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ABSTRACT
Background: Circulating branched-chain amino acids (BCAAs) and
aromatic amino acids (AAAs) have been shown to be associated with

insulin resistance and diabetes risk. The common rs1440581 T allele in

the protein phosphatase Mg2+/Mn2+ dependent 1K (PPM1K) gene has

been related to elevated BCAA concentrations and risk of type 2 diabetes.
Objective: In the present study, we tested whether dietary fat
and carbohydrate intakes influenced the association between the

rs1440581 PPM1K genetic variant and glucose-metabolism traits

during weight loss.
Design: The rs1440581 PPM1K genetic variant was genotyped in a
total of 757 nondiabetic individuals who were randomly assigned to

1 of 2 energy-restricted diets that differed in macronutrient composition

(low-fat diet: 20–25% fat, 15% protein, and 60–65% carbohydrate;

high-fat diet: 40–45% fat, 15% protein, and 40–45% carbohydrate).

The changes in fasting glucose, fasting insulin, insulin resistance

(homeostasis model assessment of insulin resistance) and homeostasis

model assessment of b cell function (HOMA-B) were measured

after a mean 6 SD weight loss of 6.8 6 3.4 kg over 10 wk and

analyzed according to the presence of the T allele of rs1440581.
Results: The rs1440581 T allele was associated with a smaller
improvement in glucose concentrations after the 10-wk dietary in-

tervention (b 6 SE: 0.05 6 0.02 mg/dL; P = 0.03). In addition,

significant gene-diet interactions were shown for the rs1440581

PPM1K genetic variant in relation to changes in insulin and

HOMA-B (P-interaction = 0.006 and 0.002, respectively). In re-

sponse to the high-fat diet, the T allele was associated with a higher

reduction of insulin (b 6 SE: 20.77 6 0.40 mU/mL; P = 0.04) and
HOMA-B (b 6 SE:213.26 3.81; P = 0.003). An opposite effect was
observed in the low-fat diet group, although in this group the T allele
was marginally (P = 0.10) and not significantly (P = 0.24) associated
with insulin and HOMA-B, respectively.
Conclusion: PPM1K rs1440581 may affect changes in glucose
metabolism during weight loss, and this effect is dependent on di-
etary fat and carbohydrate intakes. This trial was registered at
controlled-trials.com as ISRCTN25867281. Am J Clin Nutr
2017;106:902–8.
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INTRODUCTION

Metabolomics studies have shown that elevated circulating
amino acids, particularly branched-chain amino acids (BCAAs)
and aromatic amino acids (AAAs), might be associated with obesity,
insulin resistance, and a higher risk of type 2 diabetes (T2D) (1–4). In
addition, a previous study reported that weight-loss diets in over-
weight and obese subjects may have long-term effects on circu-
lating BCAA and AAA concentrations (5). Although it remains
unknown whether BCAAs and AAAs are causally implicated in
metabolic disturbances, the results of a recent Mendelian random-
ization study, which included a large-scale human genetic and a
metabolomics study, provided evidence of a possible causal role of
BCAA metabolism in the etiology of T2D (6). In contrast, Ma-
hendran et al. (7) concluded that higher plasma BCAA concentra-
tions had no causal effect on insulin resistance.

Several genome-wide association studies have revealed
common genetic variants that determine plasma amino acid con-
centrations (6, 8–13). Of these, the T allele of the protein phos-
phatase Mg2+/Mn2+ dependent 1K (PPM1K) rs1440581 genetic
variant has been associated with higher valine and leucine con-
centrations, in addition to other amino acids (6, 9, 11) as well as
Fischer’s ratio of BCAAs to AAAs (characteristic of liver fibro-
sis) (9, 14). The same polymorphism was defined by a systems
genetics approach as a genetic variant involving susceptibility to
T2D (15). Subsequently, Lotta et al. (6) observed an OR of 1.04
per risk allele (95% CI: 1.02, 1.07 per risk allele) of the PPM1K
rs1440581 polymorphism for T2D risk. In the POUNDS LOST
(Preventing Overweight Using Novel Dietary Strategies) trial,
carriers of the risk allele of rs1440581 showed higher weight loss
and better improvement in insulin sensitivity than did individuals
without this allele when the participants consumed a high-fat diet
that was prescribed for weight loss (16).

