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Introduction

Biological sex influences both overall adiposity and fat distribution. Further, testosterone and sex hormone binding globulin (SHBG) influence adiposity and metabolic function, with differential effects of testosterone in men and women. Here, we aimed to perform sex-stratified genome-wide association studies (GWAS) of body fat percentage (BFPAdj) (adjusting for testosterone and sex hormone binding globulin (SHBG)) to increase statistical power.





Methods

GWAS were performed in white British individuals from the UK Biobank (157,937 males and 154,337 females). To avoid collider bias, loci associated with SHBG or testosterone were excluded. We investigated association of BFPAdj loci with high density cholesterol (HDL), triglyceride (TG), type 2 diabetes (T2D), coronary artery disease (CAD), and MRI-derived abdominal subcutaneous adipose tissue (ASAT), visceral adipose tissue (VAT) and gluteofemoral adipose tissue (GFAT) using publicly available data from large GWAS. We also performed 2-sample Mendelian Randomization (MR) using identified BFPAdj variants as instruments to investigate causal effect of BFPAdj on HDL, TG, T2D and CAD in males and females separately.





Results

We identified 195 and 174 loci explaining 3.35% and 2.60% of the variation in BFPAdj in males and females, respectively at genome-wide significance (GWS, p<5x10-8). Although the direction of effect at these loci was generally concordant in males and females, only 38 loci were common to both sexes at GWS. Seven loci in males and ten loci in females have not been associated with any adiposity/cardiometabolic traits previously. BFPAdj loci generally did not associate with cardiometabolic traits; several had paradoxically beneficial cardiometabolic effects with favourable fat distribution. MR analyses did not find convincing supportive evidence that increased BFPAdj has deleterious cardiometabolic effects in either sex with highly significant heterogeneity.





Conclusions

There was limited genetic overlap between BFPAdj in males and females at GWS. BFPAdj loci generally did not have adverse cardiometabolic effects which may reflect the effects of favourable fat distribution and cardiometabolic risk modulation by testosterone and SHBG.
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Introduction

Obesity is a chronic multisystem disease which affects more than 600 million adults and 100 million children (1). Cardiometabolic diseases/traits such as insulin resistance, dyslipidemia, type 2 diabetes (T2D) and coronary artery disease (CAD) are leading causes of morbidity and mortality in people with obesity (2).

Obesity/adiposity are highly heritable: more than 1000 genetic loci have been associated with adiposity and related traits (3, 4). Although obesity increases the risk of cardiometabolic disease, this can be further modulated by fat distribution (5–8). Some adiposity associated loci are paradoxically associated with improved cardiometabolic profile in part due to ‘favourable’ fat distribution (increased subcutaneous femoro-gluteal adiposity and/or reduced centripetal/visceral adiposity) (5, 6, 8–10).

Body mass index (BMI) is commonly used to diagnose obesity but is an imperfect measure of overall adiposity (11). A previous GWAS of body fat percentage (BFP) in the UK Biobank identified 12 loci (12). Sex and sex hormones differentially impact adiposity (13). On average females have higher BFP with ‘favourable’ fat distribution. Genetic and observational data indicate that increased testosterone has beneficial effects on adiposity/metabolic traits in men, but may be deleterious in women (13–18). Sex hormone binding globulin (SHBG) modulates bioavailable sex hormone concentration and may independently influence adiposity and cardiometabolic traits (13). Heritability of BFP was estimated around 0.27 in both males and females with high genetic correlation (>90%) between the two sexes. Similarly, heritability of SHGB was estimated around 0.17-0.19 in males and females with high genetic correlation (>90%) (19, 20). However, heritability of testosterone was estimated 0.12 and 0.07 in males and females, respectively, with very low genetic correlation ~10% (19, 20). Given these important sex differences, we undertook sex-stratified genome-wide association studies (GWAS) of BFP adjusted for total testosterone and SHBG in the UK Biobank (BFPAdj). We hypothesized this would increase statistical power to detect sex-specific BFPAdj loci at genome-wide significance (GWS). Given the differences between sexes in fat distribution and cardiometabolic risk, we further investigated the association of identified loci with fat distribution, high density lipoprotein cholesterol (HDL), triglyceride (TG), T2D and CAD and undertook Mendelian randomization (MR) to investigate cardiometabolic effects of BFPAdj (Figure 1).




Figure 1 | Graphical presentation of the study. Sex-stratified GWAS of body fat percentage adjusted for a number of covariates (BFPAdj) were performed in 157,937 males and 154,337 females from the UK Biobank. Independent GWS BFPAdj loci were investigated for association with T2D (21), CAD (22), HDL (23), TG (23) and MRI-derived regional fat depots (10) using publicly available summary statistics from their corresponding largest meta-GWAS. Two-sample Mendelian randomization (MR) was used to investigate the causal association of BFPAdj with T2D, CAD, HDL and TG using summary statistics from the current GWAS of BFPAdj and publicly available summary statistics from the largest meta-GWAS of T2D (21), CAD (22), HDL and TG (23).







Methods

Ethics approval for this study was obtained in the Hospital for Sick Children (HSC #1000073707).




Study population




Inclusion criteria

All white British subjects (Unique Data Identifier (UDI) 22006-0.0 = 1) from the UK Biobank with no missing data for BFP (UDI 23099-0.0), age when attended assessment centre (UDI 21003-0.0), serum albumin (UDI 30600-0.0), serum SHBG (UDI 30830-0.0) or serum testosterone (UDI 30850-0.0). Sex was defined using UDI 22001-0.0 (female = 0, male = 1).





Exclusion criteria

Sex chromosome aneuploidy (UDI 22019-0.0 = 1), exclusion from kinship inference process, those with ten or more third-degree relatives (UDI 22021-0.0 = 10 or -1), people on medical treatments that may interfere with sex hormones (N = 1,683 males & 1,628 females, list of medications available in Table S1, and females with testosterone levels >10 nmol/L (N = 28,471).






Association of covariates with BFP

Multivariable linear regression was used for testing the association of covariates (i.e. age, age2, serum albumin, centered albumin2, serum SHBG, centered SHBG2, serum testosterone, centered testosterone2) with BFP in males and females separately using R v3.5. To test BFP mean and variance difference in males and females, t.test and var.test were used respectively in R v4.2.1 (24).





GWAS

GWAS (Chr1-22 & X) were performed using REGENIE (v3.1.1) (25) on the research analysis platform (RAP). In step 1, only genotyped single nucleotide polymorphisms (SNPs) with minor allele count (MAC) >80 (minor allele frequency ~ 0.001) and Hardy-Weinberg Equilibrium (HWE) p >1E-15 were included in the analysis. SNPs with inter-chromosome linkage disequilibrium (LD) (25) were excluded. In step 2, all SNPs comprising centrally imputed to the Haplotype Reference Consortium (HRC) or the UK10K + 1000 Genomes phase 3 panel if the SNP was not available in HRC with MAC >80 and high imputation quality (INFO > 0.5) were included.

BFP (UDI 23099-0.0) measured by Tanita BC418MA body composition analyser was the outcome. Previous analyses indicates that BFP assessed by bioimpedance is strongly associated with dual energy X-ray absorptiometry (DEXA) based measures of adiposity (Pearson correlation coefficient = 0.92) (26). Age (UDI 21003-0.0) and its quadratic term (centered age2), serum albumin (UDI 30600-0.0) and its quadratic term (centered albumin2), serum SHBG (UDI 30830-0.0) and its quadratic term (centered SHBG2), serum testosterone (UDI 30850-0.0) and its quadratic term (centered testosterone2), and first ten genetic principal components (PCs, UDI 22009-0.1-10) were included in the model as covariates. The GWAS was performed in males and females separately.

