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Interaction effect of PGC-1α rs10517030 variants and energy
intake in the risk of type 2 diabetes in middle-aged adults
S Park1, BC Kim2 and S Kang1

BACKGROUND/OBJECTIVES: PGC-1α is an important regulatory factor for energy and glucose metabolism. Therefore, we
investigated whether the PGC-1α genotype (rs10517030 and rs10212638) affects the incidence of type 2 diabetes mellitus (T2DM)
and sought to explain the interactions between their variants and nutrient intake on the development of T2DM.
SUBJECTS/METHODS: Subjects aged 40–65 years of both genders were from the Ansung/Ansan cohorts (8842 adults) in Korea.
Associations of PGC-1α variants rs10517030 and rs10212638 with T2DM were analyzed in a dominant genetic model, and were
tested for interactions of genotypes and nutrients with T2DM risk. It was adjusted for covariates related to glucose metabolism.
RESULTS: Three variants, rs10517030, rs10517032 and rs10212638, were positively associated with T2DM prevalence. Single-
nucleotide polymorphisms, rs10517030 and rs10517032, had strong association (r2 = 0.963). In the glucose tolerance tests,
odds ratios (ORs) for serum glucose levels at 120 min were higher for subjects who were in the minor-allele group (minor allele
homozygotes and heterozygotes) than for the major-allele group (major allele homozygotes) for rs10517030 variants. Serum insulin
levels at 60 min had a lower ORs in the minor-allele group of rs10517030 variants. The interaction between energy intake and
PGC-1α rs10517030 variants also affected T2DM risk. PGC-1α minor alleles were linked to T2DM prevalence and homeostasis model
assessment estimate of insulin resistance (HOMA-IR) only in the low-energy groups, and HOMA-B was significantly negatively
associated with the minor-allele group of PGC-1α rs10517030 variants, only in the low-energy-intake groups.
CONCLUSIONS: These data suggest that Koreans with the minor alleles of PGC-1α rs10517030, rs10517032 and rs10212638 are at
greater risk of T2DM, and that a low-energy diet is more protective against the development of T2DM in subjects with the major
alleles of rs10517030 and rs10517032.
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INTRODUCTION
The etiology of type 2 diabetes begins with progressive insulin
resistance (IR) that is overcome by greater insulin secretion to
maintain glucose homeostasis. However, eventually the capacity
of the β-cells to produce adequate compensatory insulin fails, and
type 2 diabetes results. Because Asians have inadequate β-cell
response to increased IR,1 they progress to type 2 diabetes
very rapidly and usually without the characteristic obesity of
Caucasians.2 Indeed, Asians are particularly susceptible to type 2
diabetes, and most Asians with type 2 diabetes are non-obese.
The peroxisome proliferator-activated receptor-r coactivators-1α

(PPARGC1A or PGC-1α) acts as a transcriptional coactivator of
peroxisome proliferator-activated receptors-γ and -α.3 PGC-1α
controls the transcription of genes coding key enzymes involved
whereby β-oxidation and regulation of cellular energy metabolism.4

In addition to energy metabolism, PGC-1α is involved in various
aspects of glucose metabolism, such as glucose production and
utilization, hepatic gluconeogenesis and glucose uptake in skeletal
muscles.4,5 The expression of hepatic PGC-1α is increased during
starvation, and PGC-1α stimulates gluconeogenesis in the liver by
upregulating expressions of phosphoenol pyruvate carboxykinase
and glucose-6-phosphatase.5 However, lower PGC-1α mRNA levels
in liver, adipose tissue and skeletal muscles is associated with IR
and glucose intolerance.3,4 Interestingly, it was recently reported
that PGC-1α is intimately involved with β-cell function.6 PGC-1α

expression is suppressed in the islets of type 2 diabetic people who
have a decreased insulin secretory capacity.6 Human pancreatic
islets with knockdowned expression of PGC-1α also exhibit impaired
glucose-stimulated insulin secretion.7 PGC-1α expression is lower in
islets or cultured β-cells exposed to high glucose concentrations.
However, excessively expressed PGC-1α in primary rat islets also
impairs insulin secretion.8 Decreased PGC-1α expression in adult
β-cells leads to decreased mitochondrial oxidative capacity and
impaired glucose-stimulated insulin secretion.9 The mechanism
underlying the effect of PGC-1α on β-cell function is unclear, but it
may be related to mitochondrial capacity. Therefore, these
observations provides compelling evidence that PGC-1α is involved
with both insulin release by β cells and IR in insulin sensitive tissues
and organs.
PGC-1α is mapped on chromosome 4p15.1, and in Pima Indians

