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Abstract

Purpose Obesity is a heterogeneous condition and distinct adiposity subtypes may differentially affect type 2 diabetes risk.
We assessed relations between genetically determined subtypes of adiposity and changes in glycemic traits in a dietary
intervention trial.

Methods The four genetic subtypes of adiposity including waist-hip ratio-increase only (WHRonly+), body mass index-
increase only (BMlonly+), WHR-increase and BMI-increase (BMI+WHR+), and WHR-decrease and BMI-increase
(BMI+WHR-) were assessed by polygenetic scores (PGSs), calculated based on 159 single nucleotide polymorphisms
related to BMI and/or WHR. We examined the associations between the four PGSs and changes in fasting glucose, insulin,
f-cell function (HOMA-B) and insulin resistance (HOMA-IR) in 692 overweight participants (84% white Americans) who
were randomly assigned to one of four weight-loss diets in a 2-year intervention trial.

Results Higher BMI+WHR—PGS was associated with a greater decrease in 2-year changes in waist circumference in white
participants (P =0.002). We also found significant interactions between WHRonly+PGS and dietary protein in 2-year
changes in fasting glucose and HOMA-B (P =0.0007 and < 0.0001, respectively). When consuming an average-protein diet,
participants with higher WHRonly+PGS showed less increased fasting glucose (f=—0.46, P=0.006) and less reduction in
HOMA-B ($=0.02, P=0.005) compared with lower WHRonly+PGS. Conversely, eating high-protein diet was associated
with less decreased HOMA-B among individuals with lower than higher WHRonly+PGS (f=-0.02, P=0.006).
Conclusions Distinct genetically determined adiposity subtypes may differentially modify the effects of weight-loss diets on
improving glucose metabolism in white Americans. This trial was registered at clinicaltrials.gov as NCT00072995.

Keywords Adiposity subtypes - Body mass index - Waist-hip ratio - Polygenetic score - Gene—diet interaction - Glycemic
traits
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Introduction

Obesity has been related to pre-diabetes and type 2 dia-
betes [1-3]. Weight-loss interventions through modifica-
tions in diets and lifestyle have shown beneficial effects
on improving glycemic control and reducing diabetes risk
[4-6]. However, obesity is a phenotypically and meta-
bolically diverse entity determined by discrete patterns
of body fat distribution [7]. Growing evidence has shown
that various subtypes of obesity, which are determined by
amount and distribution of body fat, may differentially
affect cardiometabolic risk and may distinctly respond to
diet or lifestyle interventions [8]. Such heterogeneous obe-
sity subtypes are partly determined by genetic variations
[9, 10].

In the past 10 years, genetic studies have identified
hundreds of genetic variations associated with body mass
index (BMI) and waist-hip ratio (WHR) [11-14] which
are correlated but represent two distinct aspects of obe-
sity—overall fat mass and fat distribution, respectively.
At the population level, both BMI and WHR are inde-
pendently and positively associated with type 2 diabetes
[15, 16] and such associations are likely to be causal [17].
However, some studies proved the existence of “favora-
ble adiposity” alleles which were associated with higher
adiposity but lower risk of type 2 diabetes [18]. A recent
study classified 159 SNPs associated with BMI, WHR, or
WHR adjusted for BMI (WHRadjBMI) at genome-wide
significance level into four subtypes based on the direc-
tion of their associations with these adiposity phenotypes:
(1) WHR-decrease only (WHR-only effects, WHRonly+),
(2) BMI-increase only (BMI-only effects, BMIonly+), (3)
WHR-increase and BMI-increase (BMI and WHR effects
in the same direction, BMI+WHR+), (4) WHR-decrease
and BMI-increase (BMI and WHR effects in the opposite
directions, BMI+WHR—), which showed distinct asso-
ciations with type 2 diabetes risk [19]. Thus, we hypoth-
esized that individuals with varying genetic subtypes of
adiposity, assessed by polygenetic scores (PGS), might
show divergent changes in glycemic traits in response to
weight-loss diets.

