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ABSTRACT

Background: Diet interventions have shown effectiveness in improving
diabetes risk factors; however, little is known about whether the effects
of diet intervention are different according to genetic susceptibility.
Objective: We examined interactions between weight-loss diets and
the genetic risk score (GRS) for diabetes on 2-y changes in markers of
insulin resistance and B cell function in a randomized controlled trial.
Design: Data from the Preventing Overweight Using Novel Dietary
Strategies (POUNDS LOST) trial were analyzed. A GRS was calcu-
lated on the basis of 31 diabetes-associated variants in 744 overweight
or obese nondiabetic adults (80% white Americans). We assessed the
changes in insulin resistance and 3 cell function over the 2-y intervention.
Results: Dietary protein significantly interacted with the diabetes
GRS on fasting insulin, glycated hemoglobin (HbAlc), the homeo-
stasis model assessment of B cell function (HOMA-B), and the
homeostasis model assessment of insulin resistance (HOMA-IR)
at 2 y in white Americans (P-interaction = 0.02, 0.04, 0.01, and
0.05, respectively). The lower GRS was associated with a greater
decrease in fasting insulin (P = 0.04), HbAlc (P = 0.0001), and
HOMA-IR (P = 0.02), and a lesser increase in HOMA-B (P =
0.004) in participants consuming a low-protein diet. Participants
with a higher GRS might have a greater reduction in fasting insulin
when consuming a high-protein diet (P = 0.03).

Conclusions: Our data suggest that individuals with a lower genetic
risk of diabetes may benefit more from consuming a low-protein
weight-loss diet in improving insulin resistance and 3 cell function,
whereas a high-protein diet may be more beneficial for white pa-
tients with a higher genetic risk. This trial was registered at clin-
icaltrials.gov as NCT00072995. Am J Clin Nutr 2016;104:198—
204.

Keywords: genetic risk score, weight-loss diets, insulin resistance,
B cell function, gene—diet interaction

INTRODUCTION

Type 2 diabetes has been increasing rapidly and is becoming
a critical threat to public health in the United States and
throughout the world (1). The epidemic of diabetes is attributable
mainly to dramatic changes in dietary patterns and lifestyle (2).
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Diet and lifestyle modifications are considered to be the first
option in preventing diabetes (2, 3). A large number of clinical
trials have demonstrated that diet and lifestyle interventions
prevent or delay the onset of diabetes (3, 4).

Considerable interindividual variation has been noted in re-
sponse to diet and lifestyle interventions, and previous evidence
suggests that such variation may be determined by interactions
with genetic factors. For example, genetic variants in the GIPR®
(5), PCSK7 (6), and IRS1 genes (7) associated with diabetes have
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been found to modify the effect of diet and lifestyle on insulin
resistance. However, recent observational studies have found that
overall genetic susceptibility to diabetes might interact with diet
and lifestyle on diabetes risk factors (8, 9). For example, the
NHANES found that macronutrients modified genetic suscepti-
bility to diabetes (8). In addition, the Atherosclerosis Risk in
Communities study showed that the high genetic score attenuated
the protective effect of physical activity on type 2 diabetes and
insulin resistance (9). However, similar relations were not detected
in the European Prospective Investigation into Cancer and Nutri-
tion (EPIC) InterAct case-cohort study (http://www.inter-act.eu/)
(10). Limited evidence currently is available from clinical trials.
In the present study, we aimed to quantify the combined effects
of the genetic risk score (GRS), which was calculated on the basis of
31 variants associated with type 2 diabetes (11, 12), on markers of
insulin resistance and 3 cell function in a 2-y randomized con-
trolled trial. In particular, we tested whether weight-loss diets
might modify genetic association with long-term improvement
in insulin resistance and 3 cell function over the intervention.

