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Melatonin treatment protects against diabetes-induced functional and

biochemical changes in rat aorta and corpus cavernosum

Kqbra Paskaloglu, Gfksel Xener, Gql Ayanoǧlu-Dqlger*
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Abstract

Enhanced oxidative stress due to diabetes is accepted to lead to endothelial dysfunction, and this is known to play a key role in the

pathogenesis of diabetic vascular diseases and complications. This study was designed to determine the possible protective effect of

melatonin and/or insulin treatment on the functional and biochemical changes caused by hyperglycemia in aorta and corpus cavernosum of

diabetic rats. Wistar albino male rats were rendered diabetic by injecting streptozotocin (60 mg/kg, intraperitoneally (i.p.)). Melatonin (10

mg/kg, i.p.) and/or insulin (6 U/kg, subcutaneously (s.c.)) were administered for 8 weeks. In the diabetic group, the contractile responses of

aortic strips to phenylephrine were significantly impaired (EC50 5.5�10�7 M in diabetic and EC50 1.47�10�7 M in the control group,

Pb0.001). Treatment with melatonin (EC50 4.6�10�7 M) or insulin+melatonin (EC50 1.68�10�7 M, Pb0.001) improved the contractile

responses. Acetylcholine caused a dose-dependent relaxation response (EC50 1.58�10�7 M) which was impaired in the diabetic group (EC50

26�10�7 M, Pb0.001). There was less impairment in melatonin-, insulin- and insulin+melatonin-treated groups (EC50 11.61�10�7,

7.3�10�7 and 1.41�10�7 M, respectively, Pb0.01). Contractile responses to phenylephrine were also impaired in the corpus cavernosum

strips (EC50 2.06�10�5 M in diabetic and 0.94�10�5 M in the control group, Pb0.001). In the melatonin- (EC50 1.59�10�5 M) and

insulin+melatonin-treated (EC50 1.53�10�5 M, Pb0.5) groups contractile responses were improved. In the diabetic group, the relaxation

responses of corpus cavernosum strips to acetylcholine were impaired (EC50 24.12�10�5 M, Pb0.001), and treatment with melatonin (EC50

0.68�10�5 M), insulin (EC50 0.53�10�5 M) or insulin+melatonin (0.98�10�5 M, Pb0.001) restored the responses to acetylcholine. In

diabetic tissues, malondialdehyde levels were increased while glutathione levels were decreased, demonstrating oxidative damage. This was

also prevented by treatment with melatonin or the melatonin and insulin combination. The diabetic state enhances the generation of free

radicals, and both melatonin and insulin treatments reduced this oxidative stress; however, treatment with the combination was the most

efficient in preventing diabetes-induced damage. Thus, our results suggested that giving diabetic patients adjuvant therapy with melatonin

may have some benefit in controlling diabetic complications.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Vascular diseases are currently accepted to be the

principal cause of morbidity and mortality in patients with

diabetes mellitus, and loss of the modulatory role of the

endothelium may be a critical and initiating factor in the
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development of diabetic vascular diseases. The endothelium

controls the tone of the underlying vascular smooth muscle

through the production of vasodilator mediators, and

impaired endothelium-dependent vasodilatation has been

demonstrated in various vascular beds of different models of

diabetes (Durante et al., 1988, Gryglewski et al., 1986,

Kamata et al., 1989, Langenstroer and Pieper, 1992, Pieper

and Gross, 1988, Rodriguez-Manas et al., 1998). It has been

suggested that the considerable increases in the levels of

plasma glucose, cholesterol and free radicals that occur in
logy 499 (2004) 345–354
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diabetes may be contributing factors in the development of

endothelial dysfunction (Göçmen et al., 2000: Kakkar et al.,

1996; Reyes-Toso et al., 2002, Vural et al., 2001).

Diabetes mellitus has been shown to be a state of

increased free radical activity, and oxygen-derived free

radicals are known to be intricately involved in the

regulation of endothelium-dependent relaxation (Giugliano

et al., 1996; Kakkar et al., 1996; Langenstroer and Pieper,

1992; Montilla et al., 1998; Reyes-Toso et al., 2002). Pieper

and Gross (1988) have reported that in chronic diabetic rat

aorta, there is a selective impairment of endothelium-

dependent relaxation with particular sensitivity to free

radical-induced damage.