The Preventing Overweight Using Novel Dietary Strat-
egies (POUNDS Lost) trial is a 2-year weight-loss diet
intervention trial. A total of 811 overweight participants
were assigned to four reduced-calorie diets with differ-
ent compositions of macronutrients. The participants who
completed the trial had reduced body weight and improved
fasting insulin levels [4].

In this study, we examined the associations between
four genetic subtypes of adiposity [19], evaluated by
the PGSs, and 2-year changes in fasting glucose, fasting
insulin, B-cell function (HOMA-B) and insulin resistance
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(HOMA-IR) in response to weight-loss diets among par-
ticipants from the POUNDS Lost trial. In particular, we
also assessed the interactions between PGSs and diet inter-
ventions on changes in the glycemic traits.

Methods
Study participants

The POUNDS Lost trial was a 2-year randomized clini-
cal trial, conducted at Harvard School of Public Health,
Brigham and Women’s Hospital, Boston, MA, and Pen-
nington Biomedical Research Center of Louisiana State
University System, Baton Rouge, LA from October 2004 to
December 2007. The details of the study including design
and methods have been described previously [4]. Briefly, a
total of 811 participants who were obese or overweight [BMI
(in kg/m?): 25-40], aged 30-70 years were enrolled. Among
all the participants, 643 of them were white Americans while
others were black Americans. Major exclusion criteria were
the presence of diabetes treated with oral medications or
insulin, unstable or recent onset of cardiovascular disease,
use of medications that affect body weight, or insufficient
motivation, which were assessed by interview and question-
naire. All participants gave written informed consent. The
study was approved by the human subjects committee at
each institution and by a data and safety monitoring board
appointed by the National Heart, Lung, and Blood Institute.
Subjects were randomly assigned to one of the four
weight-loss diets to compare their effects on weight change
in the 2-year follow-up. The percentages of energy derived
from the three macronutrients in the four diets were: (1) 20%
fat, 15% protein, and 65% carbohydrate; (2) 20% fat, 25%
protein, and 55% carbohydrate; (3) 40% fat, 15% protein,
and 45% carbohydrate; and (4) 40% fat, 25% and 35% car-
bohydrate. Two diets were low fat (20%), or high fat (40%),
and two were average protein (15%), or high protein (25%),
which formed a 2-by-2 factorial design. Similar foods for
each diet were used to maintain blinding. Participants were
provided daily meal plans in 2-week blocks and they were
instructed to record their food and beverage intake. After
2 years, 645 (80%) of the participants completed the trial.
In the main results, we analyzed data among 583 white
participants (mean age 52.1 +9.0 years) with SNPs data
available at baseline. Black participants were not included,
because the classification of 159 SNPs into four subtypes
was analyzed in the Europeans. Of the participants included,
328 (56.3%) were women. Data on fasting glucose and insu-
lin level were available for 583 and 577 participants, respec-
tively, at baseline; 517 and 497 participants, respectively, at
6 months; 446 and 433 participants, respectively, at 2 years.
The results of the whole population (692 participants) were
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presented in the supplemental material as a sensitivity
analysis.

Measurements

Fasting blood and 24-h urine were collected at baseline,
6 months and 2 years. Serum glucose, insulin, and uri-
nary nitrogen (as a biomarker of diet adherence) were
measured at the clinical laboratory at the Pennington Bio-
medical Research Center. Homeostasis model assessment
(HOMA) models were used to estimate insulin resistance
(HOMA-IR) and B-cell function (HOMA-B), which were
calculated by the following equations: HOMA-IR = (fast-
ing insulin (pU/mL) X fasting glucose (mmol/L))/22.5 and
HOMA-B = (20 x fasting insulin (pU/mL))/(fasting glucose
(mmol/L) —3.5).

Body weight and waist circumference were measured
in the morning before breakfast on two separate days and
averaged at baseline, 6 months, and 2 years. Body weight
was measured by calibrated hospital scales, clothed in a
hospital gown. Waist circumference was measured using a
non-stretchable tape measure, 4 cm above the iliac crest.
Height was measured at baseline. BMI was calculated as
weight (kg) divided by the square of height (m?). Baseline
dietary intake was assessed in a random sample of 50%
of the total participants by a 5-day diet record. It was also
determined through 24-h recalls by a telephone interview on
three nonconsecutive days at 6 months and 2 years. Changes
in biomarkers (respiratory quotient and urinary nitrogen)
confirmed that differences among the groups in macronutri-
ent intake were consistent with those recorded in the dietary
reports [4].

