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Associations between body mass index-related genetic variants

and adult body composition: The Fenland cohort study

EAD Clifton', FR Day1, E De Lucia Rolfe', NG Forouhi', S Brage1, SJ Grifin'2, NJ Wareham' and KK Ong1

BACKGROUND/OBJECTIVE: Body mass index (BMI) is a surrogate measure of adiposity but does not distinguish fat from lean or
bone mass. The genetic determinants of BMI are thought to predominantly influence adiposity but this has not been confirmed.
Here we characterise the association between BMI-related genetic variants and body composition in adults.
SUBJECTS/METHODS: Among 9667 adults aged 29-64 years from the Fenland study, a genetic risk score for BMI (BMI-GRS) was
calculated for each individual as the weighted sum of BMI-increasing alleles across 96 reported BMl-related variants. Associations
between the BMI-GRS and body composition, estimated by dual-energy X-ray absorptiometry (DXA) scans, were examined using
age-adjusted linear regression models, separately by sex.

RESULTS: The BMI-GRS was positively associated with all fat, lean and bone variables. Across body regions, associations of the
greatest magnitude were observed for adiposity variables, for example, for each s.d. increase in BMI-GRS predicted BMI, we
observed a 0.90 s.d. (95% confidence interval (Cl): 0.71, 1.09) increase in total fat mass for men (P=3.75x 10"2") and a 0.96 s.d. (95%
Cl: 0.77, 1.16) increase for women (P=6.12 x 10~ %?). Associations of intermediate magnitude were observed with lean variables, for
example, total lean mass: men: 0.68 s.d. (95% CI: 0.49, 0.86; P=1.91 x 10~ '%); women: 0.85 s.d. (95% ClI: 0.65, 1.04; P=2.66x 10" ")
and of a lower magnitude with bone variables, for example, total bone mass: men: 0.39 s.d. (95% Cl: 0.20, 0.58; P=5.69x 10" °);
women: 0.45 s.d. (95% Cl: 0.26, 0.65; P=3.96x 10~°). Nominally significant associations with BMI were observed for 28 single-
nucleotide polymorphisms. All 28 were positively associated with fat mass and 13 showed adipose-specific effects.
CONCLUSIONS: In adults, genetic susceptibility to elevated BMI influences adiposity more than lean or bone mass. This mirrors the
association between BMI and body composition. The BMI-GRS can be used to model the effects of measured BMI and adiposity on

health and other outcomes.

International Journal of Obesity (2017) 41, 613-619; doi:10.1038/ij0.2017.11

INTRODUCTION

Obesity describes a state of excess adiposity that confers risks to
health.! It is most often identified using body mass index (BMI;
weight(kg)/height(m?)), a non-invasive proxy measure of adipos-
ity, according to which 67% of women and 57% of men in the UK
are classified as either overweight (BMI>25 and < 30 kgm ™) or
obese (BMI>30kgm™).2 Together overweight and obesity
represent a major, global public health concern with severe
ramifications for individuals, communities, health care services
and the economy.

The primary purpose of BMI is to estimate metabolic health by
approximating fat mass. Across diverse settings, BMI shows
strong, linear associations with body fat in largely sedentary
populations.>> However, there are limitations to the ability
of BMI to characterise health status. In addition to fat mass,
BMI is also positively influenced by both lean tissue and bone
mass. This can lead to inaccuracies in estimating adiposity.*®” BMI
is also uninformative with regard to body fat distribution. Both
total adiposity and fat distribution have associations with health
outcomes that are independent of BMI.8"°

There is a strong heritable component to BMI. Heritability
estimates from twin studies range from 47 to 90%.'" The most
recent meta-analysis of genome-wide association studies

identified 97 genetic variants that exhibit independent, genome-
wide significant (P<5x1078) associations with BMI'? in
adulthood.

It is assumed that, in combination, these variants have the same
patterns of association as measured BMI with fat, lean and bone
mass. Thus, they are predominantly associated with variation in fat
mass and do not reflect body fat distribution. The implication is
that they can be used to model the effect of both measured BMI
and total adiposity on health outcomes. However, this assumption
has not been tested.