In this context, erectile dysfunction is also observed

frequently in diabetic men. Pathological changes in vascular

and neural structures, as well as depletion of neurotransmit-

ters in the corpus cavernosum, have been demonstrated in

human and animal studies of diabetes. It is believed that

there are alterations in endothelial cell-mediated physiolog-

ical mechanisms that control penile smooth muscle tone

(Cartledge et al., 2000a,b, 2001; Sullivan et al., 1998). In

animal models and patients, it has been claimed that

defective nitric oxide (NO) release from corpus cavernosum

nonadrenergic noncholinergic nerves and endothelium

impairs control of penile smooth muscle relaxation and

causes erectile dysfunction (Khan et al., 2001). Various

animal studies suggested that in diabetes mellitus, there is an

impairment of NO bioavailability (Azadzoi and De Tejeda,

1992; YVldVrVm et al., 1999). One of the most important

determinants of NO bioavailability is the reaction of NO

with reactive oxygen species, O2
�, which leads to an

increased production of peroxynitrite (ONOO�), a potent,

toxic, volatile oxidant (Gryglewski et al., 1986).

In previous studies with animal models of streptozotocin-

induced diabetes, chronic insulin treatment, starting from the

onset of hyperglycemia, has been demonstrated to prevent

the impairment of the endothelium-dependent relaxation of

rat mesenteric resistance arteries or aortic rings and to

prevent the attenuation of agonist-induced contraction in rat

aortic rings (Kobayashi and Kamata, 1999).

There are also some reports demonstrating beneficial

effects of some antioxidants, such as a-lipoic acid, vitamin

E and selenium, in reversing neuronal and endothelial cell

dysfunction due to oxidative stress (Baydas et al., 2002;

ÇVnar et al., 2001; Göçmen et al., 2000; Naziroglu and Cay,

2001). In recent reports, melatonin, the main secretory

product of the pineal gland, has been demonstrated to have

free radical-scavenging and antioxidant properties (Reiter et

al., 2000, 2001), and it has been found to protect tissues

against oxidative damage induced by a variety of free

radical-generating agents and processes (Guerrero et al.,

1997; Hara et al., 1997; Tan et al., 1993). Melatonin reduces

oxidative stress by several means: it scavenges hydro-

chlorous acid (Marshall et al., 1996), detoxifies highly toxic

hydroxyl radical and peroxyl radical in vitro (Pieri et al.,

1995) and scavenges peroxynitrite (Gilad et al., 1997).
Melatonin has also been reported to increase the synthesis of

glutathione (Reiter et al., 1995).

There are several studies showing the antioxidant effects

of melatonin in streptozotocin-induced diabetic rats, but the

relationship between oxidative stress and functional dete-

rioration of the tissues has not been studied (ÇVnar et al.,

2001; Montilla et al., 1998; Vural et al., 2001). Thus, the

aim of this study was to investigate the effects of me-

latonin on diabetes-induced oxidative damage and con-

tractile changes in the aorta and corpus cavernosum in

comparison to the protective effects of insulin. We also

investigated the efficacy of the combination of insulin and

melatonin.
2. Materials and methods

2.1. Animals

Male Wistar albino rats (250–300 g) were housed in a

room at a constant temperature of 22F2 8C, with 12-h

light/dark cycles, and fed on standard pellet chow and water

ad libitum. The study was approved by the Marmara

University, School of Medicine, Animal Care and Use

Committee.

2.2. Experimental groups

The rats were divided into three groups: diabetic rats,

age-matched controls and melatonin-treated rats. The con-

trol group (n=8) received 0.1 M citrate buffer, the solvent of

streptozotocin, intraperitoneally (i.p.). In the second group

(n=8), melatonin (10 mg/kg/day) was administered i.p. for 8

weeks. In the third group, diabetes was induced in ether-

anesthetized animals by intraperitoneal administration of a

single dose of streptozotocin (60 mg/kg). About 48 h after

streptozotocin treatment, hyperglycemia was confirmed by

measuring blood glucose levels, using a glucometer. Rats

with blood glucose levels N11.1 mM were considered

diabetic. Blood samples were taken from the retro-orbital

venous plexus, using a hematocrit capillary tube. About 48

h after streptozotocin injection (i.e., after the onset of

diabetes), diabetic animals were divided into four sub-

groups. While the first group of diabetic rats was treated

with melatonin (10 mg/kg/day) for 8 weeks, the second

group was treated with 6 U/kg/day NPH insulin (Lilly, the

product is accepted to be effective for 18–24 h) administered

s.c. for the same period. To the third group, insulin and

melatonin were administered in combination. The last group

received no treatment. Each group consisted of eight rats.

