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Insulin resistance and type 2 diabetes are associated with decreased expression of genes that regulate oxidative
phosphorylation in skeletal muscle. To determine whether this defect might be inherited or acquired, we investi-
gated the association of genetic, epigenetic, and nongenetic factors with expression of NDUFBG6, a component of
the respiratory chain that is decreased in muscle from diabetic patients. Expression of NDUFBG6 was influenced
by age, with lower gene expression in muscle of elderly subjects. Heritability of NDUFB6 expression in muscle
was estimated to be approximately 60% in twins. A polymorphism in the NDUFB6 promoter region that creates a
possible DNA methylation site (rs629566, A/G) was associated with a decline in muscle NDUFB6 expression with
age. Although young subjects with the rs629566 G/G genotype exhibited higher muscle NDUFB6 expression, this
genotype was associated with reduced expression in elderly subjects. This was subsequently explained by the
finding of increased DNA methylation in the promoter of elderly, but not young, subjects carrying the rs629566
G/G genotype. Furthermore, the degree of DNA methylation correlated negatively with muscle NDUFB6 expres-
sion, which in turn was associated with insulin sensitivity. Our results demonstrate that genetic, epigenetic,and
nongenetic factors associate with NDUFB6 expression in human muscle and suggest that genetic and epigenetic

factors may interact to increase age-dependent susceptibility to insulin resistance.

Introduction

Although reduced physical activity, obesity, and aging increase
susceptibility to type 2 diabetes mellitus (T2DM), not all individu-
als exposed to these risk factors develop the disease. A likely reason
is that genetic variation modifies susceptibility to T2DM. Further-
more, the interaction between genetic and nongenetic factors may
be even more complex and involve epigenetic factors such as DNA
methylation. Insulin-resistant offspring of patients with T2DM
and elderly subjects are characterized by impaired mitochondrial
function in skeletal muscle (1, 2). Furthermore, nuclear-encoded
genes regulating oxidative phosphorylation (OXPHOS), and their
transcriptional regulators, PPARY coactivator lo. (PGC-Ia) and
PGC-1f, show reduced expression in skeletal muscle of patients
with T2DM (3, 4). Nevertheless, it remains unknown whether this
is an inherited or acquired defect. We previously showed that an
age-dependent decrease in muscle PGC-Ia. and PGC-1f expression
is partially under genetic control and is influenced by the PGC-1a
Gly482Ser polymorphism (5). This common variant in the PGC-1a.
gene has also been associated with increased risk of T2DM (6-8).
We hypothesized that the effect of age on mitochondrial func-
tion can be determined by both genetic and epigenetic factors. To
address this we selected the NDUFB6 gene from the first respirato-
ry complex for further studies, because NDUFBG is among the set
of OXPHOS genes showing significant reduction in muscle from
patients with T2DM compared with healthy control subjects and

Nonstandard abbreviations used: GEE, generalized estimating equation;
LD, linkage disequilibrium; OXPHOS, oxidative phosphorylation; PGC-1, PPARy
coactivator 1; T2DM, type 2 diabetes mellitus; VO,max, total body aerobic capacity.

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J. Clin. Invest. 117:3427-3435 (2007). doi:10.1172/JCI30938.

The Journal of Clinical Investigation

http://www.jci.org

because the first complex has a key role in regulating OXPHOS (3, 9).
We specifically examined whether polymorphisms in the promoter
of the gene were associated with an age-dependent impact on gene
expression and/or risk of T2DM and whether this was modified
by epigenetic factors like DNA methylation. To accomplish this
we studied muscle biopsies obtained from young and elderly twins
and we used a case-control approach to study the impact of genetic
variation in NDUFB6 on risk of T2DM.

Here we demonstrated that combinations of genetic and epi-
genetic factors were associated with the reduction in NDUFB6
expression in skeletal muscle from elderly compared with young
twins. A polymorphism (rs629566, A/G) in the promoter region
of NDUFB6 that creates a possible methylation site was associ-
ated with the age-related decline in muscle NDUFB6 expression.
We demonstrated that elderly subjects carrying the rs629566 G/G
genotype had reduced NDUFB6 expression together with increased
DNA methylation of the NDUFB6 promoter; the degree of DNA
methylation correlated negatively with the expression level of
NDUFB6. Furthermore, the level of NDUFB6 in human skeletal
muscle was associated with insulin sensitivity. Our study provides
a scenario by which genetic and epigenetic factors may interact to
increase age-dependent susceptibility to insulin resistance.

Results

Expression of NDUFBG in skeletal muscle decreases with age. As expect-
ed, elderly twins had higher BMI and lower total body aerobic
capacity (VO,max) than younger twins (Table 1) (5). The relative
mRNA levels of NDUFB6 were significantly reduced in muscle
biopsies from elderly compared with young twins, both in the
basal (0.28 + 0.01 versus 0.36 + 0.01; P < 0.0005) and insulin-stim-
ulated state (0.33 + 0.01 versus 0.39 + 0.01; P < 0.007; Figure 1A).
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Table 1
Clinical characteristics of participating subjects

Twins Screening set (Botnia) Replication set (Malmd)

Young Elderly Cases Controls Cases Controls
n (male/female) 110 (60/50) 86 (38/48) 751 (399/352) 715 (345/370) 2,830 (1,667/1,163) 3,740 (1,417/2,323)
n (Mz/DZ) 110 (66/44) 86 (42/44)
Age (yr) 28.0+19 62.4+2.07 60.3+9.9 53.7 £+ 11.4A 579+115 574+6.0
BMI (kg/m2) 241 +3.1 26.1 +4.4A 289+4.38 25.8 £+ 3.7A 29.6+£55 25.1 £3.6A
WHR 0.84+0.08 0.89:0.1A 0.94 +0.09 0.87 £ 0.09* - 0.84 +0.09
LBM (kg) 55.7+119 50.2+12.5* 57.1+£11.0 54.0 + 10.4A - -
Body fat (%) 22070 27.9 £ 9.4A 30.2+8.1 2718 £7.7A - -
V0zmax (ml/kg/min) 396+7.8 26.3+6.9% - - - -
Fasting plasma glucose (mM) 9.1+32 53+0.58 11.9+43 541047
Plasma glucose (2 h; mM) 13.8+5.8 52+1.2A - -
Fasting serum insulin (mU/I) 156.2+11.3 7.0+£3.8% - 6.5+4.1
Serum insulin (2 h; mU/1) 66.4 + 55.6 33.4 2597 - -

