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Abstract: The Mexican population has one of the highest prevalences of metabolic syndrome
(MetS) worldwide. The aim of this study was to investigate the association of single-nucleotide
polymorphisms (SNPs) with MetS and its components. First, we performed a pilot Genome-wide
association study (GWAS) scan on a sub-sample derived from the Health Workers Cohort Study
(HWCS) (n = 411). Based on GWAS results, we selected the rs1784042 and rs17120425 SNPs
in the SIDT1 transmembrane family member 2 (SIDT2) gene for replication in the entire cohort
(n = 1963), using predesigned TaqMan assays. We observed a prevalence of MetS in the HWCS of
52.6%. The minor allele frequency for the variant rs17120425 was 10% and 29% for the rs1784042.
The SNP rs1784042 showed an overall association with MetS (OR = 0.82, p = 0.01) and with low
levels of high-density lipoprotein (HDL-c) (odds ratio (OR) = 0.77, p = 0.001). The SNP rs17120425
had a significant association with type 2 diabetes (T2D) risk in the overall population (OR = 1.39,
p = 0.033). Our results suggest an association of the rs1784042 and rs17120425 variants with MetS,
through different mechanisms in the Mexican population. Further studies in larger samples and other
populations are required to validate these findings and the relevance of these SNPs in MetS.

Keywords: SIDT2 gene; HDL-c; metabolic syndrome; rs17120425; rs1784042; type 2 diabetes;
Mexican population
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1. Introduction

Metabolic syndrome (MetS) is characterized by a set of metabolic factors that increase the risk
of cardiovascular diseases (CVD), type 2 diabetes (T2D) and atherosclerosis [1,2]. According to the
Adult Treatment Panel III (ATP III) criteria, in the Mexican population, the prevalence of MetS is 41.6%,
one of the highest worldwide [3].

Genetic and environmental factors contribute to the pathophysiology of MetS [4,5]. Family and
twin studies have provided the initial evidence for the heritability and co-occurrence of the metabolic
traits. MetS heritability has been reported between 13% and 30% and for some individual metabolic
components can be as high as 50% [4–6]. Several Genome-wide association studies (GWAS) have been
performed to identify MetS-related single nucleotide polymorphisms (SNPs) considering independent
components of MetS as quantitative traits [7–9]. In view of MetS as a binary phenotype, several GWAS
have identified numerous loci influencing its presence. Most variants associated to MetS have been
located within or near genes regulating lipid metabolism and seem to be relevant for the genetic
background of MetS [10–12]. Specifically, genetic variants are of great interest when SNPs have
different frequencies between populations, because it could lead to differences in gene expression [13].
To date, much of the genetic variation remains unexplained. Therefore, the search for genetic variants
associated with development or exacerbation of this syndrome are of great interest.

GWAS in Asian populations [14,15] have shown that the SIDT1 transmembrane family member
2 (SIDT2) gene, encodes a SIDT2-lysosomal membrane protein and is associated with plasma triglyceride
(TG) levels. Moreover, Moon et al. reported an association between SIDT2 and MetS and its components,
specifically with high density lipoprotein (HDL-c) and TG levels [16]. Recently, a meta-analysis
conducted in a Korean population found that the SNP rs1784042 in SIDT2 gene was associated with
total cholesterol (TC) levels [17].

Recently, SIDT2 has been related to lipid and glucose metabolism. Several investigations carried
out in Sidt2-/- mice showed that the absence of this gene generates an increase in the TG and free
fatty acids (FFA) levels in serum [18,19]. However, it could be involved in several functions, such as
maintenance of the integrity of membrane and digestion and transport of lysosomal-products [20].
Furthermore, it may participate in the re-localization of cholesterol among organelles [21]. Its absence
could cause an alteration of the autophagy-related lipid degradation pathway and an accumulation of
autophagosomes which impair lipid metabolism [18]. In addition, the knock out mice model showed
an impaired glucose tolerance due insulin secretion dysfunction, suggesting that SIDT2 may be also
involved in glucose metabolism [22,23].

Mexico is a middle-income country and Mexicans represent a unique population with a
distinct genetic background, diet and sedentary lifestyle compared to other populations [24].
Moreover, Mexicans are more prone to suffer hypertriglyceridemia, glucose intolerance and obesity
compared to Caucasians [25,26]. Many of such metabolic deregulations are extremely severe and have
an earlier age of onset in Mexicans than in Caucasians [27,28]. Moreover, Mexicans have an augmented
body fat mass, a greater intra-abdominal subcutaneous adipose tissue and greater accumulation of
ectopic fat compared to Caucasians, resulting in an enhanced risk for MetS and CVD [3]. These reasons
indicate that the Mexican population has a significant genetic predisposition to develop MetS.

Previously, we carried out a pilot GWAS in Mexican-Mestizo postmenopausal women (n = 411),
which represent a subsample of the Health Workers Cohort Study (HWCS) over 61 years of age. In that
study, we identified SNPs significantly associated with several metabolic traits [29,30]. The relative low
frequency of some functional variants of SIDT2 in several populations, provides a unique opportunity to
assess association with clinical/metabolic traits, in admixed populations, such as the Mexican-Mestizo.
The aim of this study was to investigate the association of the variants rs1784042 and rs17120425 of the
SIDT2 gene with MetS and its individual components in a cohort of Mexican Health Professionals.
To the best of our knowledge, this study provides new and relevant information about the association
between the rs1784042 and rs17120425 variants with MetS, through lowering HDL-c levels, in a Mexican
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population. With this information, we can contribute to the genetic knowledge involved in the MetS,
which is a worldwide health problem.

