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Differential Expression of Metabolism-related Genes in Liver of
Diabetic Obese Rats
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The Otsuka Long-Evans Tokushima Fatty (OLETF) rat, a model of spontaneous type 2 diabetes
(T2D), develops hyperglycemic obesity with hyperinsulinemia and insulin resistance after the age of
25 weeks, similar to patients with noninsulin-dependent diabetes mellitus (DM). In the present study,
we determined whether there are differences in the pattern of gene expression related to glucose and
lipid metabolism between OLETF rats and their control counterparts, Long-Evans Tokushima (LETO)
rats. The experiment was done using 35-week-old OLETF and LETO rats. At week 35 male OLETF
rats showed overt T2D and increases in blood glucose, plasma insulin, plasma triglycerides (TG) and
plasma total cholesterol (TC). Livers of diabetic OLETF and LETO rats also showed differences in
expression of mRNA for glucose and lipid metabolism related genes. Among glucose metabolism related
genes, GAPDH mRNA was significantly higher and FBPase and G6Pase mRNA were significantly lower
in OLETF rats. For lipid metabolism related genes, HMGCR, SCD1 and HL mRNA were substantially
higher in OLETF rats. These results indicate that gluconeogenesis in OLETF rats is lower and
glycolysis is higher, which means that glucose metabolism might be compensated for by a lowering
of the blood glucose level. However, lipid synthesis is increased in OLETF rats so diabetes may be
aggravated. These differences between OLETF and LETO rats suggest mechanisms that could be
targeted during the development of therapeutic agents for diabetes.
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INTRODUCTION

Diabetes mellitus (DM) is a metabolic syndrome that of-
ten occurs due to a combination of hereditary and environ-
mental causes and results in abnormally high blood glucose
levels [1]. Blood glucose levels are controlled by a complex
interaction of multiple chemicals and hormones in the body,
including insulin made in the beta cells of the pancreas.
DM develops as a result of diminished production of insulin
(in type 1 diabetes) or resistance to its effects (in type 2
diabetes (T2D)) [2-5]. Both lead to hyperglycemia, which
largely causes the acute signs of diabetes: excessive urine
production, resulting compensatory thirst and increased
fluid intake, blurred vision, unexplained weight loss, leth-
argy, and changes in energy metabolism.

T2D is a serious metabolic disease. It is characterized
by elevation of the blood glucose level and insulin resist-
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ance, and is exacerbated by obesity. There are many causes
of T2D. Among them, obesity is the major modifiable risk
factor for T2D [6,7]. Obesity enhances insulin resistance [8],
a condition characterized by increased insulin production
and impaired glucose tolerance [9]. In fact, over 80% of in-
dividuals with T2D are obese [10]. Both genetic and envi-
ronmental factors contribute to the disease, but in the ma-
jority of cases the etiology is still not understood [11].
Otsuka Lon-Evans Tokushoma Fatty (OLETF) rats are
an animal model of T2D. The characteristic features of
OLETF rats are as follows: 1) late onset hyperglycemia
(after 25 weeks of age), 2) a chronic disease course, 3) mild
obesity, 4) clinical onset of DM mostly in males, 5) a heredi-
tary trait: (a) multiple recessive genes are involved in the
induction of DM; (b) the control strain, LETO, appears to
share some diabetogenic genes with OLETF rats; 6 islet
hyperplasia by newly formed cells, 7) diabetic nephropathy
[10,12]. These characteristic pathological features more

ABBREVIATIONS: ACCI1, acetyl-CoA carboxylase 1; DM, diabetes
mellitus; FBPase, fructose 1,6-bisphosphatase; G6Pase, glucose-6-
phosphatase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
GPAT, glycerol-3-phosphate acyltransferase; HL, hepatic lipase;
HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; LETO,
Long-Evans Tokushima; LPL, lipoprotein lipase; OLETF, Otsuka
Lon-Evans Tokushoma Fatty; PEPCK, phosphoenolpyruvate car-
boxykinase; SCD1, stearoyl-CoA desaturase 1; SREBP1, sterol
regulatory element-binding protein 1; T2D, type 2 diabetes; TC, total
cholesterol; TG, triglyceride; UCP2, uncoupling proteins 2.
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closely resemble those of human type 2 diabetes than is
the case for other diabetogenic animal models.

