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To determine if gene expression profiling of whole blood cells is a useful source of markers for the early
diagnosis of the onset of type 2 diabetes, we examined gene expression profiling of whole blood cells and type 2
diabetes-related organs, such as liver, adipose tissue, and skeletal muscle, of Otsuka Long-Evans Tokushima
Fatty (OLETF) rats. At the age of 6 weeks, RNA was isolated from tissues of fasted OLETF and control Long-
Evans Tokushima Otsuka (LETO) rats. Gene expression was analyzed using the Agilent rat oligo microarray.
Gene ontology analysis showed that gene expression of biologically meaningful groups of genes in liver, adipose
tissue, and skeletal muscle, which are involved in the pathogenesis of type 2 diabetes, differed between OLETF
and LETO rats. Three hundred genes of whole blood cells were differentially expressed. Four out of these 300
genes were related to the insulin-signaling pathway and 57 out of 300 genes were up- or down-regulated in at
least one tissues in OLETF rats. These results support our hypothesis that gene expression profiling of whole
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blood cells might be a useful source of markers to predict the onset of type 2 diabetes.
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It is well known that diabetes is one of the most prevalent
diseases worldwide. It is estimated that 246 million people
have diabetes, and the number is expected to reach 380 mil-
lion by 2025 (Diabetes Atlas, third edition International Dia-
betes Federation 2006). Type 2 diabetes accounts for 90—
95% of all cases of diabetes, so development of effective
treatments is important. There are many treatment modalities
such as drugs, exercise therapy, and diet therapy; however,
these cures are not effective in all patients because the under-
lying cause of the disease remains unclear. Type 2 diabetes is
caused by many factors, such as multi-genetic factors, obe-
sity, physical inactivity, and unhealthful diet. Therefore,
health maintenance and preventive care are greatly needed.

Generally, the onset of type 2 diabetes is judged by meas-
uring the level of fasting glucose and by the results of an oral
glucose tolerance test (OGTT) in combination with other
clinical parameters. However, the diagnosis of risk prior to
the onset of type 2 diabetes is very difficult using these meth-
ods, because the phenotypic changes characteristic of type 2
diabetes are not evident during the very early stages of the
disease. Therefore, development of a new diagnostic method
for predicting the onset of type 2 diabetes would require
highly sensitive detection of the progress of disease along
with an appraisal of the innate risks such as the genetic fac-
tors.

Advances in DNA microarray technology make it possible
to monitor thousands of genes using only one assay.” Gene
expression profiling captures daily changes caused by envi-
ronmental factors, such as lifestyle, as well as permanent
changes caused by structural variations in DNA. Environ-
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mental and genetic risks of some diseases can be assessed by
pattern recognition of selected gene expression sets. In fact,
gene expression signatures are used to predict clinical out-
comes and metastatic risks in cancer.>® Therefore, gene ex-
pression in disease-related tissues could be an ideal sample
for the identification of signs of the onset of future disease.

To realize accurate risk assessment for the onset of type 2
diabetes, non-invasive methods that evaluate prognostic indi-
cators in readily accessible tissues are needed. Type 2 dia-
betes-related tissues, such as liver, adipose tissue, and skele-
tal muscle, are involved in the pathogenesis of type 2 dia-
betes, but it is difficult to sample these tissues for the pur-
pose of genetic diagnosis in healthy people. Thus, we fo-
cused on whole blood cells (WBC), which are easily accessi-
ble, for diagnosis. WBC are also an ideal surrogate tissue for
use as a diagnostic tool? to predict infection, diseases, and
other threats, because WBC participate in surveillance of the
entire body.

We previously planned the use of gene expression profile
in WBC as a diagnostic tool to predict the onset of type 2 di-
abetes, independent of other research groups. The Otsuka
Long-Evans Tokushima Fatty (OLETF) rat is a well-estab-
lished animal model of spontaneous type 2 diabetes. Because
the OLETF rat model is characterized by mild obesity with
visceral fat accumulation and late-onset insulin resistance, it
resembles human obese patients with type 2 diabetes.” Previ-
ously, we demonstrated differences in gene expression WBC
and liver in OLETF rats prior to the onset of type 2 diabetes
and control rats of the same age.*” In addition, Takamura et
al. recently showed that gene expression in blood cells re-
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flected the pathophysiology of type 2 diabetes patients, sup-
porting our hypothesis.®’ Thus, it is of great interest to iden-
tify genes that are differently expressed in both WBC and
type 2 diabetes-related tissues, other than liver, before onset
of disease.

