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Abstract—This study aimed at evaluation of melatonin and some of its novel synthesized derivatives 3, 4, 9 and 10b as cardiopro-
tective agents against doxorubicin-induced acute cardiac toxicity in rats. Also, this work was extended to study the potential role of
each synthesized derivative in comparison with the parent compound melatonin. Intraperitoneal injection of a single dose (15 mg/kg
B.W.) of doxorubicin resulted in significant increase in serum troponin I, leptin, triglycerides, cholesterol and LDL-cholesterol levels
with concomitant decrease in serum T3, T4 and IL-1a levels. In contrast, intraperitoneal injection of melatonin or its synthesized
derivatives especially compounds 3 and 10b in a dose of 5 mg/kg B.W./day for 10 days reversed doxorubicin-induced changes in
the above mentioned parameters towards the normal values. The present data revealed that doxorubicin exerts its action mainly
through the oxidative stress. This appeared from the significant elevation in serum nitric oxide level and cardiac lipid peroxidation
level with concomitant decrease in cardiac antioxidative enzymes activity. Treatment with melatonin and its derivatives 3 and 10b
could reduce the markers of oxidative stress and restore the activity of the antioxidative enzymes in the heart tissue. In conclusion,
the cardioprotective effect of melatonin and its derivatives may be mediated through the antioxidant and free radical scavenging
activity of these compounds.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Doxorubicin (Dox), an anthracycline antibiotic, is a
potent broad-spectrum chemotherapeutic agent that is
effective against a wide range of human neoplasm.1

However, the clinical uses of Dox have been restricted
owing to its serious cardiotoxic effects.2 A number of
different mechanisms have been proposed for cardio-
toxic effect of Dox, including mitochondrial dysfunc-
tion,3 calcium overload,4 inhibition of several
membrane-bound molecules,5 interaction with nucleic
acid and nuclear components,6 alteration of fatty acid
oxidation that leads to the depression of energy meta-
bolism in the cardiac tissue7 and induction of apoptosis.8

Moreover, increased oxidative stress and release of reac-
tive oxygen radicals as well as antioxidative deficits have
been suggested to play a major role in Dox-induced
heart damage.9,10

Melatonin (N-acetyl-5-methoxytryptamine), the major
hormone of the pineal gland, acts primarily via the hypo-
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thalamus to modulate the hypothalamic pituitary axis.11

Recently, melatonin has shown to be a potent antioxi-
dant and free radical scavenger.12 It could control the
peroxidative breakdown of lipids and reduce the oxida-
tive damage.13 Also, some of melatonin derivatives were
studied for their free radical scavenging and antioxidant
activity.14 Regarding the effect of melatonin and its novel
synthesized analogs on the antitumour efficacy of Dox, it
was reported that melatonin itself does not interfere with
the antitumour effect of Dox,15 however, parallel studies
have not been carried out with its new analogs.

In this study we synthesized new compounds using mel-
atonin as a starting material and the antioxidative po-
tential of melatonin and some of its novel synthesized
derivatives against Dox-induced cardiac toxicity in rats
was investigated.
2. Results and discussion

2.1. Chemistry

The synthesis of several melatonin analogs and mela-
tonin derivatives, which exhibit marked medicinal
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activities has attracted the attention of many scien-
tists.14,16 The authors previously conducted work for
the synthesis of 2-hydrazinomelatonin (1) by the reac-
tion of 2-bromomelatonin with hydrazine hydrate in
refluxing ethanolic triethylamine solution.16 Compound
(1) seemed to be a promising candidate for further
chemical transformations. Thus, the condensation of
compound (1) with equimolar amount of pentan-2,4-
dione (acetyl acetone) 2 in boiling absolute ethanol
yielded the corresponding 2-pyrazolylmelatonin deriva-
tive 3 (Scheme 1).

A wide range of biological activities have been attrib-
uted to fused triazoles.17 Hence, the authors were inter-
ested to synthesize triazolomelatonin derivatives.
Refluxing equimolar amounts of compound (1) and tri-
ethyl orthoformate in glacial acetic acid resulted in a
chromatographically pure product. The triazolo[4,3-a]-
indole derivative 4 is assigned to this product through
elemental analysis and spectroscopic data (Scheme 1).
Compound (1) also underwent cyclization when heated
with carbon disulfide in ethanolic potassium hydroxide
solution to yield the corresponding mercaptotriaz-
olo[4,3-a]indole derivative 5. Similar fused triazoles were
also formed by the same method.18 Confirmation for the
structure of compound 5 was obtained by studying its
reactivity towards the alkylating reagents. Therefore,
compound 5 reacted with methyl iodide in ethanolic so-
dium ethoxide solution under reflux to form the corre-
sponding methylthiotriazolo[4,3-a]indole derivative 6
(Scheme 1).
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Scheme 1.
Melatonin (7) containing a diazotisable CH group at C-
216 was coupled with p-methylbenzenediazonium chlo-
ride 8 in ethanolic sodium acetate solution at 0 �C to give
the corresponding 2-methylphenylazomelatonin deriva-
tive 9 (Scheme 2). The 1H NMR spectrum of compound
9 showed singlet signal at d 2.25 ppm for the methyl
group and a multiplet at d 7.32–7.93 (7H) for the aro-
matic protons. Further confirmation for the structure
of compound 9was obtained by studying its reactivity to-
wards some active methylene reagents to give fused het-
erocyclic derivatives with potential biological activities.
Thus, the reaction of compound 9 with either malononit-
rile or ethyl cyanoacetate in refluxing ethanolic piperidine
solution formed the corresponding aminotriazino[4,3-
a]indole derivatives 10a,b, respectively (Scheme 2).

In a similar manner, the reaction of melatonin (7) with
pyridindiazonium chloride 11 produced the pyridinyl-
azomelatonin derivative 12 under the same experimental
conditions. The reaction of compound 12 with either
malononitrile or ethyl cyanoacetate in refluxing ethan-
olic piperidine solution formed the corresponding
pyridinylaminotriazino[4,3-a]indole derivatives 13a,b,
respectively (Scheme 3). The structures of all the novel
synthesized melatonin analogs were assigned based on
their spectroscopic and elemental analysis data.