it is associated with elevated fasting insulin and with high body
mass index (BMI) in the American Hispanic population.10–13 The
PGC-1α Gly482Ser polymorphism (rs8192678) has been published
to be associated with type 2 diabetes mellitus and IR in
various ethnic groups.11,12,14,15 By contrast, the PGC-1α Gly482Ser
polymorphism is not linked to type 2 diabetes in French
Caucasians.16,17 In the Korean population PGC-1α genotypes have
not been shown to be associated with type 2 diabetes as a crucial
gene in genome-wide association studies.18 PGC-1α Gly482Ser
(g.75919G4A) was not significantly associated with the risk of
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type 2 diabetes in 1065 Korean adults, but PGC-1α c.− 1789G4A
and c.− 1437C4T exhibit an association with diagnostic age of
type 2 diabetes (P= 0.042 and 0.032, respectively).19 The interac-
tion effect of PGC-1α genotypes and nutrient intake on the
occurrence of type 2 diabetes remains to be studied. In our
preliminary study, the PGC-1α genotypes (Gly482Ser) were not
included but 114 variants of PGC-1α were present in the subjects
of the Korea Association Resource (KARE) Consortium in the
Korean Genome Epidemiology Study. We identified three variants
(rs10517030, rs10517032 and rs10212638) among 114 PGC-1α
variants had a significant association with the prevalence of type 2
diabetes in the KARE study of Koreans.
We hypothesized that PGC-1α variants (rs10517030, rs10517032

and rs10212638) would be important risk factors for type 2
diabetes and that there would be an interaction effect of the
relationship between their variants and nutrient intake on the
development of type 2 diabetes. The hypothesis was tested in
8842 Korean adults in the Ansan/Ansung cohort in the KARE
consortium.

SUBJECTS AND METHODS
Subjects
In 2001, samples and information were obtained from the KARE group’s
Ansung and Ansan cohorts of the Korean Genome Epidemiology Study.20 The
4183 men and 4659 women aged 40–69 years resided in the, respectively,
rural and urban areas of Ansung City and Ansan City. The Korean Genome
Epidemiology Study protocols were approved by the Institutional Review
Board of the Korean National Institute of Health. Informed consent was
obtained in writing from each subject.

Basic characteristics of subjects
All participants had lived in the area for at 6 months and were free of any
serious disease. Interviews were conducted to determine age, education,
income, smoking history and alcohol consumption, and physical activity of
subjects.
Anthropometric data were collected by measuring height, weight

and circumferences of waist and hip in subjects wearing light clothes with
bare feet. BMI was calculated by dividing body weight by height squared
(kg/m2). Subjects were considered obese with BMI ⩾ 25. Body fat (%)
was measured by Inbody analyzer 3.0 (Biospace, Seoul, Korea) using
bioelectrical impedance analysis.21 Education of the subjects was
categorized into less than high school, high school and college or more.
Household income (USD/month) was categorized as very low (o1000),
low (1000–2000), intermediate (2000–4000) and high (44000). Subjects
were separated according to smoking habits as current, past or never-
smokers. Smoking status were defined as current smoker: smoked more
than 100 cigarettes in past 6 months; past smoker: previous smoker who
had not smoked during past 6 months. Alcoholic beverage consumption
was assessed from subject responses to questions about the frequency of
drinking and amount of drinking at one time during the month before the
interview. Subjects were assigned to one of four groups according to g/day
of alcohol consumed. Definitions of drinking status were as follows: non
(0 g); light (1–15 g); drinker (16–30 g); and heavy (430 g) of alcohol
consumed per month.

Biochemical parameters and definition of type 2 diabetes
Morning fasting blood samples following were used to determine serum levels
of glucose, hemoglobin A1c and triglycerides using an auto-analyzer (ZEUS 9.9;
Takeda, Tokyo, Japan). A radioimmunoassay method was used for serum insulin
determinations with a gamma counter (Perkin-Elmer, San Jose, CA, USA) and
commercial kit (DiaSorin, Stillwater, MN, USA). Subjects with fasted glucose
⩾126 mg/dl, blood glucose concentration ⩾200 mg/dl 120 min following an
oral glucose challenge, or who were currently using antidiabetic medications
were considered type 2 diabetic.22 Subjects were identified as glucose
intolerant when 100 mg/dlofasting serum glucoseo126 mg/dl or 140 mg/
dloserum glucose levelo200 mg/dl 120 min following oral glucose challenge.
IR was assessed using homeostasis model assessment estimates (HOMA) and
beta (B)-cell capacity was assessed using HOMA-B. HOMA assessments were
calculated as follows: (HOMA-IR= fasting insulin levels (μIU/ml)× fasting glucose

levels (mM)/22.5) and (HOMA-B=20× fasting insulin levels)/(fasting glucose
levels–3.5).23

