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Insulin-Regulated Mitochondrial Gene Expression
Is Associated With Glucose Flux in Human 
Skeletal Muscle
Xudong Huang, Karl-Fredrik Eriksson, Allan Vaag, Mikko Lehtovirta, Mona Hansson, Esa Laurila, 

Timo Kanninen, Birgitte Thuesen Olesen, Istvan Kurucz, Laszlo Koranyi, and Leif Groop

To identify abnormally expressed genes contributing
to muscle insulin resistance in type 2 diabetes, we
screened the mRNA populations from normal and dia-
betic human skeletal muscle using cDNA differential dis-
play and isolated abnormally expressed cDNA clones of
mitochondrial-encoded NADH dehydrogenase 1 (ND1),
cytochrome oxidase 1, tRNAl e u, and displacement loop.
We then measured mRNA expression of these mito-
chondrial genes using a relative quantitative poly-
merase chain reaction method in biopsies taken before
and after an insulin clamp in 12 monozygotic twin pairs
discordant for type 2 diabetes and 12 matched control
subjects and in muscle biopsies taken after an insulin
clamp from 13 subjects with type 2 diabetes, 15 subjects
with impaired glucose tolerance, and 14 subjects with
normal glucose tolerance. Insulin infusion increased
mRNA expression of ND1 from 1.02 ± 0.04 to 2.55 ±
0.30 relative units (P < 0.001) and of cytochrome oxi-
dase 1 from 0.80 ± 0.01 to 1.24 ± 0.10 relative units (P
< 0.001). The ND1 response to insulin correlated with
glucose uptake (r = 0.46, P = 0.002). Although the rate
of insulin-mediated glucose uptake was decreased in the
diabetic versus the nondiabetic twins (5.2 ± 0.7 vs. 8.5 ±
0.8 mg · kg– 1 fat-free mass · m i n– 1, P < 0.01), insulin-stim-
ulated ND1 expression was not significantly diff e r e n t
between them (2.4 ± 0.5 vs. 2.7 ± 0.5 relative units). Nei-
ther was there any significant intrapair correlation of
ND1 expression between the monozygotic twins (r =
–0.15, NS). We conclude that insulin upregulates mito-
chondrial-encoded gene expression in skeletal muscle.
Given the positive correlation between ND1 expres-
sion and glucose uptake and the lack of intrapair cor-
relation between monozygotic twins, mitochondrial
gene expression may represent an adaptation to intra-
cellular glucose flux rather than an inherited trait.
D i a b e t e s 48:1508–1514, 1999

S
keletal muscle insulin resistance is a characteristic
feature of type 2 diabetic patients and is observed
in their nondiabetic offspring (1). However, the
mechanisms responsible for skeletal muscle insulin

resistance in type 2 diabetes remain incompletely understood (2).
Reduced glucose-induced thermogenesis and reduced maxi-
mal aerobic capacity have been demonstrated in type 2 dia-
betic patients (3,4) and their nondiabetic offspring (5). As
mitochondrial DNA defects have been described only in a
small group of diabetic patients, usually in combination with
hearing loss (6,7), it is possible that defects in mitochondrial
mRNA expression might be involved in the development of
insulin resistance in type 2 diabetes. In support of this view,
overexpression of mitochondrial-encoded genes, including
the NADH dehydrogenase gene, was recently reported in
muscle of type 2 diabetic patients (8).

In an effort to identify abnormally expressed genes respon-
sible for muscle insulin resistance in type 2 diabetes, we
screened the mRNA populations from normal and diabetic
human skeletal muscle using polymerase chain reaction
(PCR) differential display (9) and isolated from the diabetic
cDNA panels the abnormally expressed mitochondrial heavy
chain-encoded cDNA clones of NADH dehydrogenase 1
(ND1), 4, and 5; cytochrome oxidase 1 (COX1); tRNAl e u; and
a displacement-loop (D-loop) fragment. Among these clones,
ND1 and D-loop were only identified in cDNA panel of dia-
betes; the other clones were also identified in the control
panel. Because transcription of most of the mitochondrial heavy
chain–encoded genes is carried out on a primary transcript fol-
lowed by extensive posttranscriptional processing (10), a n d
changes in mitochondrial gene expression have been asso-
ciated with diabetes (8), we selected four mitochondrial
heavy chain–encoded genes—ND1, D-loop, COX1, and
t R N Al e u—to examine whether mitochondrial gene expres-
sion is related to insulin resistance and, further, whether
their expression is under genetic control. To accomplish this,
we examined mitochondrial gene expression in muscle biop-
sies taken before and after an insulin clamp from 12 monozy-
gotic twin pairs discordant for type 2 diabetes and from 12
control subjects (11,12) and in muscle biopsies taken after an
insulin clamp from 42 individuals with various degrees of
insulin sensitivity and glucose tolerance.

