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Abstract

Background: Obesity is more prevalent in men than in women in China, especially within
the middle-aged population. Objectives: The present study aims to determine the contri-
bution of sexual dimorphisms to obesity and related traits in terms of the mechanisms in-
volving the obesity-related genetic variants among patients of Chinese Han ancestry with
type 2 diabetes. Method: In the Chinese National Diabetes and Metabolic Disorders Study,
2,555 out of 4,036 patients with type 2 diabetes were treatment naive, including 1,142 men
and 1,413 women. Single-nucleotide polymorphisms (SNP) from 18 genomic loci previous-
ly found to be associated with obesity-related traits were successfully genotyped, and a
genetic risk score (GRS) was constructed by summing the risk alleles for obesity. Results:
Single SNP analysis showed that genetic variants in SLC30A70, TMEM18, GNPDAZ2, PRL,
TFAP2B, BDNF, MTCHZ2, FTO, and MC4R were nominally associated with waist circumference
(WC), BMI, and risk for abdominal or general obesity in the untreated patients with type 2
diabetes, as well as in the total group of patients with type 2 diabetes (untreated and treat-
ed) (p < 0.05). Interactions between sex and SNP in PRL, MTCHZ2, and FTO were detected
(p < 0.05). In the untreated patients with diabetes, the GRS was nominally associated with
WC (B = 0.0032, SE = 0.0011; p = 0.003), BMI (B = 0.0030, SE = 0.0013; p = 0.027), and in-
creased risk for abdominal (OR = 1.08; 95% Cl 1.02-1.13; p = 0.004) or general obesity
(OR = 1.07; 95% Cl 1.02-1.13; p = 0.011) in men but not in women. GRS-sex interactions were
detected in the determinant of WC (p = 0.019) and abdominal obesity (p = 0.016). Among
patients aged 30-60 years, GRS was found to be significantly associated with WC (B =
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0.0050, SE = 0.0016; p = 0.002) and abdominal obesity (OR = 1.10; 95% ClI 1.04-1.17; p =
0.001) and nominally associated with BMI (f = 0.0057, SE = 0.0020; p = 0.005) and general
obesity (OR = 1.07; 95% Cl 1.01-1.14; p = 0.027) in men, whereas in women none of the as-
sociations were detected. GRS-sex interactions were present in the determinant of WC
(p = 0.015), BMI (p = 0.032), and abdominal obesity (p = 0.012). Among patients aged 60
years or older, neither an association of GRS with obesity-related traits nor GRS-sex inter-
actions were detected. Conclusions: Genetic factors contribute to obesity-related traits in
a sex-dependent pattern among middle-aged Chinese, and men tend to be more suscep-

tible to the genetic risk of obesity. © 2019 The Author(s)
Published by S. Karger AG, Basel

Introduction

Obesity is a major risk factor for type 2 diabetes, and the growing obesity epidemic is
contributing to an increased prevalence of type 2 diabetes [1]. Obesity, diabetes, and related
complications are posing an ever-increasing burden for healthcare systems worldwide. In
China, specifically, there have been rapid increases in the obese population and patients with
diabetes in recent decades. Moreover, in China, both obesity and diabetes are more prevalent
in men than in women [2, 3]. As reported by the Chinese National Diabetes and Metabolic
Disorder Study (DMS), the prevalence of diabetes and overweight/obesity (defined by a BMI
>25) were 10.6 and 36.67%, respectively, in men versus 8.8 and 29.77%, respectively, in
women. Interestingly, with stratification of the population into 10-year age groups, the prev-
alence of diabetes was greater in men than in women within the 30- to 60-year age groups
only, and it was not observed in the populations 60 years old or older [2]. For obesity, a
similar trend in sex-differentiated prevalence has been observed; that is, the proportion of
men with a BMI >25 is greater than that of women, particularly within the 30- to 50-year age
groups and not in the elderly groups. Thus, we speculated that the sex-based difference in
the prevalence of diabetes could, at least partially, be explained by the sex-based difference
in the prevalence of obesity. However, the underlying mechanisms remain unclear. A more
complete understanding of the sex-specific risk factors for obesity in different age groups
would be beneficial for personalized prevention of both obesity and diabetes in the Chinese
population.

