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Abstract: Obesity is a major health problem worldwide and constitutes a sanitary emergency in
Mexico, especially childhood obesity. Several studies have proved the relationship between obesity
and oxidative stress and the influence of genetic predisposition. This work was aimed to analyze the
association of antioxidant enzyme polymorphisms with overweight and obesity in Mexican children
and adolescents. A case-control study was performed in 585 children and adolescents aged 3 to
17 years, using two criteria to classify obesity: body mass index (BMI) and body fat percentage (BFP).
Anthropometric and biochemical measurements were carried out, and malondialdehyde serum levels
were determined. Genotyping was done with the Axiom Genome-Wide LAT microarray, including
68 single nucleotide polymorphisms (SNPs) of the glutathione peroxidase (GPX) and paraoxonase
(PON) families. We found six haplotypes associated with obesity—two of them (one in GPX3 and the
other in GPX5 and GPX6) in a protective direction when obesity was classified by BMI. The other
four haplotypes were associated with obesity when classification was based on BFP—one of them
in GPX3 in a protective direction and the others in PON genes conferring obesity risk. In addition,
two SNPs, GPX3 rs922429 and GPX4 rs2074451 showed protection against obesity classified by BFP.
This study showed genetic susceptibility to oxidative stress in relation to obesity in Mexican children
and opens up the possibility that some genetic loci related to obesity are not identified when weight
classification is based on BMI.
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1. Introduction

Childhood obesity has emerged as one of the most important public health problems in several
countries. It is considered a strong predictor of adulthood obesity, particularly in cases of severe obesity
and/or with a family history of obesity [1]. In 2016, the World Health Organization (WHO) estimated
that nearly one in five children had overweight or obesity [2]. According to the Mexican National
Health and Nutrition Survey, in 2018, the prevalence of overweight in children (5–11 years old) and
adolescents (12–19 years old) was 18.1% and 23.8%, while the prevalence of obesity was 17.5% and
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14.6%, respectively, keeping Mexico as the country with the highest prevalence of childhood obesity in
the world [3]. Our group has reported that childhood obesity prevalence by body mass index (BMI) is
underestimated by around 50% compared with the classification of obesity by body fat percentage
(BFP) [4]. Therefore, it would be valid to suggest that many of the risk factors related to childhood
obesity could have been underestimated when BMI was the primary method for obesity diagnosis.

Low-grade inflammation, hypoxia, and oxidative stress are well recognized underlying
mechanisms of the pathogenesis of obesity and result from the imbalance between oxidant and
antioxidant systems with a predominance of the oxidative activity [5,6]. Obesity can induce systemic
oxidative stress through multiple biochemical mechanisms that include the mitochondrial respiratory
chain; peroxisomal fatty acid metabolism; cytochrome P450 microsomal reactions; and several metabolic
factors, such as dyslipidemia, hyperleptinemia, low antioxidant defense in adipose tissue, and chronic
inflammation. Interestingly, oxidative stress could trigger obesity by stimulating the deposition of
white adipose tissue and altering food intake; in turn, obesity can lead to oxidative stress, giving rise to
a feedback loop [5,7].

Oxidative stress increases the lipid peroxidation rate during obesity due to elevated serum
lipid concentrations and inversely correlates with high-density lipoprotein cholesterol (HDL) levels.
Malondialdehyde (MDA) is one of the end products of the lipoperoxidation process and is the most
frequently used oxidative stress biomarker [8,9]; however, results regarding oxidative stress biomarkers
in childhood obesity are controversial. In some studies, MDA levels were significantly increased
in children with obesity compared with non-obese children [9,10], while other reports suggest that
increased activity of antioxidant systems in early obesity can counteract oxidative damage [11,12].
A stationary obesity state could lower tissue antioxidant defenses, as noticed by the depletion of
glutathione (GSH) in the adipose tissue of children with obesity [13]. This decreased GSH availability
could limit the ability of GSH peroxidase (GPx) to reduce lipid hydroperoxides into their corresponding
alcohols and free hydrogen peroxides into water [14]. In addition, genetic variants of GPx and its
isoforms have been associated with oxidative stress, obesity, and metabolic syndrome in human
studies [15,16].

Another group of relevant antioxidant enzymes associated with obesity is the paraoxonase family
(PON1, PON2, PON3), among which PON1 is the most studied one. PON1 is an HDL-associated
enzyme that detoxifies the oxon derivatives of some organophosphate pesticides and is also involved
in the prevention of lipid peroxidation [17]. Not only is its activity significantly reduced in children
with metabolic syndrome and obesity [18,19], but some of its genetic variants were associated with
childhood obesity in Spanish prepubertal children [15,20].

In this work, we analyzed genes from the GPx and PON families because they belong to the main
antioxidant enzyme groups involved in the reduction of hydrogen peroxide and lipid hydroperoxides,
and in the prevention of lipid peroxidation, respectively. Since both families have been poorly studied
in the Mexican population, the current study aimed to contribute to the knowledge of the genetic
influence of oxidative stress on the susceptibility to obesity in Mexican children and adolescents
through the analysis of the associations of several GPx and PON SNPs with overweight and obesity.