Here, we investigated changes in OLETF rat in the ex-
pression of hepatic genes that are associated with the glu-
cose and lipid metabolism. Hyperglycemia and hyper-
lipidemia are the major characteristics of T2D. Therefore,
we measured the expression of glucose and lipid metabo-
lism related genes. Our goal was to acquire basic data to
improve our understanding of the pathophysiology of dia-
betes and to prepare the groundwork for searching for ther-
apeutic targets of the disease.

METHODS
Animals

Male OLETF rats and their lean non-diabetic counter-
parts, LETO rats, were supplied by Otsuka Pharmaceutical
(Tokushima, Japan). We studied 35-week-old overt type 2
diabetic OLETF rats (n=10). Throughout the entire ex-
perimental period, all rats were cared for according to the
Guidelines of Animal Experiments recommended by the
Korean Academy of Medical Sciences.

Quantitative real-time PCR

Total RNA was isolated using TRIzol (Invitrogen, Carlsbad,
CA, USA). Real-time RT-PCR was carried out with SYBR
Green Master mix (Applied Biosystems, Foster City, CA,
USA) and 10 pmol/l of primers in a 7300 Real-Time PCR
System (Applied Biosystems). We used 18S RNA as the in-
variant control for all studies. Table 1 shows a list of pri-
mers that are used

Table 1. Primers used for quantitative real-time PCR

Gene Accession no. Forward/reverse primers

PEPCK NM_198780 5-CTACAACTTCGGCAAGTACC

5-TTCCTTAGAGATTCCGAACA

FBPase NM_012558 5-TCACCTGCCTGCACCTTTAG
5-GTCACATTGGTTGAGCCAGC
G6Pase NM_013098 5-CGTGGAAAGAAAAAGTCAAC
5-GTAAAATCCAAGTGCGAAAC
GAPDH NM_017008 5-AACCTGCCAAGTATGATGAC

5"TGTTGAAGTCACAGGAGACA
Glucokinase NM_012565 5-CCTTGCTCTAAGGGGACCAG
5-AGGACCTGGGTGGTCTCTTG

HMGCR NM_013134 5-ACTATGGTTCTTTCCGTGCC
5-AAAACACCAGCTTCCAGCTT
SREBP1 XM_213329 5-CTTCTTGACACGTTTCTTCC
5-CCAGGAGATGTTCACAGAAT
ACC1 NM_022193 5-CACCAGTGAAAACCCAGATG
5-CCGAACTGAGAATCAGCAAA
SCD1 NM_139192 5-GTGTTGAACCTTCCCCGACT
5"TGGAGGTAGGGAGGATCTGG
GPAT AF021348 5-GGGGCTTTTTCATAAGACGG
5-TAACGCCTCTTGCCACACTC
UcCPp2 NM_019354 5-GGGAGGTAGCAGGAAGTCAG
5-ATCTGCAATACAGGCTGCTG
LPL NM_012598 5-CTGAAGAAGTCGGGCTGACA
5"TGGCATGCTTCTCCTCTCTG
HL NM_012597 5-CAGAGCCCTTTGGGAGAAAC

5-CACTAATCCCACGTTCACGG

Measurement of glucose, insulin and lipid levels

After an 18-h fasting period, all animals were anesthetized
with ether, and tail vein blood samples were collected to
measure glucose, insulin, total cholesterol and triglyceride
levels. The blood sampling line was filled with a solution
of 4.5% EDTA to prevent blood clotting. Samples were kept
on ice, and plasma was isolated and stored at —20°C until
analysis. Glucose levels were measured with a glucose ana-
lyzer (Allmedicus, An-Yang, Korea). Insulin levels were an-
alyzed with rat insulin ELISA kits (Linco Research, St.
Charles, MO, USA). Total cholesterol and triglyceride levels
were measured with the ASAN Set Total-cholesterol
Reagent and TG-S Reagent (ASAN PHARM., Seoul, Korea),
respectively.

Measurement of HOMA index

The HOMA index was calculated using the following for-
mula: HOMA index (mU/l)=fasting insulin (mU/l)Xserum
glucose (mmol/1)/22.5

Histologic analysis

Animals were sacrificed. Removed liver slices were fixed
in 10% neutral-buffered formalin and embedded in paraffin.
Five 1m thick sections were stained with hematoxylin-eosin
for histological examination.

Analysis of hepatic lipids

Liver samples were lysed in ethanolic KOH (2 parts
EtOH: 1 part 30% KOH) and incubated overnight at 55°C.
The lysates were mixed with H2O : EtOH (1 : 1) and centri-
fuged for 5 min. The supernatant was mixed with 1 M
MgCls, incubated for 10 min on ice, and centrifuged for 5
min. The resulting supernatant was used to measure trigly-
cerides and cholesterol.

