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Background: General obesity is a well-established risk factor for gallstone
disease (GSD), but whether central obesity contributes additional independent
risk remains controversial. We aimed to comprehensively clarify the effect of
body fat distribution on GSD.

Methods: We first investigated the observational association of central adiposity,
characterized by waist-to-hip ratio (WHR), with GSD risk using data from UK
Biobank (N=472,050). We then explored the genetic relationship using summary
statistics from the largest genome-wide association study of GSD (ncase=43,639,
Necontroi=506,798) as well as WHR, with and without adjusting for body mass index
(BMI) (WHR: n=697,734; WHR,4jBMI: n=694,649).

Results: Observational analysis demonstrated an increased risk of GSD with one
unit increase in WHR (HR=1.18, 95%Cl=1.14-1.21). A positive WHR-GSD genetic
correlation (ry =0.41, P=1.42x10"%%) was observed, driven by yet independent of
BMI (WHR,gBMI: ry =0.19, P=6.89x107°). Cross-trait meta-analysis identified four
novel pleiotropic loci underlying WHR and GSD with biological mechanisms
outside of BMI. Mendelian randomization confirmed a robust WHR-GSD causal
relationship (OR=1.50, 95%CI=1.35-1.65) which attenuated yet remained
significant after adjusting for BMI (OR=1.17, 95%ClI=1.09-1.26). Furthermore,
observational analysis confirmed a positive association between general obesity
and GSD, corroborated by a shared genetic basis (rg =0.40, P=2.16x10"*%), multiple
novel pleiotropic loci (N=11) and a causal relationship (OR=1.67, 95%Cl=1.56-1.78).
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Conclusion: Both observational and genetic analyses consistently provide
evidence on an association of central obesity with an increased risk of GSD,
independent of general obesity. Our work highlights the need of considering
both general and central obesity in the clinical management of GSD.

KEYWORDS

gallstone disease, central obesity, observational association, genetic correlation,
genome-wide cross-trait analysis

Introduction

The role of general adiposity, as defined by body mass index
(BMI), is well-characterized in the development of gallstone disease
(GSD). Observational studies have identified an approximately 2-
fold increased risk of GSD among individuals with general adiposity
(1-3). Such a relationship has further been demonstrated by genetic
studies using single nucleotide polymorphisms (SNP) as
instrumental variables (IV). Three Mendelian randomization
(MR) (4-6) have consistently quantified a 1.63-fold increased risk
of GSD per-unit increment in BMI utilizing 97 BMI-associated IVs
as well as 22,195 GSD cases and 472,022 non-cases.

Despite its well-established etiological role, general obesity
alone is insufficient to explain the risk of obesity-related
comorbidities, for which central or abdominal obesity should also
be considered simultaneously for an improved clinical evaluation
(7). Evidence, however, regarding central obesity, represented
mainly by waist-to-hip ratio (WHR) and waist circumference
(WCQC), and the development of GSD remains controversial. While
some studies indicated that central obesity significantly increased
GSD risk (effect sizes ranging from 1.10 to 21.36 for WHR, and
from 1.01 to 3.94 for WC), others failed to support such findings
(Supporting Table S1). Moreover, whether WHR or WC represents
an independent risk factor in addition to BMI remains poorly
understood. Among the only five observational studies that
performed mutual adjustment, four reported a largely attenuated
(26.5%-44.9%) yet significant effect of central obesity on GSD risk
(8-11) while one study showed a null association (12).
Furthermore, genetic studies largely supported a non-independent
role of central obesity for which, despite MRs (4, 5) suggesting a
positive effect of WHR (OR=1.007, 95%CI=1.001-1.013) and WC
(OR=1.81, 95%CI=1.60-2.05) alone, the effect attenuated to null
when taking BMI into consideration (WC,4BMI-GSD: OR=1.09,

Abbreviations: GSD, gallstone disease; BMI, body mass index; WHR, waist-to-
hip ratio; WHRadjBMI, waist-to-hip ratio adjusted for body mass index; WC,
waist circumference; GWAS, genome-wide association study; SNP, single
nucleotide polymorphism; MR, Mendelian randomization; IV, instrumental
variable; LD, linkage disequilibrium; LDSC, linkage-disequilibrium score
regression; CPASSOC, cross-phenotype association analysis; IVW, inverse-

variance weighted.
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95%CI=0.96-1.24). Nevertheless, these MRs used statistics from
genome-wide association studies (GWAS) with a relatively small
number of cases (n=22,195) or IVs (n=34-47) which may result in
insufficient statistical power (5).

The independent role of central obesity thus the additional risk
it brings, despite unclear in GSD, has been confirmed in other
health-related conditions. For example, individuals characterized by
high abdominal fat accumulation, even with normal BMI, showed a
1.31-fold increased risk of all-cause mortality (13) and an almost
doubled risk of cardiometabolic factors (14), reflecting the
importance of central obesity in predicting obesity-related
disease risk.

Current progress in GWAS of GSD (with 43,639 cases and
506,798 controls) (15), WHR and BMI (with nearly 800,000
participants) (16) enables the utilization of a genome-wide cross-
trait analysis, a well-established strategy that effectively
characterizes the genetic architecture underlying observed
phenotypic relationships, facilitating understandings to their
biological mechanisms (17). In this study, we aimed to
comprehensively investigate the role of obesity, both central and
general, in the development of GSD through observational analysis
and genome-wide cross-trait analysis.