2. Materials and Methods

2.1. Study Design

We conducted a case-control study including children and adolescents aged 3 to 17 years,
from the Childhood Obesity Cohort-Healthy Childhood Project (COIPIS [Cohorte de Obesidad
Infantil-Proyecto Infancia Saludable]) from the Hospital Regional Lic. Adolfo López Mateos, ISSSTE
(Instituto de Seguridad y Servicios Sociales de los Trabajadores del Estado) [4]. This project was
approved by the Ethics Committee of the Regional Hospital Lic. Adolfo López Mateos, ISSSTE, México
(number 247.2012). All parents of the participants provided written informed consent prior to their
inclusion in the study.
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2.2. Clinical and Anthropometric Measurements

Anthropometric measurements of weight, height, body mass index (BMI), and body fat percentage
(BFP) were evaluated. The BFP was evaluated by electrical bioimpedance using a body composition
analyzer with an accurate stadiometer (InBody J10, Korea). A whole blood sample was obtained to
evaluate biochemical parameters after a 10-h fast: glucose, glycated hemoglobin (HbA1c), creatinine,
triglycerides, total cholesterol, HDL cholesterol, and low-density lipoprotein (LDL) cholesterol.
Concentrations were measured in an automated analyzer (Miura 200, Italy) and expressed as mg/dL,
except forHbA1c, which was expressed as a percentage.

2.3. Malondialdehyde Quantification

A subsample of 165 children was considered for the quantification of serum MDA due to the
availability of the sample. The product of the reaction of MDA in the sample with 1-methyl-2-phenylindole
was measured at a wavelength of 586 nm [21]. Briefly, 200 µL of serum were mixed with 650 µL of
10 mM 1-methyl-2-phenylindole in acetonitrile/methanol (3:1 ratio); the reaction was started by adding
150 µL of hydrochloric acid (37%) and immediately incubated at 45 ◦C for 40 min. Finally, samples
were centrifuged at 15,000× g for 5 min at room temperature, and the supernatant absorbance was
determined at 586 nm and interpolated in a calibration curve consisting of six different concentrations
of tetramethoxypropane (from 0.74 to 24 µM). Serum MDA concentration was expressed in µM.

2.4. DNA Isolation and Genotyping

Genomic DNA was obtained from 200 µL of whole blood using the commercial kit QIAsymphony
DNA Minikit (QIAGEN, Hilden, Germany) by an automated nucleic acid isolation method
(QIAsymphony SP/AS; Hilden, Germany). Genotyping was carried out using an automated genotyping
equipment (GeneTitan, Affymetrix, ThermoFisher Scientific) with the Axiom Genome microarray
Wide LAT (ThermoFisher Scientific). Genotype data were collected from the Axiom Suite program
database (Applied, Biosystems). A total of 68 SNPs from several GPX and PON isoforms were chosen
for this study (Table S1), based on the Axiom® Genome-Wide LAT 1 Array. Additionally, minor allele
frequency allele (MAF) was greater than 0.05 for this population of Mexican descendants, according to
the 1000 Genomes Project.

2.5. Statistical Analysis

Participants were allocated as cases or controls based on two different criteria to determine obesity:
(a) for BMI classification in obesity was done following the WHO cut-off in relation to sex and age
(OB) [22–24]; (b) BFP cut-offs of 30% and 25% for girls and boys, respectively, for OB associated with
low high-density lipoprotein (HDL), high triglycerides, high total cholesterol, high blood pressure,
and cardiovascular disease [25,26], as previously reported in other COIPIS study [4].

When descriptive variables followed a Gaussian distribution, they were presented as
means ± standard deviations (SD) and pairwise comparisons between case and control groups
were made by a Student’s t-test. When the data did not follow a Gaussian distribution, they were
presented as median and interquartile range, and the groups were compared using the Mann–Whitney
U test in STATA12 (StataCorp, College Station, TX, USA).

We performed the exact test for the Hardy–Weinberg equilibrium (H–W), using the PLINK
version 1.9 software (http://pngu.mgh.harvard.edu/purcell/plink Cambridge, MA, USA)[27]. We used
Haploview 4.2 software (https://www.broadinstitute.org/haploview/haploview, Broad Institute
Cambridge, MA, USA) to estimate the linkage disequilibrium (LD) measurement and to perform
haplotype analysis, which included the plotting of haplotype block structure and testing of haplotype
obesity associations [28]. We used the two-sided χ2 test to evaluate the differences in frequencies
between case and control groups (unadjusted p < 0.05). In addition to haplotype association analyses,

http://pngu.mgh.harvard.edu/purcell/plink
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we used logistic regression to test associations among SNPs and obesity status for each of the two
criteria to classify obesity and adjust by gender and age.

