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Abstract

The effects of gemfibrozil treatment on plasma lipids, lipid peroxides and vascular reactivity of aorta

were investigated in diabetic rats. Rats were divided randomly into two groups: control and diabetic.

Diabetes was induced by a single intraperitoneal injection of streptozotocin (45 mg kg¡1). Twelve

weeks after the induction of diabetes, some of the control and diabetic rats were started treatment

with gemfibrozil (100mg kg¡1 daily; gavage) for 2 weeks. Blood glucose, plasma triglyceride, cho-

lesterol, low-density lipoprotein (LDL) cholesterol and thiobarbituric acid reactive substances

(TBARS) levels were markedly increased and gemfibrozil treatment restored these parameters in

diabetic rats. However high-density lipoprotein (HDL) cholesterol levels did not differ in all experi-

mental groups. In diabetic rats, the endothelium-dependent relaxations to acetylcholine were

decreased when compared with control rats. Gemfibrozil treatment restored the endothelium-

dependent responses to acetylcholine in diabetic rats. The endothelium-independent relaxation

responses to sodium nitroprusside were not altered in all groups. These findings suggest that

gemfibrozil treatment has beneficial effects against cardiovascular and metabolic complications of

diabetes via its hypolipidaemic and antioxidant properties.

Introduction

Vascular diseases are well recognized complications in diabetes mellitus (Colwell et al
1979; Regan 1983). Reduced endothelium-dependent relaxation in patients with type I
and type II diabetes is mentioned in several studies (McVeigh et al 1992; Johnstone et al
1993). Similar observations have been documented in a variety of blood vessels in
experimental diabetes mellitus, suggesting that this abnormality is not unique to man
(Taylor et al 1992, 1995; Pieper et al 1996). It is generally associated with reduction in
nitric oxide (NO) bioavailability, and increased expression of cytoadhesive molecules
and components involved in thrombosis and fibrinolysis (Pieper et al 1996; Hwang et al
1997; Abe et al 1998). Factors for reducing NO bioavailability are unknown. Several
mechanisms have been proposed, among which is the suggestion that oxidative stress
and dyslipidaemia could play a vital role (Wolf 1993; Tribe & Poston 1996).
Hyperglycaemia induced oxidative stress by glucose auto-oxidation, non-enzymatic
protein glycation, and dyslipidaemia also caused an augmentation in lipid peroxida-
tion by increasing the susceptibility of lipoproteins to oxidation (Baynes 1991).
Increased plasma lipids and lipid peroxides, oxidative modifications of lipoproteins
and altered antioxidant enzyme activity are markers of oxidative stress (Kakkar et al
1995). Oxidative modification of both lipoproteins, especially low-density lipoprotein
(LDL), and other free radicals, such as hydroxyl radicals and superoxide anions, is
responsible for reduction in the expression of endothelial NO synthesis and impair-
ment of endothelium-dependent relaxation in arteries (Liao et al 1995). Recent reports
have shown that treatment of dyslipidaemia with hypolipidaemic drugs restores both
oxidative stress markers and improves endothelial function in cardiovascular disease
with or without diabetes (Keaney et al 1995; Kamata et al 1996a, b).

Although gemfibrozil and other fibric acid derivates have been used in clinical
practice for over 4 decades as cholesterol-lowering therapy (Frick et al 1987), their
mechanism is not clearly clarified. Recently, a clinical trial clearly demonstrated that
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fibrates reduced the incidence of death from cardiovascu-
lar disease (Rubins 1998). Reasons for reduction in these
diseases could not only be associated with their reducing
effect on the concentration of plasma lipids but may also
be the result of improved vasomotor function, a reduction
in inflammation, oxidative changes and some beneficial
alterations in the metabolism of lipoproteins (Vamecq &
Latruffe 1999; Schiffrin 2003).

Only a few studies have indicated the improvement of
endothelial function by a fibrate. The effect of gemfibrozil
on endothelial function in the experimentally-induced dia-
betic aorta has not been investigated (Evans 2000; Malik
2001). Therefore, in this study, we investigated the effects
of gemfibrozil on endothelium-dependent relaxation of
diabetic aorta and evaluated whether there was a relation-
ship between the restorative effect on lipid metabolism
and the vascular reactivity of gemfibrozil.

Materials and Methods

Drugs

All chemicals used in experiments were purchased from
Sigma Chemical Co. (St Louis, MO).