Assessment of nutrient intake
Estimates of usual food consumption were determined using a ‘semi-
quantitative food frequency questionnaire’ (SQFFQ). The validity and
reproducibility of the SQFFQ for estimating the mean annual consumption
of specific foods was determined to be acceptable.23 The SQFFQ included
103 foods, and food frequencies were divided into 9 categories: never or
seldom, once a month, 2–3 times per month, 1–2 times per week, 3–4
times per week, 5–6 times per week, once a day, twice a day and three or
more times per day. The amount of food consumed in one sitting was
scored as more than, equal to or less than the standard portion size, which
was estimated by comparing to photographs of the foods, and subjects
reported the frequencies based on visual assessments of portion sizes.
Daily intakes were calculated using the midpoint of the frequency reported
for each food category. The food consumption estimate was calculated by
multiplying the weekly number of midpoints by the portion size of each
food category. Macronutrient consumption was calculated from the SQFFQ
data using Can-Pro 2.0 (Korean Nutrition Society, Seoul, Korea).

Genotyping and quality control
Genotyping and quality control processes were previously described in
detail.20,23 Briefly, peripheral blood DNA isolated from blood samples of
subjects were subjected to genotyping by the Affymetrix Genome-Wide
Human SNP array 5.0 (Affymetrix, Santa Clara, CA, USA). Genotyping
accuracy was checked using Bayesian Robust Linear Modeling with the
Mahalanobis Distance genotyping algorithm.20 Exclusion criteria for geno-
typing were as follows: low accuracy of genotyping (o98%), excessive call
rates for missing genotype (⩾ 4%), excessive heterozygosity (430%) and
indication of bias for gender.
The PGC-1α gene contained 114 single-nucleotide polymorphisms

(SNPs) in the zones encompassing the gene boundary (5 kb upstream
and 5 kb downstream from the first and last exons) based on National
Center for Biotechnology Information human genome build 36.1
(hg18).24,25 Three SNPs (rs10517030, rs10517032 and rs10212638) were
significantly associated with type 2 diabetes in the KARE data. All three
SNPs were located in the PGC-1α intron that was found in the NCBI SNP
website (https://www.ncbi.nlm.nih.gov/snp). For both variants, subjects
who carried either one or two copies of the minor alleles (heterozygotes or
homozygotes for minor alleles) were placed in the minor-allele group,
and were compared with major-allele-homozygous subjects (major-allele
group).

Statistical analysis
GPLINK version 2.0 (http://pngu.mgh.harvard.edu/~purcell/plink) and SAS
(version 9.3; SAS Institute, Cary, NC, USA) were applied for statistical analysis.
We used the G power calculator determine sample size for the study, and a
sample size of 8842 was sufficient to attain significance at α=0.05
and β=0.96 at an odds ratio (OR) of 1.1 in the logistic analysis. Thus, the
sample size is sufficient to obtain significance. Hardy–Weinberg equilibrium
was evaluated using GPLINK. The descriptive statistics for categorical
variables (age, gender and so on) were derived from frequency distributions.
The statistical analysis of frequency distributions was analyzed with χ2-tests.
The data were checked and they were found to be normally distributed by
Proc univariate. We reported descriptive statistics of continuous variables as
arithmetic means± s.d. ORs and 95% confidence intervals (CIs) for risk of
type 2 diabetes were calculated for PGC-1α minor alleles in the dominant
genetic model after adjusting for the covariates of age, gender, residence
area, BMI, total energy intake, physical activity and smoking status. Multi-
variate adjustments for continuous variables comparisons used the general-
ized linear models after adjusting for potential confounders. Interactions
between PGC-1α variants and dietary nutrients were evaluated using sepa-
rate multivariate regression models to ensure inclusion of the corresponding
main effects and interaction terms as well as potential confounders. Next,
multivariate logistic regression was utilized for calculating ORs and 95% CIs
for type 2 diabetes risk associated with PGC-1α genotypes while controlling
for covariates.
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RESULTS
PGC-1α genotype
In all, 3 of 114 SNPs in the PGC-1α gene—rs10517030, rs10517032
and rs10212638—were associated with the prevalence of type 2
diabetes in a dominant genetic model that did not adjust for
confounding factors (Table 1). The three SNPs were located in the
introns of PGC-1α on chromosome 4 (Table 1). The minor allele
frequency values of rs10517030, rs10517032 and rs10212638
were 0.172, 0.166, and 0.074, respectively. The Hardy–Weinberg
equilibrium of these SNPs did not differ significantly. As there was
a strong correlation between rs10517030 and rs10517032
(r2 = 0.963, Po0.0001), and rs10517030 was most closely associate
with type 2 diabetes risk, rs10517032 was eliminated from the
association study. Thus, the minor alleles, PGC-1α rs10517030 and
rs10212638 variants, were assessed further for their association
with the prevalence of type 2 diabetes.