To assess the utility of known BMI-related variants for modelling
the effects of BMI and adiposity on health, it is important to
determine the components of body composition and patterns of
fat distribution most associated with these loci.

Previous studies of the relationship between the combined
effect of known BMlI-related loci and body composition in adults
have investigated a maximum of 32 variants'> and tested a limited
range of body composition measures.'>™'® No previous study has
investigated the association of all 96 biallelic reported BMl-related
variants with fat, lean and bone mass across body regions.

We characterised the association between 96 BMl-related
variants, summarised in a polygenic BMI genetic risk score (BMI-
GRS), and fat, lean and bone mass across body regions in a large,
population-based adult study.
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SUBJECTS AND METHODS

Subjects and study design

The Fenland study is a population-based cohort study of volunteers
recruited from participating General Practices in Cambridge, Ely, Wisbech
and the surrounding Cambridgeshire region between 2004 and 2014."”
Eligible individuals were adults residing in Cambridgeshire and registered
at a collaborating General Practice at the time of recruitment. Exclusion
criteria were: clinically diagnosed diabetes mellitus, inability to walk
unaided, terminal illness (life expectancy of <1 year at the time of
recruitment), clinically diagnosed psychotic disorder, pregnancy or
lactation. The study population of the present analysis comprised 9667
individuals (53.2% female; 92.3% White British ancestry) aged 29-64 years.

Participants attended one of three MRC Epidemiology Unit testing
centres for data collection. Total and regional body composition was
measured using DXA scans.

Written informed consent was attained from all participants and the
study was approved by the Cambridge Local Research Ethics Committee.

Genotyping and the BMI genetic risk score (BMI-GRS)

DNA was genotyped using the Affymetrix UK Biobank Axiom array (Santa
Clara, CA, USA. Missing genotypes and those not directly measured were
imputed via IMPUTE version2'® based on the 1000 Genomes Project
haplotype reference.'”® All required single-nucleotide polymorphisms
(SNPs) within this subpopulation could be imputed in this manner with
sufficient accuracy (imputation information value >0.4).

The 97 BMI-related SNPs reported by Locke et al.'* were considered for
inclusion in the BMI-GRS. One SNP, rs2033529 (nearest gene: TDRGT), was
multi-allelic and could not be incorporated. The remaining 96 SNPs were
included.

A weighted BMI-GRS was calculated for each participant using a
previously reported method.'® At each locus, participants were assigned a
value of 0, 1 or 2, indicating the number of BMI-increasing variants. This
value was multiplied by the ‘European only sex-combined’ effect estimate
for the BMI-increasing allele reported by Locke et al."? The products across
all 96 SNPs were then summed for each participant.

The European sex-combined SNP estimates were chosen because,
owing to the demography of the Fenland population, the participant
group of the present analysis was highly ethnically homogenous. Of those
who stated their ethnicity, 98.9% identified as white and 92.3% as white
British (Supplementary Table 2). Thus the European estimates reflect the
demography of the study sample most closely. In the absence of sex-
specific effects for the vast majority of loci (only two show evidence of
heterogeneity'?), the sex-combined effect estimates are likely to be more
accurate as they are derived from a larger sample size than the sex-specific
estimates.

The effect estimates from Locke et al. were generated using inverse
normally transferred residual measurements. These cannot be translated to
BMI units. To aid interpretation, the BMI-GRS for each participant was
multiplied by the s.d. increase in BMI per unit increase in the BMI-GRS,
adjusted for age. Scaling was performed separately in each sex as the main
analysis was sex-stratified. After this adjustment, one BMI-GRS unit
corresponds to 1 s.d. of BMI-GRS predicted BMI in this sample.

Overall, the formula for the BMI-GRS is as follows:

9%
GRS; = (Zsijwi) * Bors
i1

where GRS; is the BMI-GRS for individual j, 96 is the number of SNPs
included in the score, S;; is the number of BMl-increasing alleles at SNP i for
individual j and W; is the effect estimate of SNP i on inverse normally
transformed BMI, as reported by Locke et al.'? Bggs is the regression
coefficient of the weighted BMI-GRS on BMI z-score, adjusted for age, in
the current Fenland study (Bgrs = 0.94 in men and 0.83 in women). This
last parameter was included to align all effect estimates to a +1 s.d. change
in BMI in this population.

