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Abstract 

Background This study investigated the effect of sex and age at type 2 diabetes (T2D) diagnosis on the influence of 
T2D‑related genes, parental history of T2D, and obesity on T2D development.

Methods In this case–control study, 1012 T2D cases and 1008 healthy subjects were selected from the Diabetes in 
Mexico Study database. Participants were stratified by sex and age at T2D diagnosis (early, ≤ 45 years; late, ≥ 46 years). 
Sixty‑nine T2D‑associated single nucleotide polymorphisms were explored and the percentage contribution (R2) of 
T2D‑related genes, parental history of T2D, and obesity (body mass index [BMI] and waist–hip ratio [WHR]) on T2D 
development was calculated using univariate and multivariate logistic regression models.

Results T2D‑related genes influenced T2D development most in males who were diagnosed early (R2 = 23.5%; 
females, R2 = 13.5%; males and females diagnosed late, R2 = 11.9% and R2 = 7.3%, respectively). With an early diagnosis, 
insulin production‑related genes were more influential in males (76.0% of R2) while peripheral insulin resistance‑asso‑
ciated genes were more influential in females (52.3% of R2). With a late diagnosis, insulin production‑related genes 
from chromosome region 11p15.5 notably influenced males while peripheral insulin resistance and genes associated 
with inflammation and other processes notably influenced females. Influence of parental history was higher among 
those diagnosed early (males, 19.9%; females, 17.5%) versus late (males, 6.4%; females, 5,3%). Unilateral maternal T2D 
history was more influential than paternal T2D history. BMI influenced T2D development for all, while WHR exclusively 
influenced males.

Conclusions The influence of T2D‑related genes, maternal T2D history, and fat distribution on T2D development was 
greater in males than females.
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Highlights 

• The influence of T2D-related genes, maternal T2D history, and fat distribution on T2D development, was 
greater in males than in females of Latin American mestizo origin.

• Influence of genes and parental history was highest among those with an early diagnosis. In those diagnosed late, 
the influence of genes and family history of T2D decreased drastically, while the influence of obesity increased.

• With an early diagnosis, insulin production-related genes (from chromosome region 11p15.5 and other genomic 
regions) were more influential in males while peripheral insulin resistance-associated genes were more influen-
tial in females.

• With a late diagnosis, insulin production-related genes from chromosome region 11p15.5 notably influenced 
males while peripheral insulin resistance and genes associated with inflammation and other processes notably 
influenced females.

• In males, there was a linear correlation between BMI and WHR and the number of risk alleles in several genes 
associated with insulin production.

Keywords Age, Genetic loci, Obesity, Sex, Type 2 diabetes, Parental history

Plain Language summary 

The prevalence of diabetes worldwide is slightly higher in men than in women, particularly in those aged 50 or 
younger (16.5% for men versus 13.5% for women). This suggests that hormonal differences could be critical in early 
development of Type 2 diabetes. Some known factors previously associated with T2D, such as genes, parental his‑
tory of diabetes and obesity, could have a differential influence between both sexes for the development of T2D. We 
compared these factors between 1008 healthy individual and 1012 TD2 patients. In this comparison, we calculated 
the percentage of variability of the disease explained by each factor. As expected, the most noticeable differences 
between men and women were observed in T2D diagnoses before age 46. Genes had a greater effect in men than 
in women (23.5% vs. 13.5%). While genes involved in insulin production have a greater influence on men, genes 
involved in peripheric insulin resistance have a greater influence on women. The overall parental history of T2D influ‑
ences similarly in males (19.9%) and females (17.5%), however, the unilateral genetic influence of the mother was 
much greater in males than in females. The influence of global and abdominal obesity played a greater role in men 
than in women. In T2D diagnoses after age of 45, the influence of genes and parental history of diabetes decreases 
markedly, and the relative influence of global obesity augments. However, while genes linked to insulin resistance and 
inflammation predominate in females, genes linked to insulin secretion predominate in males.

Background
Type 2 diabetes (T2D) is associated with obesity, paren-
tal history of diabetes, and genes, among other factors 
[1]. Obesity, a modifiable factor, is considered the main 
risk factor, given that T2D risk increases linearly with 
increased body mass index (BMI) [2–4]. However, the 
relationship between T2D and obesity has not yet been 
fully elucidated. Although two-thirds of people with 
T2D are overweight or obese, only 2–13% of obese peo-
ple develop T2D. A recent study reported a variability 
(R2) of 12.6–14.9% of T2D attributable to obesity using 
univariate logistic regression (ULR) models. However, 
these values vary substantially when multivariate logistic 
regression (MLR) models include parental history of T2D 
and genes as variables [5].

The importance of parental history on T2D develop-
ment is well established [6–9], with the heritability of 

T2D varying between 20 and 25% [6, 7, 9–12]. There are 
over 400 genes with an identified association with T2D 
[13]; however, most have very little influence on T2D 
development. Most studies suggest that gene involve-
ment contributes to no more than 12% of T2D variability 
[5, 13, 14]. Nevertheless, parental history and genes seem 
to have a greater influence on T2D when it occurs before 
the age of 46 years, and this influence decreases substan-
tially when T2D is diagnosed later in life (≥ 46  years) 
[5, 15]. A previous study in the Mexican population [5] 
also found an important difference in the association of 
genes, but not parental history, with T2D between males 
(R2 = 11.2%) and females (R2 = 4.1%). Given that the dif-
ferences in gene association between sexes have not 
been previously reported or only reported for individual 
genes [16, 17], the differences are likely to be specific 
to the ancestry of populations in Mexico. For instance, 
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polymorphisms (located in SLC16A11 [18], INS-IGF2 
[19], and HNF1A [20]) strongly associated with T2D 
have been discovered in Mexican and Latin populations 
that are non-existent/very rare in European populations. 
Polymorphisms in well-established genes associated 
with T2D in multiple populations, such as KCNQ1 and 
TCF7L2, are also important contributors to the differ-
ence between sexes [5].