Genotyping and PGS calculation

DNA was extracted from the buffy coat fraction of cen-
trifuged blood with the QIAmp Blood Kit (Qiagen). We
selected 152 SNPs from the 159 SNPs classified for the
analysis of white participants [19]: (1) 27 WHRonly+SNPs
(Pgmr = 0.05, Pywur <0.05), 23 BMIonly+SNPs
(Pgmp < 0.05, Pywyr>0.05), 79 BMI+WHR+SNPs
(Pmp < 0.05, Pywyr <0.05), 23 BMI+WHR—-SNPs
(Pm1 <0.05, Pypg <0.05) (Supplemental Table 1), with
four SNPs excluded for not being in Hardy—Weinberg equi-
librium in the white population (all P <0.05) and three
SNPs excluded for being related to type 2 diabetes. For
the sensitivity analysis in the whole population, 131 SNPs
were selected with 25 SNPs excluded for not being in the
Hardy—Weinberg equilibrium in the whole population (all
P <0.05) and three SNPs excluded for being related to type
2 diabetes.

We assumed each SNP in the panel would act indepen-
dently in an additive manner and the PGS was calculated by

summing risk allele’s numbers and weighted by their effect
sizes (p-coefficients) derived from the reported genome-
wide association study (GWAS) data (WHRonly+SNPs were
weighted by WHRadjBMI-effect; BMIonly+, BMI+WHR+,
BMI+WHR-SNPs were weighted by the BMI effect) [19].
Using the same method for the previously reported PGS of
BMI and WHR [20, 21], the PGS was computed using the
equation: PGS = (#1 X SNP1 + 2 X SNP2 +---+ ffn X SNPn) X
(n/ sum of the f-coefficients), where /3 is the f coefficient for
each individual SNP and 7 is the number of SNPs. The SNPs
were genotyped successfully in 692 of 811 total participants
(583 of 643 whites) using the OpenArray SNP Genotyp-
ing System (BioTrove). The success rate of genotyping was
99%. Replicate quality control samples (10%) were included
and genotyped with>99% concordance [22]. The mean
(range) of PGS of WHRonly+, BMlonly+, BMI+WHR+,
BMI+WHR-is 23.2 (13.5-34.3), 20.2 (13.1-28.1), 84.4
(64.1-105.0) and 26.3 (16.6-36.1), respectively, among the
white participants. A higher PGS of WHRonly+, BMIonly+,
BMI+WHR+, and BMI+WHR—indicated a higher genetic
risk of higher only in WHR, higher only in BMI, higher
in both BMI and WHR, higher in BMI but lower in WHR
subtypes, respectively.

Statistical analysis

The primary endpoints in this study were changes in fasting
glucose, fasting insulin, HOMA-B and HOMA-IR. Levels
of insulin, HOMA-B and HOMA-IR were log-transformed
before analysis to improve the normality of the distribu-
tions. General linear models for continuous variables and
Chi-square test for categorical variables were applied to
compare characteristics among tertiles of the PGS at base-
line. Nutrient intakes and biomarkers of diet adherence
across tertiles of the PGS at baseline, 6 months and 2 years
were compared using general linear models. For gene—diet
interaction, we examined the PGS, dietary protein or dietary
fat, and PGS-by-diet interaction as independent predictors
of changes in primary outcomes adjusted for age, sex, race
(whole populations only), baseline BMI, weight change, and
the baseline value for the respective outcome trait in general
linear models. We also analyzed data in the whole popula-
tion as a sensitivity analysis. A Bonferroni correction was
applied to adjust for multiple testing. P <0.003 (0.05+16)
was considered significant for the main effect and P <0.0015
(0.05+32) was considered significant for the PGS—diet inter-
action. Second, linear mixed models were used to test the
PGS effect on the trajectory of changes in primary outcomes
among the participants who provide measurements at base-
line, 6 months, and 2 years in each of the diet groups over
the 2-year intervention by including PGS-by-time interaction
terms. P <0.05 was considered significant. All statistical
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analyses were performed with SAS (version 9.4, SAS Insti-
tute Inc.).