Anthropometry and body composition

Anthropometric and body composition measures were collected by
trained observers following an established protocol."” Volunteers were
barefoot and wore light clothing. Weight was measured to the nearest
100 g using a calibrated scale (TANITA model BC-418 MA; Tanita, Tokyo,
Japan) and height was measured to the nearest 0.1 cm using a calibrated
wall-mounted stadiometer (SECA 240; Seca, Birmingham, UK). Waist and
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hip circumferences were measured to the nearest 0.1 cm using a non-
stretchable fibre-glass insertion tape (D-loop tape; Chasmors Ltd, London,
UK). Waist and hip measurements were taken twice. If these measures
differed by more than 3 cm, a third measurement was taken. The mean of
the two or three measurements was used in the present analysis.

Full body DXA scans (GE Lunar Prodigy Advanced, GE Medical Systems,
Hartfield, UK) were used to derive fat, lean and bone mass measurements
across body regions. Scans were performed for all consenting participants
weighing < 140 kg. Beyond this threshold, the scanner was considered to
be insufficiently precise to warrant performing the scan.

Fat, lean and bone mass measures in the total body, trunk, android,
gynoid and leg regions were generated and appendicular lean mass (lean
mass in the legs + lean mass in the arms) was calculated. The DXA software
(enCORE software (version 14.10.022 to 16, GE Medical Systems) generated
estimates of visceral adipose tissue within the android region (VAT) for
individuals whose girth allowed them to fit within the scanning area and
who had >1 g of VAT. From the VAT measures, values for subcutaneous
adipose tissue within the android region (SAT) were generated (SAT =
android fat mass-VAT) and VAT/SAT ratio was calculated.

The following variables were included in the present analysis: BMI
(kg m™3), weight (kg), WC (cm), HC (cm), waist-to-hip ratio (WHR; WC/HCQ),
height (cm) and body fat percentage (BF%). Fat, lean and bone mass
measurements in the total body, trunk, android and gynoid regions were
included alongside bone and fat mass in the legs and appendicular lean
mass. Finally, SAT (kg), VAT (kg) and VAT/SAT ratio measures were
included.

Statistical analysis

The pattern of missing data was examined for body composition variables
missing data for > 1% of study participants. Individuals with missing values
were compared with the rest of the cohort for sex, age, ethnicity and BMI
using logistic regression, x*-tests or Fisher’s exact tests.

The BMI-GRS was tested for cross-sectional associations with body
composition variables in age-adjusted least-squares linear regression
models. Body composition variables were analysed separately in each
sex. The distribution of the residuals was checked to ensure that the body
composition variables did not need to be transformed. A Bonferroni-
corrected P-value of P < 1.04 x 10”3, corrected for 48 tests (24 tests in each
sex), was used to assess significance.

Just two out of the 96 BMI-related SNPs show evidence of heterogeneity
between the sexes for BMI. However, SNPs associated with some included
outcome measures (for example, WHR,?° VAT,?' SAT?' and BF%) show sex-
specific effects. For example, IRST shows a stronger effect on BF% in men
than in women2??* |t is possible that BMl-related variants exhibit
heterogeneous effects with regard to traits of interest to this analysis. As
such, our analysis is sex-stratified.

Two sensitivity analyses were conducted. The first repeated the main
analysis using sex-specific GRSs generated using sex-specific effect
estimates from Locke et al.'? The second repeated the main analyses
amongst white participants only.

To facilitate comparison of variables measured in different units, body
composition variables were standardised to z-scores with mean=0 and
s.d.= 1. The results of the regressions are displayed alongside the R* values
from the age-adjusted regressions of BMI z-score on the body composition
variable z-scores in each sex.

In a secondary analysis, we investigated the relationship between
individual BMI-related SNPs and body composition. For this analysis, we
only included SNPs that demonstrated nominally significant associations
with BMI in this cohort (P < 0.05). Our sample size is only a fraction of that
of the genome-wide association studies meta-analysis in which the SNPs
were identified and is not powered to detect associations between all 96
SNPs and BMI individually. As this investigation explores the relationship
between the genetic determinants of BMI and body composition, it is
logical only to test the subset of SNPs associated with BMI in this cohort for
associations with body composition measures.