In the present study, we carried out gene expression analy-
sis of OLETF and Long-Evans Tokushima Otsuka (LETO)
rats (control rats) to examine the gene expression profiles in
WBC, adipose tissue, and skeletal muscle using oligo mi-
croarray. Moreover, we re-examined gene expression in liver
because the cDNA microarray that was used in the previous
study” was unavailable at this time. The results obtained in
this study suggest that gene expression profiling of WBC
might be a useful source of markers to predict the onset of
type 2 diabetes.

MATERIALS AND METHODS

Animals Male OLETF rats and non-diabetic control
male LETO rats (4 weeks of age) were generously provided
by the Tokushima Research Institute, Otsuka Pharmaceutical,
(Tokushima, Japan). The rats were housed with free access to
water and food at 22 °C and 58% humidity with light from
7:00 to 19:00. All animal experiments were performed after
an overnight fast. All animal procedures were carried out in
accordance with the institutional animal care and research
advisory committee of the Faculty of Pharmaceutical Sci-
ences, Hokkaido University, Sapporo, Japan.

Measurements of Plasma Glucose and Insulin When
rats reached 6 weeks of age, blood was collected from the tail
vein. The glucose concentration in plasma was quantified
using the Glucose B Test Kit (Wako Chemical, Osaka,
Japan). The insulin concentration in plasma was quantified
using the Insulin-Rat T ELISA kit (Shibayagi, Gunma,
Japan).

Isolation of Total RNA Total RNA was isolated from
liver, adipose tissue, skeletal muscle, and WBC of 6-week
old rats. Whole blood was obtained from the carotid artery,
adipose tissue was obtained from epididymal fat pads, and
skeletal muscle was obtained from the right hindlimb. Total
RNA was isolated from WBC using the PAXgene Blood
RNA kit protocol (PreAnalytiX, Hombrechtikon, Switzer-
land). Total RNA was isolated from liver, adipose tissue,
skeletal muscle using the TRIzol reagent (Invitrogen, Carls-
bad, CA, US.A.) and the RNeasy Mini Kit (QIAGEN,
Hilden, Germany). Genomic DNA was eliminated using the
RNase-free DNase Digest Set (QIAGEN). To avoid differ-
ences between individuals, 5 ug of total RNA isolated from
four rats were pooled into a single sample. The integrity of
the pooled total RNA samples was evaluated using an Agi-
lent 2100 Bioanalyzer (Agilent, Foster City, CA, U.S.A.).

DNA Microarray Experiments 500-ng aliquots of the
pooled RNA samples were Cy3- or Cy5-labeled using the
Agilent Low RNA Input Fluorescent Linear Amplification
Kit (Product No. 5184-3568, Agilent Technologies, Palo
Alto, CA, U.S.A.). After checking the labeling efficiency, 1-
Ug aliquots of Cy3-labeled LETO cRNA and Cy5-labeled
OLETF cRNA were mixed and then hybridized to Agilent
Rat Oligo Microarrays (G4130A) using the manufacturer’s
hybridization protocol (Product No. 5184-3568, Agilent
Technologies). After the washing step, the microarray slides
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were analyzed using an Agilent Microarray scanner
(G2565AA), using the default settings for all parameters.
These experiments were carried out in duplicate using ex-
changed dye-labeled cRNA probes (i.e., Cy3 and Cy5 dye-
swapping experiments). Microarray expression data were ob-
tained using the Agilent Feature Extraction software (Version
A.6.1.1), using the default settings for all parameters.

Normalization and Data Analysis A total of 8§ samples
were analyzed (2 dye-swap samples per each of the 4 differ-
ent tissues—WBC, liver, adipose tissue, and skeletal mus-
cle). Microarray expression data were imported into Gene-
Spring GX 7.3 Expression Analysis Software (Agilent Tech-
nologies). Three normalization steps were applied as follows:
data transformation, dye swap; per spot, divide by control
channel; and per chip, normalization to the 50th percentile.
Genes were filtered in accordance with the following three
criteria; an average raw and control value >100 in all chips;
a present or marginal flag value for both samples in each tis-
sue chip; a percent difference between raw and control values
within 51% in each tissue chip. Genes that met all three cri-
teria were extracted. Data analysis focused on these genes,
the expression of which changed by 1.5-fold or greater, or
less than 0.67-fold, in OLETF rats compared with LETO
rats.

