
Abstract

Aims/hypothesis. Whole body insulin resistance re-
sults largely from impaired insulin-stimulated glucose
disposal into skeletal muscle. We carried out muscle
gene expression profiling to identify differentially ex-
pressed genes associated with insulin resistance.
Methods. Skeletal muscle total RNA samples from six
pairs of non-diabetic insulin-resistant and insulin-sen-
sitive Pima Indians matched for percent body fat were
analyzed by DDPCR with 90 primer combinations.
The mRNA expression concentrations of selected 13
known genes and four expressed sequences tags were
measured by quantitative real-time RT-PCR in 50 non-
diabetic Pima subjects.
Results. From over 6500 displayed DDPCR cDNA
bands, 36 of the most differentially expressed cDNAs
were identified, revealing 29 unique sequences: 16
known genes, 10 expressed sequences tags and three
unknown transcripts. Multiple regression analyses in-

dicated that whole body insulin-mediated glucose dis-
posal rates of the subjects, independent of age, sex,
and percent body fat, were negatively correlated with
mRNA concentrations of an EST (DD23; r=−0.38,
p=0.007), ATP1A2 (r=−0.27, p=0.05), MAP2K4 (r=
−0.34, p=0.02), and PRPSAP1 (r=−0.37, p=0.008).
Transcript concentrations of DD23 (r=0.27, p=0.05)
and MTND4 (r=−0.29, p=0.05) were correlated with
plasma insulin concentration, independent of age, sex,
and percent body fat.
Conclusion/interpretation. Altered expression con-
centrations of these genes might be causes or conse-
quences of insulin resistance, and these genes serve as
candidate susceptibility genes for insulin resistance.
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prevalence of Type 2 diabetes [2], indicate that the
first three of these metabolic characteristics are pre-
dictive of the disease [3].

Insulin resistance resulting from obesity contrib-
utes to the relationship between obesity and Type 2 di-
abetes [4, 5]. Nevertheless, there is considerable vari-
ance in insulin action in vivo at any given degree of
adiposity [6], and insulin resistance predicts the devel-
opment of Type 2 diabetes independent of obesity in
this population [3]. This obesity-independent variance
in insulin action in vivo has considerable familial ag-
gregation [7], indicative of possible primary genetic
determinants. In contrast, insulin elicits many biologi-
cal responses in various cell types, and hyperinsulina-
emia associated with insulin resistance results in sec-

People with Type 2 diabetes are characterized by de-
creased action of insulin to mediate glucose disposal
(insulin resistance), obesity, relatively reduced early
insulin secretion, and excess rates of endogenous glu-
cose production [1]. Prospective studies in Pima Indi-
ans of Arizona, a population with the highest reported



ondary effects. Both the primary (etiologic) genetic
determinants and secondary effects of insulin resis-
tance could be reflected in dysregulated transcription
of genes contributing to the development and/or com-
plication of the condition.

Since most of the insulin-mediated glucose uptake in
the whole body is determined by insulin action 
on skeletal muscle [8], we compared concentrations 
of gene expression using differential display PCR 
(DDPCR) in skeletal muscle tissue samples from paired
equally obese, insulin-sensitive and non-diabetic insu-
lin-resistant Pima Indians to determine the transcripts
that are over- or under-expressed in insulin-resistant
subjects. This approach complements the global micro-
array profiling method on non-paired samples from a
different set of insulin-sensitive and insulin-resistant Pi-
ma Indian subjects [9]. DDPCR uses random primers
that could show the expression of transcripts that are
not captured by the a priori design of the microarrays
with defined sets of genes to interrogate.

Subjects and methods

Subjects and clinical procedures. This study was approved by
the Tribal Council of the Gila River Indian Community and the
Institutional Review Board of the National Institutes of Diabe-
tes and Digestive and Kidney Diseases. All subjects provided
written informed consent as participants in a longitudinal study
of the development of Type 2 diabetes. They were in good
health as determined by medical history, physical examination
and routine blood and urine tests, and were not taking any pre-
scribed or over-the-counter medication. Even though physical
activity status was not measured in this study, the subjects
were generally physically inactive.

From the list of Pima Indian participants in the longitudinal
study in whom glucose disposal rates had been measured using
a two-step hyperinsulinaemic-euglycaemic clamp and skeletal
muscle biopsies had been carried out, we selected pairs of sub-
jects with the biggest difference in the measures of insulin sen-
sitivity (based on glucose disposal rates) while matched for sex
and per cent body fat as closely as possible. This selection re-
sulted in six pairs of non-diabetic insulin-resistant and insulin-
sensitive subjects for the differential display PCR (DDPCR)
experiment (Table 1).