There is little information investigating which biologi-
cal processes associated with T2D (e.g., insulin produc-
tion, peripheral insulin resistance, inflammation) are 
most relevant for the genetic differences between the 
sexes and the time of T2D onset. This case–control study 
was conducted to assess the influence of genes on T2D 
between the sexes, identify the different biological pro-
cesses and their weights of contribution to T2D between 
sexes and age at T2D presentation, and understand the 
change in the contribution of each biological process in 
each group when obesity and parental history of diabetes 
are included in MLR models.

Methods
Sample selection and study design
The individuals included in this case–control study 
were part of the Diabetes in Mexico Study (DMS) [21], 
the study design of which was previously described as 
part of the SIGMA Type 2 Diabetes Consortium [20]. 
Briefly, participants were recruited from two tertiary-
level hospitals in Mexico City, and T2D was diagnosed 
according to the American Diabetes Association crite-
ria [22]. This study included 1012 cases (unrelated indi-
viduals, > 20 years old, with a previous diagnosis of T2D 
or fasting glucose levels > 125  mg/dL) and 1008 con-
trols (healthy subjects, > 50  years old, fasting glucose 
levels < 100  mg/dL) from the DMS database. The cases 
were sex and hospital-matched with controls, recruited 
between November 2009 and August 2013. Clinical 
information collected included weight, waist and hip 
circumference, and parental history of T2D. For fasting 
glucose measurements and DNA extraction, 10  mL of 
intravenous blood was collected. Regression models were 
used to assess the association of 69 selected single nucle-
otide polymorphisms (SNPs), parental history of T2D, 
BMI, and waist-to-hip ratio (WHR) with T2D.

SNP selection and genotyping
Sixty-nine SNPs associated with T2D were selected, nine 
associated with T2D in a previous study [5] and 60 from 
different GWAS databases and published articles (Addi-
tional file 1: Table S1). SNPs with a minor allele frequency 
(MAF) ≥ 10% and odds ratios (OR) ≥ 1.2 or ≤ 0.83 in the 
Latin American mestizo population and those localized 
in genes with a role in cellular processes involved in T2D 

development were prioritized. The SNPs were classified 
into four groups according to the function and location 
of the gene in which they occur: Group 1, insulin pro-
duction located in chromosome region 11p15.5; Group 
2, insulin production located in other regions; Group 3, 
peripheral insulin resistance; and Group 4, inflammation 
and other functions (Table 1; Additional file 1: Table S2).

All DNA samples were genotyped for the 69 SNPs using 
Applied Biosystems TaqMan SNP assay design technol-
ogy (Foster City, CA, USA). Genotyping was performed 
by the allelic discrimination assay-by-design  TaqMan® 
method on  OpenArray® plates. The plates were analyzed 
on the QuantStudio™ 12K Flex Real-Time PCR System 
(ThermoFisher Scientific, Waltham, MA, USA). The 
genotypes were analyzed using the Genotyper™ Software 
v1.3 (ThermoFisher Scientific, Waltham, MA, USA).

Statistical analyses
When determining the sample size, we considered MLR 
models to have good performance when there was a base-
line of 50 cases (as in the ULR models) and 10–15 addi-
tional cases for each variable introduced in the model 
[23]. Because we planned to introduce 15–20 variables 
in the MLR models, we calculated a minimum number of 
200–350 cases in the comparison groups.

Participant age, age at T2D diagnosis, BMI, and WHR 
were expressed as mean ± standard deviation (SD). The 
BMI was adjusted  (BMIadj) for participants who had been 
diagnosed with T2D for ≥ 3 years using data from patients 
who had been diagnosed with T2D for ≤ 2 years [5]. The 
distribution of the frequency of genotypes was assessed 
according to the Hardy–Weinberg law, based on the 
allelic frequency and the formula: (a + b)2 = a2 + 2ab + b2, 
where a and b are the allelic frequencies in the con-
trol group. Differences in the distribution of genotypes 
between the observed and expected results were calcu-
lated using the Chi-square test.

To identify the factors associated with T2D in each 
group, ULR models were used. Variables with P < 0.20 in 
the ULR analysis were considered for entry in the MLR 
model. From the 69 SNPs explored only 38 passed to the 
second step (MLR). Finally, 23 of them remained in MLR 
models. In the ULR and MLR models, case (diagnosis of 
T2D) or control was considered a dependent variable; 
values of the alleles and genotypes of the SNPs, paren-
tal history, BMI, and WHR were considered explanatory 
variables. Interactions between each SNP and sex were 
assessed in the ULR models. All variables  (BMIadj, WHR, 
parental history of T2D, and SNPs) were analyzed with 
stratification by sex (male and female) and age at T2D 
diagnosis (≤ 45 years and ≥ 46 years) (median age at T2D 
diagnosis = 45  years). The risk conferred by each factor 
was calculated by comparing cases and controls using 
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ULR models. Association was expressed as an OR with 
95% confidence intervals (CIs); the contribution to the 
variability of T2D was expressed as Nagelkerke’s R2, rep-
resenting the percentage of T2D variability explained by 
a named factor [24].

Confounders were identified using a theoretical strat-
egy based on a backstep, stepwise MLR model and the 
change-in-estimate criterion. Confounders were defined 
as those variables for which the percentage difference 
between the values of the regression β between the 
adjusted and non-adjusted variables in the stepwise MLR 
model was larger than 10% (P > 0.1). Therefore, the total 
variability and the contribution of each factor on T2D 
was calculated using this MLR model. Genes (grouped 
by biological processes) and the remaining factors were 
included successively in the model in different blocks, 
and the contribution of each factor to the model was 

assessed by the increase of  R2 and the decrease in the − 2 
log likelihood ratio value from one block to the next; the 
Omnibus test was used to determine whether the differ-
ences between the successive blocks were statistically sig-
nificant. The variation in the order of entry of each factor 
allowed us to identify how obesity and parental history 
affect the importance of gene biological processes linked 
to insulin production and resistance in the variability of 
T2D between sexes and age at disease onset. A post hoc 
power analysis was performed for each logistic regression 
model using the software G* Power 3.1.9.4, considering 
the sample size, the OR, the probability of the event in 
the control group, and an α = 0.05 [25]. In addition, for 
MLR models, the value of the total  R2 obtained at the end 
of the model was introduced for power calculation.