Both obesity and its-related traits are heritable. Studies have reported that the herita-
bility of BMI ranges between 41 and 90% as estimated by the twin methodology, whereas the
heritability of waist circumference (WC) is approximately 39%, suggesting a strong genetic
predisposition for obesity [4, 5]. It has also been indicated that women exhibit a larger heri-
tability of adipose distribution traits, such as WC and waist-hip ratio (WHR), than men,
suggesting the involvement of substantial underlying sex-specific genetic components [6].
Forinstance, in both the Framingham Heart Study and the TwinGene study, variance component
analyses demonstrated that the heritability of WHR adjusted for BMI (WHRadjBMI) in women
(n = 46; 56%) was significantly larger than in men (n = 19; 32%) [7]. In 2,506 Dutch indi-
viduals from the Erasmus Rucphen Family study, significantly higher heritability rates for WC
and WHR in women (n = 50; 49%) were reported than in men (n = 38; 42%) [8]. However,
studies focused on sex differences in heritability of general obesity traits, such as BMI, have
shown inconsistent results [5]. A meta-analysis reported similar overall heritability esti-
mates for men (73%) and women (75%) and demonstrated that sex had no effect on the heri-
tability estimate of BMI [4]. Massive genetic loci influencing obesity-related traits have been
identified in sex-combined populations through genome-wide association studies (GWAS)
and candidate gene approaches, including NEGR1, SEC16B, SLC30A10, TMEM18, ETV5/DGKG,
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GNPDAZ2, BATZ2, PRL, TFAP2B, MSRA, BDNF, MTCH2, FAIMZ2, FTO, MAF, MC4R, NPC1, KCTD15,
etc. [9]. Several studies have further assessed the sex-dependent effects [10-13]. Moreover,
novel sexual-dimorphic genetic loci have been identified via sex-stratified GWAS [7, 14, 15].
Sex-specific studies have also demonstrated strong sexual dimorphisms in the genetic regu-
lation of adipose distribution traits, such as WC, but not in the determinant of general obesity
[7, 14, 15].

Notably, most of the current findings on sexual dimorphic genes have been obtained in
the Caucasian population, and such evidence for East Asian populations is lacking. However,
strong ethnicity-based differences in body composition and fat distribution between Cauca-
sians and East Asians have been demonstrated [1, 16]. Briefly, East Asians with a similar BMI
have increased visceral obesity compared to Caucasians, suggesting a distinguishing patho-
genesis of obesity between these ethnicities [1]; thus, there is a great need for ethnicity-
specific studies.

In the present study, we recruited untreated Chinese patients with type 2 diabetes from
the DMS and investigated potential associations of an obesity-related genetic risk score (GRS)
with obesity-related traits in men and women, separately. The GRS-sex interactions on the
determinant of obesity in these patients were also examined. Importantly, upon dividing the
patients into 30- to 60-year or >60-year age groups, sex-specific genetic effects were further
explored in the middle-age and elderly patients separately. The current study provides
evidence for a sex-specific genetic basis of obesity in the Chinese population, and these results
improve the current knowledge of the pathogenesis of obesity and diabetes and can be applied
in the establishment of effective personalized methods for the prevention of these conditions
in the future.

Materials and Methods

Study Participants

The study participants were recruited from the DMS [2]. A 75-g oral glucose tolerance
test was given to all of the participants after overnight fasting. Type 2 diabetes was identified
according to the 1999 World Health Organization (WHO) criteria or a self-reported history of
type 2 diabetes. Initially, we included 2,555 patients with type 2 diabetes who had not been
treated with any anti-diabetic therapy at enrolment, including 1,142 men and 1,413 women
(Table 1). The analyses were also conducted in 4,036 patients with type 2 diabetes, including
both untreated and treated patients (online suppl. Table 1; for all online suppl. material, see
www.karger.com/doi/10.1159/000500490).

Definitions of Abdominal Obesity and General Obesity

An amended definition for the Chinese Han population was used to define abdominal
obesity asa WC >90 cm for men and >85 cm for women [17]. General obesity in the Chinese
population was defined as a BMI >28 [18].

