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Introduction

Type 2 diabetes mellitus is characterized by a relative
defect of insulin secretion or insulin sensitivity.1 Insulin
resistance in peripheral tissue, such as adipose tissue
and skeletal muscle, decreases glucose utilization, and
insulin resistance in liver increases glucose production.2

The Goto-Kakizaki (GK) rat is a spontaneous model of
type 2 diabetes.3 We previously reported that in the
liver of the GK rat an antagonistic effect of insulin on
glucagon-induced hepatic glucose production was de-
creased using a perfused rat liver model.4

Pioglitazone, an antidiabetic agent belonging to the
thiazolidinedione class of drugs, was reported to be a
ligand for peroxisome proliferator-activated receptor
(PPAR)-γ and to lower blood glucose in insulin-
resistant obese or diabetic rodent models by improving
insulin sensitivity and by correcting dyslipidemia.5 A
few studies have reported the mechanism by which
thiazolidinedione improves insulin sensitivity on target
tissues, i.e., fat,6 muscle,7,8 and liver.9

A possible role for dietary fatty acid composition in
insulin resistance was reported. The fatty acid composi-
tion of muscle phospholipids is strongly related both to
fasting insulin levels and to insulin sensitivity.10 Some
studies reported that eicosapentaenoic acid (EPA),
polyunsaturated fatty acid, reduces plasma lipids and
improves glucose intolerance in diabetic rats.11 The
mechanism of these compounds on improvement of
insulin resistance in the liver remains unknown.

Fibrates have been used successfully to treat hyper-
lipidemia.12 The action of fibrates on lipid metabolism
is mediated by the activation of PPAR-α.13 Because
fibrate treatment stimulates hepatic fatty acid oxidation
without stimulating skeletal muscle fatty acid oxida-
tion,14 the Randle hypothesis15 would predict that an
increase in hepatic fatty acid oxidation improves pe-
ripheral glucose tolerance. Recent findings suggested
that PPAR-α activation improves insulin sensitivity in
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two different animal models of insulin resistance, obese
fa/fa Zucker rats and high-fat-fed C57BL/6 mice.16

The liver is a key regulatory organ of glucose homeo-
stasis. Blood glucose levels are maintained within a nar-
row range because the liver is able to take up glucose in
the fed state and to release it into the circulation during
starvation and exercise. Impairments in both hepatic
glucose production and uptake are characteristic of the
diabetic state.17 There has been little direct evidence
that pioglitazone, EPA, and fenofibrate improve insulin
sensitivity in the liver. The aim of this study was to
explore the effects of these antihyperlipidemic and an-
tidiabetic agents on hepatic insulin sensitivity directly
using a perfused GK rat liver.

Materials and methods

Animals

Diabetic male GK rats were obtained from our local
colony with progenitors issued from the original colony
established by Goto et al.3 Male GK rats were kept on a
12-h light : dark cycle (lights on 6 a.m. to 6 p.m.) with free
access to water and laboratory chow (MF; Oriental
Yeast, Tokyo, Japan). Male Wistar rats (Clea Japan,
Osaka, Japan) were used as nondiabetic controls of the
same genetic origin. The experimental protocol was
approved by the Animal Studies Committee of Ehime
University.

Reagents

Pioglitazone, 5-[4-[2-(5-ethyl-2-pyridyl) ethoxy]
benzyl]-2,4-thiazolidinedione, was provided by Takeda
Chemical Industries, Osaka, Japan. EPA, C 20 :5 ω-3
polyunsaturated fatty acid, was provided by Mochida
Pharmaceutical (Tokyo, Japan). Fenofibrate was ob-
tained from Kaken Pharmaceutical (Tokyo, Japan).
Some GK rats weighing about 130 g were daily treated
with oral pioglitazone (6 or 10 mg/kg body weight),
EPA (1 or 2 g/kg body weight), or fenofibrate (30mg/kg
body weight) for 2 weeks.

Liver perfusion

Liver perfusion was started between 11 a.m. and noon.
Livers were perfused in situ without recirculation in a
37°C cabinet via the portal vein using Krebs–Henseleit
bicarbonate buffer as previously reported.4 The me-
dium was equilibrated with 95% O2 and 5% CO2. The
perfusion pressure was constant at about 10 cm H2O
with a flow rate of 3.7–4.2 ml/min/g liver weight under
basal conditions. The flow rate was measured by frac-
tionating the effluent. Glucagon and insulin (Sigma, St.

Louis, MO, USA) were first dissolved in 0.1 M HCl at 10
and 100nM, respectively, and diluted into the perfusion
medium to 0.06 and 0.3nM, respectively, for infusion.
Glucagon was infused from minute 10 to minute 15, and
insulin was from minute 5 to minute 15, during the
perfusion period.