All statistical tests were two-sided, and differences 
were considered significant when P < 0.05 or P < 0.1 when 

Table 1 Participant demographic and clinical characteristics (N = 2020)

BMI body mass index, SD standard deviation, T2D type 2 diabetes, WHR waist–hip ratio

BMIadj shows the BMI adjusted as described previously [5]; waist and hip circumferences shown are those measured at enrollment

For the differences of means between groups, the P values were assessed using a t-test

For the differences in the frequency distribution between groups, the P values were assessed using the Chi-square test, using 2 × N tables
a P > 0.05; bP < 0.05; cP < 0.01; dP < 0.001; eP < 0.0001

Variable Females Males Both sexes

(n = 1089) (n = 931) (n = 2020)

Control Cases Control Cases Control Cases

(n = 543) (n = 546) (n = 465) (n = 466) (n = 1008) (n = 1012)

Continuous variables: means ± SD (n)

 Age (years) 59.7 ± 11.1 (543) 55.2 ± 12 (546)e 58.6 ± 11.4 (465) 55.7 ± 11.4 (466)e 59.1 ± 11.3 (1008) 55.5 ± 11.7 (1012)e

  BMIadj (kg/m2) 28 ± 5 (543) 31.4 ± 5.6 (546)e 26.9 ± 4.1 (465) 30.5 ± 5 (466)e 27.5 ± 4.6 (1008) 31 ± 5.3 (1012)e

 Waist (cm) 93.4 ± 11.4 (357) 97.5 ± 11.5 (426)e 93.4 ± 10.5 (310) 98.6 ± 12.6 (281)e 93.4 ± 11 (667) 97.9 ± 12 (707)e

 Hip (cm) 103.8 ± 11.2 (336) 106.5 ± 11.9 (424)d 98.9 ± 7.9 (298) 101.7 ± 10.8 (277)d 101.5 ± 10.1 (634) 104.6 ± 11.7 (701)e

 WHR 0.9 ± 0.1 (336) 0.92 ± 0.1 (424)d 0.94 ± 0.1 (298) 0.97 ± 0.1 (277)e 0.92 ± 0.1 (634) 0.94 ± 0.1 (701)e

 Age at diabetes diagnosis 
(years)

45.6 ± 10.5 (546) 46.1 ± 10.9 (466) 45.8 ± 10.7 (1012)

 Years with the disease 9.5 ± 8.5 (546) 9.6 ± 9 (466) 9.5 ± 8.7 (1012)

Parental diabetes history: % (n)

 None 63.5 (273) 37.6 (180)e 71.4 (260) 41.7 (174)e 67.1 (533) 39.5 (354)e

 Mother 19.5 (84) 30.1 (144) 14.6 (53) 26.4 (110) 17.3 (137) 28.3 (254)

 Father 11.4 (49) 13.6 (65) 9.6 (35) 14.9 (62) 10.6 (84) 14.2 (127)

 Both parents 5.6 (24) 18.8 (90) 4.4 (16) 17 (71) 5 (40) 18 (161)

 Total 100 (430) 100 (479) 100 (364) 100 (417) 100 (794) 100 (896)

Smoking: % (n)

 No 87.9 (515) 88.5 (45)a 71.4 (445) 69.5 (57)a 80.2 (960) 79.8 (102)a

 Yes 12.1 (1) 11.5 (479) 28.6 (2) 30.5 (388) 19.8 (3) 20.2 (867)

 Total 100 (519) 100 (541) 100 (448) 100 (462) 100 (967) 100 (1003)

T2D treatment: % (n)

 No 8.6 (45) 12.8 (57) 10.5 (102)

 Yes 91.4 (479) 87.2 (388) 89.5 (867)

 Total 100 (524) 100 (445) 100 (969)
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R2 > 0. Statistical analyses were conducted using SPSS 
version 28 software (IBM Corp., Armonk, NY, USA).

Results
Participant characteristics
A total of 2020 participants (cases, 1012; controls, 1008) 
were included in the SNP and BMI analyses; given miss-
ing data for some participants, 1690 were included in the 
parental history analysis of T2D and 1335 in the WHR 
analysis. WHR was not included in some MLR models; 
1690 participants were included in models where paren-
tal history was introduced. The demographic character-
istics of patients with T2D and non-diabetic controls are 
presented in Table 1.

Among the participants, 53.9% were female and 46.1% 
were male. At the time of enrollment, the mean ± SD age 
of non-diabetic controls (59.1 ± 11.3  years) was higher 
than that of cases (55.5 ± 11.7 years). The mean ± SD age 
at T2D diagnosis was 45.8 ± 10.7  years, and the num-
ber of years with T2D varied widely (range, 0–46 years; 
mean ± SD, 9.5 ± 8.7 years).

Identification of genes associated with T2D using ULR 
models
The allelic frequencies of 23 (Table  2) of the 69 SNPs 
explored (Additional file  1: Table  S1) were signifi-
cantly different (P < 0.1) between cases and controls 
when compared in the total sample (Additional file  1: 
Table S3) or stratified by age at T2D diagnosis (≤ 45 years 
and ≥ 46 years) (Additional file 1: Table S3), sex (male and 
female) (Additional file 1: Table S4), or both (Additional 
file 1: Table S5). In the allelic ULR analysis, only 12 of 23 
SNPs showed a significant association with T2D for the 
total sample (Table 2). The R2 sum of these 12 SNPs only 
explains 5.3% of the variability of T2D etiology.