To identify independent GWAS signals, GWS SNPs (p< 5E-8) were clumped with r2 set at 0.1 and radius set at 500kb (less than 250kb away from an index variant) in PLINK v2 using a random sample of 5000 participants included in the GWAS as reference. These loci were excluded from further investigation if they were associated with SHBG or testosterone in their corresponding sex (p<5E-8) (13) to avoid collider bias (27) (Figure 2, Table S2).




Figure 2 | Study design and major findings. (A) Males, (B) Females. Sex-stratified GWAS of BFPAdj were performed in 157,937 males and 154,337 females from the UK Biobank. Clumping was performed to identify independent GWS SNPs. The SNPs located on the SHBG region and those associated with SHBG or testosterone at GWS were excluded (13). The remaining SNPs were examined for association with adiposity related phenotypes, T2D (21), CAD (22), HDL (23), TG (23) and MRI-derived regional fat depots using publicly available summary statistics from their corresponding largest meta-GWAS.



To calculate the variance in BFPAdj explained by the identified SNPs in each sex, we performed clumping with a much stricter r2 (< 0.001) and used linear regression in R v4.2.1 (24) with the same covariates included in the GWAS to test the association of individual SNPs with BFPAdj. The variance explained by each SNP was calculated by subtracting the base model (only covariates in the model) R2 from the full model (SNP + all covariates) R2. Subsequently, the total variance explained was calculated as sum of the variance explained by individual SNPs.

Association of identified independent loci were investigated with T2D (21), CAD (22), sex-stratified HDL (23) and TG (23); and MRI-derived abdominal subcutaneous adipose tissue (ASAT), visceral adipose tissue (VAT) and gluteofemoral adipose tissue (GFAT) adjusted for BMI and height in their corresponding sex (10). For SNPs having paradoxical effect on BFPAdj and lipid levels, we also investigated their association with waist-hip ratio (WHR) adjusted for body mas index (BMI) (3) (Figure 2, Table S2).

To identify novel loci, we investigated if the SNPs were associated with BFP (12), BMI (3), WHR (3), or any other adiposity related phenotypes [e.g. appendicular lean mass (28) and body fat distributed to the arms, legs and trunk (29)] previously, by examining the NHGRI-EBI GWAS catalogue [https://www.ebi.ac.uk/gwas, accessed Nov 2022 (30)] and Neale’s round 2 GWAS results (http://www.nealelab.is/uk-biobank; UKBB GWAS Imputed v3 - File Manifest Release 20180731).

We also performed a separate GWAS (Chr1-22) including both sexes to investigate SNP x Sex interaction using REGENIE. Identical SNP inclusion criteria and covariates (including sex) were used in the model. The results of the test for interaction effect (i.e. ADD-INT_SNPxSex=0) were reported.





HLA imputation

Association of 362 four-digit HLA haplotypes (UDI 22182-0.0) were tested with BFP in males and females separately using linear regression in R v4.2.1 (24) with age, age2, albumin, albumin2, SHBG, SHBG2, testosterone, testosterone2 and first ten genetic PCs as covariates in the model.





Mendelian randomization

Two-sample MR was used to investigate the causal effect of BFPAdj (exposure) on T2D, CAD, HDL and TG (outcomes) in males and females separately using MR-Base platform (31). For exposure, we used summary statistics from our current analyses and performed the clumping with r2<0.001 and a 5000 random sample of UK Biobank participants as LD reference. For outcomes, we used publicly available summary statistics from the published GWAS as explained in the main text (Table S2) (21–23). Palindromic SNPs with intermediate allele frequencies were excluded. We used five methods for MR analysis including MR Egger, inverse variance weighted (IVW), weighted median, simple mode and weighted mode. These five methods have different assumptions regarding the validity of SNPs employed as instruments. Specifically, the IVW method assumes that all SNPs are valid instruments, which should satisfy the three core instrumental variable assumptions of MR: relevance, independence, and no horizontal pleiotropy (32, 33). In contrast, the weighted median method mandates that no less than 50% of the weight in the analysis originates from valid instruments (34). On the other hand, the mode-based methods require that most substantial subset of instruments that converge on the same causal effect should be valid instruments (35). However, we primarily focused on MR Egger results. MR Egger relaxes “no horizontal pleiotropy” assumption (the effects of the SNPs on the outcome not mediated by the exposure) allowing the net-horizontal pleiotropic effect across all SNPs to be unbalanced or directional. It returns an unbiased causal effect even if the “no horizontal pleiotropy” assumption is violated for all SNPs. Heterogeneity was tested with MR Egger and IVW methods. Horizontal pleiotropy was tested using MR Egger intercept. The Wald ratio method was used for single SNP MR and the IVW method was used for leave-one-out analysis (31). We also conducted horizontal pleiotropic outlier detection implemented in MR-PRESSO (36) to examine whether there exist instruments whose effects are not consistent with the overall causal effect estimate.

We derived the F-statistic for each MR estimate with.

	

where N = the sample size of the exposure GWAS; k = the number of SNPs used as instruments; R2 = the proportion of variance in the exposure explained by all SNPs used as instruments. An F-statistic >10 was considered evidence against weak instrument bias (37). Furthermore, we used Steiger filtering to examine whether each instrument has the expected direction of effect (38), which assumes that an instrument should explain more variance in the exposure than the outcome. We repeated MR analyses after removing instruments that did not withstand Steiger filtering, using MR Egger, inverse variance weighted (IVW), weighted median, simple mode, and weighted mode methods. Lastly, as we used exposure GWAS and outcome GWAS that can have partial sample overlap, we additionally implemented latent causal variable (LCV) model to distinguish genetic or residual correlation from causation (39). Using GWAS summary statistics of HapMap3 variants, LCV infers a genetic causality proportion (gcp) between an exposure and an outcome, where a gcp >0.6 indicates potential causal effects of the exposure on the outcome (39).






Results




Males




Autosomal GWAS

157,937 males were included in the analysis (Table S3). One male was excluded from analysis as his whole-body fat plus fat-free mass was greater than his weight. BFP was normally distributed with mean (SD) of 25.3 (5.8) % (Figure S1A). In the multivariable analysis, age was associated with higher BFP whereas albumin, SHBG and testosterone were all associated with lower BFP. Age, albumin, SHBG, testosterone, and their quadratic terms together explained 13% of variation in BFP. Testosterone and its quadratic term explained 8% of variation in BFP (Tables S4, S5).

23,799,137 SNPs on Chr1-22 were included in the GWAS (GC lambda = 1.20) (Figure 3A). 15,447 SNPs were associated with BFPAdj at GWS level (Supplementary Males.xlsx File, Sheet A). There were 320 independent GWS SNPs including 55 SNPs in SHBG (Chr7:7.4Mb; Supplementary Males.xlsx File, Sheet B). Less than half (119 out of 320) of these independent GWS SNPs were associated with BFPAdj in females, all with the same direction of effect as males (Supplementary Males.xlsx File, Sheet C). Five SNPs in SHBG region were missing from Ruth et al. analysis (13) of SHBG/Testosterone; but the rest (N = 50) were all associated with SHBG and/or testosterone. Of 265 SNPs in non-SHBG loci, 193 were not associated with SHBG or testosterone including an indel (Chr4:99262829, TG>T) missing in Ruth et al. analysis (13) (Supplementary Males.xlsx File, Sheet D; Figures S2, S3). Of these 193 loci, only 38 were associated with BFPAdj in females at GWS. The directions of effect were generally consistent in both sexes with effect sizes being smaller in females (Figures S4, S5). After, further clumping of these 193 SNPs with r2< 0.001, 161 SNP were left, and they explained 3.35% of the variation in BFPAdj in males (Supplementary Males.xlsx File, Sheet J).