Hierarchical Clustering Analysis Gene-tree hierarchi-
cal clustering analysis was performed to understand the dif-
ferential gene expression pattern in diabetes-related tissues.
Average linkage was used as the clustering algorithm. Pear-
son correlations were used as a measure of similarity be-
tween the gene expression patterns for each sample. Four
subset clusters were identified based on the distance value,
which is a measure of similarity.

Gene Ontology Analysis Gene ontology (GO) analysis
was performed to assign biological meaning to the subsets of
the gene clusters. Overrepresentation of genes with altered
expression in OLETF rats compared with LETO rats within
specific GO categories was determined using Fisher’s exact
probability test. GO categories that included more than 10
genes were extracted.

Quantitative Reverse Transcription Polymerase Chain
Reaction (PCR) cDNA was prepared from 400-ng aliquots
of pooled RNA samples from OLETF and LETO rats using
the TaKaRa RNA PCR Kit (AMV) Ver.3.0 (code No.
RRO19A, TaKaRa, Kusatsu, Japan). The reverse transcription
reaction was performed by incubation at 55 °C for 30 min, at
99 °C for S5min and at 4 °C for 5min. The resulting cDNA
was analyzed by quantitative PCR using the SYBR Green
Realtime PCR Master Mix (Code No. QPK-201, 201T, TO-
YOBO, Osaka, Japan), except that the primer concentration
was 0.2 um. Gene-specific primer sequences are shown in
Table 1. PCR was performed using the following sequence in
an Applied Biosystems 7500 Real Time PCR System: a 10-
min pre-incubation at 95 °C, followed by 40 cycles of 95°C
for 15s and 60 °C for 1 min. All samples were run in tripli-
cate. Data were analyzed using the comparative AACt
method and are expressed as relative to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), as a reference.