RESEARCH DESIGN AND METHODS

cDNA differential display. cDNA differential display was performed as previ-
ously described (9), with some modifications. Briefly, muscle biopsies were
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obtained from two pairs of diabetic and healthy control male subjects after
overnight fasting (diabetic patients: age 45–57 years, BMI 24.7–27.7 kg/m2, fast-
ing blood glucose [FBG] 11.8–13.4 mmol/l; control subjects: age 49–53 years;
BMI 24.5–29.2 kg/m2, FBG 5.8–5.7 mmol/l). Total RNA was isolated by the acid
guanidinium thiocyanate method (13). Total RNA (200 ng) was reverse-tran-
scribed in 20 µl reaction with 2.5 µmol/l of each of the T1 2VA, T1 2VC, T1 2VG, T1 2V T
(V = ACG) primers in the presence of 200 U Superscript II reverse transcriptase
(RT) (Life Technologies, Glasgow, Scotland) and 25 µmol/l dNTP for 60 min at
37°C. After heat inactivation of the RT at 95°C for 5 min, 2 µl of the RT reaction
was added to 18 µl of PCR mix containing 13 PCR buffer, 12.5 µmol/l dNTP, 5 µCi
[3 5S ] d AT P, 2.5 µmol/l of each respective T12VN primer, 2.5 µmol/l of one of the 20
arbitrary primers (Operon Technologies, Alameda, CA) and 1 U Amplitaq DNA
polymerase (Perkin Elmer, Branchburg, NJ). PCR was run for 40 cycles (94°C, 30
s; 40°C, 90 s; 72°C, 30 s). PCR product (4.0 µl) was analyzed on a 5% sequencing
gel. Any band visible in the cDNA panel from the type 2 diabetic patients but absent
from the control panel or vice versa was selected for further evaluation. The recov-
ery of corresponding cDNAs was achieved by elution of the DNA bands from the
sequencing gel and PCR reamplification (9). The recovered cDNAs were subcloned
using the T-Cloning Kit (MBI Fermentas, Vilnius, Lithuania), sequenced using
Sequenase (version 2.0; USB, Cleveland, OH), and compared with sequences in
GenBank (GenBank 104; DNASTAR, Madison, WI).

Quantitation of mitochondrial gene expression

Subjects in protocol 1. A total of 12 monozygotic twin pairs discordant for 
type 2 diabetes and 12 healthy subjects without family history of diabetes par-
ticipated in this study. All subjects were Caucasians. Type 2 diabetes had been diag-
nosed after the age of 40 years based on a standardized 75-g oral glucose toler-
ance test (14). The control subjects were matched to nondiabetic twins for age,
sex, and BMI (Table 1). Monozygosity of the twins was confirmed by genetic and
biochemical markers (12). Insulin sensitivity was measured by a 3-h euglycemic-
hyperinsulinemic clamp (11,12). Muscle biopsies were obtained in the basal state
(0 min) and at the end of the clamp (180 min), frozen immediately in liquid nitro-
gen, and stored at –80°C until analyzed.
Subjects in protocol 2. A total of 13 patients with type 2 diabetes, 15 patients
with impaired glucose tolerance (IGT), and 14 sex-, age-, and BMI-matched

healthy control subjects without family history of diabetes participated in the study
( Table 2). All subjects were Caucasians. Diagnosis of diabetes was based on the
1985 World Health Organization criteria using a 75-g oral glucose tolerance test.
All subjects participated in a 2-h euglycemic-insulin clamp combined with indi-
rect calorimetry to estimate insulin-stimulated glucose disposal and glucose oxi-
dation (1). Glucose storage was defined as the difference between glucose disposal
and glucose oxidation. Muscle biopsies were taken immediately after the insulin
clamp, put into liquid nitrogen, and stored at –80°C until analyzed.

Informed consent was obtained from all subjects. The protocol was approved
by the regional ethics committee, and the procedures were performed according
to the principles of the Declaration of Helsinki.
RT-PCR quantitation of gene expression. The RNA expression of mitochon-
drial ND1 was examined using a modified “primer-dropping” RT-PCR method (15).
Total RNA was extracted from muscle biopsies from protocols 1 and 2 and
reverse-transcribed as described above except that 5 µmol/l oligo (dT)1 8 w a s
used as the primer instead of T1 2VN (N = A, C, G, or T). Total cDNA was then sub-
jected to PCR coamplification of one of the mitochondrial target genes together
with cyclophilin as a reference gene. The mitochondrial gene primer pairs (from
59 to 39) were GAGGTCAGAAGTAGGGTCTT (ND1F), TAT C T C C A C A C TA G C A
GAGAC (ND1R); AGGGAGGTAAGAGTCAGAAG (COX1F), GACCGTTGAC
TAT T C T C TAC (COX1R); AGAT G G C A G A G C C C G G TA AT (tRNAl e uF), AGAA
G A G C G ATGGTGAGAGC (tRNAl e uR); CACCAT C C T C C G T G A A ATCA (D-loopF),
and AAT G G G AT G A G G C A G G A ATC (D-loopR). The cyclophilin primer pairs
(cycloF-cycloR or cycloF-cycloR2) were GTCTCCTTTGAGCTGTTTGC (cycloF),
T G G C C T C C A C A ATAT T C ATGC (cycloR), and CTGGGAACCAT T T G T G T T G G
(cycloR2). The primer sequences of cyclophilin defined the intron-exon borders
of the gene structure (GenBank accession no. X52851) for cDNA amplific a t i o n .
For ND1 measurement, the PCR condition for protocol 1 was 20 µl PCR reaction
containing 2 µl of RT reaction, 13 PCR buffer, 200 µmol/l dNTP, 2% (vol/vol) for-
mamide, 0.5 U Taq DNA polymerase (Perkin Elmer), 0.4 µmol/l cyclophilin
primers (cycloF and cycloR), and 0.1 µmol/l ND1 primers. The PCR was run for
28 cycles (94°C, 60 s; 58 °C, 60 s; 72°C, 60 s) and followed by a final extension at
72°C for 10 min. The PCR condition for protocol 2 was the same as for protocol 1
except that the ND1 primer concentration was 0.05 µmol/l and the number of
cycles was 30. PCR coamplification was maintained within the exponential phase