Clinical Measurements and Laboratory Methods

Bodyweightand WC were measured using standard methodsby trained staffatenrolment.
BMI was calculated as weight/height? (kg/m?). Each participant completed a standard 75-g
oral glucose tolerance test after overnight fasting. Blood samples were drawn at 0 and 30 min
and 2 h after the oral glucose tolerance test for measurement of plasma glucose and serum
insulin concentrations as described previously [19].
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Genotyping

Genomic DNA samples were extracted from peripheral blood using a DNA extraction
kit (Biotek, Beijing, China). We selected 27 single-nucleotide polymorphisms (SNP) from
25 genetic loci that had been identified as being associated with BMI, body weight,
WC, or obesity status by previous GWAS and validated in several populations,
including rs2568958-NEGR1, rs10913469-SEC16B, rs2605100-SLC30A10, rs7561317-
TMEM18,rs7647305-ETV5/DGKG, rs10938397-GNPDA2, rs6232-PCSK1, rs2260000-BAT2,
rs4712652-PRL, rs987237-TFAP2B, rs545854-MSRA, rs10508503-PTER, rs6602024-
PFKP, rs4923461-BDNFOS, 1rs925946-BDNF, rs10838738-MTCHZ2, rs7138803-FAIM?2,
rs8050136-FT0, 1s9939609-FT0O, rs10146997-NRXN3, rs1424233-MAF, rs7498665-
SH2B1,1s12970134-MC4R, rs1805081-NPC1,rs11084753- KCTD15, rs29941-KCTD15, and
rs6013029-CTNNBL1 [9, 20-30]. Genotyping was performed using the I[llumina GoldenGate
Indexing Assay (Illumina Inc., San Diego, CA, USA) according to the manufacturer’s instruc-
tions. SNP with genotyping call rates <85% (rs7498665 from SHZ2B1 and rs11084753 and
rs29941 near KCTD15) or a minor allele frequency <1% (rs10508503 near PTER, rs6232 in
PCSK1,1rs6602024 in PFKP,rs6013029 in CTNNBL1, and rs10146997 in NRXN3) in the type
2 diabetes population were excluded. Rs9939609 in FTO was excluded because it is in the
same linkage region as rs8050136 (r? = 1). Thus, 4,036 participants with complete geno-
typing data for the remaining 18 SNP were included in the analysis. Based on the 229 geno-
typing duplicates, the concordance rate was 100%. Information related to the SNP is listed
in online supplementary Table 2.

Statistical Analysis

The Hardy-Weinberg equilibrium test was performed for each SNP using a x? test in the
study population (online suppl. Table 2). An obesity-related GRS was constructed and calcu-
lated for each participant by summing the risk alleles of the 18 SNP (rs2568958-NEGR1,
rs10913469-SEC16B, rs2605100-SLC30A10, rs7561317-TMEM18, rs7647305-ETV5/DGKG,
s10938397-GNPDA2, rs2260000-BAT2, rs4712652-PRL, rs987237-TFAP2B, rs545854-
MSRA, 1s4923461-BDNFOS, rs925946-BDNF, rs10838738-MTCH2, rs7138803-FAIM?Z,
rs8050136-FTO, rs1424233-MAF, rs12970134-MC4R, and rs1805081-NPC1) that had been
reported as contributing to the increased risk of obesity (online suppl. Table 2). The distri-
bution of GRS in the population is shown in online supplementary Figure 1.