2. Materials and Methods

2.1. Study Population

We performed a pilot GWAS and a candidate gene study in Mexican-Mestizo subjects from the
HWCS. The details of the study design, methodology and participants’ baseline characteristics have
been described previously [31].

For the current analysis, we included data from 2086 individuals who were invited to participate
in the second measurement period of the HWCS (2010 and 2012) and from whom DNA and serum
samples were available. We excluded individuals < 18 years (n = 85) and missing genotype data for
both SNPs (n = 38). After these exclusions, a total of 1963 individuals (aged 18–92 years) were included
in the analysis.

This research was performed in accordance with the Declaration of Helsinki. The study protocol
and informed consent form were approved by the Research and Ethics Committee from the Instituto
Mexicano del Seguro Social (IMSS, by its Spanish acronym) (No. 12CEI 09 006 14). All participants
signed an informed consent form.

2.2. Demographic, Anthropometric and Clinical Measurements

Demographic data were obtained from a self-reported questionnaire [31]. The procedures for
anthropometric and biochemical measurements were carried out as described previously [30,31].
MetS diagnosis was based on Adult Treatment Panel (ATP) III criteria according to American Heart
Association/National Heart Lung and Blood Institute (referred as AHA/NHLBI) [3]. Postmenopausal
women were defined as being 45 years of age or older and having experienced 12 months without a
menstrual period. Family group was defined as two or more related individuals.

2.3. Sample Genotyping and Selection of SNPs for Validation

2.3.1. Discovery Phase

In the first stage, a pilot GWAS scan was performed on 411 unrelated postmenopausal women,
a sub-sample from the HWCS. DNA samples were genotyped using the Infinium HumanCytoSNP-12
DNA v2.1 chip, (Illumina Inc., San Diego, CA, USA), the inclusion thresholds executed: missing rate
per person and SNPs were of 95%, we excluded markers that did not meet Hardy–Weinberg test at
p value < 5 × 10−6 significance threshold, we removed SNPs with minor allele frequency (MAF) < 1%,
we conducted an identity by descent (IBD) analysis to verify the absence of relatedness between
individuals in this study. To determine the samples’ sex (female) we calculated X chromosome
inbreeding (homozygosity) by the F estimate of PLINK software; we converted Linkage Pedigree
format files to Variant Call Format (VCF) using PLINK v1.9. The markers imputation was performed
with a Michigan Imputation Server (Minimac4 method) using a Haplotype Reference Consortium
(HRC) panel (Version r1.1 2016), the phasing selection was Eagle v2.3 and Ad Mixed American (AMR)
as the supported reference panel and finally we selected the quality Control and Imputation mode.
A total of 7.2 million imputed SNPs from the HRC panel [32] in 396 women with an overall call rate of
99.68%, genotype imputation quality minimum of 0.4 and MAF > 1%, were used for further analysis.
The pilot GWAS with TC, Low-Density Lipoprotein cholesterol (LDL-c), HDL-c, glucose and TG serum
levels was carried out using the EPACS Genome Analysis tool as follows: we performed a quantitative
linear Wald Test model using residual inverse normal transformation of age, body mass index (BMI)
and two ancestry principal components (ancestry correction). The study design and methodology
are described in detail elsewhere [29,30]. Briefly, the median age of the cohort was 61 years (55–68),
median BMI was 27.5 (25.3–34.3) and 68.2% had MetS.
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2.3.2. Replication Phase

The present study is part of a large-scale genetic study to identify genetic variants affecting bone
mineral density (BMD) and related quantitative metabolic traits in the Mexican population [29,30].

In the replication phase, derived from the results of the pilot GWAS, we selected two SNPs located
in the SIDT2 gene: the rs1784042, because its p-value in the discovery phase was p = 0.006 and it is
located in a region previously associated with MetS and other metabolic traits. We also selected the
missense variant p.V636I (rs17120425), based on: (1) proximity to the variant rs1784042 (~2473 bp),
(2) no linkage disequilibrium (LD) with the variant rs1784042 (r2 = 0.10 and D’= 0.77) based on the
Mexican Ancestry population from Los Angeles, California (MXL) and (3) differences in MAFs between
populations (according to the 1000 genomes project, MAFs 0–6%). Both SNPs were genotyped using
predesigned TaqMan assays (Applied Biosystems), in the entire sample, including the individuals
from the first stage. The previous association of genes (n = 29) and their reported variants (n = 46)
for MetS and related metabolic traits, were obtained from the National Human Genome Research
Institute–European Bioinformatics Institute (NHGRI-EBI) GWAS Catalog [33] and a PubMed search.

2.4. Statistical Power of the Study

We calculated the power of the study using Quanto software (Department of Preventive Medicine,
University of Southern California, Los Angeles, CA, USA) [34]. A log-additive model of inheritance for
allele frequencies in the range from 0.06 to 0.10 and odds ratios (ORs) in the range from 0.80 to 1.40 for
rs17120425 and the allele frequencies in the range from 0.28 to 0.30 and ORs in the range from 0.70 to
1.40 for rs1784042, derived from this study, the 1000 genomes project and the literature, were used.
Prevalence of disease was taken in the range from 42% to 53% at a significance level of 0.05.