METHODS

Study participants

The Preventing Overweight Using Novel Dietary Strategies
(POUNDS LOST) trial (NCT00072995), conducted in Boston,
Massachusetts, and Baton Rouge, Louisiana, in 20042007, was
a 2-y randomized clinical trial that compared the effects of energy-
reduced diets that had different compositions of fat, protein, and
carbohydrate with weight change. People with type 2 diabetes
controlled with diet, or with hypertension or hyperlipidemia treated
with diet or drugs, were eligible to participate. Exclusions were
diabetes treated with oral medications or insulin, serious gastroin-
testinal disease, alcohol or drug abuse, treatment for an eating dis-
order, unstable or recent onset of cardiovascular disease or other
serious illness, the use of medications that affect body weight, and
insufficient motivation. A total of 811 overweight and obese subjects
were recruited for this trial. The trial was approved by the Human
Subjects Committee at the Harvard School of Public Health and
Brigham and Women’s Hospital in Boston, the Pennington Bio-
medical Research Center of the Louisiana State University System
in Baton Rouge, Louisiana, and a data and safety monitoring board
appointed by the National Heart, Lung, and Blood Institute. All
participants gave written informed consent. Detailed information on
the study design and methods has been described previously (13).

A total of 811 overweight or obese subjects [BMI (in kg/m?)
=25 and =40] aged 30-70 y were randomly assigned to 1 of 4
diets with targeted percentages of energy derived from varying
macronutrient composition: /) 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% protein, and 35% carbohydrate. Eighty percent of the
participants (n = 645) completed the 2-y trial. Among the par-
ticipants who had genotyping data (n = 744), 594 participants
actually completed the 2-y trial. A total of 471 white Americans
were included at 24 mo. To assess dietary adherence across the
intervention, dietary intake was assessed in a random sample of
50% of the participants by a review of the 5-d diet record at
baseline and by 24-h recall during a telephone interview on 3
nonconsecutive days at 6 mo and at 2 y. Total energy, fat, pro-

tein, and carbohydrate intake and changes in urinary nitrogen
and respiratory quotient (biomarkers of adherence) confirmed
that differences in macronutrient intake between the groups
were consistent with those recorded in the dietary reports (13).

Measurements

Height was measured at baseline. Body weight and waist
circumference were measured, and fasting blood samples, 24-h
urine samples, and measurements of resting metabolic rate were
obtained in the fasting state at baseline, 6 mo, and 2 y. BMI was
calculated as weight in kilograms divided by height in meters
squared. Serum glucose, insulin, and urinary nitrogen were
measured at the clinical laboratory at the Pennington Biomedical
Research Center. Glucose and insulin were measured with the use
of an immunoassay with chemiluminescent detection on an
Immulite analyzer (Diagnostic Products Corporation). 3 cell
function was estimated by homeostasis model assessment of 3
cell function (HOMA-B) with the use of the following equation:
[20 X fasting insulin (uU/mL)]/{[fasting glucose (mg/dL)/
18.01]—3.5}. Insulin resistance was estimated by HOMA-IR as
follows: [fasting insulin (wU/mL)] X [fasting glucose (mg/dL)/
18.01]/22.5 (14). A 24-h urine sample was collected at baseline,
6 mo, and 2 y for creatinine and urea (as a biomarker of protein
intake), and was measured at the Core Laboratory at Pennington.

Genotyping and GRS calculation

DNA was extracted from the buffy coat fraction of blood that was
centrifuged at 14,000 X 3 g for 10 min at 5°C with the use of the
QIAmp Blood Kit (Qiagen). We selected 31 single-nucleotide
polymorphisms (SNPs) previously associated with type 2 diabetes
at a genome-wide significance level in white patients (11, 12, 15).
We assumed that each SNP in the panel would act independently in
an additive manner, and the genetic score was calculated by using
a weighted method. Each SNP was weighted by its relative effect
size (3 coefficient) obtained from the reported genome-wide as-
sociation study (GWAS) data (11, 12). By using the same method
for the previously reported waist-to-hip ratio genetic score (16), we
first created a weighted score with the use of the following equa-
tion: weighted score = 81 X SNPI + 82 X SNP2 + ... + Bn X
SNPn, where B is the B coefficient for each individual SNP, and n
is number of SNPs. To reflect the number of diabetes risk alleles,
we rescaled the weighted score with the use of the following
equation: weighted GRS = weighted score X (total number of
SNPs/sum of the 3 coefficients). Most of the SNPs included in the
GRS were genotyped (Supplemental Table 1). The SNPs were
genotyped successfully in 744 of 811 total participants with the use
of the OpenArray SNP Genotyping System (BioTrove). The ge-
notype success rate was 99% in available DNA samples. Repli-
cated quality control samples (10%) were included in every
genotyping plate with >99% concordance (17).

