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Melatonin inhibits apoptosis and oxidative tissue 
damage in cisplatin-induced pulmonary toxicity in rats
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A b s t r a c t

Introduction: Cisplatin is one of the most frequently used chemotherapeu-
tics, which is known to cause both tumor and normal lung tissue damage 
through the generation of free radicals and cells apoptosis/necrosis. Mela-
tonin is a neurohormone that regulates numerous physiological processes in 
the body both through receptor pathways and by maintaining tissue redox 
homeostasis. 
Material and methods: The extent of rat lung damage induced by cispla-
tin and the effects of melatonin on this process was determined based on 
the pathohistological changes and biochemical disturbances in tissue lipid 
peroxidation, protein carbonyl modification and in the activity of xanthine 
oxidase (XO), caspase-3 and DNases.
Results: Histopathological analysis of rat lung tissue obtained from animals 
that received cisplatin found them to be edematous, with significant dete-
rioration of alveolar epithelium. These morphological changes are accompa-
nied by a significant increase in all studied oxidative stress-related param-
eters, as well as with the activity of apoptosis-related enzymes. A five-day 
treatment with melatonin completely prevented a cisplatin-induced increase 
in oxidative stress-related parameters and in the activity of XO, caspase-3 
and alkaline DNase. Also, the histopathological changes observed during 
microscopic analysis were much less pronounced than in the group that re-
ceived cisplatin only. 
Conclusions: These results can potentially be connected with the ability of 
melatonin to inhibit the activity of XO, caspase-3 and alkaline DNase and/
or its ability to scavenge free radicals, thus preventing lung damage induced 
by cisplatin.
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Introduction

Cisplatin (cis-dichlorodiammine platinum II, CP) 
is one of the most well-known chemotherapeutic 
agents, which has been routinely administered 
to patients with different malignancies, including 
non-small cell lung carcinoma [1]. By increasing the 
dose of CP the therapeutic potential of this drug 
increases, but the risk for the occurrence of various 
side effects increases as well [2]. Pulmonary fibrosis 
is one of the main side-effects that arise after the 
administration of cisplatin, mainly in combination 
with other chemotherapeutic agents, to patients 
with different malignancies [3]. Besides significant 
damage to tumor tissue, CP causes normal lung 
tissue damage as well. Such damage is known to 
be associated with chronic obstructive pulmonary 
disorder and pulmonary dysfunction in humans, 
which are thought to be direct consequence of the 
lung tissue oxidative stress (generation of reactive 
oxygen species (ROS)) and deterioration in antiox-
idant status [4]. An additional mode of action of 
CP, besides the depletion of tissue antioxidant ca-
pacities, involves the activation of caspase(s), and 
consequential apoptosis, as well as the initiation of 
necrosis due to abortion of apoptosis [5]. 

Melatonin (MLT) is a  pineal gland hormone 
whose cyclic secretion is mainly dependent on the 
light/dark cycle. The activity of MLT is predomi-
nantly related to its interaction with melatonin re-
ceptor 1A (MT1) and melatonin receptor 1B (MT2), 
of which MT1 receptors are found to be highly ex-
pressed in rat lung tissue [6]. Apart from MLT re-
ceptor-mediated activity, this neurohormone acts 
as an antioxidant and is able to maintain tissue 
redox homeostasis, which is also important for its 
physiological functions [7]. The antioxidant activ-
ity of MLT is connected to numerous mechanisms 
which include electron and/or hydrogen transfer, 
radical adduct formation, metal chelation, and 
the repair of biological targets [7]. Also, there are 
data suggesting that MLT possesses immunomod-
ulatory, anti-aging and anti-cancer effects, as well 
as the ability to maintain endothelial integrity and 
improve blood cell function [8].

Since CP is extensively used for the treatment 
of lung cancers, our study was designed to de-
termine to what extent the co-application of MLT 
would prevent lung tissue damage that follows CP 
administration. The effects of MLT on CP-induced 
lung tissue damage was measured based on the 
changes in oxidative-stress related parameters 
(malondialdehyde and protein carbonylation con-
tent), as well as the activity of xanthine oxidase, 
alkaline and acidic DNase and caspase-3. Addi-
tionally, pathohistological analysis of the lung tis-
sue samples obtained from different groups was 
conducted in order to associate morphological 
changes with those at the biochemical level.