When stratified by age at T2D diagnosis (≤ 45  years 
versus ≥ 46  years), 8 of the 12 SNPs associated with 
T2D in the total sample were associated with T2D in 
both age groups (Additional file  1: Table  S6). SNPs in 
SLC30A8 (rs3802177), NOS3 (rs2070744), and KHDRBS3 
(rs6577691) were associated only with early T2D diag-
nosis and SNPs in CACNA1H (rs4984636) were only 
associated with late diagnosis. Two additional SNPs, not 
associated with T2D in the analysis of the total sample, 
were also identified: WFS1 (rs4458523) (associated with 
early T2D diagnosis) and HMG20A (rs1005752) (associ-
ated with late T2D diagnosis). No major differences were 
observed in the association of gene groups between early 
or late T2D diagnosis. However, all SNPs except INS-
IGF2 (rs149483638) had a greater association with early 
than late T2D diagnosis. Compared with the overall anal-
ysis, the R2 sum increased in SNPs associated with early 

T2D diagnosis (R2 sum = 7.37%) and decreased in those 
associated with late T2D diagnosis (R2 sum = 3.32%).

There was a significant interaction (P < 0.1) between 
sex and some SNPs, both in the entire study population 
(n = 9) and when stratified by early (n = 9) and late (n = 6) 
T2D diagnosis (Table 2; Additional file 1: Table S6). Addi-
tional file 1: Table S4 shows allelic frequency and Addi-
tional file  1: Table  S6 shows the ULR findings stratified 
by sex. Twelve and eight of 23 SNPs were associated with 
T2D in males and females, respectively, with five SNPs 
shared by both sexes. A large difference was observed 
in the association of different groups of genes between 
males and females. All five SNPs on the chromosome 
region 11p15.5 (containing genes involved with insulin 
production INS, IGF2, KCNQ1, and SLC22A18) were 
associated with T2D in males but only three in females 
(those located in genes KCNQ1 and SLC22A18) (Fig. 1). 
The two SNPs located in KCNQ1 had a stronger asso-
ciation with T2D in males than females (OR > 1.6 versus 
OR = 1.2; P < 0.0001 versus P < 0.05), while the SNP in 
SLC22A18 had a slightly higher association in females 
versus males (OR > 1.43 versus OR = 1.32; P < 0.0002 ver-
sus P < 0.007). None of the seven SNPs in genes involved 
with insulin production located in other genomic regions 
(Group 2) were associated with T2D in females; however, 
three SNPs (IGF2BP2 [rs4402960], TCF7L2 [rs7903146], 
and SLC30A8 [rs3802177]) were associated in males.

Peripheral resistance appears more important than 
insulin production for T2D development in females. 
The SNP in SLC16A11 had a greater effect in females 
than males (OR > 1.37 versus OR = 1.24; P < 0.0004 versus 
P < 0.021) and the SNP in PPP1R3A was only associated 
with T2D in females. Overall, ORs were higher and P 
values lower in genes associated with T2D in males ver-
sus females. In females, the highest ORs were reported 
for SNPs in SLC16A11 (1.37) and SLC22A18 (1.43), 
while there were five SNPs with an OR > 1.5 (located in 
IGF2BP2, INS, KCNQ1, and TCF7L2) for males. The R2 
sum was 3.5% for females and 10.7% for males. When 
stratified by sex and age at T2D diagnosis, some addi-
tional differences in the associations of groups of genes 
were seen between the sexes (Table  3 and see below in 
the MLR analysis).

The observed genotypic frequency was distributed 
according to the Hardy–Weinberg law in all 23 SNPs 
studied (Additional file 1: Table S7). Genotypic frequency 
is shown in Additional file 1: Table S8 (in the total sam-
ple and stratified by age at T2D diagnosis), Additional 
file  1: Table  S9 (stratified by sex), and Additional file  1: 
Table  S10 (stratified by age at T2D diagnosis and sex). 
Overall, SNPs associated with T2D in the allelic ULR 
analysis also showed a significant association in the ULR 
genotype analysis (Additional file 1: Table S11). However, 
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Table 2  Association of 23 SNPs with type 2 diabetes in the total population. (N = 4040 chromosomes)

AA alternative allele, RA risk allele, Chr chromosome, CI confidence interval, MAF major allele frequency, OR odds ratio, R2 variability of T2D explained by the SNP, SI sex 
interaction, SNP single nucleotide polymorphism, ULR univariate logistic regression
a Minor allele. Group 1, genes associated with insulin production located in the chromosome region 11p15.5; Group 2, genes associated with insulin production 
located in other chromosomes; Group 3, genes associated with peripheral insulin resistance; Group 4, genes associated with inflammation, and other functions

*The power (1 − β error probability) > 0.99 for all SNPs with P < 0.1

Locus (SNP) Chr Position RA AA MAF ULR*

OR (95% CI) p-Wald R2 SI (p-Wald)

Group 1

 INS-IGF2 (rs149483638) 11 2,140,300 C Ta 0.281 1.25 (1.1–1.4) 0.0022 0.003 0.035

 INS (rs689) 11 2,160,994 Aa T 0.188 1.32 (1.1–1.5) 0.0005 0.004 0.062

 KCNQ1 (rs2237897) 11 2,837,316 C Ta 0.392 1.44 (1.3–1.6)  < 0.0001 0.010 0.004

 KCNQ1 (rs163168) 11 2,803,115 C Ta 0.436 1.39 (1.2–1.6)  < 0.0001 0.008 0.019

SLC22A18 (rs450208) 11 2,910,751 T Ga 0.311 1.38 (1.2–1.6)  < 0.0001 0.007  > 0.1

Group 2

 IGF2BP2 (rs4402960) 3 185,793,899 Ta G 0.163 1.28 (1.1–1.5) 0.0031 0.003 0.073

 TCF7L2 (rs7903146) 10 112,998,590 Ta C 0.121 1.5 (1.3–1.8)  < 0.0001 0.007 0.004

 CDKN2A (rs10811661) 9 22,134,095 T Ca 0.096 1.12 (0.9–1.4) 0.29 0  > 0.1

 SLC30A8 (rs3802177) 8 117,172,786 Aa G 0.272 1.15 (1–1.3) 0.044 0.001  > 0.1

 HNF1A (rs483353044) 12 120,999,288 Aa G 0.003 2 (0.8–5) 0.13 0.001  > 0.1

 WFS1 (rs4458523) 4 6,288,259 G Ta 0.233 1.07 (0.9–1.2) 0.35 0  > 0.1

 HMG20A (rs1005752) 15 77,525,786 Ca A 0.419 0.94 (0.8–1.1) 0.34 0  > 0.1

Group 3

 SLC16A11 (rs75493593) 17 7,041,768 Ta G 0.374 1.31 (1.2–1.5)  < 0.0001 0.006  > 0.1