KeyMolnet Software Analysis DNA microarray data
were analyzed using KeyMolnet software, which is a new ap-
proach to mechanistic analysis, that was developed by the In-
stitute of Medical Molecular Design, Inc. (IMMD).”
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Table 1. Design of Primers for Quantitative RT-PCR Table 2. Characteristics of the Experimental Rats at 6 Weeks of Age
PCR LETO OLETF
Gene Accession number Sequence of primers (5'—3") product
(bp) Body weight (g) 135.7+9.5 149.3+16.3
Fasting plasma glucose (mmol/l) 53%0.8 5.1%0.5
Acadl NM_012819 F: TCTACTACCTCATGCAAGAG 79 Fasting plasma insulin (ng/ml) 0.80=*0.11 0.92*0.16
R: AACATGAACTCACAGGCAGA
Acbd4 NM_001012013 F: AAGTGGGATGCCTGGAACAG 80 The value of body weight and fasting plasma glucose were expressed as means+S.D.
R: ACCAGCTTCATCTCCGTGATG (n=6) and the value of fasting plasma insulin were expressed as means*S.D. (n=3).
Add2 NM 012491 F CCCAAGAAGTGCTGGACATG 73 Three parameters were not significant (p<<0.05) between LETO and OLETF rats.
R: TGAGGCCCGGCTGACTTTAT
C2 NM_172222 F: TCTGCCCTAGGCACCTCCTT 99
R: CGAGCGCTGGATTTGGATT
Cfd NM_001077642 F: GACAGCGTTGAGGACGACCTCAT 84
R: TTGCAAGGGCAGGGGTCTCACAT (A) 1000000 |
PC-1 NM_053535 F: AGTGCCAATGTACCAGAGTT 82 =y
R: ATTCCTTTCTTGGGCATACC 2 00000 -
Q
Fabp5 NM_145878 F: CAACAACAACCTCACCGTCAA 68 -]
R: CTCCCAAGGTGCAAGAAAACAC %
GAPDH  AF106860 F: GGCAAGTTCAACGGCACAGT 62 g 10000 ¢
R: ATGGGTTTCCCGTTGATGAC ‘0
Grb2 NM_030846 F: TGACTTCAAAGCTACTGCTG 81 ; 1000 |
R: CAGTTCTGATCACACTCTTC [''4
Plekhbl NM_172033 F: CACGTATGTCCGCAGCTACT 68 :
R: CCTCTCGCACGATCACATGT m 100 -
Pten NM_031606 F: CAACCGATACTTCTCTCCAA 73 6'
R: TGGATTTGATGGCTCCTCTA 10 L L L L
SIRP NM_013016 F: ATCACCGAAAACCATACCGT 97 10 100 1000 10000 100000 1000000
R: CGTTCCAGTTGTAGTAAGCA
Rgs3 NM_019340 F: CTGGCTTGTGAGGATTTCAAGA 84 LETO cRNA signal intensity
R: CGCGATGAACTCAGCAAAGA B )
Tef NM_001013110  F: AGGAGCAGAGTACTTGCAAG 80 (B) 1000000
R: TGTGGAAAGTGCAGGCTTCT %
S 100000
2
£
RESULTS T 10000 |
o
(7]
Characteristics of OLETF Rats before the Onset of < o000 |
Type 2 Diabetes To confirm the characteristics of OLETF x
rats before the onset of type 2 diabetes, body weight and fast- = 100 |
ing plasma glucose and insulin concentrations were meas- w
ured. The measurements of fasting plasma glucose and in- o 10 K , . .
sulin concentrations are commonly used methods to judge 10 100 1000 10000 100000 1000000
the onset of type 2 diabetes. As shown in Table 2, the body LETO cRNA sianal intensit
: : Cc signal intensi
weight of OLETF rats was slightly greater than that of LETO 9 ¥
rats, but the difference was not significant (p=0.053). Fast- (C)  1o00000 -
ing plasma glucose and insulin concentrations were not sig- >
nificantly different between OLETF and LETO rats (p= [ 100000 |
0.255, 0.185, respectively). Also, results of the glucose toler- 2
ance test (GTT) did not differ between OLETF and LETO 5- -
. . 10000 [
and 8-weeks-old rats, as described previously.” These results 5
show that a new diagnostic method is needed to predict the 2
. ; I
onset of type 2 diabetes. z 000
Microarray Analysis of Gene Expression Profiles in Di- hy
abetes-Related Tissues We next focused on global gene T
expression in diabetes-related tissues, such as liver, adipose 2
. . 10 . . .
tissue, and skeletal muscle, which are expected to express 10 100 1000 10000 100000 1000000

early symptoms of type 2 diabetes. We hypothesized that
gene expression in diabetes-related tissues would identify
signs of diabetes earlier than serum parameters, as described
in the above section. Plots of cRNA signal intensity for
LETO and OLETF rats showed a widely scattered pattern in
each tissue (Fig. 1). In particular, the pattern in adipose tis-
sue exhibited the widest scattering. In the liver, 503 genes
had expression ratios that were at least 1.5-fold higher or
lower in OLETF than in LETO rats (401 genes were up-regu-

LETO cRNA signal intensity

Fig. 1. Scatter Plot for LETO vs. OLETF in Liver (A), Adipose Tissue
(B), Skeletal Muscle (C)

For each spot, the cRNA intensity signal for LETO was plotted against that for
OLETF on a logarithmic scale. The value of LETO (or OLETF) cRNA intensity signal
on each spot was the average value of Cy3-labeled LETO (or OLETF) cRNA intensity
and CyS5-labeled LETO (or OLETF) cRNA intensity. Pink spots indicate that the gene
expression ratio of OLETF to LETO was greater than 1.5 or less than 0.67.



1036

lated and 102 genes were down-regulated). In adipose tissue,
1432 genes had significant differences in expression ratio
(944 genes were up-regulated and 488 genes were down-reg-
ulated). In skeletal muscle, the expression of 314 genes was
significantly altered in OLETF rats compared with LETO
rats. (256 genes were up-regulated and 58 genes were down-
regulated). Figure 2 shows hierarchical clustering analysis of
the 2025 genes, for which the expression ratio in OLETF rats
was 1.5-fold greater or less than that in LETO rats in at least
one tissue. To characterize gene expression patterns among
these tissues, 4 subset clusters were identified based on the
distance value, which is a measure of similarity. Cluster 1 in-
cluded 562 genes, which were characterized as high-expres-
sion in the liver of OLETF rats. Cluster 2 included 558
genes, which were characterized as low-expression in adi-
pose tissue of OLETF rats. Cluster 3 included 136 genes
which were characterized low expression in liver and high
expression in adipose and skeletal muscle of OLETF rats.
Cluster 4 included 769 genes, which were characterized as
high-expression in adipose tissue of OLETF rats. To assign
biological meaning to these clusters, gene ontology (GO)
analysis was performed. GO can be defined by three aspects;
molecular function, biological process, and cellular compo-
nents. In this analysis, GO was defined by biological process.
Classifications using GO terms for each cluster are shown in
Table 3. Among the expression levels of the top 100 genes
that are preferentially expressed in LETO and OLETF in
liver, adipose tissue, and skeletal muscle, Cluster 1 included
Lpin2'*'? and Ucp3,"*' which are related to the progress