Verification of selected differentially expressed genes was
done using quantitative real-time RT-PCR on 50 subjects with
a broad spectrum of insulin sensitivity. These subjects consist-
ed of 8 of the 12 original subjects of the differential display ex-
periment and additional 42 subjects (Table 2).
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Table 1. Clinical characteristics of six pairs of insulin-sensitive (IS) and insulin-resistant (IR) Pima Indian subjects for differential
display experiment

Pair # IS/IR Sex Age Body Fasting 2-h Fasting 2-h M-lowb M-highb

(year) fat (%) glucose glucosea insulin insulina

(mmol/l) (mmol/l) (pmol/l) (pmol/l)

1 IS F 27 41 5.3 5.3 390 1158 2.50 10.02
IR F 26 43 4.8 8.3 498 2946 1.73 4.23

2 IS F 28 40 4.7 8.2 276 816 2.34 11.63
IR F 30 38 5.8 9.5 312 1602 1.87 6.87

3 IS M 24 36 5.1 5.3 234 456 2.49 10.78
IR M 25 36 5.1 6.1 342 1506 2.19 5.55

4 IS M 20 29 4.7 4.3 174 300 3.57 10.30
IR M 36 24 4.2 5.6 174 720 1.87 7.83

5 IS F 27 45 5.1 9.2 246 672 2.14 8.85
IR F 33 38 5.4 9.8 420 2010 1.91 7.17

6 IS M 19 37 4.8 4.4 246 312 2.28 9.89
IR M 28 34 4.6 8.9 450 1494 2.04 5.59

Means ± SD IS 24±4 38±5 5.0±0.3 6.1±2.1 261±72 619±333 2.55±0.52 10.25±0.93
IR 30±4 36±6 5.0±0.6 8.0±1.8 366±116 1713±735 1.94±0.16 6.21±1.32

a 2-h plasma glucose and insulin concentrations were measured
120 min after glucose administration during oral glucose toler-
ance tests

b insulin-stimulated glucose uptake rates (mg·min−1·kg−1 EMBS;
EMBS, estimated metabolic body size determined from resting
metabolic rate = fat free body mass +17.7; [14]) at insulin infu-
sion doses of 40 (M-low) or 400 (M-high) mU·m−2·min−1

Table 2. Clinical characteristics of the 50 non-diabetic Pima
Indian subjects for real-time RT-PCR and genotyping experi-
ments

Characteristics Means±SD Range

Number (M/F) 50 (34/16)
Age (year) 30±7 18–44
Body fat (%) 32±7 9–43
Waist (cm) 112±18 71–157
Fasting glucose (mmol/l) 4.9±0.6 3.8–6.3
2-h glucose (mmol/l) 6.7±1.9 3.5–10.7
Fasting insulin (pmol/l) 258±108 114–606
2-h insulin (pmol/l) 1056±750 186–3972
M-lowa 2.62±0.84 1.71–5.71
M-higha 8.93±2.21 4.23–13.68

a Insulin-stimulated glucose uptake rates (mg·min−1·kg−1 EMBS;
EMBS, estimated metabolic body size determined from resting
metabolic rate = fat free body mass +17.7; [14]) at insulin infu-
sion doses of 400 (high dose) or 40 (low dose) mU·m−2·min−1



Volunteers were admitted to the Clinical Research Unit for
8 to 10 days. They were fed a weight-maintaining diet (con-
taining 50% of calories as carbohydrates, 30% as fat, and 20%
as protein) for 2 to 3 days prior to metabolic testing. Body
composition was measured by dual energy X-ray absorptiome-
try (DEXA) using a total body scanner (DPX-L, Lunar Radia-
tion, Madison, Wis., USA) [10]. A 3-h 75 g OGTT was carried
out after a 12-h overnight fast, and diabetes was defined ac-
cording to the WHO criteria [11]. Insulin action was measured
at physiologic and maximally stimulating insulin concentra-
tions during a two-step hyperinsulinaemic-euglycaemic glu-
cose clamp [3]. After an overnight fast, a primed continuous
intravenous insulin infusion was administered for 100 min at a
constant rate of 40 mU·m−2 body surface area·min−1 (M-low),
followed by a second insulin infusion for 100 min at
400 mU·m−2·min−1 (M-high). These infusions achieved steady-
state plasma insulin concentrations of 840±250 pmol/l and
13,320±3480 pmol/l (Means±SD), respectively. Plasma glu-
cose concentrations were maintained at 5.6 mmol/l with a vari-
able infusion of a 20% glucose solution. Rates of insulin-stim-
ulated glucose disposal at physiologic (M-low) and maximally
stimulating (M-high) insulin concentrations were calculated
for the last 40 min of each phase, and corrected for endoge-
nous glucose output (EGO) [12]. During the low dose and
baseline, EGO was calculated using a primed (1.11×
106 Bq·min−1), continuous (1.11×104 Bq·min−1) 3-3H-glucose
infusion [3, 13]; during the high insulin dose, EGO was as-
sumed to be zero. The glucose disposal rates during the clamp
served as the selection criteria for insulin-sensitive or -resistant
group. Subjects of similar percent body fat with highest or
lowest glucose disposal rates were classified into the IS or IR
group, respectively. All measurements derived from the glu-
cose clamp were normalized to estimated metabolic body size
(EMBS, which equals fat-free mass +17.7 kg) [14].