Statistical analysis

In the present analysis, we included only those participants who
had genotype data (n = 744). The primary endpoints for this study
were changes in fasting insulin, insulin resistance, and (3 cell
function over the intervention. General linear models (PROC
GLM) for continuous variables and a chi-square test (PROC
FREQ) for categorical variables were applied for the comparison
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according to genotype groups at baseline. We compared the
changes in the primary endpoints, biomarkers of adherence and
nutrient intake, across genotype groups at 6 mo and 2 y with the
use of generalized linear models. To test for interactions, we ex-
amined genotype and genotype—diet interactions as independent
predictors of changes in diabetes traits, adjusted for age, sex, eth-
nicity (whole population only), baseline weight, weight change, and
the baseline value for the respective outcome trait in the generalized
linear models. We assigned the median value of GRS to each tertile
of GRS when testing the P-trend in subgroups. Linear mixed
models (PROC MIXED) with the use of variance components
structure were used to test the genotype effect on the trajectory of
changes in diabetes traits in the participants who provide mea-
surements at baseline, 6 mo, and 2 y in each of diet groups over the
2-y intervention by including genotype X time interaction terms.
All reported P values were nominal. P << 0.05 was considered to be
statistically significant. We used Quanto 1.2.4 (University of
Southern California, Los Angeles, California; http://hydra.usc.edu.
gxe) to estimate the detectable effect sizes of genotype—diet in-
teractions. In this post hoc analysis, the study had 80% power to
detect gene—diet interaction effect sizes of 0.16 units for changes in
fasting insulin, and 0.18 units for changes in HOMA-IR at 2 y at
a significance level of 0.05. Statistical analyses were performed
with SAS version 9.1.

RESULTS

Characteristics of the study population according to GRS

Baseline characteristics of participants according to tertiles
(low, median, high) of the GRS are presented in Table 1 and

TABLE 1

HUANG ET AL.

Supplemental Table 1. The GRS was calculated on the basis of
31 genetic variants associated with diabetes (Supplemental
Table 2). The distribution of the GRS was significantly dif-
ferent by ethnicity and sex. Body weight, BMI, waist cir-
cumference, fasting insulin, and HOMA-IR were not related to
the GRS at baseline. No associations of GRS with weight loss
and change in waist circumference at 6 mo and 2 y were ob-
served, except for a 6-mo change in waist circumference (P =
0.02). Supplemental Figure 1 presents the distribution of GRS
and its association with 24-mo changes in fasting insulin, in-
sulin resistance measured by HOMA-IR, and S cell function
estimated by HOMA-B. We did not observe significant genetic
associations with diabetes traits.

The dietary intake and adherence markers of the white
participants are shown in Table 2. We assessed biomarkers to
confirm dietary adherence. There were no significant differ-
ences in mean values of nutrient intake and biomarkers of
adherence at 6 mo and 2 y across the tertiles of GRS (P >
0.05). Total energy, fat, protein, and carbohydrate and changes
in urinary nitrogen and respiratory quotient (biomarkers of
adherence) confirmed that participants modified their intake of
macronutrients in the direction of the goals, although the tar-
gets were not fully achieved.

Gene-diet interactions on improvement in insulin
resistance and 3 cell function

In the POUNDS LOST trial, the high-carbohydrate diets are
the same as the low-fat diets and vice versa. In the present anal-
ysis, participants from the diet groups were combined in order to
compare low-carbohydrate diets (35% and 45% carbohydrate

Baseline characteristics of white participants in the POUNDS LOST trial'

Tertile of the genetic risk score

T1 (low) T2 (median) T3 (high)

