normal weight and 349 with obesity) between the
ages of 6 and 12 enrolled in 12 States of Mexico (Baja
California Sur, Estado de Mexico, Guanajuato, Hidalgo,
Michoacan, Nayarit, Nuevo Ledn, Puebla, Queretaro,
Sinaloa, Sonora and Tamaulipas; Replication sample).
The recruitment was conducted from June 2016 to
October 2018.

A total of 1283 unrelated Mexican adults were en-
rolled in this study. Of these participants, 592 were
normal weight and 691 were obese. Cases and controls
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were recruited from primary health care facilities in
Mexico City and from the central blood bank of the
National Medical Center “Siglo XXI” in Mexico City.

Written informed consent was obtained from each
adult subject prior to participation in the study. Child
assent was obtained and parents (or legal guardians)
provided written informed consent prior to enrollment
into the study. Research was approved by local insti-
tutional review boards and was conducted in accord-
ance with the relevant guidelines and regulations of the
Declaration of Helsinki (28).

Anthropometric and biochemical measurements
All participants were weighed using a digital scale
(Seca, Hamburg, Germany). Height was measured with
a portable stadiometer (Seca 225, Hamburg, Germany).
Body mass index (BMI) was calculated as weight (kg) /
height (m)®. BMI was converted to age- and gender-
adjusted standard deviation scores (SDS-BMI) in chil-
dren using the guidelines from the Centers for Disease
Control (CDC) (29). Age- and gender- specific BMI
percentiles were calculated according to the CDC 2000
reference to classify children as normal weight (BMI
between the 5th to 85th percentile) and obese (BMI
at or above the 95th percentile), respectively (30).
In adults, normal weight and obesity were defined as
a BMI <25 kg/m* and BMI > 30 kg/m?, respectively.
Systolic and diastolic blood pressure (SBP and DBP)
were measured using a mercurial sphygmomanometer
(ALPK2, Tokyo, Japan). Blood pressure readings were
taken for each participant twice on the right arm in a
sitting position with 5 minutes of rest between each
measurement and the mean of the 2 readings was calcu-
lated. Blood samples were obtained following a 12-hour
fast and were analyzed for fasting plasma glucose (FPG),
total cholesterol (TC), high-density lipoprotein chol-
esterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), and triglycerides (TG) using the ILab 350
Clinical Chemistry System (Instrumentation Laboratory
IL Barcelona Spain). Fasting plasma insulin (FPI) was
measured by chemiluminescence (IMMULITE, Siemens,
USA) and homeostatic model assessment of insulin re-
sistance (HOMA-IR) and beta-cell function (HOMA-B)
were calculated using the equation by Matthews et al
(31). Due to the risk of blood hemolysis, fasting in-
sulin values < 1 pU/mL were discarded from the study.
Glycemic status (normal glucose tolerance, impaired
fasting glucose, impaired glucose tolerance, diabetes)
was diagnosed using the American Diabetes Association
criteria (32). In the absence of an oral glucose tolerance
test (OGTT) 2-hour plasma glucose value, normal glu-
cose tolerance was defined as FPG < 5.6 mmol/L. Serum

https://academic.oup.com/jcem e2503

haptoglobin was measured by immunoturbidimetry
assay using a COBAS Icobas 8000 modular ana-
lyzer series (Hoffman-La Roche. Basel, Switzerland)
and Roche reagents following the manufacturer’s in-
structions, in the CENAREM core laboratory facility
(Mexico City).

DNA extraction and genotyping

Genomic DNA of all participants was isolated from
peripheral blood using the AutoGenFlex STAR (Auto-
Gen, Holliston, MA, USA), and purity and integrity
were verified by 260/280 nm measurements (BioTek
Instruments, Winooski, VT) and by electrophoresis
in 0.8% agarose gels stained with ethidium bromide.
Genotyping of rs2000999 of HP was performed by
real-time polymerase chain reaction (RT-PCR) using
TagMan allelic discrimination assay C__11439054_10
(Thermo Fisher Scientific) on a 7900HT Fast Real-
Time PCR system (Applied Biosystems, CA), following
standard protocols. Genotype discrimination was evalu-
ated using the SDS software (Applied Biosystems, CA).
In children, genotyping call rates of 99.2% and 98.4%
were observed for HP rs2000999 in the discovery and
replication samples, respectively. No deviation from
Hardy-Weinberg equilibrium was observed for HP
rs2000999 in case and control groups of the discovery
and replication samples (P value between 0.246 and
0.926; Supplementary Table 1) (33). Genotypes were
duplicated in 10% of the discovery and replication
samples and a genotyping concordance rate of 100%
was observed. We also compared the allele frequencies
of the discovery and replication samples with the adult
Mexican-American reference population from the 1000
Genomes Project (1000G; Supplementary Table 1) (33).
Allele frequencies in the discovery and replication sam-
ples were not significantly different from the reported
frequencies in the 1000G. In adults, a genotyping call
rate of 98.7% was observed for HP rs2000999. No de-
viation from Hardy-Weinberg equilibrium was observed
for HP rs2000999 in case and control groups (P value of
0.70 and 0.78, respectively). Genotypes were duplicated
in 10% of the sample and a genotyping concordance
rate of 100% was observed. Allele frequencies in the
adult sample were not significantly different (P = 0.07)
from the reported frequencies in the Mexican-American
reference population from 1000G.