TABLE 1
Clinical characteristics of the monozygotic twins discordant for type 2 diabetes and the control subjects in protocol 1

Type 2 diabetic twins Nondiabetic co-twins Control subjects

n ( F / M ) 12 (5/7) 12 (5/7) 12 (5/7)
Age (years) 64 ± 3 64 ± 3 61 ± 2
BMI (kg/m2) 30.1 ± 1.3 27.5 ± 1.3 26.0 ± 1.0
Fasting plasma glucose (mmol/l) 11.4 ± 1.1* 6.0 ± 0.2† 5.4 ± 0.2
Glucose uptake (mg · kg– 1 FFM · min– 1) 5.2 ± 0.7* 8.5 ± 0.8† 11.4 ± 0.9
Glucose storage (mg · kg– 1 FFM · min– 1) 2.8 ± 0.6* 4.8 ± 0.6‡ 7.6 ± 0.9
Glucose oxidation (mg · kg– 1 FFM · min– 1) 2.4 ± 0.2* 3.7 ± 0.2 3.8 ± 0.2
Insulin (µU/ml)

B a s e l i n e 9.7 ± 2.3 7.1 ± 0.9 6.4 ± 0.7
C l a m p 73.6 ± 7.2 69.4 ± 5.7 78.0 ± 4.5

Data are means ± SE. *P < 0.01, †P < 0.05, ‡P < 0.02 vs. control subjects.

TABLE 2
Clinical characteristics of the type 2 diabetic, IGT, and control subjects in protocol 2

Type 2 diabetes I G T C o n t r o l

n ( m a l e ) 1 3 1 5 1 4
Age (years) 65 ± 2 66 ± 1 66 ± 1
BMI (kg/m2) 28.4 ± 1.0 27.1 ± 1.0 27.6 ± 0.8
FBG (mmol/l) 11.2 ± 1.0 5.3 ± 0.2† 4.6 ± 0.1
Glucose uptake (mg · kg– 1 · min– 1) 2.6 ± 0.4* 4.0 ± 0.4† 5.9 ± 0.6
Glucose storage (mg · kg– 1 · min– 1) 1.2 ± 0.3* 2.1 ± 0.4† 3.8 ± 0.5
Glucose oxidation (mg · kg– 1 · min– 1) 1.4 ± 0.2* 2.0 ± 0.1 2.1 ± 0.2
Insulin (µU/ml)

B a s e l i n e 10.5 ± 2.1‡ 7.8 ± 1.7 4.7 ± 0.9
C l a m p 91.9 ± 5.6 89.4 ± 4.4 84.8 ± 6.6

Data are means ± SE. *P < 0.01, †P < 0.03, ‡P < 0.05 vs. control subjects.
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(r = 1 for both ND1 and cyclophilin) under the assay conditions as demonstrated
(Fig. 1). Similar PCR reactions as in protocol 2 were conducted for quantitation
of COX1 coamplified with cycloF and cycloR and for tRNAl e u and D-loop coam-
p l i fied with cycloF and cycloR2. PCR products were separated on a 2% agarose gel
containing ethidium bromide, photographed with UPP-110HA printing paper (Sony,
Tokyo), and quantitated using Personal Densitometer SI scanner together with
ImageQuant software (Molecular Dynamics, Sunnyvale, CA). The mRNA signals
were expressed relative to that of cyclophilin. The intra-assay variation of the rel-
ative quantitative RT-PCR was 11.6%; the interassay variation was 10.4%.
Ribonuclease protection assay. To validate the finding, ND1 gene expression
was also quantitated with the ribonuclease protection assay. Total RNA was
obtained from muscle biopsies of five healthy individuals before and after an
insulin clamp as described in protocol 1. PCR products of ND1 (with ND1F and
ND1R primers) and b-actin were cloned into pGem4Z and pGem-T in vitro tran-
scription vectors (Promega, Madison, WI), respectively. The PCR primers for b-
actin were (59 to 39) GCGAGAAGAT G A C C C A G AT C ATGT and AGGACTCCAT-
GCCCAGGAAGGAAG. We chose b-actin as an internal reference in the ribonu-
clease protection assay because the expression level of cyclophilin is relatively
low in skeletal muscle and was hardly detectable using the limited amount of RNA
in this assay. The a- [3 2P]CTP-labeled antisense RNA probes of ND1 and b- a c t i n
were made using Riboprobe System-SP6/T7 (Promega). Both ND1 and b- a c t i n
probes were then mixed with 5 µg total RNA, and ribonuclease protection assay
was performed using RPA III kit (Ambion, Austin, TX) according to the manu-