Materials and methods

The conceptual framework of this study is shown in Figure 1.
We utilized BMI to reflect general obesity. Despite both WHR and
WC are common predictors for central obesity, WHR appeared to
be more independent from BMI (Pearson’s r~0.4) than WC
(Pearson’s r~0.8) (18) and had more IVs than WC (316 loci vs.
47 loci) (16, 19), and was thus used to represent central obesity. We
further incorporated WHR,4;BMI to represent the independent
effect of central obesity after controlling for general obesity. We
first explored the phenotypic relationship between adiposity and
GSD using data from UK Biobank (UKB). We then conducted a
genome-wide cross-trait analysis to clarify shared genetic basis,
including a quantification of genetic correlation of BMI, WHR,
WHR,4;BMI with GSD, a cross-trait meta-analysis to identify
pleiotropic loci, and a two-sample MR to infer putative

causal associations.
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FIGURE 1

Conceptual framework of this study. GSD, gallstone disease; BMI,
body mass index; WHR, waist-to-hip ratio; WHR,4BMI, waist-to-hip
ratio adjusted for body mass index.

UK Biobank data

The UKB is a large prospective cohort study that recruits
approximately half a million participants aged from 40 to 69 years at
baseline from England, Wales and Scotland between 2006 and 2010.
The National Health Service North West Multi-Centre Research Ethics
Committee approved the study. The research complied with the
Declaration of Helsinki. All participants provided written informed
consent at recruitment, among which only 472,050 individuals of white
descent were included. We defined a diagnosis of GSD based on the
International Classification of Diseases, Tenth Revision (ICD-10) code
“K80“ or Ninth Revision (ICD-9) code “574”. To avoid bias from
population stratification, we excluded participants of Asian (or Asian
British), Black (or Black British) and Mixed descent (n=30,367), and
only considered the remaining 472,050 participants of white descent.
We excluded 9,391 participants with a history of GSD at baseline as
well as 1,312 individuals without BMI or WHR at baseline, leaving
461,336 eligible participants for analysis.

Data sources of BMI, WHR, and WHR,4BMI

The hitherto largest GWAS for BMI, WHR, and WHR,BMI was
performed by meta-analyzing data from the Genetic Investigation of
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ANthropometric Traits (GIANT) consortium and UKB, which
comprised up to 806,834 individuals of European ancestry (16). This
GWAS meta-analyzed estimates across studies using a fixed-effect
inverse-variance-weighted model and identified 670 BMI-associated
index SNPs, 316 WHR-associated index SNPs, and 346 WHR,BMI-
associated index SNPs (P<5x10~%). We utilized these SNPs as [Vs. We
extracted the effect size and other relevant information of these IVs and
downloaded the full set GWAS summary statistics. Details of data
sources are listed in Supporting Table S2.

Data sources of GSD

The hitherto largest GWAS for GSD was conducted by meta-
analyzing data from UKB and FinnGen using a fixed-effect inverse-
variance-weighted model (Supporting Table S2). This GWAS
comprised 550,437 European participants, among which 43,639
individuals were diagnosed with GSD. The diagnostic codes
included ICD-10, ICD-9, OPCS4, OPCS3, Read codes (primary
care), and UKB self-reported codes (15). A total of 75 independent
SNPs (P<5x107%) were identified and used as IVs. We extracted the
effect size and other relevant information of IVs and downloaded
the full set GWAS summary statistics.

Statistical analysis

Observational analysis

We presented baseline characteristics of study participants as
mean * standard deviation (SD) or median + interquartile range
(IQR) for continuous variables, and as frequency (percentage) for
categorical variables.

We classified participants based on the World Health Organization
BMI categories as underweight (<18.5 kg/m?), normal weight (18.5-25
kg/mz), overweight (25-30 kg/mz), obese class I (30-35 kg/mz), obese
class II (35-40 kg/mz), and obese class III (>40 kg/mz) (20). We
classified participants as central obesity when WHR was >0.90 in men
and >0.85 in women (21). We also included BMI and WHR as
continuous variables. We calculated person-year from baseline to
GSD diagnosis, death, loss to follow-up, or end of follow-up,
whichever occurred first. To test the phenotypic correlations of
obesity with the risk of subsequent GSD, we constructed Cox
proportional hazards regression model. We first adjusted for basic
confounders including age, sex, assessment center, and the top 40
genetic principal components. We further adjusted for additional
confounders including total cholesterol, triglycerides, high-density
lipoprotein cholesterol (HDL-C), total bilirubin, diet, sedentary
behavior, tea consumption, coffee consumption, current smoking,
drinking, physical activity, income, Townsend deprivation index,
type 2 diabetes, hypertension, liver disease, chronic kidney disease,
Crohn’s disease, ulcerative colitis, cholecystitis, cholangitis, pancreatitis
sleeve gastrectomy, use of anti-hyperlipidemia medication, anti-blood
pressure medication, and insulin medication. Details of the
confounders were present in Supporting Methods. We finally
mutually adjusted for BMI and WHR. We further performed several
sensitivity analyses to test the robustness of results. First, we excluded
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participants with less than a year of follow-up or a diagnosis of GSD
within a year after enrollment (n=1,992). Then, we excluded
participants who diagnosed with Crohn’s disease, ulcerative colitis,
cholecystitis, cholangitis, and pancreatitis (n=4,948). In addition, we
performed a subgroup analysis by sex.

We performed all statistical analyses using SAS software
(version 9.4, SAS Institute, Cary, NC), and considered a two-
sided P<0.05 as statistical significance.