Baseline characteristics of subjects according to PGC-1α variants
According to a dominant genetic model, subjects in the minor-
allele group were younger than those in the major-allele group of
rs10212638 (Table 2). Waist circumferences were higher in the
minor-allele group than in the major-allele group of rs10517030.
The gender, BMI and body fat of the rs10517030 and rs10212638
groups did not differ significantly (Table 2). Neither the serum
glucose levels at 0, 60 and 120 min nor the hemoglobin A1c levels
were higher in the minor-allele group than in the major-allele
group of both rs10517030 and rs10212638; however, the serum
glucose and hemoglobin A1c levels did differ significantly at
0 min. The serum insulin levels at 0, 60 and 120 min and the
HOMA-B values of the subjects with minor allele were lower in
those with major alleles for each of the two variants at all three
time points, but the serum insulin levels and HOMA-B values
differed significantly only in rs10517030 at 60 min (Table 2).

Association of PGC-1α variants with glucose metabolism in a
dominant genetic model
The rs10517030 and rs10212638 PGC-1α variants were positively
associated with the prevalence of type 2 diabetes (Table 3).
Subjects with minor alleles of PGC-1α variants (rs10517030)
exhibited higher ORs for type 2 diabetes compared with those
with only major alleles (reference group). In addition, subjects with
minor alleles of PGC-1α variants (rs10517030 and rs10212638) had
higher ORs for hemoglobin A1c levels. However, the ORs for serum
glucose after fasting and at 60 min post glucose challenge did
not significantly differ in the minor-allele group compared with
the major-allele group. The ORs for elevated serum glucose
concentrations at 120 min were elevated in subjects with minor
alleles compared to those with the major alleles for rs10517030.
The fasted insulin levels and those during the oral glucose
tolerance test at 120 min, of subjects with all PGC-1α genotypes
did not differ. However, the serum insulin levels at 60 min showed
lower ORs in subjects with minor alleles in the rs10517030 gene.

The ORs for HOMA-IR did not significantly differ between PGC-1α
genotypes (Table 3). The ORs for HOMA-B, an indicator of insulin
secretion capacity, were significantly lower in carriers of the minor
allele of the rs10517030 gene. Thus, the minor allele of the PGC-1α
rs10517030 and rs10212638 variants exhibited a positive associa-
tion with the prevalence of type 2 diabetes. This association of
PGC-1α rs10517030 and type 2 diabetes risk is likely related
impaired insulin secretion capacity, but also to suppressed insulin
sensitivity.

PGC-1α variants and daily nutrient intake
The means and standard deviations of the intakes of several daily
nutrients according to PGC-1α variant are presented in Table 2.
The daily intake of energy and carbohydrates of those with
different PGC-1α rs10517030 variants did not differ significantly,
whereas the intake levels for fat and protein were significantly
higher in those with minor alleles of PGC-1α rs10212638 (Table 2).

Interaction effect of PGC-1α rs10517030 and rs10212638 variants
and macronutrient and energy intake on the prevalence of type 2
diabetes mellitus
There was an interaction effect of the relationship between energy
intake and PGC-1α rs10517030 variants on the prevalence of
type 2 diabetes (interaction P-value = 0.0089; Table 4). Thus, in
comparison with its major allele, PGC-1α rs10517030 minor alleles
exhibited an association with type 2 diabetes risk, but only in
the low-energy-intake group. However, other macronutrient
intakes had no interaction with PGC-1α rs10517030 genotypes.
In addition, PGC-1α rs10212638 variants had no association with
the intake of any nutrient (Table 4).