Results
Baseline characteristics

Baseline characteristics of the participants according to ter-
tiles of one of the polygenetic scores, WHRonly+, which
showed significant interaction with diets (see below), are
presented in Table 1. Mean age, sex and diet group distribu-
tions were similar (all P> 0.05). Higher WHRonly+PGS
was associated with shorter height (P=0.03) and higher
fasting glucose (P =0.0002), fasting insulin (P =0.04), and
HOMA-IR (P=0.01) after adjustment for age and sex.
Regarding the baseline characteristics of the other three
PGSs (Supplemental Tables 2, 3, 4), higher BMIonly+PGS
was associated with higher baseline HbAlc and higher fat
intake (both P=0.02) after adjustment for age and sex. No

associations were observed between the four PGSs and
baseline BMI or waist circumference (all P> 0.1). No other
significant associations between the four PGSs and baseline
characteristics were observed.

Nutrient intake and biomarkers of adherence

The dietary intake (total energy, carbohydrate, fat, and pro-
tein) and biomarkers of adherence (respiratory quotient and
urinary nitrogen) were used to evaluate the dietary adher-
ence across the intervention. Nutrient intake and biomarkers
of adherence according to tertiles of one of the polygenetic
scores, WHRonly+, which showed significant interaction
with diets (see below), are presented in Table 2. It was con-
firmed that participants modified their intake of macronu-
trients in the direction of the intervention goals, although
the targets were not fully achieved [4]. At 6 months, higher
WHRonly+PGS was associated with higher carbohydrate
and lower protein intake (both P =0.04), however, no other

Table 1 Baseline characteristics

k - X Characteristics Tertiles of the WHRonly+PGS P
of white participants according
to WHRonly+PGS in the T1 (n=192) T2 (n=193) T3 (n=198)
POUNDS Lost trial
Age, years 51.7+9.1 52.6+8.7 52.0+9.1 0.75
Female, n (%) 104 (54.2) 108 (56.0) 116 (58.6) 0.68
Height, cm 170.2+8.9 169.5+8.8 168.2+8.7 0.03
Weight, kg 93.7+15.6 949+15.6 92.4+16.6 0.75
BMI, kg/m? 322439 329+4.0 32.5+3.9 0.43
Waist, cm 104.1+12.6 105+13.6 103.7+14.1 0.78
Glucose, mg/dL 90.5+10.1 91.9+10.6 94.7+14.1 0.0002
Insulin, pU/mL 9.5 (6.4, 14.0) 10.5 (7.1, 15.3) 10.9 (7.3, 16.4) 0.04
HOMA-IR 2.1(14,3.1) 2.4(1.5,3.5) 2.5(1.6,3.9) 0.01
HOMA-B 127.2 (96.4,186.9) 130.3(103.2,186.4) 131.5(87.5,201.2) 0.75
HbAlc, % 53+0.3 54+04 54+04 0.16
Diet group, n (%) 0.36
High fat, high protein 53 (27.6) 54 (28.0) 37 (18.7)
High fat, average protein 49 (25.5) 44 (22.8) 58 (29.3)
Low fat, high protein 44 (22.9) 48 (24.9) 51 (25.8)
Low fat, average protein 46 (24.0) 47 (24.4) 52 (26.3)
Dietary intake per day”
Energy, kcal 2005+ 607 1992 +522 1958 +523 0.79
Carbohydrate, % of energy 43.4+8.0 449475 44377 0.55
Fat, % of energy 37.5+6.4 36.9+6.1 37.0+5.7 0.62
Protein, % of energy 18.7+£3.5 17.7+£3.1 18.3+£3.6 0.45
Biomarkers of adherence
Respiratory quotient 0.84+£0.04 0.84+0.04 0.84+0.04 0.52
Urinary nitrogen, g/day 12.6 +4.0 12.4+4.2 12.6+5.3 0.56