Statistical analysis
Results are expressed as means+SEM. Differences be-
tween groups were analyzed by paired or non-paired
Student’s ¢ test. Differences were considered significant
when the p value was less than 0.05.
RESULTS
Metabolic parameters of OLETF and LETO rats

To understand the physical characteristics of 35-week-old

Table 2. Metabolic parameters of OLETF and LETO rats

Parameter LETO OLETF
Blood glucose (mg/dl) 101.3+2.5 314.0+£33.7**
Plasma insulin (ng/ml) 0.84+0.17 7.07+£1.49%*
HOMA index 4.6+£0.9 116.6+26.3*
Body weight (g) 528.5+6.4 668.3+£24.2%*
Food intake (g/day) 20.4+0.5 33.8+5.1%

Data are means+SEM. *p<0.05, **p<0.01 vs. LETO rats.
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OLETF and LETO rats, blood glucose, plasma insulin, body
weight and food intake were measured (Table 2). OLETF
rats showed significantly higher concentrations of blood
glucose and plasma insulin than LETO rats. The HOMA
index, which reflects insulin resistance, was significantly
increased in OLETF rats. Body weight and food intake were
also significantly increased in OLETF rats. Taken together,
OLETF rats showed the typical characteristics of T2D.
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Fig. 1. Analysis of expression of glucose metabolism related genes
in OLETF and LETO rats by quantitative real-time PCR. Values
represent means+SEM of LETO rats (n=10), and OLETF rats (n=10).
*p<0.05 vs. LETO rats.
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Fig. 2. Analysis of lipid distribution. (A) Plasma TG and TC levels
of OLETF and LETO rats. Plasma TG and TC levels were signifi-
cantly higher in OLETF than LETO rats. (B) Hepatic TG and TC
levels of OLETF and LETO rats. There were no significant differences
in hepatic TG and TC levels between OLETF and LETO rats. (C)
Hepatic histology of LETO and OLETF rats (H&E stain, X40).
Values represent means+SEM of LETO rats (n=10), and OLETF
rats (n=10). *p<0.05 vs. LETO rats.

Expression of glucose metabolism related genes of
OLETF and LETO rats

Because OLETF rats appeared hyperglycemia, they
showed differential expression of glucose metabolism re-
lated genes compared with LETO rats. The expression of
gluconeogenesis related genes in OLETF rats was sig-
nificantly decreased: fructose 1,6-bisphosphatase (FBPase)
and glucose-6-phosphatase (G6Pase) (p=0.029 and p= 0.003,
respectively); there was a substantial but non-significant
decrease in Phosphoenolpyruvate carboxykinase (PEPCK)
(p=0.078) (Fig. 1). The expression of glycolysis-related genes
also showed different patterns. Gene expression of glucoki-
nase was not significantly different between OLETF and
LETO rats, but the mRNA level of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was 8-fold higher in OLETF
rats (Fig. 1). These results indicate that gene expression
of glucose metabolism related genes in diabetic OLETF rats
are altered: genes involved in gluconeogenesis are down-
regulated; genes involved in glycolysis are up-regulated.

Changes in lipid metabolism in OLETF rats

To determine whether lipid metabolism in diabetic OLETF
rats is different than in normal LETO rats, we measured
the concentrations of plasma TG and TC, and hepatic TG
and TC (Fig. 2A and 2B). The concentrations of plasma TG
and TC were significantly increased in OLETF rats; the
concentrations of hepatic TG and TC in OLETF rats also
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Fig. 3. Analysis of the expression of lipid metabolism related genes
by quantitative real-time PCR. (A) mRNA levels of lipid synthesis
related genes in OLETF and LETO rats. Expression of HMGCR
and SCD1 genes were significantly higher in OLETF than in LETO
rats. (B) mRNA levels of fatty acid oxidation and lipid transport
related genes in OLETF and LETO rats. The expression of HL. was
significantly higher in OLETF than LETO rats. Values represent
means+SEM of LETO rats (n=10), and OLETF rats (n=10). *p<0.05
vs. LETO rats.
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increased, but these increases were statistically significant.
Histologic analysis indicated that the liver of OLETF rats
develops moderate fatty changes in the hepatic lobules
around the central vein (Fig. 2C).

