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Troglitazone corrects metabolic changes but not vascular dysfunction in
dietary-obese rats
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Abstract

Insulin resistance has been attributed to the defect in vascular function associated with obesity, type 2 diabetes and dyslipidaemia. We
have investigated vascular effects of chronic (3-week) administration of troglitazone on female Wistar rats with moderate dietary obesity.
Compared with lean controls, untreated obese rats had significantly higher body weights, fat pad masses, plasma triglycerides, free fatty
acids and leptin levels (for al P < 0.01). These metabolic changes were corrected by troglitazone treatment. In mesenteric arteries,
responses to noradrenaline or KCl were similar in al groups. However, in noradrenaline-preconstricted arteries, vasorelaxations to
acetylcholine and insulin were significantly (50—60% less than in lean, P < 0.001) attenuated in both untreated and troglitazone-treated
obese rats. Relaxations to sodium nitroprusside showed similar but lesser impairment in both untreated and troglitazone-treated obese
animals. Our data show that although troglitazone markedly improved obesity-induced metabolic changes, it failed to correct vascular
dysfunction associated with obesity in female Wistar rats. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The clustering of insulin resistance, abnormal glucose
tolerance, abdominal obesity, dyslipidaemia and arterial
hypertension known as the metabolic syndrome (syndrome
X) (Reaven, 1988) is associated with substantially in-
creased risk of cardiovascular disease, related to both
hypertension and atherogenesis. Insulin resistance has been
suggested to be the primary abnormality in syndrome X,
but the mechanisms linking this with cardiovascular disor-
ders are not fully understood, athough direct effects of
insulin on vascular smooth muscle proliferation (Capron et
al., 1986), indirect effects via activation of the sympathetic
nervous system (Anderson et al., 1991) and resistance to
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vasodilator effects of insulin (Laakso et a., 1992) have all
been implicated.

The endothelium plays an important role in the regula
tion of vascular tone (Moncada et a., 1976; Abrams, 1997)
by producing various vasoactive mediators which include
nitric oxide (NO) and endothelin, both of which act on the
underlying vascular smooth muscle to modulate arterial
contractility (Mombouli and Vanhoutte, 1999). Endothelial
dysfunction has been identified in severa conditions that
are associated with abnormal vascular reactivity and/or
atherogenesis (Pinkney et d., 1997; Shimokawa, 1999). In
particular, impaired NO-mediated vasorelaxation has been
demonstrated in obesity, type 2 diabetes and hypertension
(Creager et a., 1990; McVeigh et al., 1992; Steinberg et
al., 1996, Watts et al., 1996) with the most striking
abnormality being attenuation of acetylcholine-induced
vasodilatation. Impaired endothelium-mediated vasorel ax-
ation, which could contribute to hypertension, has been
found in subjects at high risk of atherogenesis before
detectable atheromatous lesions develop (Shimokawa,
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1999; Boulanger, 1999). This is therefore regarded as a
robust marker and predictor of atheroma formation and
ultimately of coronary and peripheral arterial disease.

Abnormal vascular responses have previously been de-
scribed in various animal models of obesity and insulin
resistance, notably the fatty ( fa/fa) Zucke (Walker et al.,
1997), Zucker Diabetic Fatty (ZDF) and cp/cp rats (Rus-
sell et al., 1998). These animal models are all characterised
by a primary defect in the leptin receptor, resulting in
hyperphagia, reduced energy expenditure and ultimately
obesity and severe insulin resistance. Reported vascular
defects in these models include marked attenuation of
vasorelaxation to acetylcholine and insulin, and their pres-
ence in these models has been interpreted as further evi-
dence that insulin resistance causes the endothelial vascu-
lar dysfunction of syndrome X (Walker et da., 1997,
Russell et al., 1998; O'Brien et al., 1998).