Experimental protocols

Wistar albino male rats, 200±250 g, were used and were
randomly divided into two groups: control and diabetic.
Diabetes was induced by a single injection of streptozoto-
cin (STZ; 45 mg kg¡1, i.p.). Three days after the injection,
development of diabetes was confirmed by measuring
blood glucose levels from the tail vein. Rats with blood
glucose levels of ¶250 mg dL¡1 were considered to be
diabetic. At 12 weeks after the STZ injection, both groups
were divided as untreated and treated with gemfibrozil
(100 mg kg¡1 daily; gavage in carboxymethylcellulose)
for 14 days (Haubenwallner et al 1995). During the experi-
mental period (14 weeks), the rats had free access to food
and water. The Animal Care Ethics Committee of Ankara
University approved the study.

Blood analysis

Blood samples were taken from the rats by cardiac punc-
ture and plasma was obtained for determination of lipids
and thiobarbituric acid reactive substance (TBARS) and
stored at ¡70 ¯C until assayed. Blood glucose concen-
tration was measured by an Accutrend Glucometer
(Boehringer, Manheim, Germany). Plasma triglyceride,
total cholesterol and HDL cholesterol concentrations were
measured with an automatic analyser by using a com-
mercially available enzyme kit (Wako, Osaka, Japan).
LDL cholesterol concentrations were calculated accord-
ing to the Friedewald’s formula. Plasma TBARS levels
were measured according to the method of Yagi (1987).

Vascular studies

The thoracic aorta was excised, rapidly placed in cold
physiological solution (PSS), carefully cleaned from excess
connective tissue and cut into transverse rings of approxi-
mately 3±4 mm length each. The rings were suspended
horizontally between stainless hooks in 10-mL organ
baths, filled with PSS of the following composition (in
mM): NaCl 118.0; KCl 7.4; CaCl2 2H2O 2.5; KH2PO4

1.2; MgSO4 7H2O 1.2; NaHCO3 25 and glucose 10.0.
The PSS was aerated with 95% O2±5% CO2 at 37 ¯C.
Each ring was connected to a force displacement transdu-
cer (Grass). Changes in isometric tension were recorded
on a data acquisition system equilibrated for 60 min under
a resting tension of 2 g (Mikroelektrik Ltd, Ankara,
Turkey). During this period, the bath solution was
replaced every 10 min. At the end of the equilibration
period, concentration±response curves to cumulative con-
centrations of phenylephrine were performed on each
ring. After reaching plateau, each ring was serially washed
to baseline and equilibrated. Rings were contracted with a
submaximal concentration of phenylephrine, which pro-
duced approximately 80% of the maximum response. This
concentration was usually 1 ·M but was occasionally var-
ied between 10¡6 and 3 £ 10¡6

M to obtain equieffective
agonist activity. After reaching plateau of contraction,
both cumulative concentration±response curves to acetyl-
choline (10¡8 to 10¡5

M) and then sodium nitroprusside
(10¡10 to 10¡7

M) were obtained to evaluate endothelium-
dependent and -independent relaxation, respectively.

Data and statistical analysis

Relaxation responses to acetylcholine and sodium nitro-
prusside were expressed as a percentage of the maximum
contractile response to phenylephrine. The sensitivity to
the agonists was evaluated as the pD2 (¡log EC50) value.
Results are expressed as the mean § s.e.m. They were first
subjected to Bartlett’s test for homogeneity of variances
and were given a log transformation if necessary. One-way
analysis of variance was then performed, followed by the
Student±Newman±Keul’s test to estimate the significance
of differences for individual between-group comparisons.
Results were considered significantly different if P < 0.05.

Results

Metabolic parameters

Blood glucose, plasma triglyceride, total and LDL choles-
terol levels of diabetic rats were significantly increased
compared with controls, although HDL cholesterol levels
were unchanged in all experimental groups. Plasma trigly-
ceride, cholesterol and LDL cholesterol levels of diabetic
groups were reduced by treatment with gemfibrozil.
Gemfibrozil treatment did not affect the severity of hyper-
glycaemia in diabetic rats (Table 1). Induction of diabetes
caused a marked augmentation of lipid peroxidation and
gemfibrozil treatment normalized plasma TBARS levels
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(Table 1). There was no difference in this parameter
between control and gemfibrozil-treated control groups
(Table 1).

Vascular studies

Acetylcholine and sodium nitroprusside resulted in con-
centration-dependent relaxation in all aorta rings pre-con-
tracted with phenylephrine. The acetylcholine-induced
relaxation was significantly decreased in diabetic rats
compared with control rats. Gemfibrozil treatment
partially restored the defective endothelium-dependent
relaxation of diabetic aorta rings. The endothelium-
independent vasodilatation induced by the sodium nitro-
prusside relaxation did not significantly differ between
experimental groups. Concentration±response curves for
both acetylcholine and sodium nitroprusside are repre-
sented in Figure 1. On the other hand, the sensitivity of
aorta from all experimental groups to acetylcholine and
sodium nitroprusside was unchanged (Table 2).