We tested each gene as an independent hypothesis; thus, Bonferroni correction for multiple
comparisons was applied to each group of SNPs from the same gene, yielding the following p values:
p < 0.003 for GPX3, p < 0.008 for GPX4, p < 0.008 for GPX5, p < 0.001 for GPX6, for GPX7, p < 0.002
for PON1, p < 0.002 for PON2, and p < 0.025 for PON3. Statistical power was estimated for a
case-control, gene-only design, and the allele frequencies reported in Table S2, using the Quanto software
version 1.2.4 (University of Southern California, Los Angeles, CA; http://biostats.usc.edu/Quanto.html).
We considered the obesity prevalence reported in the ENSANUT 2018 [3]. Our study had 80% statistical
power to detect OR ≤ 0.6, OR ≥ 1.5 with an allele risk frequency of 0.10. As allele frequency increased
to 0.20 and 0.40, OR ≤ 0.7, OR ≥ 1.4, and OR ≤ 0.5, OR ≥ 1.35 could be detected.

3. Results

In this study, we included 585 children and adolescents aged 3 to 17 years (girls = 307; boys = 278).
Descriptive data from cases and controls based on BMI and BFP criteria are shown in Table 1. The highest
number of children classified as cases was found when the BFP cut offs of 30% and 25% for girls and
boys (n = 297, 50.7%) were used, followed by BMI (n = 171, 29.2%).

Table 1. Descriptive characteristics of Mexican children cases and controls classified according to their
body mass indexes (BMIs) or body fat percentages (BFPs).

BMI BFP

Variables Cases Control p Cases Control p

n (%) 171 (29.2) 414 (70.8) 306 (52.3) 279 (47.7)
Boys n (%) 108 (63.1) 200 (48.3) 0.0014 186 (60.2) 124 (44.4) <0.001
Age (years) 10.8 (7.0–13.6) 10.3 (7–13.3) 0.57 11.1 (7.8–13.3) 9.9 (6.8–13.4) 0.070

BFP 40.7 (35.8–45.0) 23.7 (18.3–28.7) 0.0001 35.2 (30.2–41.8) 20 (16.1–24.5) <0.001
BMI (kg/m2) 24.1 (19.1–27.0) 17.9 (16.2–20.4) 0.0001 21.69 (18.2–25.3) 16.9 (15.5–19.5) <0.001

Glucose (mg/dl) 97.5 (91.0–104.0) 97 (90–103) 0.55 98.13 ± 9.1 96.33 ± 10.7 0.050
HbA1c (%) 5.5 (5.3–5.7) 5.5 (5.2–5.6) 0.17 5.5 (5.3–5.7) 5.4 (5.1–5.6) 0.009

Creatinine (mg/dl) 0.98 (0.81–1.16) 0.94 (0.82–1.11) 0.39 0.98 (0.8–1.2) 0.92 (0.81–1.10) 0.080
Triglycerides (mg/dl) 110 (84–160) 93 (70–120) 0.0001 105 (83–147) 86 (67–117) <0.001

Total colesterol (mg/dl) 171 (152–191) 162 (142–181) 0.01 167 (149–188) 161 (141–180) 0.010
HDL-cholesterol (mg/dl) 57.64 ± 11.8 61.82 ± 12.20 0.0008 58.85 ± 12.13 62.45 ± 11.86 0.002
LDL-cholesterol (mg/dl) 92.8 (78.9–108.9) 87.1 (71.4–100.5) 0.002 90.7 (77.7–105.2) 86.6 (70.5–100.6) 0.007
Malondialdehyde (µM)* 2.20 (1.8–3.6) 2.98 (1.9–3.9) 0.17 2.6 (1.87–3.82) 2.9 (1.8–4.0) 0.960

Values are expressed as means ± SD or median (interquartile range). BMI (body mass index), BFP (body fat
percentage), HbA1c (glycated hemoglobin), p (p-value), n (number of children). * Malondialdehyde analysis was
performed on a subsample of 165 children.

Significantly higher lipid profile values were found regardless of the obesity classification criterion,
but no differences were found for glucose, creatinine, and MDA. Higher Hba1c levels were found for
cases classified by BFP but not by BMI.

No deviation from H–W was found among SNPs. We found 13 blocks in LD; two of them
(block 11 in GPX3, chromosome 5; and block 4 in PON1, chromosome 7) were in high LD (D′ > 0.8),
and four blocks (5, 6, and 7 in PON1, chromosome 7; and block 8 in PON2 and PON3, chromosome 7)
were in moderate LD (0.79 > D′ > 0.40). The seven blocks remaining were in low LD (D′ ≤ 0.39)
(Table S1, Figure S1).

Six haplotypes were significantly associated with obesity; two of them (one in GPX3 and the
other one in GPX5 and GPX6) showed this association in a protective direction when obesity was
classified by BMI. The other four haplotypes were associated with obesity when it was classified
by BFP; one of them in GPX3, two others in PON1, and the last one in PON2 and PON3 (Table 2).
Haplotypes in PON genes were associated in an increasing risk direction, while the one in GPX3
displayed a protective association.

http://biostats.usc.edu/Quanto.html
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Table 2. Haplotypes associated with body mass index (BMI) and body fat percentage (BFP).

