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state of diabetic rat heart: a comparison study
with combination treatment
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Because elevated oxidative stress may exacerbate cardiovascular complications of diabetes mellitus, the current study aimed
to investigate the effects of treatment with either vitamin A, an antioxidant, or with insulin on lipid peroxidation products
and antioxidant enzyme activities of diabetic rat heart. Also to evaluate whether a combination of vitamin A and insulin
exerts more beneficial effects than treatment with each agent alone. Rats were made diabetic with a single injection of strep-
tozotocin (STZ, 55 mg kg~ ' i.p.). Two days after STZ-injection, one group of diabetic rats was treated with vitamin A
(retinol acetate, 30 mg kg~ ' day ~ ' i.0.) for 12 weeks. A second group of diabetic rats was untreated for 6 weeks and then
treated for another 6 weeks with insulin (8—10 IU rat ~ ' day ~ ' s.c.). Both therapies were applied to another group of diabetic
rats for assessment of combined therapy with vitamin A plus insulin. Hearts from 12-week untreated diabetic animals
showed about a four-fold increase in the level of thiobarbituric acid reactive substances (TBARS), indicative of increased
lipid peroxidation. This was accompanied by approximately 100% increase in both catalase and glutathione peroxidase
(GSHPx) enzyme activities. Therapy with insulin alone caused a small but significant improvement in plasma TBARS as
well as GSHPx activities, but no significant change in plasma catalase in diabetic animals. Diabetes-induced disturbance in
TBARS was almost completely prevented by vitamin A therapy. Although, a similar degree of activities for GSHPx was
determined in diabetic animals treated with each agent alone, combination therapy was found to be more effective than
single therapies in the recovery of GSHPx of diabetic heart. In contrast to insulin single therapy, vitamin A alone signifi-
cantly prevented an increase in catalase activity of diabetic heart, and a combination of these agents did not supply any
further benefit. Superoxide dismutase (SOD) activity was not found significantly different among the experimental groups.
STZ-diabetes also resulted in less plasma retinol and retinol-binding protein (RBP), which was significantly improved by
insulin single therapy while vitamin A used alone, failed to increase plasma retinol and RBP levels of diabetic animals. Our
findings suggest that single therapy with insulin is unable to preclude oxidative reactions in diabetic heart to the same extent
as obtained by vitamin A therapy alone, in spite of allowing recovery of normal growth rate and improved vitamin A meta-
bolism in diabetic rats. A combination of insulin with vitamin A may provide more benefits than use of either agent alone in
the treatment of general characteristics of diabetes and the maintenance of antioxidant defence of diabetic heart and thus in
the reduction of peroxidative stress-induced cardiac injury. Copyright © 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Diabetes mellitus, a chronic disease resulting from
insufficiency of insulin secretion or action, is asso-
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ciated with cardiac complications such as ischaemic
heart disease. Hyperglycaemia generates abnormally
high levels of free radicals by autoxidation of glucose
and protein glycation, and oxidative stress has been
reported to be a causal factor of cardiovascular
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complications in diabetes mellitus." Diabetes also
compromises natural antioxidant defence systems,
changing antioxidant enzyme activities in tissues.”™
Previously it has been shown that antioxidants,
including coenzyme Q10, probucol, and alpha-lipoic
acid,®® have some capacity to prevent or reverse dis-
turbances in tissue antioxidant defence and cardio-
vascular abnormalities in diabetic animals.

Vitamin A is a lipid-soluble antioxidant that inhi-
bits oxidation of biomolecules and regulates endogen-
ous activities of scavenging enzymes in cigarette
smoke-induced’ or TCDD-induced oxidative stress.'”
In addition, insulin-dependent diabetes mellitus
(IDDM) or its experimental model, STZ-induced dia-
betes, is associated with an impaired metabolic avail-
ability of vitamin A.'! Abnormal metabolism of
vitamin A has been described with decreased circulat-
ing levels along with decreased carrier protein, i.e.
retinol-binding protein (RBP).'""'? On the other hand,
an insulin treatment regimen, although it results in
recovery of normal growth rates and reversal of the
typical symptoms and biochemical abnormalities of
diabetes, has been shown to be unable to completely
inhibit protein glycation, which can maintain
increased oxidative stress in diabetic tissues.'>'*
Thus, we hypothesized that vitamin A may have a
therapeutic role in the prevention of excess oxidative
stress or abnormal antioxidant defence seen in STZ-
induced diabetes, and the use of insulin and vitamin
A in combination may provide further benefits. The
object of this study was to investigate the effects of
single therapies of either vitamin A or insulin on lipid
peroxidation, and on endogenous antioxidant enzyme
activities in diabetic rat heart and to evaluate whether
treatments using a combination of vitamin A and insu-
lin are more beneficial than use of either agent alone.
To clarify vitamin A metabolism and its interaction
with diabetes, we also measured plasma levels of
retinol and RBP in experimental groups.