Cluster 1

Cluster 2

| Cluster 3

Cluster 4

Q@
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Fig. 2. Hierarchical Clustering Analysis of Differentially Expressed Genes
in Diabetes-Related Tissues

2025 genes with an expression ratio of LETO to OLETF is greater than 1.5 or less
than 0.67 in at least 1 tissue are shown. Red and green represent preferential expression
in OLETF and LETO rats, respectively. Black represents equivalent expression in
OLETF and LETO rats. In 2025 genes, 4 subset clusters were identified based on the
distance value, which is a measure of similarity.
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of diabetes. In particular, Ucp3 is involved in lipid metabolism
(GO:6629). Cluster 2 includes five genes Hepattic protein
EIIH,' Nr4a3,'® Adrb3,'"" 2% Adiponectin,*" and Rbp4.2%>3)
In particular, Nr4a3 and Adrb3 genes were involved in
responses to stimulus (GO:50896), and Adiponectin genes
were involved in lipid metabolism (GO:6629). Cluster 3
included the IGFBP2 gene,***> however, there were no
statistically overrepresented genes (more than 10 genes)
within a specific GO term (p<<0.01). Cluster 4 included the
Pla2g7?® gene, which was not assigned a GO term. These
specific genes are involved in the pathogenesis of type 2 dia-
betes, therefore, they are covered in detail in the discussion
section. These results suggest that gene expression in type 2
diabetes-related tissues is sensitive to the progress of type 2
diabetes before changing serum parameters.

Three-Hundred Genes Were Differentially Expressed
in WBC As revealed by GO analysis and literature re-
search, it might be possible to detect pre-clinical signs of
type 2 diabetes by use of groups of gene expression in dia-
betes-related tissues. However, it is unethical to obtain tissue
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Fig. 3. Scatter Plot for LETO vs. OLETF in WBC (a) and Four Genes Re-
lated to the Insulin-Signaling Pathway (b)