2.5. Conditional and Haplotype Association Analysis

To evaluate if the the two selected variants in the SIDT2 gene were independent, we performed
a conditional analysis in the replication stage data employing a logistic regression model.
Age, sex, family group and identified SNPs genotypes were included as covariables in the model using
STATA software, version 14.0 (StataCorp LP, College Station, TX, USA). Haplotype-based association
analysis of SIDT2 SNPs rs17120425 and rs1784042 was carried out using a logistic regression model
adjusting for age, sex and family group in the replication phase data using Haploview [35] and STATA
software, version 14.0 (StataCorp LP, College Station, TX, USA).

2.6. Statistical Analysis

The Hardy–Weinberg Equilibrium (HWE) was tested on each of the study groups using the
chi-square test. The descriptive analysis of the demographic and clinical characteristics was stratified
by genotype of both SNPs in each parameter. Furthermore, we estimated the prevalence of MetS and
its components by age and sex. To determine the differences between groups, a chi square test was
applied for the categorical variables and a Dunn’s test for the continuous variables (e.g., age, BMI).
Genetic association analyses between rs17120425 and rs1784042 with the MetS-traits were carried out
in the total population with adjustment for age, sex and family group. The association was modeled
using multivariable linear and logistic regression. Additionally, the analysis was stratified by gender
and menopausal status. Statistical analyses were performed using STATA software, version 14.0
(StataCorp LP, College Station, TX, USA). A p value < 0.025 (Bonferroni adjustment, α/n) was considered
statistically significant.
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3. Results

3.1. Demographic Data of the Study Population

This study included a total of 1963 participants from the HWCS; 70% were women and 30% were
men. We observed that the men group had higher levels of overweight, waist circumference (WC),
smoking, blood pressure (BP), fasting glucose, TC, TG and lower HDL-c levels than women (p < 0.05).
The obesity, body fat proportion and LDL-c levels were higher in women (p < 0.05) (Table 1).

Table 1. Sociodemographic and clinical characteristics of the Health Workers Cohort Study (HWCS).

Parameter
Total Sample Men Women p Value

n = 1963 n = 593 n = 1370

Age(years) 1 52.0 (40.0–62.0) 46.0 (36.0–57.0) 54.0 (43.0–63.0) <0.001
Body mass index (kg/m2) 1 26.7 (24.0–29.7) 26.5 (24.1–29.0) 26.8 (24.0–30.1) 0.133

Overweight 2 42.9 (40.7–45.0) 48.8 (44.9–52.8) 40.2 (37.7–42.8) <0.001
Obesity 2 23.9 (22.0–25.8) 19.6 (16.5–22.8) 25.7 (23.4–28.0) 0.003

Waist circumference (cm) 1 94.0 (86.0–101.0) 96.0 (90.0–102.0) 92.0 (85–100.0) <0.001
Body fat proportion 1 41.9 (34.0–47.2) 31.5 (27.7–34.7) 45.1 (40.7–49.1) <0.001

Leisure time physical activity (hour/week) 1 1.5 (0.3–3.5) 1.7 (0.4–5.0) 1.1 (0.2–3.5) <0.001
Active (>150 min/week) 2 34.9 (32.8–37.0) 36.6 (32.8–40.4) 28.2 (25.8–30.6) <0.001

Smoking current 2 12.3 (10.9–13.7) 21.3 (18.0–26.6) 9.0 (7.5–10.6) <0.001
Smoking past 2 27.5 (25.5–29.4) 39.7 (35.7–43.6) 23.8 (21.5–26.1) <0.001

Systolic blood pressure (mmHg) 1 118.0 (108.0–129.5) 122.0 (113.0–131.0) 116.0 (106.0–129.0) <0.001
Diastolic blood pressure (mmHg) 1 74.0 (68.0–81.0) 77.0 (70–84) 73.0 (66.0–79.0) <0.001
Fasting plasma glucose (mg/dL) 1 97.0 (90.0–106.0) 98.0 (92–107) 96.0 (90.0–104.0) <0.001

Total cholesterol (mg/dL) 1 140.6 (85.4–213.6) 167.0 (105.0–266.0) 128.0 (83.0–193.0) <0.001
Low density lipoprotein-c (mg/dL) 1,3 120.0 (98.0–145.4) 116.0 (97–143.0) 121.0 (99.0–147.0) 0.009
High density lipoprotein-c (mg/dL) 1,4 44.0 (37.0–52.0) 39.0 (34.0–46.0) 46.0 (39.0–54.0) <0.001

Metabolic Syndrome 2,5 52.6 (50.4–54.8) 45.7 (41.6–49.7) 55.6 (52.9–58.3) <0.001
Triglycerides (mg/dL) 1 156.0 (112.0–209.0) 168.0 (118.0–247.0) 151.0 (109.0–199.0) <0.001

1 Median(P25-P75). 2 Percent (95% Confidence Interval). 3 LDL-c. 4 HDL-c. 5 MetS, (Adult Treatment Panel (ATP)-III
definition).