Interaction effect of PGC-1α rs10517030 and rs10212638
genotypes and energy intake on glucose metabolism
The interaction of energy intake and PGC-1α genetic variants
for outcomes related to type 2 diabetes were analyzed, and
associations between PGC-1α genotypes and these levels were
calculated according to level of energy intake (Table 5). Overnight-
fasting serum glucose levels showed a significant interaction
effect with energy intake on PGC-1α rs10517030 only in the low-
energy-intake group, and the minor alleles of PGC-1α rs10517030
were positively associated only in this group (Table 5). However,
the relationship between PGC-1α genotypes and energy intake did
not show an interaction effect on fasting serum insulin levels.
PGC-1α variants exhibited no interaction effect with energy

intake levels on HOMA-IR and HOMA-B results. However, minor
alleles of PGC-1α rs10517030 and rs10212638 were positively
associated with HOMA-IR only in the low-energy-intake group
(Table 5). Moreover, HOMA-B was significantly negatively asso-
ciated with the minor alleles of PGC-1α rs10517030 only in the
low-energy-intake group. Thus, subjects with PGC-1α minor alleles
of rs10517030 had a greater capacity not only to modulate IR
but also to increase insulin secretion to maintain normoglycemia

Table 1. Allele distribution of PGC-1α SNPs and the association of SNPs and type 2 diabetes

No. SNP Position:bp A1 Functional consequence MAF HWE Dominant model

OR (95% CI)a P-value

1 rs10517030 4:23795825 C Intron 0.172 0.071 1.297 (1.100–1.528)b 0.0019
2 rs10517032 4:23966759 T Intron 0.166 0.067 1.272 (1.078–1.501)b 0.0043
3 rs10212638 4:23864492 G Intron 0.074 0.102 1.350 (1.080–1.687)c 0.0084

Abbreviations: A1, minor allele; CI, confidence interval; HWE, Hardy–Weinburg equilibrium; MAF, minor allele frequency; OR, odds ratio; SNP, single-nucleotide
polymorphism. aAdjusted for age, gender, residence area, body mass index, smoking and drinking status, and physical activity. bDefinition of type 2 diabetes
by serum glucose levels according to the American Diabetes Association. cDefinition of type 2 diabetes by hemoglobin A1c levels.
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during periods of low energy intake (Table 5). However, having the
major allele of PGC-1α genotypes cannot protect against the risks
associated with high energy intake.

DISCUSSION
PGC-1α is a coactivator of regulatory enzymes linked to energy
and glucose metabolisms.3,26 PGC-1α polymorphisms affect insulin
sensitivity, hepatic glucose production and glucose-stimulated
insulin secretion.3,7 PGC-1α variants may be associated with
altered glucose metabolism and the prevalence of type 2 diabetes.
Previous studies in people of various ethnicities, such as Native
Americans, Danish and Japanese populations, have demonstrated
that the Gly482Ser (rs2970847) and Thr394Thr (rs8192673)
variants of PGC-1α are modestly, but significantly, associated with

the risk of type 2 diabetes.12,27–29 According to the KARE data,20

114 SNPs were identified as PGC-1α variants, but rs2970847 and
rs8192673 were not included. The association between these
rs10212638 and rs10517030 alleles of PGC-1α and the prevalence
of type 2 diabetes has not been previously reported. For the first
time, the present study demonstrated that the minor alleles
of rs10212638, rs10517030 and rs10517032 exhibited a positive
association with type 2 diabetes in a dominant genetic model
after adjusting for covariates. One study reported that the
major allele frequency of PGC-1α rs10212638 was slightly higher
in athletes than in controls in a Chinese cohort (P= 0.053).30

However, rs10212638, rs10517030 and rs10517032 have not
been a focus of research in Koreans. According to a hospital-
based study in Korea (762 type 2 diabetic patients and 303
normoglycemic patients), SNPs of c.− 1789G4A (rs2970867) and

Table 2. Characteristics of subjects according to genotype of PGC-1α rs10517030 and rs10212638

rs10517030 rs10212638

AA
(n= 6040)

CA+CC
(n=2802)

AA
(n=7564)

GA+GG
(n=1272)

Age (years) 51.3± 8.9a 51.2± 8.7a 51.4± 8.9a 50.6± 8.8a

Gender (number, male %) 2839 (47.0) 1344 (48.0) 3589 (47.5) 589 (46.3)
Body mass index (kg/m2) 24.6± 3.1 24.7± 3.1 24.6± 3.1 24.7± 3.1
Waist circumference (cm) 82.4± 8.7a 82.8± 8.8a 82.1± 8.7a 82.3± 9.0a

Body fat (%) 27.0± 7.1 26.9± 7.1 27.0± 7.1 27.0± 7.1
Serum glucose at 0 min (mg/dl) 87.7± 21.6a 89.0± 22.5a 87.9± 21.2a 89.4± 25.5a

Serum glucose at 60 min (mg/dl) 153± 53 154± 55 154± 54 151± 54
Serum glucose at 120 min (mg/dl) 127± 51 129± 52 128± 51 127± 52
HbA1c (%) 5.74± 0.81a 5.79± 0.91a 5.75± 0.82a 5.81± 0.93a