Figure 3 | Manhattan plots for BFPAdj GWAS in males, females and SNP x Sex interaction. (A) Males, (B) Females, (C) All, SNP x Sex interaction. GWAS of BFPAdj was performed in males (N = 157,937) and females (N = 154,337) separately as well as in both males and females (N = 312,274). Age, centered age2, serum albumin, centered albumin2, serum SHBG, centered SHBG2, serum testosterone, centered testosterone2, and first ten genetic PCs were included in the model as covariates. SNP x Sex interaction was also included in the last GWAS including both sexes. The X axis shows the SNP location in the genome and the Y axis shows -log10 (p-value) regarding SNP association with BFPAdj in males (A), females (B), and SNP x Sex interaction in both sexes (C). The plots were made using MyLocusZoom (https://my.locuszoom.org/).







Novel autosomal BFPAdj loci

Of these 193 SNPs, 188 were not associated with BFP in prior published GWAS (12) and 94 were not identified by Neale’s round 2 GWAS results of BFP in males (Supplementary Males.xlsx File, Sheet I; Figure S6). Five of these 193 autosomal SNPs, have not been associated with any adiposity related phenotypes (Table 1), fat depots (Table S6), HDL, TG, T2D or CAD (Supplementary Males.xlsx File, Sheet E) previously. Of these 5 SNPs, only rs768147154 was nominally associated with albumin (p = 0.004), SHBG (p = 0.005) and testosterone (p = 0.004). The other four SNPs were not associated with albumin, SHBG or testosterone (p >0.05) (Table S7).


Table 1 | Newly identified loci for BFPAdj in males or females not previously associated with adiposity related phenotypes.







Association of autosomal BFPAdj GWAS loci with cardiometabolic phenotypes

Of 193 autosomal SNPs associated with BFPAdj in males, the majority (N = 132, 68%) were not associated with cardiometabolic phenotypes. Sixty-one were associated with lipid levels, T2D, CAD or fat depots with some associated with multiple traits: HDL: 43, TG: 36, T2D: 13, CAD: 5, GFAT: 4, VAT: 1, and ASAT: 1 (Table 2, Figure 4, Supplementary Males.xlsx File, Sheet E).


Table 2 | BFPAdj GWAS loci having paradoxical effect on HDL and TG.






Figure 4 | Number of independent SNPs associated with BFPAdj in males and females, and of them the number of SNPs associated with HDL, TG, T2D and CAD. The plot shows the number of independent GWS SNPs associated with BFPAdj in males or females, and those associated with BFPAdj in both sexes. It also shows the number of BFPAdj GWAS SNPs in each sex associated with T2D (21), CAD (22), HDL (23) or TG (23) as well as those associated with multiple phenotypes. The numbers in each circle shows the total number of SNPs associated with the corresponding trait and the numbers in the common area shows the number of SNPs associated with both phenotypes.







Autosomal BFPAdj GWAS loci with paradoxical effects on lipids, T2D and CAD

Lipids: Twenty SNPs had paradoxical associations with BFPAdj and HDL (i.e. the direction of effect on BFPAdj and HDL was the same); and 21 had paradoxical associations with BFPAdj and TG (i.e. the direction of effect on BFPAdj was the opposite of effect direction on TG) with 14 having paradoxical associations with both HDL and TG. Of these 14 SNPs, three were associated with WHR adjusted for BMI all with opposite direction of effect on BFPAdj and WHR including rs998584 (Chr6:43,757,896; A>C; VEGFA), rs7133378 (Chr12: 124,409,502; A>G; DNAH10) and rs1716407 (Chr12:124,515,218; A>G; ZNF664). rs998584 was associated with multiple cardiometabolic phenotypes: the BFPAdj increasing allele associated with increased GFAT, reduced VAT and reduced risk of T2D and CAD underscoring the role of fat distribution in cardiometabolic disease in males. rs78058190 (Chr2:219,699,999; A>G; PRKAG3) and rs71602277 (Chr4:157,714,979; TA>T; PDGFC) were also associated with fat depots with the BFPAdj increasing allele associating with increased GFAT (Table 2, Figure 5A).




Figure 5 | Association of SNPs with HDL and TG vs. BFPAdj. (A) Males, (B) Female. The plots show the effect (β ± SE) of BFPAdj GWAS SNPs on BFPAdj vs. HDL (top) and TG (bottom) (23). Only SNPs associated with both BFPAdj and HDL or TG at GWS are included in the plots. The SNPs with risk and protective effect on T2D (both sexes combined) at GWS level are shown in red and blue, respectively (21). The rest of SNPs are shown in black.



Lipids and T2D: The BFPAdj increasing alleles of rs62271373 (Chr3:150,066,540; A>T; TSC22D2), rs9641894 (Chr7:130,465,054; G>T; KLF14), and rs12454712 (Chr18:60,845,884; C>T; BCL2) were associated with reduced T2D risk, higher HDL and lower TG (Table 2, Figure 5A).

Lipids and CAD: The BFPAdj decreasing allele of rs7133378 (Chr12:124,409,502; A>G; DNAH10) was associated with lower HDL and higher TG, and increased risk of CAD (Table 2, Figure 5A).





Chr X

545,899 SNPs on Chr X were tested for association with BFPAdj. There were 2,713 GWS SNPs including 22 independent signals (Figure S7A; Supplementary Males.xlsx File, Sheets F, G). Of these, two SNPs (rs5950969 and rs73505165) have not been associated with SHBG, testosterone or any adiposity related phenotypes previously (Tables 1, S7).





HLA imputation

None of the HLA haplotypes reached GWS threshold (Supplementary Males.xlsx File, Sheet H).





MR

The MR Egger method did not show any significant causal effect for BFPAdj on T2D (p = 0.58), CAD (p = 0.95), HDL (p = 0.63) or TG (p = 0.58). Some but not all the other methods showed some significant associations but overall we did not find any reliable evidence that increased BFPAdj increases risk of T2D, CAD or TG levels, or decreases HDL; and there was highly significant evidence for heterogeneity (p< 2E-110). There was no evidence for directional pleiotropy (p >0.05) (Supplementary Males.xlsx File, Sheets K, L).

Single SNP MR results demonstrated three groups of SNPs suggesting positive, negative and no significant causal effect of BFPAdj on the four outcomes consistent with high levels of heterogeneity.

Leaving out rs35198068 within TCF7L2 a known locus for T2D with opposite effects on BFPAdj and T2D led to significance of MR analysis. None of the SNPs made significant difference in MR analysis results of CAD, HDL or TG in the leave-one-out analysis (Supplementary Males MR Plots). No SNP was deemed an outlier instrument by the MR-PRESSO horizontal pleiotropic outlier detection. Steiger filtering indicated that one instrument (rs35198068) did not show the expected direction of effect with T2D as the outcome. However, after removing this instrument, all MR estimates were similar, and the MR Egger method did not support causal effect on T2D (Supplementary Males.xlsx File, Sheet K).

Based on the LCV model, while we found positive genetic correlations between BFPAdj and T2D and CAD, and a negative genetic correlation between BFPAdj and HDL, causal effect of BFPAdj on these traits was not supported (all estimated gcp<0.6; Table S8).