In the present study, we analyzed the association between the
PPM1K rs1440581 genetic variant and changes in glucose-
metabolism–related traits [fasting glucose, fasting insulin,
HOMA-IR, and homeostasis model assessment of b cell
function (HOMA-B)] in response to 2 energy-restricted diets
with different relative amounts of fat compared with carbo-
hydrates. In addition, potential gene-diet interactions over the
course of the intervention were examined.

METHODS

Study participants

A total of 757 subjects from the NUGENOB (Nutrient Gene
Interactions in Human Obesity: implications for dietary guidelines)
study, which was a randomized, parallel, 2-arm, open-label, 10-wk
dietary intervention that compared the effects of 2 hypoenergetic
diets with either a low- or high-fat content, were included in the
present study (controlled-trials.com; ISRCTN25867281) (Sup-
plemental Figure 1). The NUGENOB study was conducted at 8
sites in 7 European countries [United Kingdom, Netherlands,
France (2 centers), Spain, Czech Republic, Sweden, and Denmark].

The study design and methods have been described in detail
elsewhere (www.nugenob.org) (17, 18). Briefly, the inclusion criteria
were being aged from 20 to 50 y of age with BMI (in kg/m2)$30.

The exclusion criteria were as follows: weight change.3 kg#3 mo
before the beginning of the study; drug-treated hypertension, di-
abetes, or hyperlipidemia; untreated thyroid disease; surgically
treated obesity; pregnancy; alcohol or drug abuse; and participa-
tion in other simultaneous ongoing trials. The study protocol was
approved by the ethics committee of each center and country. All
participants gave written informed consent after they were in-
formed of the nature and risks of the experimental procedure.

Dietary intervention

The macronutrient composition of the 2 diets was as follows:
low-fat diet: 20–25% of total energy from fat, 15% of total
energy from protein, and 60–65% of total energy from carbo-
hydrate; and high-fat diet: 40–45% of total energy from fat, 15%
of total energy from protein, and 40–45% of total energy from
carbohydrate. Both diets were designed to provide 600 kcal/d
less than the individually estimated daily energy requirement on
the basis of an initial resting metabolic rate that was multiplied
by 1.3 as described elsewhere (17).

To assess the dietary adherence across the intervention, a 3-d
weighed food record of 2 weekdays and 1 weekend day was
performed at baseline and the final week of the intervention (17).
Moreover, 1-d weighed food records were completed in the
second, fifth, and seventh weeks. The dietary records were an-
alyzed with the use of the food-nutrient database that is routinely
used in each center or country.

Measurements

Body weight and height were measured with calibrated scales
and stadiometers, respectively, according to a commonly shared
standardized protocol. Waist circumference was measured with
the participant wearing only nonrestrictive underwear. The mean
of 3 measurements was used for each variable. BMI was cal-
culated as weight divided by height squared.

Venous samples were collected after an overnight fast of 12 h
and after participants rested in a supine position for 15 min.
Fasting plasma glucose and lipid concentrations were measured
in a central laboratory with the use of standard enzymatic techniques
on a COBAS FARA centrifugal spectrophotometer (Roche Diag-
nostica) (glucose HK 125, ANX Diagnostics; triglycerides, Sigma;
total cholesterol: cholesterol 100, ABX Diagnostics; and HDL
cholesterol, Roche). Fasting plasma LDL was calculating according
to Friedewald’s equation (19). Fasting plasma insulin concentra-
tions were measured with a double antibody radioimmunoassay
(Insulin RIA 100; Kabi-Pharmacia). Insulin resistance was estimated
via the HOMA-IR with the use of the following equation (20–22):

½Fasting insulin ðlL=mLÞ�3 ½fasting glucose ðmg=dLÞ
O 18:01�O 22:5

ð1Þ

b cell function was estimated via the HOMA-B as follows (20–22):

½203 fasting insulin ðlL=mLÞ�O f½fasting glucose ðmg=dLÞ
O 19:01� � 3:5g ð2Þ

Genotyping

DNA was extracted from buffy coats at the Steno Diabetes
Center. Extracted DNA samples were diluted in Tris/EDTA
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buffer to a stock a DNA solution of 100 ng/mL and a working
DNA solution of 10 ng/mL. A total of 771 subjects were randomly
assigned to one of the 2 diets. Of these subjects, 14 individuals
were not successfully genotyped because of insufficient samples
or technical errors. Thus, the PPM1K rs1440581 genetic variant
was successfully genotyped in 757 individuals by the LCG
group with the use of the KASPTM genotyping assay.