SNPs that were nominally associated with BMI in this cohort were
considered in linear regression models to characterise their age and sex-
adjusted relationships with total body fat, lean and bone mass. The body
composition measures were standardised to z-scores and, in the absence
of significant heterogeneity in the associations between the BMI-GRS and
body composition, or an interaction between sex and the BMI-GRS, both
sexes were combined to maximise power. The results were used to
construct a heat map colour-coding the z-statistic for the association of
each SNP with each body composition variable. To avoid spurious
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precision, z-statistic values between —0.5 and 0.5 were displayed as
neutral.

All analyses were performed in Stata version 14.1 (TX, USA). The heat
map was produced using R version 3.2 (Vienna, Austria).

RESULTS

Characteristics of study participants

The characteristics of the 9667 participants are summarised in
Table 1. All anthropometric and body composition variables
exhibited significant sexual dimorphism. Reflecting UK population
norms, the majority of participants were either overweight or
obese (3181 men (70.3%) and 2778 women (54.0%)). The majority
of participants (9137; 98.9%) were of white ethnicity. The single
largest ethnic group were those reporting white British ethnicity
(8526; 92.3%). Detailed ethnic information is included in
Supplementary Table 2.

VAT, SAT and VAT/SAT ratio were the only variables with > 1%
missing data (221 missing; 2.29% of the cohort). The majority
(n=207) were missing due to low VAT mass (< 1g) as the DXA
software could not estimate values for these people. The
remainder of participants with missing values (n=14) were too
large for estimates to be made. Compared with the rest of the
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cohort, individuals with missing data exhibited higher mean age
(48.6 versus 44.7 years; P <0.01), were more likely to be female
(97.7% versus 52.2%; P < 0.01) and had a lower median BMI (21.5
versus 26.3 kgm ™% P < 0.01).

Associations with the BMI-GRS

Associations between the BMI-GRS and the body composition
variables were universally positive (Figure 1 and Table 2). Out of
the 48 associations tested, 43 were statistically significant at the
Bonferroni-corrected P-value threshold for 48 tests (P < 1.04 107 3).
Only VAT/SAT ratio (men: $=0.06 s.d. (95% Cl: —0.12, 0.24);
P=0.54; women: 0.28 s.d. (95% Cl: 0.09, 0.47); P=4.29x1073),
android bone mass in men (8= 0.29 s.d. (95% Cl: 0.10, 0.48);
P=274%10"3) and height (men: = —0.02 s.d. (95% Cl: —0.21,
0.17); P=0.85; women: 0.10 s.d. (95% Cl: = 0.10, 0.30); P=0.31), did
not reach statistical significance at this threshold.

Associations with the BMI-GRS were of the greatest magnitude
for adiposity variables, intermediate for lean tissue variables and
lowest for bone variables (Figure 1). This pattern held for the total
body as well as within all measured body regions. Alongside the
beta estimates, Figure 1 displays the variance in each of the body
composition variables explained by measured BMI (R? values). The