Females




Autosomal GWAS

154,337 females were included in the analysis (Table S3). BFP was normally distributed with mean (SD) of 36.7 (6.9) % (Figure S1B). Both mean and variance of BFP were significantly higher in females compared to males (p< 2.2E-16). In the multivariable analysis, age and testosterone were associated with higher BFP in females whereas albumin and SHBG were associated with lower BFP. Age, albumin, SHBG, testosterone, and their quadratic terms together explained 23% of variation in BFP. SHBG and its quadratic term explained 18% of variation BFP (Tables S4, S5).

23,640,526 SNPs on Chr1-22 were included in the GWAS (GC lambda = 1.19) (Figure 3B). 13,612 SNPs were associated with BFPAdj at GWS level (Supplementary Females.xlsx File, Sheet A). There were 334 independent GWS SNPs including 74 SNPs in SHBG (Supplementary Females.xlsx File, Sheet B). One-hundred and nineteen SNPs were common with males (Supplementary Females.xlsx File, Sheet C). Six SNPs in SHBG region were missing in Ruth et al. analysis (13); but the rest were all associated with SHBG and/or testosterone except for an indel (Chr17:7200613; CAA>C) which was not associated with SHBG (p = 2.00E-5) or testosterone (p = 0.47). Of 260 SNPs in non-SHBG loci, 174 were not associated with SHBG or testosterone (Supplementary Females.xlsx File, Sheet D; Figures S2, S3). Of these 174 loci, only 38 were associated with BFPAdj in males at GWS. The directions of effect were consistent in both sexes with effect sizes being generally smaller in males (Figures S4, S5). After, further clumping of these 174 SNPs with r2< 0.001, 140 SNP were left, and they explained 2.60% of the variation in BFPAdj in females (Supplementary Females.xlsx File, Sheet J).





Novel autosomal BFPAdj loci

Of these 174 SNPs, 169 were not associated with BFP in prior published GWAS (12)and 104 were not identified by Neale’s round 2 GWAS results of BFP in females (Supplementary Females.xlsx File, Sheet I; Figure S6). Ten of these SNPs have not been associated with any adiposity related phenotypes (Table 1), fat depots (Table S6), HDL, TG, T2D or CAD previously (Supplementary Females.xlsx File, Sheet E). Of these 10 SNPs, rs11577023 (p = 0.026) and rs56385874 (p = 0.045) were nominally associated with albumin; rs11184828 was nominally associated with SHBG (p = 0.025); and rs531470369 was nominally associated with testosterone (p = 0.044). No other association was observed between these SNPs and albumin, SHBG or testosterone (p >0.05) (Table S7).





Association of autosomal BFPAdj GWAS loci with cardiometabolic phenotypes

Of 174 autosomal SNPs associated with BFPAdj in females, the majority (132, 75%) did not associate with cardiometabolic phenotypes. Forty-two SNPs were associated with lipid levels, T2D, CAD or fat depots with some associated with multiple traits: HDL: 29, TG: 24, T2D: 4, CAD: 3, GFAT: 5, VAT: 1, and ASAT: 1 (Table 2; Figure 4; Supplementary Females.xlsx File, Sheet E).





Autosomal BFPAdj GWAS loci with paradoxical effects on cardiometabolic phenotypes

Eighteen SNPs had paradoxical associations with BFPAdj and HDL (i.e. the direction of effect on BFPAdj and HDL was the same); and 16 had paradoxical associations with BFPAdj and TG (i.e. the direction of effect on BFPAdj was the opposite of effect direction on TG) with 13 having paradoxical associations with both HDL and TG. This included a rare rs150090666 (Chr11:14,865,399, Freq = 0.001) stop-gain (CGA>TGA, Arg861>*) variant within PDE3B (NP_001350499.1) with a large effect on BFPAdj (β (SE) = 2.02 (0.33), -log10(p) = 9.05) as well as HDL (β (SE) = 0. 458 (0.039), p = 1.40E-32) and TG (β (SE) = -0.418 (0.039), p = 1.66E-27) (Figure 5B). Rare coding variants in PDE3B have been associated with BMI adjusted WHR in sex-combined analyses previously (10, 40). Of the 13 SNPs with paradoxical effect on HDL and TG, nine were associated with WHR adjusted for BMI all with opposite direction of effect on BFPAdj and WHR. Four SNPs including rs386652275 (Chr2:165,533,198; TC>T; COBLL1), rs11057405 (Chr12:122,781,897; A>G; CLIP1), rs74841570 (Chr12:124,407,903; C>A; DNAH10), and rs11057402 (Chr12:124,430,767; A>T; CCDC92) were associated with GFAT. For all 4 SNPs, the BFPAdj increasing allele associated with increased GFAT and improved lipids (higher HDL and lower TG).

The BFPAdj lowering allele of rs13303359 (Chr1: 203,518,873, C>A; OPTC) was associated with lower ASAT, lower HDL and higher TG (Table 2, Figure 5B).





Chr X

930,172 SNPs on Chr X were tested for association with BFPAdj. There were 468 GWS SNPs all in one locus (rs12011976: Chr23:109,836,588) (Figure S7B; Supplementary Females.xlsx File, Sheets F, G). This locus has been associated with SHBG, testosterone and adiposity related phenotypes previously. It was also associated with BFPAdj in males.





HLA imputation

None of the HLA haplotypes reached GWS threshold (Supplementary Females.xlsx File, Sheet H).





MR

The MR Egger method showed significant positive causal effect of BFPAdj on HDL (β (SE) = 0.047 (0.022), p = 0.028) with significant evidence for directional pleiotropy (p = 0.017) and heterogeneity (p< 2E-110). However, this result and the direction of effect was not supported by the other four MR methods. Both weighted median (β (SE) = -0.013 (0.003), p = 1.54E-5) and simple mode (β (SE) = -0.038 (0.010), p = 3.75E-4) showed that BFPAdj has negative causal effect on HDL. IVW and weighted mode did not show any significant causal effects but the direction of effect was consistent with weighted median and simple mode methods (Supplementary Females.xlsx File, Sheets K, L).

The MR Egger method did not show any significant causal effect for BFPAdj on T2D (p = 0.65), CAD (p = 0.86) or TG (p = 0.066). Some, but not all, of the other methods showed significant associations but collectively we did not find any reliable evidence that increased BFPAdj increases risk of T2D, CAD or TG levels; and there was highly significant evidence for heterogeneity (p< 2E-75). There was no evidence for directional pleiotropy (p >0.05) (Supplementary Females.xlsx File, Sheets K, L).

Similar to males, single SNP MR results demonstrated three groups of SNPs suggesting positive, negative and no significant causal effect of BFPAdj on the four outcomes consistent with high levels of heterogeneity.

None of the SNPs made significant difference in MR analysis results of T2D, CAD, HDL or TG in the leave-one-out analysis (Supplementary Females MR Plots). No SNP was deemed an outlier instrument by the MR-PRESSO horizontal pleiotropic outlier detection. All instruments withstood Steiger filtering.

Using the LCV model, we found positive genetic correlations between BFPAdj and T2D and CAD, and a negative genetic correlation between BFPAdj and HDL, yet no evidence suggested causal effect of BFPAdj on these traits (all estimated gcp<0.6; Table S8).






SNP x sex interaction GWAS

312,274 subjects and 28,442,141 SNPs were included in the GWAS (GC lambda for SNP x Sex = 1.03). Only 25 SNPs in 4 loci reached the GWS threshold: rs754823863, rs16885587, rs5030937 and rs55745760 (Figure 3C, Table S9). rs754823863 and rs55745760 were not GWS associated with BFPAdj in males or females whereas rs16885587 and rs5030937 were associated with BFPAdj in only females (Table S10).