Values are means =+ SDs, median (25th, 75th), or n (%). Insulin, HOMA-IR, HOMA-B were log-trans-

formed before analysis

4P values were calculated using the Chi-square test for categorical variables and general linear regression
test after adjusting for age (except age) and sex for continuous variables
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Table 2 Nutrient intakes and biomarkers of weight-loss diet adherence in white participants according to WHRonly+PGS at 6 months and

2 years
Characteristics 6 months 2 years
T1 T2 T3 P T1 T2 T3 P
Dietary intake per day®
Energy, kcal 1589 +498 1662 +467 1648 +498 0.18 1561500 1563 +502 1560+ 509 0.72
Carbohydrate, % of energy 49.1+10.3 48.5+9.7 52.1+£10.5 0.04 48.1+10.0 47.6+9.5 50.0+10.6 0.32
Fat, % of energy 30.5+8.0 31.7+8.3 29.6+8.4 0.44 30.5+8.7 31.5+6.8 31.1+9.9 0.74
Protein, % of energy 20.8+4.7 20.1+4.0 19.5+4.6 0.04 20.9+4.7 20.6+4.7 20.0+4.5 0.31
Biomarkers of adherence
Respiratory quotient® 0.84+0.04 0.84+0.04 0.84+0.04 0.33 0.83+0.04 0.83+0.05 0.84+0.04 0.19
Urinary nitrogen, g/day® 11.7+4.8 11.9+4.8 11.3+4.2 0.63 11.7+4.2 12.2+4.8 12.0+4.7 0.84

Values are means +SDs. P values were calculated by general linear regression test after adjusting for sex and age
“Data for dietary intake per day were available for 280 individuals at 6 months: T1, n=87; T2, n=95; T3, n=98; 142 individuals at 2 years: T1,

n=48; T2, n=44; T3, n=50

"Data for respiratory quotient were available for 488 individuals at 6 months: T1, n=167; T2, n=159; T3, n=162. 387 individuals at 2 years:

T1,n=128; T2, n=128; T3, n=131

“Data for urinary nitrogen were available for 451 individuals at 6 months: T1, n=151; T2, n=148; T3, n=152. 320 individuals at 2 years: T1,

n=104; T2, n=104; T3, n=112

significant differences were observed at 6 months or 2 years
(all P>0.1).

No significant differences across tertiles of the other three
PGSs in nutrient intake and biomarkers of adherence were
found at 6-month or 2-year intervention (all P> 0.05, data
not shown).

Associations between the PGSs and 2-year changes
in glycemic traits

The associations between the four PGSs and 2-year
changes in BMI, waist circumference, and glycemic traits
in the white participants are presented in Table 3. Higher

BMIonly+ and BMI+WHR—-PGS was associated with
a greater decrease in 2-year changes in BMI (P=0.01)
and waist circumference (P =0.002), respectively, after
adjustment for age, sex, diet group, baseline BMI, 2-year
weight change (only waist circumference) and baseline
waist circumference (only waist circumference). No other
significant associations between the four PGSs and 2-year
changes in glycemic traits including glucose, insulin,
HOMA-B, and HOMA-IR were observed (all P >0.02). In
the sensitive analysis, we also found a similar association
between BMlIonly+, BMI+WHR—PGS and 2-year changes
in BMI (P =0.04) and waist circumference (P =0.001),
respectively, in the whole population.