Measurement of glucose output

Blood samples during the liver perfusion were taken
from the inferior caval vein. Glucose concentration was
assayed by a colorimetric method using glucose oxidase
(Blood Sugar-GOD-PAP; Roche Diagnostics,
Mannheim, Germany).

Statistical analysis

All observations were repeated at least three times in
independent experiments and were expressed as means
� SEM. Data were analyzed using the Kruskal–Wallis
test or two-tailed analyzed using two-way analysis of
variance followed by Newman–Keul’s test for multiple
comparisons. A P � 0.05 was regarded as significant.

Results

Body and liver weights of the rats at liver perfusion

Body weight of the rats in each group was almost the
same. Liver weight in the GK rats treated with more
than 60 mg/kg fenofibrate was increased two times
heavier than that in the untreated GK rats, whereas that
in the 30 mg/kg fenofibrate-treated GK rats was slightly
heavier (Table 1). We decided the dose of administra-
tion of fenofibrate was 30 mg/kg per day.

Blood glucose concentration levels in the rats

Blood glucose levels at the time of liver perfusion were
significantly decreased in the pioglitazone-treated GK
rats compared with the untreated GK rats, whereas
those in the EPA- or fenofibrate-treated GK rats did
not differ (Table 2).

Glucose output in the GK rats

In the GK rats, infusion of 0.3 nM insulin beginning at
5 min before the onset of 0.06nM glucagon infusion did
not decrease glucose output compared with that in the
Wistar rats (Fig. 1).

Effect of pioglitazone on glucose output in the GK rats

In the 6 and 10 mg/kg pioglitazone-treated GK rats, in-
sulin infusion significantly attenuated (�30%, P � 0.05)
glucose output induced by glucagon (Fig. 2).
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Table 1. Body and liver weights of the rats in each group at liver perfusion

Body weight Liver weight Liver/body
n (g) (g) weight ratio (%)

Wistar
G 7 210 � 4a 8.6 � 0.7 4.1 � 0.2
G � I 5 215 � 6 9.1 � 0.8 4.2 � 0.1

GK
G 5 214 � 5 8.7 � 0.5 4.1 � 0.1
G � I 7 213 � 7 8.9 � 0.6 4.2 � 0.2

GK � pioglitazone 6mg/kg body weight
G 3 213 � 7 8.4 � 0.4 3.9 � 0.1
G � I 3 216 � 8 8.7 � 0.5 4.0 � 0.1

GK � pioglitazone 10mg/kg body weight
G 3 208 � 5 8.7 � 0.3 4.2 � 0.1
G � I 3 211 � 6 8.5 � 0.3 4.0 � 0.1

GK � eicosapentaenoic acid 1 g/kg body weight
G 5 212 � 5 8.6 � 0.4 4.1 � 0.1
G � I 3 207 � 5 8.7 � 0.5 4.2 � 0.1

GK � eicosapentaenoic acid 2 g/kg body weight
G 3 211 � 6 8.6 � 0.4 4.1 � 0.1
G � I 3 209 � 5 8.6 � 0.5 4.1 � 0.1

GK � fenofibrate 30 mg/kg body weight
G 4 214 � 7 11.1 � 0.8b 5.2 � 0.1b

G � I 3 211 � 5 11.0 � 0.8b 5.2 � 0.2b

G, Stimulated by glucagon during liver perfusion; G � I, stimulated by glucagon and insulin during liver perfusion; GK, Goto-Kakizaki rats
a Mean � SEM
b Significant difference from the group of untreated GK rats (P � 0.05)

Table 2. Blood glucose levels in the rats of each group before and after treatment with antihyperlipidemic agents

n Before (mg/dl) After (mg/dl)

Wistar
G 7 99 � 5a,b 102 � 5c

G � I 5 103 � 4b 100 � 5c

GK
G 5 144 � 6 141 � 8
G � I 7 142 � 7 138 � 7

GK � pioglitazone 6mg/kg body weight
G 3 146 � 7 117 � 5c

G � I 3 143 � 6 119 � 7c

GK � pioglitazone 10mg/kg body weight
G 3 143 � 5 121 � 10c

G � I 3 148 � 6 120 � 11c

GK � eicosapentaenoic acid 1 g/kg body weight
G 5 151 � 6 132 � 7
G � I 3 148 � 5 133 � 5

GK � eicosapentaenoic acid 2 g/kg body weight
G 3 149 � 6 133 � 10
G � I 3 150 � 6 135 � 7

GK � fenofibrate 30 mg/kg body weight
G 4 152 � 6 135 � 8
G � I 3 149 � 5 133 � 7

G, Stimulated by glucagon during liver perfusion; G � I, stimulated by glucagon and insulin during liver perfusion; GK, Goto-Kakizaki rats
a Mean � SEM
b,c Significant difference from the group of untreated GK rats (P � 0.05)
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Effect of EPA on glucose output in the GK rats

In the 1 and 2 g/kg EPA-treated GK rats, insulin infu-
sion significantly attenuated (�20%, P � 0.05) glucose
output stimulated by glucagon (Fig. 3).