DZ, dizygotic; LBM, lean body mass; MZ, monozygotic; WHR, waist/hip ratio. Data are mean + SD. In order to adjust for the lack of independence between
monozygotic and dizygotic twins, all comparisons of mean differences between age groups were performed using GEE methodology. AP < 0.05.

Furthermore, insulin caused a modest but significant increase
in the mRNA level of NDUFB6 in both young and elderly twins
(P <0.0001 and P < 0.01, respectively; Figure 1A). NDUFB6 mRNA
levels correlated with those of protein in muscle biopsies from
8 young and 8 elderly twins, selected randomly, before (» = 0.71;
P <0.005) and after (r=0.61; P < 0.02) insulin stimulation (Figure 1,
D and E). In agreement with the mRNA findings, the relative protein
levels of NDUFBG6 were significantly lower in elderly than in young
twins, both in the basal (0.54 + 0.044 versus 0.66 + 0.028; P < 0.05)
and insulin-stimulated states (0.52 + 0.041 versus 0.66 + 0.029;
P <0.05; Figure 1, B and C).

Expression of NDUFB6 in skeletal muscle is under genetic control.
We estimated the degree of genetic and nongenetic influence on
muscle NDUFB6 expression by biometric modeling (Table 2). In
both young and elderly twins, NDUFB6 expression was under
genetic influence with a heritability of 52%-65% (Table 2). Howev-
e, the biometric model showed that both genetic and nongenetic
factors influenced NDUFB6 expression.

PGC-1a. is associated with NDUFB6 expression in human muscle.
Because PGC-1a. is a key regulator of OXPHOS genes, we inves-
tigated whether the expression of PGC-I1a. was related to NDUFB6
expression in muscle of 87 young and 68 elderly twins using a mul-
tivariate regression analysis including age, sex, and BMI as covari-
ates. There was a significant positive association between insu-
lin-stimulated PGC-Ia. mRNA levels and NDUFBG6 expression in

Figure 1

Effects of age and insulin on human skeletal muscle NDUFB6 lev-
els. (A) Skeletal muscle biopsies were taken from young (n = 91) and
elderly (n = 70) twins, before and after a hyperinsulinemic clamp. RNA
was analyzed for NDUFB6 mRNA expression together with the inter-
nal standard cyclophilin A. The NDUFB6/cyclophilin A ratio was calcu-
lated for each sample. In order to adjust for the lack of independence
between monozygotic and dizygotic twins, mean differences between
groups were compared using GEE methodology. (B and C) The effect
of age on NDUFB6 protein levels before (B) and after (C) insulin stimu-
lation was analyzed by Western blot in 8 young and 8 elderly twins.
(D and E) Correlations between muscle NDUFB6 mRNA and protein
levels in muscle biopsies from 8 young and 8 elderly twins before (D)
and after (E) insulin stimulation. Results are mean + SEM. *P < 0.05.
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human muscle (regression coefficient, 0.1; P < 0.0001). This regres-
sion coefficient indicates that when PGC-Io. mRNA increases by 1
unit, NDUFB6 expression increases by 0.1 unit.

The NDUFBG gene is subject to DNA methylation. DNA methyla-
tion is a potential mechanism by which expression of a gene may
be regulated. Cytosine residues occurring in CG dinucleotides
are targets for DNA methylation, and gene expression is usually
reduced when DNA methylation takes place at a promoter. We
therefore searched for polymorphisms in the promoter region of
NDUFB6 that would introduce DNA methylation sites and puta-
tive transcription factor-binding sites using the GEMS Launcher
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Table 2
Best-fitting biometric models for NDUFB6 expression in muscle from
91 young and 70 elderly twins during clamp

Components of variance?

Model Additive Genetic Common

genetic dominance environment
Young AE 0.65(0.36-0.82) - -
Elderly AE 0.52 (0.14-0.75) - -

Unique
environment
0.35(0.18-0.64)
0.48 (0.25-0.86)

Data are presented as proportion of total variance with 95% confidence
intervals. %2 = 0.00, P = 1.00, and Akiake information criteria = —2.00 for the
goodness-of-fit tests for NDUFB6 expression during clamp in both young
and elderly twins. AValues denote proportion of variance attributed to the
respective component.

(version 4.1; Genomatix). A polymorphism, rs629566 (A/G), intro-
duced a potential DNA methylation site by changing the sequence
CA to CG at position -544 (Figure 2C). In addition, the polymor-
phism resides in a putative transcription factor-binding site.
Of the studied subjects, 54.9% carried the A/A genotype, 35.2%
carried the A/G genotype, and 9.9% carried the G/G genotype of
rs629566. Young twins with the rs629566 G/G genotype (n = 6)
had greater relative NDUFB6 mRNA expression in muscle com-
pared with young twins carrying the A/G (n = 28) or A/A (n = 57)
genotypes (G/G, 0.51 £ 0.051; versus A/G, 0.39 + 0.024; and A/A,
0.39 +0.017; P < 0.05; Figure 2A). In contrast, elderly twins carry-
ing the rs629566 G/G genotype (n = 9) had lower relative muscle
NDUFB6 mRNA levels than did carriers of the A/G (n = 29) or A/A
(n = 32) genotypes (G/G, 0.24 + 0.033; versus A/G, 0.33 + 0.018;
and A/A 0.36 £ 0.017; P < 0.0S; Figure 2B).