Table 1. Descriptive characteristics of the Fenland study cohort (n=9667)
Variable Men Women
Total (%) Mean (s.d.) Min Max. Total (%) Mean (s.d.) Min. Max.  P-val®
Sex 4522 (46.8%) — — — 5145 (53.2%) — — — —
Age — 48.5 (7.5) 294 63.7 — 48.6 (7.4) 30.0 640 043
White British ethnicity 3999/4327 — — — 4527/4915 — — — 0.60
(92.4%) (92.1%)
BMI (kg m~?) 4522 27.2 (3.9) 15.3 49.1 5145 26.5 (5.2) 14.5 525 <0.01
BMI status® Underweight 15 (0.3%) — — — 42 (0.8%) — — — <0.01
Normal weight 1326 (29.3%) — — — 2325 (45.2%) — — — <001
Overweight 2208 (48.8%) — — — 1694 (32.9%) — — — <0.01
Obese 973 (21.5%) — — — 1084 (21.1%) — — — 0.59
Weight (kg) 4522 86.1 (13.4) 429 139.0 5145 71.3 (14.4) 38.2 138.7 <0.01
HC (cm) 4520 103.1 (6.8) 76.2 144.7 5135 103.5 (10.3) 755 168.0 0.02
WC (cm) 4521 97.0 (11.2) 65.6 184.2 5142 85.5 (12.5) 59.0 141.0 <0.01
WHR 4519 0.9 (0.1) 0.7 1.9 5133 0.8 (0.1) 0.6 1.1 < 0.01
Height (cm) 4522 177.7 (6.8) 129.5 200.5 5145 164.1 (6.3) 140.4 189.8 < 0.01
Body fat % 4522 29.0 (6.0) 9.1 47.2 5145 37.5 (7.1) 7.7 58.6 <0.01
Total (kg) Fat mass 4522 25.43 (8.31) 5.83 60.57 5145 27.49 (10.24) 2.94 7934 <0.01
Lean mass 4522 57.49 (6.81) 31.33 84.81 5145 41.50 (5.32) 27.41 68.99 <0.01
Bone mass 4522 3.15 (0.39) 1.72 4.92 5145 2.39 (0.31) 1.42 366 <0.01
Trunk (kg) Fat mass 4522 14.60 (5.61) 1.89 40.95 5145 13.49 (6.23) 1.00 46.83 < 0.01
Lean mass 4522 27.05 (3.23) 13.86 40.06 5145 20.40 (2.56) 12.88 36.02 <0.01
Bone mass 4522 0.95 (0.15) 0.42 1.61 5145 0.72 (0.12) 0.38 131 <0.01
Android (kg) Fat mass 4522 2.57 (1.16) 0.19 7.69 5145 2.16 (1.21) 0.14 8.88 <0.01
Lean mass 4522 4.28 (0.55) 2.09 6.73 5145 3.16 (0.44) 2.02 6.12 <0.01
Bone mass 4522 0.05 (0.01) 0.03 0.13 5145 0.05 (0.01) 0.02 0.11  <0.01
Gynoid (kg) Fat mass 4522 3.75 (1.21) 0.75 9.64 5145 5.02 (1.68) 0.28 1349 <0.01
Lean mass 4522 9.18 (1.20) 3.64 14.16 5145 6.57 (0.90) 3.77 1067 <0.01
Bone mass 4522 0.32 (0.05) 0.10 0.53 5145 0.24 (0.04) 0.07 041 <0.01
Leg (kg) Fat mass 4522 7.51 (2.33) 1.11 23.52 5145 10.29 (3.60) 0.96 3029 <0.01
Bone mass 4522 1.21 (0.17) 0.14 1.95 5145 0.85 (0.12) 0.45 135 <0.01
Append. lean (kg) 4522 27.09 (3.73) 9.03 43.18 5145 18.23 (2.87) 10.42 3223 <0.01
VAT (kg) 4517 1.37 (0.83) 2.00E-03 5.60 4929 0.64 (0.54) 1.00E-03 4.18 <0.01
SAT (kg) 4517 1.19 (0.52) 0.05 4.58 4929 1.57 (0.74) 0.14 6.68 <0.01
VAT/SAT ratio 4517 1.21 (0.80) 1.96E—-03 10.14 4929 0.38 (0.26) 7.54E-04 3.77 <0.01
Abbreviations: BMI, body mass index; HC, hip circumference; SAT, subcutaneous adipose tissue; WC, waist circumference; WHO, World Health Organization;
WHR, waist-to-hip ratio; VAT, visceral adipose tissue. *P-value refers to the difference in mean values between men and women calculated using a two-sample
Student’s t-test, Mann-Whitney-U test or x*test. "WHO BMI categories: Underweight < 18.5 kg m~2 Normal weight > 18.5 and < 25.0 kg m~2; Overweight
>25kg m~2 and <30 kg m~2 Obese > 30 kg m~2 — Not applicable.
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Figure 1.