Melatonin (Sigma, St. Louis, MO, USA) was dissolved in

absolute ethanol and further dilutions were made in saline.

The final concentration of ethanol was 1%.

Animals were killed by cervical dislocation, and the

corpus cavernosum and aorta were rapidly dissected. Part of

the tissue was used for contractility studies, and the



Table 1

Body weight and plasma glucose levels in the control group (C), diabetic

group (D), melatonin-treated diabetic group (D+M), insulin-treated diabetic

group (D+I), melatonin and insulin-treated diabetic group (D+I+M)

Body weight (kg) Plasma glucose (mM)

Initial At 8 weeks At 8 weeks

C 273F6.1 289F6.7a,b 5.4F0.1

M 261F3.1 268F3.9 5.2F0.1

D 274F6.3 215F3.5c,d 21.2F0.8c

D+M 264F1.9 210F8.2c,e 20.9F0.7c

D+I 270F6.3 257F9.9 5.7F0.2d

D+M+I 261F2.6 258F8.2e 5.3F0.2d

a Pb0.05 compared to C group.
b Pb0.05 compared to diabetic group.
c Pb0.001 compared to C group.
d Pb0.001 compared to diabetic group.
e Pb0.01 compared to diabetic group.
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remaining part was stored at �80 8C for the measurement of

glutathione activity and lipid peroxidation (malondialde-

hyde levels).

2.3. In vitro organ bath experiments

The penis was pinned out in a dish containing chilled

Krebs–Henseleit buffer aerated with 95% O2 and 5% CO2,

and the urethra and dorsal vein were removed. After

removal of the surrounding connective tissue, each corpus

cavernosum was excised by separation from the thick

medial septum, each corpus yielding a single strip of

2�2�15 mm, and mounted in an organ bath containing 20

ml of Krebs–Henseleit buffer (118.14 mM NaCl, 4.7 mM

KCl, 2.5 mM CaCl2, 25 mM NaHCO3, 1.2 mM MgSO4, 1.2

mM KH2PO4, 11.1 mM glucose). The solution in the bath

was aerated with 95% O2 and 5% CO2, and maintained at

37 8C, at pH 7.4.

Isometric contractions were recorded using a model

FT03 force-displacement transducer (Grass Instruments,

Quincy, Massachusetts) coupled to a model 7 polygraph

(Grass Instruments). The corpus cavernosum strip was

placed under a resting tension 1.0 g. After a 60-min period

of equilibration, the strip was exposed to 124 mM KCl.

Thoracic aorta were carefully isolated, removed from

open-chest animals and placed in a dish containing chilled

Krebs–Henseleit buffer solution aerated with 95% O2 and

5% CO2. After removal of the surrounding connective

tissue, aorta were cut transversely into rings approximately

4-mm wide and mounted in organ baths containing 20 ml of

Krebs–Henseleit buffer aerated with 95% O2 and 5% CO2,

maintained at 37 8C.
The rings were placed under a resting tension of 1.0 g.

Following a 60-min period of equilibration, they were

exposed to 80 mM KCl.

In both corpus cavernosum strips and aorta rings, the

contractile responses to 10�8–10�3 M phenylephrine were

determined cumulatively. After a 30-min washout period,

the relaxation responses of the same rings were evaluated by

adding increasing cumulative concentrations of 10�8–10�3

M acetylcholine, 10�8–10�3 M sodium nitroprusside or

10�6–10�4 M papaverine to rings precontracted with the

submaximal dose of phenylephrine (30 AM). Contractile

responses to phenylephrine are expressed as percentages of

the maximal contraction induced by 124 mM KCl for the

corpus cavernosum strips or 80 mM KCl for the aortic rings,

and the relaxation responses to acetylcholine are expressed

as percentages of the contraction caused by 30 AM
phenylephrine.

2.4. Malondialdehyde and glutathione assays

Tissue samples were homogenized with ice-cold 150

mM KCl for determination of malondialdehyde and

glutathione levels. The malondialdehyde levels were

assayed for products of lipid peroxidation (Beuge and
Aust, 1978). Results are expressed as nM malondialdehyde/

g tissue. Glutathione was determined by a spectrophoto-

metric method based on the use of Ellman’s reagent

(Beutler, 1975). Results are expressed in AM glutathione/g

tissue.