Material and methods

Drugs, chemicals, and instruments

All reagents and solvents used in this investiga-
tion were of analytical grade or higher and were 
obtained from Sigma-Aldrich (St. Louis, MO, USA) 
or Carl Roth (Karlsruhe, Germany). For each exper-
imental procedure, the reagents were made fresh 
on the day of the experiment. On the day of the 
experiment, MLT was dissolved in absolute ethanol 
and further diluted with a  sterile saline solution 
(0.9% NaCl) prior to the intraperitoneal administra-
tion at a dose of 50 mg/kg [9]. Spectrophotometric 
analyses were performed using a V-1800 Shimadzu 
spectrophotometer and/or microplate reader (Mul-
tiskan Ascent; Labsystems, Helsinki, Finland).

Animals and housing

Experimental animals were obtained from the 
Research Centre of the Faculty of Medicine, Univer-
sity of Nis. In total, 24 male Wistar rats (225–275 g) 
allocated to four identical groups were used in the 
experiment. Prior to the experiment, the animals 
were housed in groups under a standard laboratory 
environment (22 ±2°C, humidity 60%) with a con-
stant 12/12 h light and dark cycles. Food and water 
were available ad libitum throughout the experi-
ment. All experimental procedures were conducted 
in compliance with the European Council Directive 
(EU Directive of 2010; 2010/63/EU) and were ap-
proved by the local ethics committee.

Experimental design

Lung tissue damage induced by CP was per-
formed as described previously [10]. Groups of 
animals were treated for five days as follows: 
Group I – Vehicle treated group – received a daily 
injection of vehicle 1 ml/kg; Group II – MLT treated 
group – received a daily injection of MLT (50 mg/
kg) for five days; Group  III – CP treated group – 
received CP injection (10 mg/kg) on the 3rd day of 
the experiment; Group IV – CP and MLT treated 
group – received MLT for five days (50 mg/kg), and 
a single injection of CP (10 mg/kg) on the 3rd day. 

Twenty-four hours after the last treatment all 
animals were sacrificed with an overdose of ket-
amine (Ketamidor 10%; Richter Pharma AG, Wels, 
Austria) and both lungs were removed for tissue 
biochemical (frozen and stored at –80°C) and his-
topathological (fixated in 10% buffered formalin) 
analyses.

Tissue homogenate preparation and 
protein determination

Tissue samples frozen for biochemical analyses 
were homogenized in cold distilled water (10%, w/v) 
and centrifuged (12,000 rpm, 10 min at 4°C) in order 



Melatonin inhibits apoptosis and oxidative tissue damage in cisplatin-induced pulmonary toxicity in rats

Arch Med Sci 3

to obtain a clear supernatant that was further used 
for the determination of tissue biochemical parame-
ters. The protein content in lung tissue homogenate 
was determined using Lowry’s method [11] and the 
concentration of proteins was calculated based on 
the bovine serum albumin standard curve.

Tissue biochemical analyses

Xanthine oxidase activity determination

Enzyme activity determination was based on 
the uric acid production in a reaction of xanthine 
oxidase (XO) and xanthine (0.6 mM), after incuba-
tion at 37°C for 30 min. The activity of XO was ex-
pressed as mU/mg of lung tissue proteins, using 
a molar coefficient of 7.6 × 10−3M/cm [9].

Lipid and protein damage determination

The amount of lipid peroxidation was estimat-
ed through the levels of malondialdehyde (MDA), 
measured using a  spectrophotometrically. The 
method is based on the MDA reaction with thio-
barbituric acid, under increased heat, which form 
a colored product whose absorbance can be mea-
sured at 532 nm [12]. The concentration of MDA in 
lung tissue was calculated using a standard curve 
and the results are expressed as nmol of MDA per 
mg of tissue proteins.

Protein carbonyl content (PCC) was used for the 
quantification of oxidatively modified proteins. 
Their content was determined spectrophotometri-
cally, using 2,4-dinitrophenylhydrazine as a coloring 
reagent [12]. The concentration of reactive carbonyl 
derivatives was determined using a molar extinc-
tion coefficient for 2,4-dinitrophenylhydrazine at 
370 nm (22 × 103 l/mol/cm). The obtained results 
are expressed as μmol/mg of lung tissue proteins.