f a c t u r e r ’s instructions. The protected bands were separated with 5% sequencing
gel and analyzed with the phosphorImager (Molecular Dynamics, Sunnyvale,
CA). The ND1 mRNA level was expressed relative to b- a c t i n .
Mitochondrial DNA content. Quantitation of mitochondrial DNA content was per-
formed in muscle biopsies taken in the basal state from four patients with type 2
diabetes (age 51 ± 2 years, FBG 10.7 ± 2.1 mmol/l, BMI 24.1 ± 1.2 kg/m2) and four
control subjects (age 45 ± 4 years, FBG 5.8 ± 0.1 mmol/l, BMI 28.0 ± 2.5 kg/m2) .
In addition, mitochondrial DNA content was measured in muscle biopsies taken
in both the basal and insulin-stimulated states from two diabetic patients and two
control subjects. Total genomic DNA was isolated from 10–20 mg muscle biop-
sies using a proteinase K digestion method (16). The mitochondrial ND1 DNA level
was measured by relative quantitative PCR and related to the amount of genomic
b-actin. The primers for ND1 were the same as described above. The primers for
genomic b-actin (GenBank accession no. M10277) were 59- A G G C C A A C C G C G A
G A A G AT G - 39 and 59- C A G C C T G G ATA G C A A C G TA C - 39. PCRs were run within
the range of linear amplification according to the primer dropping method (15)
as follows: 20 µl PCR reaction contained 12 ng genomic DNA, 13 PCR buffer, 200
µmol/l dNTP, 2% (vol/vol) formamide, 2% (vol/vol) DMSO, 0.5 U Taq DNA poly-
merase (Perkin Elmer), and 0.2 µmol/l b-actin primers (as the starter primer
pair). The PCR was run for 30 cycles (94°C, 60 s; 56 °C, 60 s; 72°C, 60 s) followed
by a final extension at 72°C for 10 min. The ND1 primer pair (as the second
primer pair) was added to the final concentration of 0.1 µmol/l during PCR and
run for 21 cycles. The PCR products were analyzed and quantitated as described
above. The ND1 DNA level was expressed relative to b- a c t i n .
Statistical analysis. Data are expressed as means ± SE. Statistical analysis
was performed using NCSS 6.0.21 statistical package (NCSS Statistical Software,
Kaysville, UT). The significance of difference within or between groups was
tested by Wilcoxon or Mann-Whitney rank tests. The relationship between vari-
ous variables was analyzed by Spearman correlations. Correlations between
ND1 expression and insulin-mediated glucose metabolism was adjusted for BMI
using Kendall partial variable correction among the subjects in protocol 1, since
ND1 expression was correlated with BMI (r = 0.43, P < 0.01). This was not nec-
essary in the subjects in protocol 2, who had similar BMI values.

R E S U LT S

cDNA differential display. Of >4,000 cDNA species
screened, 54 differentially expressed cDNA bands with >200
bp were selected; 31 of them were present preferentially in
the cDNA panel of the type 2 diabetic patients, the other 23
in that of the control subjects. Sequencing analysis of the
clones isolated from these bands revealed 66 distinct
sequence signals; 43 of them matched with >95% sequence
identity to genes or expressed sequence tags in the Gen-
Bank, and 23 sequences showed no match with any known
genes (Table 3). Among the signals matched to known genes,
56% (24 of 43) showed sequence similarity with mitochon-
drial heavy chain–encoded genes. Twenty signals with m a t c h e s

FIG. 1. Linearity of PCR coamplification of ND1 and cyclophilin. To t a l

RNA was reverse-transcribed using oligo (dT)1 8. Serial twofold dilu-

tions of reverse-transcribed total RNA (20, 10, 5, 2.5, and 1.25 ng) were

prepared and then subjected to PCR coamplification (94°C, 60 s; 58°C,

60 s; 72°C, 60 s) of both ND1 and cyclophilin for optimal 28 cycles. The

PCR products were analyzed on 2% agarose gel containing ethidium

bromide and quantitated using scanning densitometry. r = 1 for both

ND1 and cyclophilin.