To eliminate the potential influence of hypoglycemic treatments on obesity traits, we
further conducted separate analyses including only treatment-naive patients with type 2
diabetes and then all patients, separately. The associations of genetic factors and pheno-
types were examined in the following groups: untreated patients with type 2 diabetes (n =
2,555), untreated patients aged 30-60 years (n = 1,684), untreated patients aged >60
years (n = 784), patients with type 2 diabetes (n = 4,036), patients aged 30-60 years (n =
2,480), and patients aged >60 years (n = 1,451). Non-gaussian distributed quantitative
traits were natural logarithmically transformed to normal distributions. Linear regression
models were used to test the associations of GRS with BMI or WC, as well as the associa-
tions of single SNP and traits under the additive genetic assumption (Table 2; online suppl.
Tables 3, 4). Logistic regression models were applied to test the associations of GRS and
single SNP with the risk for obesity under the additive genetic assumption (Table 3; online
suppl. Tables 5, 6). Age and sex were used as confounders to adjust the analyses in the
models described above. To examine the gene-sex interaction, age, sex, GRS (or single
SNP), and the interaction term (GRS [or single SNP] x sex) were further included in the
logistic model or the general linear regression model. Moreover, the associations of GRS
with obesity-related traits were examined in men and women, separately, with adjustment
for age in the models.
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The participants were divided into 3 approximately equally sized tertiles according to
GRS (lowest GRS group, T1: 9-18; middle GRS group, T2: 19-20; and highest GRS group, T3:
21-27) in treatment-naive diabetes (N11/Nt,/Nt3 =447/351/344), as well as in overall type
2 diabetes (Nt{/Ntp/Nt3 = 684/547/534) [31, 32]. Logistic regression models were further
used to examine the contribution of the highest-GRS (T3) and middle-GRS (T2) groups
compared to the lowest-GRS group (T1) to the risk for abdominal obesity or general obesity
(Table 3; online suppl. Table 6).

Bonferroni correction was used to correct multiple testing in the above comparisons.
Results were considered significant according to threshold p values calculated as 0.05 divided
by the times of comparison which are shown in the table footnotes. In addition, a nominal
association was considered for p values between the significant thresholds and 0.05 [33].

Analysis of variance (ANOVA) and Student-Newman-Keuls analysis were applied for
comparisons of intergroup differences within the lowest-GRS (T1), middle-GRS (T2), and
highest-GRS (T3) groups (Table 2; online suppl. Table 4).

Statistical analyses were performed using SAS (version 9.3; SAS Institute, Cary, NC, USA)
and PLINK software (v1.07).

Power Calculation

The sample sizes in this study had >80% power to detect the association of GRS and
obesity-related indices with an effect size of 0.02 at a = 0.05. Power calculations were
performed using G*power 3.0 software (http://www.gpower.hhu.de/).

Results

Clinical Characteristics of the Study Population

All SNP adhered to Hardy-Weinberg equilibrium. The minor allele frequencies of the
genotyped SNP in the present study were close to those reported for a Han Chinese popu-
lation from Beijing in HapMap (online suppl. Table 2). The GRS constructed by risk allele for
obesity were comparable between men and women in patients with type 2 diabetes and each
subgroup (p value range: 0.541-0.997) (Table 1; online suppl. Table 1).

A total of 2,555 treatment-naive patients with type 2 diabetes, including 1,142 men and
1,413 women, were included in the current analyses. Among them, 1,684 patients were within
the 30- 60-year age range, and 784 were 60 years or older. The clinical characteristics of the
study populations are shown in Table 1 and were compared between men and women in the
overall population and according to different age subgroups. Among treatment-naive patients
with type 2 diabetes, men had a younger age than women, as well as a higher BMI and a larger
WC, as expected (all p < 0.05). Within the 30- 60-year age groups similar differences were
observed between men and women (WC: p = 1.94 x 107%%; BMI: p = 0.003), whereas within
the >60-year group only WC showed a significant difference (p = 1.41 x 10~%). When using the
Chinese criteria forabdominal and general obesity, significantly more patients with abdominal
obesity (men vs. women 59.36 vs. 52.53%, p = 0.005) or general obesity (34.26 vs. 28.66%,
p = 0.014) were observed in the male groups than in the female groups within the age range
of 30-60 years, but this difference was not observed for patients aged >60 years (p = 0.207
and 0.726). Similar findings for WC and BMI were found in the larger population including
both untreated and treated patients with type 2 diabetes, whereas a different proportion of
abdominal obesity between men and women was only observed in the 30- to 60-year age
groups (online suppl. Table 1).
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Associations of GRS with Obesity-Related Traits and GRS-Sex Interactions in the Overall