2.2. Bioassay

The in vivo potential cardioprotective effect of melato-
nin and four of its novel synthesized derivatives,
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compounds 3, 4, 9 and 10b against Dox-induced cardiac
toxicity in rats was investigated. Cardiac damage was
detected by measuring the end product of cardiac lipid
peroxidation, the activity of cardiac antioxidative
enzymes, serum troponin I and nitric oxide levels.
Moreover, cardiotoxicity was further confirmed by
measurement of some indices related to heart injury
such as serum T3, T4, IL-1a, leptin and lipid profile.

2.2.1. Effect of drug administration on serum troponin I
and thyroid hormones. Table 1 shows a significant varia-
tion of troponin I level among the six control groups
(control group, melatonin, compound 4, compound 9,
compound 3 and compound 10b treated groups)
(F = 3.64, P = 0.01) using ANOVA test. Troponin I
has been shown to be a highly sensitive specific marker
of myocardial cell injury.19 Also Table 1 shows that
compound 4 caused significant elevation in serum tropo-
nin I level as compared to the other five groups indicat-
ing the adverse effect of compound 4 on the heart,
whereas T3 and T4 levels exhibited insignificant changes
among the six groups of normal rats (F = 0.77, P = 0.58
and F = 0.62, P = 0.68, respectively). Troponin I and T4

levels were significantly varied among the six groups of
Dox-injected animals (F = 2.55, P = 0.05 and F = 3.08,
P = 0.03, respectively), whereas T3 exhibited insignifi-
cant change among those groups (F = 0.38, P = 0.85).

Independent Student�s t-test revealed significant increase
(P < 0.05) in troponin I and significant decrease in both
T3 and T4 levels in Dox-injected group compared with
the control group. In general, data in Table 1 show that
compounds 3 and 10b exhibited more protective action
against Dox toxicity than compounds 4 and 9. Hence,
the data reported here demonstrated that Dox adminis-
tration leads to cardiac injury as manifested by the high
level of troponin I and low levels of thyroid hormones.
These results are in agreement with those of Bertinchant
et al.19 and Van Vleet et al.20 Dox may affect thyroid
gland function via an oxidative stress mechanism, since
Dox has been shown to be a potential source of reactive
oxygen species (ROS) and free radicals.21 It has been re-
ported that ROS could inhibit iodine organification (a
step of thyroid hormone formation) and its catalytic



Table 1. Effect of melatonin and its derivatives on serum troponin I and thyroid hormones levels in normal and Dox-treated rats

Groups Troponin I (ng/mL) T3 (ng/mL) T4 (lg/dL)

Control 9.89 ± 0.24a 0.440 ± 0.12 2.95 ± 0.35

Melatonin 10.48 ± 0.21a 0.307 ± 0.004 2.75 ± 0.17

Compound 4 11.59 ± 0.20b 0.310 ± 0.02 2.68 ± 0.36

Compound 9 10.38 ± 0.37a 0.262 ± 0.03 2.07 ± 0.52

Compound 3 10.10 ± 0.39a 0.352 ± 0.05 2.60 ± 0.63

Compound 10b 9.78 ± 0.52a 0.242 ± 0.02 2.10 ± 0.14

F-ratio 3.64 0.77 NS 0.62 NS

P-value 0.01 0.58 0.68

Dox 14.08 ± 1.79*,b 0.188 ± 0.02*,a 1.86 ± 0.25*,a

Dox + melatonin 10.09 ± 0.32a 0.237 ± 0.08ab 2.57 ± 0.34ab

Dox + 4 11.41 ± 0.38ab 0.237 ± 0.03ab 2.28 ± 0.26ab

Dox + 9 13.10 ± 1.26ab 0.203 ± 0.03ab 2.31 ± 0.19ab

Dox + 3 10.94 ± 0.42a 0.235 ± 0.06ab 3.11 ± 0.30b

Dox + 10b 10.97 ± 0.30a 0.260 ± 0.03b 3.12 ± 0.33b

F-ratio 2.55 0.38 NS 3.08

P-value 0.05 0.85 0.03

The different letters indicate statistically significant means (Duncan�s multiple range test) at P < 0.05.

NS, non-significant.
* Significant difference between Dox group and the control group at P < 0.05 using Student t-test.
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enzyme, thyroid peroxidase.22 Therefore, decreased
serum T3 level was commonly observed in patients suffer-
ing from severe heart failure.23 T3 was considered to im-
prove the myocyte contractile process through a cyclic
adenosine monophosphate (c-AMP)-induced mecha-
nism. Furthermore, T3 potentiates the effects of b-adren-
ergic-receptor stimulation transduction by increasing
c-AMP production, Ca2+ channel current and Ca2+

availability to the myocyte contractile apparatus.24

Melatonin is known to be a highly protective agent
against chemotherapeutic drugs-induced cardiotoxic-
ity.25 This finding could be confirmed, in the current
study, by the significant reduction in serum troponin I
in melatonin-treated group as compared with Dox-
Table 2. Effect of melatonin and its derivatives on the levels of triglycerides

Groups Triglycerides (mg/dL) Cholesterol (m

Control 101.87 ± 8.2ab 60.94 ± 5.17

Melatonin 106.25 ± 14.20a 65.26 ± 7.83

Compound 4 105.42 ± 5.59ab 66.28 ± 6.41

Compound 9 92.15 ± 12.87ab 61.42 ± 7.31

Compound 3 88.15 ± 6.40ab 67.44 ± 3.08

Compound 10b 89.40 ± 6.07ab 58.68 ± 3.94

F-ratio 1.83 NS 0.348 NS

P-value 0.15 0.878

Dox 119.86 ± 2.77*,c 106.87 ± 21.45

Dox + melatonin 83.26 ± 4.23a 83.92 ± 7.13a

Dox + 4 99.46 ± 6.72ab 88.60 ± 6.99a

Dox + 9 102.92 ± 8.60b 75.37 ± 9.36a

Dox + 3 95.60 ± 5.66ab 76.12 ± 10.38

Dox + 10b 84.40 ± 3.92a 68.30 ± 1.43a

F-ratio 5.59 1.46 NS

P-value 0.001 0.25

The different letters indicate statistically significant means (Duncan�s multip

NS, non-significant.
* Significant difference between Dox group and the control group at P < 0.0
injected group (Table 1). In this study, we postulate that
compounds 3 and 10b may protect the thyroid gland
against extensive oxidative damage caused by Dox on
thyroid hormones synthesis via their highly antioxidant
activity.