3.2. Prevalence of MetS and Its Components by Gender and Age Groups

The prevalence of MetS and its components were stratified by gender and age (Figure 1
and Supplementary Table S1). The overall prevalence of MetS in the HWCS was 52.6%
(95%, Confidence Interval (CI) 50.4–54.8). Women had a higher prevalence of MetS than males
(55.6 vs. 45.7%, p < 0.001; Figure 1a). Low HDL-c levels (Figure 1b) and high WC (Figure 1c) were
more frequently observed in women than in men (63.9% vs. 51.8%, p = 0.0001 and 66.1% vs. 26.8%,
p < 0.001, respectively) (Supplementary Table S1).

The overall prevalence of hypertriglyceridemia was of 53.1%, it was higher in men than women
in all age groups (58.2% vs. 50.9%, p = 0.0028) (Figure 1d). Elevated BP prevalence was 38.9% overall;
this was higher in men than women (43.3% vs. 37%, p = 0.010). Interestingly, in younger groups
(≤30 years of age), men had 9.5 times higher prevalence of elevated BP than women within the same
age range (30% vs. 3.17%, p < 0.001) (Figure 1e). The prevalence of elevated fasting glucose overall was
42.2% (95% CI: 40.0–44.4) and was higher in males than females (48.4% vs. 39.5%, p < 0.001) (Figure 1f)
(Supplementary Table S1).
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Figure 1. Prevalence of MetS and its components in different age groups stratified by gender.
(a) Prevalence of MetS by The National Cholesterol Education Program (NCEP)—Adult Treatment
Panel III (ATPIII); (b) prevalence of low (high-density lipoprotein HDL-c); (c) prevalence of high
waist circumference; (d) prevalence of high triglycerides; (e) Prevalence of high blood pressure and
(f) prevalence of high fasting glucose. (*) p value < 0.05. Lines represent the 95% confidence intervals.

3.3. Association Analyses of Genetic Variants rs17120425 and rs1784042 of SIDT2 with MetS

In the first stage (pilot GWAS), none of the SNPs met the conventional criteria for a genome-wide
significance (p < 10 × 10−8). There were not significant differences observed between MAF of the SNPs,
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compared to European populations (Supplementary Table S2). Therefore, we focused on the search
for SNPs located in regions previously associated with MetS, TC, LDL-c, HDL-c and TG levels in
European and Asian populations. In addition, we also considered the earlier know gene regions for
MetS and related metabolic traits that were identified using NHGRI-EBI GWAS Catalog [33] and a
PubMed search (Supplementary Table S3). The variant rs1784042, which is located within the SIDT2
gene on chromosome 11, was the strongest signal (pGWAS = 0.006) for HDL-c (Supplementary Figure S1
and Supplementary Table S4). The variant rs1784042 (A allele) has been recently associated with
risk of MetS in a Korean population [16] and with high TG levels in cohorts from Nigeria and the
Philippines [15], suggesting a potential association with MetS and related components in certain ethnic
groups. In addition, due to the proximity to the variant rs1784042, we also included the missense
variant p.V636I (rs17120425) and because, according to the 1000 genomes project, the rs17120425 is rare
in several populations (MAF < 1.0%).

Supplementary Table S5 shows the MAF distribution of both polymorphisms of the SIDT2 gene
in different populations. The rs17120425 “A” allele was more frequent in the HWCS population (10%)
than in the MXL population (6%). We observed that the rs17120425 “A” allele was rare or absent in the
samples from Europe, South Asia and Africa. The SNP rs1784042 “A” allele showed a MAF similar to
that reported in MXL sample (29% vs. 28%). This allele is rare (2%) in the African (YRI) samples and
had an intermediate frequency (19%) in the Asian (CHB) samples, whereas a frequency of 46% was
observed in the Northern/Western European population (CEU). Both SNPs were in HWE (p > 0.05).

The SNP rs17120425 was associated with MetS, only in the group of men under the additive
model (OR = 0.60, p = 0.018) (Table 2). Regarding to the components of MetS, only low HDL-c
levels showed association in the overall population (OR = 0.60, p = 4.3 × 10−6) and in women
(OR = 0.57, p = 2 × 10−5), under the additive model. Additionally, the association was stronger
in postmenopausal women (OR = 0.52, p = 0.0004) compared to premenopausal (Supplementary
Table S6). Interestingly, in the overall population, we observed a significant association with T2D risk
(OR = 1.39, p = 0.033). Females had a significantly higher risk of T2D than males (OR = 1.62, p = 0.007)
(Table 2). These findings are supported by the quantitative analysis, this confirmed the association of
the rs17120425 with HDL-c levels in all groups (Supplementary Table S7). We found no significant
association with other metabolic components of MetS.

On the other hand, the SNP rs1784042 showed association in the overall population with MetS
(OR = 0.82, p = 0.010). When the sample was stratified by gender, only women showed association
with MetS, under the additive model (OR = 0.81, p = 0.020). Regarding the association with MetS
components, only low HDL-c levels showed association in the overall population (OR = 0.77, p = 0.001)
and in women (OR = 0.74, p = 0.001), under the additive model. No significant association with other
components of MetS was observed (Table 3). The association between the SNP rs1784042 and low
HDL-c levels was confirmed among women (Supplementary Table S8). However, the association was
stronger in premenopausal women (OR = 0.68, p = 0.004), than in postmenopausal women (OR = 0.79,
p = 0.048). The quantitative analysis confirmed the association between rs1784042 and HDL-c levels
(β = 1.44, p = 0.0002) and TG levels (β = −13.35, p = 0.001) in all the population. Interestingly,
this variant showed an increase in LDL-c levels in the total population (β = 2.51, p = 0.043) and a
decrease in WC (β = −1.01, p = 0.011) (Supplementary Table S9).
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Table 2. Association of rs17120425 polymorphism and metabolic syndrome.