Thiazolidinediones, such as troglitazone, are effective
agents in the management of type 2 diabetes mellitus.
They bind to the nuclear peroxisome proliferator-activated
receptor-y (PPAR-y), and consequent improvements in
insulin resistance and glucose metabolism are principaly
attributed to decreased free fatty acid concentrations
(Lefebvre et al., 1997; Murakami et al., 1998). They
improve metabolic abnormalities in animal models of in-
sulin resistance and type 2 diabetes (Fujiwara et al., 1988;
Shimabukuro et al., 1998; Pickavance et al., 1999) and in
humans with type 2 diabetes (Suter et al., 1992; Nolan et
al., 1994; Kumar et a., 1996). Recent studies have sug-
gested that thiazolidinediones may also have independent
beneficial effects on the vasculature. They have been
reported to lower blood pressure in hypertensive fatty
Zucker rats (Yoshioka et al., 1993), obese diabetic rats
(Yoshimoto et al., 1997) and diet-induced hypertensive
rats (Buchanan et al., 1995). The mechanisms by which the
blood pressure falls is not fully understood but may in-
clude induction of vasorelaxation (Buchanan et al., 1995;
Walker et al., 1998; Kawasaki et al., 1998) and a reduction
in peripheral vascular resistance (Ghazzi et a., 1997).
Furthermore, recent work has identified PPAR-y receptors
in vascular cells (Lijima et al., 1998; Kato et al., 1999);
thiazolidinediones could affect vascular tone by influenc-
ing the production or release of vasoactive endothelial
products such as nitric oxide (NO). Other possibilities
include direct interaction with calcium channels (Walker et
al., 1998; Nakamura et al., 1998) to inhibit contraction;
improving endothelial function (Ghazzi et al., 1997), thus
potentiating vasorelaxation or by simply improving
metabolic changes in patients with type 2 diabetes (Okuno
et a., 1997), thereby potentiating vasodilatation.

This study was designed to evaluate vascular effects of
chronic administration of troglitazone in dietary obese
female Wistar rats. We studied resistance arteries because
these vessels represent endothelial function throughout the
vasculature and are believed to be involved in determining
the increase in peripheral resistance that leads to the

development of hypertension (Christensen and Mulvany,
1993).

2. Materials and methods
2.1. Animals

Adult female Wistar rats (n= 15) were randomly di-
vided into a control group maintained on ordinary chow
diet (n=5, 176 + 3 g) and a test group (n= 10, 171+ 5
0), which was fed a highly palatable diet for 11 weeks.

All animals had free access to water and housed in
groups of 2 or 3 under controlled environmental conditions
(19-22°C; 30—40% humidity) and a 12 h light /dark cycle
(lights on at 07:00 h). Lean controls were fed a standard
laboratory pelleted diet (CRM Biosure, Cambridge, UK),
while test groups had free access to a highly palatable,
high-energy diet consisting of 33% (by weight) ground
pellet diet, 33% Nestle condensed milk, 7% sucrose and
27% water. After 8 weeks, half of the test group was given
troglitazone (300 mg~! kg~ ! day ') and the remainder
were given vehicle (1% carboxymethyl cellulose at 1
ml /kg body weight; Sigma, Pool, Dorset, UK) was given
by gavage daily for 3 weeks, before being killed. We have
used female animals because troglitazone has greater
bioavailibity in female rats than their male counterparts
(Kawai et a., 1997).

The rats were killed by CO, inhalation, and the gonadal
and perirenal fat masses and the gastrocnemius muscle
dissected and weighed. Blood was removed by cardiac
puncture into cold heparinized tubes. The plasma was
immediately separated by centrifugation before being
frozen at —40°C for later measurements of blood analytes
(glucose, insulin, leptin, free fatty acids and triglycerides).
Plasma glucose concentration was determined using a glu-
cose oxidase method, and free fatty acids and triglyceride
concentrations were measured using commercial diagnos-
tic kits (Boehringer-Mannheim, Milton Keynes, Bucks and
Sigma Diagnostics, Poole, Dorset, UK). Insulin and leptin
concentrations were measured by radioimmunoassay (RIA)
kits (Pharmacia/Upjohn Diagnostics, Lewes, Sussex and
Linco Research, Biogenesis, Poole, Dorset, UK, respec-
tively).