RNA isolation. Percutaneous needle biopsies were carried out
on the vastus lateralis muscle under local anesthesia with 1%
lidocaine after a 12-h overnight fast, and the biopsy specimens
were immediately frozen in liquid nitrogen[15]. Total RNA
was isolated from the frozen tissues homogenized in TRIzol
Reagent (Life Technologies, Gaithersburg, Mass., USA).

Differential Display PCR. Differential display [16] was carried
out as described in the Delta Differential Display kit user man-
ual (Clontech, Palo Alto, Calif., USA). For the first screen, we
used pooled equal quantities of total RNA from the IS vs the
IR groups. Briefly, 4 µg of total RNA was reverse-transcribed
in 20 µl reaction containing 1 mmol/l dNTP, 0.1 µmol/l oligo
(dT) primers and 400 U of MMLV reverse transcriptase. Re-
verse transcription was carried out for 60 min at 42°C with a
final denaturation step at 75°C for 10 min. Aliquots of 4 µl and
16 µl from the resulting cDNA sample were diluted to 1:10 and
1:40. A 1 µl of cDNA sample from each dilution was then am-
plified by PCR in a 20 µl of total PCR reaction mixture includ-
ing Advantage Klen Taq DNA polymerase (Clontech) and
[33P] dATP (PerkinElmer Life Sciences, Boston, Mass., USA).
We used one of nine anchored oligo(dT) primers and one of 10
arbitrary upstream primers provided in the kit, resulting in 90
primer combinations in total.

The cycling parameters were one cycle at 94°C for 5 min,
40°C for 5 min, 68°C for 5 min, two cycles at 94°C for 30 s,
40°C for 30 s, 68°C for 5 min, 23 cycles at 94°C for 20 s, 60°C
for 30 s, 68°C for 2 min and a final extension at 68°C for
7 min. The PCR products were separated on a polyacrylamide
sequencing gel, SequaGel XR (National Diagnostics, Atlanta,
Ga., USA). The gels were dried and exposed to Biomax MR

film (Kodak, Rochester, N.Y., USA). Amplified cDNA bands
with visually different signal intensities between the pooled IS
vs IR samples were verified by differential display method in
the six subject pairs individually. In this second screen, we 
determined a cDNA band to be differentially expressed if the
signal intensity of that band visually differed in three or more
of the six subject pairs.

Reamplification, cloning and sequencing. Differentially ex-
pressed PCR-bands were excised from dried gels, rehydrated
in 40 µl H2O by boiling for 10 min and the eluted cDNA was
reamplified by PCR using the same primer combination for 20
cycles in the presence of [33P] dATP. The reamplified cDNAs
were separated again on a sequencing gel. After the second
band recovery procedure, the reamplified cDNAs were cloned
into the pT-Adv vector using the AdvanTage PCR Cloning kit
(Clontech, Palo Alto, Calif., USA). Cloned cDNA fragments
were sequenced with an ABI 377 or 3700 DNA sequencer 
using vector-specific T7 and M13 reverse primers and an ABI
PRISM dye terminator cycle sequencing ready reaction kit
(Applied Biosystems, Foster City, Calif., USA). We sequenced
10 to 30 representative clones of each transformed cDNA and
the sequences were compared with the National Center of Bio-
technology Information sequence database using the BLAST
program.