2.5. Statistical analysis

Data are expressed as the meansFS.E.M. The concen-

trations causing 50% of the maximal response to phenyl-

ephrine and acetylcholine were derived from the

concentration–response curves using a computer-assisted

probit transformation. For analyzing concentration–response

curves, unpaired t-tests were used, and for analyzing other

parameters, analysis of variance followed by Tukey–Kramer

multiple-comparisons test were used. Calculations were

performed by using the Instat and Prism statistical analysis

packages (GraphPad Software, San Diego; California), with

Pb0.05 considered statistically significant.
3. Results

3.1. Body weight and blood glucose level

After 8 weeks, animals injected with streptozotocin had a

significant weight loss compared to the age-matched

controls (Table 1). Insulin treatment prevented the weight

loss, but treatment with melatonin had no significant effect

on weight loss in diabetic animals.

One week after injection of streptozotocin, the average

blood glucose levels were significantly raised to over 19.4

mM in the diabetic group compared to the control group and

remained that way during the study period of 8 weeks. In the

diabetic rats, blood glucose levels were back to the control

levels after 1 week of treatment with insulin, or insulin and

melatonin, and remained that way during the study period

(Table 1).
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3.2. Contraction and relaxation studies of the corpus

cavernosum

Tissues were contracted with 124 mM KCl and similar

tensions were obtained in all groups.

In control rats, phenylephrine added cumulatively (10�8–

10�3 M) caused a concentration-dependent contraction in

corpus cavernosum strips precontracted with 124 mM KCl,

with a concentration of 0.94�10�5 M resulting in a 50%

maximal response. In the diabetic group, the contraction

responses of the strips to phenylephrine were significantly

decreased compared to those in the control group, increasing

the concentration needed to achieve the 50% maximal

response to 2.06�10�5 M. In the melatonin-, insulin- and

insulin+melatonin-treated diabetic groups, contractile

responses to all doses of phenylephrine were higher than

those in the diabetic group (EC50 values are given in Table

2). The contractile responses in the melatonin-treated

control group were the same as those in the untreated

control group, and because this group was included in the

study to demonstrate that melatonin alone did not have a

significant effect on the parameters studied, the values of

this group were not included in the graphs (Fig. 2A).

Acetylcholine added cumulatively at a dose of 10�8–

10�3 M to strips precontracted with the submaximal dose

(30 AM) of phenylephrine caused a dose-dependent relax-

ation response. In the diabetic group, the relaxation

responses to acetylcholine were markedly impaired, increas-

ing the concentration needed to achieve the 50% maximal

response to 24.12�10�5 M. In melatonin-, insulin- and

insulin+melatonin-treated diabetic groups, responses were

significantly improved in comparison to those in the

untreated diabetic group (EC50 values are given in Table

2; Fig. 2B). Sodium nitroprusside and papaverine added

cumulatively at doses of 10�8–10�3 M and 10�6–10�4 M,

respectively, to strips precontracted with the submaximal

dose of phenylephrine caused concentration-dependent

relaxation responses. There was no significant difference

in Emax and pD2 values in response to these direct smooth

muscle relaxants among the groups (Fig. 2C and D).

However, at certain concentrations, the relaxation induced

by these agents was impaired in diabetic tissues.
Table 2

EC50 values for phenylephrine (PE), acetylcholine (Ach), sodium nitroprusside (S

EC50(�log M) C M D

PE (%KCl) 0.9�10�5 1.6�10�5a,b 2.1�1
Ach (%PE) 1.4�10�5 1.1�10�5d 24.1�
SNP (%PE) 2.9�10�7 3.5�10�7 4�10�

Papaverin (%PE) 1.7�10�5 2.5�10�5 2.1�1
ccPb0.01, cccPb0.001 Compared to D+M group.
ddPb0.01, dddPb0.001 Compared to D+I group (Also for D+M and D+I+M).

a Pb0.001 compared to C group.
b Pb0.05 compared to diabetic group.
c Pb0.01 compared to C group.
d Pb0.001 compared to diabetic group.
3.3. Contraction and relaxation studies of the aorta

Tissues were contracted with 80 mM KCl and similar

tensions were obtained in all groups.