Global genetic correlation analysis

Genome-wide genetic correlation (r,) quantifies the shared genetic
basis between two traits that is independent of environmental
confounders. We applied linkage disequilibrium score regression
(LDSC) to estimate global genetic correlations of BMI, WHR, and
WHR,¢BMI with GSD using GWAS summary data. LDSC takes
advantage of the fact that the GWAS effect size estimate for each locus
represents the effects of all variants in linkage disequilibrium (LD) with
that locus (22). The genetic correlation estimates range from -1 to +1,
with -1 suggesting a complete negative correlation while +1 indicating
a complete positive correlation. We adopted a Bonferroni-corrected
P<0.017 (0.05/3) as statistical significance.

Cross-trait meta-analysis

We conducted a cross-trait meta-analysis by the method of cross-
phenotype association (CPASSOC) to identify pleiotropy loci
affecting both adiposity and GSD. CPASSOC integrates association
evidence of multiple traits from multiple GWASs and therefore
detects cross-phenotype associations. We adopted Syye¢ (rather than
Stiom) Which allows for heterogeneous effects of a trait from different
studies (23). After CPASSOC, we utilized the PLINK clumping
function to obtain independent shared loci, using parameters “—
clump-pl1 5e-8 —clump-p2 le-5 —clump-r2 0.2 —clump-kb 500”. We
considered a variant with Psmgle_mit<1x10'5 (both traits) and
Pcpassoc<5x10?® as a significant pleiotropic variant.

We assigned each significant pleiotropic SNP into one of the four
categories. First, a “known” SNP, defined as a shared SNP with Pgge.
wait<5x10°® for both single traits. Second, a “single-trait-driven” SNP,
defined as a shared SNP with a Psmgle_mit<5><10’8 for one of the two
single traits. Third, an “LD-tagged” SNP, defined as a shared SNP in
LD with index SNPs identified by single-trait GWAS(s) (LD #>0.2).
Finally, a novel SNP, which was prioritized by us and of particular
interest to us, was defined as a shared SNP neither driven by any single
trait nor in LD with index SNPs identified by single-trait GWAS(s)
(Supporting Methods). We additionally searched GWAS Catalog to
test whether those shared SNPs were already reported as associated
with phenotypes other than BMI, WHR, WHR,4BMI, or GSD.

To provide biological insights into the pleiotropic loci identified
by CPASSOC, we mapped these SNPs to genes and conducted
functional annotation by Ensembl Variant Effect Predictor (24) and
Encyclopedia of DNA Elements (ENCODE) tool HaploReg v4.1 (25).

Tissue enrichment analysis

To identify tissues most relevant to shared genes, we conducted
GTEKx tissue enrichment analysis based on 54 tissue types available
from GTEx (version 8) through functional mapping and annotation of
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genome-wide association studies (FUMA) GENE2FUNC process (26).
We adopted Benjamin-Hochberg procedure to correct for multiple
testing and considered a false discovery rate (FDR) corrected P<0.05 as
statistical significance.

Mendelian randomization analysis

We finally conducted a two-sample MR to make causal
inferences, following STROBE-MR guidelines (Supporting Table
S3) (27), by using the relevant packages in R (version 3.6.3). MR
uses genetic variants that are robustly associated with exposure as an
instrument to assess causal relationships, and depends on three key
assumptions (Supporting Methods). We calculated R* to understand
the proportion of variance in an “exposure” explained by IVs, and F-
statistics to understand the strength of IVs. We also calculated
statistical power based on an online web tool (https://
sb452.shinyapps.io/power/). We applied an inverse-variance
weighted (IVW) method as our primary MR approach. We further
used MR-Egger regression and weighted median methods to test the
robustness of results under relaxed model assumptions. We adopted a
Bonferroni-corrected P<0.017 (0.05/3) as statistical significance. We
determined an effect estimate as causal if it was statistically significant
in IVW and remained directionally consistent in both MR-Egger
regression and weighted median method.

We performed several sensitivity analyses to validify MR results.
First, we excluded pleiotropic IVs which were associated with potential
confounders according to NHGRI-EBI GWAS Catalog. Second, we
excluded palindromic IVs, in which alleles are represented by the same
pair of letters on the forward and the backward strands. Third, we
performed a leave-one-out analysis where one variant was removed at a
time and IVW was performed based on the remaining variants. Fourth,
we applied MR-Pleiotropy Residual Sum and Outlier (MR-PRESSO)
method to evaluate the presence of horizontal pleiotropy and to re-
calculate causal effects after removing the detected outliers. Fifth, we
conducted a reverse-directional MR evaluating the potential causal
effect of GSD on obesity to rule out reverse causality. We also detected
horizontal pleiotropy by MR-Egger intercept and considered
significance when P<0.10. We further performed multivariate MR
(MVMR), a statistical method that allows associations of SNPs with
multiple phenotypes to be included in one model, permitting
estimation of the direct impact of each phenotype on the outcome
(28). Based on literature review, we included an overall healthy diet,
childhood BMI, type 2 diabetes, HDL-C, low-density lipoprotein
cholesterol, chronic kidney disease, non-alcoholic fatty liver disease,
smoking, and alcohol drinking as potential confounders. Details of data
sources of these potential confounders are listed in Supporting Table
S4. To identify a potential sex difference, we performed a sex-specific
MR using sex-specific IVs of BMI, WHR and WHR,4BML.