We also looked for differences between diabetic OLETF
and normal LETO rats in the expression of genes related
to lipid synthesis and transport. We measured major lipid
synthesis related genes including - 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMGCR), Sterol regulatory
element-binding protein 1 (SREBP1), acetyl-CoA carboxylase
1 (ACC1), stearoyl-CoA desaturase 1 (SCD1) and glycerol-
3-phosphate acyltransferase (GPAT) (Fig. 3A). Expression
of the SCD1 gene was 4.7 times higher in OLETF than
LETO rats; HMGCR was 25.5 times higher in OLETF rats
(Fig. 3A). We measured the expression of fatty acid oxida-
tion and lipid transport related genes including-uncoupling
proteins 2 (UCP2), lipoprotein lipase (LPL), and hepatic li-
pase (HL). Expression of the HL gene was 4.6 times higher
in OLETF than LETO rats (Fig. 3B). These results are con-
sistent with the idea that lipid synthesis is up-regulated
and that lipid transport to liver is increased in OLETF rats.

DISCUSSION

DM has become a global problem, and the prevalence of
the disease has increased alarmingly in all regions of the
world. Obesity is highly correlated with developing a glyce-
mic disorder. The U.S. Centers for Disease Control and
Prevention report that nearly 55% of persons with diabetes
are obese and 85% are overweight; nearly 80% of persons
with type 2 diabetes have insulin resistance, and insulin
resistance is itself highly correlated with weight gain [13,14].
Therefore, what is needed is a better understanding of the
differences between normal and diabetic conditions, and to
develop advanced diabetic agents that target the mecha-
nisms responsible for these differences.

Differential expression of glucose metabolism related genes
in our study indicates that gluconeogenesis is down-regu-
lated and glycolysis is up-regulated in diabetic OLETF rats.
Regarding genes associated with gluconeogenesis, PEPCK
showed a tendency towards a decrease while FBPase and
G6Pase were significantly decreased (Fig. 1). FBPase is an
enzyme in the liver that converts fructose-1,6-bisphosphate
to fructose 6-phosphate in gluconeogenesis. G6Pase is an
enzyme that hydrolyzes glucose-6-phosphate and results in
the creation of a free phosphate group and a free glucose
moiety. FBPase and G6Pase act as a final step in gluconeo-
genesis, and regulate blood glucose levels. In our study, the
down-regulation of gluconeogenesis might compensation for
the hyperglycemia. Regarding genes associated with gly-
colysis, glucokinase was not significantly different in OLETF,
while GAPDH was increased (Fig. 1). GAPDH catalyzes the
sixth step of glycolysis which breaks down glucose into smaller
carbon molecules and produces energy. The up-regulation
of glycolysis in OLEtF rats may be a compensatory attempt
to reverse the increase in plasma glucose concentration.

OLETF rats not only showed hyperglycemia but also
hyperlipidemia. Plasma TG and TC levels of OLETF rats
were significantly higher, while hepatic TG and TC showed
a tendency towards an increase. Regarding lipid synthesis
related genes, HMGCR and SCD1 were significantly in-
creased in OLETF rats. HMGCR is the rate-controlling en-
zyme of the mevalonate pathway, the metabolic pathway
that produces cholesterol and other isoprenoids. Increased

mRNA levels of HMGCR explains the high level of plasma
TC in OLETF rats. SCD1 is the rate-limiting enzyme cata-
lyzing the synthesis of monounsaturated fatty acids, and
increased synthesis of phospholipids, TG and cholesterol es-
ters [15,16]. It suggests that the increased level of SCD1
mRNA in OLETF rats is related to the high plasma concen-
trations of TG and TC. Interestingly, expression of the HL
gene was remarkably increased in OLETF rats. HL has two
functions: TG hydrolase and ligand/bridging factor for re-
ceptor-mediated lipoprotein uptake [17]. Increased level of
HL mRNA in OLETF rats is thought to play a role in lip-
oprotein uptake which would lower the high concentration
of plasma lipid in OLETF rats.

In this study, we found that glucose metabolism in dia-
betic state might be regulated to restore homeostasis, that
is, expression of genes related to glucose metabolism in dia-
betic rats might be modulated in order to lower blood glu-
cose levels. However, up-regulated expression of lipid syn-
thesis related genes in diabetic rats may exacerbate the dia-
betic condition. Therefore, we cautiously suggest that in-
hibitors of lipid synthesis related genes are good targets
for amelioration of diabetic pathologic states. These results
of differential expression of metabolic genes may be applied
to the development of therapeutic targets for diabetes
treatment.
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