Discussion

We performed sex-stratified GWAS of BFPAdj in the UK Biobank including SHBG and testosterone in the model. Our data suggests that 1. This approach increases the power to detect BFP associated loci. 2. The majority of BFPAdj loci do not overlap between sexes at GWS 3. BFPAdj loci generally do not appear to have significant deleterious cardiometabolic effects.




Genetic determinants of BFPAdj

We identified 193 autosomal loci in males and 174 autosomal loci in females associated with BFPAdj a significant increase from the 12 loci identified in a previously published BFP GWAS (12). The identified loci explained 3.35% and 2.60% of the variation in BFPAdj in males and females, respectively; whereas 12 previously identified loci explained only 0.57% of the variation in BFP (12). Of these, 94 loci in males and 104 loci in females were not identified in unpublished analyses by the Neale lab. Seven loci in males (including two on Chr X) and 10 in females have not been associated with any adiposity related/cardiometabolic traits previously. Despite adjustment for SHBG and testosterone, a minority of loci (38 loci) were associated with BFPAdj in both sexes at GWS, underscoring the differential genetic regulators of BFPAdj by sex.

Eight out of twelve previously reported loci for BFP (12) were associated with BFPAdj in both males and females in our analyses. Another locus, IRS1 (insulin receptor substrate 1), was only associated with BFPAdj in males. The other three loci were not replicated in males or females: SPRY2, IGF2BP1 and CRTC1. There were multiple independent signals in FTO for males and in COBLL1 for females (Table S11).





Association of BFPAdj loci with cardiometabolic disease

Intriguingly, the majority of identified BFPAdj loci in males and females did not associate with lipid levels or cardiometabolic diseases such as T2D (13 out of 193 and 4 out of 174 in males and females, respectively) or CAD (5 and 3 in males and females, respectively). A number of BFPAdj increasing alleles, were paradoxically associated with higher HDL and lower TG, and in some cases reduced risk of T2D and CAD. They were also often associated with lower WHR and in some cases increased GFAT. In our primary MR analysis, we employed the MR Egger method to investigate the potential causal effect of BFPAdj on HDL, TG, T2D, and CAD, since this method can detect and account for directional pleiotropy (41). The results obtained through the MR Egger method did not provide substantial evidence to support a causal relationship between BFPAdj and these health outcomes. This finding aligns with the results from the LCV model, which also detected genetic correlation but did not provide support for a causal link. Notably, although significant results were produced by alternative MR methods, such as the weighted median, simple mode, and weighted mode methods, these methods impose the condition that the majority of the instruments should not be influenced by horizontal pleiotropy, which is an elusive assumption for exposures with a polygenic architecture. Additionally, the significant variations observed in the estimated causal effects across different genetic instruments used in the analysis raise concerns about the potential violation of instrumental variable assumptions, which could introduce bias into these methods. Taken together, consistent with previous data, our findings based on the MR Egger method and LCV model indicate that higher BFPAdj, in the absence of deleterious fat distribution, likely does not increase cardiometabolic risk. It is also likely indicative of the contribution of testosterone/SHBG, which are not associated with these variants, to cardiometabolic phenotypes (13, 14).

Previous genetic studies have not reported adverse metabolic effects of reduced ASAT (10). At the OPTC locus the BFPAdj lowering allele associated with reduced ASAT, lower HDL and higher TG. Whether the metabolic effects are due to reduced ASAT is not established. At another locus on Chr19 between CEBPG and CEBPA, a variant associated with higher BFPAdj and VAT in females but not males was also associated with higher HDL levels (in both sexes) potentially suggesting the HDL increase is independent of fat distribution. At APOC1-APOE locus, we observed BFPAdj increasing alleles which were associated with both lower HDL, lower TG and higher risk of CAD. This locus has been associated with total and LDL cholesterol as well as statin use, which may influence the association with CAD (42, 43).





Gene expression analyses

We investigated whether novel identified SNPs affected gene expression in different tissues based on the Genotype-Tissue Expression (GTEx) project v8 (44, 45) with a more specific focus in visceral adipose tissue. We report that the novel loci did not affect expression of the genes that SNPs are located in or the nearest genes to the SNP (Table S12). For example, rs2941584 (Chr2: 54,881,621) is an intronic SNP within SPTBN1 and is an expression quantitative trait loci (eQTL) for another gene in its vicinity, EML6 which might be a more relevant gene as variants within EML6 have been associated with extreme obesity previously (46). Another example is rs4962671 (Chr10:126,305,434) an intergenic SNP between FAM53B and LHPP which is an eQTL in visceral adipose tissue for METTL10 (Chr10:126,447,406-126,480,439) ~142 kb away. rs56385874 (Chr19: 47,282,245) is also an intronic SNP within SLC1A5 but it is eQTL in visceral adipose tissue for two other genes: FKRP and PRKD2 20 and 62 kb away from the SNP, respectively. This data highlights candidate genes for further functional studies.





Limitations

Our study had some limitations. The participation rate in UK Biobank at baseline was 5.5% of invitees, with higher participation rate in females than males, and participants were less likely to be obese and more healthier than the general population (47). Mean and variance of BFP were different in males and females. Therefore, for SNPs with similar effect size in both sexes, a larger sample size was required to detect the association in females than males. For example, the required sample size (power >80% & α = 0.05) to detect association of a SNP with MAF of 20% and effect estimate of 1 was 879 and 1,198 in males and females, respectively. It is likely that BFP was influenced by menopause status. The UK Biobank age ranged between 40-70 years and ~72% of the females had undergone either hysterectomy or menopause at baseline (UDI 2724-0.0) of whom ~50% had a history of hormone replacement therapy (HRT) use. More in-depth studies stratified by menopause status and HRT use will be informative. We did not include estradiol as a covariate in the model for females because the majority of them had the values that were either above or below the detection limit (48). These could result in biased estimates. We excluded any SNP associated with SHBG or testosterone at GWS to avoid collider bias (27). However, there might be loci that were associated with SHBG or testosterone but did not reach this level of significance due to lack of statistical power. Nevertheless, of the 17 newly identified loci (Table 1), the majority were not associated with SHBG or testosterone at all (p<0.05) and only four were nominally associated with either SHBG or testosterone (p<0.001) (Table S7) suggesting there is little evidence for collider bias. Using this approach, we avoided collider bias to achieve our aim of identification of loci associated with BFP independent of SHBG or testosterone. However, we could not identify loci with pleiotropic effect affecting multiple correlated phenotypes i.e. SHBG, testosterone and BFP. Multivariate approaches can help to identify these loci and are more powerful than the standard GWAS approach of analyzing one phenotype at a time (49, 50). ASAT, VAT, GFAT sample sizes were relatively small, therefore low statistical power could produce false negative results.






Conclusion

By undertaking sex-stratified analyses adjusted for SHBG and testosterone, we have identified several novel BFPAdj associated loci with limited overlap between sexes at GWS. Further, the majority of BFPAdj increasing alleles at identified loci did not associate with adverse cardiometabolic parameters. MR analyses did not provide convincing evidence that that increased BFPAdj has deleterious cardiometabolic effects which likely underscores the contribution of SHBG and testosterone to fat distribution and cardiometabolic traits.





Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: This research has been conducted using the UK Biobank Resource under Application Number 48873. The summary stats for BFPAdj GWAS in males and females are available on MY.LOCUSZOOM.ORG: https://my.locuszoom.org/gwas/915413/?token=afa2e57d233c48ff972be83bf4360881 https://my.locuszoom.org/gwas/204024/?token=0fb3b984ef1f42a796a3b62de51b5daa They also will become available in the NHGRI-EBI GWAS catalogue upon publication.