Results
Observational analysis
The baseline characteristics of study participants are presented in

Supporting Table S5. In total, participants were followed for 5,526,391
person-years with a mean follow-up of 11.98 + 2.21 years, during
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which 15,283 individuals developed GSD. Consistent with previous
findings, overweight defined by a BMI>25 kg/m* was associated with
an almost twofold increased risk of GSD (Table 1). We also observed
an increasing trend of effect with the severity of obesity (Pye,g<0.0001).
When treated as a continuous variable, each unit (five kg/m?) increase
in BMI was also associated with an increased hazard of GSD (HR=1.31,
95%CI=1.28-1.34). The effect was slightly attenuated (8.58%) but
remained significant (HR=1.28, 95%CI=1.25-1.31) after adjusting for
WHR. Similar results were observed in both of the sensitivity analyses
(Supporting Table S6). In the subgroup analysis, we observed a
stronger effect size of overweight and general obesity on GSD in
women than in men (P for interaction = 0.001) (Supporting Table S7).

On the other hand, central obesity as defined by high WHR was
associated with a significantly increased risk of GSD (HR=1.48, 95%
CI=1.40-1.55) (Table 1). The effect remained significant but
attenuated to some extent (43.1%) after adjusting for BMI
(HR=1.25, 95%CI=1.18-1.31). A similar pattern was observed
when replacing the binary variable with continuous variable (per-
unit change WHR-GSD: HR=1.27, 95%CI=1.25-1.30; after
adjusting for BMI: HR=1.18, 95%CI=1.14-1.21). Similar results
were observed in both of the sensitivity analyses (Supporting
Table S6). We observed no significant sex difference in the effect
of central obesity on GSD (Supporting Table S7).

Global genetic correlation

As shown in Table 2, for both BMI (r, =0.40, P=2.16x10"*) and
WHR (r, =0.41, P=1.42x10"), we observed a comparably strong

10.3389/fendo.2024.1367229

genetic correlation with GSD. The WHR-GSD estimate, however,
attenuated to half (53.7%) when the effect of BMI was removed
(WHR,4;BMI-GSD: r, =0.19, P=6.89x10"'°), yet remained
statistically significant. All estimates withstood Bonferroni correction.

Cross-trait meta-analysis

For BMI and GSD, we identified a total of 44 pleiotropic loci

» o«

(Table 3, Supporting Table S8). After excluding “known”, “single-
trait-driven”, or “LD-tagged” loci, we identified 11 novel loci.
Notably, the most significant pleiotropic locus was rs11672660
(Pcpassoc=8.10x107%) mapped to GIPR, a gene associated with
glucose tolerance (29). The most significant novel pleiotropic locus
was 1512900395 (Pcpassoc=8.26x10""%) mapped to PSTPIP1, a gene
involved in immunoregulatory functions (30).

For WHR and GSD, we identified a total of 24 pleiotropic loci
(Table 3, Supporting Table S9), among which four were novel.
Notably, the most significant pleiotropic SNP was rs1558902
(Pcpassoc=9.68x10712%) mapped to FTO, a gene known to affect
obesity-related phenotypes (31). The most significant novel
pleiotropic SNP was rs2457445 (Pepassoc=3.21x10"1), located
in an intergenic region. Among the 24 shared loci, seven were also
found to be shared by BMI-GSD, ten were in LD (r*>0.2) with
BMI-GSD shared loci, and the remaining seven were unique. For
WHR,gBMI and GSD, we identified 24 pleiotropic SNPs when
removing the effect of BMI (Table 3, Supporting Table S9), among
which one locus was novel. The most significant pleiotropic SNP
was 1555747707 (Pcpassoc=5.05x107*) mapped to MLXIPL (also

TABLE 1 Observational relationships between obesity and the risk of subsequent GSD.

Model 1

HR (95%Cl)

Model 2 Model 3

HR (95%Cl) HR (95%Cl)

General Obesity

Normal (BMI: 18.5-25 kg/mz) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Underweight (BMI: >18.5 kg/mz) 0.83 (0.60, 1.16) 0.195 0.62 (0.37, 1.05) 0.076 0.63 (0.37, 1.07) 0.086
Overweight (BMI: 25-30 kg/m?) 1.92 (1.83, 2.01) <0.0001 1.62 (153, 1.73) <0.0001 1.55 (1.45, 1.65) <0.0001
Obese class I (BMI: 30-35 kg/mz) 3.03 (2.88, 3.19) <0.0001 2.21 (2.06, 2.37) <0.0001 2.04 (1.90, 2.20) <0.0001
Obese class IT (BMI: 35-40 kg/mz) 4.06 (3.81, 4.33) <0.0001 2.55 (2.33, 2.80) <0.0001 2.34 (2.13, 2.57) <0.0001
Obese class III (BMI: >40 kg/mz) 4.80 (4.40, 5.23) <0.0001 2.56 (2.26,2.91) <0.0001 2.37 (2.09, 2.70) <0.0001
P for trend <0.0001 <0.0001 <0.0001

BMI per 5 units 1.51 (1.49, 1.53) <0.0001 1.31 (1.28, 1.34) <0.0001 1.28 (1.25, 1.31) <0.0001
Central obesity

Normal (WHR: W<0.85, M<0.9) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Central obesity (WHR: W>0.85, M>0.9) 1.91 (1.85, 1.98) <0.0001 1.48 (1.40, 1.55) <0.0001 1.25 (1.18, 1.31) <0.0001
WHR_per_SD 1.39 (1.38, 1.41) <0.0001 1.26 (1.24, 1.29) <0.0001 1.18 (1.14, 1.22) <0.0001

Model 1: adjusted for age, sex, assessment center, and the top 40 genetic principal components.