Statistical analyses

The primary outcomes of the present study were changes in
overnight fasting glucose-metabolism traits (fasting glucose,
fasting insulin, HOMA-IR, and HOMA-B) from baseline to
completion of the 10-wk dietary intervention. To compare baseline
characteristics across genotypes, an ANOVA test was used for
continuous variables, and chi-square tests were used for cate-
gorical variables. Chi-square tests were also used to test for any
genetic deviation from the Hardy-Weinberg equilibrium. General
linear models that were adjusted for age and sex were applied to
compare energy and nutrient intakes across the genotypes during
the intervention. Multivariate general linear models were used to
test the changes in the primary endpoints according to genotype
groups after adjustment for covariates (model 1 was adjusted
for age, sex, diet group, and the respective baseline variables;
model 2 was adjusted as for model 1 and for BMI at baseline). All
outcomes (fasting glucose, fasting insulin, HOMA-IR, and
HOMA-B) were log transformed before analyses because of
skewed distributions. Thus, the reported means 6 SDs or bs 6
SEs are in the original scale, whereas the P values relating to the
variables are log transformed. The interaction term was included
in the models (e.g., PPM1K genotype 3 high- or low-fat diet
group) to test for potential gene-diet interactions (high-fat diet
compared with low-fat diet). Additive and codominant genetic
models were used in the analysis. STATA/SE version 12.0
software (StataCorp LP) was used for the statistical analysis.
P , 0.05 was considered statistically significant.

RESULTS

Baseline characteristics

The PPM1K rs1440581 allele frequencies were consistent
with Hardy-Weinberg equilibrium. The minor-allele frequency
(T allele) was 0.51 in the study population. Baseline character-
istics of the volunteers are described by PPM1K genotype in
Table 1. There was no significant difference in the genotype
distribution by sex or diet groups. The rs1440581 polymorphism
was marginally positively associated with age (P = 0.05) but not
with dietary intake or anthropometric measurements. Baseline
concentrations of glucose, insulin resistance, and b cell function
markers did not differ across PPM1K rs1440581 genotypes.

Diet adherence and weight loss

The targets of macronutrient intakes during the intervention
were achieved (Table 2). The reported fat intake was 24.7% in
the low-fat diet group (target: 20–25%) and 40.3% in the high-
fat diet group (target: 40–45%) with a group difference of 15.6%
(P , 0.001; 95% CI: 14.9, 16.3%). There were no significant
differences in energy and macronutrient intakes across the PPM1K
rs1440581 genotype and within diet groups (Table 2).

The dietary intervention produced a mean 6 SD weight loss
of 6.7 6 3.5 kg in the high-fat diet group and of 6.9 6 3.3 kg in
the low-fat diet group with no significant differences between
groups (P = 0.30). The PPM1K rs1440581 genetic variant was
not associated with weight loss after adjustment for age, sex,
diet group, and baseline BMI (P = 0.19). In addition, the
PPM1K genotype did not interact with dietary fat intake re-
garding the changes in weight after being adjusted for covariates
(P-interaction = 0.94).

Genotype effects on glucose-metabolism traits

The PPM1K rs1440581 effects on changes in glucose-
metabolism traits after the 10-wk dietary intervention in the
whole study population were analyzed (Table 3). After ad-
justment for age, sex, diet group, the respective baseline variable,
and baseline BMI, the T allele was associated with a smaller re-
duction in fasting glucose (b = 0.06 mmol/L per each risk allele;
P = 0.02). Further adjustment for body weight loss slightly at-
tenuated the association although the P value remained signifi-
cant (b = 0.05 mmol/L per each risk allele; P = 0.03). No
significant associations were shown between the polymorphism
and changes in insulin, HOMA-IR, or HOMA-B.