2.2. Assessment of vascular function

Eight third-order mesenteric arteries (180-220 wm di-
ameter, 2 mm lengths) were carefully dissected from each
animal. Each artery was freed of fat and connective tissue
and mounted on two 40-pum diameter stainless-steel wires
in an automated myograph (Cambustion, Cambridge, UK),
based on the principle of the Mulvany myograph which
measures isometric tension generated in response to vari-
ous stimuli. The vessels (in duplicate) were incubated in a
5-ml organ bath containing physiological salt solution
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(PSS; composition [in mM]: NaCl 119, KCI 4.7, CaCl,
25, MgSO, 1.17, NaHCO, 25, KH,PO, 1.18, EDTA
0.026 and glucose 5.5) gassed with 95% O, and 5% CO,
at 37°C.

After 30 min of equilibration, the length-tension charac-
teristics for each vessel were determined and set to its
normalised diameter, as previously described (Naderali et
al., 2000). The computer calculated the target tension that
each vessel should develop in response to a maximal
stimulus. Arteries were allowed a further 30 min to equili-
brate before being depolarized twice with high-potassium
physiological salt solution (KPSS, 125 mM) in which
NaCl in normal PSS was replaced by an equimolar concen-
tration of KCI. Cumulative concentration—response curves
to either KCl (10-125 mM) or noradrenaline (0.5-6 w.M)
were then carried out. Any vessel failing to reach its
predetermined target tension in response to vasoconstric-
tion with KCI (125 mM) was discarded.

2.3. Assessment of defect in vascular relaxation

To characterize defects in NO and endothelia function,
we measured relaxation induced in noradrenaline-
preconstricted arteries following exposure to endothelium-
dependent (acetylcholine and insulin) and endothelium-in-
dependent vasodilator (sodium-nitroprusside). Arteries
were contracted with a supramaximal concentration of
noradrendine (8 wM). When contraction reached a plateau
after 2 min, concentration—response curves were carried
out to either acetylcholine, sodium nitroprusside (for all
both, 10 nM-100 wM) or insulin (50-2500 mU /1), in
random order.

Table 1

2.4. Reagents

Noradrenaline, acetylcholine and sodium nitroprusside
were al obtained from Sigma (Poole, Dorset, UK) and
human insulin (Humulin-S; 100 U/ml) from Eli Lilly
(Indianapoalis, IN, USA). The working concentrations of
insulin preservative (glycerine and m-cresol) following
dilution of standard 100 U/ml insulin solution have no
detectable vasoactivity in this system (Walker et al., 1997).

2.5. Data interpretation and statistical analyses

Vasocongtriction in response to KCl and noradrenaline
was expressed as absolute force generated. Relaxation in
response to acetylcholine, sodium nitroprusside or insulin
was calculated as the percentage reduction from the maxi-
mal tension generated in response to the supramaximal
concentration of noradrenaline (8 wM).

Data are expressed as mean + S.E.M. Statistical signifi-
cance was tested using repeated-measures analysis of vari-
ance (ANOVA) or the Mann—Whitney test, as appropriate,
using the statistical package, Arcus Pro-stat (Version 3.23;
lain Buchan, Liverpool, UK). Results were considered
statistically significant at the P < 0.05 level.

2.6. Homeostasis model assessment

Homeostasis Model Assessment, which employs mea-
sures of fasting plasma concentrations of glucose and
insulin, was used to assess insulin resistance as described
by Matthews et al., (1985).

Physiological and metabolic characteristics of chow-fed and highly palatable cafeteria diet rats. Data are mean + S.E.M.