(n = 199) (n = 199) (n = 198) P’
Age, y 52.1 £ 89 51.6 £9.2 52.3 =89 0.70
Female 120 (60.6) 106 (73.3) 112 (56.3) 0.33
Low-protein diets 105 (53.0) 91 (45.7) 106 (53.3) 0.23
Height, cm 168.9 = 9.0 169.6 = 8.7 169.1 = 8.9 0.85
Weight, kg 92.7 £ 15.8 944 £ 15.6 93.6 = 164 0.76
Waist, cm 103.7 = 13.3 1049 = 133 103.9 = 13.6 0.72
Total energy, kcal/d 1933 = 510 2066 = 559 1955 + 558 0.87
Carbohydrate, % of energy 448 £ 7.2 43.6 = 8.1 440 £ 7.7 0.06
Fat, % of energy 36.8 £ 5.5 372 =59 375 £ 6.7 0.41
Protein, % of energy 18.3 = 3.1 18.3 £ 3.6 18.1 = 3.5 0.06
Baseline mean respiratory quotient 0.84 = 0.04 0.84 = 0.05 0.84 = 0.04 0.99
Baseline urinary nitrogen, mg/d 119 £ 4.1 12.8 + 44 12.7 £ 49 0.23
Baseline fasting insulin, mIU/L 114 £ 69 12.9 + 8.6 11.8 = 7.1 0.42
Baseline HOMA-IR 26 = 1.7 3.1 £23 28+ 1.8 0.16
Baseline HOMA-B 0.5 = 0.1 0.5 = 0.1 0.5 = 0.1 0.41
Baseline HbAlc, % 53*03 5404 53*+04 0.44
6-mo weight change, kg —-7.1 =62 =76 £5.7 =70 %55 0.22
6-mo waist change, cm —7.8 £ 6.6 —7.8 £ 6.1 —6.9 £ 6.0 0.04
24-mo weight change, kg —44 *+78 -50=*73 —43 + 82 0.31
24-mo waist change, cm —-6.1 = 8.0 —6.7 74 —-59 = 85 0.06

'"Values are means =+ SDs or n (%). HbAlc, glycated hemoglobin; HOMA-B, homeostasis model assessment of 3 cell
function; POUNDS LOST, Preventing Overweight Using Novel Dietary Strategies; T, tertile.
2P values were calculated by using the chi-square test for categorical variables and F tests after adjusting for sex

(except for sex) and age (except for age).
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Nutrient intake and biomarkers of adherence according to tertiles of genetic risk score at 6 mo and 24 mo in white

Americans in the POUNDS LOST trial'

At 6 mo At 24 mo
T1 (low) T2 (median) T3 (high) T1 (low) T2 (median) T3 (high)

Genetic risk score 35.69 = 2.70 40.07 = 1.20 4549 = 453 3547 = 2.67 40.12 = 1.27 46.12 = 4.76
Dietary intake per day®

Energy, kcal 1679 = 471 1651 = 591 1513 = 457 1602 = 536 1516 = 423 1441 * 486

Carbohydrate, % 498 £ 102 504 *+ 102 522 *+ 107 48.6 £ 106 47.0 = 8.7 523+ 11.3

Fat, % 30.7 = 8.5 30.8 = 8.1 284 = 8.0 29.9 £ 8.5 332+ 7.6 28.6 = 8.9

Protein, % 19.8 = 4.8 20.3 £ 42 20.0 + 4.6 21.1 =52 203 =43 193 £ 42
Biomarkers of adherence®

Urinary nitrogen, g 11.1 = 39 122 £ 49 113 £ 46 12.1 £ 3.9 11.8 = 4.8 11.8 = 4.8

Respiratory quotient 0.80 £ 0.01 0.81 £0.01 0.81 £0.01 0.81*0.01 0.80*0.01 0.81 *=0.01

'Values are means = SDs. All P-trends across tertiles were >0.5. The tertiles for the genetic risk score were defined in
white Americans. General linear models (PROC GLM) were applied for the comparison according to groups. POUNDS
LOST, Preventing Overweight Using Novel Dietary Strategies; T, tertile.

2Samp]e sizes at 6 mo: T1, n=91; T2, n =99; and T3, n = 96. Sample sizes at 24 mo: T1, n =49; T2, n = 46; and T3, n = 51.