Model 2: Model 1 with additional adjustment for total cholesterol, triglycerides, high-density lipoprotein cholesterol, total bilirubin, diet, sedentary behavior, tea consumption, coffee
consumption, current smoking, drinking, physical activity, income, Townsend deprivation index, type 2 diabetes, hypertension, liver disease, chronic kidney disease, Crohn’s disease, ulcerative
colitis, cholecystitis, cholangitis, pancreatitis sleeve gastrectomy, use of anti-hyperlipidemia medication, anti-blood pressure medication, and insulin medication.

Model 3: Model 2 with additional mutual adjustment for BMI and WHR.

W, women; M, men; BMI, body mass index; WHR, waist-to-hip ratio.
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TABLE 2 Genome-wide genetic correlation between GSD and obesity-related traits.

10.3389/fendo.2024.1367229

Trait 1 Trait 2

GSD BMI 0.40 0.029
GSD WHR 041 0.027
GSD WHR ¢;BMI 0.19 0.024

gcov_se
2.16x107 ‘ 0.100 0.008
1.42x107°? ‘ 0.080 0.007
6.89x107'¢ 0.031 0.007

Te genetic correlation; se, standard error; gcov, genetic covariance; GSD, gallstone disease; BMI, body mass index; WHR, waist-to-hip ratio; WHR,4;BML, waist-to-hip ratio adjusted for body

mass index.

known as CHREBP), a gene involved in HDL-C and triglyceride
synthesis (32). The novel pleiotropic locus, rs62130338
(Pepassoc=3.03x1071%), located in JMJDIC gene. Among the 24
shared loci, four were also found to be shared by BMI-GSD, eight
were in LD (#*>0.2) with BMI-GSD shared loci, three were also
found to be shared by WHR-GSD, and the remaining nine
were unique.

We further searched GWAS Catalog to test whether those
shared SNPs were already reported to associate with other
phenotypes. Among the 16 novel shared SNP, most of the loci
were completely novel SNPs, two (rs147233090 for BMI-GSD,
rs9625962 for WHR-GSD) of these were also associated with

triacylglycerol, hemoglobin levels, or calcium levels (Supporting
Table S10). Other detailed annotations of each individual
pleiotropic SNP are shown in Supporting Table S11.

Tissue enrichment analysis

As shown in Supporting Figure SI, we observed significant
enrichment in liver and heart atrial appendage tissues for the
expression of genes shared by BMI and GSD. For WHR and GSD
shared genes, we identified significant enrichment in brain
caudate basal ganglia, brain putamen basal ganglia, and heart

TABLE 3 Cross-trait meta-analysis identified novel pleiotropic loci between obesity-related traits and GSD.

Obesity

Pepassoc Linear GENCODE
BETA p closest genes genes
BMI and GSD
1510424365 19:19310527 G/A 0.012 5.87x10°7 0.059 1.08x10° 2.26x107" RFXANK REXANK
18kb 3’ of
rs11065363 | 12:121388498 T/C 0.011 6.32x10°° 0.049 3.59x10°° | 9.83x107° - HNF1A-AS1
rs12900395 | 15:77310345 G/C 0.009 9.08x10% 0.035 5.92x10°° | 8.26x10"? PSTPIP1 PSTPIP1
151374915 3:71668037 C/IT -0.010 3.58x10"7 -0.038 1.03x10°%° L19x10™" - 35kb 5” of FOXP1
15147233090 | 15:44028047 T/C -0.029 5.49x10°° 0.142 1.33x10”7 | 9.50x10"! CATSPER2P1 1.6kb 5° of U6
1s3744405 17:7193255 AIG 0.008 4.11x10°° 0.035 3.47x10°° | 562x10"° YBX2 YBX2
1s4886838 15:77158170 T/C 0.010 6.14x10° 0.046 2.30x10°° | 7.02x10"° SCAPER SCAPER
156544597 2:43013593 G/T 0.009 3.54x10°° 0.045 2.22x10"7 7.46x107" HAAO HAAO
1576637437 | 10:65079361 C/T -0.015 9.35x10"" 0.062 1.10x10° | 4.07x10™"" JMJD1C JMJD1C
189571577 13:66937503 G/A 0.009 2.70x10% 0.036 1.69x10% | 2.04x10"° PCDH9 PCDH9
159625962 22:44326272 C/IT -0.013 1.80x10°°° -0.050 9.29x10%7 | 8.17x10" PNPLA3 PNPLA3
WHR and GSD
15228757 17:42164885 C/G -0.010 4.24x10"7 0.044 6.45x10%7 | 4.72x10"? HDAC5 HDAC5
152457445 10:64781226 AIG -0.010 1.74x10°7 0.043 8.38x10® 321x107"° - 89kb 5’ of U6
152686189 8:11655229 T/C -0.009 8.61x10* -0.038 3.36x10°° | 6.69x10"° FDFT1 FDFT1
156889220 5:176693888 AIG 0.014 4.28x10""7 0.051 6.79x10°° | 3.25x10™" NSD1 NSD1
WHR,¢;BMI and GSD
1s55666908 | 10:65273534 ‘ AIG 0.014 ‘ 3.85x10°° -0.056 4.71x10°° | 3.03x10"° - 7.6kb 5° of REEP3

A1/A2, effect allele/other allele; BMI, body mass index; GSD, gallstone disease; WHR, waist-to-hip ratio; WHR,4;BMI, waist-to-hip ratio adjusted for body mass index. Linear closest genes of
index SNPs were mapped by using VEP; GENCODE genes of index SNPs were mapped by HeploReg V4.1.
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left ventricle tissues, however, we observed no significant tissue
enrichment after adjusting for BMI (WHR,4;BMI-GSD).