Data analysis

The normal distribution of continuous variables was
tested using the Shapiro-Wilk test. For the traits that
significantly deviate from normality, rank based inverse
normal transformations were applied (Supplementary
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Table 2) (33). Differences between cases and controls
for continuous and categorical traits were tested with
Student ¢ and Chi-squared tests, respectively. Linear and
logistic regression models adjusted for age, sex, and gly-
cemic status in some analyses were used to assess asso-
ciations. Additional adjustments for obesity status and/
or serum haptoglobin level were performed for associ-
ations with cardiometabolic traits. The genetic analyses
with HP rs2000999 were performed under the additive
model considering the minor allele as the effect allele,
as previously described (27). The ratio of coefficients
method, also called Wald method, was used to perform
Mendelian randomization tests for binary outcomes and
the result was confirmed by inverse variance weighting
method (34). We did not perform association studies
between serum haptoglobin level, HP rs2000999, and
BMI / SDS-BMI as a continuous trait. Obesity case con-
trol study designs are not compatible with these ana-
lyses and hence they may result in biased estimations of
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the effects (35). We followed the strategy reported pre-
viously by Ronald J. Feise and considered independent
Bonferroni corrections for each question asked (36).
QUANTO software was used for statistical power cal-
culations. The statistical analyses were conducted using
SPSS software (version 22.0, IBM, Armonk, NY).

Results

Characteristics of the child study population
Anthropometric and cardiometabolic traits of the
participants from the discovery and replication samples
are presented in Table 1. We enrolled 256 children with
normal weight and 191 children with obesity in the dis-
covery sample. Age and sex ratio were not significantly dif-
ferent in the normal-weight and obesity groups. Children
with obesity had on average 7.6 kg/m> higher BMI and
1.7 higher SDS-BMI unit than their normal-weight coun-
terparts. All the other metabolic traits were significantly

Table 1. General Characteristics of Mexican Children With Normal Weight and Obesity

Trait Normal weight Obesity P Value
Discovery sample N =256 N =191 -
Female, N (%) 130 (50.8) 84 (44) 0.154
Age (years% 9.1+19 9.0x1.7 0.539
BMI (kg/m?) 16.7+1.8 243+3.0 3.9x107°
SDS-BMI 0.318 +0.749 1.992 +0.108 5.4 x 10728
WHR 0.845 + 0.060 0.924 + 0.065 2.9x 1073
SDS-WHR 0.238 + 0.899 0.902 + 0.957 8.1x 107"
SBP (mmHg)°? 98.0+86 106.2 +12.4 44x07"°
SDS-SBP? 0.170 +0.768 0.623 +1.108 1.6x 107"
DBP (mmHg)® 63.2+8.1 67.5+10.4 1.7x107™*
SDS-DBP? 0.241 + 0.887 0.293 +1.133 1.8x 107
LDL-C (mg/dL) 91.1+22.1 98.2+23.4 0.001
HDL-C (mg/dL) 50.2 + 10.1 43.1£10.7 7.7x10 "2
TC (mg/dL) 151.1+27.3 159.2 +30.9 0.004
TG (mg/dL) 82.5+41.9 128.2+61.6 7.7 x 107"
FPG (mmol/l) 47+04 47+04 0.460
FPI (U/mI)° 53+3.1 115+79 24x107%
HOMA-IR 1.0£0.6 22+16 5.1x 107"
HOMA-B® 95.3+64.9 247.5 +233.1 4.4x1073
Haptoglobin (mg/dL) 77.8 £45.2 105.7 £47.5 6.8 x 107"°
HP rs2000999 G/G, N (%) 175 (68.4) 145 (75.9) 0.107
HP rs2000999 G/A, N (%) 70 (27.3) 43 (22.5)

HP rs2000999 A/A, N (%) 11 (4.3) 3(1.6)

Replication sample N =441 N =349 -
Female, N (%) 215 (48.8) 206 (59.0) 0.004
Age (yearsg 9.0+£2.0 9.1+1.7 0.228
BMI (kg/m?) 16.7+1.7 25.2+36 2.5x 1073
SDS-BMI 0.249 + 0.770 1.993 + 0.059 6.1x 1073
HP rs2000999 G/G, N (%) 283 (64.2) 247 (70.8) 0.124
HP rs2000999 G/A, N (%) 144 (32.7) 95 (27.2)

HP rs2000999 A/A, N (%) 14 (3.2) 7(2.0)

Data are expressed as mean + standard deviation and N (%). Difference in sex ratios was analyzed using chi-squared test. Differences in means were

analyzed using Student t tests. Significant P values (P < 0.05) are represented in bold.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HDL-C, high density
lipoprotein cholesterol; HOMA-B, homeostatic model assessment for B-cell function; HOMA-IR, homeostatic model assessment for insulin resistance;
LDL-C, low density lipoprotein cholesterol; SBP, systolic blood pressure; SDS, metabolic traits age- and sex-adjusted standard deviation scores; TC,
total cholesterol; TG, triglycerides; WHR, waist to hip ratio.
aChildren with normal weight (n = 173) and obesity (n = 104) analyzed. PChildren with normal weight (n = 150) and obesity (n = 95) analyzed.

202 Iudy 0z uo 1senb Aq $89228S/105Z9/L/S0L/aI01E/Wad/wod" dno-olwspese)/:sdjy Woj papeojumoq



doi:10.1210/clinem/dgaa213

elevated in children with obesity compared to their
normal-weight counterparts, except for HDL-C, which
was significantly reduced. We enrolled 441 children with
normal weight and 349 children with obesity in the repli-
cation sample. Age was similar in the children with normal
weight and those with obesity, but 10.2% more girls were
observed in the obese group. Children with obesity had on
average 8.5 kg/m* higher BMI and 1.4 higher SDS-BMI
unit than their normal-weight counterparts.