Table 3 Associations between the four polygenetic scores and 2-year changes in glycemic traits in white participants

Outcomes WHRonly+ BMlonly+ BMI+WHR+ BMI+WHR-
# (SE) P p (SE) P $ (SE) P p (SE) P

A BMI, kg/m? —0.05 (0.04) 0.13 —0.12 (0.05) 0.01 —0.03 (0.02) 0.19 —0.01 (0.04) 0.69
A Waist, cm 0.01 (0.05) 0.89 —0.05 (0.07) 0.48 —0.01 (0.03) 0.80 —0.16 (0.05) 0.002
A Glucose, mg/dL —0.05(0.12) 0.69 —0.03 (0.16) 0.87 0.01 (0.07) 0.87 —0.09 (0.12) 0.46
A Insulin, pU/mL —0.001 (0.005) 0.87 —0.0003 (0.007) 0.96 —0.0002 (0.003) 0.95 —0.006 (0.005) 0.27
A HOMA-B —0.002 (0.005) 0.75 —0.0003 (0.007) 0.97 —0.001 (0.003) 0.76 —0.001 (0.005) 0.84
A HOMA-IR —0.0005 (0.006) 0.93 —0.0005 (0.007) 0.95 —0.00005 (0.003) 0.99 —0.007 (0.006) 0.23

p represents changes in each outcome per increment of one PGS. P for trend between the four PGSs and changes in BMI, waist circumference
and glycemic traits was calculated by applying general linear models, after adjustment for age, sex, diet group, baseline BMI, 2-year weight
change (except BMI change), and baseline values for respective phenotypes (except BMI change). Data on insulin, HOMA-B, HOMA-IR were

log-transformed before analysis

HOMA-B homeostasis model assessment of f-cell function, HOMA-IR insulin resistance
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Gene-diet interactions in 2-year changes
in glycemic traits

We further tested interactions between the four PGSs and
diets in 2-year changes in glycemic traits. We found that
dietary protein significantly modified the associations
between WHRonly+PGS and 2-year changes in fasting glu-
cose (P=0.0007) and HOMA-B (P <0.0001) after adjust-
ing for age, sex, baseline BMI, weight change at 2 years
and the baseline value for the respective outcome trait
(Table 4; Fig. 1). In the average-protein diet group, higher
PGS was associated with less increase in fasting glucose
level (P trend=0.006) and less decrease in HOMA-B (P
trend =0.005) compared with the participants with lower
PGS. Opposite associations were observed in the high-
protein diet group where lower PGS was related to a less
reduction in HOMA-B (P trend =0.006) than higher
WHRonly+PGS. Similar interaction between dietary pro-
tein and WHRonly+PGS was found on changes in fasting

glucose (P=0.0009), while the interaction on changes in
HOMA-B became insignificant (P =0.003) when the total
population was analyzed (Supplemental Fig. 1). No signifi-
cant interactions were observed of WHRonly+PGS with
dietary fat or carbohydrates (all P> 0.5, data not shown)
and no interaction was observed between diets and other
three PGSs on changes in glycemic traits (all P> 0.1, data
not shown).

Trajectory of changes in fasting glucose and B-cell
function

The 2-year trajectory of the changes in fasting glucose and
fB-cell function is shown in Fig. 2. Linear mixed models were
used to examine the genetic effect on glycemic traits by time
effect during the 2-year intervention. We found significant
interactions between WHRonly+PGS and intervention time
on changes in fasting glucose among the white participants
in the average-protein diet group (P=0.02) and for HOMA-B

Table 4 Effects of the

. Outcomes Average-protein diet High-protein diet P;eraction
WHRonly+PGS and weight-
loss diets on 2-year changes P (SE) Piena B (SE) Piena
in glycemic traits in white
participants A Glucose, mg/dL —0.46 (0.17) 0.006 0.29 (0.16) 0.08 0.0007
A Insulin, pU/mL 0.010 (0.007) 0.19 —0.011 (0.007) 0.12 0.05
A HOMA-B 0.021 (0.007) 0.005 —0.020 (0.007) 0.006 <0.0001
A HOMA-IR 0.006 (0.008) 0.49 —0.007 (0.007) 0.34 0.26
P represents changes in each outcome per increment of one PGS. P for trend between WHRonly+PGS
and changes in glycemic traits was calculated by applying general linear models, after adjustment for age,
sex, baseline BMI, 2-year weight change, and baseline values for respective phenotypes. Data on insulin,
HOMA-B, HOMA-IR were log-transformed before analysis
HOMA-B homeostasis model assessment of p-cell function, HOMA-IR insulin resistance
a at 24 months b at 24 months
P for interaction=0.0007 P for interaction <0.0001
5 P=0.005 P=0.01
3 —‘V @ Avg-Pro High-Pro
W 4 @ 00
E l s
o
% 3 :zla':n -0.1 []m
E y T2
O 2 : T H T3
£ _ £ 02 1
8 1 &
o g T
2 | £ -03 l
O o v
P=0.006 — P=0.08 04
Avg-Pro High-Pro ’