The causal relationship between BMI,
WHR, WHR,4;BMI and GSD

The calculated R* and F-statistic suggested robust IVs
(Supporting Table S2). With the current sample size for GSD
(M40tai=550,437, 1,05.=43,639) and calculated R%, our MR had
more than 80% statistical power to detect an estimate of 1.20 on
GSD for 1-unit increase in BMI and WHR.

Consistent with previous findings, genetically predicted BMI
was associated with an increased risk of GSD (OR=1.67, 95%
CI=1.56-1.78) using an updated number of IVs (Figure 2). The
effect did not alter in weighted median or MR-Egger method. We
observed no sign of horizontal pleiotropy (P for MR-Egger
intercept=0.37). Removing palindromic variants, pleiotropic
variants or outliers (MR-PRESSO) vyielded to a similar result
(Figure 2) and the leave-one-out analysis indicated no outlying
SNP (Supporting Figure S2). The effect size attenuated slightly
after adjusting for WHR (BMI,4jWHR: OR=1.57, 95%ClI=1.45-
1.69; risk reduction: 9.5%) (Figure 2). Further adjustment of other
confounders did not substantially alter the results (fully adjusted:

10.3389/fendo.2024.1367229

OR=1.36, 95%CI=1.19-1.55) (Figure 2). No significant difference
was observed in the risk of GSD using sex-specific IVs of BMI
(women: OR=1.66; men: OR=1.64, P for interaction=0.939)
(Supporting Figure S3).

Genetically predicted WHR was associated with a significantly
increased risk of GSD (OR=1.49, 95%CI=1.35-1.65) using 307 IVs.
The association remained consistent across the weighted median
method, MR-Egger approach, and sensitivity analyses removing
palindromic IVs, pleiotropic IVs, or outliers (MR-PRESSO)
(Figure 3). We did not identify any sign of horizontal pleiotropy (P
for MR-Egger intercept=0.99). The leave-one-out analysis also
showed no outlying SNP (Supporting Figure S2). When adjusting
for BMI, the effect decreased by 28.1% yet remained statistically
significant (WHR,BMI: OR=1.17, 95%CI=1.09-1.26) (Figure 3).
When additional adjusted for other confounders, the effect of
WHR independent of BMI also remain consistent (fully adjusted:
OR=1.26, 95%CI=1.08-1.47) (Figure 3). Despite the causal estimate of
genetically determined WHR with GSD was stronger in men
(OR=1.89) than in women (OR=1.31), this difference became less
pronounced after adjusting for BMI (women: OR=1.14; men:
OR=1.22, P for interaction=0.339). (Supporting Figure S3).

On the contrary, we did not observe any significant association
of genetically predicted GSD with the risk of BMI, WHR, or
WHR,4;BMI in the reverse-direction MR (Supporting Figure $4).

BMI = GSD No.SNP OR (95% CI) P-value
Univariable MR analysis T
All SNP
vw 654 i 1.67 (1.56, 1.78) 7.81x107%¢
MR Egger 654 L 1.80 (1.51, 2.14) 9.69x10°""
Weighted median 654 1.65(1.51,1.80) 3.67x10730
MR-PRESSO 638 - 1.69 (1.60, 1.78) 3.88x10762
Excluding palindromic SNPs
vw 565 —— 1.80(1.68, 1.92) 4.61x1077°
Excluding pleiotropic SNPs
VW 414 - 1.66 (1.53, 1.80) 5.46x1034
Multivariable MR analysis
BMladjWHR 790 i 1.57 (1.45,1.69) 5.04x10-31
BMladjT2DM 798 L 1.76 (1.64, 1.88) 4.18x1076"
BMladjHDLC 865 L 1.77 (1.64,1.91) 7.40x10750
BMladjTG 877 - 1.75(1.62,1.89) 6.07x10747
BMladjSBP 715 - 1.83(1.73,1.95) 1.88x107%8
BMladjDBP 707 - 1.84 (1.74,1.96) 8.76x107%
BMladjCKD 641 L 1.83(1.72,1.95) 2.44x10°8
BMIadjNFLD 631 - 1.83(1.72,1.95) 5.26x10778
BMIadjSmoking 652 - 1.82(1.71,1.93) 1.75x10°8
BMIadjAlcohol 679 - 1.80(1.68, 1.92) 1.41x1076"
BMladjCBMI 631 — 1.91(1.76,2.06) 9.20x10750
BMIadjTotalDiet 742 - 1.78 (1.65, 1.93) 1.79x10746
BMladjFully 1443 - 1.36 (1.19, 1.55) 3.55x10706
T T T T 1
0.5 1 1.5 2 25

FIGURE 2

Estimates of causal relationships between general obesity and gallstone disease risk. GSD, gallstone disease; BMI, body mass index; WHR, waist-to-
hip ratio; T2DM, type 2 diabetes mellitus; HDLC, high-density lipoprotein cholesterol; TG, triglyceride; SBP, systolic blood pressure; DBP, diastolic
blood pressure; CKD, chronic kidney disease; NFLD, non-alcoholic fatty liver disease; CBMI, childhood body mass index.
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Discussion

As far as we understand, this is the most comprehensive
observational and genetic analysis investigating the phenotypic
association and genetic correlation between different types of
obesity and GSD. Consistent with previous findings, we
confirmed a major etiological role of general obesity in the
development of GSD. We further observed an independent effect
of central obesity on GSD, corroborated by the significant
phenotypic association as well as the shared genetic basis after
controlling for the effect of BMI.