Genotype-diet interactions on glucose-metabolism traits

We tested whether the genotype effect of PPM1K rs1440581
on glucose-metabolism traits differed by diet composition (high-
fat diet compared with low-fat diet) regarding the additive model
(Table 4). Significant interactions between the PPM1K genotype

TABLE 1

Baseline characteristics of study participants categorized according to the

PPM1K rs1440581 genetic variant1

CC (n = 183) CT (n = 380) TT (n = 194) P

Age, y 36.0 6 7.92 37.3 6 8.0 38.0 6 7.5 0.05

Sex, n (%) 0.80

M 47 (25.7) 97 (25.5) 45 (23.2)

F 136 (74.3) 283 (74.5) 149 (76.8)

Dietary group, n (%) 0.43

Low fat 92 (50.3) 184 (48.4) 105 (54.1)

High fat 91 (49.7) 196 (51.6) 89 (45.9)

Dietary intake, /d

Energy, kcal 2225 6 662 2206 6 741 2135 6 623 0.40

Protein, % 16.3 6 3.3 16.3 6 3.7 16.4 6 3.4 0.52

Fat, % 36.6 6 7.0 36.6 6 7.8 35.6 6 7.4 0.34

Carbohydrate, % 45.2 6 8.0 45.0 6 9.1 46.0 6 7.8 0.46

Body weight, kg 100.5 6 15.5 100.6 6 17.1 99.8 6 15.1 0.86

BMI, kg/m2 35.5 6 4.8 35.5 6 4.9 35.5 6 4.4 0.99

WC, cm 105.9 6 12.3 105.8 6 13.4 106.4 6 11.9 0.90

Glucose, mmol/L 5.44 6 1.17 5.44 6 0.76 5.31 6 0.63 0.19

Insulin, mU/mL 10.4 6 5.7 10.6 6 7.2 9.7 6 5.8 0.29

HOMA-IR 2.59 6 1.70 2.68 6 2.23 2.38 6 1.60 0.22

HOMA-B 108.9 6 53.6 110.2 6 67.0 107.2 6 61.9 0.87

Total cholesterol, mmol/L 4.89 6 0.98 4.97 6 0.84 4.96 6 0.90 0.59

LDL, mmol/L 3.28 6 0.90 3.33 6 0.77 3.36 6 0.80 0.58

HDL, mmol/L 1.12 6 0.29 1.14 6 0.31 1.13 6 0.32 0.80

Triacylglycerides, mmol/L 1.09 6 0.61 1.11 6 0.70 1.08 (0.59) 0.88

1Data were calculated with the use of the chi-square test for categorical

variables and an ANOVA for continuous variables. HOMA-B, homeostasis

model assessment of b cell function; PPM1K, protein phosphatase Mg2+/Mn2+

dependent 1K; WC, waist circumference.
2Mean 6 SD (all such values).

904 GONI ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/106/3/902/4822375 by guest on 19 N

ovem
ber 2018



and dietary fat and carbohydrate on changes in insulin and HOMA-
IR after adjustment for age, sex, the respective baseline variable,
and BMI at baseline were observed (P-interaction = 0.01 and 0.02,
respectively). In the low-fat and high-carbohydrate diet group, the T
allele was marginally associated with a smaller improvement in
insulin markers (b = 0.69 mU/mL per risk allele; P = 0.07 for
fasting insulin, and b = 0.21 per risk allele; P = 0.04 for HOMA-
IR). Conversely, in response to the high-fat and low-carbohydrate
diet, carrying the T allele was positively associated with larger
changes in these outcomes. Consistent with the effect of gene-diet
interaction on changes in insulin concentrations and HOMA-IR, a
significant interaction between the PPM1K genetic variant and the
low-fat and high-fat diets was shown for changes in HOMA-B
(P-interaction = 0.003). In response to the high-fat and low-
carbohydrate diets, a significant association was shown between
the T allele and changes in HOMA-B; per each risk allele,
HOMA-B decreased 12.5 U (P = 0.006). Additional adjustment
for changes in body weight did not appreciably change the
P values for interactions between the genotype and the low-fat or
high-fat diet in changes of insulin, HOMA-IR, and HOMA-B
(P-interaction = 0.006, 0.01, and 0.002, respectively).