There were 3 additional methylation target sites close to rs629566
(position -544) in the NDUFB6 promoter, at positions -634, -663,
and -676 (Figure 2C). We assessed the degree of DNA methylation
of these 4 target sites using bisulfite genomic sequencing in young
and elderly twins carrying the rs629566 G/G genotype. Interestingly,
these sites were only methylated in elderly carriers of the rs629566
G/G genotype, in whom 58% + 16% of the sites were methylated.
In contrast, none of the young twins with this genotype showed
methylation of these sites. Twins carrying the rs629566 A/A geno-
type were used as controls, and the NDUFB6 -545C nucleotide was
not methylated in any of the A/A carriers. Furthermore, the degree
of DNA methylation of these target sites was negatively correlat-
ed with the level of basal (r =-0.61; P < 0.05; » = 14) and insulin-

Figure 2

Association among the NDUFB6 polymorphism rs629566 (A/G), DNA
methylation, and mRNA expression in muscle. (A and B) Association
between skeletal muscle NDUFB6 mRNA levels and rs629566 (A/G)
in young (A; n = 91) and elderly (B; n = 70) twins after a hyperinsulin-
emic clamp. The level of NDUFB6 transcripts were normalized to the
mRNA level of endogenous cyclophilin A, and the NDUFB6/cyclophilin
A ratio was calculated for each sample. In order to adjust for the lack
of independence between monozygotic and dizygotic twins, all mean
differences between groups were compared using GEE methodol-
ogy. Results are mean + SEM. *P < 0.05. (C) The NDUFB6 promoter
sequence investigated, showing rs629566 (—544) and 3 additional
DNA methylation target sites: —-634, —-663 and —676. (D and E) Cor-
relation between percent DNA methylation and basal (D) and insulin-
stimulated (E) NDUFB6 expression in muscle (n = 14; correlations
adjusted for age).
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stimulated (r=-0.62; P < 0.05; n = 14) muscle NDUFB6 mRNA
expression (Figure 2, D and E), suggesting that the degree of
DNA methylation of the NDUFB6 promoter influences the
age-related reduction in NDUFB6 expression.

Age does not affect DNA methylation in the PGC-10. and UQCRB
genes. To determine whether the age-related increase in DNA
methylation of the NDUFB6 promoter is a universal aging
phenomenon, we measured the level of DNA methylation
in the promoter of 2 additional genes, UQCRB (from com-
plex 3) and PGC-Ia, in muscle from a subset of young and
elderly twins. The level of DNA methylation was related to
gene expression. UQCRB and PGC-1a are among the genes
that show reduced expression in diabetic muscle, and we have
previously shown that PGC-1a expression declines with age
(3, 5). The relative mRNA level of UOCRB was also reduced in
muscle from elderly compared with young twins (0.46 = 0.02

versus 0.64 + 0.03; P < 0.000S5). In contrast to the observations of
NDUEFBG6, there was no difference in the level of DNA methylation
of the UQCRB promoter between young and elderly twins (young,
0.36% + 0.2%, n = 8; elderly, 0.26% + 0.2%, n = 8; P = 0.6). It is of
particular note that the degree of DNA methylation was very low
in both age groups. No methylation of the UQCRB promoter was
found in 6 of 8 elderly and 5 of 8 young subjects. There was no
significant correlation between the level of DNA methylation and
mRNA expression of the UOCRB gene in skeletal muscle (r = 0.36;
P =0.2). Neither was there any age-related difference in DNA
methylation of the PGC-Ia. promoter (young, 12.4% + 3.3%, n = 10;
elderly, 9.6% + 3.4%,n = 9; P = 0.6), and no correlation was found
between the degree of DNA methylation and PGC-1a. expression
in muscle (= 0.15; P = 0.5). These results demonstrate that DNA
methylation is associated with an age-related decline in gene
expression in human muscle in some, but not all, genes.
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Table 3

Association between tagSNPs in the NDUFB6 gene and insulin-stimulated NDUFB6 mRNA expression in young and elderly twins

Young 1" 12
rs2376223 0.42 +0.02 (53) 0.39 £ 0.02 (29)
rs540467 0.41+£0.015 (63) 0.38 £ 0.028 (21)
rs2050456 0.42 £ 0.016 (56) 0.35+0.02 (31)
rs12003093 0.41+£0.017 (53) 0.38 +0.02 (31)
rs829535 0.39+0.017 (53) 0.39 £ 0.022 (32)
rs653790 0.39 £ 0.016 (59) 0.38 £ 0.024 (26)
rs629566 0.39+0.017 (57) 0.39 £ 0.024 (26)
rs17218354 0.40+0.018 (40) 0.38 £ 0.02 (32)
rs10813831 0.40 £ 0.016 (57) 0.39 + 0.026 (24)
rs3824456 0.40+£0.016 (57) 0.38 £ 0.02 (30)
rs4013845 0.39+0.02 (36) 0.39+0.02 (32)
Elderly 1 12
rs2376223 0.35+0.018 (33) 0.30+0.018 (31)
rs540467 0.35+0.018 (34) 0.31 £0.019 (29)
rs2050456 0.34 £ 0.016 (43) 0.30 £ 0.02 (22)
rs12003093 0.35+0.018 (32) 0.32 +0.02 (27)
rs829535 0.33 £0.016 (43) 0.32 £ 0.021 (24)
rs653790 0.37 £ 0.016 (34) 0.31+0.018 (28)
rs629566 0.36+0.017 (32) 0.33+0.018 (29)
rs17218354 0.30 £ 0.02 (21) 0.35+0.019 (29)
rs10813831 0.36 +0.017 (32) 0.32£0.019 (25)
rs3824456 0.31+£0.015 (47) 0.35+0.025 (16)
rs4013845 0.30 £ 0.03 (18) 0.37 £0.025 (19)
All MAF HET
rs2376223 0.267 0.396
rs540467 0.209 0.332
rs2050456 0.208 0.353
rs12003093 0.258 0.407
rs829535 0.206 0.36
rs653790 0.25 0.353
rs629566 0.26 0.335
rs17218354 0.47 0.408
rs10813831 0.272 0.339
rs3824456 0.224 0.311
rs4013845 0.466 0.377