10.3389/fendo.2024.1367229

Our findings on general obesity and GSD are consistent with
those from existing studies yet greatly expand previous results.
Firstly, through utilizing the hitherto largest genetic data as well as
an advanced analysis strategy, our study revealed a shared genetic
basis underlying general obesity and GSD. Furthermore, the 44
pleiotropic loci for BMI and GSD indicated a shared biological
mechanism underlying general obesity and GSD. In addition, as to
the assessment of causal relationship, by using an almost doubled
GSD cases (43,639 vs. 22,195) and significantly augmented number
of IVs of BMI (>565 vs. 97) as compared to previous MRs (4-6), the
statistical power in our MR was greatly improved. Importantly, after

OR(95%Cl)  P-value
. 1.49 (1.35,1.65) 1.56x1015
= ©1.49(1.13,1.97) 533x10°0
- 1.47 (130, 1.66) 4.97x1010
" 1.53 (1.42,1.66) 152x10-2
T 1.59 (1.43,1.76) 1.29x10°1®
—a— 151 (1.34,1.70) 1.89x10-'"
RS 117 (1.09,1.26) 2.04x10°%
—— 1.14 (0.96, 1.35) 0.15
- 1.23(1.12,1.35) 157x10°%5
- 119 (1.12,1.27) 3.29x10°8
= 1.19(1.10,1.28) 1.23x1005
—.— 1.21(1.09,1.33) 2.01x10°%
- 110 (1.01,1.21) 3.67x10°2
e 1.22(1.10,1.36) 2.03x10°%
—a— 1.25(1.13,1.39) 2.92x10°%
- 1.20 (1.11,1.30) 851x10°%
- 1.21(1.12,1.30) 2.79x10%
—.-— 1.19(1.10,1.28) 5.90x10%
= 1.21(1.11,1.32) 2.02x10%5
= 1.18(1.10,1.27) 1.15x10°%
—— 118 (1.08,1.29) 4.10x10704
- 119 (1.11,1.29) 7.96x10%
- 1.18(1.08, 1.30) 3.50x10°%
—a— 1.26 (1.08, 1.47) 3.01x10°3

WHR = GSD No.SNP
Univariable MR analysis
All SNP
VW 307
MR Egger 307
Weighted median 307
MR-PRESSO 294
Excluding palindromic SNPs
vw 257
Excluding pleiotropic SNPs
vw 201
Univariable MR analysis
WHRadjBMI
All SNP
VW 307
MR Egger 307
Weighted median 307
MR-PRESSO 299
Excluding palindromic SNPs
VW 283
Excluding pleiotropic SNPs
VW 187
Multivariable MR analysis
WHRadjBMI_T2DM 515
WHRadjBMI_HDLC 572
WHRadjBMI_TG 568
WHRadjBMI_SBP 417
WHRadjBMI_DBP 407
WHRadjBMI_CKD 341
WHRadjBMI_NFLD 324
WHRadjBMI_Smoking 362
WHRadjBMI_Alcohol 396
WHRadjBMI_CBMI 341
WHRadjBMI_TotalDiet 483
WHRadjBMI_fully 1443
r
0.5

FIGURE 3

Estimates of causal relationships between central obesity and gallstone disease risk. GSD, gallstone disease; WHR, waist-to-hip ratio; BMI, body mass
index; WHRadjBMI, waist-to-hip ratio adjusted for body mass index; T2DM, type 2 diabetes mellitus; HDLC, high-density lipoprotein cholesterol; TG,
triglyceride; SBP, systolic blood pressure; DBP, diastolic blood pressure; CKD, chronic kidney disease; NFLD, non-alcoholic fatty liver disease; CBMI,

childhood body mass index.
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adjusting for WHR and other important confounders (such as diet,
smoking, alcohol, CKD, and NFLD) which have not been done in
previous MRs, the robust causal estimates also validated the
reliability of the effect of general obesity on GSD.

In addition to general obesity, central obesity has also been linked
closely with various health conditions. For example, a cohort study
showed men with normal BMI but with central obesity had twice the
mortality risk compared to those who were overweight (HR=2.24) or
obesity (HR=2.42) defined only by BMI (33). Despite its independent
role identified for multiple diseases, central obesity in the
development of GSD remains controversial. For example, Tsai et al.
(9) observed a positive association between WHR and GSD, while
Boland et al. (11) reported a null association in men; furthermore
Kodama et al. (12) found that the positive association attenuated to
null after controlling for BMI. These contradictory findings, however,
can be largely ascribed to a small number of GSD cases (ranging from
41 to 8,477). Our results, based on the hitherto largest sample size in
terms of both cases and non-GSD referents (N, =461,336,
Ngsp=15,283), enable an accurate quantification on the effect of
WHR with a greatly enhanced statistical power. The accessibility to a
large number of covariates also allows the investigation of an
independent effect of WHR through adjusting for multiple
confounders (e.g., genetic principal components and medications
usage), which previous studies did not have a chance for. Findings
from observational analysis has further been validated by genetic
associations. Indeed, a previous MR quantified the causal association
between WHR and GSD and found a modest effect of 1.007 which
might be of limited clinical relevance (5). That study, however, was
hampered by a small number of IVs (1=34) and inadequate GSD
cases (n=14,723). With a ten-times increased number of IVs as well as
a greatly enlarged number of cases, we were able to quantify the effect
of WHR with a decent statistical power. We were also able to reveal
the independent role of WHR through controlling for important
confounders including BMI and others. Our analysis demonstrates an
independent effect of WHR alone on the pathological pathways
leading to GSD while largely ruling out reverse causality.