 IRS1 (rs1801278) 2 226,795,828 Ta C 0.027 0.98 (0.7–1.4) 0.91 0  > 0.1

 FABP2 (rs1799883) 4 119,320,747 Ta C 0.241 0.99 (0.9–1.1) 0.89 0  > 0.1

 CAPN10 (rs7607759) 2 240,596,709 Ga A 0.053 1.04 (0.8–1.4) 0.76 0  > 0.1

 PPP1R3A (rs1799999) 7 113,878,379 Aa C 0.291 1.09 (0.9–1.2) 0.23 0 0.006

PTPRD (rs10511567) 9 11,606,348 Ca T 0.278 1.02 (0.9–1.2) 0.76 0 0.005

Group 4

 IL6 (rs1800795) 7 22,727,026 Ca G 0.079 1.01 (0.8–1.3) 0.93 0 0.033

NOS3 (rs2070744) 7 150,992,991 Ca T 0.145 0.84 (0.7–1) 0.054 0.001  > 0.1

 CPED1 (rs10261386) 7 120,711,855 Ca T 0.347 1.04 (0.9–1.2) 0.55 0  > 0.1

 KHDRBS3 (rs6577691) 8 135,961,229 Ga T 0.123 0.84 (0.7–1) 0.076 0.001  > 0.1

 CACNA1H (rs4984636) 16 1,202,441 Ca T 0.113 0.83 (0.7–1) 0.073 0.001  > 0.1

No. genes 12

Sum of univariate R2 0.053
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Fig. 1 Genomic map of region 11p15.5. The figure shows the locations of genes IGF2, INS, TH, and KCNQ1 and the SNPs of the region explored in 
this work. The positions are based on the human genome version GRCh38. bp, base pairs; SNP, single nucleotide polymorphism
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in all ULR genotypic models, R2 sum values were much 
higher than those observed in the univariate allelic mod-
els, clearly indicating that genotypes rather than alleles 
should be used in MLR models.

Degree of participation of each group of genes 
in the variability of T2D using MLR models
MLR analyses were performed with the four SNP groups 
introduced in successive blocks. Most SNPs associated 
with T2D by ULR, except SNP rs450208 (SLC22A18) in 
males and SNP rs2237897 (KCNQ1) in females, which 

could be in partial linkage disequilibrium with other 
SNPs in chromosome region 11p15.5 (Additional file  1: 
Table  S12), remained in the MLR models (Additional 
file 1: Table S13).

The influence of genes on T2D was greatest in males 
diagnosed early (23.5%), followed by females diagnosed 
early (13.5%), males diagnosed late (11.9%), and females 
diagnosed late (7.3%). Genes on the chromosome region 
11p15.5 (40.3% of R2) and others involved in insulin pro-
duction (35.7% of R2) had the greatest effect in males 
diagnosed early (Fig. 2A), which contrasts with the major 

Table 3 Allele association of 23 SNPs with type 2 diabetes stratified by diagnosis age and sex (N = 4040 chromosomes)

CI confidence interval, OR odds ratio, R2 variability of T2D explained by these genes, SNP single nucleotide polymorphism, ULR univariate logistic regression
a Indicates SNPs that remained in the multivariate model
* All female (n = 1086) and male (n = 930) controls were compared with both groups of cases. The power (1 − β error probability) > 0.99 for all SNPs with P < 0.1

Locus (SNP) ULR*

T2D diagnosis ≤ 45 years T2D diagnosis ≥ 46 years

Females
(n = 1662)

Males
(n = 1404)

Females
(n = 1596)

Males
(n = 1384)

OR (95% CI) p-Wald OR (95% CI) p-Wald OR (95% CI) p-Wald OR (95% CI) p-Wald

Group 1

 INS-IGF2 (rs149483638) 1.06 (0.8–1.3) 0.61 1.38 (1.1–1.8)a 0.014 1.1 (0.9–1.4) 0.44 1.56 (1.2–2)a 0.0010

 INS (rs689) 1.09 (0.8–1.4) 0.52 1.63 (1.2–2.1)a 0.0003 1.23 (1–1.6)a 0.11 1.43 (1.1–1.9)a 0.012

 KCNQ1 (rs2237897) 1.31 (1.1–1.6) 0.016 1.97 (1.5–2.5)a  < 0.0001 1.09 (0.9–1.4) 0.46 1.56 (1.2–2)a 0.0002

 CDKN1C (rs163168) 1.36 (1.1–1.7)a 0.0043 1.82 (1.4–2.3)a  < 0.0001 1.05 (0.8–1.3) 0.64 1.45 (1.2–1.8)a 0.0015

 SLC22A18 (rs450208) 1.46 (1.2–1.9)a 0.0014 1.27 (1–1.6) 0.053 1.38 (1.1–1.8)a 0.0092 1.36 (1.1–1.8) 0.015

Group 2

 IGF2BP2 (rs4402960) 1.16 (0.9–1.5) 0.26 1.65 (1.2–2.2)a 0.0007 1.09 (0.8–1.4) 0.54 1.37 (1–1.9) 0.042

 TCF7L2 (rs7903146) 1.22 (0.9–1.6)a 0.15 2.21 (1.6–3)a  < 0.0001 1.15 (0.9–1.5) 0.34 1.83 (1.3–2.5)a 0.0003

 CDKN2A (rs10811661) 1.47 (1–2.2)a 0.049 0.92 (0.6–1.3) 0.65 1.07 (0.7–1.5) 0.73 1.08 (0.7–1.6) 0.72