Serum insulin at 0 min (IU/ml) 7.42± 4.13 7.35± 3.95 7.41± 4.17 7.32± 3.49
Serum insulin at 60 min (IU/ml) 32.2± 32.4a 30.2± 30.0a 31.7± 32.1a 30.9± 29.4a

Serum insulin at 120 min (IU/ml) 29.2± 28.9 28.9± 26.7 29.3± 28.5 28.0± 25.8
HOMA-IR 1.63± 1.25 1.63± 1.04 1.63± 1.22 1.63± 0.94
HOMA-B 147± 114a 141± 106a 146± 113a 140± 103a

Energy intake (kcal/day) 1923± 718 1920± 697 1917± 713 1958± 703
Carbohydrate intake (energy %) 70.7± 6.9 70.7± 6.9 70.8± 6.9 70.3± 6.9
Fat intake (energy %) 14.5± 5.4a 14.4± 5.3a 14.4± 5.4a 14.8± 5.4a

Protein intake (energy %) 13.6± 2.4 13.6± 2.4 13.6± 2.4 13.7± 2.4

Abbreviations: HbA1c, hemoglobin A1c; HOMA-B, homeostasis model assessment estimate of beta (B)-cell capacity; HOMA-IR, homeostasis model assessment
estimate of insulin resistance. aMeans without a common letter differ in the same row at Po0.05.

Table 3. Adjusted odds ratio for PGC-1α variants and dichotomized parameters related to glucose metabolism after covariate adjustments in
dominant genetic model

Majora rs10517030 CA+CC rs10212638 GA+GG

(n=2802) (n= 1272)

Type 2 diabetes 1 1.297 (1.100–1.528)b** 1.162 (0.917–1.474)
HbA1cc 1 1.243 (1.029–1.502)* 1.350 (1.080–1.687)**
Glucose 0 mind 1 1.248 (0.992–1.570) 1.108 (0.815–1.506)
Glucose 60 mine 1 1.125 (0.974–1.301) 0.935 (0.766–1.140)
Glucose 120 minf 1 1.185 (1.031–1.362)* 1.033 (0.856–1.246)
Insulin 0 ming 1 1.089 (0.967–1.227) 0.897 (0.768–1.047)
Insulin 60 minh 1 0.892 (0.796–0.998)* 0.929 (0.801–1.078)
Insulin 120 mini 1 1.004 (0.883–1.142) 0.814 (0.691–0.959)*
HOMA-IRj 1 0.999 (0.991–1.006) 1.094 (0.928–1.289)
HOMA-Bk 1 0.883 (0.787–0.990)* 0.913 (0.783–1.063)

Abbreviations: HbA1c, hemoglobin A1c; HOMA-B, homeostasis model assessment estimate of beta (B)-cell capacity; HOMA-IR, homeostasis model assessment
estimate of insulin resistance. *Significantly different from major allele at Po0.05. **Significantly different from major allele at Po0.01. Values represent odd
ratios and 95% confidence intervals. aReference: major allele for PGC-1α rs10517030 and rs10212638. bAdjusted for age, gender, residence area, body mass
index, smoking and drinking status, and physical activity. cEach parameter was categorized with the reference of the following values: 6.5% of HbA1c;
d126 mg/dl of serum glucose levels at 0 min; e200 mg/dl of serum glucose levels at 60 min; f160 mg/dl of serum glucose levels at 120 min; g5.5 IU/ml of serum
insulin levels at 0 min; h13 IU/ml of serum insulin levels at 60 min; i8.0 IU/ml of serum insulin levels of 120 min; j1.95 of HOMA-IR; k150 of HOMA-B.
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c.− 1437C4T (rs2970870) in the PGC-1α promotor region were
associated with resistance to early-onset type 2 diabetes (P= 0.002
and 0.001, respectively).19 However, in a city–rural cohort of the
Korean population, PGC-1α rs10517030 (OR = 1.303, CI: 1.090–
1.558, Po0.01), but not rs10212638 (OR = 0.876, CI: 0.550–1.396),
was significantly associated with the risk of type 2 diabetes in a
dominant genetic model after adjusting for covariates in our
preliminary study. Thus, in comparison with its major allele,
PGC-1α rs10517030 minor alleles had a relation to an increased
incidence of type 2 diabetes.
PGC-1α is a coactivator of peroxisome proliferator-activated

receptor-γ and a multifunctional transcriptional regulator of
mitochondrial biogenesis and energy and glucose metabolism.31

It is closely related to insulin sensitivity, and PGC-1α polymorph-
isms are associated with various diseases linked to glucose
intolerance, such as obesity, type 2 diabetes and hypertension.29,32