Discussion

This study indicates that gemfibrozil treatment of diabetic
rats restores the diabetes-induced impaired endothelium-
dependent relaxation. Furthermore, it reduced the
increased plasma lipids, lipoproteins and lipid peroxida-
tion although it did not have any effect on high blood
glucose levels in diabetic rats.

As in this study, it has been shown that diabetes is
associated with an increase in plasma cholesterol, LDL
cholesterol and triglyceride levels (Kobayashi & Kamata
1999; Kobayashi et al 2000). In addition, the formation of
TBARS was markedly increased in the plasma of diabetic
rats. The high plasma TBARS levels confirmed the pre-
vious studies and there was evidence of increased oxida-
tive stress (Kubow et al 1996; CË inar 2001).

Our findings showed that there was a reduction in
endothelium-dependent relaxation to acetylcholine but
there was no alteration seen in its sensitivity in the diabetic
rats, similar to the results of several studies (Keaney et al
1995; Kamata et al 1996a, b). This indicates that the

mechanisms of diabetes-induced decrease in endothe-
lium-dependent relaxation do not occur at the receptor
level, but maybe there is a link with post-receptor events.
There are several possible mechanisms that were postu-
lated for the attenuation of endothelium-dependent
relaxation that was seen in diabetes. Reduction of the
bioavailability of nitric oxide (NO) could be a major
factor in the attenuation in endothelium-dependent
relaxation to acetylcholine in diabetic vessels. NO is an
important substance for free radicals, especially superox-
ide radicals produced from a variety of sources, which can
react with NO and produce peroxynitrite, nitrite and
nitrate, which are less potent vasodilators. These radicals
could reduce endothelium-dependent relaxation in dia-
betic rat aorta. Peroxynitrite also breaks down to produce
highly reactive hydroxyl radicals (Gryglewski et al 1986;
MuÈ gge et al 1991; Beckman et al 1994). Lipid peroxidation
is a potential source of hydroxyl radicals. Lipoproteins,
especially LDL, are increased, the lipid content undergoes
oxidation by peroxidation chain reactions and then can
cause endothelial damage in diabetes (Beckman et al 1990;
Baynes & Thorpe 1999). Furthermore, the response of
endothelium-independent relaxation and the sensitivity
to sodium nitroprusside was similar in all groups. This
indicates that the activity of soluble guanylate cyclase in
smooth muscle of aorta was not altered in diabetic rats
(OÈ zcË elikay et al 2000).

We found that gemfibrozil did not have any effect on
blood glucose in diabetic rats and these findings are in
agreement with those of previous studies (Shen et al 1991;
Fashing et al 1996). As expected, gemfibrozil treatment
decreased plasma lipid levels ± this result is similiar to
the lipid-reducing effect of gemfibrozil on experimental
and clinical diabetic status (Schonfeld 1994; Fashing et al
1996; Wiklund et al 1996). Gemfibrozil is a peroxisome
proliferator-activated receptor agonist and acts princi-
pally on nuclear receptors to increase the expression of a
variety of genes that regulate the synthesis of certain key
proteins that are integral to the metabolism of lipopro-
teins (Fruchart et al 1999; Pineda-Torra et al 2001). One of
the major effects of gemfibrozil is to reduce triglyceride
levels by increasing lipoprotein lipase expression, which
catalyses the hydrolysis and decreases apolipoprotein
C-III expression, which normally inhibits both the lipolysis

Table 1 Some characteristics of control, gemfibrozil-treated control, diabetic and gemfibrozil-treated diabetic rats.

Groups Control (n = 7) Gemfibrozil-treated

control (n = 5)

Diabetic (n = 8) Gemfibrozil-treated

diabetic (n = 9)

Blood glucose (mg dL¡1) 125§ 4 129§ 6 375§ 12* 325§ 22*

Plasma cholesterol (mg dL¡1) 63 § 4 70 § 6 135§ 6* 69 §7*

Plasma triglyceride (mg dL¡1) 84 § 6 60 § 10 291§ 30# 107§ 19$,{
Plasma LDL cholesterol (mg dL¡1) 17 § 8 15 § 9 52 § 9# 34 §10$,{
Plasma HDL cholesterol (mg dL¡1) 55 § 5 62 § 7 52 § 5 60 §4