Associations between the BMI-GRS and body composition (columns) and measured BMI and body composition (squares). A shows

the results for men and B shows the results for women. Columns display the standardised beta estimates from linear regression of the BMI-
GRS on body composition z-scores, adjusted for age, with 95% confidence intervals. They represent the s.d. change in each body composition
variable per s.d. increase in BMI-GRS predicted BMI. The squares display the variance in each body composition variable explained by

measured BMI.

R? values largely mirror the association of the BMI-GRS with body
composition.

The beta estimates for fat mass variables were comparable
across body regions. For men, the highest estimate was for SAT
mass and the lowest was for VAT mass. For women, the highest
estimate was for total body fat and the lowest was for VAT mass.
In both sexes, the beta estimates were greater for SAT than for
VAT mass. For each s.d. increase in BMI-GRS predicted BMI, we saw
a 0.98 s.d. (95% Cl: 0.79, 1.16) increase in SAT mass for men and a
0.92 s.d. (95% Cl: 0.72, 1.12) increase for women. The correspond-
ing VAT estimates were 0.62 s.d. (95% Cl: 0.44, 0.80) and 0.70 s.d.
(95% Cl: 0.51, 0.90).

The BMI-GRS showed significant positive associations with WHR
in both sexes: B=0.61 s.d. (95% Cl: 0.43, 0.79), P=5.33x 10" " for
men and 0.41 s.d. (95% Cl: 0.21, 0.60), P=4.24x 10> for women.
Directionally consistent but not statistically significant associations
were observed for VAT/SAT ratio in both sexes: 3=0.06 s.d. (95%
Cl: =0.12, 0.24), P=0.54 for men and 0.28 s.d. (95% Cl: 0.09, 0.47),
P=4.29x10"2 for women.

Associations between the BMI-GRS and body composition
variables followed similar patterns in both sexes and no statistical
differences between the effect estimates for men and women were
found for any of the variables. Sensitivity analyses of sex-specific BMI-
GRSs (Supplementary Tables 5 and 6) and of white only participants
(Supplementary Tables 3 and 4) did not alter the conclusions.

Associations with individual SNPs

Nominally significant associations with BMI were observed for 28
SNPs in this cohort (P < 0.05). All 28 (100%) showed positive
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associations with fat mass, of which 22 were nominally significant.
Positive associations with lean mass were observed for 24 SNPs
(85.7%), of which 11 were nominally significant. Finally, 20 SNPs
(71.4%) showed positive associations with bone mass, of which
eight were nominally significant. For all 28 SNPs, the greatest
magnitude of association was with fat mass (see Supplementary
Table 1 for beta estimates).

On the heat map of individual SNP to body composition
associations (Figure 2), the primary clustering of body composition
variables on the X axis separated fat from lean and bone mass. The
primary clustering of the SNPs on the Y axis separated a group of
15 SNPs that are associated with a global increase in all three body
composition measures, from a group of 13 SNPs with apparent
adipose-specific effects. MTCH2 is notable for exhibiting a
nominally significant, negative association with bone mass:
B=-0.78 (95% Cl: = 1.52, = 0.04); P=0.04 (Supplementary Table 1).

DISCUSSION

In this study, we characterised the associations between a genetic
risk score for BMI (BMI-GRS) comprised of 96 SNPs and body
composition in a population-based sample of 9667 adults aged
29-64 years of predominantly white British ancestry.

The BMI-GRS demonstrated positive, age-adjusted associations
with total body and regional fat, lean and bone mass. Associations
of the greatest magnitude were observed for adiposity variables,
intermediate associations were observed for lean tissue variables,
and associations of the lowest magnitude were observed for bone
variables. This pattern was repeated across all body regions and
mirrored the relationship between measured BMI and body