Association of serum haptoglobin with childhood
obesity and cardiometabolic traits

Sex and age were not associated with serum hapto-
globin in children with normal weight (P = 0.992;
P, = 0.709) and obesity (P, = 0.219 P, = 0.358).
Therefore, we did not stratify subsequent analyses for sex
and age. Serum haptoglobin level was 77.8 + 45.2 mg/dL
in children with normal weight, and 105.7 + 47.5 mg/
dL in children with obesity (P = 6.8 x 10™°, Table 1).
Serum haptoglobin level was positively associated
with childhood obesity status in the discovery sample
(OR =1.014; 95% confidence interval [CI] 1.009-
1.018]; P=6.55 x 107; test adjusted for age, sex and
recruitment center) (Fig. 1). We also tested the associ-
ation between serum haptoglobin level and additional
cardiometabolic traits, adjusted for age, sex, obesity
status, and recruitment center. Serum haptoglobin level
was nominally (P < 0.05) associated with HDL-C, TC,
FPI, and HOMA-IR (Table 2), but most of the associ-
ations did not remain significant after Bonferroni cor-
rection for multiple tests, with the notable exception of
HDL-C and FPI. We then investigated if obesity status
modulates the association between serum haptoglobin
level and cardiometabolic traits (Table 2). We found sig-
nificant interactions between obesity status and serum
haptoglobin level on LDL-C (f=-3.376 +1.109;
P=0.001), TC (p=-4.592+1.408; P=0.001) and

2004 OR = 1.014; 95% Cl, 1.009-1.018; P =6.55 x 10°°
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Figure 1. Association of serum haptoglobin with childhood obesity
in 447 Mexican children (discovery sample). Logistic regression was
adjusted for age, sex, and recruitment center.
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TG (p=-9.318 £ 2.600; P =0.001) (Table 2). In sub-
sequent subgroup analyses, we only observed a signifi-
cant negative association between serum haptoglobin
level and LDL-C and TC in children with obesity
(p=-0.117 = 0.035; P = 0.001 and 3 = -0.183 = 0.046;
P=9.7x10", respectively), while the effect on TG
was significant both in children with normal weight
and those with obesity, with an opposite direction of
effect (Bpomal weign = 0-199 =0.075; P=0.009 and
Bobesicy = —0-195 = 0.081, P =0.017; tests adjusted for
age, sex and recruitment center) (Table 3).

Association of rs2000999 of HP with haptoglobin
level, childhood obesity, and cardiometabolic traits

HP 152000999 G allele was positively associated
with serum haptoglobin level in the discovery sample
(B =28.904 +3.867; P=5.2x10"%) adjusted for age,
sex, obesity status, and recruitment center (Fig. 2). No
interaction was found between HP rs2000999 and
obesity status on serum haptoglobin level (P = 0.369).

HP rs2000999 G allele showed a positive associ-
ation with obesity in both discovery and replication
sample (OR = 1.487; 95% CI, 1.024-2.159; P = 0.037
and OR =1.325; 95% CI, 1.009-1.739; P = 0.043, re-
spectively; tests adjusted for age, sex, and recruitment
center). This association was confirmed when we ana-
lyzed the discovery and replication samples together
(OR =1.390; 95% CI, 1.113-1.736; P =0.0037; tests
adjusted for age, sex, and recruitment center).

HP rs2000999 G allele was nominally (P < 0.05) as-
sociated with LDL-C and TC in the discovery sample
(tests adjusted for age, sex, obesity status, and re-
cruitment center) (Table 4), but the associations did
not remain significant after Bonferroni correction for
multiple tests. We then investigated potential inter-
actions between obesity status and HP rs2000999
G allele on cardiometabolic traits in the discovery
sample (Table 4). Significant interactions were ob-
served for LDL-C ($=-2.989+1.127; P =0.008)
and TC (p=-3.426 = 1.441; P = 0.018) (Table 4). We
then evaluated the effect of HP rs2000999 G allele on
LDL-C and TC adjusted for age, sex, and recruitment
center in children with normal weight and obesity sep-
arately. A negative association between HP rs2000999
G allele, LDL-C and TC was only observed in children
with obesity (p=-12.982x3.479; P=2.5x10" and
p=-15.578 £ 4.616; P = 0.001, respectively) (Table 3).

Causal effect of serum haptoglobin level on
childhood obesity

To investigate potential causality in the associations
between serum haptoglobin level and childhood
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Table 2. Association of Serum Haptoglobin Level With Cardiometabolic Traits in 447 Mexican Children

Main Effect Interaction
Traits N Haptoglobin level P value Haptoglobin level x obesity P value
WHR 447 0.000 + 0.001 0.745 0.004 + 0.004 0.311
SDS-WHR 447 0.000 £ 0.001 0.784 0.073 £ 0.057 0.202
SBP (mmHg) 277 0.002 +£0.012 0.976 -0.007 + 0.604 0.991
SDS-SBP 277 0.000 + 0.001 0.849 -0.028 + 0.056 0.615
DBP (mmHg) 277 0.006 +£0.011 0.593 -0.145 £ 0.543 0.789
SDS-DBP 277 0.001 £ 0.001 0.452 -0.021 £ 0.062 0.742
LDL-C (mg/dL) 447 -0.026 + 0.024 0.279 -3.376 £ 1.109 0.001
HDL-C (mg/dL) 447 -0.031 +£0.0M1 0.004 0.317+£0.511 0.536
TC (mg/dL) 447 -0.068 + 0.030 0.023 -4.592 + 1.408 0.001
TG (mg/dL) 447 0.021 + 0.056 0.701 -9.318 + 2.600 0.001
FPG (mmol/l) 447 0.001 £ 0.000 0.082 -0.022 £ 0.022 0.321
FPI (uU/ml) 245 0.020 £ 0.007 0.004 -0.313+0.338 0.355
HOMA-IR 245 0.004 + 0.001 0.007 -0.061 £ 0.071 0.389
HOMA-B 245 0.623 £0.348 0.075 25.231 £ 17.084 0.141