2.2.2. Effect of drug administration on lipid profile and
leptin. Triglycerides (TG), cholesterol, low density lipo-
protein cholesterol (LDL-ch) and leptin showed no sig-
nificant variation among the six groups of normal rats
(Table 2). However, compound 10b-treated group
showed a significant decrease in LDL-ch in relation to
control, melatonin and compound 4 groups. Table 2
shows also significant variations of leptin and TG
among the six groups of Dox-injected rats while choles-
, cholesterol and LDL-ch and leptin in normal and Dox-treated rats

g/dL) LDL-cholesterol (mg/dL) Leptin (ng/mL)

24.99 ± 3.80a 13.06 ± 0.11

24.89 ± 3.85a 13.83 ± 0.67

25.43 ± 5.53a 13.47 ± 0.27

20.05 ± 2.72ab 12.58 ± 0.21

18.83 ± 1.64ab 12.76 ± 0.41

13.83 ± 0.70b 13.06 ± 0.41

1.83 NS 1.35 NS

0.15 0.28

*,b 51.79 ± 3.32*,a 14.84 ± 0.81*,b

b 44.24 ± 6.23ab 12.58 ± 0.27a

b 47.26 ± 4.32ab 13.59 ± 0.15ab

b 46.25 ± 7.10ab 13.83 ± 0.15ab

ab 41.41 ± 4.37ab 13.59 ± 0.30ab

32.17 ± 4.24b 12.94 ± 0.11a

1.69 NS 4.13

0.18 0.01

le range test) at P < 0.05.

5 using Student t-test.
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terol and LDL-ch did not differ significantly among
these groups. Dox treatment also resulted in significant
increase in both leptin and triglycerides levels compared
with the control group. Both Dox + melatonin and
Dox + 10b groups exhibited significant reduction in lep-
tin level compared to the group injected with Dox alone.
Regarding the triglycerides level, melatonin and its
derivatives produced significant reduction in serum tri-
glycerides level compared to Dox-treated group. Fur-
thermore, compound 10b could significantly decrease
the elevation of cholesterol and LDL-ch caused by
Dox injection. The increased levels of triglycerides, cho-
lesterol and LDL-ch induced by Dox in our study are
consistent with previous results.21,26 In Dox-treated ani-
mals lipoprotein lipase (LPL), an insulin-activated
enzyme mainly responsible for plasma triglycerides
clearance, is decreased21 resulting in increased plasma
levels of very low density lipoprotein triglycerides,27

which is a risk factor in atherorsclerosis. Extrahepatic
LPL, such as in the heart, is involved in the uptake of
triglycerides rich lipoproteins from the circulation.28

In our study, both melatonin and compound 10b admin-
istration decreased the serum triglycerides level. These
results suggest that lipoprotein lipase might be restored
by melatonin and 10b. Our results concerned with mel-
atonin coincide with the finding of Nishida et al.29 Mel-
atonin and compound 10b also suppressed the high level
of serum cholesterol as well as serum LDL-ch in Dox-
treated animals. Melatonin results are in agreement with
the previous reports.30 The lowering action of melatonin
on cholesterol resulted in a significant decrease in LDL-
ch in Dox-treated animals. These data suggest that mel-
atonin and compound 10b may enhance hepatic clear-
ance of serum LDL-ch. Dox has been reported to
inhibit lecithin cholesterol acyl transferase (LCAT).21

Melatonin and compound 10b may also increase the
activity of LCAT, which is inhibited by Dox-treatment.
LCAT has been reported to be synthesized in the liver
Table 3a. Effect of melatonin and its derivatives on the oxidant status in co

Groups IL-1a (ng/mL)

Control 2.34 ± 0.43

Melatonin 3.92 ± 0.73

Compound 4 2.99 ± 0.10

Compound 9 2.22 ± 0.99

Compound 3 2.14 ± 0.68

Compound 10b 2.58 ± 0.02

F-ratio 1.81 NS

P-value 0.16

Dox 1.65 ± 0.03a

Dox + melatonin 1.97 ± 0.27ab

Dox + 4 1.49 ± 0.10a

Dox + 9 1.73 ± 0.04a

Dox + 3 1.68 ± 0.05a

Dox + 10b 2.96 ± 0.50b

F-ratio 4.96

P-value 0.005

The different letters indicate statistically significant means (Duncan�s multip

NS, non-significant.
* Significant difference between Dox group and the control group at P < 0.0
and secreted into the blood where it is responsible for
the synthesis of the major portion of cholesterol ester.31

Concerning leptin, the data in the present study showed
a significant elevation in serum leptin level associated
with high levels of serum triglycerides, cholesterol and
LDL-ch levels in Dox-treated group. A study of Meisel
et al.32 suggested that leptin may be involved in the
acute response to oxidative stress. The results of Tamer
et al.33 revealed a significant positive correlation be-
tween leptin level and the concentration of both cho-
lesterol and LDL-ch in patients with myocardial infarc-
tion. A study of Wallace et al.34 showed that the plasma
leptin level can predict the risk of coronary heart disease
(CHD) and they interpreted this finding on the basis of
the known relationship between leptin and C-reactive
protein, a marker of inflammation and a predictor of
CHD risk. Another interpretation visualizes high levels
of leptin and plasma triglycerides as an established risk
factor of coronary events.35