3Sample sizes at 6 mo: T1, n=199; T2, n = 199; and T3, n = 198. Sample sizes at 24 mo: T1, n = 175; T2, n = 166; and

T3, n = 130.

diet groups combined) and high-carbohydrate diets (55% and
65% carbohydrate diet groups combined), and to compare low-
protein diet (15% protein) and high-protein diets (25% pro-
tein). We tested the interactions between the GRS and the
intervention diets (2-factor comparisons: low-protein com-

S: at 24 months
E 0.1 p for interaction=0.02
=
E 0.0 =Tl
£-0.1 ®mT2
£-02 OT3
e 0.03
= = =0.
g _0‘4 p 0.04 p S
o Low-Pro High-Pro
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@9 p for interaction=0.01
=5, POk p=0.11  gpy
s 1
E 1.0 T2
3 0.5 OT3
g
5 0.0

Low-Pro High-Pro

pared with high-protein, and high-fat compared with low-fat) on
changes in markers of insulin resistance and 3 cell function over
24 mo. Dietary protein significantly modified the genetic effects
of diabetes on fasting insulin, glycated hemoglobin (HbAlc),
HOMA-B, and HOMA-IR (P-interaction = 0.02, 0.04, 0.01, and

$ at 24 months
g 002 p for interaction=0.04
Z 001 mTl
= 0.00 -
7 -0.01 o
& -0.02 oT3
Z -0.03
C 004 p=0.0001 p=0.41
Low-Pro High-Pro
at 24 months
E. 01 p for interaction=0.05
< 0.
g 06 mTl
= -0.1 F } mT2
F
‘_é: -0.2 o OT3
£.03 P00 p=0.08
Low-Pro High-Pro

FIGURE 1 Effects of the genetic risk score for diabetes and weight-loss diets on changes in fasting insulin and HOMA-IR during a 2-y intervention in
white Americans. Values are means * SEs. High-Pro group sample sizes: T1, n = 87; T2, n = 84; and T3, n = 63. Low-Pro group sample sizes: T1, n = 88; T2,
n =82; and T3, n = 67. The tertiles for the genetic risk score were defined in white Americans. To test for interactions, we examined genotype and genotype—
diet interactions as independent predictors of changes in diabetes traits, adjusted for age, sex, ethnicity (in the whole population analysis), baseline weight,
weight change, and the baseline value for the respective outcome trait in the generalized linear models. P-interaction refers to the interaction between protein
diets and genetic risk score. P-trends across the tertile groups were tested in Low-Pro and High-Pro groups after adjustment for age, sex, weight change, and
baseline values for respective phenotypes. Fasting insulin, HOMA-IR, HOMA-B, and HbAlc were log-transformed before analysis. HbAlc, glycated
hemoglobin; High-Pro, high protein, HOMA-B, homeostasis model assessment of 3 cell function; Low-Pro, low protein; T, tertile.
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0.05, respectively) at 2 y in white Americans, after adjustment
for age, sex, weight change, and baseline perspective phenotype
(Figure 1). Further adjustment for baseline BMI and dietary fat
in the model yielded similar results. In the adjusted model, the
lower GRS was associated with a greater decrease in fasting
insulin (P-trend = 0.04), HbAlc (P-trend = 0.0001), and
HOMA-IR (P-trend = 0.02), and a lesser increase in HOMA-B
(P-trend = 0.004) between participants consuming the low-
protein diet. We observed the opposite genetic effects on
changes in fasting insulin (P-trend =0.03) in the high-protein
diet group. Participants with a higher GRS might have a greater
reduction in fasting insulin when choosing a high-protein diet. A
similar interaction pattern was found for HbAlc, but not for
other measures, in all participants (Supplemental Table 3).
We did not find a significant interaction for other weight-loss
diets in either white Americans alone or the study population
as a whole.