Data are expressed as B + SE. Linear regression model was adjusted for age, sex, obesity status and recruitment center. Significant P values (main
effect: P < 0.0045 after Bonferroni correction [0.05/11], and interaction: P < 0.05) are represented in bold.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HDL-C, high density
lipoprotein cholesterol; HOMA-B, homeostatic model assessment for B-cell function; HOMA-IR, homeostatic model assessment for insulin resistance;
LDL-C, low density lipoprotein cholesterol; SBP, systolic blood pressure; SDS, metabolic traits age- and sex-adjusted standard deviation scores; TC,

total cholesterol; TG, triglycerides; WHR, waist to hip ratio.

obesity, LDL-C and TC we used a Mendelian ran-
domization approach in the discovery sample. We
first evaluated the pertinence to use HP rs2000999
as instrumental variable in the model. For that, we
carried out an association analysis between HP
rs2000999 and childhood obesity, LDL-C, and TC
with and without adjustment for serum haptoglobin
level in the model, in addition to age, sex, and re-
cruitment center (Supplementary Table 3) (33). The
association between HP rs2000999 and childhood
obesity was removed when we added serum hapto-
globin level as a covariate in the regression model
(P =0.966). In contrast, adjustments for LDL-C
or TC did not change the association between HP
rs2000999 and childhood obesity (P =0.020 and
0.024, respectively). Furthermore, the association
of HP rs2000999 with LDL-C and TC did not sens-
ibly change after adjusting for serum haptoglobin
level, both in the whole sample (P, - = 0.016 and
prc = 0.053) and in the obese group (p,; - = 0.006
and p; = 0.027) (Supplementary Table 3) (33). Based
on these results, we investigated further the causal ef-
fect of serum haptoglobin level on childhood obesity
risk. We performed a Mendelian randomization ana-
lysis with HP rs2000999 and serum haptoglobin level
as instrumental and exposure variable. Serum hapto-
globin level genetically predicted by HP rs2000999
showed a significant causal effect on obesity using the
Wald method (OR =1.621; 95% CI, 1.156-2.274;
P =0.005). We confirmed this significant effect by in-
verse variance weighting method (OR = 1.069; 95%
CI, 1.005-1.137; P = 0.040) (Fig. 3).

Replications in the Mexican adult population

Anthropometric and cardiometabolic traits of the adult
participants are presented in Supplementary Table 4 (33).
In the haptoglobin level replication sample (202 adults
with normal weight and 193 with obesity, all participants
with normal glucose tolerance), HDL-C was significantly
lower in adults with obesity, while BMI, TG, and FPG
were significantly elevated. Age and sex ratio were not
significantly different in the normal-weight and obesity
groups. In the HP rs2000999 replication sample (592
adults with normal weight and 691 with obesity), all an-
thropometric and cardiometabolic traits were significantly
elevated in the obesity group, except for HDL, which was
significantly reduced. Adult participants with obesity had
13.2% more women and were on average 3.9 years older
than participants with normal weight.

In the haptoglobin level replication sample (N .
weight = 202, Nyp i = 193), serum haptoglobin level was
not associated with sex and age in adults with normal
weight (P, =0.22; P .=0.95) and obesity (P = 0.14;

P =0.71). Therefore, we did not stratify subsequent
analyses for sex and age. Serum haptoglobin level was
108.7 = 38.9 mg/dL in adults with normal weight, and
132.8 = 43.1 mg/dLin adults with obesity (P = 1.1 x 10°%;
Supplementary Table 4) (33). Serum haptoglobin
level was positively associated with adult obesity
(OR =1.015; 95% CI, 1.010-1.021; P=7.2x 10_8;
test adjusted for age, sex and recruitment center). We
did not find any significant association between serum
haptoglobin level and additional cardiometabolic traits,
adjusted for age, sex, obesity status, and recruitment
center (Supplementary Table 5) (33).
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Table 3. Association of Serum Haptoglobin Level and HP rs2000999 G Allele With LDL-C, TC and TG in

Children With Normal Weight and Obesity

Main Effect of Serum Haptoglobin

Normal weight Obesity
Traits N = 256 P value N =191 P value
LDL-C (mg/dL) 0.044 +0.031 0.159 -0.117 £0.035 0.001
TC (mg/dL) 0.020 +£0.039 0.616 -0.183 + 0.046 9.7 x 10°
TG (mg/dL) 0.199 £ 0.075 0.009 —0.195 £ 0.081 0.017

Main Effect of HP rs2000999 G Allele

Normal weight Obesity
Traits N =256 P value N =191 P value
LDL-C (mg/dL) —-1.530 + 2.531 0.546 -12.982 +3.479 2.5x 10"
TC (mg/dL) -2.142 +3.137 0.495 -15.578 +4.616 0.001

Data are represented as B + SE. Analysis by linear regression model adjusted for age, sex and recruitment center. Significant P values (P < 0.05) are

represented in bold.

Abbreviations: LDL-C, low density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides.