MATERIALS AND METHODS
Induction of diabetes and the treatment protocols

Diabetes was induced in male Wistar rats weighing
250-300 g after an overnight fast, by a single intra-
peritoneal (i.p.) injection of STZ freshly dissolved in
saline at a dose of 55 mg kg ~ ' and verified 48 h later
by measuring tail vein blood glucose; animals with a
blood glucose of less than 300 mg dl ~ ' were excluded
from the study.

Two days after injection of either STZ or vehicle,
rats were divided into the following groups: (1)
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untreated-diabetic rats (n = 10); (2) diabetic rats trea-
ted with retinol acetate (30 mg kg~ ' day ~ ', orally)
over 12 weeks (n=8); (3) diabetic rats untreated for
6 weeks and then treated with insulin (8—10 TU day '
per rat, s.c.) for 6 weeks (n=28); (4) diabetic rats
treated with both retinol acetate and insulin as in pro-
tocols 2 and 3 (n=238); (5) control rats injected with
vehicle alone (n = 15). The treatment dose of vitamin
A was chosen according to a previous study, and reti-
nol acetate (2 mg) was prepared in 0.1 ml corn oil as
described previously.'” Rats were maintained under
standard housing conditions for 12 weeks before
experiments were conducted. All animal procedures
were in full accordance with ‘The Principles of
Laboratory Animal Care’ (NIH publication No.
85-23, revised 1985).

Tissue and blood analysis

Blood glucose concentrations were measured with an
Ames glucometer (Glucometer III, Bayer Diagnostics,
France).

Thiobarbituric acid reactive substances (TBARS),
as an index of oxidative stress were measured by a
previously described method'® in heart homogenates.

Superoxide dismutase (SOD) activity in heart
homogenates was measured spectrophotometrically
at 560 nm using the modified method of Spitz and
Oberley.'” The reaction mixture in 50 mMm phosphate
buffer (pH 7.8) consisted of SOD-induced inhibition
of the reduction of nitro blue tetrazolium, using a free
radical-generating system of 0.1 nm xanthine and an
amount of xanthine oxidase to produce a rate of absor-
bance change of 0.025 U min .

Catalase was measured spectrophotometrically by
the method of Aebi.'® Cleaned and minced hearts
were homogenized in three volumes of 50 mm phos-
phate buffer (pH 7.0). The final volume of the mixture
was made up to 2.0 ml by adding additional buffer
solution. The reaction was started by the addition of
1.0 ml of freshly prepared 30 mm H,O,. The rate of
decomposition of H,O, was measured spectrophoto-
metrically at 240 nm. The enzyme activity for tissues
was expressed as k mg ~ ! protein, where k is the first-
order rate constant.

The method of Lawrence and Burk was used to
measure glutathione peroxidase (GSH-Px) activity.'®
The assay mixture consisted of 75 mMm phosphate
buffer containing EDTA and NaN; (pH 7.0),
0.150 mg 10000-g supernatant protein from the
tissue, 0.1 mm NADPH, 4.0 mm GSH and 1.5 U glu-
tathione reductase in a final volume of 500 pl. The
reaction was started by the addition of 3.0 mMm
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H,O,. The rate of change of absorbance during the
conversion of NADPH to NADP™ was recorded
spectrophotometrically at 340 nm for 3 min. GSH-
Px activity was expressed as pmol of NADPH oxi-
dized to NADP ™ min ' mg ! tissue protein.

Plasma retinol concentrations were determined
by high-performance liquid chromatography as des-
cribed previously.”’ For measuring serum retinol
binding protein (RBP), a ‘radial immunodiffusion
assay’ method was used in this study.?'

Drugs and statistical analysis

All chemicals were purchased from Sigma Chemical
(St. Louis, MO, USA). Data are expressed as mean-
£+ SEM. They were first subjected to Bartlett’s test
for homogeneity of variances and were log trans-
formed if necessary. One-way analysis of variance
was then performed, followed by the Student—
Neuman—Keuls test to estimate the significance of dif-
ferences for individual between-group comparisons.

RESULTS

All parameters assessed in this study are shown in
Table 1. Diabetic rats lost weight and were hypergly-
caemic. The combination of insulin with vitamin A
exerted more beneficial effect on weight gain when

Table 1.

compared with the single therapies. However, in the
final analysis, the body weights of diabetic rats were
still significantly lower than control rats. At the end of
the treatments, insulin alone was found to be more
effective than vitamin A alone in reducing blood
glucose, and combination therapy showed an additive
effect on blood glucose, but was unable to produce a
normoglycaemia.