In control rats, phenylephrine added cumulatively (10�8–

10�3 M) caused a concentration-dependent contraction in

aorta rings, with a concentration of 1.47�10�7 M resulting in

a 50% maximal response. In the diabetic group, the con-

traction responses of the rings to phenylephrine were signi-

ficantly impaired compared to those of the control group,

increasing the concentration needed to achieve the 50%

maximal response to 5.5�10�7 M. Treatment of the diabetic

rats with melatonin, insulin or insulin+melatonin improved

the contractile responses to phenylephrine (EC50 values are

given in Table 3; Fig. 1A). The contractile responses in the

melatonin-treated control group were not significantly differ-

ent from those of the untreated control group.

Acetylcholine added cumulatively at a dose of 10�8–

10�3 M to strips precontracted with the submaximal

concentration of phenylephrine caused a dose-dependent

relaxation response. In the diabetic group, the relaxation

responses to acetylcholine were significantly impaired in

comparison to those in the control group, whereas there was

less impairment in the melatonin-, insulin- and insulin+me-

latonin-treated diabetic groups (EC50 values are given in

Table 3; Fig. 1B). Sodium nitroprusside and papaverine

added cumulatively at doses of 10�8–10�3 and 10�6–10�4

M, respectively, to rings precontracted with the submaximal

dose of phenylephrine caused dose-dependent relaxation

responses. Although these direct smooth muscle relaxant

drugs caused similar and full relaxation of the aorta rings

from all groups (Fig. 1C and D), at certain concentrations

the relaxation of the diabetic tissue was significantly

different from that of the control, and this was reversed

following treatment with insulin and/or melatonin.

3.4. Malondialdehyde levels of tissues as a measure of lipid

peroxidation

The mean levels of malondialdehyde, which is a major

degradation product of lipid peroxidation, in corporal tissues

and aorta were increased in the diabetic group compared
NP) and papaverine in corpus cavernosum strips

D+M D+I D+I+M

0 �5a 1.6�10�5a,b 1.8�10�5a 1.5.10�5b,c

10�5a 0.7�10�5d 0.5�10�5d 0.9�10�5d

7 4.1�10�7 4.4�10�7 3.5�10�7

0�5 1.5�10�5 1.6�10�5 1.7�10�5



Fig. 1. (A) Concentration–response curves obtained by cumulative addition of phenylephrine (PE) to rat aortic rings. Diabetes (D) decreased contractile activity

at all concentrations of PE and treatment with melatonin (M), insulin (I), or melatonin and insulin (M+I) prevented this effect. *Pb0.05, compared to control

(o); +Pb0.05, compared to diabetic (5); #Pb0.05, compared to D+M (.); xPb0.05, compared to D+I groups (E). (B) Acetylcholine concentration–response

curves in phenylephrine (PE)-precontracted rat aortic rings. Diabetes (D) decreased relaxation responses at all concentrations of PE, and treatment with

melatonin (M), insulin (I) or melatonin and insulin (M+I) prevented this effect. *Pb0.05, compared to control (o); +Pb0.05, compared to diabetic (5);
#Pb0.05, compared to D+M (.); xPb0.05, compared to D+I groups (E). (C) Sodium nitroprusside (SNP) concentration–response curves in phenylephrine

(PE)-precontracted rat aortic rings. Diabetes (D) decreased relaxation responses at all concentrations of PE, and treatment with melatonin (M), insulin (I), or

melatonin and insulin (M+I) prevented this effect. *Pb0.05, compared to control (o); +Pb0.05, compared to diabetic (5); #Pb0.05, compared to D+M (.);
xPb0.05, compared to D+I groups (E). (D) Papaverine concentration–response curves in phenylephrine (PE)-precontracted rat aortic rings. Diabetes (D)

decreased relaxation responses at all concentrations of PE, and treatment with melatonin (M), insulin (I), or melatonin and insulin (M+I) prevented this effect.

*Pb0.05, compared to control (o); +Pb0.05, compared to diabetic (5); #Pb0.05, compared to D+M (.); xPb0.05, compared to D+I groups (E).
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with the control group (Pb0.001), indicating oxidative

damage in these tissues. Melatonin alone had no effect on

malondialdehyde levels. However, melatonin or melatonin

and insulin treatment of the diabetic animals caused a

marked decrease in malondialdehyde levels compared to

those in the diabetic control animals (Fig. 3A and B).