TABLE 3
Differentially expressed candidate clones

Clones from diabetic subjects Best match in GenBank Clones from control subjects Best match in GenBank

D11, D12, D31, D32 N D 1 ( M t ) C 4 7 K i a a 0 0 9 3
D7, D9 M y o s i n C43, C57 L - 3 - p h o s p h o s e r i n e

Phosphatase homolog
D 8 a- a c t i n C 5 6 Carbonic anhydrase III, exon7
D 1 0 Ubiquitin hydrolase C 6 2 N D 2 ( M t )
D16, D17 D - l o o p ( M t ) C 5 4 16s rRNA(Mt)
D20, D24 N D 5 ( M t ) C 4 4 N D 5 ( M t )
D 2 1 Ribosomal protein S15a C 4 6 Ribosomal protein S18
D25, D27, D28 Ti t i n C42, C58, C59, C66 Ti t i n
D 2 6 t R N Al e u( M t ) C 6 6 t R N Al e u( M t )
D29, D30 C O X 1 ( M t ) C60, C61 C O X 1 ( M t )
D 3 Germinal center kinase related kinase C 3 3 F X R 1
D6, D14, D15 N D 4 ( M t ) C35, C36, C38, C40 N D 4 ( M t )
Nine clones No match Fourteen clones No match

FXR1, human fragile X mental retardation protein 1 homolog; Mt, mitochondrial-encoded.
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to known genes (ND1, D-loop, germinal center kinase related
kinase, carbonic anhydrase, L-3-phosphoserine phosphatase)
were observed in only one of the panels (Table 3). Signals cor-
responding to COX1, ND4, ND5, tRNAleu, and titin genes
appeared in both panels as different bands defined by differ-
ent screening primer combinations. The ND1 clones were iso-
lated only from the type 2 diabetes cDNA panel, and subse-
quent quantitative RT-PCR analysis of the ND1 mRNA level
in the two pairs of fasting muscle biopsies used for cDNA dif-
ferential display also showed increased ND1 gene expression
in the type 2 diabetic patients (1.70–7.26 relative units) com-
pared with control subjects (1.50–2.68 relative units).

RT-PCR quantitation in protocol 1

Insulin effect on mitochondrial gene expression. I n s u l i n
infusion increased gene expression of ND1 (baseline versus
clamp in relative units, 1.02 ± 0.04 vs. 2.55 ± 0.30, P < 0.001),
COX1 (0.80 ± 0.01 vs. 1.24 ± 0.10, P < 0.001), and D-loop (0.80
± 0.02 vs. 1.27 ± 0.17, P < 0.01) (Fig. 2). The stimulatory effect
of insulin on ND1 and COX1 expression was observed in
both control subjects (ND1, 1.10 ± 0.10 vs. 2.58 ± 0.52, P < 0.01;

COX1, 0.80 ± 0.02 vs. 1.37 ± 0.23, P < 0.01) and diabetic twins
(ND1, 1.00 ± 0.05 vs. 2.36 ± 0.55, P < 0.01; COX1, 0.80 ± 0.02
vs. 1.08 ± 0.10, P < 0.01) (Fig. 2). The effect of insulin on ND1
(0.99 ± 0.07 vs. 2.72 ± 0.52, P < 0.01) and COX1 (0.81 ± 0.03
vs. 1.28 ± 0.15, P < 0.01) gene expression in nondiabetic twins
was similar to that seen in the control subjects. Insulin stim-
ulated D-loop gene expression in control subjects (0.86 ±
0.02 vs. 1.56 ± 0.38, P < 0.01) with no significant effect in dia-
betic twins (0.76 ± 0.03 vs. 1.03 ± 0.15, NS). Insulin had no
s i g n i ficant effect on tRNAl e u gene expression in control sub-
jects (0.76 ± 0.02 vs. 1.66 ± 0.58, NS) or diabetic patients
(0.72 ± 0.01 vs. 1.08 ± 0.24, NS).

Analysis with the ribonuclease protection assay also
showed that insulin infusion increased ND1 gene expression
relative to b-actin from 0.37 ± 0.13 to 0.61 ± 0.11 relative
units (n = 5, P < 0.02) (Fig. 3), which was compatible with the
stimulatory effect of insulin on mitochondrial gene expression
analyzed by quantitative RT-PCR. In keeping with the fin d i n g s
in diabetic and control subjects, insulin had no effect on the
mitochondrial DNA copy number (baseline, 2.06 ± 0.59;
clamp, 2.17 ± 0.26 relative units, NS); therefore, the observed
effect reflected a true influence of insulin on gene expression
rather than on mitochondrial DNA synthesis.
Relationship between mitochondrial gene expression

and insulin sensitivity. Diabetic twins had lower rates of
insulin-stimulated glucose uptake, glucose storage, and glu-
cose oxidation compared with control subjects (Table 1).
Nondiabetic monozygotic co-twins also had lower insulin-
stimulated glucose uptake and glucose storage rates than
control subjects (8.5 ± 0.8 vs. 11.4 ± 0.9 mg · kg– 1 fat-free mass
[FFM] · min– 1, P < 0.03, and 4.8 ± 0.6 vs. 7.6 ± 0.9 mg · kg– 1 FFM ·
m i n– 1, P < 0.02, respectively) (Table 1). However, nondia-
betic co-twins had similar rates of glucose oxidation com-
pared with control subjects (3.7 ± 0.2 vs. 3.8 ± 0.2 mg · kg– 1