Cell growth

The condition of Scatter plot for WBC is the same as Fig. 1. KeyMolnet software ex-
tracted 4 genes related to the insulin-signaling pathway from 300 genes with expression
ratios of OLETF to LETO greater than 1.5 or less than 0.67 in whole blood cells. Red
indicates up-regulated genes, whereas blue indicates down-regulated genes. PC-1,
ectonucleotide pyrophosphatase/phosphodiesterase 1; SIRP, signal-regulatory protein
alpha; Grb2, growth factor receptor bound protein 2; Pten, phosphatase and tensin ho-
molog.
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Table 3. Statistically Overrepresented GO Terms (Biological Process) in Each Cluster
Cluster 1 (562 genes distance=0.645) p<<0.01
Genes in % of genes Genes in list % of genes in
Category . . L p-Value
category in category in category list in category
GO:42221: response to chemical stimulus 598 6.5 30 11.2 0.00217
GO0:6629: lipid metabolism 546 5.9 27 10.1 0.00437
GO:44255: cellular lipid metabolism 454 49 23 8.6 0.00628
GO:19752: carboxylic acid metabolism 481 52 24 9.0 0.00636
GO:6082: organic acid metabolism 482 52 24 9.0 0.00652
GO:8610: lipid biosynthesis 215 23 13 4.9 0.00959
Cluster 2 (558 genes distance=0.345) p<<0.000001
Genes in % of genes Genes in list % of genes in
Category . . S p-Value
category n category In category list in category
GO:9613: response to pest, pathogen or parasite 361 3.9 52 16.4 3.10E-19
GO:43207: response to external biotic stimulus 381 4.1 52 16.4 3.50E-18
GO:6955: immune response 575 6.2 64 20.1 1.19E-17
GO:9605: response to external stimulus 707 7.6 71 22.3 4.01E-17
GO:6952: defense response 615 6.6 65 20.4 8.94E-17
GO:9607: response to biotic stimulus 643 6.9 66 20.8 2.20E-16
GO:50874: organismal physiological process 1600 17.3 113 355 1.26E-15
GO:9611: response to wounding 426 4.6 47 14.8 6.37E-13
GO:6950: response to stress 1044 11.3 80 252 1.35E-12
GO:50896: response to stimulus 1802 19.5 112 352 1.39E-11
GO:6954: inflammatory response 212 2.3 29 9.1 1.48E-10
GO:6953: acute-phase response 25 0.3 11 3.5 1.91E-10
GO:6956: complement activation 32 0.3 11 35 4.45E-09
GO:8015: circulation 141 1.5 20 6.3 6.32E-08
GO:42221: response to chemical stimulus 598 6.5 45 14.2 4.27E-07
G0:6629: lipid metabolism 546 5.9 42 13.2 6.06E-07
GO:6091: generation of precursor metabolites and energy 515 5.6 40 12.6 9.03E-07
Cluster 4 (769 genes distance=0.158) p=0.001
Genes in % of genes Genes in list % of genes in
Category . . L p-Value
category in category in category list in category
GO:19752: carboxylic acid metabolism 481 52 43 10.9 2.60E-06
GO:6082: organic acid metabolism 482 52 43 10.9 2.75E-06
GO:7283: spermatogenesis 160 1.7 21 53 3.87E-06
GO:48232: male gamete generation 160 1.7 21 53 3.87E-06
GO:19953: sexual reproduction 247 2.7 26 6.6 1.74E-05
GO:3: reproduction 346 3.7 32 8.1 2.72E-05
GO:226: microtubule cytoskeleton organization and biogenesis 73 0.8 12 3.0 5.18E-05
GO:7276: gametogenesis 219 2.4 22 5.6 0.000154
GO:7010: cytoskeleton organization and biogenesis 429 4.6 34 8.6 0.000325
GO:6520: amino acid metabolism 242 2.6 22 5.6 0.000626
GO:7017: microtubule-based process 166 1.8 17 4.3 0.000683
GO:16053: organic acid biosynthesis 70 0.8 10 2.5 0.000698
G0O:46394: carboxylic acid biosynthesis 70 0.8 10 2.5 0.000698

Genes in list in category were the number of genes which were classified with statistically overrepresented GO term. GO terms with biological process were shown. GO, Gene

ontology.

biopsies for the purpose of early diagnosis in healthy people.
To realize early diagnosis of type 2 diabetes, easily accessi-
ble tissues are needed. Then we focused on the gene expres-
sion profile of WBC. In WBC, expression of 300 genes in
OLETF rats was at least 1.5-fold greater or less than expres-
sion in LETO rats (Fig. 3a). This result suggests that gene
expression in WBC could be used to diagnose type 2 dia-
betes prior to the onset of the disease, as fasting glucose and
insulin concentrations and GTT are not significantly changed
early in the pathogenesis of diabetes. However, the functional
associations of the 300 genes were unknown. Therefore,
KeyMolnet software was used to determine if some genes

were related by function or pathway. As shown in Fig. 3b, 4
genes are involved in the insulin-signaling pathway. Quanti-
tative RT PCR analysis of the 4 genes showed similar expres-
sion profiles, which was confirmed by the microarray data
(Fig. 4). These results suggest an active insulin signal path-
way in whole blood cells, and that insulin resistance begins at
the transcriptional level.