22 P Corrected P
0.35 +0.05 (6) NS NS
0.36 +0.07 (3) NS NS
0.36 +0.08 (2) NS NS
0.36 + 0.07 (3) NS NS
0.46 + 0.06 (4) NS NS
0.56 + 0.06 (4) NS NS
0.51 £ 0.051 (6) 0.026
0.41 £0.03 (15) NS NS
0.49 +0.05 (5) 0.04 NS
0.53+0.09 (2) NS NS
0.42 £ 0.03 (16) NS NS
22 P Corrected P
0.40 + 0.045 (5) NS NS
0.34 +0.06 (3) NS NS
0.41 +0.05 (4) NS NS
0.29 +0.05 (5) NS NS
0.54 +0.05 (1) NS NS
0.22 +0.04 (7) 0.002 0.024
0.24 £0.033 (9) 0.005
0.33+0.03 (16) NS NS
0.24 £0.03 (11) 0.002 0.024
0.44 £0.04 (6) 0.02 NS
0.34 +0.03 (16) NS NS
HW P
1.0
1.0
0.48
0.56
0.27
0.50
0.09
0.018
0.073
0.2
0.003

Results are mean + SEM, with n shown in parentheses; 1, major allele; 2, minor allele. In order to adjust for the lack of independence between monozygotic
and dizygotic twins, all comparisons of mean differences between groups were performed using GEE methodology. Corrected P values were corrected for
multiple testing based on the number of NDUFB6 tagSNPs genotyped in the twins. The assay did not work in the rs920029 plex. HET, observed heterozy-

gosity; HW, Hardy-Weinberg; MAF, minor allele frequency.

Other polymorphisms in the NDUFB6 gene are also associated with gene
expression in human muscle. In order to establish whether other poly-
morphisms are associated with the level of NDUFB6 expression in
muscle, 12 tagSNPs (see Methods) from the NDUFB6 locus were
selected using genotype data from the International HapMap
project (4) together with the Tagger program (r? > 0.8) (10) (Table 3).
Two additional SNPs, rs653790 and rs10813831, were signifi-
cantly associated with NDUFB6 expression in muscle of elderly
twins (P = 0.024; Table 3). These 2 SNPs were in strong linkage
disequilibrium (LD) with rs629566 (rs653790 and rs629566,D' = 1,
72 =0.90; rs10813831 and rs629566, D’ = 0.97, 7* = 0.89; Figure 3).

Association of common variants of the NDUFBG gene with the risk
of T2DM. We next investigated whether the polymorphism
15629566, which introduces the DNA methylation site, is associ-
ated with risk of T2DM in a screening set composed of 751 cases
with T2DM and 715 healthy controls from the Botnia cohort.
The clinical characteristics of these subjects are described in

Table 1. We found no significant difference between the fre-
quency of the GG genotype in cases (5.2%) and controls (6.3%;
P =0.58). We therefore extended the study to examine whether
other common variants of the NDUFB6 gene are associated with
increased risk of T2DM. First, 12 tagSNPs covering the major-
ity of the genetic variation in NDUFB6 were selected using Hap-
Map data from the CEU cohort (see Methods) and genotyped
in the screening set (Table 1 and Supplemental Table 1; supple-
mental material available online with this article; doi:10.1172/
JCI30938DS1). The LD structure of this screening set showed
that most of the genetic variation (D’ > 0.8) in NDUFB6 in our
cohort was covered with 3 tagSNPs: rs540467, rs2050456, and
15629566 (Figure 3). Although carriers of the rs540467 A/A
genotype had a nominally increased risk of T2DM compared
with G/G and G/A carriers, with an odds ratio (OR) 0f 2.06 (95%
confidence interval, 1.07-3.98; P = 0.03), when logistic regres-
sion was performed with adjustments for BMI, gender, and age
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at onset (cases) or age at visit (controls) (Supplemental Table 1),
this result would not stand correction for multiple testing. Sec-
ond, the 3 tagSNPs (rs540467, rs2050456, and rs629566) that
covered most of the genetic variation in NDUFBG6 in the Botnia
cohort were then genotyped in a larger replication set, consist-
ing of 2,830 cases and 3,740 healthy controls from the Malmé
cohort (Table 1 and Supplemental Table 2). Also in this replica-
tion set, carriers of the rs540467 A/A genotype showed increased
risk of T2DM compared with carriers of the G/G and G/A geno-
type, with an OR of 1.40 (95% confidence interval, 1.05-1.87;
P =0.02; Supplemental Table 2). Because the LD structure was
quite similar and a heterogeneity test excluded a significant
difference between the Botnia and the Malmo cohorts, we also
performed a combined analysis, yielding an OR of 1.46 (95%
confidence interval, 1.13-1.90; P = 0.0038) for the rs540467 A/A
genotype. Analyzing the data using Mantel-Haenszel test gave
virtually the same result (OR, 1.41; 95% confidence interval,
1.12-1.77; P = 0.0038). We used the MODEL program (http://
pngu.mgh.harvard.edu/~purcell/model/) to search for the best
genetic model, and a recessive model was suggested to best
explain the effect of rs540467 on T2DM risk.