Effect of fenofibrate on glucose output in the GK rats

The liver in the fenofibrate-treated GK rats was heavier
than that in the untreated GK rats. Histological exami-
nation revealed that in the fenofibrate-treated GK rats
the fat deposition in the hepatocytes was decreased
and the cell number of hepatocytes was increased (Fig.
4). In the fenofibrate-treated GK rats, glucose output
elicited by glucagon was significantly decreased com-
pared with the untreated GK rats. On the other hand,
insulin infusion did not affect glucose output by gluca-
gon in these rats (Fig. 5).

Discussion

The exact mechanism underlying the insulin-sensitizing
actions of thiazolidinedione remains unclarified. Using
a euglycemic glucose clamp technique, improvement in
the glucose disposal rate and reduced hepatic glucose
output were observed in obese or insulin-resistant ani-
mals18 and human subjects19 treated with thiazolidine-
dione. Enhanced glucose uptake and oxidation were
also demonstrated in isolated muscles and adipocytes
from Wistar fatty rats treated with pioglitazone.7

Thiazolidinedione stimulated glucose transport in cul-
tured muscle cells and glucose utilization in hepato-
cytes,20 when these cells were incubated with the drugs
for hours to days. It was reported that using a perfused

Fig. 1a,b. Hepatic glucose output from perfused liver. a
Wistar rats. b Goto-Kakizaki (GK) rats. Insulin (I) did not
decrease glucose output induced by glucagon (G) in GK rats
compared with that in Wistar rats

Fig. 2a,b. Effect of pioglitazone on hepatic glucose output in
6 mg/kg (a) and 10mg/kg (b) pioglitazone-treated GK rats.
In both groups of pioglitazone-treated GK rats, insulin (I)
significantly attenuated glucose output by glucagon (G)

Fig. 3a,b. Effect of eicosapentaenoic acid (EPA) on glucose
output in 1g/kg (a) and 2 g/kg (b) EPA-treated GK rats. In
both groups of EPA-treated GK rats, insulin (I) significantly
attenuated glucose output by glucagon (G)
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rat liver system, oral pioglitazone treatment for 2 weeks
decreased hepatic glucose output in high-fructose-fed
insulin-resistant rats,8 and pioglitazone in the perfusion
medium decreased glucose output dose dependently in
the nondiabetic rat.9 In the present study of the GK rats,
pioglitazone improved the decreased action of insulin in
the liver, and improved blood glucose levels.

Concerning the mechanism of the decrease of hepatic
glucose output by pioglitazone, pioglitazone may stimu-
late glycolysis or inhibit gluconeogenesis. Ikeda et al.
reported that pioglitazone improved hepatic insulin re-
sistance by enhancing glycogen synthesis and inhibiting
glycogenolysis.8 In the present study, glucose output
induced by glucagon was not significantly different
between the untreated GK rats and the pioglitazone-
treated GK rats. These results suggest pioglitazone does
not affect glycogen synthesis or glycogenolysis in the
liver. Nishimura et al.9 reported that pioglitazone inhib-
ited the gluconeogenic pathway from lactate by in-
creasing the fructose 2,6-bisphosphate, an activator of
6-phosphofructo-1-kinase, the rate-limiting enzyme in
glycolysis,21 and is an inhibitor of fructose 1,6-
bisphosphate, an enzyme operating in gluconeogen-
esis.22 It was reported that phosphoenolpyruvate
carboxykinase (PEPCK), another important regulator
in the gluconeogenesis in the liver, was increased in the
diabetic state. Hofmann et al. showed that pioglitazone
inhibited gluconeogenesis, because elevated PEPCK
activity was normalized by the treatment with
pioglitazone to diabetic rodent models.23

Dietary fish oil was reported to prevent insulin resis-
tance induced by a high-fat diet in rats and patients with
noninsulin-dependent diabetes mellitus (NIDDM).24,25

Minami et al.25 reported that in type 2 diabetic Otsuka
Long-Evans Tokushima Fatty (OLETF) rats treated
with EPA, oral glucose tolerance was improved and the
glucose disposal rate in the hyperinsulinemic euglyce-
mic glucose clamp was reduced. Mori et al.24 reported
that in the muscle of the OLETF rats treated with EPA
GLUT4 expression was elevated and glucose incorpora-
tion was improved. In the present study, blood glucose
levels were not decreased in the EPA-treated GK
rats, while glucose output stimulated by glucagon was
significantly decreased in the EPA-treated GK rats,
compared with that in the untreated GK rats. It is sug-
gested that EPA treatment for a long period improves
blood glucose levels in the GK rats.