Haplotypes Associated with Obesity by BMI

Gene Block Number SNP Block F CC F X2 OR p

GPX3 13 rs3792798
rs3828599 GGGATCC 0.59 0.59, 0.58 0.2 1.06 0.68
rs8177427 AAGGGTT 0.26 0.24, 0.25 0.4 0.91 0.54
rs8177431 GAAGGCT 0.08 0.09, 0.07 1.0 1.27 0.32
rs8177435 GGGGGCT 0.05 0.02, 0.05 5.8 0.36 0.02

rs11548
rs736775

GXP5 and 12 rs35921765 ACATAAAA 0.54 0.47, 0.56 6.8 0.70 0.01
GPX6 rs9468385 CTCCGCGC 0.30 0.33, 0.28 2.3 1.25 0.13

rs406113 ACCCAAGA 0.06 0.06, 0.06 0.2 1.13 0.66
rs1003359 ACCCACGC 0.03 0.04, 0.03 0.9 1.40 0.34
rs2064424 ACCCAAAC 0.02 0.03, 0.02 1.3 1.61 0.25
rs440481 ATCCACGA 0.01 0.01, 0.02 0.9 0.49 0.34
rs451774 ACCTAAGA 0.01 0.01, 0.01 0.6 1.62 0.43

rs62402376

Haplotypes Associated with Obesity by BFP

Gene Block Number SNP Block F CC F X2 OR p

GPX3 12 rs841236 AGGT 0.66 0.66, 0.65 0.1 1.04 0.765
rs707144 GAAG 0.24 0.24, 0.23 0.0 0.99 0.959
rs707145 GAGT 0.04 0.04, 0.03 0.5 1.25 0.475
rs707148 AAGT 0.04 0.02, 0.04 4.7 0.49 0.030

PON1 6 rs854570 AC 0.57 0.61, 0.52 8.2 1.40 0.004
rs854571 CT 0.40 0.36, 0.44 7.8 0.72 0.005

CC 0.03 0.02, 0.03 0.1 0.90 0.750
PON1 7 rs757158 CC 0.47 0.50, 0.43 4.5 1.28 0.034

rs13236941 TC 0.21 0.21, 0.21 0.1 1.04 0.789

PON2 and
PON3

8 rs3757708 GCAG 0.48 0.47, 0.48 0.3 0.94 0.614
rs2072200 TGGG 0.28 0.28, 0.28 0.0 1.00 0.994
rs17881071 GGGC 0.20 0.20, 0.19 0.2 1.07 0.631

rs7493 GGGG 0.01 0.02, 0.01 4.3 3.54 0.038

Number haplotype block (block), frequency of haplotype (F), case and control frequency of the haplotype (CC F),
chi square value (X2), odds ratio (OR), p-value (p).

The logistic regression model showed that when obesity was classified based on BFP, it was
associated with eight SNPs in GPX3, GPX4, and PON1; however, the association remained in only one of
them and was marginally significant for another one after Bonferroni adjustment: GPX4 rs2074451 and
GPX3 rs922429, respectively. Importantly, both loci showed protection against obesity: GPX3 rs922429
T allele and GPX4 rs2074451 T allele (Table 3). No association between SNPs and obesity was found
when the classification was based on BMI (p > 0.05).
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Table 3. Associations between obesity (classified according to percentage of body fat) and antioxidant
enzyme-related single nucleotide polymorphisms (SNPs) in Mexican children.

CHR Gene SNP A Model OR (IC95%), p PBonf

5 GPX3 rs922429 T ADD 0.69 (0.53–0.90), 0.005 0.003
rs922429 T REC 0.40 (0.21–0.73), 0.003 0.003

19 GPX4 rs713041 T REC 0.56 (0.32–0.95), 0.033 0.008
19 GPX4 rs2074451 T REC 0.57 (0.33–0.97), 0.004 0.008

7 PON1 rs13236941 T ADD 0.73 (0.57–0.95), 0.020 0.002
rs13236941 T DOM 0.68 (0.49–0.95), 0.024 0.002

7 PON1 rs3917558 C ADD 0.76 (0.58–1.00), 0.049 0.002
7 PON1 rs854555 C REC 1.71 (1.12–2.62), 0.013 0.002

7 PON1 rs854571 T ADD 0.73 (0.57–0.94), 0.015 0.002
rs854571 T DOM 0.66 (0.46–0.93), 0.018 0.002

7 PON1 rs854569 T ADD 0.77 (0.60–0.99), 0.042 0.002

Chromosome (CHR), associated allele (A), inheritance model (ADD: additive, DOM: dominant, and REC: recesive),
odds ratio (OR), interval confidence at 95% (IC95%), p-value (p), p-value after Bonferroni adjustment by number of
SNPs by gene (PBonf).