FFM · min– 1, NS) (Table 1). The postclamp ND1 mRNA lev-
els correlated significantly with glucose uptake (r = 0.45, P =
0.01) and glucose storage (r = 0.47, P < 0.01). Although the
postclamp mRNA levels of COX1 (r = 0.30, P = 0.08), D-loop
(r = 0.28, P = 0.10), and tRNAl e u (r = 0.22, P = 0.21) did not cor-
relate significantly with glucose uptake, the postclamp

FIG. 2. Effect of insulin on mitochondrial gene expression. Total RNA

was extracted from muscle biopsies taken from the subjects before and

after a 3-h euglycemic-insulin clamp. Mitochondrial gene expression

was then measured by relative RT-PCR and expressed relative to

cyclophilin. A: Effect of insulin on ND1 mRNA. Insulin increased ND1

mRNA similarly in each study group (baseline vs. clamp, diabetic

twins: 1.00 ± 0.05 vs. 2.36 ± 0.55; nondiabetic twins: 0.99 ± 0.07 vs. 

2.72 ± 0.52; controls: 1.10 ± 0.10 vs. 2.58 ± 0.52 relative units, P < 0.001

for each group). B: Effect of insulin on COX1 mRNA. Insulin increased

COX1 mRNA similarly in each study group (diabetic twins: 0.80 ± 

0.02 vs. 1.08 ± 0.10; nondiabetic twins: 0.81 ± 0.03 vs. 1.28 ± 0.15; 

controls: 0.80 ± 0.02 vs. 1.37 ± 0.23, P < 0.01 for each group).

FIG. 3. Effect of insulin on ND1 gene expression analyzed with the

ribonuclease protection assay. Total RNA was obtained from muscle

biopsies of five healthy individuals before and after a 3-h insulin

clamp. Total RNA (5 µg) was analyzed with ND1 and b-actin antisense

RNA probes in the ribonuclease protection assay. The protected bands

were separated with 5% sequencing gel and quantitated with the

p h o s p h o r I m a g e r. Insulin infusion increased ND1 gene expression rel-

ative to b- a c t i n from 0.37 ± 0.13 to 0.61 ± 0.11 relative units (P < 0.02).

A

B
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mRNA expression of these genes correlated with that of ND1
(r = 0.85, 0.65, and 0.53, respectively; P < 0.001).
Intra–twin pair relationship of ND1 expression. In con-
trast to decreased insulin-mediated glucose metabolism in
twins discordant for diabetes (Table 1), insulin-stimulated ND1
expression did not differ significantly between the diabetic
and nondiabetic twins (2.36 ± 0.54 vs. 2.72 ± 0.52 relative units,
NS) (Fig. 2) or between the nondiabetic twins and the control
subjects (2.72 ± 0.52 vs. 2.58 ± 0.52 relative units, NS) (Fig. 2).
There was no significant intrapair correlation for ND1 expression
between the discordant monozygotic twins in the basal (r =
–0.15, NS) or insulin-stimulated (r = –0.28, NS) state (Fig. 4).

RT-PCR quantitation in protocol 2

Relationship between ND1 expression and insulin

s e n s i t i v i t y. Insulin-stimulated glucose uptake was signifi-
cantly impaired in patients with type 2 diabetes and IGT
compared with that in control subjects (1.4 ± 0.2 and 4.0 ± 0.45
vs. 5.9 ± 0.6 mg · kg– 1 · min– 1; P = 0.02 and < 0.01, respectively)
( Table 2). The reduction in glucose uptake in patients with
type 2 diabetes and IGT was mainly due to a reduction in glu-
cose storage (1.2 ± 0.3 and 2.1 ± 0.4 vs. 3.8 ± 0.5 mg · kg– 1 ·
m i n– 1; P < 0.02 and < 0.01, respectively) (Table 2). Type 2 dia-
betic patients had impaired glucose oxidation compared with
control subjects (1.4 ± 0.2 vs. 2.1 ± 0.2 mg · kg– 1 · min– 1, P <
0.01) (Table 2). Insulin-stimulated ND1 expression correlated
s i g n i ficantly with insulin-stimulated glucose uptake (r = 0.46,
P = 0.002) (Fig. 5), glucose storage (r = 0.44, P = 0.003), and
glucose oxidation (r = 0.35, P = 0.02). Insulin-stimulated ND1
expression in relation to FBG concentration is shown in Fig.
6. Although there was a great variation in ND1 gene expres-
sion, particularly in individuals with nondiabetic fasting glu-
cose levels, ND1 expression tended to be lower in those with
FBG concentrations >8.3 mmol/l than in those with FBG
concentrations <8.3 mmol/l (0.69 ± 0.03 vs. 0.81 ± 0.04 rela-
tive units, P = 0.11). Among the patients with FBG concen-
trations >8.3 mmol/l (n = 9), ND1 expression correlated with
FBG levels (r = 0.70, P = 0.03), and glucose uptake also
tended to increase with increasing FBG in these patients.