Ethics statement

The studies involving humans were approved by The Hospital for Sick Children. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

DR: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing. TL: Formal Analysis, Investigation, Methodology, Writing – original draft. AP: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – review & editing. SD: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.





Funding

The authors declare financial support was received for the research, authorship, and/or publication of this article. This research has been conducted using the UK Biobank Resource under Application Number 48873, and is supported by CIHR (Grant #175041) and Heart & Stroke Foundation of Canada (Grant # G-21-0031489). TL has been supported by a Schmidt AI in Science Postdoctoral Fellowship. The Genotype-Tissue Expression (GTEx) Project was supported by the Common Fund of the Office of the Director of the National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS. The data used for the analyses described in this manuscript were obtained from the GTEx Portal on 01/01/23.





Conflict of interest

Author TL was employed by 5 Prime Sciences Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be constructed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1274791/full#supplementary-material




References

1. Collaborators GBDO, Afshin, A, Forouzanfar, MH, Reitsma, MB, Sur, P, Estep, K, et al. Health effects of overweight and obesity in 195 countries over 25 years. N Engl J Med (2017) 377(1):13–27. doi: 10.1056/NEJMoa1614362

2. Sarma, S, Sockalingam, S, and Dash, S. Obesity as a multisystem disease: Trends in obesity rates and obesity-related complications. Diabetes Obes Metab (2021) 23 Suppl 1:3–16. doi: 10.1111/dom.14290

3. Pulit, SL, Stoneman, C, Morris, AP, Wood, AR, Glastonbury, CA, Tyrrell, J, et al. Meta-analysis of genome-wide association studies for body fat distribution in 694 649 individuals of European ancestry. Hum Mol Genet (2019) 28(1):166–74. doi: 10.1093/hmg/ddy327

4. Yengo, L, Sidorenko, J, Kemper, KE, Zheng, Z, Wood, AR, Weedon, MN, et al. Meta-analysis of genome-wide association studies for height and body mass index in ∼700000 individuals of European ancestry. Hum Mol Genet (2018) 27(20):3641–9. doi: 10.1093/hmg/ddy271

5. Yaghootkar, H, Lotta, LA, Tyrrell, J, Smit, RA, Jones, SE, Donnelly, L, et al. Genetic evidence for a link between favorable adiposity and lower risk of type 2 diabetes, hypertension, and heart disease. Diabetes (2016) 65(8):2448–60. doi: 10.2337/db15-1671

6. Lotta, LA, Wittemans, LBL, Zuber, V, Stewart, ID, Sharp, SJ, Luan, J, et al. Association of genetic variants related to gluteofemoral vs abdominal fat distribution with type 2 diabetes, coronary disease, and cardiovascular risk factors. JAMA (2018) 320(24):2553–63. doi: 10.1001/jama.2018.19329

7. Lotta, LA, Gulati, P, Day, FR, Payne, F, Ongen, H, van de Bunt, M, et al. Integrative genomic analysis implicates limited peripheral adipose storage capacity in the pathogenesis of human insulin resistance. Nat Genet (2017) 49(1):17–26. doi: 10.1038/ng.3714

8. Akbari, P, Sosina, OA, Bovijn, J, Landheer, K, Nielsen, JB, Kim, M, et al. Multiancestry exome sequencing reveals INHBE mutations associated with favorable fat distribution and protection from diabetes. Nat Commun (2022) 13(1):4844. doi: 10.1038/s41467-022-32398-7

9. Huang, LO, Rauch, A, Mazzaferro, E, Preuss, M, Carobbio, S, Bayrak, CS, et al. Genome-wide discovery of genetic loci that uncouple excess adiposity from its comorbidities. Nat Metab (2021) 3(2):228–43. doi: 10.1038/s42255-021-00346-2

10. Agrawal, S, Wang, M, Klarqvist, MDR, Smith, K, Shin, J, Dashti, H, et al. Inherited basis of visceral, abdominal subcutaneous and gluteofemoral fat depots. Nat Commun (2022) 13(1):3771. doi: 10.1038/s41467-022-30931-2

11. Rothman, KJ. BMI-related errors in the measurement of obesity. Int J Obes (Lond) (2008) 32 Suppl 3:S56–9. doi: 10.1038/ijo.2008.87

12. Lu, Y, Day, FR, Gustafsson, S, Buchkovich, ML, Na, J, Bataille, V, et al. New loci for body fat percentage reveal link between adiposity and cardiometabolic disease risk. Nat Commun (2016) 7:10495. doi: 10.1038/ncomms10495

13. Ruth, KS, Day, FR, Tyrrell, J, Thompson, DJ, Wood, AR, Mahajan, A, et al. Using human genetics to understand the disease impacts of testosterone in men and women. Nat Med (2020) 26(2):252–8. doi: 10.1038/s41591-020-0751-5

14. Yassin, A, Haider, A, Haider, KS, Caliber, M, Doros, G, Saad, F, et al. Testosterone therapy in men with hypogonadism prevents progression from prediabetes to type 2 diabetes: eight-year data from a registry study. Diabetes Care (2019) 42(6):1104–11. doi: 10.2337/dc18-2388

15. Haider, KS, Haider, A, Saad, F, Doros, G, Hanefeld, M, Dhindsa, S, et al. Remission of type 2 diabetes following long-term treatment with injectable testosterone undecanoate in patients with hypogonadism and type 2 diabetes: 11-year data from a real-world registry study. Diabetes Obes Metab (2020) 22(11):2055–68. doi: 10.1111/dom.14122

16. Saad, F, Doros, G, Haider, KS, and Haider, A. Differential effects of 11 years of long-term injectable testosterone undecanoate therapy on anthropometric and metabolic parameters in hypogonadal men with normal weight, overweight and obesity in comparison with untreated controls: real-world data from a controlled registry study. Int J Obes (Lond) (2020) 44(6):1264–78. doi: 10.1038/s41366-019-0517-7

17. Corbould, A. Effects of androgens on insulin action in women: is androgen excess a component of female metabolic syndrome? Diabetes Metab Res Rev (2008) 24(7):520–32. doi: 10.1002/dmrr.872

18. Loh, NY, Humphreys, E, Karpe, F, Tomlinson, JW, Noordam, R, and Christodoulides, C. Sex hormones, adiposity, and metabolic traits in men and women: a Mendelian randomisation study. Eur J Endocrinol (2022) 186(3):407–16. doi: 10.1530/EJE-21-0703

19. Flynn, E, Tanigawa, Y, Rodriguez, F, Altman, RB, Sinnott-Armstrong, N, and Rivas, MA. Sex-specific genetic effects across biomarkers. Eur J Hum Genet EJHG (2021) 29(1):154–63. doi: 10.1038/s41431-020-00712-w

20. Hansen, GT, Sobreira, DR, Weber, ZT, Thornburg, AG, Aneas, I, Zhang, L, et al. Genetics of sexually dimorphic adipose distribution in humans. Nat Genet (2023) 55(3):461–70. doi: 10.1038/s41588-023-01306-0

21. Mahajan, A, Spracklen, CN, Zhang, W, Ng, MCY, Petty, LE, Kitajima, H, et al. Multi-ancestry genetic study of type 2 diabetes highlights the power of diverse populations for discovery and translation. Nat Genet (2022) 54(5):560–72. doi: 10.1038/s41588-022-01058-3

22. Aragam, KG, Jiang, T, Goel, A, Kanoni, S, Wolford, BN, Atri, DS, et al. Discovery and systematic characterization of risk variants and genes for coronary artery disease in over a million participants. Nat Genet (2022) 54(12):1803–15. doi: 10.1038/s41588-022-01233-6