4. Discussion

In this study, we analyzed the association of 68 SNPs in GPx and PON genes with obesity in
Mexican children and adolescents. We found two haplotypes associated with obesity by BMI (in GPX3
and in GPX5 and GPX6) and five haplotypes associated with obesity by PBF (in GPX3, in PON1,
and in PON2 and PON3). In addition, we found two polymorphisms the GPX4 rs2074451 and GPX3
rs922429 significantly and marginally associated with obesity by PBF respectively. No SNPs were
found associated with obesity by BMI.

Concerning biochemical parameters, we found an altered lipid profile when either BMI or BFP
was used to classify obesity, while higher HbA1c levels were found in the obesity group only when
BFP was the classification criterion. These results are in agreement with the previous studies in
Mexican children reported by Aradillas-García et al. [29] and Peralta-Romero et al. [30], where BMI
was also the obesity diagnosis criterion; they found that glucose, total cholesterol, LDL cholesterol,
and triglycerides were significantly higher and that HDL was lower in the obesity group compared
with the normal-weight group.

Increased circulating lipids has been associated with an elevated rate of lipid peroxidation in the
obesogenic state [31]; thus, it was important to evaluate oxidative damage by determining final products
of lipid peroxidation such as MDA. Previous reports showed that MDA levels were significantly higher
in children with obesity compared to those without obesity [9,10]; however, we did not find significant
differences in the levels of MDA between the study groups. Other studies suggest that antioxidant
enzyme activity is increased in early obesity to prevent oxidative stress [11,12]. We suggest that a
mechanism to explain the lack of difference in lipoperoxidation between groups could be the increased
activity of the antioxidant defense, as shown in the study by Codoñer-Franch et al. [8], where GPx
activity was higher in children with obesity and inversely associated with total cholesterol. We did not
evaluate GPx activity because plasma samples were not available for all children.

Interestingly, we found that two haplotypes in GPX3, GPX5, and GPX6, and two loci in GPx3 and
GPx4 (the SNP in GPX3 did not belong to GPX3 haplotype) were protective factors against childhood
obesity. Antioxidant activity of the GPx is ubiquitous: GPx3 is found in plasma, GPx4 is expressed
in almost all cells and possesses a high affinity for lipid hydroperoxides, and GPx5 is found in the
epididymis [32]. The rs922429 GPx3 variant had not been previously studied, so this is the first study
showing association with obesity as a protective factor. Additionally, the rs2074451 GPX4 variant
was associated with obesity as a protective factor and was in LD with rs757228 in block 1 (Table S1).
The rs2074451 is a 3′UTR variant of the GPX4 gene which increase GPx activity. As was observed in a
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study with Spanish children (aged 3 to 13 years), the rs757228 GPX4 variant was found to be protective
factor against obesity and the rs2074451 was associated with increased GPx activity in erythrocytes [15],
so our results are in agreement with this previously reported evidence, suggesting a similar effect in
this admixed Mexican children population.

The PON family has several SNPs that may increase the risk of developing obesity [33]. In this
research, three haplotypes; two in PON1, and one PON2 and PON3, were found to be risks factor for
obesity. Two SNPs, rs854571 and rs13236941, belonging to the haplotypes in block 6 and 7, respectively,
are 5′ upstream variants in the promoter region of PON1, but only in functional studies was the rs854571
(−832G > A) previously associated with increased PON1 protein levels and atorvastatin–lactone
hydrolysis [34]. Regarding rs854571, a potential protective role for the C allele has been reported
against hemorrhagic stroke in an adult Chinese population [35] and against cardiovascular risk in
healthy adults from Italy consuming a high polyphenol and anthocyanin diet [36]. Our results showed
that rs854570–rs854571 AC haplotype is a risk factor for childhood obesity. The reported results and
ours are not necessarily contradictory: they come from different (but associated) diseases, outcomes,
ancestry, and age. In fact, in an admixture, like the Mexican population, the alleles frequency may
change with respect to the parental population changing the pattern of LD, giving a different association
(i.e., size effect and direction) [37]. Besides, our results came from a haplotype instead of a single
polymorphism. Regarding the rs13236941 variant, although there are no previous reports related about
a risk-or protection effect relationship, our results suggest that, together with the rs757158 variant
(rs13236941–rs757158 CC haplotype) it is a risk factor for obesity and a relevant target for future
research regarding nutraceutical treatments.

The most studied PON1 polymorphism is the rs662 (also named Q192R), which has been associated
with higher abdominal circumference, BFP, and BMI Z-scores in school-age children from Denmark
prenatally exposed to pesticides [38]. In a study with 117 Mexican children 6–12 years old, the PON1
rs662 polymorphism was associated with insulin resistance but not with overweight or obesity [39],
in agreement with our study.

This study has sufficient statistical power (80%) to demonstrate the associations of the GPX3
rs922429 and GPX4 rs2074451 variants with childhood obesity; however, it has some limitations such as
the sample size and the plasma availability to evaluate GPx activity. First of all, the lack of significance
of several of the gene variants could not be because of a lack of statistical power to detect a low effect
in a low sample size. We suggest validating the associations of the SNP whose significance was lost
with the Bonferroni correction in a larger and independent sample. In addition, given that our results
of these two families of antioxidant enzyme genes (GPx and PON1) show an association between the
antioxidant defense and protection against and risk for obesity, it would be advisable to analyze a
larger set of antioxidant enzyme genes to get a more complete picture of this relationship.