Administration of melatonin or compound 10b could
modulate the level of serum leptin that was increased
by Dox. These results are in analogy with previous stud-
ies, which demonstrated the suppression of plasma lep-
tin by melatonin administration in middle aged male
rats.36

2.2.3. Effect of drug administration on oxidant–antioxi-
dant status. Table 3a shows that serum IL-1a exhibited
insignificant change among the six control groups
(F = 1.81, P = 0.16) while in Dox-treated groups, IL-
1a exhibited significant change (F = 4.69, P = 0.005).
Also, Dox treatment decreased the level of IL-1a (Table
3a) indicating immunosuppressive effect of this drug.
Several evidences revealed the lymphoid toxicity by
Dox. Dox was found to induce neutropenia by its sup-
pressive effects on myeloid progenitor cells (granulo-
cyte/monocyte colony forming units)37 and to produce
ntrol and Dox-treated rats

MDA (nmol/g tissue) NO (lmol/L)

14.83 ± 0.81b 48.95 ± 2.49

12.58 ± 0.27a 48.70 ± 4.64

13.59 ± 0.15ab 48.60 ± 4.03

13.83 ± 0.15ab 57.20 ± 7.82

13.59 ± 0.30ab 50.90 ± 3.41

12.94 ± 0.11a 47.25 ± 3.80

4.13 0.58 NS

0.01 0.71

25.21 ± 3.82*,b 79.90 ± 11.64*

20.05 ± 2.73ab 57.40 ± 4.91

25.42 ± 5.54b 68.90 ± 14.64

24.90 ± 3.84b 65.77 ± 8.66

18.82 ± 1.62ab 67.36 ± 13.72

13.83 ± 0.72a 66.40 ± 11.99

1.84 NS 0.35 NS

0.15 0.87

le range test) at P < 0.05.

5 using Student t-test.
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atrophy of thymus and secondary lymphoid organs in
mice.38 IL-1Ra, a cytokine produced during inflamma-
tory responses, but has no IL-1 activity, prevents bind-
ing of IL-1a and IL-1b to their receptors in order to
modulate IL-1 activity.39 Recently, IL-1Ra is used as a
sensitive marker of clinical instability in patients with
coronary artery diseases.40

In the present study, administration of either melatonin
or compound 10b to Dox-injected rats revealed a protec-
tive action against lymphoid organ toxicity as indicated
by the improvement of IL-1a secretion. The melatonin
results are in analogy with those of Pioli et al.,41 which
revealed that melatonin could restore the impaired T-
helper cell activity in immunodepressed mice through
enhancing antigen presentation by splenic macrophages
to T-cells and increase the expression of MHC class II
molecules and production of IL-1a.

Table 3a also shows significant variations of cardiac
malondialdehyde (MDA) (F = 4.13, P = 0.01) among
the six examined control groups, while serum nitric
oxide (NO) did not significantly differ among these
groups. The data show also significant decrease in the
level of MDA in both melatonin and compound 10b
groups compared with the control group. A significant
reduction in MDA was observed in Dox + 10b group
compared with Dox, Dox + 4 and Dox + 9 groups.
Compared to the control group, both cardiac MDA
and serum NO exhibited significant increase (P < 0.05)
in rats injected with Dox alone.

Table 3b shows that cardiac superoxide dismutase
(SOD), glutathione peroxidase (GPX) and catalase activ-
ities did not significantly differ among the six control
groups. Among the six Dox-injected groups SOD only
exhibited significant variation. Table 3b shows also sig-
nificant reduction in SOD, GPX and catalase activities
in Dox-injected group compared with the control group.
Table 3b. Effect of melatonin and its derivatives on antioxidant status in co

Groups SOD (u/mg protein)

Control 0.89 ± 0.04

Melatonin 0.80 ± 0.07

Compound 4 0.82 ± 0.05

Compound 9 0.84 ± 0.10

Compound 3 0.88 ± 0.03

Compound 10b 0.87 ± 0.14

F-ratio 0.22 NS

P-value 0.94

Dox 0.382 ± 0.06*,b

Dox + melatonin 0.657 ± 0.09a

Dox + 4 0.375 ± 0.03b

Dox + 9 0.507 ± 0.07ab

Dox + 3 0.515 ± 0.04ab

Dox + 10b 0.830 ± 0.02c

F-ratio 9.09

P-value 0.001

The different letters indicate statistically significant means (Duncan�s multip

NS, non-significant.
* Significant difference between Dox group and the control group at P < 0.0
The increased formation of cardiac MDA and serum
NO, and the decreased activity of cardiac antioxidant
enzymes (SOD, GPX and catalase) on Dox injection as-
serted that Dox-induced oxidative damage in the heart
tissue. The significant increase in cardiac MDA and ser-
um NO levels in Dox-injected rats coincides with the
previous study of Naidu et al.42 and Pacher et al.43,
respectively. Also, the significant inhibition of GPX,
SOD and catalase activities by Dox was supported by
the finding of Dziegiel et al.44 The generation of perox-
ynitrite is also reported to be involved in the Dox-
induced oxidative process.45 Peroxynitrite is a reactive
oxidant produced from nitric oxide.43 NO is a free rad-
ical formed during the oxidation of LL-arginine to LL-cit-
rulline in a reaction catalyzed by NO synthase.46 NO
and its oxidation product, peroxynitrite, contribute to
the injury process by directly damaging the tissue or
by initiating additional immunologic reactions that re-
sult in damage.47 In the present study the increased level
of NO in Dox-injected rats may be attributed to the
stimulation of the inducible nitric oxide synthase expres-
sion activity, which is responsible for NO production.
The increased oxidative stress on cardiac tissue results
in exhaustion of the antioxidant enzymes that are
responsible to scavenge the liberated toxic free radicals.
Therefore, the decrease of the cardiac antioxidant en-
zyme activities (SOD, GPX and catalase) was observed
in Dox-injected rats (Table 3b).