HP rs2000999 G allele was positively associated with
serum haptoglobin level in 202 normal-weight and 193
obese adults (B =24.559 = 4.142; P= 6.7 x 10”; test ad-
justed for age, sex, obesity status, and recruitment center).
No interaction was found between HP rs2000999 and
obesity status on serum haptoglobin level (P =0.248).
The association between HP rs2000999 G allele and
adult obesity was not significant in the haptoglobin level
(N,ormat weight = 202, Ny, = 1935 OR = 1.164; 95% CI,
0.765-1.770; P = 0.48; test adjusted for age, sex, and re-
cruitment center) and HP rs2000999 replication samples
(Npormat weighe = 5925 Ny, = 6915 OR = 0.988; 95%
CIL, 0.784-1.246; P =0.92; tests adjusted for age, sex,
recruitment center, and glycemic status). We also tested
the association between HP rs2000999 and additional
cardiometabolic traits in the HP rs2000999 replication
sample (N weight = 592, NObesity = 691; tests adjusted
for age, sex, obesity status, recruitment center, and gly-
cemic status; Supplementary Table 6) (33). HP rs2000999

2004 [ =28.904+3.867;P=52x10"3

]
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Figure 2. Association of HP rs2000999 with haptoglobin level in 447
Mexican children (discovery sample). Logistic regression was adjusted
for age, sex, obesity status, and recruitment center.

G allele was nominally associated with lower LDL-C
(p=-3.892+4.616; P=0.05), and significantly associ-
ated with lower HDL-C ( = -1.926 = 0.688; P = 0.005)
and TC (B =-8.047 =2.452; P =0.001). No significant
interaction between HP rs2000999 and obesity status on
cardiometabolic traits was observed (P > 0.283).

Discussion

In 2012, a GWAS in European populations identified
HP rs2000999 as the main genetic contributor to serum
haptoglobin level (27). Our study evidenced a strong as-
sociation between HP rs2000999 and serum haptoglobin
level in Mexican children and adults and confirmed the
transferability of the European GWAS signal in this
population. In line with our results, a similar association
between rs2000999 and serum haptoglobin level was re-
cently reported in Chinese and Japanese adults (37, 38).
SNP rs2000999 is located in the intronic region of HP
gene and it modulates expression levels of the Hp mRNA
in human subcutaneous adipose tissue (27). These data
suggest that this SNP, or a SNP in very strong linkage dis-
equilibrium with this one, is indeed functional. The trans-
ferability of the association of HP rs2000999 with serum
haptoglobin levels in 3 ethnic groups also favors the view
that this SNP may have a causal role.

Our observational and genetic data demonstrate for
the first time a causal positive association between serum
haptoglobin level and childhood obesity in the Mexican
population. The contribution of haptoglobin to adipo-
cyte differentiation and morphology in mouse models is
consistent with these results (21-23). In addition, Chiellini
et al previously reported that serum haptoglobin level
was positively correlated with BMI in 312 Italian adults
of European ancestry (39). In contrast, no study has
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Table 4. Association of HP rs2000999 G Allele With Cardiometabolic Traits in 447 Mexican Children

Main Effect Interaction
Traits N HP rs2000999 P value HP rs2000999 x Obesity P value
WHR 447 0.001 + 0.007 0.808 0.003 + 0.004 0.483
SDS-WHR 447 0.020 £ 0.105 0.916 0.024 £ 0.059 0.682
SBP (mmHg) 277 -0.184 £ 1.099 0.867 0.218 £ 0.599 0.716
SDS-SBP 277 -0.030+0.103 0.771 0.014 £ 0.056 0.809
DBP (mmHg) 277 -0.087 £ 0.992 0.930 0.467 £ 0.544 0.391
SDS-DBP 277 -0.016 £0.113 0.890 0.057 + 0.062 0.363
LDL-C (mg/dL) 447 -5.460 + 2.057 0.008 -2.989 + 1.127 0.008
HDL-C (mg/dL) 447 -0.794 + 0.952 0.403 -0.311 +£0.525 0.555
TC (mg/dL) 447 -6.739 £ 2.626 0.011 -3.426 £ 1.441 0.018
TG (mg/dL) 447 1.708 + 4.870 0.726 1.115 +2.688 0.679
FPG (mmol/l) 447 0.069 £ 0.041 0.096 0.016 £0.023 0.469
FPI (uU/ml) 245 -0.254 £ 0.635 0.690 0.273£0.342 0.426
HOMA-IR 245 -0.021 +£0.133 0.875 0.061 £0.072 0.399
HOMA-B 245 -54.597 +31.679 0.086 9.480 + 17.038 0.578

Data are expressed as B + SE. Linear regression model adjusted for age, sex, obesity status and recruitment center. Significant P-values (main effect:
P < 0.0045 after Bonferroni correction [0.05/11], and interaction: P < 0.05) are represented in bold.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; FPG, fasting plasma glucose; FPI, fasting plasma insulin; HDL-C, high density
lipoprotein cholesterol; HOMA-B, homeostatic model assessment for B-cell function; HOMA-IR, homeostatic model assessment for insulin resistance;
LDL-C, low density lipoprotein cholesterol; SBP, systolic blood pressure; SDS, metabolic traits age- and sex-adjusted standard deviation scores; TC,

total cholesterol; TG, triglycerides; WHR, waist to hip ratio.

investigated the association of HP rs2000999 with obesity
traits in literature. While a positive association between
serum haptoglobin level and obesity was demonstrated
both in Mexican children and adults, we were unable
to replicate the association between HP rs2000999 and
childhood obesity in our adult sample. Possible explan-
ations for this lack of replication include winner’s curse
effects, suboptimal statistical power, gene-by-age inter-
actions, and birth cohort effects (13, 40, 41). However, the
significant association of the HP rs2000999 G allele with
BMI in 794 018 white-Caucasian adults from the GIANT
consortium and UK Biobank (f=-0.0115=0.0021;
P=2.5%x10") and 158 284 East Asian adults from the
Biobank Japan (f = 0.0129 = 0.0037; P = 4.7 x 10*) does
not exclude a causal association between serum hapto-
globin level and adult obesity.