Moreover, an analysis of gene-diet interactions with the use
of a codominant model was performed (Figure 1). Consistent
with the results from the additive model, significant gene-diet
interactions were shown for changes in insulin, HOMA-IR, and
HOMA-B (P-interaction = 0.03, 0.049, and 0.01, respectively).

Because differences were shown between diets for energy
intake (P = 0.005), gene-diet interaction analyses were further
adjusted for total energy intake during the intervention. How-
ever, the results were similar (data not shown).

DISCUSSION

The present study aimed to investigate the relation between the
PPM1K genetic variant and changes in glucose-metabolism
traits during diet-induced weight loss and to assess potential
interactions between the genetic variant and the fat intake
compared with carbohydrate intake of the diet. In a large sample
of obese European subjects, we showed a significant association
of the PPM1K rs1440581 polymorphism with changes in glu-
cose concentrations and significant interactions of dietary fat

and carbohydrate intakes with PPM1K genotypes for changes in
insulin resistance and b cell function markers.

The PPM1K gene encodes mitochondrial protein phosphatase
1K, which is an activator of the mitochondrial branched-chain
a-ketoacid dehydrogenase (BCKD) complex that is a major
determinant of the rate of BCAA catabolism (23, 24). From one
point of view, the PPM1K rs1440581 has been associated with
high concentrations of BCAAs as well as the ratio of BCAAs
and AAAs (6, 9, 11). Moreover, the presence of such a poly-
morphism has also been linked to increased risk of T2D with an
OR of 1.04 per risk allele (95% CI: 1.02, 1.07 per risk allele) (6).
In contrast, subjects with mutations of PPM1K (25) and the
knock-out Ppm1k mice (26) presented impaired BCKD activity
and high concentrations of BCAAs and branched-chain a ke-
toacids. Moreover, a fat transplant led to a reduction in plasma
BCAAs in Ppm1k knock-out mice (27). In this context, Lotta
et al. (6) observed an association between the metabolites that
accumulated upstream of BCKD action and the incidence of
T2D, whereas the associations of metabolites that accumulated
downstream of BCKD action were inconsistent. The authors
suggested that reduced BCKD activity could be one of the
mechanistic links between BCAA metabolism and risk of T2D.

TABLE 3

Effect of the PPM1K rs1440581 genetic variant on changes in glucose-

metabolism traits after a 10-wk diet intervention (n = 637)1

Model 1 Model 2

b 6 SE P b 6 SE P

DGlucose, mmol/L 0.06 6 0.02 0.02 0.05 6 0.02 0.03

DInsulin, mU/mL 0.03 6 0.27 0.93 20.07 6 0.26 0.76

DHOMA-IR 0.05 6 0.08 0.52 0.02 6 0.08 0.99

DHOMA-B 23.28 6 2.73 0.43 24.06 6 2.68 0.26

1Data were calculated with the use of linear regression (an additive

genetic model was used in the analyses). b represents changes in outcomes

for the increasing number of T allele of the rs1440581 PPM1K genetic

variant. Model 1 was adjusted for age, sex, diet group, the respective base-

line variable, and baseline BMI. Model 2 was adjusted as for model 1 and for

weight loss. P values were log transformed. HOMA-B, homeostasis model

assessment of b cell function; PPM1K, protein phosphatase Mg2+/Mn2+

dependent 1K; D, change.

TABLE 2

Dietary intake by the PPM1K rs1440581 genetic variant and diet group during the intervention1

All population CC CT TT P

Low-fat diet2

Energy, kcal 1560 6 372 1564 6 339 1597 6 415 1487 6 313 0.15

Protein, % 18.0 6 2.9 18.1 6 2.7 17.9 6 2.8 18.4 6 3.1 0.47

Fat, % 24.7 6 4.8 24.9 6 4.8 24.7 6 4.7 24.6 6 5.1 0.94

Carbohydrate, % 56.9 6 5.7 56.8 6 5.2 57.0 6 5.6 56.7 6 6.3 0.83

High-fat diet3

Energy, kcal 1622 6 3284 1625 6 277 1608 6 358 1655 6 310 0.71

Protein, % 17.0 6 2.54 17.2 6 2.1 17.0 6 2.8 16.9 6 2.2 0.77

Fat, % 40.3 6 5.24 40.8 6 4.4 40.4 6 5.8 40.0 6 4.5 0.63

Carbohydrate, % 42.4 6 5.44 42.0 6 4.8 42.5 6 5.6 42.8 6 5.2 0.53

1All values are means6 SDs. Data were calculated with the use of an ANCOVA after adjustment for age and sex.