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Table 2. Associations between the BMI-GRS and the body composition variables
Men Women
Beta' Lower 95% Cl Upper 95% Cl P-val. Beta' Lower 95% CI Upper 95% Cl P-val.
Weight 0.91 0.72 1.10 2.24E-21* 1.01 0.81 1.20 9.93E - 24*
wcC 0.91 0.72 1.09 9.62E — 22* 0.89 0.69 1.08 6.23E-19*
HC 0.91 0.72 1.09 4.08E—-21* 0.96 0.76 1.15 1.63E—-21*
WHR 0.61 0.43 0.79 533E-11* 0.41 0.21 0.60 4.24E - 05*
Height —-0.02 -0.21 0.17 0.85 0.10 -0.10 0.30 0.31
BF% 0.74 0.55 0.92 9.09E — 15* 0.80 0.61 0.99 4.14E-16*
Total fat 0.90 0.71 1.09 3.75E-21* 0.96 0.77 1.16 6.12E—-22*
Trunk fat 0.88 0.70 1.07 1.28E - 20* 0.93 0.73 1.12 1.00E — 20*
Android fat 0.87 0.69 1.06 3.23E-20* 0.92 0.72 1.11 247E-20*
Gynoid fat 0.87 0.68 1.06 1.84E—-19* 0.90 0.70 1.09 3.74E-19*
Legs fat 0.80 0.62 0.99 7.20E—-17* 0.89 0.69 1.09 8.58E—19*
SAT 0.98 0.79 1.16 2.23E—24* 0.92 0.72 1.12 3.66E —19*
VAT 0.62 0.44 0.80 1.85E-11* 0.70 0.51 0.90 2.16E—12*
VAT/SAT 0.06 -0.12 0.24 0.54 0.28 0.09 0.47 4.29E-03
Total lean 0.68 0.49 0.86 1.91E-12% 0.85 0.65 1.04 2.66E—17*
Trunk lean 0.65 0.46 0.84 1.57E-11* 0.75 0.56 0.95 7.25E—14*
Android lean 0.63 0.45 0.82 4.30E-11* 0.77 0.57 0.96 249E - 14*
Gynoid lean 0.59 0.40 0.78 6.85E—10* 0.81 0.62 1.01 2.99E-16*
Append. lean 0.65 0.46 0.84 9.63E—12* 0.88 0.68 1.07 1.14E-18*
Total bone 0.39 0.20 0.58 5.69E — 05* 0.45 0.26 0.65 3.96E - 06*
Trunk bone 0.48 0.29 0.67 6.04E - 07* 0.60 0.40 0.79 1.41E-09*
Android bone 0.29 0.10 0.48 2.74E-03 0.42 0.22 0.62 2.83E—-05*
Gynoid bone 0.32 0.13 0.51 9.66E — 04* 0.56 0.36 0.76 2.20E - 08*
Legs bone 0.36 0.18 0.55 1.60E — 04* 0.51 0.31 0.70 3.44E-07*
Abbreviations: BMI-GRS, genetic risk score for body mass index; Cl, confidence interval; HC, hip circumference; SAT, subcutaneous adipose tissue; WC, waist
circumference; WHR, waist-to-hip ratio; VAT, visceral adipose tissue. *P < 1.04E — 03. 'Beta estimates are the age-adjusted s.d. change in the body composition
variable per s.d. increase in genetically determined BMI.

composition in this participant group. It is also consistent with the
relationship between measured BMI and BF% previously reported
in adult populations®*?> and replicated in this study (Figure 1).

We found a significant, positive association between the BMI-
GRS and BF%. This corroborates and extends the results of other
adult studies.">'*?*?” The most recent study of a BMI-GRS and
BF% in a European population reported that each BMI-increasing
allele was associated with a 0.14% (95% Cl: 0.05, 0.24) increase in
BF% (P=0.004).2° The study included 31 SNPs combined to form
an unweighted score and 1578 adult participantsparticipants aged
35-74 years. Our results confirm this positive association using a
weighted BMI-GRS comprised of a much greater number of BMI-
associated variants and a sample size over six times as large (9667
versus 1578 participants).

The BMI-GRS was positively associated with WHR and reached
statistical significance, even after Bonferroni correction. The
findings from two previous studies of a BMI-GRS on WHR were
directionally consistent with our findings but were not statistically
significant.”>2® This might be explained by the smaller sample size
and lower statistical power of those studies, which included 1578
and 740 participants, respectively.'>?®

The association of the BMI-GRS with VAT/SAT ratio, while
positive, did not reach statistical significance. To our knowledge,
no other study has investigated a BMI-GRS in relation to VAT/SAT
ratio. This novel finding suggests that the genetic regulation of
BMI is largely independent of mechanisms that regulate the
relative distribution of visceral and subcutaneous fat in the
abdominal region. This supports investigations using different
methods that show only modest overlap between the genetic
regulation of BMI and VAT/SAT ratio. For example, only seven out
of 32 BMI-related loci were associated with VAT/SAT ratio among
adults of European ancestry in one study?’ and only one out of 12

© 2017 Macmillan Publishers Limited, part of Springer Nature.