In untreated diabetic animals, TBARS was found to
be four-fold higher than that in control rats. This was
almost completely prevented by treatment with vita-
min A while insulin alone was partially effective,
and the effect of combined therapy on TBARS was
not significantly different from the effect of vitamin
A alone. SOD was found to be similar in the three
experimental groups. GSHPx as well as catalase activ-
ity was significantly increased in untreated diabetic
rats compared with the control group. Although single
therapies with either vitamin A or insulin produced a
similar degree of reduction in GSHPx activity of
diabetic hearts, the combination of these treatment
protocols led to more significant recovery in GSHPx
activity when compared with the effects of single
therapies. In diabetic hearts, although insulin treat-
ment alone did not produce a significant reduction
in catalase activity, vitamin A partially but signifi-
cantly did so, however combined therapy was unable
to produce any additional benefit.

Body weights and levels of blood glucose, thiobarbituric acid reactive substances (TBARS), superoxide dismutase (SOD),

catalase, glutathione peroxidase (GSHPx), retinol and retinol binding protein (RBP) in animals

Parameters Control Diabetic Insulin Vitamin A Insulin + Vitamin A
n=15 n=10 n=3y n=3y n=_y
Body weights
(@
Start 27247 268+ 10 276 + 8 26946 271+ 6
End 354+ 10° 153+ 8° 237 £8°F 189 + 5¢¢ 261 £ 11¢f
Blood glucose
(mgdl "
Start 100£5 9843 102 +4 99+5 108+ 6
End 99 +3f 464 £ 12° 213 +£10°" 38248 175£7°"
Heart TBARS 0.13 +£0.003f 0.45+0.07° 0.35 +0.04%¢ 0.17+0.02' 0.1940.03"
(nmol mg ! protein)
Heart SOD 0.93 +£0.06 1.02+£0.05 1.04+0.06 0.94+0.04 1.18 £0.09
(units mg ! protein)
Heart Catalase 19.8 +0.53" 38.74+1.70° 35.3+3.16° 253+0.71%f 26.1 +1.29%f
(ks ' mg ™! protein) ) )
Heart GSHPx (umol min ! 28.442.1" 60.1 +5.5° 43.444.3% 41.7+6.0*¢ 31.4+4.0
mg ~ ' protein) )
Plasma retinol (ng ml ~ ') 294 + 12 239 +9° 287 +15° 241 4+ 6° 288 +12°
Serum RBP (mg dl ") 6.794+0.24" 2.7440.12¢ 3.74+£0.20%° 3.07+£0.2¢ 3.86+0.18%F

Control, untreated control rats; diabetic, 12-week untreated diabetic rats; Insulin, 6-week untreated and further 6-week insulin-treated
diabetic rats; Vitamin A, 12-week vitamin A treated diabetic rats; Insulin + Vitamin A, 12-week diabetic rats treated with insulin plus

vitamin A. Data are means = SEM.

2P <0.05, °P < 0.01, °P < 0.001 versus control, ‘P < 0.05, °P < 0.01, P < 0.001 versus diabetic.
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Plasma retinol levels were weakly, but significantly,
decreased in untreated diabetic rats compared with
control animals. Insulin treatment, either alone or in
combination with vitamin A, produced a significant
increase in plasma retinol levels of diabetic animals.
Serum RBP levels were dramatically decreased in
untreated diabetic rats compared with controls.
Although vitamin A alone failed to exert a significant
effect on serum RBP levels of diabetic rats, the deficit
in RBP was significantly but not completely reversed
by treatment with insulin. There was no evidence for
an additive effect of the two treatments on retinol and
RBP.

DISCUSSION

Cardiovascular complications of diabetes mellitus
commonly lead to considerable morbidity and mortal-
ity.! Increased oxidative stress due to increased
oxygen free radical production is an important
mechanism proposed to explain why poor glycaemic
control of diabetes results in cardiovascular dis-
ease.”*? The increased production of reactive oxygen
species is often associated with compromised natural
antioxidant defence systems in diabetic tissues.”™ In
response to oxidative stress, antioxidant enzymes are
believed to be induced to protect cellular functions
which maintain in vivo homeostasis.”™

The present study has demonstrated that increased
oxidative stress, as judged by elevated TBARS levels,
is concomitant with decreased plasma retinol and
RBP levels as well as increased heart GSHPx and cat-
alase activities in an insulin-dependent experimental
model of diabetes. These results are consistent with
earlier reports, showing enhanced cardlac activities
of GSHPx and catalase in diabetic rats,®** and sup-
port the notion that when oxygen radical formation is
sufficiently great, the oxidative stress can result in a
compensatory increase in tissue activities of the free
radical detoxifying enzymes.**