Chow-fed Obese untreated Obese + troglitazone
Body weight (g)
- Initial 176 + 3 172+ 7 -
- Before dosing (g) 241+ 10 278 + 26° 273 + 24°
- Final 250 + 6 309+ 172 274+ 7°
+ Gained 74+ 4 140 + 192 103 + 14°¢
Gonadal fat-pad mass (g) 0.76 + 0.05 1.72 + 0.322 0.77 + 0.22°¢
Perirenal fat-pad mass (g) 2.20 + 0.08 450 + 0.75% 2.06 £ 0.44°
Gastrocnemius muscle mass (g) 1.60 + 0.06 1.77 + 0.07 1.63 + 0.03
Fat/lean ratio 1.85+ 0.07 347 + 0472 171+ 0.37°
Heart weight (g) 0.97 + 0.08 1.01 4+ 0.03 1.28 + 0.02°¢
Plasma glucose (mM) 7.96 + 0.35 7.71+ 0.80 7.33 + 0.29%¢
Plasmainsulin (nU,/ml) 12.69 + 2.39 13.92 +1.73 9.45 + 0.54°°
Homeostasis Model Assessment Index 4.41 + 0.65 487 +1.03 3.08 + 0.19¢
Plasma leptin (ng,/ml) 5.97 + 0.60 10.98 + 0.30? 5.74 + 1.07°¢
Plasma triglycerides (mM) 0.23 + 0.06 0.55 + 0.13? 0.18 + 0.02°¢
Plasma free fatty acids (mM) 0.33 + 0.05 0.40 £+ 0.03% 0.17 + 0.04°¢

#0bese untreated vs. chow-fed.
®Obese + troglitazone vs. chow-fed.
“Obese + troglitazone vs. obese untreated.
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3. Results
3.1. Body weight and metabolic data

Rats given the highly palatable diet progressively gained
more weight than the chow-fed controls and were 15%
heavier immediately before the 3-week treatment period.
During treatment, the rate of weight gain was attenuated in
troglitazone-treated rats, but these remained significantly
obese when compared with chow-fed controls (Table 1).

3.2. Effects of dietary obesity

The gonadal and perirena fat pad masses weighed
110% more (P < 0.001) in untreated obese than the chow-
fed controls, while gastrocnemius muscle weight was com-
parable (Table 1). As a result, untreated obese rats had a
significantly (P < 0.001) higher fat/lean ratio than the
chow-fed groups (Table 1). There were no significant
changes in heart weight between untreated obese and
chow-fed rats.

Terminal plasma free fatty acid (P < 0.05) and triglyc-
eride (P <0.001), but not insulin, glucose and leptin
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Fig. 1. Effects of (A) KCl (10-125 mM) and (B) noradrenaline (0.5-6
wM) on arteries from untreated, troglitazone-treated dietary-obese and

lean control animals. Data represent mean+ S.E.M. The concentration—
response curves for the all three groups did not differ significantly.
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Fig. 2. Relaxation curves for acetylcholine on arteries from lean control
and dietary-obese rats. Arteries were precontracted with 8 wM noradrena-
line. When contraction reached a plateau after 2 min, concentration—re-
sponse curves to acetylcholine was carried out. Data represent mean+
S.E.M. The concentration—response curves for the chow-fed and dietary-
obese (both untreated and troglitazone-treated) groups differ significantly
(by ANOVA, P < 0.001), however, there was no significant difference
between ACh-induced vasorelaxation of arteries from untreated and
troglitazone-treated dietary-obese rats.

levels and Homeostasis Model Assessment index, were
significantly higher in dietary-obese than in control ani-
mals (Table 1).