A negative association at the observational and gen-
etic level between serum haptoglobin level and LDL-C
and TC was evidenced in Mexican children, but this

1 Serum Childhood
haptoglobin level obesity
~ |
~
DS I
~
N |
S v

N
| LDL-C
e ]

Figure 3. Causal and non-causal associations between serum
haptoglobin level, childhood obesity, LDL-C (low-density lipoprotein
cholesterol), and TC (total cholesterol). Plain and dotted arrows
represent causal and non-causal associations, respectively.

association is restricted to the obesity group and is un-
likely to be causal. As an illustration, the association
between HP rs2000999 and TC and LDL-C observed
in Mexican obese children is not modified when serum
haptoglobin level is added as a covariate to the regres-
sion model. Haptoglobin regulates the function (rather
than the expression) of apolipoprotein A-I and E, HDL-
C, and cholesterol (19, 20). It may therefore be expected
not to find an association between HP rs2000999 /
serum haptoglobin level and TC and LDL-C levels in
Mexican normal-weight children. In contrast, child-
hood obesity results in chronic low-grade inflam-
mation and dyslipidemia (14, 42). Obesity has been
shown to upregulate haptoglobin expression in adi-
pocytes through inflammation (21, 43). The high level
of haptoglobin in presence of obesity, especially in HP
rs2000999 G allele carriers, may protect from the nega-
tive cardiometabolic consequences of reactive oxygen
species, impact adipocyte metabolism and lipid func-
tion, and indirectly result in TC and LDL-C changes in
Mexican obese children (18-20, 23, 44). While we were
unable to find an association between serum hapto-
globin and lipid levels in Mexican adults, HP rs2000999
G allele was associated with lower serum HDL-C, TC,
and LDL-C values independent of obesity status in this
population. These findings highlight the probable ab-
sence of causality between serum haptoglobin and lipid
level variations in Mexican adults. The impact of the HP
rs2000999 G allele on the generation of reactive oxygen
species in mitochondria, adipocyte development and
morphology, apolipoprotein A-I and E binding, choles-
terol esterification, and the modulation of inflammatory
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markers represent exciting perspectives of research to
precise the mechanisms linking haptoglobin to obesity
and lipids in children and adults (17-23).

This report presents several strengths. This is the first
study to evidence an association between HP rs2000999
and serum haptoglobin in the Mexican population.
Using Mendelian randomization, we also demonstrate
for the first time that haptoglobin is causally involved in
the development of childhood obesity. While the associ-
ation between HP rs2000999 and lipid levels has been
previously reported in diverse populations (27, 45, 46),
our data extend this observation to Mexican children
and adult populations and suggest that this association
may be modulated by obesity status. However, we ac-
knowledge that the present study is not without limi-
tations. The statistical power to detect an association
between serum haptoglobin level and obesity was ad-
equate in our child and adult samples (Supplementary
Table 7) (33). In contrast, the statistical power to detect
an association between HP rs2000999 and childhood
and adult obesity was more modest(Supplementary
Table 8) (33). Therefore, the association between serum
haptoglobin level and HP rs2000999 with obesity in
the Mexican population needs to be confirmed and
extended to children and adults from diverse ethnic
groups. Finally, the biological mechanisms underlying
these associations have yet to be elucidated.

In conclusion, our data provide evidence for a causal
positive association between serum haptoglobin level
and childhood obesity in the Mexican population,
as well as a negative association at the observational
and genetic level between serum haptoglobin level and
LDL-C and TC restricted to Mexican obese children
(Fig. 3). Our study contributes to the genetic elucidation
of childhood obesity and proposes haptoglobin as an
important biomarker and treatment target for obesity.
Our findings of this association need to be confirmed
in the Mexican population and generalized to diverse
populations of children and adults.

Acknowledgments

We are grateful to all participants involved in this study. We
would like to thank the National Obesity Network Mexico
for their participation in data collection. We would like to
acknowledge Aracely Méndez-Padron, Francisco Tomas
Quezada-Quezada, and Gerardo Arce-Baeza (IMSS, Mexico)
for the technical assistance. We would like to thank the mem-
bers of the Genetic Investigation of ANthropometric Traits
consortium, the UK Biobank, and the Biobank Japan for
freely providing their data at http://portals.broadinstitute.org/
collaboration/giant/index.php/GIANT _consortium_data_files
and https://humandbs.biosciencedbc.jp/en/hum0014-v11.

https://academic.oup.com/jcem e2509

Financial Support: This work was supported by grants
from the Instituto Mexicano del Seguro Social (IMSS) under
the program of Priority Health Topics 2017 (Grant No.
FIS/IMSS/PROT/PRIO/17/062). MVM (Ciencias Médicas
Odontolégicas y de la Salud PhD program from Universidad
Nacional Auténoma de México) and DLM (Ciencias
Biomédicas PhD program from Universidad Auténoma de
Guerrero) were supported by PhD fellowships from the
Consejo Nacional de Ciencia y Tecnologia (CONACYT) and
IMSS (Mexico). DM is supported by a Canada Research Chair
in Genetics of Obesity.

Author Contributions: M.V.M., M.C., and D.M. de-
signed the study; M.V.M., D.L.M., A.P.H., R.A.G.D., R.G.T.,
A.LV.G, EFEA, PCS. ESS. ]J.GZ., AVS., N.WR.,
M.C., and D.M. conducted research; M.V.M., D.L.M., and
D.M. analyzed data; M.V.M. and D.M. wrote the manu-
script; MUV.M. and D.M. designed the tables and figures.
D.L.M., A.PH.,, R A.G.D.,, R.G.T,, ALV.G, E.EEA., PC.S,
ES.S., J.G.Z., AV.S.,, NN\W.R., and M.C. critically reviewed
the manuscript for important intellectual content; M.C. and
D.M. had primary responsibility for final content. All authors
read and approved the final manuscript.