Trajectory of changes in fasting insulin and insulin
resistance and B cell function

We used linear mixed models to assess the genetic effect on
insulin resistance and 3 cell function by time effect over the 2-y
intervention in low- and high-protein diet groups. Participants
with a lower genetic risk of diabetes had a greater improvement
in insulin resistance than did those with a higher genetic risk
across the 2-y intervention in the low-protein diet group. Among
white participants, those with a higher genetic risk may benefit
more in improving their B cell function than may those with
a lower genetic risk when choosing a low-protein diet. However,
we did not find any significant differences in insulin resistance

= Low-Pro group
=) 0.1

= * p for interaction = 0.02

- 0.0
=

2 .0l Ity
= -T2
g 02 A-T3
W
& 03
=
<
5 -0.4

Baseline 6 Months 24 Months
Low-Pro group
20
= p for interaction = 0.01
< 15
= ——T1
=} 1.0
_— -T2
= 5
= 0.5 A-T3
g 00 X
E
o -05
Baseline 6 Months 24 Months

HUANG ET AL.

and B cell function across tertiles of GRS in the high-protein
diet group (Figure 2).

DISCUSSION

In a 2-y randomized weight loss intervention trial, dietary
protein intake significantly modified genetic association with
improvement in insulin resistance and B cell function in white
patients. Our findings showed that individuals with a low genetic
risk of diabetes might benefit more from consuming a low-
protein weight-loss diet through improved insulin resistance,
although with less improvement in 3 cell function.

To our knowledge, most previous studies investigating gene—
environment interactions in relation to diabetes have focused
extensively on a single locus (5-7, 18, 19). However, findings
from the GWAS showed that single variants only had modest
effects on diabetes (12). Recent observational studies calculated
the genetic score based on diabetes loci and their interaction
with diet and lifestyle in relation to risk of diabetes (8—10). In
the present analysis, we took advantage of a 2-y clinical trial to
investigate genetic susceptibility to insulin resistance. We found
that dietary protein intake significantly modified genetic asso-
ciation with insulin resistance, suggesting that individuals with
a low genetic risk of diabetes might improve insulin resistance
more by consuming a low-protein weight-loss diet. Our results
are supported by studies that demonstrated that weight-loss diets
modulate the genetic effects of gastric inhibitory polypeptide
receptor (GIPR) (5) and proprotein convertase subtilisin/kexin
type 7 (PCSK7) (6), with improved insulin resistance. In con-
trast to insulin resistance, we found that participants with a low
genetic risk of diabetes experienced less improvement in 3 cell

- Low-Pro group
o ool o p for interaction = 0.001
é 0.00
—-— ——T1
= -0.01
- s pd
S -0.02 o
%l- Ve a-T3
5 -0.03

-0.04

Baseline 6 Months 24 Months
Low-Pro group
x O ) )
= ‘ p for interaction = 0.05
= 0.0 a
g -0.1 —+—TI
= 02 —=—T2
. a8 T3
&
§ 0.4
o s
Baseline 6 Months 24 Months

FIGURE 2 Effects of the genetic risk score for diabetes on the trajectory of changes in fasting insulin and HOMA-IR in white Americans over 2y
in the Low-Pro group. Values are means * SEs after adjustment for age, sex, weight change, and baseline values for respective phenotypes, n = 471
white Americans. Low-Pro group sample sizes—6 mo: T1, n = 100; T2, n = 99; and T3, n = 98; 24 mo: T1, n = 88; T2, n = 82; and T3, n = 67. P values
were tested for the interaction between genotype and intervention time. Linear mixed models (PROC MIXED) were used to test the genotype effect on
the trajectory of changes in diabetes traits. HbAlc, glycated hemoglobin; HOMA-B, homeostasis model assessment of 8 cell function; Low-Pro, low

protein; T, tertile.
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function when eating a lower protein (15%) diet. The different
modification by weight-loss diets on genetic associations may
reflect the distinct biological functions of impaired 3 cell function
and insulin sensitivity in the pathogenesis of type 2 diabetes. Our
results can be explained by previous evidence showing that most
GWAS-identified loci (20) exert their effect on the risk of type 2
diabetes through impaired 3 cell function, although a few may be
involved in a reduction in insulin sensitivity (20, 21).