3.3. Effects of troglitazone in dietary obesity

Troglitazone reversed all the metabolic changes induced
by the palatable diet. In troglitazone-animals gonadal and
perirenal fat pad masses, fat/lean ratio, and leptin levels
were similar to those of chow-fed animals and were signif-
icantly (P < 0.01) lower than untreated obese rats. In fact,
troglitazone-treated animals had significantly (P < 0.05)
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Fig. 3. Relaxation curves for sodium nitroprusside on arteries from lean
control and dietary-obese rats. Arteries were precontracted with 8 wM
noradrenaline. When contraction reached a plateau after 2 min, concentra-
tion—response curves to sodium nitroprusside was carried out. Data
represent mean+ S.E.M. The concentration—response curves for the
chow-fed and dietary-obese (both untreated and troglitazone-treated)
groups differ significantly (by ANOVA, P <0.001). There was no
significant difference between SNP-induced vasorelaxation of arteries
from untreated and troglitazone-treated dietary-obese rats.
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lower plasma glucose, insulin, triglyceride, free fatty acids
levels and Homeostasis Model Assessment index than not
only untreated obese group, but also when compared with
chow-fed animals (Table 1). Troglitazone-treated animals
had significantly (P < 0.05) higher heart weight than ei-
ther untreated dietary-obese or chow-fed animals.

3.4. Vascular responses

There were no significant differences in vessel diameter
between the untreated dietary-obese, troglitazone-treated
dietary-obese and chow-fed animals (230 + 10, 228 + 5
and 227 + 7 pm), respectively.

3.4.1. Contractile responses

The contractile responses of vessels from chow-fed,
untreated dietary-obese and troglitazone-treated dietary-
obese animals to increasing concentrations of KCI (10-125
mM) and noradrenaline (0.5-6 wM) displayed the charac-
teristic sigmoid relationship with no significant differences
between the three groups either overall (by ANOVA) or at
any single concentration (Fig. 1).

3.4.2. Endothelium-dependent relaxation

Arteries from chow-fed rats that were pre-contracted
with noradrenaline (8 wM) demonstrated progressive re-
laxation to cumulative additions of acetylcholine (10 nM—
100 wM), achieving a maximum of 83 + 5% relaxation at
an acetylcholine concentration of 100 .M (Fig. 2). Arter-
ies from untreated obese or troglitazone-treated obese rats
that were similarly exposed to acetylcholine displayed
marked impairment of the relaxation responses, with a
significant 50% reduction (P < 0.001) in maximum relax-
ation and a significant rightward shift compared with
vessels from chow-fed rats (Fig. 2).
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Fig. 4. Relaxation curves for insulin on arteries from lean control and
dietary-obese rats. Arteries were precontracted with 8 M noradrenaline.
When contraction reached a plateau after 2 min, concentration—response
curves to insulin was carried out. Data represent mean+S.E.M. The
concentration—response for the chow-fed and dietary-obese (both un-
treated and troglitazone-treated) groups differ significantly (by ANOVA,
P < 0.001). There was no significant difference between insulin-induced
vasorelaxation of arteries from untreated and troglitazone-treated dietary-
obese rats.

Sodium nitroprusside had similar effects to those of
acetylcholine. Maximum relaxation of arteries from chow-
fed rats was 814+ 3% at 100 wM sodium nitroprusside
(Fig. 3), and the relaxation responses of arteries from
dietary-obese rats (both troglitazone-treated and untreated
animals) again displayed a significant (P < 0.001) right-
and downward shift with up to 25% reduction in maximum
relaxation (Fig. 3).

3.4.3. Insulin responses

Insulin induced a concentration-dependent relaxation of
vessels from chow-fed rats. There was a significant (60%,
P < 0.001) loss of insulin-induced vasorel axation on arter-
ies from dietary-obese (both troglitazone-treated and un-
treated) rats compared with their chow-fed counterparts
(Fig. 4).