Quantitative real-time RT-PCR. Quantitative real-time RT-PCR
was carried out using the ABI PRISM 7700 Sequence Detec-
tion System (Applied Biosystems), according to the manufac-
turer’s instructions. Primers and probes were designed using
Primer Express (Applied Biosystems); the probes were la-
belled with FAM at the 5′ end and TAMRA at the 3′ end. Prim-
ers were obtained from Integrated DNA Technologies (Coral-
ville, Ia., USA) and probes from Annovis (Aston, Penn.,
USA). The analyzed total RNA samples were reverse-tran-
scribed using the Advantage RT-for-PCR kit (Clontech) after
being treated with DNA-free reagent (Ambion, Austin, Tex.,
USA) to minimize potentially contaminating genomic DNA.
The 25 µl reaction mixture included cDNA template corre-
sponding to 25 ng of the original total RNA. Table 3 shows the
sequences of the PCR primers and probes used in this experi-
ment. PCR conditions were as follows: one cycle at 50°C for
2 min, one cycle at 95°C for 10 min, and 40 cycles at 95°C for
15 s and 60°C for 1 min. The standard curves for each gene
were generated by serial dilution of cDNA from a skeletal
muscle biopsy of a healthy Pima subject. Messenger RNA ex-
pression of each gene was normalized to that of human cyclop-
hilin (Pre-developed Taqman Assay Reagents Endogenous
Control Human Cyclophilin kit, Applied Biosystems), a nor-
malizing gene previously utilized [9] that had similar abun-
dance to the target genes. As a normalizing gene, cyclophilin
was shown to give similar results to the more abundant 18S
rRNA [17].

Statistical analysis. Statistical analyses were carried out using
the statistical analysis system of the SAS Institute (Cary, N.C.,
USA). For continuous variables, general linear regression
models were used to adjust for the effects of age, sex, and per-
cent body fat. Plasma insulin concentrations and rates of glu-
cose disappearance during the low-dose insulin infusion were
log transformed to approximate normal distribution. The
mRNA expression concentrations of the genes were normal-
ized to that of human cyclophilin by taking their residuals from
linear regression analysis. A p value less than or equal to 0.05
(unadjusted for multiple testing) was considered statistically
significant.
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Results

Differential Display PCR. We carried out the first dif-
ferential display screen on pooled total RNA samples
of six insulin-sensitive (IS) subjects and pooled sam-
ples of matched six insulin-resistant (IR) subjects us-
ing 90 primer combinations. There were 78 differen-
tially expressed bands from over 6500 cDNA bands
displayed. Out of the 78 cDNA bands, we selected 36
bands that had visually different signal intensities in
three or more of the six subject pairs in the second 
differential display screen using individual RNA sam-
ples. To identify these transcripts, each band was cut
from dried gel, rehydrated, reamplified with corre-
sponding primer set, and an additional band isolation
step was performed (Fig. 1).

The 36 differentially expressed cDNAs were indi-
vidually cloned and sequenced. Sequencing analysis of
the clones identified 29 unique sequences; 16 of them
matched with more than 95% sequence identity to
known genes (ATP1A2, ATP5A1, HBB, MAP2K4,
MBNL, MTCO2, MTCYB, MTND3, MTND4, MYBPC1,
PRPSAP1, PSAP, RY-1, TNNC1, TPI1, and FLJ1032;
Table 4) and 13 sequences (10 ESTs and 3 unknown)
did not show any homologies to any known genes.

During the sequencing analysis of the clones, we
found 9 bp, 7 bp and 6 bp deletion polymorphisms in
MTCO2, RY-1, and an EST on chromosome 17, re-
spectively. The first two polymorphisms resulted in
heterozygotic cDNA band patterns in the sequencing
gels of differential display (Fig. 2), whereas the poly-
morphic EST showed a typical pattern of differentially
expressed cDNA with varying intensity across sam-
ples. To determine whether these deletions are associ-
ated with insulin resistance, we genotyped the poly-
morphisms by PCR method in 50 non-diabetic Pima

Indians including 8 of the 12 original samples of the
differential display. The PCR was conducted using
skeletal muscle cDNAs with allele specific primer sets
for each gene, and the PCR products were electropho-
resed in 2% agarose gels. The mean values of several
measures of insulin resistance (fasting and 2-h plasma
insulin concentrations, and glucose disposal rates 
during the hyperinsulinaemic euglycaemic clamp) did
not differ statistically among the different genotype
groups of the polymorphisms (data not shown).

Extension of selected DDPCR results in a larger sample
set. We sought to extend the DDPCR results using 
Real Time RT-PCR in a larger sample set of 50 non-dia-
betic Pima subjects including 8 of the 12 original sam-
ples used for the differential display. Out of the 16
known genes with differential expression as assessed by 
DDPCR, we chose to validate the expression concentra-
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Table 3. Probes and primers used in quantitative real-time RT-PCR