Total Men Women

Outcome Genotype Control,
n (%)

Case,
n (%)

OR 1,7

(95% CI)
p Value Control,

n (%)
Case,
n (%)

OR 2

(95% CI)
p Value Control,

n (%)
Case,
n (%)

OR 2

(95% CI)
p Value

MetS 3

GG 742 (80.2) 858 (83.3) Ref. 256 (80.3) 232 (86.3) Ref. 486 (80.2) 626 (82.4) Ref.

GA 173 (18.8) 160(15.5) 0.79
(0.61–1.01) 0.065 58 (18.2) 36 (13.4) 0.66

(0.41–1.05) 0.078 115 (19.0) 124 (16.3) 0.86
(0.63–1.15) 0.307

AA 10 (1.0) 11 (1.1) 0.83
(0.33–2.10) 0.700 5 (1.6) 1 (0.4) 0.15

(0.02–1.39) 0.095 5 (0.8) 10 (1.3) 1.59
(0.48–5.35) 0.450

Additive model 0.82
(0.65–1.02) 0.074 0.60

(0.39–0.92) 0.018 0.93
(0.71–1.21) 0.575

Low HDL-
cholesterol 4

GG 514 (76.4) 1086
(84.8) Ref. 203 (79.9) 285 (85.3) Ref. 311 (74.2) 801 (84.6) Ref.

GA 151 (22.4) 182 (14.2) 0.54
(0.42–0.69) 7.5 × 10−7 48 (18.9) 46 (13.8) 0.65

(0.42–1.02) 0.059 103 (24.6) 136 (14.4) 0.50
(0.37–0.66) 2.7 × 10−6

AA 8 (1.2) 13 (1.0) 0.73
(0.30–1.79) 0.492 3 (1.2) 3 (0.9) 0.66

(0.13–3.32) 0.613 5 (1.2) 10 (1.1) 0.78
(0.26–2.31) 0.652

Additive model 0.60
(0.48–0.74) 4.3 × 10−6 0.68

(0.46–1.02) 0.062 0.57
(0.44–0.74) 2 × 10−5

Impaired
glucose

tolerance 5

GG 934 (82.6) 446 (82.8) Ref. 251 (82.0) 165 (84.6) Ref. 683 (82.8) 281 (81.7) Ref.

GA 184 (16.3) 89 (16.5) 1.03
(0.77–1.38) 0.825 50 (16.3) 30 (15.4) 0.84

(0.51–1.40) 0.51 134 (16.2) 59 (17.2) 1.12
(0.79–1.59) 0.52

AA 13 (1.2) 4 (0.7) 0.54
(0.17–1.70) 0.292 5 (1.6) - 8 (1.0) 4 (1.2) 1.01

(0.30–3.47) 0.983

Additive model 0.96
(0.74–1.25) 0.773 0.70

(0.44–1.12) 0.135 1.10
(0.80–1.50) 0.56

Type 2
Diabetes 6

GG 934 (82.6) 220 (77.6) Ref. 251 (82.0) 72 (82.8) Ref. 683 (82.8) 148 (75.1) Ref.

GA 184 (16.3) 60 (21.1) 1.56
(1.11–2.21) 0.011 50 (16.3) 14 (16.1) 0.98

(0.49–1.97) 0.954 134 (16.2) 46 (23.4) 1.82
(1.22–2.71) 0.003

AA 13 (1.2) 4 (1.4) 0.97
(0.29–3.20) 0.959 5 (1.6) 1 (1.2) 0.32

(0.03–3.61) 0.355 8 (1.0) 3 (1.5) 1.39
(0.35–5.54) 0.644

Additive model 1.39
(1.03–1.88) 0.033 0.86

(0.46–1.59) 0.634 1.62
(1.14–2.30) 0.007

1 Model adjusted for age, sex and family group. 2 Model adjusted for age and family group. 3 MetS: Metabolic Syndrome (ATP-III definition). 4 Low HDL-cholesterol: <40 in men and <50
in women. 5 Impaired glucose tolerance: >100 to <126 glucose levels. 6 Type 2 diabetes: >126 glucose levels or self-report of physician diagnosis. 7 OR: Odd Ratio.
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Table 3. Association of rs1784042 polymorphism and metabolic syndrome.

Total Men Women

Outcome Genotype Control,
n (%)

Case,
n (%)

OR 1,7

(95% CI)
p Value Control,

n (%)
Case,
n (%)

OR 2

(95% CI)
p Value Control,

n (%)
Case,
n (%)

OR 2

(95% CI)
p Value

MetS 3

GG 445 (49.0) 534 (52.0) Ref. 161 (50.2) 138 (51.3) Ref. 294 (48.4) 396 (52.2) Ref.