Effect of NDUFB6 on VOymax and glucose uptake in twins. Mito-
chondrial function and oxidative capacity influence VO,max and
glucose uptake. Both VO,max and insulin-stimulated glucose
uptake usually decline with age, but it is not known whether they
are affected by NDUFB6. We therefore examined whether muscle
NDUFB6 mRNA expression was associated with VO,max and
insulin-stimulated glucose uptake, using multivariate regression
analysis including age, sex, and BMI as covariates (Supplemental
Table 3). Basal NDUFBG6 expression was positively related to both
VO,max (regression coefficient, 10.9; P < 0.005) and insulin-stim-
ulated glucose uptake (regression coefficient, 6.2; P < 0.003). We
further tested whether 2 NDUFB6 polymorphisms, rs629566 and
1540467, were associated with VO,max and insulin-stimulated
glucose uptake (Table 4). Our data suggest that rs629566 may be
associated with VO,max and insulin-stimulated glucose uptake in
the elderly twins. It should be noted that this post-hoc test was not
corrected for multiple comparisons.
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Figure 3

Schematic presentation of the NDUFB6 gene with the analyzed tag-
SNPs and LD structure. LD between the NDUFB6 SNPs was analyzed
using Haploview (50). D' values with 95% confidence intervals were
calculated as a measure of LD (51). The analysis was performed based
on the genotyping results from the Botnia cohort. The figure was pre-
pared using LocusView 2.0 (http://www.broad.mit.edu/mpg/locusview/).
The following SNPs were in LD: rs540467 and rs2376223 (D' = 1);
rs2050456, rs12003093, and rs920029 (D’ > 0.83); and rs629566,
rs829535, rs653790, rs17218354, rs10813831, rs3824456, and
rs4013845 (D' > 0.94).

Discussion

A set of nuclear-encoded OXPHOS genes show reduced expres-
sion in muscle from patients with T2DM; however, it remains
unknown whether this is an inherited or acquired defect (3). We
therefore attempted to determine which mechanisms regulate
OXPHOS gene expression in human muscle. A nuclear-encoded
gene, NDUFBG6 (from complex 1 in the respiratory chain), was
selected for this analysis because its expression is significantly
reduced in diabetic muscle, the NDUFBG6 gene is located under
a linkage peak for T2DM on chromosome 9, and complex 1 is
suggested to be rate limiting for NADH oxidation (3, 9, 11, 12).
The key finding of the present study was that genetic (polymor-
phism), epigenetic (DNA methylation), and nongenetic (e.g., age)
factors were associated with the expression level of NDUFB6 in
human skeletal muscle.

Insulin resistance in skeletal muscle is a major contributor to
the increased prevalence of T2DM with age, and oxidative capac-
ity in muscle is a good predictor of insulin sensitivity (13). To
determine why insulin sensitivity decreases with age, we analyzed
the expression level of NDUFBG6 in muscle biopsies from young
and elderly nondiabetic twins. Elderly twins had 15%-22% lower
levels of NDUFBG6 than did young twins. This decline was of the
same magnitude as the 19% decrease previously observed in
muscle from patients with T2DM (3). An age-related reduction
in expression of OXPHOS genes is likely to reduce mitochondrial
function and insulin action in muscle and eventually increase the
risk of developing T2DM. In support of this hypothesis, aging
has been associated with decreased OXPHOS expression and
mitochondrial oxidative capacity in muscle (2, 14). Furthermore,
healthy elderly individuals show increased fat accumulation,
reduced mitochondrial activity, and reduced insulin-stimulated
glucose uptake in skeletal muscle compared with young subjects
(15). In this study the level of NDUFB6 in muscle was positively
associated with glucose uptake and VO,max. This is consistent
with our previous findings that expression of NADH dehydroge-
nase 1, another gene from the first respiratory complex, is related
to glucose flux in muscle (16).

Not all individuals respond identically to an affluent diabeto-
genic environment. Several studies provide evidence that genetic
factors are important contributors to the large interindividual
variation in diabetes susceptibility (6, 17-20). To address this
issue, we estimated heritability for muscle expression of NDUFB6
in young and elderly twins. Heritability was 65% and 52% in
young and elderly twins, respectively, suggesting that expression
of NDUFB6 in muscle is under genetic control. Consistent with
this, insulin-resistant offspring of patients with T2DM have pre-
viously been reported to have impaired mitochondrial function
in muscle (1,21, 22).
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Table 4

Association between the NDUFB6 polymorphisms rs629566 and rs540467 and VO,max

and glucose uptake

did not show any appreciable increase in
DNA methylation with age, suggesting
that factors other than DNA methylation
must contribute to the observed age-relat-

r$629566 A/A A/G G/G P ed decline in PGC-1o. expression in human
Young skeletal muscle. Indeed, we have previ-
VO, maxA 39+0.9(63) 39+1.3(33) 42+ 2.6 (9) NS ously shown that a common Gly482Ser
Glucose uptake clampB 11.50+0.42 (61) 11.69+0.56 (34) 13.35+1.08 (9) NS polymorphism in the PGC-Ia. gene is asso-
Elderly ciated with gene expression (5). Neither
VOpmax* 29£1.0(38) 24£1.1(35) 24£22(9) <005 did we observe any age-related increase in
Glucose uptake clamp® 10.8 + 0.5 (40) 8.8+0.5(37) 99+11(9  <0.05¢ DNA methylation of another OXPHOS
rs540467 G/G G/A A/A P gene, UQCRB, whose expression decreased
Young with aging. Collectively, these data suggest
VO;maxA 39.4 £ 0.9 (70) 37.5+1.4(29) 50.3 +4.3(3) <0.05° that DNA methylation does not explain all
Glucose uptake clamp® 121 0.4 (71) 10.7+ 0.6 (27) 13.5+1.9(3) NS the age-related decline in OXPHOS gene
Elderly expression in muscle.

VO maxA 26.2+1.0 (43) 27.2+1.2(31) 23.2+3.4(4) NS

Glucose uptake clamp® 10.1 0.5 (44) 10.4 + 0.6 (32)

Data are expressed as mean + SEM, with n shown in parentheses. In order to adjust for the lack
of independence between monozygotic and dizygotic twins, all comparisons of mean differences
between groups were performed using GEE methodology. AShown in ml/kg/min. BShown in mg/kg lean
body mass/min. CA/A vs. A/G + G/G. PG/G + G/A vs. A/A. P values were not adjusted for multiple testing.