BF%-associated SNPs was associated with VAT/SAT ratio in
another study.?

The discrepancy between findings for WHR and VAT/SAT ratio in
our study suggests the possibility that WHR and VAT/SAT measure
different aspects of central adiposity. While WHR provides a
measure of central relative to peripheral fat, VAT/SAT ratio
measures the relative distribution of internal and sub-cutaneous
fat within the abdominal region. An alternative explanation is that
differential measurement error is not consistent between WHR
and VAT/SAT.

We found significant, positive associations between the BMI-
GRS and WC, HC and weight, but not with height. These findings
are consistent with the results of previous studies.'>"'>2¢

In this cohort, 28 SNPs exhibited nominally significant individual
associations with BMI. All 28 showed a greater magnitude of
association with fat mass than lean or bone mass (Supplementary
Table 1). The SNPs clustered into two main groups by their
associations with body composition. Approximately half (n=15)
were associated with a global increase in fat, lean and bone mass,
while the remaining 13 SNPs exhibited more adipose-specific
effects. The SNP tagging MTCH2 is notable for a nominally
significant, negative association with bone mass. The SNP tagging
MC4R shows significant and similar positive effects on fat, lean and
bone mass. This is in keeping with the observation that MC4R-
deficient individuals have increased lean mass and bone mineral
density in addition to increases in fat mass.?®

This study has several strengths. To our knowledge, it is the first
to examine the relationship between a BMI-GRS and fat, lean and
bone mass across body regions. We present novel findings
representing an extension of previous investigations through
increased sample size, SNP number and body composition
outcome measures.
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Figure 2. Heat map showing the 28 SNPs that exhibited a nominally significant association with BMI in this cohort, clustered by their

associations with fat, lean and bone mass The values and colour-coding indicates the z-statistic (beta/standard error) from the age and sex-
adjusted linear regression of each SNP with the standardised body composition variables (mean=0; s.d.=1).

The results of this study pertain only to adults aged 29-64 years.
Many genetic variants are associated with BMI throughout life.?
However, associations between specific BMI-related loci and some
body composition phenotypes are age-dependent3®*' For
example, a meta-analysis of data from four birth cohort studies
did not find an association between a BMI-GRS (comprised of 16
SNPs related to adult BMI) and BF% at 1 year, 2-3 years or 4-5
years.>® The BMI-GRS was associated with both fat and lean mass,
suggesting that BMl-related loci promote gains in both fat and
lean mass in early life. Other studies have reported inconsistent
associations between specific SNPs and BMI at different stages of
adulthood.?'?? In general, declining effect sizes in older adults
may reflect the greater accumulation of lifestyle factors in later
adulthood or cohort effects.'

The results of this study cannot be extrapolated to individuals
who exceed the weight limit of the DXA scanner (140 kg), those of
non-European descent or those with known metabolic disease.
The results for VAT, SAT and VAT/SAT ratio cannot be extrapolated
to those with less than 1g of visceral android fat as the DXA
scanner software was unable to provide VAT estimates below this
limit. Our sample size limited the power to robustly detect
associations between individual SNPs and body composition.
Finally, the cross-sectional nature of the study did not facilitate
exploration of causal relationships between the components of
body composition.

International Journal of Obesity (2017) 613-619

In conclusion, we show that, in combination, 96 BMlI-related
genetic variants are positively associated with adiposity, with
intermediate effects on lean mass and weaker effects on bone
mass. This pattern mirrors the relationship between measured BMI
and body composition in this age group. The findings support the
use of the BMI-GRS for causal modelling of the impact of adult BMI
and total body adiposity on health and other outcomes in both
men and women.

Future research could explore whether BMI-related variants with
apparent adipose-specific effects operate through distinct
mechanisms to BMlI-related variants associated with a global
increase in mass.
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