Forward primer Reverse primer Probe

ATP1A2 gcgttggctgcctttctct cgcagaaccaccaggtgact tagccctccgcatgtacccgctc
ATP5A1 ggtcgtggtcagcgtgaact cgtttctggttaatgattgtgtcaa accgacagactgggaaaacctcaattgc
MAP2K4 gctctgtgacttcggcatca tggcctacagccagcatctc tggacagcttgtggactctattgccaaga
MBNL ccatggtgcacggtgcta gcagcgaagggaacacttg agccactgtgtccgcagcaacaac
MTCYB ctcctaggcgacccagacaa ggacggatcggagaattgtg accctagccaaccccttaaacacccct
MTND3 cgtccctttctccataaaattcttc ccagacttagggctaggatgatga tgccctccttttacccctaccatgagc
MTND4 taacagccattctcatccaaacc gagtgcgttcgtagtttgagtttg tcataatcgcccacgggcttacatcc
MYBPC1 ctgcaagtcaaagtggacaaattc cccagacatcctcaatcttcaca atccagatcattgaccgtccaggtcca
PRPSAP1 cccagtcctatgcggagagac gttccgtgcactgagcttcc cgtctgggtttggccgtcattcac
PSAP gcccgtgctgatcgagat cttgggccccatatacacttct tggatccttccttcgtgtgcttgaaaat
TNNC1 ggacggagacaagaacaacga caggactcagctggagttgga tgaccttcacccagagctgcctatgc
TPI1 ggccattggtactggcaaga ccgcatcagagacgttgga tgcaacaccccaacaggccca
FLJ10326 gggtagctgattccaatgtcttc tgctaatatcatctctggcagcat aagttgcaattggcccatccgtgc
DD11 agacaattcttcttccagtgtgtcc gaagattcagattcagtggtgctg agatgatagtcaggccacagctctgctcac
DD14 caaatccggcgtctgttacc tgctctccaattcgccaca tcgcagcacatctgggttcagcc
DD23 gtggcaagtgataatgggatttc tgttaaacttgagtcagacccaactg caaatgacatccactgtggcattggaa
DD24 cctcccaaagcagctatgatg cctgttttcctgagtgtaccttca cctatcaacactgttttggacagctggacc

* All sequences are listed from 5′ to 3′

Fig. 1A–E. Representative DDPCR bands corresponding to
differentially expressed genes. Sample lanes from insulin-sen-
sitive (IS) and insulin-resistant (IR) subjects are indicated.
Arrows show differentially expressed DDPCR bands between
an IS-IR pair for (A) DD23, (B) ATP1A2, (C) MAP2K4, (D)
MTND4, and (E) PRPSAP1



tions of 13 genes that were expressed in muscle at least
as abundantly as in some other tissues according to
GeneCard database (http://nciarray.nci.nih.gov/cards/).
The 13 selected genes were ATP1A2, ATP5A1, TNNC1,
TPI1, PSAP, MBNL, MYBPC1, MTCYB, PRPSAP1,
MAP2K4, MTND3, MTND4, and FLJ10326. We ex-
cluded MTCO2 and RY-1, since their differentially ex-
pressed cDNA bands were due to deletion mutation, and
HBB that was most highly expressed in bone marrow.
Out of the 13 differentially expressed ESTs in DDPCR,
we further investigated four ESTs with the biggest visu-
al differences between the IR and the IS pairs. Gene-

Bank accession numbers of the four ESTs (DD11,
DD14, DD23, and DD24) are AI204632, BE173380,
BG436275, and W58230, respectively.

Multiple regression analysis using adjustments for
age, sex, and percent body fat indicated that glucose
disposal rates at physiological insulin concentration
during clamp were negatively correlated with individu-
al mRNA concentrations of DD23, ATP1A2, MAP2K4,
and PRPSAP1 (Table 5 and Fig. 3). The MAP2K4 tran-
script concentration was also negatively correlated with
glucose disposal rate at maximally stimulating insulin
concentration during clamp. Additionally, fasting plas-
ma insulin concentration was positively and negatively
correlated with transcript concentrations of DD23 and
MTND4, respectively (Table 5).

Discussion

Our study revealed differentially expressed genes in
skeletal muscle of insulin-resistant human subjects
that could constitute primary causes or secondary ef-
fects of this condition. Identification of abnormal skel-
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Table 4. Differentially expressed genes with known functions identified by DD-PCR in six pairs of non-diabetic insulin-resistant
and insulin-sensitive Pima Indians

Gene Cellular rolea Location DDPCRb

ATP1A2 (ATPase, Na+/K+ transporting, Small molecule transport 1q21-q23 Up
alpha 2 (+) polypeptide)

ATP5A1 (ATP synthase, H+ transporting, Energy generation 18q12-q21 Down
mitochondrial F1 complex, alpha subunit, isoform 1)