To gain further insight into the genetic regulation of NDUFBG6
expression in muscle, we investigated whether allelic variation in
this gene is associated with mRINA level. We identified a polymor-
phism in the promoter region of NDUFB6, rs629566 (A/G), which,
by changing a CA dinucleotide to CG, introduces a DNA methyla-
tion site. This SNP could also create a putative, as yet unvalidated,
transcription factor-binding site. While young twins carrying the
15629566 G/G genotype had significantly greater NDUFBG6 expres-
sion in muscle than did young carriers of the A/A or A/G genotype,
the same genotype was somewhat paradoxically associated with
reduced expression in muscle from elderly twins. Interestingly, the
rs629566 DNA methylation site described above as well as 3 adja-
cent methylation sites were only methylated in elderly twins, not
young twins, carrying the NDUFB6 15629566 G/G genotype. When
DNA methylation takes place at a promoter, gene expression is
usually reduced. Indeed, there was a significant negative correla-
tion between the degree of DNA methylation and the mRNA level
of NDUFB6 in muscle. Our data demonstrate that combinations
of genetic (polymorphism) and epigenetic (DNA methylation) fac-
tors are associated with the age-related decline in gene expression.
To the best of our knowledge, this is the first demonstration of
how changes in DNA methylation during postnatal life may play
a role in the pathogenesis of insulin resistance. This also opens
up the possibility that epigenetic factors such as DNA methyla-
tion and histone acetylation could predispose an individual to
insulin resistance and T2DM. In addition, 2 tagSNPs, rs653790
and rs10813831, which are in strong LD with rs629566, were also
significantly associated with NDUFB6 mRNA levels in skeletal
muscle. However, not all tagSNPs in the block were associated with
gene expression. The most plausible reason for this is the lack of
statistical power, as this study included only 196 twins.

We extended the previous observation in rodents (3) that the
transcriptional coactivator PGC-Ia.is also associated with NDUFB6
expression in human skeletal muscle, where the expression levels
of PGC-1a. and NDUFBG6 were positively related (P < 0.0001). How-
ever, in contrast to the situation with NDUFB6, the PGC-1o. gene
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Because a previous study suggested that
NDUFB6 may play a role in the pathogen-
esis of T2DM (3), and because SNPs in the
NDUFBG6 gene were associated with the
expression levels in skeletal muscle, we
investigated whether common variants
in the NDUFB6 gene also confer to a risk
of developing T2DM. Although one com-
mon SNP (rs540467) in the NDUFB6 gene was associated with
a nominally increased risk of T2DM, the evidence for a genetic
association between SNPs in this gene and T2DM was weak in
the present study. Given the large number of tests performed, our
study was not sufficiently powerful to detect subtle effects of these
variants on risk of developing T2DM.

Several research groups, including our own, have recently per-
formed genome-wide association scans (GWASs) in order to
identify common polymorphisms associated with increased risk
of T2DM (23-27). Collectively, these S scans identified at least 5
new SNPs and/or loci significantly associated with T2DM. The
NDUFB6 locus was not among these 5 genes and loci, but it should
be kept in mind that this first analysis was only based upon rep-
lication studies of 107 SNPs with the strongest association with
T2DM. It will be very difficult to exclude any SNP among the top
1% (which includes more than 4,000 SNPs on the Affymetrix SO0K
DNA chip). We therefore looked carefully at the NDUFB6 locus in
3 GWASs, whose authors shared their data prior to publication
(DGI, ref. 23; WTCCC/UK, ref. 25; FUSION, ref. 26). While the
DGI and WTCCC/UK studies used the Affymetrix 500K DNA chip
for GWAS (23, 25), FUSION used the Illumina HumanHap300
BeadChip technology (26). A total of 23 SNPs in the NDUFB6
region were analyzed in the scans, 5 of them found in all stud-
ies. Two polymorphisms were associated with increased risk of
the disease in the GWAS by FUSION, rs11795343 (OR, 1.69; 95%
confidence interval, 1.32-2.16; P = 0.00002) and rs659527 (OR,
1.36; 95% confidence interval, 1.13-1.63; P =0.001) for dominant
models (26). These SNPs were localized in the genomic region
examined in the present study (see Methods). Because these 2
SNPs were not in the HapMap when we selected tagSNPs, they
were not selected for genotyping in the present study, nor were
they on the Affymetrix 500K DNA chip. Moreover, 6 SNPs from
the 3 studies showed association to T2DM with nominal P values
0f0.01-0.05: rs920029, rs629566, rs628425, rs669260, rs3824456,
and rs10971037. It should be kept in mind that a SNP that is sub-
ject to methylation (i.e., rs629566) might not be easy to detectin an

0.050

Volume 117  Number 11 ~ November 2007



association study, given the change in risk dependent upon degree
of methylation and whether risk or nonrisk alleles are methylated.
The SNP rs540467 was not present on the Affymetrix chip, nor
was it significantly associated with T2DM in the FUSION study.
Collectively, the WGASs do not exclude a role for variation in the
NDUFB6 gene in the pathogenesis of T2DM, but further work that
captures the whole genetic variation at the locus in large studies
will be needed to confirm this.