An important point to highlight from this study is that it was possible to find SNPs in non-coding
regions by considering more than just the most studied polymorphisms located in coding regions.
Besides, the fact that the classification of obesity by BFP instead of BMI allowed finding several
associations with the polymorphisms studied here opens the possibility of the existence of other genetic
loci associated with obesity that could not have been identified by the BMI criterion in other studies.

5. Conclusions

In this study we found six haplotypes associated with obesity, two of them (one in GPX3 and
the other in GPX5 and GPX6) when obesity was classified by BMI. The other four haplotypes were
associated with obesity when classification was based on BFP—one of them in GPX3 in a protective
direction and the others in PON genes. In addition, we identified a protective effect of SNPs in GPX3
rs922429 and GPX4 rs2074451 in Mexican children and adolescents, only when obesity was defined
under the BFP criterion instead of BMI.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/8/684/s1.
Figure S1: Linkage disequilibrium and association plot of GPX3, GPX4, GPX5, GPX6, GPX7, PON1, PON2,
and PON3 in Mexican children. A) Block 1 in GPX4, block 2 in GPX5 and GPX6, and block 3 in GPX7. B) Blocks 4
to 7 in PON1, block 8 in PON3, and blocks 9 and 10 in PON2. C) Blocks 11 to 13 in in GPX3, Table S1: Selected
SNPs in GPX and PON genes; chromosome (Chr), minor allele (Allele), minor allele frequency (MAF), linkage
disequilibrium block (LD blocks), and multiallelic D prime (D′).

Author Contributions: Conceptualization, A.S.J.-O. and A.M.F.-B.; methodology, A.S.J.-O., A.M.F.-B., P.C.-U. and
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12. Grażyna, R.; Dyląg, H.; Ambroszkiewicz, J.; Riahi, A.; Weker, H.; Chełchowska, M. Total Oxidant and
Antioxidant Status in Prepubertal Children with Obesity. Oxidative Med. Cell. Longev. 2017, 2017. [CrossRef]

13. Zamora-Mendoza, R.; Rosas-Vargas, H.; Ramos-Cervantes, M.T.; Garcia-Zuniga, P.; Perez-Lorenzana, H.;
Mendoza-Lorenzo, P.; Perez-Ortiz, A.C.; Estrada-Mena, F.J.; Miliar-Garcia, A.; Lara-Padilla, E.; et al.
Dysregulation of mitochondrial function and biogenesis modulators in adipose tissue of obese children.
Int. J. Obes. 2017, 42, 618–624. [CrossRef] [PubMed]

14. Picklo, M.J.; Long, E.K.; Vomhof-DeKrey, E.E. Glutathionyl systems and metabolic dysfunction in obesity.
Nutr. Rev. 2015, 73, 858–868. [CrossRef] [PubMed]

http://www.mdpi.com/2076-3921/9/8/684/s1
http://dx.doi.org/10.1016/j.mayocp.2016.09.017
http://www.ncbi.nlm.nih.gov/pubmed/28065514
https://ensanut.insp.mx/encuestas/ensanut2018/doctos/informes/ensanut_2018_presentacion_resultados.pdf
https://ensanut.insp.mx/encuestas/ensanut2018/doctos/informes/ensanut_2018_presentacion_resultados.pdf
http://dx.doi.org/10.1371/journal.pone.0212792
http://www.ncbi.nlm.nih.gov/pubmed/30802270
http://dx.doi.org/10.3390/ijms12053117
http://dx.doi.org/10.12659/MSM.897965
http://dx.doi.org/10.1089/met.2015.0095
http://dx.doi.org/10.3109/17477160903055945
http://www.ncbi.nlm.nih.gov/pubmed/19565402
http://dx.doi.org/10.1038/sj.ijo.0802066
http://www.ncbi.nlm.nih.gov/pubmed/12187391
http://dx.doi.org/10.1038/sj.ijo.0803177
http://dx.doi.org/10.1515/jpem-2013-0337
http://dx.doi.org/10.1155/2017/5621989
http://dx.doi.org/10.1038/ijo.2017.274
http://www.ncbi.nlm.nih.gov/pubmed/29158541
http://dx.doi.org/10.1093/nutrit/nuv042
http://www.ncbi.nlm.nih.gov/pubmed/26493322


Antioxidants 2020, 9, 684 9 of 10

15. Rupérez, A.I.; Olza, J.; Gil-Campos, M.; Leis, R.; Mesa, M.-D.; Tojo, R.; Cañete, R.; Gil, A.; Aguilera, C.M.
Association of Genetic Polymorphisms for Glutathione Peroxidase Genes with Obesity in Spanish Children.
Lifestyle Genom. 2014, 7, 130–142. [CrossRef]

16. Guerrero, C.H.; Hernandez-Guerrero, C.; Castro, N.M.; Carriedo, A.P.; Del Rio, S.G.; Pérez-Lizaur, A.
glutathione peroxidase-1 pro200leu polymorphism (rs1050450) is associated with morbid obesity
independently of the presence of prediabetes or diabetes in women from central mexico. Nutr. Hosp.
2015, 32, 1516–1525.