HBB (haemoglobin, beta) Small molecule transport 11p15.5 Down
MAP2K4 (mitogen-activated protein kinase kinase 4) Signal transduction 17p11.2 Down
MBNL (muscleblind (Drosophila)-like) DNA-binding protein 3q25 Up
MTCO2 (cytochrome c oxidase II) Energy generation Mitochondria Del/Add
MTCYB (cytochrome b) Energy generation Mitochondria Down
MTND3 (NADH dehydrogenase 3) Energy generation Mitochondria Up
MTND4 (NADH dehydrogenase 4) Energy generation Mitochondria Up
MYBPC1 (myosin-binding protein C, slow-type) Cell structure 12q22 Up
PRPSAP1 (phosphoribosyl pyrophosphate Nucleotide metabolism 17q24-q25 Up

synthetase-associated protein 1)
PSAP (prosaposin) Lipid, fatty-acid and sterol metabolism; 10q21–22 Up

Small molecule transport
RY-1 (putative nucleic acid binding protein) DNA-binding protein 2p13.1 Del/Add
TNNC1 (troponin C, slow) Cell structure 3p21.3-p14.3 Down
TPI1 (triosephosphate isomerase 1) Carbohydrate metabolism; 12p13 Up

Energy generation; Differentiation
FLJ10326 (hypothetical protein FLJ10326, Protein synthesis 1q42.12 Down

Member of the class I tRNA synthetase family)

a Human Proteome Survey Database (HumanPSD) (Incyte Genomics, Beverly, Md., USA)
b Up- or down-regulated in insulin resistant subjects

Fig. 2. Distinguished heterozygotic cDNA band patterns in
DDPCR of the RY-1 gene with seven base pairs (bp) deletion
mutation in six IS-IR subject pairs. All reactions were carried
out in duplicate and loaded on two gel lanes. Band products of
“A” and “B” were isolated, cloned, and sequenced. Both
cDNA bands turned out to be transcript variants of the RY-1
gene with 7 bp difference. These genotypes were confirmed by
PCR with allele specific primers using cDNAs from all six
subject pairs



etal muscle gene expression associated with insulin
resistance is important in elucidating the pathogenesis
of this condition. Altered gene expression in insulin
resistance can be considered molecular markers that
could lead to a better understanding of the functions
of the genes in the progressive metabolic impairment.

To this end, we applied mRNA Differential Display
PCR techniques to identify differentially expressed
genes in skeletal muscle tissues of six pairs of non-di-
abetic insulin-resistant and insulin-sensitive Pima In-
dians. To eliminate potential confounding complica-
tions from diabetes, we selected non-diabetic subjects
with the biggest difference of glucose disposal rates as
a measure of insulin sensitivity. Apart from being
matched for sex, the paired subjects were also
matched for percent body fat to minimize differences
resulting from obesity. The effort to match each sub-
ject pair for percent body fat, especially in the Pima
population that is generally obese, resulted in a collec-
tively small (24%), though significant (p=0.03), dif-
ference of glucose disposal rate at physiological con-
centration of insulin during the clamp. Nevertheless,
the collective average differences in other measures of
insulin sensitivity were bigger and significant: 39%
(p=0.002) for glucose disposal rates at maximally
stimulating insulin concentration as well as 29%
(p=0.02) and 64% (p=0.002) for fasting and 2-h plas-
ma insulin concentrations post oral glucose bolus in-
take, respectively.

The DDPCR approach revealed 29 unique genes
that are most differentially expressed in these sam-
ples; 45% of these transcripts are ESTs of unknown
genes. The identified known genes are involved in en-
ergy metabolism, signal transduction, and cell struc-
ture. Verification of differential gene expression after
mRNA Differential Display PCR is crucial to mini-
mize false-positive bands. To do this, we used quanti-
tative real-time PCR that required relatively low quan-
tities of RNA suitable for our study involving limited
samples of human tissues. In skeletal muscle tissues
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Fig. 3A–D. Relationships between glucose disposal rates at
physiological insulin concentration during clamp (M-low) and
expression levels of (A) DD23, (B) ATP1A2, (C) MAP2K4,
and (D) PRPSAP1. M-low was adjusted for age, sex, and per-
cent body fat, and each gene expression was normalized to that
of cyclophilin

Table 5. Significant correlations of five skeletal muscle
mRNA transcripts with adjusted clinical parameters of 50 non-
diabetic Pima Indians