The PGC-1α variants exhibited positive or no association with the

risk of type 2 diabetes in previous studies. The PGC-1α Gly482Ser
polymorphism (rs8192687) has been reported to be modestly
associated with type 2 diabetes in meta-analyses (95% CI:
1.00–1.15, P= 0.044), mostly with Caucasians29 and Europeans.33

The Gly482Ser polymorphism is associated with IR in obese
Caucasians12,32 and with insulin secretion dysfunction in Pima
Indians.13 In Koreans PGC-1α c.− 1789G4A and c.− 1437C4T are
associated with the age when type 2 diabetes is first diagnosed19

but PGC-1α Gly482Ser (g.75919G4A) did not exhibit a significant
association. In the present study, PGC-1α rs10517030 minor alleles
were not significantly associated with IR. However, interestingly,
PGC-1α rs10517030 minor alleles were negatively associated with
insulin secretion capacity and serum insulin levels 60 min after
oral glucose challenge, which is similar to the findings in Pima
Indians. Interestingly, it was recently shown that PGC-1α is
involved in β-cell function in animals and humans.7,8,34 The
islets of type 2 diabetic patients exhibit significantly decreased

Table 4. Association of PGC-1α variants with diabetic status in subgroups according to energy, protein, carbohydrate, fat and calcium intake.

rs10517030 rs10212638 Gene–nutrient interaction P-valuef

ORs CI P-value ORs CI P-value

Low energya 1.319 1.061–1.639 0.0126 1.337 1.003–1.782 0.0474 0.0089g

High energy 1.342 0.993–1.814 0.0559 0.909 0.599–1.380 0.6544 0.1499h

Low proteinb 1.377 1.106–1.715 0.0043 1.348 1.018–1.785 0.0371 0.1495
High protein 1.143 0.843–1.550 0.3897 0.879 0.564–1.371 0.5706 0.1247
Low CHOc 1.369 1.076–1.742 0.0107 1.128 0.809–1.572 0.4778 0.5008
High CHO 1.211 0.930–1.576 0.1552 1.219 0.872–1.704 0.2473 0.9278
Low fatd 1.302 1.037–1.636 0.0231 1.148 0.853–1.546 0.3613 0.9244
High fat 1.282 0.965–1.703 0.0868 1.205 0.818–1.777 0.3459 0.6296
Low Cae 1.371 1.091–1.722 0.0067 1.149 0.844–1.566 0.3774 0.4405
High Ca 1.196 0.900–1.588 0.2170 1.197 0.831–1.724 0.3349 0.8719

Abbreviations: CHO, carbohydrate; CI, 95% confidence intervals; OR, odds ratios. aDaily consumption less than estimated energy intake. bo13% protein. c70%
carbohydrate of daily energy consumption. d13% fat of daily energy consumption. eo450 mg Ca on daily basis. fInteractions between PGC-1α variants and the
levels of energy and nutrient intake based on estimated energy requirement and the dietary reference intake. Multivariate regression models include the
corresponding main effects, interaction terms of gene and energy intake, and potential confounders including age, gender, residence area, body mass index,
smoking and drinking status, and physical activity. gP-values for interaction between PGC-1α rs10517030 variants and nutrient intake. hP-values for interaction
between PGC-1α rs10212638 variants and nutrient intake.

Table 5. Association between PGC-1α variants and parameters associatedwith type 2 diabetes after covariate adjustments according to the levels of energy intake

rs10517030 rs10212638

Low energy intakea High energy intake Low energy intake High energy intake

HOMA-IR (interaction P= 0.2147)b interaction P= 0.7693b

Majorc 1 1 1 1
Minord 1.251 (1.059–1.477)c** 1.048 (0.873–1.259) 0.919 (0.861–0.982)* 0.993 (0.781–1.262)

HOMA-B (interaction P= 0.1660) interaction P= 0.7941
Major 1 1 1 1
Minor 0.837 (0.714–0.982)* 1.004 (0.855–1.180) 0.886 (0.713–1.102) 0.938 (0.761–1.156)

Overnight-fasted serum glucose levels (interaction P= 0.0532) interaction P= 0.6087
Major 1 1 1 1
Minor 1.256 (0.945–1.669) 1.029 (0.875–1.211) 1.224 (0.836–1.791) 0.942 (0.561–1.581)

Overnight-fasted serum insulin levels (interaction P= 0.8361) interaction P= 0.9594
Major 1 1 1 1
Minor 0.991 (0.850–1.155) 1.359 (0.933–1.980) 1.047 (0.852–1.288) 0.989 (0.800–1.221)