17. Rosenblat, M.; Karry, R.; Aviram, M. Paraoxonase 1 (PON1) is a more potent antioxidant and stimulant
of macrophage cholesterol efflux, when present in HDL than in lipoprotein-deficient serum: Relevance to
diabetes. Atherosclerosis 2006, 187, 74.e1–74.e10. [CrossRef] [PubMed]

18. Cayir, R.I.E.A.A.; Turan, M.I.; Gürbüz, F.; Kurt, N.; Yildirim, A. The effect of lifestyle change and metformin
therapy on serum arylesterase and paraoxonase activity in obese children. J. Pediatr. Endocrinol. Metab. 2015,
28, 551–556. [CrossRef]

19. Adhe-Rojekar, A.; Mogarekar, M.R.; Rojekar, M.V. Paraoxonase activity in metabolic syndrome in children
and adolescents. Casp. J. Intern. Med. 2018, 9, 116–120.

20. Rupérez, A.I.; López-Guarnido, O.; Gil, F.; Olza, J.; Gil-Campos, M.; Leis, R.; Tojo, R.; Cañete, R.; Gil, A.;
Aguilera, C.M. Paraoxonase 1 activities and genetic variation in childhood obesity. Br. J. Nutr. 2013,
110, 1639–1647. [CrossRef]

21. Gérard-Monnier, D.; Erdelmeier, I.; Régnard, K.; Moze-Henry, N.; Yadan, J.-C.; Chaudière, J. Reactions
of 1-Methyl-2-phenylindole with Malondialdehyde and 4-Hydroxyalkenals. Analytical Applications to a
Colorimetric Assay of Lipid Peroxidation. Chem. Res. Toxicol. 1998, 11, 1176–1183. [CrossRef]

22. De Onis, M.; Onyango, A.W.; Borghi, E.; Siyam, A.; Nishida, C.; Siekmann, J. Development of a WHO growth
reference for school-aged children and adolescents. Bull. World Health Organ. 2007, 85, 660–667. [CrossRef]

23. WHO. WHO child growth standards. Rev. Chil. Pediatría 2009, 80, 379–380. [CrossRef]
24. WHO-Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail/

obesity-and-overweight (accessed on 11 April 2020).
25. Williams, D.P.; Going, S.B.; Lohman, T.G.; Harsha, D.W.; Srinivasan, S.R.; Webber, L.S.; Berenson, G.S. Body

fatness and risk for elevated blood pressure, total cholesterol, and serum lipoprotein ratios in children and
adolescents. Am. J. Public Health 1992, 82, 358–363. [CrossRef] [PubMed]

26. Mueller, W.H.; Harrist, R.B.; Doyle, S.R.; Labarthe, D.R. Percentiles of body composition from bioelectrical
impedance and body measurements in U.S. adolescents 8–17 years old: Project HeartBeat! Am. J. Hum. Biol.
2004, 16, 135–150. [CrossRef] [PubMed]

27. Purcell, S.M.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.B.; Sklar, P.;
De Bakker, P.I.W.; Daly, M.J.; et al. PLINK: A Tool Set for Whole-Genome Association and Population-Based
Linkage Analyses. Am. J. Hum. Genet. 2007, 81, 559–575. [CrossRef]

28. Barrett, J.C.; Fry, B.; Maller, J.; Daly, M.J. Haploview: Analysis and visualization of LD and haplotype maps.
Bioinformatics 2004, 21, 263–265. [CrossRef] [PubMed]

29. Aradillas-García, C.; Cruz, M.; Pérez-Luque, E.; Garay-Sevilla, M.E.; Malacara, J.M.; Aduna, R.; Peralta, J.;
Burguete-García, A.; Alegría-Torres, J.A. Obesity is associated with the Arg389Gly ADRB1 but not with the
Trp64Arg ADRB3 polymorphism in children from San Luis Potosí and León, México. J. Biomed. Res. 2017,
31, 40–46. [CrossRef]

30. Peralta-Romero, J.D.; Karam-Araujo, R.; García, A.I.B.; Velasco, B.I.E.; Islas, C.L.; Figueroa-Arredondo, P.M.C.;
Valladares-Salgado, A.; Cruz, M. ADIPOQ and ADIPOR2 gene polymorphisms: Association with
overweight/obesity in Mexican children. Boletín Médico Hosp. Infant. México 2015, 72, 26–33. [CrossRef]

31. Baez-Duarte, B.G.; Zamora-Ginez, I.; Mendoza-Carrera, F.; Ruiz-Vivanco, G.; Torres-Rasgado, E.;
Gonzalez-Mejia, M.E.; Garcia-Zapien, A.; Flores-Martinez, S.E.; Fuentes, R.P. Serum Levels of Glutathione
Peroxidase 3 in Overweight and Obese Subjects from Central Mexico. Arch. Med. Res. 2012, 43, 541–547.
[CrossRef] [PubMed]