Caspase-3 (Ser29) activity determination

The amounts of caspase-3 were determined 
using an ELISA kit (ab181418) obtained from Ab-
cam, UK. The assay range was 0.156–10 ng/ml 
and the obtained data are expressed as ng/mg of 
tissue proteins.

Determination of alkaline and acidic DNase 
activity

Alkaline and acidic DNase activities were de-
termined based on previously described methods 
[13] using calf thymus DNA as a substrate. Alka-
line DNase activity was determined at an optimum 
pH of 7.4 in Tris-HCl buffer, while the acidic DNase 
activity was determined using acetate buffer at 
an optimum pH of 5.0. The amount of DNA that 
remained after the reaction was determined spec-
trophotometrically at 260 nm and the enzyme ac-
tivity was expressed as U per mg of proteins.

Histopathological analysis

Tissue samples fixed in formalin were further 
processed following standard histopathological 
procedures and at the end, tissue was embedded 
in paraffine molds. Afterward tissue samples were 
cut into 4–5 μm thick sections and stained rou-
tinely with hematoxylin and eosin (HE) technique. 
Tissue examinations were performed using a light 
microscope (Olympus BX43, Olympus Corpora-
tion, Tokyo, Japan) and digital photographs were 
obtained using an imaging system (Olympus cell 
Sens platform standard, Olympus Corporation, 
Tokyo, Japan) at 200 × magnification. Evaluated 
histopathological changes included lung tissue in-
terstitial edema or fibrosis, alveolar damage and 
presence of hemorrhagic foci. The extent of chang-
es was scored as follows: (–) absent; (+) mild; (++) 
moderate and (+++) significant, by a pathologist 
who was blinded to the treatment protocols.

Statistical analysis

The results obtained from biochemical analyses 
were presented as mean ± SD and further com-
pared using one-way ANOVA followed by Tukey’s 
post hoc test. Probability values (p) less than or 
equal to 0.05 were considered to be statistically 
significant.

Results

Oxidative damage-related biochemical 
parameters

The application of CP (group III and IV) caused 
a statistically significant increase in lung tissue XO 
activity compared to the untreated animals (group I, 
Table I). When MLT was applied together with CP 
a moderate, still statistically significant reduction 
compared to the CP-treated group in XO activity 
was observed (Table I).

The amounts of oxidatively modified lipids 
(MDA) and proteins (PCC) were found to be statis-
tically significantly increased, compared to group I 
(untreated animals), in lung tissue of rats injected 
with CP. In the group of animals injected with MLT 
and CP (group IV) statistically significantly lower 
amounts of both measured parameters were found 
compared to CP-treated rats. The concentrations of 
these two biomarkers were almost identical to the 
ones found for control and MLT treated groups of 
rats since there were no statistically significant dif-
ferences between these groups (Table I).

Apoptosis-related biochemical parameters

The caspase-3 activity was statistically signifi-
cantly increased, compared to the untreated ani-
mals, in the lung tissue of rats treated with CP only 
(group III) (Figure 1 A). The activity of caspase-3 
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in lungs of rats treated with MLT prior and after 
CP injection was found to be significantly lower 
than those found both in untreated (group I) and 
CP-treated (group III) rats (Figure 1 A).

The activity levels of alkaline and acidic DNase 
in lung tissue were found to be significantly in-
creased, compared to the untreated or MLT treat-
ed rats, by the application of CP (Figure 1 B, C). 
In the group of animals that received MLT and 
CP (group IV) only the activity of alkaline, but 
not acidic, DNase was found to be significantly 
decreased, with values far below the ones deter-
mined in both CP (group III) and control (group I) 
rats (Figure 1 B, C).

Histopathological findings

Examination of lung tissue samples obtained 
from group I  and II revealed normal tissue mor-
phology (score – for all traced parameters in both 
groups) with distinct alveoli and alveolar septum, 

normal shape of Clara cells and of type I  and II 
pneumocytes (Figure 2 A, B, Table II). In group III, 
animals that received only CP, significant changes 
in tissue morphology, such as interstitial edema 
and fibrosis, with the disorganized inner epitheli-
um of alveolar bronchioles and hemorrhagic foci, 
were observed (Figure 2 C, Table II). In the group 
that received MLT prior and after CP injection 
(group IV) the extent of all previously detected 
pathological changes was significantly diminished 
compared to group III (Figure 2 D, Table II). 