D I S C U S S I O N

We isolated a total of 66 cDNA sequences as candidate dif-
ferential signals by screening diabetic and control muscle

cDNA populations using cDNA differential display. These
sequence signals represent genes involved in various cell
functions, such as mitochondrial oxidative phosphorylation
(ND1, COX1), cellular carbon dioxide/oxygen transport (car-
bonic anhydrase), protein targeting (ubiquitin hydrolase),
and transcriptional regulation (germinal center kinase
related kinase). Half of the identified signals represent mito-
chondrial-encoded genes, reflecting the relative abundance of
mitochondrial gene expression in muscle. Most of the signals
with matches to known genes were observed in the diabetic
or control cDNA panel. Signals corresponding to COX1, ND4,
ND5, tRNAl e u, and titin genes, however, were observed in
both diabetic and control cDNA panels even though these sig-
nals in each case appeared as different bands defined by dif-
ferent screening primer combinations, suggesting a certain
degree of sequence redundancy, probably due to the low
stringent conditions during PCR display. The presence of
sequence redundancy could to some extent lead to a dis-

FIG. 4. Lack of intrapair correlation for ND1 expression between 

24 monozygotic twins. ND1 expression was measured in basal muscle

biopsies by relative RT-PCR and expressed relative to cyclophilin.

FIG. 5. Relationships between ND1 expression and insulin-stimulated

glucose uptake measured during a 2-h euglycemic-hyperinsulinemic

clamp. ND1 expression was measured by relative RT-PCR in muscle

biopsies taken from subjects after the clamp and expressed relative

to cyclophilin. ND1 expression correlated significantly with insulin-

stimulated glucose uptake (r = 0.46, P = 0.002, n = 42). j, type 2 dia-

betes; m, IGT; d, control.

FIG. 6. Relationship between insulin-stimulated ND1 expression and

FBG. ND1 expression showed a tendency of decrease with increasing

FBG levels. The expression levels were somewhat lower at FBG >8.3

mmol/l compared with <8.3 mmol/l (0.69 ± 0.03 vs. 0.81 ± 0.04, P = 0.10).

Among the patients with FBG >8.3 mmol/l, there was a slight increase

in ND1 expression (r = 0.70, n = 9, P < 0.05). j, type 2 diabetes; m, IGT;

d, control.
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torted signal output. This may apply to signals corresponding
to myosin, a-actin, and titin genes, since these genes encode
muscle structural proteins and would be expressed consti-
tutively rather than differentially. The mitochondrial ND1
signal, however, was observed only in the diabetic cDNA
panel; this finding was compatible with the result of
increased expression of ND1 analyzed with quantitative PCR
in the same fasting diabetic muscle samples as used in the
PCR display.

The mitochondrion is the major site for substrate oxidation
and energy production in eukaryotes. Because impaired glu-
cose metabolism and oxidative capacity have been observed
in diabetic patients and their first-degree relatives (1,3–5),
mitochondrial genes might play a role in the development 
of insulin resistance characteristic of the diabetic state. A 
number of human mitochondrial genes are encoded by the 
mitochondrial genome, which is a closed circular, double-
stranded DNA of 16,569 bp. The heavy strand (H-strand)
functions as the template for 12s and 16s mitochondrial
rRNAs, 14 tRNAs, and 12 mRNAs including ND1, COX1, and
t R N Al e u genes, while the light strand is the template for one
mRNA and eight tRNAs. In this study, we demonstrated that
insulin infusion increased muscle ND1, COX1, and D-loop
mRNA expression during the insulin clamp. Further, the ND1
response correlated significantly with insulin-stimulated glu-
cose uptake.

Insulin plays a key regulatory role in glucose uptake and
metabolism. It has been shown that insulin regulates expres-
sion of nuclear-encoded genes involved in glucose metabolism
and insulin action such as PEPCK, Rad, p85a of PI3-kinase,
GLUT4, and hexokinase II (17–19). Relatively little is known
about the effect of insulin on expression of mitochondrial-
encoded genes. Mitochondrial gene expression is regulated
by the nuclear-encoded mitochondrial transcription factor A
(20,21) and environmental factors such as hypoxia (22) and
exercise (23). Insulin can now be added to this list, since
insulin increased gene expression of ND1 and COX1 in mus-
cle. This finding is in accordance with those from studies in
rats in which insulin increased not only mitochondrial RNA
expression in the liver (24) but also mitochondrial protein syn-
thesis in the heart (25). The mechanisms by which insulin
i n fluences mitochondrial gene expression are unknown. By
searching sequence similarity with known insulin response
elements (IRE), we observed that a locus in the mitochondrial
genome (positions 413–446, GenBank accession no. D38112)
has 83% matched sequence similarity (24 of 29) to the 29-bp
IRE of mouse amylase (26), and this locus also contains the
IRE sequence motif T(G/A) TTTTG (27). Therefore, this
locus near the 59 end of the 12s rRNA gene might be an IRE
mediating the effect of insulin on mitochondrial gene expres-
sion. Glucose also induces transcription of a number of
genes in liver (28) and muscle (29). Therefore, it is possible
that the observed effect of insulin on mitochondrial gene
expression could be mediated through glucose metabolism
or insulin action.