Fifty-Seven Genes in WBC Were Concurrently Ex-
pressed in Diabetes-Related Tissues In the above section,
4 genes in whole blood cells are involved in the insulin-sig-
naling pathway. The PC-1 (ectonucleotide pyrophosphatase/
phosphodiesterase 1) gene was among those that also were
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upregulated in adipose tissue (Table 4). The PC-1 gene is as-
sociated with type 2 diabetes,?” > therefore, we hypothe-
sized that some of the genes exhibited an altered expression
in diabetes-related tissues and could be detected in WBC. A
total of 57 genes were detected in WBCs: 25 genes (14 genes
were up-regulated, 7 genes were down-regulated) in liver, 41
genes (15 genes were up-regulated, 25 genes were down-reg-
ulated) in adipose tissue, and 14 genes (11 genes were up-
regulated, 3 genes were down-regulated) in skeletal muscle
(Table 4). To validate the microarray results, quantitative RT
PCR analyses were performed. As shown in Fig. 5, gene ex-
pression of the 10 selected genes showed a similar expression
profile, which was consistent with the microarray data.
Among the 57 genes, FABP5 3D Cfd,***® PC-1,>""2? and
Ucp3'*!'¥ were reported to be associated with the progress of
type 2 diabetes. Possible interpretations of these results are
discussed in the last section.

DISCUSSION

The results of the present study demonstrate that the gene
expression profile of WBC might be useful for detection of
pre-clinical symptoms of type 2 diabetes in OLETF rats. To
the best of our knowledge, this is the first report of screening

ﬂ Grb2 Pten SIRP

Fig. 4. Confirmation of the Changes in the Transcript Levels of 4 Genes in
WBC That Were Extracted Using KeyMolnet Software Analysis

Black and open bars represents each gene expression ratios of OLETF to LETO on a
logl0 scale in the microarray and quantitative RT-PCR experiments, respectively.
c¢DNA was prepared from 400-ng aliquots of each total WBC RNA sample obtained
from LETO and OLETF rats. The levels of each transcript were measured using an
SYBR green real time PCR system. The GAPDH transcript was used to adjust the
amount of transcript in LETO and OLETE. PC-1, ectonucleotide pyrophosphatase/
phosphodiesterase 1; SIRP, signal-regulatory protein alpha; Grb2, growth factor recep-
tor bound protein 2; Pten, phosphatase and tensin homolog.
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WBC candidate genes, which are also up- or down-regulated
in adipose tissue or skeletal muscle.

Fasting plasma glucose and insulin concentrations and, the
glucose tolerance test (GTT) were not significantly different
between OLETF and LETO rats (Table 2, ref. 7). These re-
sults suggest that another diagnostic method is needed to de-
tect type 2 diabetes during the very early stage. In contrast,
dramatic alternations in gene expression were seen in liver,
adipose tissue and skeletal muscle prior to the onset of type 2
diabetes (Figs. 1, 2). For example, the IGFBP2 (insulin-like
growth factor binding protein 2) gene in liver was down-reg-
ulated (0.53 fold) in OLETF rats. I have previously men-
tioned that IGFBP2 gene expression is much lower (about 10
times) in the liver of OLETF rats.”> Heald et al. showed that
a lower concentration of IGFBP2 in serum is a marker for
elevating serum fasting glucose in patients with type 2 dia-
betes.”” Therefore, these results suggest that lower IGFBP2
in serum might be influenced by lower IGFBP2 gene expres-
sion in the liver.

In adipose tissue, the Pla2g7 (phospholipase A2, group 7)
gene was up-regulated (3.3 fold) in OLETF rats, which was
also up-regulated in obese Pima Indians in microarray and
Quantitative RT-PCR analysis.”® Pima Indians are believed
to be a genetic high-risk group for developing obesity, in-
sulin resistance, and type 2 diabetes. Therefore, there is some
possibility that the progress of these symptoms begins in adi-
pose tissue at an early stage.

In skeletal muscle, Adiponectin and Rbp4 genes were both
up-regulated (2.5 fold) in OLETF rats. Adiponectin is ex-
pressed at the mRNA and protein levels in skeletal muscle of
ob/ob mice.?" This is viewed as a result of lipotoxicity and
related oxidative stress. On the other hand, Rbp4 (retinol-
binding protein 4) expression in skeletal muscle correlates
highly with both insulin resistance (Graham et al. the 67th
annual meeting of the American Diabetes Association Scien-
tific Sessions 2007) and an increase in body fat percentage,
as does adiponectin mRNA expression.”” Therefore, it is
suggested that insulin resistance and lipotoxicity begins in
skeletal muscle.