 SLC30A8 (rs3802177) 1.31 (1–1.6)a 0.018 1.43 (1.1–1.8)a 0.0034 0.95 (0.7–1.2)a 0.65 0.96 (0.7–1.2) 0.77

 HNF1A (rs483353044) 1.92 (0.4–9.5) 0.43 1.97 (0.5–7.9) 0.34 2.85 (0.6–12.8)a 0.17 1.53 (0.3–6.9) 0.58

 WFS1 (rs4458523) 1.08 (0.8–1.4) 0.52 1.3 (1–1.7)a 0.065 0.99 (0.8–1.3) 0.95 0.99 (0.8–1.3) 0.94

 HMG20A (rs1005752) 0.97 (0.8–1.2) 0.81 1.04 (0.8–1.3) 0.73 0.87 (0.7–1.1)a 0.19 0.88 (0.7–1.1)a 0.27

Group 3

 SLC16A11 (rs75493593) 1.51 (1.2–1.9)a  < 0.0001 1.34 (1.1–1.7)a 0.011 1.24 (1–1.5)a 0.048 1.14 (0.9–1.4)a 0.27

 IRS1 (rs1801278) 0.58 (0.3–1.2) 0.14 0.94 (0.5–1.9) 0.87 1.21 (0.7–2.2)a 0.53 1.35 (0.7–2.6) 0.38

 FABP2 (rs1799883) 0.89 (0.7–1.1) 0.34 1.23 (1–1.6)a 0.11 0.93 (0.7–1.2) 0.57 0.93 (0.7–1.2) 0.60

 CAPN10 (rs7607759) 0.76 (0.5–1.2)a 0.23 1.06 (0.6–1.8) 0.83 1.17 (0.8–1.8) 0.46 1.26 (0.8–2.1) 0.37

 PPP1R3A (rs1799999) 1.36 (1.1–1.7)a 0.0061 0.83 (0.6–1.1) 0.14 1.25 (1–1.6)a 0.060 0.94 (0.7–1.2) 0.64

 PTPRD (rs10511567) 1.28 (1–1.6)a 0.029 0.76 (0.6–1)a 0.036 1.16 (0.9–1.5)a 0.22 0.9 (0.7–1.1) 0.39

Group 4

 IL6 (rs1800795) 0.8 (0.5–1.2) 0.25 1.02 (0.7–1.6) 0.94 0.82 (0.6–1.2) 0.32 1.67 (1.1–2.5)a 0.0093

 NOS3 (rs2070744) 0.71 (0.5–1)a 0.028 0.86 (0.6–1.2)a 0.38 0.85 (0.6–1.1) 0.28 0.99 (0.7–1.4) 0.96

 CPED1 (rs10261386) 0.95 (0.8–1.2) 0.62 1.1 (0.9–1.4) 0.42 0.94 (0.8–1.2) 0.61 1.23 (1–1.5) 0.088

 KHDRBS3 (rs6577691) 0.9 (0.7–1.2) 0.52 0.73 (0.5–1)a 0.083 1.02 (0.7–1.4) 0.91 0.68 (0.5–1)a 0.046

 CACNA1H (rs4984636) 0.89 (0.6–1.2) 0.49 0.97 (0.7–1.4) 0.86 0.54 (0.4–0.8)a 0.0022 0.97 (0.7–1.4) 0.87

No. of SNPs 9 12 4 10

Sum of univariate R2 0.056 0.14 0.02 0.079
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influence of genes involved in peripheral insulin resist-
ance in females diagnosed early (52.3% of R2). Inter-
estingly, males diagnosed late had a predominance of 
associated SNPs in genes of the chromosome 11p15.5 
region, which contrasts with the lower R2 of the same 
SNPs in females diagnosed late. Although an increase 
in the influence of genes involved with inflammation 
was observed in males and females diagnosed late, it 
accounted for nearly one-quarter of the genes’ influence 
in females.

Influence of parental history of T2D
Parental history had the strongest influence in cases 
diagnosed with T2D at ≤ 45  years of age (males, 19.9%; 
females, 17.5%) and the least influence in those diag-
nosed with T2D later in life (≤ 6.4%) (Fig.  2B). History 
of T2D in both parents had the most influence in both 
sexes diagnosed early. In contrast, having only a father 
with T2D had little or no influence on T2D development 
whereas having a mother with T2D influenced T2D diag-
nosis, especially among males diagnosed early (25%) and 
females diagnosed late (50%). The risk of developing T2D 
early was approximately 10 times higher when both par-
ents and three times higher when one parent had a his-
tory of T2D versus neither. In contrast, a history of T2D 
in both parents conferred a lower risk of T2D in those 
diagnosed late compared with an early diagnosis (males, 
3.6 times higher; females, 2.7 times higher versus neither 
parent with T2D) (data not shown).

In the four groups, the total value of R2 was higher 
when parental history was the first block and genes was 
the second, particularly for males diagnosed early (R2, 
0.403) (Fig.  2C). In this group, gene effects decreased 
from 0.251 to 0.201 (Fig. 2C) as compared with genes in 
the first block. Contrastingly, the effect of parental his-
tory decreased when analyzing in the opposite order 
(R2 decreased from 0.202 to 0.119), suggesting a com-
mon effect on 5–8% of T2D variance linked to genes and 
parental history of T2D, and the extent of the effect of 
parental history is not directly due to the assessed genetic 
polymorphisms.

Interestingly, when the effect of genes is reduced, the 
reduction for the four groups of genes is not uniform. 
While the influence (R2) of genes related to insulin pro-
duction decreased (chromosome region 11p15.5 [Group 
1], 32%; other genomic regions [Group 2], 34%), the 

influence of genes related to peripheral insulin resist-
ance (Group 3) increased by 25%. In the reverse model, 
the decreased influence of parental history was not uni-
form for paternal T2D history (decreased from small 
effect to no effect), maternal (60% decrease), or both 
(32% decrease) in males diagnosed early (Fig. 2C). When 
stratified by the type of parental inheritance, the distri-
bution of risk alleles compared with alternative alleles for 
several 11p15.5 genes and TCF7L2 only differs between 
cases and controls with unilateral maternal inheritance in 
males diagnosed early (Fig. 3).