Fig.1 Effects of the WHRonly+PGS and weight-loss diets on
changes in fasting glucose and HOMA-B during the 2-year interven-
tion in white participants. Values were means + SEs, adjusted for age,
sex, baseline BMI, weight loss at 2 years, and baseline values of the
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respective outcomes in the general linear models. HOMA-B was log-
transformed before analysis. High-Pro high protein, Avg-Pro average
protein, HOMA-B homeostasis model assessment of B-cell function, T
tertile. a Changes in glucose; b changes in HOMA-B
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Fig.2 WHRonly+PGS with 2-year trajectory of changes in fasting
glucose and HOMA-B in response to weight-loss diet in white par-
ticipants. Values were means+ SEs after adjustment for age, sex,
baseline BMI, weight change, and baseline values for respective phe-
notypes. P values were tested for the interaction between PGS and

in the high-protein diet group (P=0.0007). From baseline to
6 months, the levels of glucose and HOMA-B were decreased
in all participants, whereas from 6 months to 2 years, glucose
level increased and HOMA-B was continuously decreased
[4]. Individuals with higher WHRonly+PGS had a greater
decrease in glucose from baseline to 6 months and less
increase of glucose when assigned to the average-protein diet
compared with individuals who had lower WHRonly+PGS.
Among participants, those with lower WHRonly+PGS had a
less decrease in HOMA-B from baseline to 2 years in HOMA-
B from 6 months to 2 years when choosing a high-protein diet.
We also found similar gene—time interactions for changes in
fasting glucose (Pyyerage-protein = 0-002, Phigh-protein =0-21) and
HOMA-B (Pyerage-protein = 0-235 Phigh-protein=0-02) in the sen-
sitivity analysis (Supplemental Fig. 2).
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Discussion

In the present study, we observed positive associations
between WHRonly+PGS and baseline fasting glucose,
fasting insulin, and HOMA-IR in white Americans. No
association was observed with the other three PGSs.
During the 2-year intervention, we found that a higher
BMI+WHR-PGS was associated with a greater decrease
in 2-year changes in waist circumference. In addition,
we found that dietary protein significantly modified the
associations between WHRonly+PGS and 2-year changes
in fasting glucose and HOMA-B. Participants with
higher WHRonly+PGS showed less increase in glucose
and less reduction in HOMA-B than those with lower
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WHRonly+PGS when assigned to the average-protein
diet. Conversely, lower WHRonly+PGS had less decreased
HOMA-B than higher WHRonly+PGS when consuming
the high-protein diet.

Obesity is a phenotypically and metabolically diverse
entity determined by discrete patterns of body fat distribu-
tion. For example, a subgroup of individuals with obesity,
known as metabolically healthy obesity (MHO), may not
have increased cardiometabolic risk. Visceral abdomi-
nal fat accumulation may convert MHO to metabolically
unhealthy obesity (MUO) [23]. A number of GWAS studies
found thousands of SNPs related to BMI, WHR, or WHR-
adjBMI and a recent study classified these SNPs into four
adiposity subtypes based on the direction of their effects on
BMI and WHR (WHRonly+, BMlIonly+, BMI+WHR+and
BMI+WHR-) and the four adiposity subtypes were also
classified into three metabolic subtypes: metabolically unfa-
vorable (BMI+WHR+), metabolically neutral or inconclu-
sive (BMlIonly+ and WHRonly+), and metabolically rather
favorable (BMI4+WHR—) subtypes [19].