Additional Information

Data Availability: The datasets generated during and/or ana-
lyzed during the current study are available from the corres-
ponding author on reasonable request.

Correspondence and Reprint Requests: Dr. David Meyre,
Department of Health Research Methods, Evidence, and Impact,
McMaster University, Michael DeGroote Centre for Learning
& Discovery, Room 3205, 1280 Main Street West, Hamilton,
ON L8S 4K1, Canada. E-mail: meyred@mcmaster.ca; Dr.
Miguel Cruz, Unidad de Investigacion Médica en Bioquimica,
Hospital de Especialidades Centro Médico Nacional Siglo XXI,
Instituto Mexicano del Seguro Social, Av. Cuauhtémoc, 330 C.P.
06725, Mexico City. E-mail: mcruzl@yahoo.com.

Disclosure Summary: No potential conflicts of interest
relevant to this article were reported.

References

1. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends
in body-mass index, underweight, overweight, and obesity from
1975 to 2016: a pooled analysis of 2416 population-based meas-
urement studies in 128.9 million children, adolescents, and adults.
Lancet. 2017;390(10113):2627-2642.

2. Shamah-Levy T, Cuevas-Nasu L, GOmez-Acosta LM, et al.
Effects of SaludArte program in feeding and nutrition compo-
nents in school children in Mexico City. Salud Publica Mex.
2017;59(6):621-629.

3. Guh DP, Zhang W, Bansback N, Amarsi Z, Birmingham CL,
Anis AH. The incidence of co-morbidities related to obesity and
overweight: a systematic review and meta-analysis. BMC Public
Health. 2009;9:88.

4. Reilly JJ, Kelly J. Long-term impact of overweight and obesity
in childhood and adolescence on morbidity and premature
mortality in adulthood: systematic review. Int | Obes (Lond).
2011;35(7):891-898.

202 Iudy 0z uo 1senb Aq $89228S/105Z9/L/S0L/aI01E/Wad/wod" dno-olwspese)/:sdjy Woj papeojumoq


http://portals.broadinstitute.org/collaboration/giant/index.php/GIANT_consortium_data_files
http://portals.broadinstitute.org/collaboration/giant/index.php/GIANT_consortium_data_files
https://humandbs.biosciencedbc.jp/en/hum0014-v11
mailto:meyred@mcmaster.ca?subject=
mailto:mcruzl@yahoo.com?subject=

e2510

10.

11.

12.

13.

14.

1S.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Vazquez-Moreno et al

. Fontaine KR, Redden DT, Wang C, Westfall AO, Allison DB.

Years of life lost due to obesity. JAMA. 2003;289(2):187-193.

. Kral JG, Kava RA, Catalano PM, Moore BJ. Severe obesity: the

neglected epidemic. Obes Facts. 2012;5(2):254-269.

. Peirson L, Douketis ], Ciliska D, Fitzpatrick-Lewis D, Ali MU,

Raina P. Treatment for overweight and obesity in adult popu-
lations: a systematic review and meta-analysis. CMA] Open.
2014;2(4):E306-E317.

. Ng M, Fleming T, Robinson M, et al. Global, regional, and na-

tional prevalence of overweight and obesity in children and adults
during 1980-2013: a systematic analysis for the Global Burden of
Disease Study 2013. Lancet. 2014;384(9945):766-781.

. Barquera S, Campos I, Rivera JA. Mexico attempts to tackle

obesity: the process, results, push backs and future challenges.
Obes Rev. 2013;14 Suppl 2:69-78.

Nagle BJ, Holub CK, Barquera S, et al. Interventions for the treat-
ment of obesity among children and adolescents in Latin America:
a systematic review. Salud Publica Mex. 2013;55 Suppl 3:434-440.
Young KL, Graff M, Fernandez-Rhodes L, North KE. Genetics of
obesity in diverse populations. Curr Diab Rep. 2018;18(12):145.
Stryjecki C, Alyass A, Meyre D. Ethnic and population differ-
ences in the genetic predisposition to human obesity. Obes Rev.
2018;19(1):62-80.

Reddon H, Guéant JL, Meyre D. The importance of gene-
environment interactions in human obesity. Clin Sci (Lond).
2016;130(18):1571-1597.

Vashi N, Stryjecki C, Peralta-Romero J, et al. Genetic markers of
inflammation may not contribute to metabolic traits in Mexican
children. Peerj. 2016;4:€2090.

Timpson NJ, Nordestgaard BG, Harbord RM, et al. C-reactive
protein levels and body mass index: elucidating direction of caus-
ation through reciprocal Mendelian randomization. Int | Obes
(Lond). 2011;35(2):300-308.

Gregor MFE, Hotamisligil GS. Inflammatory mechanisms in
obesity. Annu Rev Immunol. 2011;29:415-445.

Gabay C, Kushner I. Acute-phase proteins and other systemic re-
sponses to inflammation. N Engl | Med. 1999;340(6):448-454.
Nielsen M]J, Moestrup SK. Receptor targeting of hemoglobin
mediated by the haptoglobins: roles beyond heme scavenging.
Blood. 2009;114(4):764-771.

Balestrieri M, Cigliano L, Simone ML, Dale B, Abrescia P.
Haptoglobin inhibits lecithin-cholesterol acyltransferase in human
ovarian follicular fluid. Mol Reprod Dev. 2001;59(2):186-191.
Salvatore A, Cigliano L, Carlucci A, Bucci EM, Abrescia P.
Haptoglobin binds apolipoprotein E and influences choles-
terol esterification in the cerebrospinal fluid. | Neurochem.
2009;110(1):255-263.