Population

As shown in Tables 2 and 3, in the untreated patients, no associations were identified
between GRS and any of the obesity-related traits including WC, BMI, abdominal obesity, and
general obesity (p values range: 0.054-0.104). When the population was stratified by sex, GRS
showed a nominal association with WC ( = 0.0032, SE = 0.0011; p = 0.003) and a nominal
association with BMI ( = 0.0030, SE = 0.0013; p = 0.027) in men but not in women. GRS
increased the risk for abdominal obesity or general obesity by 1.08- or 1.07-fold per allele
specifically in men (p = 0.004 and 0.011), and the group with the highest genetic risk for
obesity (T3) showed a 1.51- or 1.41-fold risk for abdominal obesity or general obesity (p =
0.005 and 0.025) compared to the group with the lowest genetic risk (T1). Moreover, GRS-sex
interactions were identified in the GRS association with WC or abdominal obesity (pgrs x sex =
0.019 and 0.016).

In the overall type 2 diabetes population, associations of GRS with WC (3 = 0.0023, SE =
0.0009; p = 0.013) and BMI (3 = 0.0035; SE = 0.0012; p = 0.002) were identified in the sex-
combined group. Moreover, significant associations of GRS with WC ( = 0.0046, SE =0.0014;
p =8.76 x 107*) and BMI (B = 0.0057, SE = 0.0017; p = 9.29 x 10~%), as well as nominal asso-
ciations of GRS with abdominal (OR = 1.06; 95% CI11.02-1.10; p = 0.006) and general obesity
(OR=1.05;95% CI 1.01-1.10; p = 0.029), were found in men but not in women (online suppl.
Tables 4, 6). GRS-sex interactions were identified in the GRS association with WC and
abdominal obesity (pgrs x sex = 0.024 and 0.004) (online suppl. Tables 4, 6).

In single marker analyses, SNP in SLC30A10, TMEM18, GNPDA2, TEAP2B, BDNF, MTCH?Z,
FTO, and MC4R were nominally associated with WC, BMI, and risk for abdominal or general
obesity in treatment-naive patients and/or all patients with type 2 diabetes including both
treated and untreated patients (online suppl. Tables 3, 5) (p value range: 0.039-2.79 x 107%).
Interactions between SNP in PRL, MTCHZ, and FTO and sex were identified (p value range:
0.013-0.049).

Associations of GRS with Obesity-Related Traits and GRS-Sex Interactions in Patients

Aged 30-60 Years

In the untreated patients with type 2 diabetes aged 30-60 years, GRS was nominally asso-
ciated with WC (8 = 0.0026, SE = 0.0011; p = 0.016) and BMI (f = 0.0037, SE = 0.0014; p =
0.008) and it was associated with increased risks for both abdominal obesity (OR = 1.04; 95%
CI 1.00-1.08; p = 0.040) and general obesity (OR = 1.05; 95% CI 1.01-1.09; p = 0.026) in the
sex-combined population. The T3 group showed a significantly higher BMI (median: 25.97,
IQR 24.16-29.24) than T1 group (median: 25.97, IQR 23.83-28.44).

With patient stratification by sex, a significant association of GRS with WC (3 = 0.0050,
SE =0.0016; p = 0.002), as well as a nominal association with BMI ( = 0.0057, SE = 0.0020;
p=0.005), was identified in men. Compared to the T1 group, men with the middle genetic risk
(T2) and the largest genetic risk (T3) showed a significantly larger WC (T1: median: 90.00,
IQR 84.00-97.00; T2: median: 92.00, IQR 86.50-99.00; and T3: median: 93.00, IQR 87.00-
100.00), and the T3 group had a higher BMI (T1: median: 26.08,1QR 23.94-28.69; T3: median:
26.67, IQR 24.68-29.30). Meanwhile, GRS significantly increased the risk for abdominal
obesity by 1.10-fold (p = 0.001) and nominally increased the risk for general obesity by 1.07-
fold (p=0.027) per allele in men. The T3 group showed a 1.79- or 1.44-fold risk for abdominal
obesity or general obesity (p = 0.001 and 0.046) compared to the T1 group. However, no asso-
ciations were detected in women. Interaction effects of GRS and sex on the determinant of WC
and BMI were observed (pgrs x sex = 0.015 and 0.032) as well as on the risk for abdominal
obesity (pgrs x sex = 0.012; Tables 2, 3).
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In all patients with type 2 diabetes (both treated and untreated) within the 30- to 60-year
age range, GRS was associated with WC ( = 0.0019, SE = 0.0009; p = 0.033). However, GRS
was not associated with BMI or abdominal obesity or general obesity in these analyses,
suggesting the possibility of confounding effects of antidiabetic therapies. In men, GRS was
associated with WC (8 = 0.0037, SE = 0.0013; p = 0.005), BMI ( = 0.0033, SE =0.0016; p =
0.043) and the risk for abdominal obesity (OR = 1.08; 95% CI 1.03-1.13; p = 0.002), which
were not observed in women (online suppl. Tables 4, 6). GRS-sex interactions were identified
on the determinant of WC, BMI, and the risk for abdominal obesity (pgrs x sex = 0.017, 0.046,
and 0.008; online suppl. Tables 4, 6).