M-low M-high Fasting 2-h insulin
insulin

DD23 r −0.38 −0.24 0.27 0.17
p 0.007 0.09 0.05 0.2

ATP1A2 r −0.27 −0.15 0.13 0.10
p 0.05 0.3 0.4 0.5

MAP2K4 r −0.34 −0.31 0.11 −0.10
p 0.02 0.03 0.5 0.5

MTND4 r 0.12 −0.03 −0.29 −0.07
p 0.4 0.8 0.05 0.6

PRPSAP1 r −0.37 −0.17 0.19 −0.14
p 0.008 0.2 0.2 0.4

p value of multiple regression analysis after adjustment for
age, sex, and percent body fat; p values ≤0.05 are in bold



of 50 non-diabetic Pima subjects, including eight sub-
jects from the differential display experiment, we ana-
lyzed mRNA expression concentrations of selected 17
genes and ESTs. Multiple regression analyses showed
that the individual mRNA expression concentrations
of five genes (DD23, ATP1A2, PRPSAP1, MAP2K4,
and MTND4) are associated with several in vivo mea-
sures of insulin resistance of the donors [glucose dis-
posal rates at physiologic (M-low) and maximally
stimulating (M-high) insulin concentrations during
clamp, as well as fasting plasma insulin concentration]
independent of age, sex, and percent body fat. Some
of the correlations between the gene expression 
concentrations and M-low were not present for the 
M-high correlations, presumably because the correla-
tions were modest, and also because M-low and 
M-high measure slightly different aspects of insulin
action in vivo. The validation rate of 29% might re-
flect not only the methodological differences between
DDPCR and Real Time PCR, but also grouping differ-
ences between the six paired subjects for DDCPR and
the extension sample set of 50 subjects.

This study was conducted to complement our pre-
vious microarray data on skeletal muscle gene expres-
sion in non-diabetic insulin-resistant compared with
insulin-sensitive Pima Indians using microarray [9].
Out of the 13 known genes differentially expressed in
the DDPCR experiment, five were not arrayed on the
Hu6800 arrays used in the previous study. In fact, one
of the five genes, MTND4, turned out to be correlated
to fasting plasma insulin in the extension sample set
of this study. This result showed the utility of DDPCR
in complementing microarrays that have defined sets
of genes/ESTs to interrogate. Nevertheless, the other
genes that correlated with measures of insulin sensi-
tivity in the extension sample set of this study were
not differentially expressed in the microarray data.
Closer analysis showed that the microarray expression
concentrations (average difference) of probe sets in-
terrogating all of these genes, except ATP1A2, were
below reliable detection level. The failure of micro-
array to identify the moderately abundant ATP1A2
muscle transcript as differentially expressed might 
represent a false negative case, which proved to be
positive using DDPCR. Despite these advantages of
DDPCR, the procedure is more time consuming than
microarray method, as also reported by another study
[18], and could be less amiable to technical improve-
ment than microarrays.

One of the validated genes with differential ex-
pression in our study, DD23, represents a novel 
susceptibility gene for insulin resistance in muscle;
increased transcript concentration of this EST corre-
lates not only with insulin resistance measured as
lower glucose disposal rates during hyperinsulinaemic
euglycaemic clamp, but also with higher fasting plas-
ma concentration of insulin. A current database search
(as of 11/02) indicated that DD23 shares homology

with a few ESTs (accession numbers BG542139,
AW298235, AI379723), although none of these ESTs
correspond to any known gene. DD23 does not seem
to code for any peptide homologous to any known
proteins. An in silico search placed the gene encoding
DD23 on chromosome 3p, which has suggestive link-
ages to fasting plasma insulin concentration in Pima
Indians [19]. This chromosomal region also showed
linkage to fasting C-peptide/glucose concentration in
the FUSION study [20]. Taken together, these results
warrant further investigation on the identity of DD23
and its role in insulin sensitivity.

Insulin sensitivity was also negatively associated
with skeletal muscle mRNA concentrations of
ATP1A2 independent of age, sex, and percent body
fat. The ATP1A2 gene encodes the α2 subunit of
Na+/K+-ATPase, which is specifically expressed in
skeletal muscle, heart and fat tissues [21]. Several iso-
forms of Na+/K+-ATPase exist from different combi-
nations of the α and β subunits [22]. In the streptozo-
tocin (STZ) rat model of diabetes, increased muscle
α2 subunit mRNA [23] and protein concentrations
[24] with no change or decrease of enzyme activity
were observed in skeletal muscle. The increase in α2
mRNA concentration was thought to be a compensa-
tory increase due to the decreased Na+/K+-ATPase ac-
tivity under hypoinsulinaemic state, which occurred in
the STZ-induced diabetes or after 48-h fasting in rats
[23]. The skeletal muscle mRNA expression of
ATP1A2 could respond similarly to hypoinsulinaemic
and insulin-resistant states. Furthermore, α2 subunit
mRNA expression was increased by long-term insulin
treatment of 3T3-L1 cells [22, 25]; the treatment 
presumably induced insulin resistance [26, 27]. Thus,
the increased skeletal muscle mRNA expression of
ATP1A2 in insulin-resistant subjects of this study
might be a secondary effect of insulin resistance. 
Nevertheless, we cannot exclude the possibility that
polymorphisms in the ATP1A2 gene might be the pri-
mary cause for insulin resistance. This gene maps to
chromosome 1q21–23, a region previously reported to
be linked to insulin resistance and Type 2 diabetes in
Pima Indians [28], French population [29], and Utah
Caucasians [30]. Thus, the ATP1A2 gene can still be
considered as a candidate susceptibility gene for insu-
lin resistance.