GA 391 (42.1) 417 (40.6) 0.84
(0.69–1.03) 0.097 135 (42.1) 117 (43.5) 0.98

(0.67–1.34) 0.780 256 (42.2) 300 (39.5) 0.80
(0.62–1.02) 0.066

AA 82 (8.8) 77 (7.5) 0.65
(0.45–0.93) 0.018 25 (7.8) 14 (5.2) 0.59

(0.29–1.19) 0.138 63 (8.3) 63 (8.3) 0.67
(0.44–1.02) 0.061

Additive model 0.82
(0.71–0.95) 0.010 0.85

(0.65–1.12) 0.258 0.81
(0.68–0.97) 0.020

Low
HDL-cholesterol 4

GG 308 (45.5) 681 (53.2) Ref. 124 (48.4) 175 (52.4) Ref. 184 (43.7) 506 (53.5) Ref.

GA 304 (44.9) 504 (39.4) 0.75
(0.61, 0.91) 0.004 112 (43.8) 140 (41.9) 0.90

(0.64–1.27) 0.546 192 (45.6) 364 (38.5) 0.67
(0.53–0.86) 0.002

AA 65 (9.6) 94 (7.4) 0.63
(0.45, 0.90) 0.011 20 (7.8) 19 (5.7) 0.66

(0.34–1.30) 0.23 45 (10.7) 75 (7.9) 0.61
(0.40–0.93) 0.020

Additive model 0.77
(0.67, 0.90) 0.001 0.85

(0.65–1.12) 0.249 0.74
(0.62–0.88) 0.001

Impaired glucose
tolerance 5

GG 567 (50.3) 280 (51.7) Ref. 158 (52.0) 102 (51.5) Ref. 409 (49.6) 178 (51.7) Ref.

GA 468 (41.5) 222 (41.0) 0.93
(0.75, 1.16) 0.542 126 (41.5) 87 (43.9) 1.04

(0.71–1.52) 0.831 342 (41.5) 135 (39.2) 0.89
(0.69–1.17) 0.418

AA 93 (8.2) 40 (7.4) 0.83
(0.55, 1.26) 0.388 20 (6.6) 9 (4.6) 0.65

(0.28–1.50) 0.309 73 (8.9) 31 (9.0) 0.92
(0.57–1.47) 0.729

Additive model 0.92
(0.78, 1.09) 0.344 0.93

(0.69–1.26) 0.625 0.93
(0.76–1.14) 0.492

Type 2 Diabetes 6

GG 567 (50.3) 142 (49.7) Ref. 158 (52.0) 39 (44.3) Ref. 409 (49.6) 103 (52.0) Ref.

GA 468 (41.5) 118 (41.3) 0.96
(0.72, 1.29) 0.800 126 (41.5) 39 (44.3) 1.25

(0.72–2.16) 0.43 342 (41.5) 79 (39.9) 0.87
(0.62–1.23) 0.432

AA 93 (8.2) 26 (9.1) 0.99
(0.60, 1.63) 0.967 20 (6.6) 10 (11.4) 1.76

(0.70–4.41) 0.23 73 (8.9) 16 (8.1) 0.78
(0.42–1.43) 0.419

Additive model 0.98
(0.79, 1.22) 0.87 1.31

(0.88–1.97) 0.187 0.88
(0.68–1.13) 0.314

1 Model adjusted for age, sex and family group. 2 Model adjusted for age and family group. 3 MetS: Metabolic Syndrome (ATP-III definition). 4 Low HDL-cholesterol: <40 in men and <50
in women; 5 Impaired glucose tolerance: >100 to <126 glucose levels; 6 Type 2 diabetes: >126 glucose levels or self-report of physician diagnosis. 7 OR: Odd Ratio.
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We also analyzed the genotype distribution for each variant within the MetS components.
The GA/AA genotypes of rs17120245 were significantly associated with higher HDL-c levels (p < 0.001
and p = 0.029, respectively) (Supplementary Figure S2a). Regarding rs1784042, we also observed that
the HDL-c level was higher in carriers of the GA and AA genotype vs. GG (p = 0.023 and p = 0.0002,
respectively) ( Supplementary Figure S2b). There were no significant differences between the genotype
distribution and other metabolic component of MetS (data not shown).

The prevalence of low HDL-c was lower among carriers of the heterozygous genotype of rs17120425
and rs1784042 (47.4%, p < 0.001 and 57.7%, p = 0.013, respectively), than in individuals with the
GG genotype (63.1% and 63.5%, respectively). Interestingly, only the prevalence of low HDL-c was
lower in the AA genotype of the rs1784042 vs. GG genotype carriers (63.5% vs. 51.3%, p = 0.004)
(Supplementary Figure S3b). In addition, we also observed a decrease in the prevalence of elevated
WC in GA genotypes compared to GG carriers for both SNPs (p = 0.038 and p = 0.005, respectively)
(Supplementary Figure S4). However, carriers of the AA genotype of rs1784042 had a minor prevalence
of elevated WC compared to carriers of the GG genotype (p = 0.007) (Supplementary Figure S4b).

3.4. Conditional Analysis of SIDT2 Locus

In the conditional analysis, we observed that the association between the variants of SIDT2 with
MetS were not independent, in this study. However, the association of rs17120425 with low HDL-c was
maintained upon adjusting for the rs1784042 variant (Supplemental Tables S10 and S11). The two SNPs
are not in linkage disequilibrium (LD) with each other in the HWCS population (r2 = 0.18, D’ = 0.82)
(Supplemental Figure S5a,b, respectively).