At baseline, we found that WHRonly+PGSs was associ-
ated with insulin and insulin resistance, while such associa-
tions were not observed in the other three subtypes. In our
study, all WHRonly+variants were derived from WHRad-
jBMI [19]. The associations between genetic variation of
WHR and glycemic traits are supported by numerous lines
of evidence [16, 20, 24] and are likely to be causal [3, 16,
17]. To our knowledge, most previous studies investigat-
ing genetic variation of WHR in relation to type 2 diabetes
focused on WHRadjBMI [3, 16, 17, 20, 24]. However, some
of the WHRadjBMI variants, such as BMI+WHR— variants,
were not completely independent of BMI and showed effect
on BMI in the unexpected direction [25]. BMI+WHR—-PGS
is related to both BMI and WHR but in the opposite direc-
tion, i.e. higher BMI+WHR—PGS was associated with lower
WHR but higher BMI. WHRonly+PGS is only related to
WHR, i.e. higher WHRonly+PGS was associated with
higher WHR. Our results indicated that the WHRadjBMI
variants only related to WHR were associated with insu-
lin and insulin resistance, suggesting abdominal fat is more
important in determining insulin and insulin resistance.

Among the four PGSs, we found that only the
BMI+WHR-PGS was negatively associated with 2-year
changes of waist circumference independent of concurrent
weight change. Notably, this PGS was not associated with
2-year BMI change, indicating that participants with higher
BMI+WHR-PGS (genetically higher risk for general obe-
sity but lower risk for abdominal obesity) might benefit from
reducing central obesity rather than overall obesity by taking
weight-loss diets. Our data also lend support to the classifi-
cation that BMI+WHR—PGS is metabolically rather favora-
ble and the most healthy adiposity subtype [19]. Besides,
BMIonly+PGS was negatively associated with 2-year

@ Springer

changes of BMI, indicating that participants who had higher
BMlIonly+PGS might benefit from reducing overall obesity
rather than central obesity by taking weight-loss diets.

Interestingly, we found that WHRonly+PGS modified the
effect of dietary protein on changes in glucose and p-cell
function. The relations between dietary protein intakes and
glycemic metabolism have been inconsistently reported [26]:
some studies found that high-protein intake was associated
with higher levels of fasting glucose [27], better B-cell func-
tion [28] and increased risk of type 2 diabetes [29, 30], while
others revealed that there was no relation between dietary
protein and fasting glucose [31], B-cell function [32] or type
2 diabetes risk [32, 33]. Our data suggest that the conflict-
ing findings might be partly due to the individual genetic
differences.

From the trajectory of changes in glycemic traits during
the 2-year visit, we observed that the diet intervention on
lowering fasting glucose was more effective at 6 months than
2 years, which is consistent with the trajectory of changes
in body weight [4]. Another 10-week dietary intervention
study also observed reduction in both fasting glucose and
HOMA-B [34]. Similar to other diet or lifestyle interven-
tion trials, the diminished adherence that occurred between
6 months and 2 years may partially explain the regain of
fasting glucose [5, 35]. In our study, interaction patterns
between WHRonly+PGS and dietary protein on glycemic
traits appeared to be similar at 6 months and 2 years, though
the modification effects were less significant at 6 months.

To the best of our knowledge, this is the first study to
investigate the association and interaction between geneti-
cally determined subtypes of adiposity and weight-loss diet
interventions on changes in glycemic traits in a long-term
randomized clinical trial. However, several limitations in
our study should also be addressed. First, instead of gold
standard (hyperinsulinemic-euglycemic clamp and the
hyperglycemic clamp), we used the homeostatic model to
assess f-cell function and insulin resistance, however, this
model can also yield valuable data when primary input data
are robust and the result is interpreted carefully [36]. Sec-
ond, hip circumference was not measured in this trial, so
the association between WHR phenotype and changes in
glycemic traits during weight loss could not be assessed.
Third, although we found similar interactions in both white
population and whole population, further replications in
other races are needed to generalize our findings.

In conclusion, our study suggests that distinct genetically
determined adiposity subtypes may differentially modify the
effects of weight-loss diets on improving glucose metabo-
lism and dietary protein may modify the genetic effects of
WHRonly+PGS on glycemic changes in white Americans.
Our results may provide novel information to develop diet
interventions by considering various genetic subtypes of
obesity.
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