PPM1K, protein phosphatase Mg2+/Mn2+ dependent 1K.
2Data were available for 361 individuals (CC: n = 86; CT: n = 175; TT: n = 100).
3 Data were available for 345 individuals (CC: n = 84; CT: n = 182; TT: n = 79).
4P , 0.05 compared with low-fat diet.
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However, it should be highlighted that PPM1K could have
pleiotropic effects, thus limiting the interpretation that the as-
sociation with glucose-metabolism traits is mediated through
BCAA metabolism and suggesting that other metabolic path-
ways could be involved. To our knowledge, despite the evidence
about the involvement of PPM1K on BCAAs metabolism and
T2D, there has been a paucity of information on the functional
effect of the rs1440581 on PPM1K gene expression and con-
sequently on BCKD activity. However, because the common
PPM1K genetic variant is located in an intronic region, the
splicing process would be altered and, with it, the structure and
function of the protein.

The effect of the PPM1K rs1440581 genetic variant on
changes in insulin resistance and b cell function markers was
significantly modified by dietary fat and carbohydrate intakes.
Carriers of the T allele had a greater decrease in insulin, HOMA-
IR, and HOMA-B when consuming a high-fat diet. Our results
are in accordance with the study by Xu et al. (16), who observed
that carriers of the T allele responded better to a high-fat diet
than to a low-fat diet in terms of body weight, insulin concen-
trations, and the insulin-resistance index. Although, to our
knowledge, the mechanisms that underlie the effects of the
modulation of dietary fat and carbohydrate intakes on the
PPM1K rs1440581 are unknown, a synergistic interference of
BCAAs and lipids with the development of insulin resistance
has been proposed (28, 29). This hypothesis is based on the
results in animal studies that have shown that a high-fat diet
strengthened the effect of BCAA supplementation on insulin
resistance (29). Although the concentrations of plasma BCAAs
were not altered in rats that were fed a high-fat diet, Kadota
et al. (30) showed that the hepatic BCKD complex was

FIGURE 1 Mean 6 SE effects of the PPM1K rs1440581 genetic var-
iant on changes in glucose-metabolism traits in response to a low- or high-fat
diet at 10 wk of a diet intervention. Data were calculated with the use of
linear regression models (codominant genetic model was used in the analy-
ses). The interaction term was included in the models to test gene-diet
interactions. Data are means 6 SE values after adjustment for age, sex,
the respective baseline variable, baseline BMI, and weight loss (model 2).
P values for glucose, insulin, HOMA-IR, HOMA-B log transformed (n = 637).
HOMA-B, homeostasis model assessment of b cell function; PPM1K, pro-
tein phosphatase Mg2+/Mn2+ dependent 1K; D, change.

TABLE 4

Effect of the PPM1K rs1440581 genetic variant on changes in glucose-

metabolism traits in response to low- and high-fat diet at 10 wk of a diet

intervention (n = 637)

Low-fat diet High-fat diet

P-interactionb 6 SE P b 6 SE P

Model 1

DGlucose,

mmol/L

0.06 6 0.03 0.08 0.08 6 0.03 0.05 0.72

DInsulin,

mU/mL

0.69 6 0.34 0.07 20.64 6 0.42 0.09 0.01

DHOMA-IR 0.21 6 0.12 0.04 20.09 6 0.12 0.20 0.02

DHOMA-B 4.30 6 3.79 0.16 212.5 6 3.87 0.006 0.003

Model 2

DGlucose,

mmol/L

0.05 6 0.03 0.14 0.07 6 0.03 0.07 0.69

DInsulin,

mU/mL

0.60 6 0.32 0.10 20.77 6 0.40 0.04 0.006

DHOMA-IR 0.17 6 0.11 0.08 20.12 6 0.11 0.08 0.01

DHOMA-B 3.36 6 3.70 0.24 213.2 6 3.81 0.003 0.002

1Data were calculated with the use of linear regression models (an

additive genetic model was used in the analyses). The interaction term

was included in the models to test gene-diet interactions. b represents changes

in outcomes for the increasing number of T allele of the rs1440581 PPM1K

genetic variant. Model 1 was adjusted for age, sex, the respective baseline vari-

able, and baseline BMI. Model 2 was adjusted as for model 1 and for weight loss.