3.5. Haplotype Association Analysis

Haplotype analysis revealed that the haplotype AA (rs17120425-rs1784042) is strongly associated
with low HDL-c in the HWCS population (OR = 0.52, p = 2.9 × 10−8), however, we did not observe
association for MetS (Supplementary Table S12).

3.6. In Silico Functional Analysis of Genetic Variants rs17120425 and rs1784042 in SIDT2

In order to analyze the link between the SNPs (rs1784042 and rs17120425) in the SIDT2 gene
and gene expression, we used the online resources: the Genotype-Tissue Expression (GTEx) project
(https://www.gtexportal.org/home/), the Netherlands Study of Depression and Anxiety (NESDA) and
the Netherlands Twin Registry (NTR) Conditional Expression Quantitative Trait Loci (eQTL) catalog
(https://eqtl.onderzoek.io/) and the RegulomeDB (http://www.regulomedb.org/). All three databases
showed that the SNP rs1784042 correlated with SIDT2 and TAGLN expression. The NESDA NTR catalog
shows that rs1784042 correlates with SIDT2, TAGLN and PAFAH1B2 expression, in whole blood. On the
other hand, the analysis with the GTEx project showed that rs1784042 correlates with SIDT2, TAGLN,
and PCSK7 expression in whole blood (p = 2 × 10−5, p = 5.6 × 10−18 and p = 4.5 × 10−5, respectively),
while the RegulomeDB database showed correlation between rs1784042 and the expression of SIDT2
and TAGLN in monocytes.

No functional analysis was available for the V636I (rs17120425) variant in the online resources
used. However, recently the Ile636 allele has been associated with high levels of HDL-c and has shown
increased uptake of the cholesterol analog dehidroergosterol, in vitro [36].

4. Discussion

Our data extend the available information regarding the rs1784042 variant of the SIDT2 gene,
which confirms the association with MetS in the Mexican population. In addition, for the first-time,
relevant information is provided about the association with HDL-c levels. To the best of our knowledge,
this is the first study to suggest that the rs17120245 variant, regardless of rs1784042 genotype,
increases T2D risk through lowering HDL-c plasma levels. The pairwise linkage disequilibrium score

https://www.gtexportal.org/home/
https://eqtl.onderzoek.io/
http://www.regulomedb.org/
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between rs17120425 and rs1784042 was low (r2 = 0.18), indicating little correlation between these
two SNPs.

Interestingly, the presence of the SNP rs17120425 is observed almost exclusively in the American
continent, with a MAF of 6%, unlike other populations around the world where it is rare or absent.
Unlike rs1784042, which is present in all populations (MAF: 4–42%). Similar to the ABCA1 gene [27]
reported in the Mexican population, the ethnic specific effect might result from the well-recognized
variation of the SIDT2 alleles that exists between populations of different origins. These alleles may be
preserved in the Native American populations because it provided some adaptive advantage in the
past [37,38].

These data also provide information regarding the association between the missense variant
Val636Ile (rs17120425) on the SIDT2 gene and HDL-c levels. In addition, we found that effect of
both variants on the HDL-c levels appears to be greater in women. Although the reason for the
gender specific differences remains unclear, gender specific effects is commonly observed in complex
traits [39]. Our findings are in line with previous studies [40] and it has been observed that the
prevalence of MetS increases with age in females, very similar to what was observed in this study.
Moreover, females are more susceptible to MetS due to many cultural factors including stress and low
socioeconomic status [41].

Our results suggest that the rs17120245 variant, regardless of rs1784042 genotype, increases T2D
risk through lowering HDL-c levels. This is the first report revealing HDL-c concentrations as an
intermediate factor between a SIDT2 gene variant and T2D risk. This finding is consistent with
previous studies that show that the function of SIDT2 is related to dysfunction on glucose metabolism,
which was manifested as increased random blood glucose level and impaired glucose tolerance [22].
This is in line with previous epidemiological studies that have identified HDL-c levels as a risk factor
for T2D [42,43]. Some in vitro, animal and clinical studies have uncovered a broad range of HDL-c
actions contributing to the pathophysiology of T2D, and therefore various mechanisms have been
proposed [44–49]. Diverse studies suggest that reduced ATP-binding cassette transporter A1 (ABCA1)
activity leads to impaired β-cell function [44,46]. HDL-c may raise insulin secretion through an increase
in cholesterol efflux [45]. Studies aimed to document the complexity of the etiology and the influence
of gender, age, and environmental factors should be investigated, in the Mexican population.

First insights into the roles of SIDT2 were derived from studies of Sidt2 knockout mice [22,23]
that showed elevated fasting glucose levels, glucose intolerance and decreased serum insulin levels.
Other studies have identified a role of Sidt2 also in lipid metabolism. Sidt2-deficient mice developed an
increase in serum of TG, FFAs and liver transaminases, indicating an impaired of liver function [16,19,22].
Recently, Mendez-Acevedo et al. suggested that SIDT2 is involved in cholesterol transport, but not in
RNA transport [21]. However, more studies are needed to elucidate the function of this gene and its
impact on MetS and its mainly component HDL-c in the Mexican population. The Mexican population
has one of the highest rates of low HDL-c levels and prevalences of MetS worldwide [3,50,51].