NDUFB6 is one of several nuclear-encoded OXPHOS genes that
show reduced expression in skeletal muscle from patients with
T2DM (3). Therefore, genetic variation in additional OXPHOS
genes may confer a risk of T2DM and thereby interact with
NDUEFBG6 to influence the susceptibility to the disease. Further-
more, genetic, epigenetic, and nongenetic factors might also be
associated with the expression level of other nuclear-encoded
OXPHOS genes. This matter needs to be addressed in future
research. Several other studies have investigated the mechanisms
by which OXPHOS and mitochondrial function decline during
aging and with T2DM. Diminished mitochondrial content and
mitochondrial copy number are believed to influence OXPHOS in
diabetic muscle (22, 28-30). Oxidative stress, mitochondrial DNA
mutations, and apoptosis are other mechanisms suggested to
influence mitochondrial function and OXPHOS expression dur-
ing aging (31, 32). Furthermore, inflammation induced by FFAs
and cytokines leading to oxidative stress also affects mitochon-
drial biogenesis in skeletal muscle (33).

In summary, the present study demonstrates that the inter-
action of genetic and epigenetic factors contributes to the age-
related decline in expression of the OXPHOS gene, NDUFB6, in
human muscle. Our results provide an example of how genetic
and epigenetic factors may interact to confer an age-dependent
susceptibility to insulin resistance.

Methods

Subjects

Twins. Subjects were identified from the Danish Twin Register (20, 34).
Selection criteria for the young and elderly twins were described previously
(5), and the participants’ characteristics are described in Table 1.

Botnia cobort (screening set). We studied 1,466 unrelated individuals from
the Botnia study, 751 of whom were diagnosed with T2DM at more than
35 years of age, and 715 of whom were nondiabetic controls with no first-
degree relatives with T2DM (Table 1). The Botnia study is a family-based
study established in 1990 that aims to identify T2DM susceptibility
genes (35, 36). Subjects were classified into different stages of glucose
tolerance based on an oral glucose tolerance test. Individuals with geneti-
cally verified maturity-onset diabetes of the young or type 1 diabetes were
excluded from the study.

Malmé cobort (replication set). This included 2,830 cases with T2DM
from a local diabetes registry (37) and 3,740 unrelated, ethnically
matched healthy control individuals from the Malmé Diet and Cancer
Study (38) (Table 1). T2DM was diagnosed according to WHO criteria
(39), with C-peptide concentrations of at least 0.3 nmol/l, no GAD anti-
bodies, and age at onset of 35 years or more. The control individuals had
a level of fasting blood glucose of less than 5.6 mmol/l and no known
family history of T2DM (Table 1).

All the present studies were approved by the regional Ethical Committees
of Southern Denmark (Odense, Denmark), Vaasa Central Hospital (Vaasa,
Finland), Lund University (Lund, Sweden), and Helsinki University (Helsinki,

Finland) and were conducted in accordance with the Helsinki Declaration.
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Clinical examination and muscle biopsies from twins

Twins underwent a 2-day clinical examination, including a 2-hour hyper-
insulinemic euglycemic clamp (40 mU/m?/min) combined with indirect
calorimetry during the basal and insulin-stimulated steady-state periods,
as previously described (5, 20). Metabolic rates (i.e. glucose disposal, glu-
cose and fat oxidation, and nonoxidative glucose metabolism) were calcu-
lated as previously reported and expressed as mg/kg lean body mass/min
(20, 40). Basal and insulin-stimulated muscle biopsies were obtained from
the vastus lateralis muscle under local anesthesia. Plasma glucose and insu-
lin concentrations and specific activity of tritiated water were measured as
previously described (34, 41, 42).

Analysis of NDUFB6 and UQCRB mRNA levels in skeletal muscle
NDUFB6 and UQCRB mRNA levels were quantified using TagMan Real-
Time PCR with an ABI 7900 system (Applied Biosystems) using gene-specific
probes and primer pairs for NDUFB6 (Assays-on-Demand, Hs00159583_m1;
Applied Biosystems) and UQCRB (Assays-on-Demand, Hs00559884_m1;
Applied Biosystems). The transcript quantity was normalized to the mRNA
level of cyclophilin A (4326316E; Applied Biosystems).

Analysis of NDUFBG protein levels in skeletal muscle by Western blot
Protein lysate was prepared from muscle biopsies as previously described
(43). Lysate proteins (20 ug) were separated using Criterion 10.5%-14% Tris-
HCl linear gradient gels (Invitrogen), and then transferred to PVDF mem-
branes (Invitrogen). After blocking (Tris-buffered saline, 0.1% Tween-20,
and 5% nonfat dry milk) for 1 hour, the membranes were incubated with
primary antibodies for NDUFB6 (15.5 kDa, stock 1 ug/ul, dilution 1:1000,
A21359; Invitrogen) overnight at 4° C followed by incubation with second-
ary antibodies linked to horseradish peroxidase, antimouse (stock 1 ug/ul,
dilution 1:100 000, Pierce Biotechnology Inc.). Immunoreactive proteins
were visualized by chemiluminescence using SuperSignal West Dura
Extended Duration Substrate (Pierce Biotechnology Inc.) and the Fujifilm
Luminescent Image Analyzer LAS-3000 with a CCD camera (Fujifilm). Pro-
tein levels were then quantified using Multi Gauge software (Fujifilm).

Genotyping

Genomic DNA was extracted from blood by conventional methods (44). In
the twins and the Malmg cohort, the rs629566 polymorphism of NDUFB6
was genotyped using an allelic discrimination assay (C_2734847_20; Applied
Biosystems) performed with an ABI 7900 system (Applied Biosystems).

Genotype data from the International HapMap project (www.hapmap.
org) (4) covering the NDUFB6 locus (chromosome 9, 32490000-32595000)
from the CEU population was downloaded (data source, Rel 16¢.1/phase
1 June 2005), and NDUFB6 tagSNPs — single nucleotide polymorphisms
that could explain greater than 80% of the common variation (2 > 0.8) at
a selected locus and with a minor allele frequency greater than 5% — were
selected using Tagger (10). Based on this analysis, the following NDUFB6
tagSNPs were selected and genotyped: rs2376223, rs540467, rs2050456,
rs12003093, rs920029, rs829535, rs653790, rs629566, rs17218354,
rs10813831, rs3824456, and rs4013845. These SNPs were genotyped using
a single-base extension method adopted for a MassArray (Sequenome) plat-
form in the Profiling Polygenic Disease Swegene laboratory in Malmaé.