Influence of obesity and fat distribution
ULR revealed that BMI was important in all four groups 
of T2D (males diagnosed early, R2 = 0.198; males diag-
nosed late, R2 = 0.147; females diagnosed early, R2 = 0.132; 
females diagnosed late, R2 = 0.106). WHR was most 
important for males irrespective of age at T2D diagnosis 
(Fig. 4A). BMI results were similar in MLR models when 
BMI was the first block (Figs.  4A, 5A, B). However, if 
BMI was the third block (following parental history and 
genes), the effect decreased substantially (males diag-
nosed early, 54.6%; males diagnosed late, 34.3%; women 
diagnosed early, 40.7%; females diagnosed late, 19.9%) 
(Fig. 4B).

In males diagnosed early, parental history or genes 
decreased the effect of BMI by 43.6% or 23.3%, respec-
tively. With parental history as the first block, the 
effect was mainly absorbed by having a mother with 
T2D (87.2% increase) or both parents with T2D (72% 
increase); the effect of a father with T2D was minor 
(Fig.  5A, B). With genes as the first block, the effect of 
BMI was mainly absorbed by genes located in the chro-
mosome region 11p15.5 (58.5% increase) (Fig. 5A). Sim-
ilar increases with parental history or genes as the first 
block were observed in males diagnosed late and females 
diagnosed early (Fig. 5A, B). A similar analysis was per-
formed using WHR, and the findings in males diagnosed 
early were similar to those found for BMI (Fig. 5C, D).

Using the Pearson correlation, we found a posi-
tive correlation between the number of risk alleles in 
KCNQ1 (chromosome 11p15.5 region) and both BMI 
and WHR in males diagnosed early (r = 0.125, P = 0.001 
and r = 0.130, P < 0.009, respectively) and late (r = 0.103, 
P < 0.007 and r = 0.140, P < 0.003, respectively) (Fig.  6). 
A positive correlation was also observed between SNP 

Fig. 2 Influence (R2) of genes and parental history of diabetes on T2D development. MLR analysis stratified by age at T2D diagnosis and sex 
demonstrates A the effect of groups of genes, B parental history, and C both factors on T2D development (early diagnosis, ≤ 45 years; late 
diagnosis, ≥ 46 years). Group 1, genes associated with insulin production located in the chromosome region 11p15.5; Group 2, genes associated 
with insulin production located in other chromosomes; Group 3, genes associated with peripheral insulin resistance; Group 4, genes associated 
with inflammation, and other functions. The power (1 − β error probability) > 0.99 for all MLR models. MLR multivariate logistic regression, SNP single 
nucleotide polymorphism, T2D type 2 diabetes

(See figure on next page.)
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in INS and BMI in males diagnosed early (r = 0.09, 
P = 0.019; data not shown).

When BMI was introduced as the last block, the 
influence of BMI was similar among the four groups (R2 
range, 0.078–0.094). However, the strength of the BMI 
effect related to parental history and genes appeared 
stronger for a late diagnosis compared with an early 
diagnosis (Fig. 4B).

Discussion
This study identified notable differences in the associa-
tion of T2D-related genes, parental history of T2D, BMI, 
and WHR with T2D development between males and 
females of Latin American mestizo origin. The differ-
ences observed between the sexes remained regardless of 
whether they were diagnosed with T2D early (≤ 45 years) 
or late (≥ 46  years). However, in those diagnosed late, 
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Fig. 4 Influence (R2) of genes, parental history of T2D, BMI, and WHR on T2D development. A MLR analysis was conducted to determine the 
involvement of BMI and WHR in the four models of T2D (stratified by age of T2D diagnosis and sex). B MLR analysis of the participation of parental 
history, genes, and adjusted BMI in the four models. BMI body mass index, MLR multivariate logistic regression, T2D type 2 diabetes, WHR waist–hip 
ratio
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the influence of genes and family history decreased 
drastically, while the influence of obesity increased. The 
reduced effect of T2D-related genes and parental history 
in late-onset T2D has previously been reported in stud-
ies conducted in White populations [26, 27]. Genetic loci, 
parental history, and BMI appear related to each other, 
given that each compete for a proportion of T2D varia-
bility explained by each factor. In fact, the relationship of 
these three factors seems to be much more important in 
this population than in European populations [28].

The differences between sexes were most evident in 
those diagnosed early. The genetic contribution involved 
in insulin production was predominant in males while 
genes involved in peripheral resistance were more impor-
tant in females; the influence of obesity, especially WHR, 
was much greater in males; and the influence of a mother 
(unilateral) with a history of T2D greatly influenced 
males. Because genes involved in insulin production 
are located in autosomes, differences in T2D associa-
tion should not be related to a differential distribution of 
risk alleles between the sexes. Rather, this is most likely 

associated with other factors that differentially influence 
these genes in males and females. Our findings suggest 
that obesity, hormones, and maternal inheritance may be 
involved in the selection of males, but not females, who 
have risk alleles involved in insulin production for the 
early development of T2D.

The association of BMI and especially WHR was much 
higher in males than females in those diagnosed with 
T2D early (WHR, 16-fold higher). Also, in males, there 
was a linear correlation between BMI and WHR and the 
number of risk alleles in several genes associated with 
insulin production. Our results show that some compo-
nents of parental history, and to a lesser extent, genes 
on the chromosome 11p15.5 region are linked to obe-
sity, especially in males. In the literature, there is clear 
evidence that sex hormones play an important role in 
fat distribution [29]. Gluteal–femoral fat predominates 
in females prior to menopause, whereas abdominal fat 
predominates in postmenopausal females and males of 
all ages [30]. Abdominal fat has been associated with 
an increased risk of developing T2D and cardiovascular 
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disease [31] and could contribute to the difference in the 
risk of developing T2D between premenopausal females 
compared with males in a similar age group [32].