Associations of GRS with Obesity-Related Traits and GRS-Sex Interactions in Patients

Aged 60 Years or Older

In the treatment-naive patients aged 60 years or older, no associations were detected
between GRS and any of the obesity-related traits in the sex-combined male or female pop-
ulations (p value range: 0.151-0.913). Moreover, GRS-sex interactions were not identified
(p value range: 0.101-0.812) (Tables 2, 3).

In all patients with type 2 diabetes (both treated and untreated) aged 60 years or older,
no associations were observed except for a nominal association of GRS with the risk for
general obesity in men (OR = 1.09; 95% CI 1.00-1.19; p = 0.048) (online suppl. Tables 4, 6).

Discussion/Conclusion

Epidemiological studies have indicated that both obesity and diabetes are more prev-
alent in middle-aged men than in middle-aged women of Chinese ancestry [2], but the under-
lying mechanisms require further investigation. The present study identified that a GRS based
on risk alleles for obesity was associated with increased BMI and WC in the middle-aged
(30-60 years) Chinese patients with type 2 diabetes as well as with the risk for abdominal
obesity and general obesity. The sex-stratified analyses further revealed that these associa-
tions were significant in men but not in women. However, in the sex-combined population,
GRS-sex interactions were detected in the determinant of BMI and WC, as well as the risk for
abdominal obesity. However, none of the above findings were replicated in the elderly popu-
lation (age 260 years). These findings suggest that men of Chinese ancestry are more suscep-
tible to the genetic risk of obesity during the middle-aged period, which can partially explain
the higher prevalence of obesity in middle-aged Chinese men versus women. As obesity is a
major risk factor for diabetes, it could further contribute to the sex-differentiated prevalence
rates of diabetes. To our best knowledge, this is the first study to demonstrate a role of genetic
factors in the sex-dependent pathogenesis of obesity in middle-aged patients of Chinese
ancestry with type 2 diabetes.

In the present study, we included both BMI and WC to assess general and abdominal
obesity, respectively, as well as abdominal obesity and general obesity defined by Chinese
criteria. WC as a measurement of abdominal obesity is more precise than BMI for assessing
the obesity-related health burden, especially in East Asians [34-37]. In diabetes patients from
Singapore, a higher WC corresponded to a greater risk of mortality at the same BMI level [38].
The ADVANCE study reported that abdominal measures are better predictors of cardiovas-
cular diseases and mortality than BMI in type 2 diabetes [39]. Thus, the identification of risk
factors for obesity and its related traits, especially risk factors for abdominal obesity, is
important for the prevention of obesity and its related complications in type 2 diabetes.

Through GWAS approaches, many susceptibility SNP linked to obesity and its related
traits have been identified [9, 20-30]. Our results confirmed that several SNP were nominally
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associated with BMI, WC, or risk for obesity in patients with type 2 diabetes. However, none
of the associations remained significant after Bonferroni corrections. In fact, complex traits,
such as obesity, are known to be associated with massive genetic variants with small effective
sizes, which partly explain why we were unable to detect any significant associations in single
marker analyses. Thus, we constructed a GRS representing the cumulative effect of SNP in the
analyses by adding the risk alleles, which was previously proven to be an effective tool to
elucidate the overall genetic impact on obesity risk [31, 32]. The construction of GRS enables
the identification of individuals with a high genetic risk who would probably benefit from
genetically guided intensive interventions in the future.