A genotyping error rate of less than 1% determined by at least 6% regeno-
typing was used to secure genotyping accuracy. Native DNA was used for
all genotyping except for the controls in the Malmé cohort, for which
whole genome amplified DNA (deCODE Genetics) was used.

DNA methylation

Genomic DNA was isolated from muscle biopsies at the same time as
RNA using the Tri Reagent kit, following the manufacturer’s instruc-
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tions (Sigma-Aldrich). DNA bisulfite modification was accomplished
using the EZ DNA methylation kit (Zymo Research). Bisulfite-modified
DNA was amplified with primers designed using the previously described
MethPrimer program (45).

NDUFB6. The following primers were used to amplify the sequence
shown in Figure 2C: forward, 5'-GTTGTTTTTTGATTGTTGTATTATA-
ATTTA-3'; reverse, 5'-AAAATACCCTAAACAACTATCTCAT-3'. To obtain
more PCR product, a second, seminested PCR was performed using the
forward primer S'-TAAGTAGTTTTTTATTTAGGAATTTGGG-3' and the
same reverse primer as above. The PCR product was then cloned into a TA
vector (Fermentas), and 10 colonies of each reaction were purified as mini-
preps (Qiagen) and screened for correct insertion by restriction enzyme
digestion with EcoRI, which cuts on both sides of the insert. The individ-
ual clones were sequenced, and the number of methylated sites was deter-
mined. We calculated the percentage of methylation for each individual as
the total number of methylated sites in all clones analyzed divided by the
total number of possible methylation sites in all clones analyzed.

UQCRB. A sequence located 239-62 base pairs upstream of the translation
start (5'-TCTTCCCATCACATCACAACCAATACTTCTTAGAATGTAG-
CACGCAAAATGCCCCGCCTACTCCATTGGCCTCACCCTGGCCGAGA-
GGTGCTTACGCAGGTGCTGAACGGCAGTCGTCAGAACTGCGCCT-
GCGCAAGCGGCCTTTCTCTGTTCGCGATGTGACGTAACGCGCCTGCG-3',
reverse complement) was chosen to analyze DNA methylation of the UQCRB
promoter. This sequence contains a CpG island and 15 potential methyla-
tion sites. The method described above was used together with the following
primer pair: forward, S TTGGTTTTTTAATTTTTGATTTGTGT-3'; reverse,
5'-ACCTACTTACCAACCATTTTAACCA-3'. To obtain more PCR product,
asecond, seminested PCR was performed using the same forward primer as
above and reverse primer 5'-AAAAACAAACTAAACCCAATCC-3'.

PGC-1a. A sequence located 961-770 base pairs upstream
of the translation start (5'-CGCTACATGTATGAAAAATAG-
GAGCCGGGAATCAAAGCTGATCTGAGCAGAGCAGCAGC-
GACTGTATTTACTAACACTTGTTTTCTGGGAGCCTATGAGA-
GAAATGGAAATAATTAGAAGGAAGCTGAAAGGATGGGGTTTTGTG-
GCTTGTTCTCCTTATATGGAGCAAAGAAAACTGCAGCAACTCTTCG-
3') was chosen to analyze DNA methylation of the PGC-Ia. promoter. The
method described above was used together with primer pair 1 (forward,
S'-TAGGGTATTAGGGTTGGAATTTAATG-3'; reverse, S'-CCCAT-
AACAATAAAAAATACCAACTC-3") and primer pair 2 (used for nested
PCR; forward, S'-TATTTTAAGGTAGTTAGGGAGGAAA-3'; reverse, 5'-
ATAACAATAAAAAATACCAACTCCC-3'.

Statistics

Generalized estimating equations and linear regression. Because of the strong intra-
pair correlation of twin data, conventional tests of differences between vari-
able (y) means are not valid. To correct for this dependence, we used general-
ized estimating equation (GEE) methodology (y = a + fx) to provide valid
standard errors for the § coefficients (46, 47). The {3 coefficient was estimated
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from all observations, whereas for calculation of the variance of 3, each twin
pair was considered as 1 cluster. Clinical characteristics in Table 1 are pre-
sented as mean + SD, and all other results are presented as mean + SEM.

To identify factors independently associated with the response vari-
able, we used backward-elimination multivariate regression analysis with
P> 0.05 as the threshold for exclusion of model terms. Also in this analysis
we used GEE methodology to obtain valid tests. The regression coefficients
presented correspond to linear regression coefficients.

Biometric modeling. The total phenotypic variance is the sum of the vari-
ance attributable to the effects of both genetic and environmental factors.
The degree of genetic and environmental influence on a variable can be
estimated using biometric modeling. Here, the models tested included
the following contributions to variance: genetic variance due to additive
genetic effects (V4), dominant genetic effects (Vp), and environmental vari-
ance due to an individual environment not shared with co-twin (Vg) or a
common environment shared between co-twins (V). Biometric modeling
was conducted as previously described (48).

Association between genetic variation in the NDUFB6 gene and T2DM. The
power to detect associations between SNPs in the NDUFB6 gene and
T2DM in our case-control studies was calculated using the Genetic Power
Calculator (49). With a minor allele frequency of 5%, a T2DM frequency of
6%, and a relative risk of 1.3 at o= 0.05, we have 38% power for a dominant
model in the Botnia case-control study and a corresponding 93% power
in the Malmo case-control study. To determine genotype association of
individual SNPs with T2DM, we used a %? test. Two-tailed P values are
presented. Logistic regression was then applied for SNPs showing nomi-
nally significant association with T2DM, and this analysis was adjusted
for BMI, sex, and age at onset (cases) or age at visit (controls). Allelic asso-
ciation, haplotype block structure, and LD structure were calculated using
Haploview version 3.2 (50).
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