P values were log transformed. HOMA-B, homeostasis model assessment of b cell

function; PPM1K, protein phosphatase Mg2+/Mn2+ dependent 1K; D, change.
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upregulated in such a model. In addition, it has been reported
that a glucose challenge resulted in a reduction of circulating
BCAA concentrations and increased expression of PPM1K in
muscle biopsies in normoglycemic subjects in agreement with
results in animals (31–33). In the present study, we showed that
the genetic effects on changes in glucose-metabolism traits de-
pend on dietary fat and carbohydrate intakes. This opposite
nutrigenetic effect could be partly explained by the “differential
susceptibility hypothesis,” which proposes that genes could be
considered as plasticity factors because genetic risk can be
modified by environmental exposures such as dietary habits (34–
37). Thus, although some individuals proved highly susceptible
to environmental conditions, for better or worse, depending on
the genotype, other individuals appeared to be hardly affected
(35). Further experimental studies are needed to clarify the
mechanisms underlying our results.

In the present study, adjustment for body weight loss did not
notably alter the association between the PPM1K polymorphism
and glucose concentrations, and the observed effects of gene-diet
interaction on changes in insulin resistance and b cell function
markers remained significant. Thus far, the genotype effect on
changes in glucose-metabolism traits may be independent of the
degree of weight loss. However, the experiment was not designed
to compare the results of the dietary interventions with a control
group without weight loss. Weight loss has been associated with
improvements in glucose-metabolism markers and BCAAs and
AAAs in previous studies (5, 38, 39). Moreover, in our study,
body weight loss was positively associated with changes in glu-
cose, insulin, HOMA-IR, and HOMA-B. The positive effect of
weight loss on changes in glucose-metabolism traits can be ex-
plained by different mechanisms of increasing peripheral insulin
sensitivity and insulin secretion and decreasing hepatic glucose
production as well as circulating free fatty acids (38). These
findings suggest that the biological mechanisms underlying the
relation of weight loss and PPM1K gene with BCAAs and
glucose-metabolism traits might be different.

The major strength of the study is the relatively large sample,
which allows for the replication of the results that were pre-
viously reported by Xu et al. (16) from the POUNDS LOST trial.
The consistent findings of gene-diet interactions in 2 randomized
trials minimize the potential false-positive errors and highlight
the robustness of the results. Moreover, considering the findings
of both studies, it may be concluded that the effect of the PPM1K
rs1440581, depending on dietary fat intake, on glucose-metabolism
traits could be generalized to different ethnic groups because the
participants in the NUGENOB study were of European ancestry
whereas the population in the POUNDS LOST trial encom-
passed predominantly European Americans and African Amer-
icans. Nevertheless, several limitations of this study need to be
considered. Circulating concentrations of BCAAs were not
measured, but several studies have shown the relation between
the PPM1K polymorphism and BCAA concentrations (6, 9, 11).
In addition, a genetic variant could be a better marker than
biochemical biomarkers are because it is less likely to be af-
fected by confounding and reverse causation according to the
Mendelian randomization principle (40). Finally, because low-
fat diets are characterized by high-carbohydrate intake and vice
versa, to preserve an energy balance, it is difficult to define
which macronutrient would best explain the observed gene-diet
interactions.

In conclusion, our findings indicate that the rs1440581
PPM1K polymorphism affects changes in glucose concentra-
tions in response to weight loss interventions. Furthermore, di-
etary fat and carbohydrate might modify the genetic effects of
the PPM1K genetic variant on changes in insulin resistance and
b cell function markers. Individuals with the PPM1K rs1440581
CC genotype might be more responsive to a low-fat and high-
carbohydrate diet in lowering insulin, HOMA-IR, and HOMA-B
than are individuals without this genotype. However, it can also
be interpreted that, for improving glucose-metabolism markers,
T-allele carriers may benefit more from a high-fat and low-
carbohydrate diet. Ultimately, the results of the present study
could lead toward the development of more precise dietary
strategies that are based on the genotype (41).
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