Discussion

The activity of XO, an enzyme involved in nu-
merous pathophysiological processes, is general-
ly very complex and its activation/inhibition de-
pends on numerous factors present both within 
the cell and in the circulation. One thing is sure: 
the products of its activity, i.e. superoxide ions, 
nitric oxide directly (part of ROS), cause injury to 

Table I. Oxidative damage-related biochemical parameters obtained from different experimental groups

Parameter/Group Group I
Vehicle treated

Group II
MLT treated

Group III
CP treated

Group IV
CP and MLT treated

XO (mU/mg of proteins) 0.59 ±0.02 0.78 ±0.01 1.89 ±0.13* 1.14 ±0.42**,#

PCC (μmol/mg of proteins) 30.5 ±8.3 37.2 ±3.6 62.5 ±9.4* 38.2 ±12.5#

MDA (nmol/mg of proteins) 1.56 ±0.02 1.50 ±0.08 2.78 ±0.04* 1.24 ±0.76#

Data are presented as mean ± SD, n = 6; ANOVA, Tukey’s post hoc test *p < 0.001; **p < 0.01 vs. Vehicle treated group (Group I); # p < 0.001 
vs. CP treated group.
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Figure 1. Activity of caspase-3 (A), alkaline (B) and 
acidic (C) DNase in lung tissue homogenates ob-
tained from different experimental groups

 Group I Group II Group III Group IV

 Group I Group II Group III Group IV

 Group I Group II Group III Group IV
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proteins, lipids, and DNA in the vicinity of XO [14]. 
Also, lung tissue is a  target for distant damage 
by superoxide radicals produced in different XO 
expressing tissue. The lung tissue edema, and to 
some extent cell damage, can be associated with 
the activity of XO within the lung tissue, as well 
as with the produced superoxide radicals [15]. 
The activity of MLT, which in the present study 
decreased the CP-induced increase in XO activity, 
could be attributed to its ability to inhibit the en-
zyme activity directly and/or to scavenge superox-
ide radicals that are important for enzyme activity 
regulation [14].

One of the most prominent processes occur-
ring after excessive ROS production is lipid per-

oxidation, which affects all biological membranes 
(cell and organelle membranes), forming products 
such as MDA, 4-hydroxynonenal (4-HNE), etc. [16]. 
Thus, in accordance with previous studies [17], 
we found the MDA levels to be increased in the 
lungs of rats injected with CP (Table I). Also, an 
increase in MDA levels might be partially related 
to the damage and distortion of pulmonary tissue 
observed during histopathological analysis (Figure 
2 C, Table II). Although MLT did not completely pre-
vent the rise in activity of XO, it fully prevented the 
formation of MDA in lung tissue, which is in line 
with the previous findings where a single dose of 
MLT also prevented MDA formation in carbon tet-
rachloride damaged rat lung tissue [18].

Table II. Pathohistological scores for different experimental groups

Parameter/Group Group I
Vehicle treated

Group II
MLT treated

Group III
CP treated

Group IV
CP and MLT treated

Interstitial edema  –  – ++ +

Interstitial fibrosis  –  – ++ +

Alveolar damage  –  – +++ ++

Hemorrhagic foci  –  – +++ ++

Pathohistological score of changes: (–) absent; (+) mild; (++) moderate and (+++) significant.

A

C

B

D

Figure 2. Histological appearance of lung tissue obtained from rats belonging to different experimental groups: 
(A) control and (B) melatonin treated groups – normal histological structure of lung tissue with clear alveoli, and 
without any pathological changes; (C) cisplatin-treated group – extensive changes in lung morphology with alveoli 
epithelium damage (asterisk) and hemorrhagic foci (circled); (D) melatonin and cisplatin-treated group – some 
degree of alveolar epithelium degeneration (asterisk) but without other significant morphological alterations (HE 
staining; 200× magnification)
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The products of protein carbonylation (PCC), 
extensively used biomarkers for measuring pro-
tein carbonyl accumulation and protein oxidation 
[19], are found to be increased in lung tissue af-
ter CP application (Table I). This biomarker can 
possibly be used for monitoring acute respirato-
ry distress syndrome since these proteins when 
present in alveoli cause a disturbance in protease/
antiprotease balance and/or surfactant, or lead to 
mucus disorganization [20]. The presence of lung 
edema in CP treated groups of animals (Figure 2 C, 
D, score ++ and +, respectively) might be connect-
ed with the formation of PCC and their excretion 
to alveoli, which then causes water shift to the in-
terstitium. An increase in PCC in lung tissue has 
been previously proved to be prevented by MLT 
application [19], which is the case in the present 
study as well, and it may possibly be correlated 
with the much better appearance of lung tissue in 
group IV (Figure 2 D, Table II). 