Sexual dimorphisms in genetic susceptibility to obesity could be a key element contrib-
uting to the sex difference in the prevalence of obesity in Chinese. Based on previous epide-
miological findings within different age range groups, sexual dimorphisms of obesity could
be further inferred to be dependent on age [2, 3]. Therefore, patients were divided into
middle-aged (30~60 years) and elderly groups (=60 years) for separate analyses. The GRS
levels were comparable between men and women in each age group, suggesting their common
genetic background. For the middle-aged Chinese patients with diabetes, we found significant
associations of WC and risk for abdominal obesity with GRS, as well as nominal associations
of BMI and risk for general obesity with GRS, both of which were restricted to men. This
suggested that middle-aged men are more susceptible to the genetic risk, which could then
lead to the higher prevalence of obesity in middle-aged men than in middle-aged women, as
shown in the DMS [2, 3]. As obesity is a causal factor for diabetes, this could further contribute
to the higher prevalence of diabetes in middle-aged men than in middle-aged women of
Chinese ancestry. Overall, the findings confirmed that genetic factors mainly contribute to the
pathogenesis of obesity in middle-aged men of Chinese ancestry, whereas factors other than
obesity susceptibility genes, such as hormonal changes, are major contributors to obesity in
middle-aged women.

The mechanisms underlying the elevated susceptibility to genetic risk factors in middle-
aged Chinese men remain to be elucidated. We speculated that it could partly be attributed
to the interactions between genetic factors and aggregated harmful lifestyle factors. Gene-
environment interaction plays an essential role in the determinant of complex trait/disease.
For example, several studies have indicated that the estimated effective size of the risk alleles
for obesity is more pronounced in smokers and individuals with a low physical activity [40-
42]. In the Chinese population, lifestyle factors (such as smoking and less physical activity,
etc.) are more frequently aggregated in men compared to women. In the DMS, 59.4% of men
and 4.6% of women with newly diagnosed diabetes had smoked atleast 100 cigarettes during
their lifetime, whereas men were less physically active than women (assessed by regular
leisure-time physical activity: men, 30.3%; women, 35.5%) [2]. Moreover, the smoking rate
of the age groups 20-43 years (26.1%) and 44-52 years (27.1%) with newly diagnosed
diabetes was higher than those for the age groups 53-61 years (17.5%) and >61 years (18.1%)
[43]. Further investigations are warranted to confirm the interactions between GRS and life-
style factors. Based on the results of this study, in middle-aged Chinese men, lifestyle inter-
ventions, such as smoking cessation and increased physical activity, can be beneficial by both
reducing the conventional risk factors of obesity and modifying the genetic susceptibility.

Notably, the findings in the present study were opposite to those of previous reports that
showed a greater genetic effect in women than in men. This could be explained by strong
ethnicity differences in obesity. In the present study, all of the participants were of Chinese
ancestry, whereas the majority of previous studies were conducted in Caucasians. As is well
known, obesity is more prevalent in Caucasians than in Asians. Interestingly, in contrast to
the epidemic status in China, epidemiological evidence has shown that in the USA, among
mostly Caucasians, the prevalence of obesity (defined as a BMI >30) in women is significantly
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higher than that in men across all age groups of adults. Among them, the 40- to 59-year age
group showed the largest women-men disparity in obesity prevalence (women, 44.7%; men,
39.0%) [44]. In addition to the obesity rates, research has provided strong evidence for
ethnicity differences in body composition and adipose distribution [1, 45]. East Asians have
more body fat and a stronger tendency toward visceral adipose accumulation than Cauca-
siansatany given BM], suggesting ethnicity differences in the pathogenesis of obesity between
Caucasians and East Asians. Thus, studies in specific ethnic populations are required in order
to understanding the mechanisms underpinning obesity. As expected, the findings in our
study, which differed from those obtained for Caucasian populations, supported the epide-
miological trends of obesity in middle-aged Chinese individuals, which also differ from those
in Caucasians.