In the present study, the increases in cardiac GSHPx
and catalase activities were observed in the absence of
any significant changes in SOD, clearly indicating that
diabetic heart is exposed chronically to peroxidative
stress, due to elevated production of H,O, in vivo.
In accordance with the present findings, the results
of our previous studies showed that the production
and the biological availability of H,O, are increased
in diabetic vessels.”>° It is well known that H,O, is
normally detoxified in cells by either catalase and/or
GSHPx, and the selective increase in H,O, detoxify-
1ng enzymes but not SOD has previously been shown
in heart” and vessels** of diabetic animals. In diabetic
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heart, in vivo insulin treatment partially inhibited lipid
peroxidation (TBARS), partially improved GSHPx,
but did not significantly change catalase. Accordingly,
it has been demonstrated that insulin treatment
(6-12 U day7 ) attenuates or restores dlabetes—
induced changes in antioxidant enzymes in brain,*’
sciatic nerye, = some lymph01d organs® and kidney
and heart.? Furthermore, in rats with STZ-induced
diabetes, renal catalase mRNA levels were found to
be greater than in normal rats, which were normalized
by in vivo insulin treatment (6-10 U day ~').*° In this
study, the effects of single therapy with insulin or vita-
min A strongly suggested that the improvements
observed in lipid peroxidation and antioxidant
enzyme activities of diabetic hearts are unlikely to
be linked totally with metabolic recovery. Although,
insulin treatment alone, even started after 6 weeks
of diabetes was induced, produced better metabolic
control, as evidenced by improved growth and plasma
glucose, retinol and RBP levels, than that obtained
with vitamin A single therapy, it did not however,
completely reverse the abnormalities in oxidative
metabolism of diabetic heart. In contrast, vitamin A
treatment alone, starting 2 days after diabetes induc-
tion, produced less beneficial effects on body weight
and blood glucose than that obtained by insulin alone
and failed to exert a significant effect on retinol and
RBP levels. However, it almost completely prevented
lipid peroxidation, and strikingly achieved the preven-
tion of abnormalities in GSHPx and catalase activity
in diabetic hearts. Our findings are consistent with
previous studies showing that under diabetic condi-
tions, the overall glycaemic control afforded by insu-
lin treatment is not stringent enough to prevent
excessive protem gl}/cation, which can increase tissue
oxidative stress. It is clear that in diabetic tissue,
the effects of different agents on oxidative stress
depends largely on how they alter the balance between
production and destruction of reactive oxygen species.
Our results emphasize once again the effectiveness
of antioxidant therapy in the prevention of oxidative
stress and hence peroxidative myocardial damage in
diabetes. Vitamin A, is a member of the lipid-soluble
retinoid compounds, plays a central role in the main-
tenance of normal cardiovascular functions®' and can
function as a lipoperoxyl-radical scavenger.>*> IDDM
patients and STZ-induced diabetic rats have been
shown to have impaired metabolic availability of vita-
min A.%'%3? Chronic vitamin A deficiency and poorly
controlled IDDM share some common clinical conse-
quences such as increased risk of ischaemic heart dis-
ease.”> Diabetes-induced changes in vitamin A
metabolism, as indicated by its decreased circulatory
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levels along with decreased carrier protein, RBP, is
dependent on insulin deficiency. As supported by
our findings, a lack of response to vitamin A supple-
mentation has been shown to revert to normal by in
vivo insulin treatment.”'®* Our findings have also
demonstrated that combination treatment with insulin
plus vitamin A supplies a further benefit to the nor-
malization of GSHPx activity and provides better
body weight control and glucose metabolism in dia-
betic rats. Accordingly, it has been demonstrated that
the serum levels of vitamin A are directly or indirectly
correlated with SOD, GSHPx, catalase and MDA
levels in blood.>* Our study showed that in diabetic
animals, a mild reduction in plasma retinol is not par-
alleled by a strong decrease in serum RBP, and that
despite a weak restoration of serum RBP by insulin
treatment, plasma retinol levels were almost comple-
tely reversed by insulin alone, suggesting that the dose
regimen of insulin in our study may be insufficient to
obtain complete improvement in the metabolism of
vitamin A as well as of glucose.

In comparison with vitamin A single therapy,
insulin treatment alone provided better control of glu-
cose metabolism and improved weight gain, and
partly improved vitamin A metabolism, but was
unable to preclude increased oxidative reactions in
diabetic rats however. Under the insulin treatment,
diabetic animals still suffered an oxidative insult. In
this study, we have shown for the first time that vita-
min A single therapy effectively prevents oxidative
stress by effects on endogenous antioxidant enzyme
activities, but produces negligible changes in glucose
and vitamin A metabolism in diabetic rats. However,
when the GSHPx normalizing effect of combination
therapy, and the separate effects of each agent on oxi-
dative stress, antioxidant status, vitamin A and glucose
metabolism are considered, the use of these agents in
combination appears to have potential advantages
especially in the reduction of peroxidative stress in dia-
betic conditions. The profound actions of two agents
may protect cardiac functions against the detrimental
effects of diabetes-induced peroxidative stress.
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