Friedrichs WE, Navarijo-Ashbaugh AL, Bowman BH,
Yang F. Expression and inflammatory regulation of hapto-
globin gene in adipocytes. Biochem Biophys Res Commun.
1995;209(1):250-256.

Vernochet C, Davis KE, Scherer PE, Farmer SR. Mechanisms
regulating repression of haptoglobin production by peroxisome
proliferator-activated receptor-gamma ligands in adipocytes.
Endocrinology. 2010;151(2):586-594.

Gamucci O, Lisi S, Scabia G, et al. Haptoglobin deficiency de-
termines changes in adipocyte size and adipogenesis. Adipocyte.
2012;1(3):142-183.

Kazmi N, Koda Y, Ndiaye NC, et al. Genetic determinants
of circulating haptoglobin concentration. Clin Chim Acta.
2019;494:138-142.

Saha N, Liu Y, Tay ]S, Basair J, Ho CH. Association of hapto-
globin types with serum lipids and apolipoproteins in a Chinese
population. Clin Genet. 1992;42(2):57-61.

Wuyts B, Hetet G, Grandchamp B, Delanghe JR. Novel hapto-
globin insertion/deletion polymorphism is associated with the

Haptoglobin and obesity in Mexico

27.

28.

29.

30.

31.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

J Clin Endocrinol Metab, July 2020, 105(7):e2501-e2510

lipid profile and C-reactive protein (CRP) concentration. Clin
Chem Lab Med. 2002;40(5):469-474.

Froguel P, Ndiaye NC, Bonnefond A, et al. A genome-wide asso-
ciation study identifies rs2000999 as a strong genetic determinant
of circulating haptoglobin levels. PLoS One. 2012;7(3):¢32327.
World Medical Association. World medical association declar-
ation of helsinki: ethical principles for medical research involving
human subjects. JAMA. 2013;310(20):2191-2194.

Flegal KM, Cole TJ. Construction of LMS parameters for the
Centers for Disease Control and Prevention 2000 growth charts.
Natl Health Stat Report. 2013;(63):1-3.

Kuczmarski RJ, Ogden CL, Guo SS, et al. 2000 CDC Growth
Charts for the United States: methods and development. Vizal
Health Stat 11.2002;(246):1-190.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin con-
centrations in man. Diabetologia. 1985;28(7):412-419.

. American Diabetes Association. Diagnosis and classification of

diabetes mellitus. Diabetes care. 2004527 Suppl 1:55-S10.
Vazquez-Moreno M, Locia-Morales D, Perez-Herrera A, et al.
Causal association of haptoglobin with obesity in Mexican chil-
dren: a Mendelian randomization study. Figshare Online Resource.
Posted March 27, 2020. doi:10.6084/m9.figshare.12318776.v1
Burgess S, Small DS, Thompson SG. A review of instrumental
variable estimators for Mendelian randomization. Stat Methods
Med Res. 2017;26(5):2333-2355.

Wang J, Shete S. Estimation of odds ratios of genetic variants
for the secondary phenotypes associated with primary diseases.
Genet Epidemiol. 2011;35(3):190-200.

Feise RJ. Do multiple outcome measures require p-value adjust-
ment? BMC Med Res Methodol. 2002;2:8.

Soejima M, Sagata N, Komatsu N, et al. Genetic factors associ-
ated with serum haptoglobin level in a Japanese population. Clin
Chim Acta. 2014;433:54-57.

Wang S, Zhang R, Wang T, Jiang E Hu C, Jia W. Association
of the genetic variant rs2000999 with haptoglobin and diabetic
macrovascular diseases in Chinese patients with type 2 diabetes. |
Diabetes Complications. 2019;33(2):178-181.

Chiellini C, Santini F, Marsili A, et al. Serum haptoglobin: a
novel marker of adiposity in humans. | Clin Endocrinol Metab.
2004;89(6):2678-2683.

Li A, Meyre D. Challenges in reproducibility of genetic associ-
ation studies: lessons learned from the obesity field. Inz | Obes
(Lond). 2013;37(4):559-567.

Rosenquist JN, Lehrer SE, O’Malley AJ, Zaslavsky AM,
Smoller JW, Christakis NA. Cohort of birth modifies the associ-
ation between FTO genotype and BMI. Proc Natl Acad Sci U S A.
2015;112(2):354-359.

Stryjecki C, Peralta-Romero J, Alyass A, et al. Association between
PPAR-y2 Pro12Ala genotype and insulin resistance is modified by
circulating lipids in Mexican children. Sci Rep. 2016;6:24472.
Chiellini C, Bertacca A, Novelli SE, et al. Obesity modulates
the expression of haptoglobin in the white adipose tissue via
TNFalpha. | Cell Physiol. 2002;190(2):251-258.

Maffei M, Barone I, Scabia G, Santini F. The multifaceted hapto-
globin in the context of adipose tissue and metabolism. Endocr
Rev. 2016;37(4):403-416.

Bentley AR, Sung Y], Brown MR, et al; COGENT-Kidney
Consortium; EPIC-InterAct Consortium; Understanding Society
Scientific Group; Lifelines Cohort. Multi-ancestry genome-wide
gene-smoking interaction study of 387,272 individuals identifies new
loci associated with serum lipids. Nat Genet. 2019;51(4):636-648.
Hoffmann TJ, Theusch E, Haldar T, et al. A large electronic-
health-record-based genome-wide study of serum lipids. Nat
Genet. 2018;50(3):401-413.

202 Iudy 0z uo 1senb Aq $89228S/105Z9/L/S0L/aI01E/Wad/wod" dno-olwspese)/:sdjy Woj papeojumoq


https://doi.org/10.6084/m9.figshare.12318776.v1