Our findings are supported by previous studies that indicate the role of the rs1784042 variant in
lipid metabolism. Gombojav et al. identified in more than 8000 Korean individuals, several functional
loci in 11q23.3 and found that SIDT2 is associated with an effect on plasma TG levels [14]. These data
are consistent with the findings from Moon et al., who carried out a multiple genotype-phenotype
association study in more than 10,000 Korean subjects and identified that the variant rs1784042 was
associated with MetS and its components [16,52]. In addition, Kulminsky et al. in a GWAS with
more than 26,000 individuals from five longitudinal studies identified that the rs1784042 variant was
associated with TC levels [17].

Along with previous reports, our study supports the hypothesis that genes are key factors in the
link between lipid metabolism and MetS [11,53]. We suggest that lipid traits such as HDL-c have the
greatest impact on MetS, but other weak associations, such as TG levels and WC, may also have an
impact on the Mexican population. Interestingly, our study suggests that the genetic variant rs1784042
could have pleiotropic effects for MetS, in Asian populations it is correlated with TG levels, while in
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Mexicans it is associated mainly with HDL-c levels. However, due to the limitations of the current
research, the potential weak association must be interpreted carefully.

Data derived from the three online databases showed that rs1784042 correlates with the expression
of SIDT2 and TAGLN. We assume that the SNPs associated with MetS could activate the expression of the
genes SIDT2 and TAGLN. A change in gene expression might inhibit insulin secretion, lipid metabolism
and adipogenesis, resulting in MetS. Whereas for V636I (rs17120425), recently the Ile636 allele has been
associated with increased cholesterol analog uptake in vitro [36]. Although evidence supports the
association between the SNPs rs1784042 and rs17120425 with HDL-c levels, the mechanism affecting
HDL-c levels in MetS is unknown. Additional functional investigations for both SNPs are needed.
Although previously identified variants are in lipid loci, these variants and their mapped genes are not
reported in MetS cases. Our findings provide insight into the genetic variant contribution to MetS risk,
in Mexicans.

The information about the prevalence of MetS and its components among the Mexican population
is limited and data on uniform MetS diagnostic criteria are even more scarce, as are reasons why it
hinders the initiatives to prevent metabolic disorders in this population. The HWCS study showed an
overall prevalence 52.6% of MetS, the main findings were low HDL-c levels and elevated WC. The MetS
prevalence found in this study was higher than that reported in other studies of health-care workers
(29.5–40%) [3,54–62]. However, it was similar to the prevalence observed in the general population of
Mexican-Amerindians (50.3%) [50]. Discrepancies between the overall prevalence of MetS in this study
and in the above-mentioned studies may be attributable to the fact that most of the subjects in this
study were older than 40 years old and presented high obesity rates. As found in other published
studies, MetS frequency increase with age [3,56,63] and BMI [64,65]. Thereby, it is evident that the
prevalence of MetS is increasing in the general population.

The MetS component most altered was low levels of HDL-c followed by elevated WC. Low levels
of HDL-c are common in the Mexican population, which has one of the highest rates worldwide [51].
Previous reports confirm that elevated WC and low HDL-c levels are the most frequently components
of MetS on general population [3,64]. This may be attributable to Latin American populations which
are more susceptible to accumulation of abdominal fat, the development of insulin resistance and fatty
liver than non-Hispanic white populations [66].

This is the first candidate gene association study showing the role of genetic variants of the SIDT2
gene in MetS and low HDL-c levels in the Mexican population. The sample size (n = 1963) was large
enough and robustly powered to detect associations with similar ORs as identified in reported GWAS
and candidate-gene studies for MetS. The statistical power of this study was >90% to detect previous
associations observed in the literature.

Although we observed statistically significant associations, our study has some potential
limitations. First, this cohort contained adults from a specific segment of the Mexican population,
mainly composed of health workers and their relatives, who live in central Mexico. While these
adults cannot be considered representative of the Mexican adult population as a whole, they may
be considered representative of the middle-income sector, which may limit the generalizability of
our results to the general population. Second, the lack of information about other genetic variants
(i.e., ABCA1 genotypes) or environmental factors that may affect HDL-c concentrations is another
limitation. Even in light of these limitations, our results provide important knowledge about the
association between SIDT2 with MetS and low levels of HDL-c, in the health professionals population.

The strengths of our study include associations that were adjusted for variables accounted
for in previous studies (e.g., age, sex), which allow consistency and comparability of the results.
However, this did not have an effect on the estimators of this study. The GWAS analyses in the
discovery sample (22% of the total of the sample) were adjusted for ancestry to reduce the type 2 error
that could be caused by stratification of the population.
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5. Conclusions

In conclusion, our study suggests a protective effect of rs1784042 and rs17120425 SIDT2 gene
variants for low levels of HDL-c. Furthermore, rs1784042 SIDT2 gene variant showed association
with MetS and rs17120425 variant suggested an association with T2D. The current findings provide
preliminary insights into the role of these SNPs in the manifestation of MetS. However, further studies
are required to confirm these associations. Moreover, additional functional studies, both in vitro and
in vivo, are required to further understand the role of SIDT2 and the V676I (rs17120425) and rs1784042
variants in HDL-c levels.
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