3.5. Glutathione levels of the tissues

Glutathione levels in corpus cavernosum and aorta were

decreased in the diabetic group compared with the control

group. Melatonin alone had no effect on glutathione levels.

However, melatonin or melatonin and insulin treatment of

the diabetic group caused a marked increase in glutathione

levels compared to levels in the diabetic control group (Fig.

4A and B).
4. Discussion

In the present study, following induction of diabetes by

injection of streptozotocin, treatment with insulin or insulin

and melatonin prevented the increase in blood glucose

levels, as well as the reduction in body weight, apparently

by preventing the development of metabolic changes due to

diabetes. However, treatment of the diabetic rats with

melatonin did not prevent hyperglycemia or the weight loss

in this group. Oxidative damage was observed in the

experimentally diabetic rat aorta and corpus cavernosum

tissues, as assessed by the increase in malondialdehyde and

the concomitant decrease in glutathione levels. In addition,

the contractile responses to phenylephrine and the relaxant

responses to acetylcholine were impaired in these tissues

from diabetic animals. The impaired responses were partly



Table 3

EC50 values for phenylephrine (PE), acetylcholine (Ach), sodium nitroprusside (SNP) and papaverine in aorta rings

EC50(�log M) C M D D+M D+I D+I+M

PE (%KCl) 1.5�10�7 1.6�10�7a,b 5.5�10�7c 4.6�10�7a,c 4.9�10�7c 1.7�10�7a,b,d

Ach (%PE) 1.6�10�7 1.3�10�7a 26�10�7c 11.6�10�7a,c 7.3�10�7a,e 1.4�10�7a,f,g

SNP (%PE) 1.5�10�8 1.9�10�8 1.3�10�8 1.8�10�8 1.5�10�8 1.4�10�8

Papaverin (%PE) 1.5�10�5 1.3�10�5 1.5�10�5 1.4�10�5 1.2�10�5 1.5�10�5

a Pb0.001 compared to diabetic group.
b Pb0.001 compared to D+I group (also for D+M and D+I+M group).
c Pb0.001 compared to C group.
d Pb0.001 compared to D+M group.
e Pb0.01 compared to C group.
f Pb0.01 compared to D+M group.
g Pb0.01 compared to D+I group (also for D+M and D+I+M group).
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restored by melatonin or insulin but were restored to the

control levels following treatment with the combination of

insulin and melatonin.

As a free radical-generating system, lipid peroxidation

has been suggested to be closely related to diabetes-induced

tissue damage and that malondialdehyde is a good indicator

of the rate of lipid peroxidation. In the present study, the

levels of malondialdehyde were significantly increased by

diabetes. This observation is in agreement with previous

studies (Arduini et al., 1989; Wali et al., 1990). Glutathione

provides major protection against oxidative injury, by

participating in the cellular system of defence against

oxidative damage (Mandell, 1972), and it has been reported

that the tissue injury induced by various stimuli is coupled

to glutathione depletion (Cuzzocrea et al., 2001; Xener et al.,

2000, 2002). The decrease in glutathione levels during

diabetes was probably because of its consumption during

oxidative stress.

Although the nature of the pathogenic link between high

ambient glucose concentrations and diabetic complications

remains a matter of debate, hyperglycemia is clearly recog-

nized as the primary culprit. Hyperglycemia induces repeated

acute changes in intracellular metabolism (activation of the

polyol pathway, activation of diacylglycerol–protein kinase

C, increased oxidative stress), as well as cumulative long-

term changes in the structure and function of macromole-

cules, through the formation of advanced glycation end-

products (De Vriese et al., 2000). Advanced glycation end

products are reported to change cellular function or to

generate free radicals (YVldVrVm et al., 1999). The presence

of advanced glycation end-products has been confirmed in

both arterial walls and within the collagen of diabetic human

corpus cavernosum, and it has been demonstrated that their

accumulation in subendothelial collagen impairs endothe-

lium-dependent vascular smooth muscle relaxation by

quenching NO activity (Cartledge et al., 2000b).