23. Graham, SE, Clarke, SL, Wu, KH, Kanoni, S, Zajac, GJM, Ramdas, S, et al. The power of genetic diversity in genome-wide association studies of lipids. Nature (2021) 600(7890):675–9. doi: 10.1038/s41586-021-04064-3

24. Team, RC. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. (2022) Available at: https://www.R-project.org/.

25. Mbatchou, J, Barnard, L, Backman, J, Marcketta, A, Kosmicki, JA, Ziyatdinov, A, et al. Computationally efficient whole-genome regression for quantitative and binary traits. Nat Genet (2021) 53(7):1097–103. doi: 10.1038/s41588-021-00870-7

26. Kilpeläinen, TO, Zillikens, MC, Stančákova, A, Finucane, FM, Ried, JS, Langenberg, C, et al. Genetic variation near IRS1 associates with reduced adiposity and an impaired metabolic profile. Nat Genet (2011) 43(8):753–60. doi: 10.1038/ng.866

27. Aschard, H, Vilhjálmsson, BJ, Joshi, AD, Price, AL, and Kraft, P. Adjusting for heritable covariates can bias effect estimates in genome-wide association studies. Am J Hum Genet (2015) 96(2):329–39. doi: 10.1016/j.ajhg.2014.12.021

28. Pei, YF, Liu, YZ, Yang, XL, Zhang, H, Feng, GJ, Wei, XT, et al. The genetic architecture of appendicular lean mass characterized by association analysis in the UK Biobank study. Commun Biol (2020) 3(1):608. doi: 10.1038/s42003-020-01334-0

29. Rask-Andersen, M, Karlsson, T, Ek, WE, and Johansson, Å. Genome-wide association study of body fat distribution identifies adiposity loci and sex-specific genetic effects. Nat Commun (2019) 10(1):339. doi: 10.1038/s41467-018-08000-4

30. Sollis, E, Mosaku, A, Abid, A, Buniello, A, Cerezo, M, Gil, L, et al. The NHGRI-EBI GWAS Catalog: knowledgebase and deposition resource. Nucleic Acids Res (2022) 51(D1):D977–85. doi: 10.1093/nar/gkac1010

31. Hemani, G, Zheng, J, Elsworth, B, Wade, KH, Haberland, V, Baird, D, et al. The MR-Base platform supports systematic causal inference across the human phenome. Elife (2018) 7:e34408. doi: 10.7554/eLife.34408

32. Skrivankova, VW, Richmond, RC, Woolf, BAR, Yarmolinsky, J, Davies, NM, Swanson, SA, et al. Strengthening the reporting of observational studies in epidemiology using mendelian randomization: the STROBE-MR statement. Jama (2021) 326(16):1614–21. doi: 10.1001/jama.2021.18236

33. Skrivankova, VW, Richmond, RC, Woolf, BAR, Davies, NM, Swanson, SA, VanderWeele, TJ, et al. Strengthening the reporting of observational studies in epidemiology using mendelian randomisation (STROBE-MR): explanation and elaboration. BMJ (Clinical Res ed) (2021) 375:n2233. doi: 10.1136/bmj.n2233

34. Bowden, J, Davey Smith, G, Haycock, PC, and Burgess, S. Consistent estimation in mendelian randomization with some invalid instruments using a weighted median estimator. Genet Epidemiol (2016) 40(4):304–14. doi: 10.1002/gepi.21965

35. Hartwig, FP, Davey Smith, G, and Bowden, J. Robust inference in summary data Mendelian randomization via the zero modal pleiotropy assumption. Int J Epidemiol (2017) 46(6):1985–98. doi: 10.1093/ije/dyx102

36. Verbanck, M, Chen, CY, Neale, B, and Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat Genet (2018) 50(5):693–8. doi: 10.1038/s41588-018-0099-7

37. Burgess, S, and Thompson, SG. Avoiding bias from weak instruments in Mendelian randomization studies. Int J Epidemiol (2011) 40(3):755–64. doi: 10.1093/ije/dyr036

38. Hemani, G, Tilling, K, and Davey Smith, G. Orienting the causal relationship between imprecisely measured traits using GWAS summary data. PloS Genet (2017) 13(11):e1007081. doi: 10.1371/journal.pgen.1007081

39. O'Connor, LJ, and Price, AL. Distinguishing genetic correlation from causation across 52 diseases and complex traits. Nat Genet (2018) 50(12):1728–34. doi: 10.1038/s41588-018-0255-0

40. Emdin, CA, Khera, AV, Chaffin, M, Klarin, D, Natarajan, P, Aragam, K, et al. Analysis of predicted loss-of-function variants in UK Biobank identifies variants protective for disease. Nat Commun (2018) 9(1):1613. doi: 10.1038/s41467-018-03911-8

41. Bowden, J, Davey Smith, G, and Burgess, S. Mendelian randomization with invalid instruments: effect estimation and bias detection through Egger regression. Int J Epidemiol (2015) 44(2):512–25. doi: 10.1093/ije/dyv080

42. Klimentidis, YC, Arora, A, Newell, M, Zhou, J, Ordovas, JM, Renquist, BJ, et al. Phenotypic and genetic characterization of lower LDL cholesterol and increased type 2 diabetes risk in the UK biobank. Diabetes (2020) 69(10):2194–205. doi: 10.2337/db19-1134

43. Dönertaş, HM, Fabian, DK, Valenzuela, MF, Partridge, L, and Thornton, JM. Common genetic associations between age-related diseases. Nat Aging (2021) 1(4):400–12. doi: 10.1038/s43587-021-00051-5

44. Consortium TG. GTEx portal . Available at: https://gtexportal.org/home/.

45. Consortium GT. The GTEx Consortium atlas of genetic regulatory effects across human tissues. Science (2020) 369(6509):1318–30. doi: 10.1126/science.aaz1776

46. Cotsapas, C, Speliotes, EK, Hatoum, IJ, Greenawalt, DM, Dobrin, R, Lum, PY, et al. Common body mass index-associated variants confer risk of extreme obesity. Hum Mol Genet (2009) 18(18):3502–7. doi: 10.1093/hmg/ddp292

47. Fry, A, Littlejohns, TJ, Sudlow, C, Doherty, N, Adamska, L, Sprosen, T, et al. Comparison of sociodemographic and health-related characteristics of UK biobank participants with those of the general population. Am J Epidemiol (2017) 186(9):1026–34. doi: 10.1093/aje/kwx246

48. Schmitz, D, Ek, WE, Berggren, E, Höglund, J, Karlsson, T, and Johansson, Å. Genome-wide association study of estradiol levels and the causal effect of estradiol on bone mineral density. J Clin Endocrinol Metab (2021) 106(11):e4471–e86. doi: 10.1210/clinem/dgab507

49. Turley, P, Walters, RK, Maghzian, O, Okbay, A, Lee, JJ, Fontana, MA, et al. Multi-trait analysis of genome-wide association summary statistics using MTAG. Nat Genet (2018) 50(2):229–37. doi: 10.1038/s41588-017-0009-4

50. O'Reilly, PF, Hoggart, CJ, Pomyen, Y, Calboli, FC, Elliott, P, Jarvelin, MR, et al. MultiPhen: joint model of multiple phenotypes can increase discovery in GWAS. PloS One (2012) 7(5):e34861. doi: 10.1371/journal.pone.0034861




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Roshandel, Lu, Paterson and Dash. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1274791-g003.jpg
i kil

)a)lml.