32. Brigelius-Flohé, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta (BBA)—Gen. Subj. 2013,
1830, 3289–3303. [CrossRef] [PubMed]

33. Shunmoogam, N.; Naidoo, P.; Chilton, R. Paraoxonase (PON)-1: A brief overview on genetics, structure,
polymorphisms and clinical relevance. Vasc. Health Risk Manag. 2018, 14, 137–143. [CrossRef] [PubMed]

http://dx.doi.org/10.1159/000368833
http://dx.doi.org/10.1016/j.atherosclerosis.2005.08.026
http://www.ncbi.nlm.nih.gov/pubmed/16229851
http://dx.doi.org/10.1515/jpem-2013-0486
http://dx.doi.org/10.1017/s0007114513001967
http://dx.doi.org/10.1021/tx9701790
http://dx.doi.org/10.2471/BLT.07.043497
http://dx.doi.org/10.4067/s0370-41062009000400012
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://dx.doi.org/10.2105/AJPH.82.3.358
http://www.ncbi.nlm.nih.gov/pubmed/1536350
http://dx.doi.org/10.1002/ajhb.20002
http://www.ncbi.nlm.nih.gov/pubmed/14994313
http://dx.doi.org/10.1086/519795
http://dx.doi.org/10.1093/bioinformatics/bth457
http://www.ncbi.nlm.nih.gov/pubmed/15297300
http://dx.doi.org/10.7555/jbr.30.20150169
http://dx.doi.org/10.1016/j.bmhimx.2015.02.002
http://dx.doi.org/10.1016/j.arcmed.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22981671
http://dx.doi.org/10.1016/j.bbagen.2012.11.020
http://www.ncbi.nlm.nih.gov/pubmed/23201771
http://dx.doi.org/10.2147/VHRM.S165173
http://www.ncbi.nlm.nih.gov/pubmed/29950852


Antioxidants 2020, 9, 684 10 of 10

34. Riedmaier, S.; Klein, K.; Winter, S.; Hofmann, U.; Schwab, M.; Zanger, U.M. Paraoxonase (PON1 and PON3)
Polymorphisms: Impact on Liver Expression and Atorvastatin-Lactone Hydrolysis. Front. Pharmacol. 2011,
2, 41. [CrossRef]

35. Zhang, G.J.; Li, W.; Li, Z.; Lv, H.; Ren, Y.; Ma, R.; Li, X.; Kang, X.; Shi, Y.; Sun, Y. Association between
paraoxonase gene and stroke in the Han Chinese population. BMC Med. Genet. 2013, 14, 16. [CrossRef]

36. Rizzi, F.; Conti, C.; Dogliotti, E.; Terranegra, A.; Salvi, E.; Braga, D.; Ricca, F.; Lupoli, S.; Mingione, A.;
Pivari, F.; et al. Interaction between polyphenols intake and PON1 gene variants on markers of cardiovascular
disease: A nutrigenetic observational study. J. Transl. Med. 2016, 14, 186. [CrossRef] [PubMed]

37. Pfaff, C.L.; Parra, E.J.; Bonilla, C.; Hiester, K.; McKeigue, P.M.; Kamboh, M.I.; Hutchinson, R.G.; Ferrell, R.E.;
Boerwinkle, E.; Shriver, M.D. Population Structure in Admixed Populations: Effect of Admixture Dynamics
on the Pattern of Linkage Disequilibrium. Am. J. Hum. Genet. 2001, 68, 198–207. [CrossRef] [PubMed]

38. Andersen, H.R.; Wohlfahrt-Veje, C.; Dalgård, C.; Christiansen, L.; Main, K.M.; Nellemann, C.; Murata, K.;
Jensen, M.B.; Skakkebæk, N.E.; Grandjean, P. Paraoxonase 1 Polymorphism and Prenatal Pesticide Exposure
Associated with Adverse Cardiovascular Risk Profiles at School Age. PLoS ONE 2012, 7, e36830. [CrossRef]

39. Alegría-Torres, J.A.; García-Domínguez, M.L.; Cruz, M.; Aradillas-García, C. Q192R Polymorphism of
Paraoxonase 1 Gene Associated with Insulin Resistance in Mexican Children. Arch. Med. Res. 2015, 46, 78–83.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fphar.2011.00041
http://dx.doi.org/10.1186/1471-2350-14-16
http://dx.doi.org/10.1186/s12967-016-0941-6
http://www.ncbi.nlm.nih.gov/pubmed/27338244
http://dx.doi.org/10.1086/316935
http://www.ncbi.nlm.nih.gov/pubmed/11112661
http://dx.doi.org/10.1371/journal.pone.0036830
http://dx.doi.org/10.1016/j.arcmed.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25500007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design 
	Clinical and Anthropometric Measurements 
	Malondialdehyde Quantification 
	DNA Isolation and Genotyping 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