Melatonin could reduce cardiac MDA (Table 3a) and
this is consistent with Mayo et al. results.48 The mecha-
nism by which melatonin inhibits lipid peroxidation
probably involves the direct scavenging of the reactive
free radicals, especially OH and ONOO independent
or associated with the inhibition of lipid peroxidation.49

Melatonin could distribute readily in all subcellular
compartments due to its solubility in both water and lip-
ids. As such, it can pass through the cell membrane eas-
ily and enter cardiac cells to remove free radicals and
ntrol and Dox-treated rats

GPX (u/mg protein) Catalase (u/mg protein)

55.17 ± 10.28ab 2.36 ± 0.08a

54.00 ± 5.35ab 2.53 ± 0.64ab

45.72 ± 7.09a 1.66 ± 0.65a

45.10 ± 4.57a 1.78 ± 0.32a

74.97 ± 10.22b 2.44 ± 0.96a

74.60 ± 12.03b 3.66 ± 0.15b

2.38 NS 1.02 NS

0.08 0.43

32.17 ± 4.24*,a 0.59 ± 0.06*,a

47.25 ± 4.31ab 1.66 ± 0.70ab

44.25 ± 6.22ab 1.18 ± 0.50ab

41.42 ± 4.38ab 1.21 ± 0.42ab

46.25 ± 7.11ab 2.75 ± 0.29b

51.70 ± 3.31b 2.04 ± 0.39b

1.7 NS 1.02 NS

0.18 0.43

le range test) at P < 0.05.

5 using Student t-test.
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limits breakdown of membrane lipids,50 proteins in the
cytosol, and DNA in the nucleus.51 In addition to its
antioxidant activity, melatonin may also exert its effects
via melatonin 1 receptor in the heart.50

Melatonin could decrease NO level (Table 3a) and this
may be attributed to the potential inhibitory effect of
melatonin on nitric oxide synthase activity52 by sup-
pressing the activity of nuclear factor (NF) kappa b in
macrophage, which regulates the expression of nitric
oxide synthase (iNOS) gene.53 Both melatonin and com-
pound 10b could stimulate the activity of the cardiac
antioxidant enzymes SOD, GPX and catalase (Table
3b). These results asserted the antioxidant properties
of melatonin.54

2.2.4. Summary. From the results obtained in the pres-
ent study, it can be stated that, melatonin and its novel
derivatives 3, 4, 9 and 10b showed antioxidant activities
with various intensities depending on the structure of
each compound. Compound 10b has the strongest anti-
oxidant activity, which exceeds that of the parent refer-
ence, melatonin, followed by compound 3 then 9. Since
the damaging impact of Dox on cardiac cells is depen-
dant mainly on the peroxidative decomposition of struc-
tural membrane lipids,42 the tested compounds 3, 9 and
10b probably act as scavengers of free radicals.

The indole moiety of the melatonin molecule is the reac-
tive centre of interaction with oxidants due to its high
resonance stability and very low activation energy bar-
rier towards the free radical reactions. However, the
methoxy and amide side chains also contribute signifi-
cantly to melatonin�s antioxidant capacity.55

In addition to the indole moiety, the methoxy and amide
side chains of the parent melatonin molecule, the pyraz-
ole side chain at C-2 in compound 3, the 4-methyl phe-
nyl side chain at C-2 in compound 9 and the fused
triazine moiety of compound 10b, which contain amino
and methyl phenyl side chains, may be responsible for
the antioxidant effect of these derivatives. This sugges-
tion is supported by previous reports, which demon-
strated the powerful antioxidant and free radical
scavenging properties of some, pyrazoles,56,57 com-
pounds containing the substituted phenyl and amino
side chains,58,59 and triazines.57

In conclusion, the present study has demonstrated that
melatonin and its derivatives 3 and 10b could exhibit
pronounced antioxidative and protective activities.
These encouraging results warrant further studies in this
direction with the possibility to formulate a potent car-
dioprotective prescription against cardiotoxicity caused
by chemotherapeutic drugs.
3. Experimental

3.1. Synthesis

The appropriate precautions in handling moisture-sen-
sitive compounds were undertaken. All melting points
were uncorrected, the IR spectra expressed in cm�1

and recorded in KBr pellets on a Pa-9721 IR spectrom-
eter. 1H and 13C NMR spectra were obtained on a Var-
ian EM-390 90 MHz spectrometer in DMSO-d6 as
solvent and TMS as internal reference. Chemical shifts
(d) are expressed in ppm. Mass spectra were recorded
on Kratos (75 eV) MS equipment. Elemental analyses
were carried out by Microanalytical Data Unit at The
National Research Centre, Giza, Egypt. All the elemen-
tal analyses results were in a range of ±0.35%.

3.1.1. N-[2-(2-(3,5-Dimethylpyrazol-1-yl)-5-methoxyin-
dol-3-yl)ethyl]acetamide (3). A mixture of compound
(1) (1.31 g, 0.005 mol) and acetyl acetone 2 (0.5 g,
0.005 mol) in absolute ethanol (30 mL) was boiled under
reflux for 4 h until all starting materials had disappeared
as indicated by TLC. Then the reaction mixture was
concentrated under vacuum, whereby the resulted oily
product was triturated with ethyl acetate. The solid
product so formed was filtered off, dried and crystallized
from dioxane. Pale brown crystals, yield 1.32 g (76%),
mp 198–199 �C; C18H22N4O2 (326.402), IR (t/cm�1):
3448–3380 (2NH), 3050 (CH– aromatic), 2975 (CH3),
2860 (CH2), 1705 (C@O). 1H NMR (d ppm): 1.77 (s,
3H, COCH3), 2.15 (s, 6H, 2CH3), 3.05 (t, 2H, CH2),
3.37 (t, 2H, CH2), 3.82 (s, 3H, OCH3), 6.75 (s, 1H, pyr-
azole H-4), 7.32–7.80 (m, 3H, aromatic-H), 10.12 (s, 1H,
1NH, D2O-exchangeable). 13C NMR (d): 22.6
(COCH3), 26.3, 26.8 (2CH3), 24.5, 39.2 (2CH2), 55.9
(OCH3), 131.6 (C-2), 111.8 (C-3), 100.3 (C-4), 152.9
(C-5), 110.7 (C-6), 109.6 (C-7), 131.5, 128.7 (fused-C),
133.2, 106.3, 133.7 (pyrazole–C), 169.5 (C@O). MS
(m/z, %): 326 (M+�

, 55%), 231 [M+��C5H7N2 (dimethyl-
pyrazole fragment), 40%], 95 (C5H7N2, 34%).