In fact, the prevalence of T2D worldwide is higher in 
males than females [33,  34, 35], particularly in those 
aged ≤ 55  years (16.5% versus 13.5%) [17, 34, 35, 35]. 
In Mexico, this difference appears even greater, with 
the incidence of T2D reported to be 17.2% higher in 
males than females aged 15–49  years (524 versus 447 
cases/100,000 persons) [37]. The lower prevalence in 
younger females potentially suggests that estrogen has a 
protective effect. While hormone replacement therapy 
results in a 35% reduction in the incidence of T2D in 
postmenopausal females versus placebo [38], early meno-
pause is associated with an increased risk of T2D [39]. In 

fact, studies have suggested that a hormonal effect may 
protect or delay the impact of genes on the development 
of T2D in females [40–42]. Furthermore, overweight or 
obese males may have low concentrations of serum tes-
tosterone, which is associated with an increased risk of 
T2D [43, 44]. Pancreatic islets have also been shown to 
be more susceptible to oxidative stress in males than 
females [45].

The differential effect on peripheral insulin resistance 
between men and women appears to be associated with 
the SLC16A11 and PPP1R3A genes, since the effect 
size of the SNPs of these genes was much larger in 
women. SLC16A11 codes for a proton-coupled mono-
carboxylate transporter. Risk alleles in the SLC16A11 
gene cause a decrease in gene expression and protein 
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Fig. 6 Correlation analysis between the number of risk alleles in KCNQ1 in relation to obesity and fat distribution. A Correlation with BMI in males 
and females with a T2D diagnosis ≤ 45 years and ≥ 46 years of age. B Correlation with WHR in males and females with a T2D diagnosis ≤ 45 years 
and ≥ 46 years of age. P‑value was calculated with the Pearson’s correlation test. BMI body mass index, T2D type 2 diabetes, WHR waist–hip ratio
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activity at least in hepatocytes. When the activity of the 
gene is abolished, the levels of acylcarnitine, diacylg-
lycerols (DAGs) and triacylglycerols (TAGs) increase 
intracellularly. The levels of TAGs, which are secreted 
by hepatocytes in the form of VLDL (very low-den-
sity lipoprotein), are also increased at the extracellu-
lar level. These changes suggest a decrease in energy 
metabolism and increased lipid storage and coincide 
with those observed in the pathophysiology of insu-
lin resistance and T2D [46]. Individuals with the risk 
alleles of SCL16A11 have decreased insulin sensitivity 
and an increase in the size of adipocytes in subcuta-
neous fat. However, the effect of the alteration in lipid 
metabolism appears to be much greater in women than 
in men, since the effect on the adipocyte size was much 
greater and only significant in women; in addition, only 
in women the distribution of abdominal fat was 3 times 
higher in carriers than in non-carriers of risk alleles 
[47].

On the other hand, disruption of the PPP1R3A gene, 
encoding a regulatory subunit of protein phosphatase 
1 (PP1), causes a substantial decrease in glycogen syn-
thase activity and a tenfold decrease in glycogen lev-
els in skeletal muscle. Mice with abolished gene activity 
develop obesity, glucose intolerance, and insulin resist-
ance in skeletal muscle [48]. In agreement with our study, 
in Maya population the rs1799999 polymorphism of 
the PPP1R3A gene is associated with T2D (OR = 1.625, 
p = 0.014) [49]; interestingly, the carriers of the polymor-
phism presented insulin resistance [49].

The influence of maternal history of T2D is more 
important than paternal influence, at least for early devel-
opment of T2D [50]. In this study, we observed that the 
parental history of T2D through the mother (unilateral) 
may play an important role in differences in the associa-
tion of risk alleles between the sexes in early-diagnosed 
T2D. Risk alleles in KCNQ1 confer a risk for T2D only 
when inherited by the mother [51] and influence meth-
ylation levels of regulatory sequences in fetal human 
pancreas, suggesting that some diabetes risk effects may 
be mediated in early development [52]. Interestingly, the 
effect of maternal inheritance on genes from the 11p15.5 
region was only observed in males with an early T2D 
diagnosis, which is an association that has not been pre-
viously reported.

There were also important differences in the T2D mod-
els of the sexes with a late T2D diagnosis. The effect size 
of T2D-related genes was larger in males than females, 
primarily at the expense of the genes involved with insu-
lin production from the chromosome 11p15.5 region. It 
is also noteworthy that in both groups with a late diagno-
sis, the proportion of genes involved with inflammation 
and other processes, relative to the total variance, was 

higher than in those with an early diagnosis. This could 
be attributable to increased inflammatory processes 
related to aging [53].

This study had some limitations. The number of par-
ticipants with missing data for WHR was notable. How-
ever, the important difference in the median WHR and 
the degree of association with T2D between the sexes, 
and the significant correlation between WHR and the 
number of risk alleles of the KCNQ1 gene were notable. 
Furthermore, in all MLR models where WHR was intro-
duced as a variable the statistical power [1 − β error prob-
ability] was > 0.99. However, because this study included 
only Mexican participants, the study findings are not 
necessarily generalizable to other populations.

Perspectives and significance
Besides the differential effect of hormones, adiposity, and 
maternal inheritance on the development of T2D before 
the age of 46, between males and females, the findings of 
this work add the differential influence of genes. To con-
firm these findings, we are analyzing 92 genes associated 
with T2D (personal communication, Dr. Jason Torres) 
in 140,000 Mexicans from the Mexico City Prospective 
Study (MCPS) [54].

Conclusions
The results of the present study demonstrate the greater 
influence of T2D-related genes, maternal T2D history, 
and fat distribution on T2D development in males com-
pared with females. Insulin production-related genes 
were more influential in males while peripheral insulin 
resistance and inflammation related genes were more 
influential in females. The differences between males and 
females were seen mainly when the T2D was diagnosed 
before the age of 46. These results could explain the 
higher prevalence of T2D in men than in women, par-
ticularly in those aged 50 or younger.
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