These changes of gene expression in three tissues suggests
that type 2 diabetes is progresses gradually in liver, adipose

(B) Liver
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OLETF/LETO expression

Skeletal muscle
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OLETF/LETO expression

Trf Cfd Acbd4

Validation of Microarray Results Using Quantitative RT PCR in WBC (A), Liver (B), Adipose Tissue (C), Skeletal Muscle (D)

Black and open bars represents each gene expression ratio of OLETF to LETO on a log10 scale in the microarray and quantitative RT-PCR experiments, respectively. The experi-
mental conditions were the same as in Fig 4. Fabp5, fatty acid binding protein 5; Acbd4, acyl-coenzyme A binding domain containing 4; PC-1, ectonucleotide
pyrophosphatase/phosphodiesterase 1; Plekhbl, pleckstrin homology domain containing, family B (evectins) member 1; Acadl, acetyl-coenzyme A dehydrogenase, long chain; C2,
complement component 2; Rgs3, regulator of G-protein signaling 3; Add2, adducin 2 (beta); Trf, transferrin; Cfd, complement factor D (adipsin).
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tissue, and skeletal muscle before changing serum parame-
ters. However, it is unethical to obtain tissue biopsies for the
purpose of early diagnosis in healthy people. Therefore, we
focused on gene expression in WBC, which contact all tis-
sues, including liver, adipose tissue, and skeletal muscle.
WBC directly reflect the conditions of the liver, adipose tis-
sue, and skeletal muscle so that the continuous interaction
among WBC and these tissues gives rise to the possibility
that gene expression in WBC might be a sensitive diagnostic
indicator to catch the changes of these tissues. The results
shows that 300 genes were up- or down-regulated in OLETF
rats (Fig. 3a), and 57 genes were concurrently expressed in
WBGCs, liver, adipose tissue, and skeletal muscle in OLETF
rats (Table 4). Borovecki et al. showed the utility of the some
genes whose expression is altered at the transcriptional level
in common in WBC and the brain as biomarkers for Hunt-
ington’s disease.”” Therefore, concurrently expressed genes
in WBC and diabetes-related tissues could be a diagnostic
marker for type 2 diabetes.

For example, PC-1 gene was up-regulated in WBC and
Adipose tissue (Fig. 5). PC-1 is an inhibitor of insulin recep-
tor tyrosine kinase activity, and is involved in the pathogene-
sis of insulin resistance in type 2 diabetes.?* ¥ The activity
of PC-1 in lymphocytes, which are a type of WBC, was in-
creased in type 2 diabetes patients.’® On the other hand, in-
creased PC-1 protein in adipose tissue was associated with
whole-body insulin resistance in healthy non-obese sub-
jects.?” These results suggest that monitoring mRNA expres-
sion of the PC-1 gene in WBC and adipose tissue might help
predict the onset of type 2 diabetes and its mRNA expression
of adipose tissue. The FABPS (fatty acid binding protein 5)
gene was up-regulated in WBCs and liver, and down-regu-
lated in adipose tissue (Fig. 5) and is involved in the patho-
genesis of obesity-related insulin resistance and type 2 dia-
betes.>" In macrophage, depletion of FABP4 and FABP5 led
to enhanced insulin signaling and glucose uptake in
adipocytes.’ This phenomenon is very interesting because
gene expression in macrophage, as a part of WBC, affects
the function of adipocyte, and is a powerful supporter of the
usefulness of gene expression in WBCs.

There are some reports indicating the utility of blood gene
expression as a potential diagnostic tool. Hayashi et al.
showed that several type 2 diabetes-related genes were up- or
down-regulated in both WBC and liver after the onset of type
2 diabetes.*® Takamura et al. showed that c-Jun terminal ki-
nase (JNK) and mitochondrial oxidative phosphorylation
(OXPHOS) pathways of peripheral blood mononuclear cells
(PBMCs) could be used as surrogate transcriptional markers
in type 2 diabetes patients.® Liew et al. showed that the pe-
ripheral blood transcriptome was a potential diagnostic tool
and approximately 80% of genes expressed in any of nine
human tissues were also found expressed in blood cells.¥
These results strongly suggest that blood gene expression
provides useful information for whole-body analysis. How-
ever, the influence of gene expression in WBCs on the onset
of type 2 diabetes is unclear at this time. Therefore, the use-
fulness should become clear as the relationship between gene
expression in WBCs and disease is better understood.

In summary, blood gene expression profiling is useful for
markers predicting type 2 diabetes at an very early stage. The
results of the present study will advance our progress towards
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diagnosis of type 2 diabetes.
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