;ﬂ MMW&“WWIMLMWMI“M






OEBPS/Images/fendo-14-1274791-g001.jpg
Count

(- ghrpot

IEEEEE

UK Biobank Meta-GWAS Summary Statistics

T2D: 74,124 cases & 824,006 Controls (Sex Combined)
CAD: 181,522 Cases & 984,168 Controls (Sex Combined)

9000

HDL & TG: 1,654,960 (51% Females, Sex Stratified)

MRI-Derived Regional Fat Depots

Sex 38,965 (51% Females, Sex-Stratified) @
o W Female
= Male

%000-

2-Sample MR
Causal Association of BFPAd]

5 . e - with T2D, CAD, HDL & TG
L GWS BFPAd] Loci Associations with T2D, CAD,
-8 HDL, TG & Regional Fat Depots

Body Fat Percentage

BFPAdj GWAS in Males (N = 157,937)

SHBG

e
MWWW’W"WPWHM M" _m!lwl W“]

cobus o whiom »,M‘L ,

wraadsaes

BFPAdj GWAS in Females (N = 154,337)

weda1





OEBPS/Images/fendo.2023.1274791_cover.jpg
& frontiers | Frontiers in Endocrinology

Beyond apples and pears: sex-specific
genetics of body fat percentage





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Beyond apples and pears: sex-specific genetics of body fat percentage

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Study population

          

            		

              Inclusion criteria

            



            		

              Exclusion criteria

            



          



          



          		

            Association of covariates with BFP

          



          		

            GWAS

          



          		

            HLA imputation

          



          		

            Mendelian randomization

          



        



        



        		

          Results

        

          		

            Males

          

            		

              Autosomal GWAS

            



            		

              Novel autosomal BFPAdj loci

            



            		

              Association of autosomal BFPAdj GWAS loci with cardiometabolic phenotypes

            



            		

              Autosomal BFPAdj GWAS loci with paradoxical effects on lipids, T2D and CAD

            



            		

              Chr X

            



            		

              HLA imputation

            



            		

              MR

            



          



          



          		

            Females

          

            		

              Autosomal GWAS

            



            		

              Novel autosomal BFPAdj loci

            



            		

              Association of autosomal BFPAdj GWAS loci with cardiometabolic phenotypes

            



            		

              Autosomal BFPAdj GWAS loci with paradoxical effects on cardiometabolic phenotypes

            



            		

              Chr X

            



            		

              HLA imputation

            



            		

              MR

            



          



          



          		

            SNP x sex interaction GWAS

          



        



        



        		

          Discussion

        

          		

            Genetic determinants of BFPAdj

          



          		

            Association of BFPAdj loci with cardiometabolic disease

          



          		

            Gene expression analyses

          



          		

            Limitations

          



        



        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1274791-g004.jpg





OEBPS/Images/table2.jpg
A Males

BFPA) WHR Ad) BMI HoL - ASAT 20

8P (HG19) A mFREQ Lociop LoGiop. Lociop LoGI0P LOGI0P. Loc10p LoGiop LoGiop.

78038190 2 aweews | PRKAGY 09 0% s oms  ost o Be o ses o 5% 007 196 n 008 635 0 ess
mi2ess® 2 e | NYAR T G 0% 027 s oo0 | oo | o B3R 00 RS 009 34 005 12 09 | e o7 4% oo om
mSOSSTS 3 R4oms | PRARG A 0% os | oma o o 005 was | oss | ne o s 001 000 o wm o1 o oo 12
a7 3 asosesi | Tsm A T 0% on | o om2 0 oo 2es w05 | s 00 154 oo 0 o 496 09 om 006 5%
snemm 4 agug | G TA | T 0 o s A N 0w we | om | wm | oo 0w oo 057 % | om NA o 135
o9msst 6 wgwase | VEGRA A | C o2 ol sm o ooy us | 03 w3 4 | 7 oo 155 o | ool o7 s | oo 64 oo use
oo Bodesoss | KU G| T o om s oms  2n | om  wa | oo | mas | oo o 002 we oms | oo o0 | oma | om | sa
narsole 9 wsem | DMK C T o7 ol 74 oms | os | oo us% | ool | sl o0 s o3 ou on 0 s 289 oo o
SABTE 12| ewssz | DNAHD A | G 06 07 | v ome | 8| o0 w2 o e | 003 10 o0 092 005 53 003 547 003 540
m7iGr assas | e A | G om nss | ams | 75 0w muo oo | us | om s o | os o0 0 003 om | e
msiz 18 eossas bl T ee  om | o7s oom | ou oo m o me | om 088 01 I n Los 00 ne | o 300
mseto! 19| wesaus | D C T 0% o6 oo e s o2 w2 om | we | om o7 o005 | o | om o0 89 o 0
wosow’ 19 mewsw | PED T os i | a8 002 | ox 02w oo | nes oo 03 001 03 " a8 o0 sn o0 @
mne2 | 19| asass | AC | A | G 0ss | ox | 7o NA NA 07 e a1 sm | ass 150 on 09 oo | om N Na s | s
a6t 2| wmwes | MAE A o ow | w0 oo e em me o ee | owes | o mo om0 00 sn 003 3% oo 007

Stratified
BFPA) WHR Ad) BMI HoL T ASAT GeAT 20
8P (HG19) AFREQ LOGI0P. LoGi0P. LoGtop LoG10P LOGI0P. Loc10p LoGiop B
303 L msses | oc  c | A ow o s om: s o0 was oo Bas 0 9% 003 260 o0 5 003 o001 10
w6275 2| eSSBS | COBLI TC | T 0% s | s A NA 005 a0 ose | s oo o; oot e e N N o0 030
momsz 8| oxneee | TNKS | G| A o4 o7 | e | o | 4z oor w2 om | us | oo 03 0 20 a0 07| oses | o; o0 137
moossns 8 a9 Kol © | T os o2 oo os | om | mx o@ | 100 | 00 50 01 021 o0 0w Na N 001 L
o390 o osamow | FAR A ese ow o o ne | 0w e 40 | e o1 036 02 oss 005 wn oo 0% oo onm
w9066 1| s | PDE T | C o | 20 | 905 03 | M3 46 WS 02 | 2678 NA NA A NA NA N NA NA NA A
TS 2 menss | PEA A C 0w | o | om | om0 | 4m o2 me | om | mes | om 2 oo o o 10 on 1 001 00
slois 12 un A L T T e R T S A T 07 | s o9 008 23 01 03
BUGSS  12 Ilsass wR A G 0% om | est o6 24 oo o7 ame | ises | 00 136 o0 | am 009 s oo | o4 oo | om
w90 12 s KMTSA T C 0% 03 oy o0 2o 008 o nx | om 1 0 om 006 192 0 o oo om0
sSSP 12 adrss | DNAMID | A 095 03 93 oo | S oot | 228 oo 158 ool 005 on sis | an | o ™ 008 300
s | 12| ez | cobom | A | T 0s | o ms oo s | 0 W4 0o | usL | oo 051 oo | 200 009 507 o 150 oom | oo
2 1 ase29 | AOE T | € o com | 75| oms | 2% o es | ow | wm om w7 001 05t o0t we oo o007 os | s
nasa0ns 2| wsews | MAE A | G oe | o1s | ng | oms | 7a0 | o ass @ | 24 oo 048 01 o060 o0 a9 | om 3% oo 006

AL Effect Allele; AQ. Non-effect allele; AIFREQ, Frequency of A1 allele; LOGIOP, -logyg (p-value).
“These SNPs remained GWS when both were included in the model (Table $13).

TOnly 157258937 remained GWS when both SNPs were included in the model (Table $13).

“Only rs11057402 remained GWS when both SNPs were included in the model (Table $14).
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A0, Non-effect allele; Al effect allele; AIFREQ, Frequency of Al allel.
“logl0 (p-values) 7.3 (p < SE-8) are shown in bold