Abbreviations: HOMA-B, homeostasis model assessment estimate of beta (B)-cell capacity; HOMA-IR, homeostasis model assessment estimate of insulin
resistance. Values represent odd ratios and 95% confidence intervals. aDaily consumption less than estimated energy intake. bTo examine the interaction
between each PGC-1α variant and the levels of energy and nutrient intake based on estimated energy requirement and the dietary reference intake,
multivariate regression models including the corresponding main effects, interaction terms of gene and energy intake, and potential confounders such as age,
gender, residence area, body mass index, smoking and drinking status, and physical activity. cMajor alleles. dHeterozygote plus minor alleles.
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expression of PGC-1α,7 which attenuates glucose-stimulated
insulin secretion.8,30 PGC-1α gene in β-cells part of the regulation
of glucose-mediated insulin secretion by modulating mitochon-
drial oxidative capacity.7 Therefore, PGC-1α is associated not only
with IR in the liver, skeletal muscles and adipose tissues but also
with the insulin secretion capacity of β-cells.
Type 2 diabetes occurs when IR exceeds the capacity of insulin

secretion to maintain normoglycemia.35 In the present study, the
PGC-1α genotype was associated with insulin secretory capacity
but was not closely related to IR. This finding may be related to
low insulin capacity, which is a primary cause of type 2 diabetes in
Koreans.36 The rapid increase in the prevalence of type 2 diabetes
among Asians is likely due to the increasing prevalence of IR due
to the westernization of lifestyles and because Asians have a lower
insulin secretion capacity than Caucasians.36 In this study, there
was an interaction effect between energy consumption and
PGC-1α rs10517030 variants on the prevalence of type 2 diabetes.
Interestingly, the PGC-1α minor alleles had a positive association
with the prevalence of type 2 diabetes and HOMA-IR, and a
negative association with HOMA-B only in the low-energy-intake
group. To our knowledge, no study has evaluated the interaction
effect between nutrient intake and PGC-1α rs10517030 variants on
the prevalence of type 2 diabetes.
Many gene variants affect the risk of metabolic disease,

including those associated with mitochondrial function, which
were shown to have weak individual links to obesity, but stronger
links in subjects with multiple variants.37 Knoll et al.37 reported
that PGC-1α rs10517032 is a nuclear regulator of mitochondrial
genes that enhance glycemic regulation, which is consistent with
the present study as rs10517032 had a similarly strong correlation
with rs10517030. It has been reported that low-calorie diets
reduce body weight and IR, but scant research has focused on the
interaction between a low-calorie diet and genotype. Goyenechea
et al.38 reported an improved insulin response in obese PGC-1α
Ser/Ser homozygote subjects who consumed a low-calorie diet.
This indicates that being Ser/Ser homozygotes predisposes
individuals to a more favorable response to low-calorie dietary
treatment and that the PGC-1α polymorphism may have a gene–
nutrient interaction. The present study also showed that the gene
—nutrient interaction of PGC-1α rs10517030 was similar to that of
PGC-1α Gly482Ser. Thus, low energy intake may be an effective
preventive or therapeutic measure for managing type 2 diabetes
in Koreans with PGC-1α rs10517030 major alleles. The results for
rs10517030 was considered as those for rs10517032.
This work has the following strengths: it is the first report

of the association of PGC-1α rs10517030 with the risk of type
2 diabetes and the gene–energy intake interaction in a large
cohort (Ansung/Ansan cohort). Participants from an ethnically
homogenous population were enrolled. However, the study also
had several limitations. First, the results could not be used to
determine causality because the study used a cross-sectional
design. Second, PGC-1α Gly482Ser and Thr394Thr (missense
mutation), the most intensively investigated SNPs linked to the
development of type 2 diabetes, were not assessed, as they are
not included in the KARE data. Third, no study has investigated the
association between PGC-1α SNPs (rs10212638 and rs10517030).
Finally, as too few subjects were homozygous for the minor alleles,
all subjects carrying minor alleles were combined as one group
and there was no determination of a gene dose effect.
In conclusion, subjects who were carriers of the PGC-1α minor

allele for rs10517030 and rs10517032 and to a lesser extent
rs10212638, had a high likelihood of developing type 2 diabetes.
The increased risk was closely related to an inability to benefit as
much from a low-energy-intake diet. When consuming a low-
energy diet, the minor-allele group was more insulin resistant and
had a lower capacity secrete insulin to compensate for the IR
than the major-allele group. However, there were no significant
differences between subjects with major or minor alleles when

they consumed high-energy diets. Therefore, subjects with the
minor alleles partially lose the natural protection of low-energy
diets against type 2 diabetes and must be extra cautious to avoid
other risk factors for diabetes.
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