Our results indicate that insulin resistance is also
correlated with increased skeletal muscle mitogen-ac-
tivated protein kinase kinase 4 (MAP2K4). MAP2K4
is a member of mitogen-activated protein kinase
(MAPK) family generally involved in the regulation
of cell growth, differentiation, and survival [31]. Insu-
lin increases glucose uptake by initially increasing
glucose transporter (GLUT4) translocation to cell sur-
face and then further activating the transporters. This
GLUT4 activation seems to be regulated by a p38
MAPK (MAPK14)-dependent signalling pathway
[32], which acts downstream of MAP2K4 [33]. Thus,
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it is possible that the increased mRNA expression 
of MAP2K4 in skeletal muscle of insulin-resistant
subjects in this study constitutes a compensatory
mechanism to counter against the insulin-resistant
condition of the tissue.

Fasting plasma insulin concentration (adjusted for
age, sex, and percent body fat) was correlated with
skeletal muscle transcript concentration of NADH de-
hydrogenase 4 (MTND4). MTND4 is encoded by the
guanine-rich heavy (H) strand of the mitochondrial
genome and located between nucleotide pair 10760
and 12137 [34]. It is one of subunits of NADH-ubi-
quinone oxidoreductase (respiratory complex I) that
transports electrons from NADH to ubiquinone. We
observed decreased MTND4 transcript concentration
in muscle of non-diabetic insulin-resistant Pima 
Indians, whereas it was previously reported to be 
upregulated in skeletal muscle tissues of human sub-
jects with Type 1 or Type 2 diabetes despite decreased
mitochondrial DNA copy number [35]. We do not
have any data on mitochondrial DNA copy number in
our study, but the decreased expression of MTND4
transcript concentration in non-diabetic insulin-resis-
tant subjects could reflect lower gene copy number.
One can speculate that if subsequent diabetes is un-
controlled, the mRNA expression of MTND4 and per-
haps other mitochondrially encoded genes of the oxi-
dative phosphorylation pathway are increased to com-
pensate for the decreased copy number, resulting in
increased mitochondrial respiration.

Another gene transcript increased in insulin-resis-
tant subjects codes for phosphoribosyl pyrophosphate
synthetase-associated protein 1 (PRPSAP1). This 
protein is a putative regulatory subunit of the phos-
phoribosylpyrophosphate (PRPP) synthetase complex,
which catalyzes the formation of PRPP from ATP and
ribose 5-phosphate. It might play a negative regulato-
ry role in PRPP synthesis [36]. PRPSAP1 is encoded
by a gene on chromosome 17q24-q25. The mechanis-
tic details that might have resulted in the negative cor-
relation of skeletal mRNA expression of PRPSAP1
with insulin sensitivity still need to be further eluci-
dated.

Distinguished banding patterns on differential dis-
play gels in our study led to the genotyping of
MTCO2, RY-1 and DD34 cDNA bands. The polymor-
phic MTCO2 cDNA bands resulted from insertion/
eletion of a 9-base pair repeat sequence in position
8271–8290 of the mitochondrial genome, which is
common in Asians, Polynesian and Native Americans
[37, 38, 39]. None of the genotyped polymorphisms
were related to insulin sensitivity in the 50 Pima sub-
jects. Our results point to the possibility that some
cDNA products amplified by the degenerate differen-
tial display primers could appear to be differentially
expressed, when, in fact, the absence of such ampl-
icons in particular samples are due to an insertion/
deletion mutation within the amplicon of differential

display or to the inability of the primers to bind to the
template if the primer binding sites are polymorphic.

In summary, we carried out differential display 
to identify differential gene expression associated
with insulin resistance in non-diabetic Pima Indians.
We identified 29 unique, differentially expressed
transcripts and sought to validate 17 of them with
quantitative real-time PCR in 50 subjects. Multiple
regression analyses showed that the mRNA expres-
sion concentrations of DD23, ATP1A2, MAP2K4,
MTND4, and PRPSAP1 are associated with glucose
disposal rate at physiological and maximally stimu-
lating insulin concentration during clamp and fasting
plasma insulin concentration of the donors indepen-
dent of age, sex, and percent body fat. These differen-
tially expressed muscle transcript concentrations
might contribute to or result from the development 
of insulin resistance prior to frank diabetes. Thus, 
the genes encoding the aforementioned transcripts
serve as candidate susceptibility genes for insulin 
resistance.
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