In the liver of the OLETF rats treated with EPA,
triacylglycerols were reduced because of suppression of
the expression of pyruvate kinase, fatty acid synthase,
and S14 protein.11,26 Murata et al.27 reported exposure of
hepatoma cells to EPA caused upregulation of several
insulin-induced activities including tyrosine phosphory-
lation of insulin receptor substrate-1 (IRS-1), IRS-1-
associated phosphatidylinositol 3-kinase, and its

a

b

Fig. 4a,b. Histological changes of liver in GK rats. a Un-
treated GK rat. b 30 mg/kg fenofibrate-treated GK rats. Fat
deposition in hepatocytes was decreased in fenofibrate-
treated GK rats compared with that in untreated GK rats.
H&E, �40

Fig. 5. Effect of fenofibrate on glucose output in 30 mg/kg
fenofibrate-treated GK rats. Glucose output induced by gluca-
gon (G) was markedly decreased compared with that in un-
treated GK rats, whereas insulin (I) no longer affected glucose
output



344 B. Matsuura et al.: Effects on hepatic insulin sensitivity

downstream target Akt kinase activity, in addition to
downregulation of gluconeogenesis. These findings sug-
gest that polyunsaturated fatty acids, such as EPA, co-
ordinately regulate the expression of several enzymes
involved in carbohydrate and lipid metabolism, not only
in muscle but also in liver. It was recently reported that
EPA prevented chemically induced diabetes mellitus in
rats by enhancing the antioxidant status, such as activi-
ties of superoxide dismutase, catalase, and glutation-
S-transferase and the concentrations of vitamin E
and ceruloplasmin, and by suppressing production of
insulin-resistant cytokines, such as IL-1, IL-2, and tu-
mor necrosis factor-alpha (TNF-α).28

Fibrate is one of the PPAR-α activators. Fibrate in-
duces DNA synthesis and suppresses apoptosis in ro-
dent hepatocytes, so the liver volume of the rats treated
with fibrate is increased.29 In the present study, the liver
of the fenofibrate-treated GK rats was heavier than that
of the untreated GK rats, whereas tumor formation was
not found in the fenofibrate-treated GK rats. Recently,
it was reported that PPAR-α activator improved insulin
resistance in diabetic animals16 and humans.30 The
mechanisms of the antiinsulin-resistant effect of PPAR-
α activators were suggested to be as follows31: (1)
PPAR-α activator increases the catabolism of fatty acid
in liver, which results in decreasing systemic and local
levels of free fatty acid. PPAR-α activator relieves the
fatty acid-mediated inhibition of insulin-stimulated
oxidative and nonoxidative glucose disposal in skeletal
muscle.14 (2) PPAR-α activator reduces the triglyceride
content in skeletal muscle, which is significantly related
to insulin resistance.32 (3) PPAR-α activator decreases
the production of cytokines, such as insulin-resistant
TNF-α.33

In this study, in the fenofibrate-treated GK rats fat
deposition in the hepatocytes was decreased, whereas
blood glucose levels were not significantly changed
compared with the untreated GK rats. Gustafson et al.34

reported that fibrate did not improve glucose tolerance
by improving hepatic glucose or glycogen metabolism.
They reported that in the fibrate-treated high-fat-
feeding rats, the activities of glycogen synthase (a � b),
glycogen phosphorylase (a � b), pyruvate kinase, and
glucokinase were reduced and the activity of glucose 6-
phosphatase was unchanged. They also reported that
the glycogen contents in the liver of fibrate-treated
high-fat-feeding rats were decreased at the level of
about 60% compared with control rats. The present
findings have demonstrated the glycogen content in the
liver of the fenofibrate-treated GK rats might be de-
creased according to glucose output by glucagon stimu-
lation. A possible explanation for the effect of fibrates
to improve glucose tolerance may be that an increase in
hepatic mitochondrial fatty acid oxidation drains free
fatty acids from the circulation and decreases the com-

petition between glucose and fatty acids for oxidation in
the peripheries.
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