3.1.2. N-[2-(6-Methoxy-1,2,4-triazolo[4,3-a]indol-4-yl)-
ethyl]acetamide (4). Equimolar amounts of compound
(1) (1.31 g, 0.005 mol) and triethyl orthoformate
(0.74 g, 0.005 mol) in glacial acetic acid (35 mL) were
boiled under reflux for 3 h. The reaction mixture was
concentrated under vacuum, cooled at room tempera-
ture, poured onto ice. The solid product so formed
was filtered off, dried and crystallized from ethanol.
Brown powder, yield 0.97 g (72%), mp 175–176 �C;
C14H16N4O2 (272.311). IR (t/cm�1): 3440–3387 (2NH),
3035 (CH– aromatic), 2970 (CH3), 2860 (CH2), 1710
(C@O). 1H NMR (d ppm): 1.82 (s, 3H, COCH3), 2.95
(t, 2H, CH2), 3.36 (t, 2H, CH2), 3.85 (s, 3H, OCH3),
6.65 (s, 1H, pyrazole H-1), 7.54–7.92 (m, 3H, aro-
matic-H), 9.92, 10.22 (2s, 2H, 2NH, D2O-exchangeable).
MS (m/z, %): 272 (M+�

, 35%), 241 (M+��OCH3, 42%),
214 (M+��NHCOCH3, 57%).

3.1.3. N-[2-(1-Mercapto-6-methoxy-1,2,4-triazolo[4,3-a]-
indol-4-yl)ethyl]acetamide (5). To a mixture of com-
pound 1 (1 g) and carbon disulfide (5 mL) in ethanol
(30 mL), potassium hydroxide (0.5 g) was added. The
reaction mixture was heated under reflux for 6 h, cooled
at room temperature, diluted with water and acidified
with dilute hydrochloric acid. The formed solid product
was filtered off, dried and crystallized from methanol.
Yellow crystals, yield 0.85 g (70%), mp 205–207 �C;
C14H16N4SO2 (304.372). IR (t/cm�1): 3420–3360
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(2NH), 3045 (CH– aromatic), 2977 (CH3), 2865 (CH2),
2590 (SH), 1710 (C@O). 1H NMR (d ppm): 1.84 (s,
3H, COCH3), 3.04 (t, 2H, CH2), 3.34 (t, 2H, CH2),
3.83 (s, 3H, OCH3), 3.89 (s, 1H, SH, D2O-exchange-
able), 7.63–7.95 (m, 3H, aromatic-H), 9.64, 10.32 (2s,
2H, 2NH, D2O-exchangeable). MS (m/z, %): 304 (M+�

,
27%), 287 (M+��SH, 40%), 246 (M+��NHCOCH3,
68%).

3.1.4. N-[2-(1-Methylthio-6-methoxy-1,2,4-triazolo[4,3-a]-
indol-4-yl)ethyl]acetamide (6). To ethanolic sodium eth-
oxide solution [prepared by dissolving sodium metal
(0.5 g) in 30 mL absolute ethanol] compound 5 (1.52 g,
0.005 mol) was added and the solution was heated under
reflux for 15 min. Then, methyl iodide (0.70 g,
0.005 mol) was added and the refluxing was continued
for additional 3 h. The reaction mixture was then cooled
at room temperature, poured onto ice and neutralized
with dilute hydrochloric acid. The formed solid product
was filtered off, dried and crystallized from DMF. Pale
brown crystals, yield 1.22 g (77%), mp 225–226 �C;
C15H18N4SO2 (318.402). IR (t/cm�1): 3430–3365
(2NH), 3035 (CH– aromatic), 2975 (CH3), 2870 (CH2),
1715 (C@O). 1H NMR (d ppm): 1.85(s, 3H, COCH3),
2.43 (s, 3H, SCH3), 2.98 (t, 2H, CH2), 3.35 (t, 2H,
CH2), 3.80 (s, 3H, OCH3), 7.71–7.98 (m, 3H, aro-
matic-H), 9.60, 10.17 (2s, 2H, 2NH, D2O-exchangeable).
MS (m/z, %): 318 (M+�

, 62%), 271 (M+��SCH3, 37%).

3.1.5. N-[2-(5-Methoxy-2-p-methylphenylazoindol-3-yl)-
ethyl]acetamide (9), N-[2-(5-methoxy-2-pyridin-3-ylazo-
indol-3-yl)ethyl]acetamide (12). General procedure: a
solution of melatonin (1.16 g, 0.005 mol) in ethanol
(30 mL) containing sodium acetate (0.5 g) was cooled
to 0–5 �C, then treated gradually with a cold solution
of either p-methylbenzenediazonium chloride 8 or pyr-
idindiazonium chloride 11 [either compound 8 or 11
was prepared by the addition of sodium nitrite solution
to appropriate quantities of hydrochloric acid and p-tol-
udine or 3-aminopyridine, respectively]. After the addi-
tion of the diazonium salt, the reaction mixture was
stirred at room temperature for 30 min. The precipitated
product was separated upon dilution with cold water,
filtered off, washed several times with water, dried and
crystallized.