Positive genetic correlation identified by LDSC suggests shared
genetic basis underlying central obesity and GSD, which can be
decomposed into horizontal and vertical pleiotropy. In addition to
the causal relationship (vertical pleiotropy), results from cross-trait
meta-analysis indicate biological pleiotropy (horizontal pleiotropy).
We highlight several shared loci of interest, which showing
mechanistic pathways outside of general obesity. First of all, SNP
rs228757 was a missense located in HDACS, and this gene was
specifically shared by WHR and GSD, encoding a histone
deacetylase that plays an important role in the development of
brain, heart, and muscle (34). Lenoir et al. found an increase in
insulin-producing B-cell mass in the pancreas of HDAC5-knockout
mice while a decrease in HDAC5-overexpressed mice, demonstrating
a suppressing role of HDACS in insulin production (35). Such an
effect on insulin action was also observed in muscle cells (36, 37).
Studies have shown that insulin resistance is associated with both
GSD and central obesity. For example, Chang et al. (38) observed a
significantly increased risk of gallstones with insulin resistance in
non-diabetic men, regardless of general obesity, suggesting its
independent role in GSD. When conducting genetic pathway
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analysis utilizing WHR,gBMI-associated loci, Shungin et al. (19)
implicated insulin resistance as a process affecting body fat
distribution. Furthermore, Kullmann et al. (39) observed a positive
association of insulin responsiveness of the hypothalamus with
visceral but not subcutaneous fat, suggesting brain insulin resistance
appeared to be a determinant of abdominal obesity. Taken together,
insulin resistance might play an important role in pathophysiological
mechanisms of GSD caused by central obesity.

For SNPs shared by WHR,;BMI and GSD, rs55666908 was a
novel pleiotropic SNP that maps to JMJDIC. JMJDIC is a candidate
histone demethylase and is thought to be a coactivator for key
transcription factors, and its involvement in GSD and central
obesity has rarely been studied. Lipid synthesis-associated protein
FABPS5 was identified as a specific interacting protein of JMJD1C and
binds to the jumonji domain of JMJD1C, suggesting its potential role
in GSD and central obesity (JMJD1C-regulated lipid synthesis) (40).
Another pleiotropic SNP, rs601338, maps to FUT2. FUT2 was
specifically shared by WHR,BMI and GSD, but its involvement in
GSD and central obesity has rarely been studied. By using large-scale
genetic data, common variants of FUT2 have been identified to be
associated with primary sclerosing cholangitis (41) and
concentrations of liver enzymes (42), which might be potential
indicators for gallstones. Using FUT2-knockout mice, Maroni et al.
(43) found elevated levels of systemic bile salt, further suggesting its
potential lithogenic role. Furthermore, the GG carriers of rs601338 in
FUT2 had an increased number of gut bacteria (such as Escherichia)
that involved in the short-chain fatty acids synthesis compared to
carriers of other variants (44), which has shown to be related to
visceral fat accumulation (45), suggesting the potential role of FUT2
in central obesity. More researches are needed to determine the
precise mechanisms underlying central obesity and GSD.

Our findings provide important clinical and public health
implications. First of all, our study further verified that obesity and
GSD are inherently linked through biological pleiotropy and common
origin. Integrating care targeting both trait, including continuous health
promotion, disease prevention, screening, and management, should
thus be provided for human to reduce the burden brought by both
disease. Then, almost all current public health guidelines focus
specifically on maintaining a normal weight while rarely address
body fat distribution (46). Our findings emphasize the demand for
future public health guidelines to take central obesity into
consideration. In addition, our findings demonstrate that combining
general and central obesity may better stratify high-risk group of GSD
than using either measurement alone in the clinical practice.

Our study has some strength. First, the effect of body fat
distribution on GSD was elucidated comprehensively through
observational analysis and genetic analysis. Second, a genetic
association between central obesity and gallstone disease was
observed, independent of general obesity. Third, through the cross-
trait meta-analysis, four new common loci had been identified,
revealing the biological mechanism between central obesity and
gallstone disease. There are several limitations. First, as GSD is
known to be more prevalent in women than in men, we tried to
identify a potential sex difference through a sex-specific MR. No
consistent sex difference was found in the effect of both central and
general obesity on GSD. Nonetheless, the GWAS of GSD was derived
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from a sex-combined population, which might bias the MR estimates.
Detailed sex-specific genetic analysis is needed to clarify a potential sex-
preponderance. Second, observational study using data from UKB has
the potential for retrospective and information bias. Third, the GWASs
used in the genetic analysis came from different studies, and thus there
may be heterogeneity and confounding effects. Fourth, our findings
were restricted to European population to control for population
stratification, this might also limit the generalizability to other
populations. Fifth, although our study identified shared genes and
tissues with different types of obesity and GSD, they relied on
functional datasets and algorithms. Further experimental researches
are needed to illustrate the pathophysiological mechanisms.

Conclusions

To conclude, using data from a large-scale prospective cohort as
well as summary statistics from the largest GWASs, our study
demonstrates an independent role of central obesity in the
development of GSD, in addition to confirming the effect of
general obesity. Using advanced statistical genetics approaches,
our study provides novel insights into the etiological basis of GSD
with the involvement of different types of obesity. These findings
improve the prevention of GSD by emphasizing the need for body-
fat distribution management in addition to weight management.
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