The process of either cell apoptosis or necrosis 
is highly dependent on the concentration of CP, at 
least under cell culture conditions, [5] and it might 
be hard to distinguish between the two process-
es in an in vivo model. An executor caspase, i.e. 
caspase-3, synthesized as an inactive proenzyme 
(p32), is initially cleaved by initiator caspase (e.g. 
caspase-8) and via a further self-catalyzation pro-
cess forms p17 and p12 active fragments [21]. 
The activity of active fragments is terminated 
by the ubiquitin-proteasome system [21], which 
is in turn found to be inhibited by the products 
of lipid peroxidation (4-HNE) [22]. Thus, it is not 
surprising that in the group treated with CP there 
is a significant increase in active caspase-3 lung 
tissue concentrations (Figure 1 A), since in the 
same group the products of lipid peroxidation 
(MDA levels) are significantly increased as well 
(Table I). Previous studies found that caspase 
system activation is closely connected with the 
extent of lipid peroxidation [23, 24] and that the 
activation of caspase-3 is directly connected with 
the microscopical changes occurring in tissue 
[24]. We found that MLT prevented an increase in 
caspase-3 activity, which might be related to its 
ability to modulate cytochrome C release via the 
MT1 signaling pathway [25] or by inhibiting the 
process of lipid peroxidation (Table I). This action 
of MLT was found to be significantly pronounced 
since it lowered the activity of caspase-3 far be-
low the values found in the control group of rats 
(Figure 1 A).

The direct effect of caspase-3, or to be more 
precise in its active form, is the activation of DNas-
es which further form a  scissor-like dimer that 
breaks the phosphodiester backbone of DNA [26]. 
Our results showed that both alkaline and acidic 
DNase activity levels are significantly increased in 
lung tissue of rats exposed to CP (Figures 1 B, C), 

which is in line with the pro-apoptotic potential 
of this chemotherapeutic agent. As previously ex-
plained, MLT probably prevents the formation of 
active caspase-3 via the MT1 mechanism; thus 
a  decrease in DNase activities (in our case only 
alkaline, Figure 1 B) can be considered a  logical 
result. Similar decreased DNase activities were 
found in testicular and thymus tissue of animals 
exposed to microwave radiation [12, 13]. Howev-
er, it should be noted that MLT prevented CP-in-
duced increase in caspase-3 and alkaline DNase 
activity to values far below the ones measured in 
the untreated rats (Figures 1 A, B). Since MLT only 
prevented an increase in alkaline DNases’ activi-
ty, a significant alteration in cell morphology (al-
veolar damage) observed both in the group that 
received CP alone (group III) and in the one that 
received MLT and CP (group IV) (Figures 2 C, D, Ta-
ble II) might arise from acidic DNase. These results 
can possibly be connected to the direct damag-
ing effect of CP on the DNA molecule as well [27], 
which MLT treatment was not able to prevent.

In conclusion, the results obtained here revealed 
that melatonin prevents lung tissue damage in-
duced by a  single injection of cisplatin. This con-
clusion is based on melatonin’s ability to prevent 
an increase of malondialdehyde and protein car-
bonylation concentrations, as well as the increase 
in activity of xanthine oxidase, alkaline and acidic 
DNase and caspase-3 induced by cisplatin. The ac-
tivity of melatonin can be attributed to its poten-
tial to inhibit the activity of xanthine oxidase or to 
scavenge the produced oxygen radicals, as well as 
to its ability to prevent caspase-3, and consequen-
tial DNase activation through the melatonin recep-
tor 1 system that is highly expressed in lung tissue. 
Such findings suggest that melatonin can be used 
as supportive therapy in patients receiving cisplatin 
for the treatment of lung-related carcinomas.
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