Compound 9: red crystals from EtOH/H2O mixture (7:3
v/v), yield 1.38 g (79%), mp 188 �C; C20H22N4O2

(350.422). IR (t/cm�1): 3455–3389 (NH), 3050 (CH–
aromatic), 2970 (CH3), 2865 (CH2), 1698 (C@O). 1H
NMR (d ppm): 1.79 (s, 3H, COCH3), 2.25 (s, 3H,
CH3), 2.89 (t, 2H, CH2), 3.40 (t, 2H, CH2), 3.82 (s,
3H, OCH3), 7.32–7.93 (m, 7H, aromatic-H), 9.82 (s,
1H, NH, D2O-exchangeable). MS (m/z, %): 350 (M+�

,
48%), 231 (M+��C7H7N2, 46%).

Compound 12: buff crystals from EtOH, yield 1.17 g
(70%), mp 233–235 �C; C18H19N5O2 (337.382). IR (t/
cm�1): 3445–3380 (NH), 3045 (CH– aromatic), 2985
(CH3), 2875 (CH2), 1710 (C@O). 1H NMR (d ppm):
1.92 (s, 3H, COCH3), 2.80 (t, 2H, CH2), 3.55 (t, 2H,
CH2), 3.80 (s, 3H, OCH3), 7.52–8.50 (m, 7H, aromatic
and pyridine–H), 9.98 (s, 1H, NH, D2O-exchangeable).
MS (m/z, %): 337 (M+�

, 54%), 231 (M+��C5H4N3, 23%).

3.1.6. General method for preparation of compounds 10a,b
and 13a,b. To a solution of compound 9 (0.7 g,
0.002 mol) or compound 12 (0.67 g, 0.002 mol) in etha-
nol (35 mL) containing an amount of catalytic piperi-
dine (2 mL) either malononitrile (0.13 g, 0.002 mol) or
ethyl cyanoacetate (0.23 g, 0.002 mol) was added. The
reaction mixture, in each case, was heated under reflux
for 4 h until all starting materials had disappeared as
indicated by TLC, and then left to cool at room temper-
ature, poured over ice/water mixture and neutralized
with dilute hydrochloric acid. The formed solid product,
in each case, was filtered off, dried and crystallized from
the appropriate solvent.

3.1.6.1. N-[2-(1-Amino-2-cyano-7-methoxy-3-p-meth-
ylphenyl-1,2,4-triazino[4,3-a]indol-5-yl)ethyl]acetamide
(10a). Brown crystals, from EtOH, yield 0.56 g (68%),
mp 191–192 �C; C23H24N6O2 (416.482). IR (t/cm�1):
3385–3290 (NH2, 2NH), 3030 (CH– aromatic), 2975
(CH3), 2853 (CH2), 2225 (CN), 1695 (C@O). 1H NMR
(d ppm): 1.73 (s, 3H, COCH3), 2.32 (s, 3H, CH3), 3.04
(t, 2H, CH2), 3.45 (t, 2H, CH2), 3.79 (s, 3H, OCH3),
6.12 (s, 2H, NH2, D2O-exchangeable), 7.45–8.05 (m,
7H, aromatic-H), 8.89, 9.52 (2s, 2H, 2NH, D2O-
exchangeable). MS (m/z, %): 417 (M+�

+1, 55%), 325
[M+��(C6H4–CH3), 71%].

3.1.6.2. N-[2-(1-Amino-2-ethoxycarbonyl-7-methoxy-
3-p-methylphenyl-1,2,4-triazino[4,3-a]indol-5-yl)ethyl]-
acetamide (10b). Reddish brown crystals, from DMF,
yield 0.64 g (70%), mp 155–156 �C; C25H29N5O4

(463.543). IR (t/cm�1): 3420–3290 (NH2, 2NH), 3040
(CH– aromatic), 2975 (CH3), 2869 (CH2), 1735, 1698
(2C@O, ester C@O, COCH3).

1H NMR (d ppm): 1.13
(t, 3H, ester CH3), 1.79 (s, 3H, COCH3), 2.30 (s, 3H,
CH3), 2.95 (t, 2H, CH2), 3.40 (t, 2H, CH2), 3.85 (s,
3H, OCH3), 4.25 (q, 2H, ester CH2), 6.42 (s, 2H, NH2,
D2O-exchangeable), 7.32–7.90 (m, 7H, aromatic-H),
9.71, 10.12 (2s, 2H, 2NH, D2O-exchangeable). 13C
NMR (d): 14.9 (CH3, ester group), 20.2 (CH2, ester
group), 20.8 (C6H4–CH3), 22.8 (COCH3), 24.8, 40.6
(2CH2), 55.4 (OCH3), 132.3 (C-2), 110.5 (C-3), 111.3
(C-4), 152.3 (C-5), 110.9 (C-6), 110.2 (C-7), 133.0,
129.1 (fused aromatic-C), 127.2 (C–CO2Et), 169.5,
173.2 (2C@O), 150.3, 112.2, 112.8, 129.0, 129.5, 130.2
(phenyl–C). MS (m/z, %): 463 (M+�

, 42%), 372
[M+��(C6H4–CH3), 54%].

3.1.6.3. N-[2-(1-Amino-2-cyano-7-methoxy-3-pyridin-
3-yl-1,2,4-triazino[4,3-a]indol-5-yl)ethyl]acetamide (13a).
Brown powder, from EtOH, yield 0.53 g (66%), mp 225–
227 �C; C21H21N7O2 (403.442). IR (t/cm�1): 3435–3295
(NH2, 2NH), 3035 (CH– aromatic), 2970 (CH3), 2855
(CH2), 2220 (CN), 1695 (C@O). 1H NMR (d ppm):
1.80 (s, 3H, COCH3), 2.93 (t, 2H, CH2), 3.38 (t, 2H,
CH2), 3.85 (s, 3H, OCH3), 6.32 (s, 2H, NH2, D2O-
exchangeable), 7.45–8.43 (m, 7H, aromatic and pyri-
dine–H), 8.94, 9.25 (2s, 2H, 2NH, D2O-exchangeable).
MS (m/z, %): 404 (M+�

, 35%), 326 (M+��C5H4N,
76%), 78 (C5H4N, 100%).
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3.1.6.4. N-[2-(1-Amino-2-ethoxycarbonyl-7-methoxy-
3-pyridin-3-yl-1,2,4-triazino[4,3-a]indol-5-yl)ethyl]acet-
amide (13b). Yellow crystals, from MeOH, yield 0.64 g
(72%), mp 201–202 �C; C23H26N6O4 (450.502). IR (t/
cm�1): 3430–3290 (NH2, 2NH), 3040 (CH– aromatic),
2975 (CH3), 2873 (CH2), 1730, 1705 (2C@O, ester
C@O, COCH3).