Changes in mitochondrial gene expression could also be the
result of changes in mitochondrial DNA copy number, since
each mitochondrion contains 5–10 copies of DNA and each
cell contains several hundreds of mitochondria. Differential
expression of mitochondrial genes in different muscle fib e r
types has been correlated with the mitochondrial DNA copy
number (30). In addition, exercise-induced changes in mito-

chondrial gene expression are also correlated with changes
in mitochondrial DNA copy number (31). The changes in
mitochondrial DNA copy number cannot explain the s t i m u-
latory effect of insulin on mitochondrial gene expression in this
s t u d y, however, since mitochondrial DNA copy number was
not affected by insulin. In accordance, insulin increased mito-
chondrial gene expression in the liver of rats without altering
the mitochondrial DNA content (24). Also, thyroid hormone
has been shown to increase mitochondrial gene expression in
rat skeletal muscle and liver without affecting mitochondrial
DNA content (32). It therefore seems likely that insulin stim-
ulates mitochondrial ND1 gene expression through a pre-
translational mechanism rather than through the effect on
mitochondrial DNA synthesis. Mapping of mitochondrial gene
transcripts has demonstrated that transcription of mitochon-
drial H-strand yields two primary transcripts, I and II (10).
Since the ND1 gene is located on primary transcript II, which
covers nearly the full length of the H-strand (10), it is likely that
the regulatory effect of insulin may also include other genes
on the mitochondrial H-strand. In support of this, ND1 gene
expression correlated significantly with expression of some
other mitochondrial genes, including COX1, tRNAl e u, and a 
D-loop region. In accordance, the coordinate changes in
expression of four other mitochondrial H-strand genes
(cytochrome oxidase 1 and 3, ND4, and 12s rRNA) have also
been reported in muscle of patients with diabetes (8).

Because insulin resistance is observed already in nondia-
betic offspring of type 2 diabetic patients (1), it has been
regarded as an inherited trait. Insulin sensitivity correlated
s i g n i ficantly with ND1 gene expression and partially with
other mitochondrial gene expression, suggesting that ND1
gene expression could contribute to the inherited insulin
resistance. This is less likely, however, since there was no
intrapair correlation in ND1 expression between the monozy-
gotic twins. Some caution is warranted in the interpretation
of the twin data, since the twins did not show any intrapair
correlation for insulin-stimulated glucose uptake, perhaps
because they were discordant for diabetes and secondary
changes in insulin sensitivity could have occurred as a con-
sequence of glucose toxicity. Preliminary data from monozy-
gotic and dizygotic twins suggest that insulin sensitivity is
more influenced by environmental factors than insulin secre-
tion (33). The correlation between ND1 gene expression and
insulin-stimulated glucose uptake may represent the conse-
quence rather than the cause of insulin resistance. In Fig. 6,
a sharp decrease in ND1 gene expression is shown when
FBG exceeds 8 mmol/l. The curve is almost superimposable
on the curve of insulin-stimulated glucose uptake, which also
decreases with increasing FBG. We therefore advance the
hypothesis that ND1 gene expression is at least partially reg-
ulated by glucose flux into the cell; that is, when glucose flu x
decreases, mitochondrial gene expression decreases. This
is further supported by the finding of a correlation between
ND1 gene expression and FBG in the diabetic patients with
glucose values >8.3 mmol/l. In these patients, we also
observed a slight increase in glucose uptake with increasing
FBG concentrations.

Antonetti et al. (8) reported increased basal mitochondrial
H-strand–encoded gene expression in muscle of diabetic
patients undergoing surgery. It is possible that the increase in
mitochondrial gene expression could have been due to ele-
vated insulin levels or mass action of glucose in poorly con-
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trolled diabetic patients. To circumvent these problems, we
studied patients and control subjects under similar hyperin-
sulinemic conditions during the insulin clamp. We observed
no significant difference in insulin-stimulated ND1 expression
between diabetic and control subjects in spite of a correlation
between insulin-stimulated ND1 expression and insulin sen-
s i t i v i t y. It was possible that a potential decrease in insulin-
stimulated ND1 expression in the diabetic subjects was
counteracted by hyperglycemia, since insulin-stimulated
ND1 expression correlated with glucose uptake in those
patients with FBG >8.3 mmol/l. This possibility is also com-
patible with the PCR display results of increased basal ND1
expression in the two diabetic patients with elevated FBG.

In summary, insulin infusion acutely increased mitochon-
drial-encoded ND1, COX1, and D-loop gene expression. The
ND1 response to insulin correlated with insulin-stimulated glu-
cose metabolism. This correlation may represent the conse-
quence rather than the cause of insulin resistance, suggesting
that glucose flux into the cell may regulate mitochondrial
gene expression.
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