Previous reports on the sensitivity of diabetic arteries to

contractile agents are controversial. There are some studies

that showed an enhanced sensitivity to contractile agents

(Pieper and Gross, 1988, Taylor et al., 1992), and it was

suggested that the enhanced vascular sensitivity to nora-

drenaline may be a result of impaired NO release from the
endothelium. There are other studies reporting that

responses were impaired in chemically induced diabetic

rats (Heygate et al., 1995, Kamata et al., 1989). Studies done

with isolated resistance arteries from insulin-dependent

diabetic patients demonstrated that the contractile responses

to noradrenalin were impaired (McNally et al., 1994). Thus,

it was concluded that the altered reactivity found with

chemically induced diabetes may depend on the vascular

effect of streptozotocin per se (Heygate et al., 1995).

Conflicting results have been obtained from studies that

investigated the endothelial regulation of vascular smooth

muscle function in experimental diabetes: decreased,

unchanged and increased responses to acetylcholine in aortic

ring preparations from diabetic rats have been reported (De

Vriese et al., 2000, Heygate et al., 1995, Taylor et al., 1992,

Tesfamariam et al., 1993). In our study, the relaxation

responses to acetylcholine were markedly reduced in the

diabetic aorta and trabecular smooth muscle tissues. In

support of our observation, many other investigators found a

significant reduction in the relaxant response to acetylcho-

line in aortic rings from streptozotocin–diabetic rats (Durante

et al., 1988; Kamata et al., 1989; Kobayashi and Kamata,

1999; Tesfamariam et al., 1993). However, it was reported

that there are fluctuating changes in endothelium-dependent

relaxation at early and intermediate stages, compared with

later stages, of the disease (Öztürk et al., 1996; Pieper, 1999),

and that difference in experimental conditions may also

cause differences in the onset of endothelial dysfunction

(Pieper, 1999). In the present study, response to acetylcho-

line were only partly restored following treatment with

insulin or melatonin, but were completely restored by

treatment with the combination of insulin and melatonin.

As NO is central to the process of relaxation in both

vascular and penile smooth muscles, it will be reasonable to

infer that the pathological effects that impair NO-mediated

vascular smooth muscle relaxation could also be responsible

for the effects seen in penile tissue. Thus, the results of the

present study on aorta and corporal tissue will be discussed

together.

NO is synthesized from l-arginine and diffuses to the

target cell, where it exerts its activity without requiring a

specific membrane receptor. The observation that diabetes



Fig. 2. (A) Concentration–response curves obtained by cumulative addition of phenylephrine (PE) to rat corporeal tissues. Diabetes (D) decreased contractile

activity at all concentrations of PE and treatment with melatonin (M), insulin (I), or melatonin and insulin (M+I) prevented this effect. *Pb0.05, compared to

control (o); +Pb0.05, compared to diabetic (5); #Pb0.05, compared to D+M (.); xPb0.05, compared to D+I groups (E). (B) Acetylcholine concentration–

response curves in phenylephrine (PE)-precontracted rat corporeal tissues. Diabetes (D) decreased relaxation responses at all concentrations of PE, and

treatment with melatonin (M), insulin (I) or melatonin and insulin (M+I) prevented this effect. *Pb0.05, compared to control (o); +Pb0.05, compared to

diabetic (5); #Pb0.05, compared to D+M (.); xPb0.05, compared to D+I groups (E). (C) Sodium nitroprusside (SNP) concentration–response curves in

phenylephrine (PE)-precontracted rat corporeal tissues. Diabetes (D) decreased relaxation responses at all concentrations of PE, and treatment with melatonin

M), insulin (I) or melatonin and insulin (M+I) prevented this effect. *Pb0.05, compared to control (o); +Pb0.05, compared to diabetic (5); #Pb0.05, compared

to D+M (.); xPb0.05, compared to D+I groups (E). (D) Papaverine concentration–response curves in phenylephrine (PE)-precontracted rat corporeal tissues.

Diabetes (D) decreased relaxation responses at all concentrations of PE, and treatment with melatonin (M), insulin (I) or melatonin and insulin (M+I) prevented

this effect. *Pb0.05, compared to control (o); +Pb0.05, compared to diabetic (5); #Pb0.05, compared to D+M (.); xPb0.05, compared to D+I groups (E).
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impairs endothelium-mediated relaxation of the aorta or

trabecular smooth muscle would suggest a possible common

pathophysiologic mechanism with alteration in the NO/

cGMP (nitric oxide/cyclic guanosine monophosphate) path-

way. This would result in neuropathy and endothelial

dysfunction.