1H NMR (d ppm): 1.15 (t, 3H, ester
CH3), 1.82 (s, 3H, COCH3), 3.02 (t, 2H, CH2), 3.40 (t,
2H, CH2), 3.83 (s, 3H, OCH3), 4.25 (q, 2H, ester
CH2), 5.92 (s, 2H, NH2, D2O-exchangeable), 7.42–8.53
(m, 7H, aromatic and pyridine–H), 8.93, 9.62 (2s, 2H,
2NH, D2O-exchangeable). MS (m/z, %): 451 (M+�

,
45%), 373 (M+��C5H4N, 64%), 78 (C5H4N, 100%).

3.2. Bioassay

Adriamycin, doxorubicin hydrochloride (Dox), was pur-
chased from Pharmacia of Upjohn S.P.A. Research
Laboratories. Male Sprague-Dawley rats (72 rats),
weighing 200–250 g, were supplied by the Animal House
at National Research Centre. Animals were maintained
under 12/12 h light/dark cycle at 20 ± 1 and fed with
standard laboratory diet and water ad libitum.

3.2.1. Experimental design. The animals were randomly
assigned to 12 groups (each of six rats) as follows: con-
trol, melatonin and each one of its derivatives 3, 4, 9 and
10b, Dox, Dox + melatonin, Dox + 3, Dox + 4, Dox + 9
and Dox + 10b. A single dose of Dox (15 mg/kg B.W.)
dissolved in water was injected intraperitoneally.60 Mel-
atonin and its derivatives were dissolved in 2% Tween
and injected intraperitoneally in a dose of 5 mg/kg
B.W./day61 for 10 consecutive days starting 3 days prior
to Dox injection. Normal healthy animals received mel-
atonin or each of its derivatives alone (5 mg/kg B.W./
day) for 10 consecutive days so as to confirm the safety
of melatonin and its derivatives.

3.2.2. Sample collection. At the end of the experimental
period (10 days) blood samples were collected using cap-
illary tubes from retro-orbital plexus of the individuals
of all groups after being fasted for 12 h.62 Blood samples
were left to clot then centrifuged at 3000 rpm for 15 min
to separate the sera, which were stored at �20 �C until
analysis could be completed. After blood collection, all
animals were rapidly sacrificed and the hearts were dis-
sected and immediately homogenized in 50 mM ice-cold
phosphate buffer (pH 7.4) to give 10% homogenate (w/
v). The homogenate was centrifuged at 3200 rpm for
20 min in cooling centrifuge at 0 �C. The supernatant
(10%) was used for the determination of lipid peroxid-
ation. The supernatant was further diluted with phos-
phate buffer (20% dilution) to determine the antioxidant
enzyme activities (catalase, superoxide dismutase and
glutathione peroxidase) and protein content.

3.2.3. Biochemical analyses. Quantitative estimation of
serum troponin I was carried out by enzyme linked
immunosorbent assay (ELISA)63 using kit purchased
from DRG international Inc., USA. An immunoenzy-
mometric assay for serum leptin measurement was done
according to Friedman and Halaas method64 using kit
produced by BioSource. Europe S.A. Kits from Randox
Laboratories Ltd Co. were used for the determination of
serum total cholesterol,65 LDL-cholesterol66 and triglyc-
erides.67 Quantitative determination of serum 3,5,3 0-tri-
iodothyronine (T3) and thyroxin (T4) was carried out
using ELISA procedure according to the methods of
Tietz68 and Robbins,69 respectively, using kits of Adaltis
Italia S.P.A. Serum nitrate concentration as a stable end
product of nitric oxide was determined photometrically
on microtitre plate according to the method of Moshage
et al.70 using kit produced by RfD System GmbH (Ger-
many). Serum interleukin-1alpha (IL-1a) was measured
by ELISA procedure of Krakauer and Krakauer71 using
Cytimmune Co. Kit. Lipid peroxidation in cardiac
homogenate was estimated by measurement of malondi-
aldehyde by spectrophotometric assay72 using Oxis
ResearchTM kit. The level of lipid peroxides was
expressed as nmol malondialdehyde/gm tissue. Total
glutathione peroxidase activity was determined in car-
diac homogenate using reduced glutathione and cumene
hydroperoxide as substrate using 20 lL diluted superna-
tant by the modified method of Paglia and Valentine.73

Superoxide dismutase activity was determined by red
formazan dye reduction procedure74 using 50 lL diluted
supernatant. Spectrophotometric assay was used for the
determination of catalase activity in cardiac homogenate
supernatant according to the method of Aebi75 using kit
produced by Oxis ResearchTM Inc. The specific activities
of glutathione peroxidase, superoxide dismutase and
catalase were expressed as units of activity/mg protein.
The protein content of heart tissue was measured apply-
ing the method of Lowry et al.76

3.2.4. Statistical analysis. The Statistical Package for the
Social Sciences (SPSS version 7.5) was used in data anal-
ysis. Data were expressed as mean ± SE. One way anal-
ysis of variance (ANOVA) was used to compare the six
control groups together as well as the six groups injected
with Dox together. When significant it was followed by
Duncan�s multiple range test77 to clarify the significance
between the individual groups. Student t-test was used
to compare the Dox group with the control group.78 P
values less than 0.05 were considered significant.
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