4, Discussion

In this study, the highly palatable diet induced obesity
with striking increases in fat pad masses, plasma free fatty
acids, triglycerides, and leptin levels. These metabolic
changes resemble those seen in human obesity (Suter et
a., 1992; Carey et a., 1997; Tack et al., 1998). These
diet-induced metabolic abnormalities were corrected by
troglitazone, although the modest effect on the attenuation
of weight gain with troglitazone seen in this study might
be attributed to additional effect of high volume of the
administered compound. Such observations have aso been
reported in genetically obese animals such as Zucker rats
(Murakami et a., 1998; Suter et a., 1992; Kumar et al.,
1996; Tack et a., 1998; Cominacini et al., 1998). How-
ever, it is notable that these dietary obese animals were not
insulin-resistant, at least with respect to glucose
metabolism, as their fasting glucose and insulin and Home-
ostasis Model Assessment index were similar to chow-fed
controls, although troglitazone did result in improved in-
sulin sensitivity. This is consistent with our previous ob-
servations in this model after a similar period on the diet in
male rats (Pickavance et al., 1999), and with a eugly-
caemic clamp study (unpublished observations).

Insulin resistance is associated with a decreased va-
sodilator response to insulin (Laskso et al., 1990, 1992;
Feldman and Bierbrier, 1993). Because vasodilator effects
of insulin is NO-dependent (Walker et al., 1997; Steinberg
et a., 1994), thus this impairment may reflect endothelial
dysfunction. Therefore, troglitazone, an insulin-sensitiser,
might be expected to improve insulin-dependent and /or
endothelium-dependent vascular function if insulin resis-
tance is present. Indeed, anima studies have shown im-
provement of skin blood flow in diabetic rat (Fujiwara et
al., 1988), attenuation of induced contraction in porcine
coronary (Kawasaki et a., 1998) and rat tail (Song et d.,
1997) arteries.
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In agreement with our previous findings (Naderali et al.,
1999), dietary-induced obesity had no significant effects
on vascular contractility, as vasoconstriction induced by
KCl and noradrenaline was similar in magnitude and pat-
tern in both chow-fed and dietary-obese groups. Moreover,
3-week treatment of dietary-obese animals with troglita-
zone did not alter vascular contractility, supporting previ-
ous observations made in lean and obese Zucker rats
(Walker et a., 1997) and in patients with type 2 diabetes
(Lind et al., 1995), suggesting that insulin does not have a
role in regulating vascular contractility. In contrast, acetyl-
choline- and insulin-induced vasorelaxation was attenuated
in arteries from dietary-obese animals, indicating impair-
ment of endothelia function. Attenuation of insulin-in-
duced, as well as acetylcholine-induced, vasorelaxation
seen in our study indicate that endothelial dysfunction
induced by dietary-obesity is not corrected by chronic
administration of troglitazone. Moreover, in agreement
with some animal and human studies (Creager et al., 1990;
Watts et a., 1996; Williams et al., 1996), sodium nitro-
prusside-induced vasorelaxation was also reduced in di-
etary-obese animals compared to chow-fed controls, indi-
cating impairment of NO-generation by vascular smooth
muscle cells. This finding suggests that troglitazone had
also no effect on smooth muscle-dependent NO generation.

In conclusion, these data indicate that the vascular
defects in endothelium and vascular smooth muscle that
are present in dietary-obesity are not corrected by troglita-
zone. Thisisin spite of troglitazone's ability to correct the
obesity-induced metabolic changes, and improve insulin
sensitivity, even though insulin resistance was not apparent
in untreated dietary obese animals. One explanation for
this is that the vascular defect in dietary-obesity is not
directly due to insulin resistance, suggesting that other
mechanisms are involved; alternatively, after 8 weeks of
feeding animals with a highly palatable diet, damage to
vascular and endothelial function may have become estab-
lished to the extent that 3 weeks of troglitazone treatment
was insufficient to reverse the abnormalities present.
Moreover, we cannhot exclude possible detrimental effects
of fatty acid composition of diet itself. Although troglita-
zone reduced plasma free fatty acids, this might not have
affected all fatty acids.
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