Even though the biological basis underlying the observed
interaction between the diabetes-related genotypes and protein
intake remains unclear at this point, several lines of evidence
suggest that such interactions are plausible. For example, the
Diet, Obesity, and Genes trial reported that transcription factor
AP-2 B (TFAP2B) 15987237, which is associated with obesity,
interacted with dietary protein and carbohydrate to modify
weight maintenance after weight loss in individuals with obesity
(22). Our previous results showed that insulin resistance was
modulated by the genotype—macronutrient interaction during the
weight regain phase (6). Animal studies have demonstrated that
protein intake might regulate the expression of several diabetes-
associated genes. A study in rats suggested that maternal protein
restriction during pregnancy affected cyclin-dependent kinase
inhibitor 2A (CDKNZ2A) gene expression (23). A group of these
loci is associated with impaired B cell function [Wolfram syn-
drome 1 (WFSI), ArfGAP with RhoGAP domain, ankyrin re-
peat and PH domain 1 (CENTD?2), solute carrier family 30,
member 8 (SLC30AS), cyclin-dependent kinase 5 regulatory
subunit-associated protein 1-like (CDKALI), insulin-like growth
factor 2 MRNA binding protein 2 IGF2BP2), CDKN2A, cyclin-
dependent kinase inhibitor 2B (CDKN2B), Notch homolog 2
(NOTCH?2), thyroid adenoma associated (THADA), potassium
channel, voltage gated KQT-like subfamily Q, member 1
(KCNQ1I), melatonin receptor 1B (MTNRIB), glucokinase reg-
ulator (GCKR), glucokinase (GCK), and Prospero homeobox
protein 1 (PROX1)], whereas several other loci are related to
impaired insulin sensitivity [peroxisome proliferator—activated
receptor y (PPARG), insulin receptor substrate 1 (/RS/), insulin-
like growth factor 1 (IGFI), ADAM metallopeptidase with
thrombospondin type 1 motif, 9 (ADAMTS9), and Kriippel-like
factor 14 (KLF14)]. In addition, compelling evidence from ob-
servational studies and clinical trials showed that protein intake
regulated insulin secretion and glucose metabolism (24-27).
Therefore, the biological pathways linking protein intake and
genotype to diabetes largely are overlapped, and interactions
between them might occur on these pathways. The observed
gene—diet interaction on the improvement of insulin resistance
and B cell function might reflect the cumulative effects of
multiple genetic variants, rather than a single variant. In addi-
tion, participants had difficulty achieving the goals of their as-
signed group for macronutrient intake, and the differences in
protein intake and in urinary nitrogen between the low- and
high-protein groups at 24 mo were marginally significant.
However, the difference in protein intake was significant during
the majority of the intervention course, which is the driving
force of the observed interaction. If such a difference remained
significant at 2 y, the interaction might be stronger. The precise
underlying mechanisms explaining the interaction between the
weight-loss diets and a GRS in relation to the improvement in
insulin resistance and 3 cell function need to be clarified further
in future studies, especially through functional experiments.
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To the best of our knowledge, this is the first study to in-
vestigate the interaction between overall genetic susceptibility to
diabetes and weight-loss diets on long-term changes in markers
of insulin resistance and 3 cell function in a randomized clinical
trial. Our findings provide new insights into the role of genetic
susceptibility in determining insulin resistance and B cell
function. However, several limitations need to be considered.
Despite the intensive behavioral counseling in this trial, partic-
ipants experienced difficulty achieving the goals of their as-
signed group for macronutrient intake, which might have
introduced misclassification, as previously discussed (13). Fur-
thermore, a large number of loci for diabetes (28) and related
biomarkers (29) were identified through the GWAS over the past
several years; however, the weighted GRS calculated in the
present study did not include all of these diabetes loci. This is
a limitation of the current study. In addition, although we con-
ducted analysis in both white and whole-population groups, we
acknowledge that replication in diverse populations is required
to verify our findings. Finally, we did not apply stringent control
for the limited number of multiple testings. Therefore, this may
lead to potential overstatement of our findings.

In conclusion, our data suggest that individuals with a lower
GRS for diabetes may benefit from consuming a low-protein
weight-loss diet through an improvement in insulin resistance,
although with less improvement in 8 cell function. In contrast,
a high-protein diet may be more beneficial for improving insulin
resistance in white patients with a higher GRS. These findings,
which, to our knowledge, are novel, provide supportive evidence
for the notion of personalized nutrition in preventing diabetes.
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