It is also possible that diabetes impairs the relaxation of

trabecular or vascular smooth muscles by diminishing their

sensitivity to NO. This possibility is unlikely since corporeal

strips and aorta relaxed well to the NO-producing vaso-

dilator, sodium nitroprusside, indicating that the NO/cGMP

pathway was still intact. In fact, in the present study, the

relaxant response to sodium nitroprusside was increased

significantly in diabetic aorta compared to the control aorta,

although the EC50 values did not change. This finding is in
support of the observation of Tesfamariam et al. (1993) that

the release of endothelium-dependent NO and its stimula-

tion of arterial guanylate cyclase are not significantly altered

in diabetic animals. The response to sodium nitroprusside in

the corporeal tissue was decreased, but without a change in

EC50 values.

Corporeal strips and aorta relaxed also in response to the

endothelium-independent vasodilator, papaverine, but there

was again some impairment in the response to this agent,

although without a change in EC50 values. These data,

together with the observations obtained with sodium nitro-

prusside, suggest that, in diabetes, besides endothelial

dysfunction, an abnormal morphology of vascular tissue

as well as changes in collagen and elastin metabolism and

nonenzymatic protein glycosylation may also contribute to



Fig. 3. Malondialdehyde (MDA) levels in (A) aorta and in (B) corpus

cavernosum. C, control; M, melatonin; D, diabetic; D+M, melatonin-treated

diabetic; D+I, insulin-treated diabetic group; D+I+M, insulin- and

melatonin-treated diabetic groups. Each group consisted of eight rats. a,

Pb0.05; aa, Pb0.01; aaa, Pb0.001, compared to group C; b, Pb0.05; bb,

Pb0.01; bbb, Pb0.001, compared to group D.
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Fig. 4. Glutathione (GSH) levels in (A) aorta and in (B) corpus cavernosum.

C, control; M, melatonin; D, diabetic; D+M, melatonin-treated diabetic;

D+I, insulin-treated diabetic group; D+I+M, insulin- and melatonin-treated

diabetic groups. Each group consisted of eight rats. a, Pb0.05; aa, Pb0.01;

aaa, Pb0.001, compared to group C; b, Pb0.05; bb, Pb0.01; bbb, Pb0.001,

compared to group D.
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the structural and functional changes occurring in vascular

tissues, as reported previously (Heygate et al., 1995; Öztürk

et al., 1996).

In the present study, treatment of diabetic rats with

insulin prevented hyperglycemia and also partially restored

the functional deterioration of the aortic and corporeal

tissues, supporting previous reports showing that, by

decreasing increased blood glucose levels, insulin treatment

reverses the tissue antioxidant status (Giugliano et al.,

1996; Wohaieb and Godin, 1987) and restores impaired

neurogenic relaxation of the trabecular smooth muscle in

streptozotocin-induced diabetic rats (YVldVrVm et al., 1999).

In some of the previous studies, it has been reported that

insulin treatment restores the reactivity of vascular smooth

muscle completely; however, higher doses of insulin were

used in those studies (Kobayashi and Kamata, 1999;

Rodriguez-Manas et al., 1998), and most probably, we

would have observed a complete restoration of responses

had we used a higher dose.

Melatonin was recently found to be a potent free radical

scavenger and antioxidant (Reiter et al., 2000, 2001). It is

thought to have a protective role in the initial and advanced

stages of diseases, the pathogenesis of which involves
damage by reactive oxygen metabolites. In the present study,

melatonin had no effect on blood glucose levels. While it

inhibited lipid peroxidation and increased glutathione levels

significantly, endothelial function was not restored com-

pletely in melatonin-treated diabetic animals, demonstrating

that in the treatment of diabetic complications, the control of

glycemia is as important as the antioxidant status.

In insulin-treated diabetic rats, hyperglycemia was

reduced and returned to control levels. However, malon-

dialdehyde and glutathione levels in insulin-treated rats

were still significantly different from those of the control

group, demonstrating that the insulin-induced control of

glycemia provided limited protection against diabetes-

induced oxidative damage. Malondialdehyde and gluta-

thione levels returned to control values when diabetic rats

were treated with melatonin and insulin in combination.

In conclusion, these findings indicate that melatonin or

insulin alone can provide limited protection against hyper-

glycemia-induced oxidative damage in diabetes. Combined

treatment with insulin and melatonin can suppress hyper-

glycemia, prevent oxidative damage and can restore

endothelial function completely, implying that treatment

of diabetes mellitus with this combination would be

beneficial.
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