Moreover, consistent with previous findings, GRS-sex interactions were mainly observed
in the determinant of risk for abdominal obesity, but not for general obesity, suggesting that
abdominal adipose distribution was more strongly affected by the sex-specific genetic suscep-
tibility. Using the sex-specific GWAS approaches, previous studies based on populations with
alarge sample size have reported that genetic loci associated with body fat distribution traits
(WC, WHR, and WHRadjBMI), but not overall obesity (BMI), show significant sexual dimor-
phisms [7, 14, 15]. A possible explanation could be the different underlying biological mech-
anisms of body mass traits and body fat distribution traits. For example, the results of GWAS
showed a major neuronal component underpinning BMI but identified a group of genes that
influence the early development and/or differentiation of adipocytes underlying WC and
WHR [6]. Meanwhile, adipose tissue distributed in the abdominal viscera carry a much greater
risk for adverse metabolic consequences than subcutaneous adipose tissue. The sex difference
in visceral adipose tissue accumulation, which is partly explained by the findings in the
current study from a genetic prospective, is an important criterion explaining sex differences
in the cardiovascular risk profile [1, 34]. Therefore, it is suggested that gene-sex interactions
in abdominal obesity should be emphasized in the prevention of obesity and its complica-
tions.

The rates of abdominal and general obesity in elderly men and women were comparable.
Associations of GRS with obesity-related traits in the present study were not identified in
either elderly men or elderly women, suggesting that genetic factors had a very little contri-
bution in the elderly population. Numerous studies have indicated that hormonal factors
contribute to obesity in the elderly, with the decline in testosterone being associated with an
increased risk for obesity in aging men [46]. In women, aging is associated with a decline in
estrogen, which is known to protect against weight gain by increasing energy expenditure.
The loss of estrogen after menopause in women largely determines the shift of body shape
toward a more androgynous type and results in abdominal fataccumulation [47]. Thus, modi-
fiable behavioral factors (diet habit, physical activity, etc.) and healthy lifestyle instructions
should be emphasized in the elderly Chinese to prevent obesity. Overall, the results suggest
that obesity in the middle-aged and elderly population is attributable to different pathogenic
mechanisms, and sex-stratified genetic studies based on ethnicity and age are warranted to
achieve a more precise personalized intervention strategy in contrast to generalized compre-
hensive interventions.

The present study has the following strengths. First, the diabetes population was from a
large and representative population with a high ethnic homogeneity in mainland China, which
enables the results to be well generalizable in China. Second, this study was mainly based on
untreated patients with diabetes to exclude the potential confounding effects of antidiabetic
therapy on obesity. Third, the sex-dependent associations of GRS with obesity and its related
traits were investigated separately within middle-aged and elderly patients for the first time.
The results partly explain why obesity and diabetes are more prevalent in middle-aged
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Chinese men versus women and suggest a sex-dependent pathogenesis of obesity. The present
study further raises speculations that the sex-specific genetic effects on obesity could be
dependent on ethnicity, which suggests that the existing evidence obtained in general
Caucasian populations may not be generalizable to populations of other ethnicities. More data
for specific populations and races need to be generated in the future.

This study also has some limitations. First, the results do not consider some of the
uncovered obesity-related loci with sexual dimorphisms; only previously identified and well-
replicated obesity-related loci were included, which were detected in sex-combined popula-
tions. Thus, sex-stratification is highly encouraged in such future studies. Second, interactions
between genes and modifiable factors, such as diet, smoking, and physical activity, need to be
investigated and analyzed in combination with the current findings to achieve a more precise
and effective management of obesity.

In conclusion, within the middle-aged Chinese population with untreated type 2 diabetes,
men were more susceptible to the genetic risk of obesity (especially the risk of abdominal
obesity) than women, suggesting that the genetic architecture of adipose distribution func-
tions differently in men and women. No associations between GRS and obesity-related traits
were observed in the elderly populations. These findings indicate a role of sex-dependent
mechanisms in the pathogenesis of obesity and further emphasize that personalized inter-
ventions based on ethnicity, sex, age, and genetic risk should be considered in the prevention
and management of obesity.
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