Plasma TBARS (nmol (mg protein)¡1) 1.51§ 0.09 1.61§ 0.02 2.53§ 0.03* 1.43§ 0.04§

Data are means§ s.e.m., n, no. of rats. *P < 0.001, #P < 0.01, $P < 0.05 vs control rats; {P < 0.05, §P < 0.001 vs diabetic rats.
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of triglycerides by LPL and uptake of remnants by the
liver (Hertz & Bishara-Shieban 1995; Schoonjans et al
1995). Gemfibrozil also possibly affects HDL metabolism
(Fruchart et al 1999; Pineda-Torra et al 2001). It has been
shown that gemfibrozil increases HDL-mediated reverse
cholesterol transport in hypertriglyceridaemic patients
(Hertz & Bishara-Shieban 1995). This process, whereby

HDL removes cholesterol from arterial macrophage foam
cells to be transported to the liver, involves increased
hepatic uptake of HDL cholesterol and increased biliary
secretion and increased cholesterol excretion (Leiss et al
1985; Chianale et al 1996; Chinetti et al 2001). However, in
this study we could not find any change in the HDL
cholesterol levels. It is possible that the short duration of
treatment was not suitable to observe the changes in the
HDL cholesterol levels. A 4-week treatment is a minimally
sufficient duration (Vinik & Colwell 1993). On the other
hand, it has been reported that the metabolism of HDL in
rodents is different from that in man. In rodents, gemfi-
brozil results in a considerable lowering of plasma HDL
concentration because of a marked decrease in the expres-
sion of the apoA-I and Apo-AII genes (Fruchart et al
1999; Pineda-Torra et al 2001). In addition, we found
that gemfibrozil treatment restored the plasma lipid per-
oxidation level in diabetic rats. This effect may be related
to its hypolipidaemic activity by reducing the amount of
substrate for lipid peroxidation (Yoshida et al 1998;
Ozansoy et al 2001). Furthermore, it has been shown
that there is a shift in the type of fatty acid from those
susceptible to lipid peroxidation to fatty-acid species less
subject to lipid peroxidation (Vasquez et al 1996; Aviram
et al 1998). In a previous study we showed that gemfibrozil
treatment improved catalase activity, which was increased
in diabetic aorta (Ozansoy et al 2001). Thus, the lipid-
peroxidation-reducing effect of gemfibrozil may, at least
in part, be related to it, or its metabolites, having an
antioxidant property.

This study has provided the first evidence that gemfi-
brozil restored vascular dysfunction of diabetic aorta.
This effect of gemfibrozil might be associated with the
improvement of the bioavailability of NO by reduction
of lipid peroxidation and with its antioxidant property.
An additional possible effect of gemfibrozil treatment is
its pleiotropic metabolic action in the restoration of
endothelium-dependent responses. It has been demon-
strated that gemfibrozil has a variety of anti-inflammatory
actions in the arterial wall that relate to the inhibition
of pro-inflammatory cytokines, adhesion molecules for
leucocytes and macrophage infiltration (Fujii et al 1992;
Fruchart et al 1999; Neve et al 2001).

Figure 1 Cumulative concentration±response curves to acetylcho-

line (A) and sodium nitroprusside (B) in aorta rings pre-contracted

with phenylephrine from control (C; n ˆ 7), gemfibrozil-treated con-

trol (C ‡ G; n ˆ 5), diabetic (D; n ˆ 8) and gemfibrozil-treated dia-

betic (D ‡ G; n ˆ 9) groups of rats. #P < 0.01, *P < 0.001, vs control

rats; $P < 0.01, significantly different from diabetic rats.

Table 2 pD2 values to acetylcholine and sodium nitroprusside in

aorta from control and gemfibrozil-treated rats.

Groups Acetylcholine Sodium

nitroprusside

Control (n ˆ 7) 6.76§ 0.21 8.53§ 0.06

Gemfibrozil-treated

control (n ˆ 5)

6.58§ 0.18 8.61§ 0.12

Diabetic (n ˆ 8) 6.53§ 0.25 8.55 § 0.08

Gemfibrozil-treated

diabetic (n ˆ 9)

6.85§ 0.26 8.54 § 0.23

Data are means§ s.e.m.
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This study shows that gemfibrozil treatment partially
normalized the vascular reactivity that is associated with
reduced dyslipidaemia and oxidative stress, whereas it did
not affect hyperglycaemia. The beneficial effect of gemfi-
brozil treatment on aorta of diabetic rats is due to its
antioxidant and hypolipidaemic properties and may be
directly related to treatment duration.

Conclusion

Our findings suggest that gemfibrozil is able to partly
reverse endothelial dysfunction in diabetic rats after 2
weeks’ administration. This effect is associated with a
reduction in plasma lipids and TBARS levels. These find-
ings may provide a new approach for therapy of diabetic
cardiovascular complications.
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