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Brief Report

Alteration of Oxidative stress and apoptotic markers
alterations in the rat prefrontal cortex influence behavioral
response induced by cisplatin and N-acetylcysteine in the tail
suspension test
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Cisplatin therapy is often accompanied by neurotoxicity manifesta-
tion, and since the prefrontal cortex is strongly involved in emotion
regulation, the aim of this study was to analyze the alterations in the
oxidative and apoptotic status of this brain region, with its behavioral
impact in rats, following cisplatin administration, with or without
N-acetylcysteine supplementation. Thirty-two male Wistar albino
rats were randomly divided into four equal experimental groups:
control, cisplatin group (single dose of 7.5 mg/kg, intraperitoneally
(i.p.), on the fifth day), N-acetylcysteine group (500 mg/kg i.p., on
the first and the fifth day), cisplatin + N-acetylcysteine group. Be-
havioral testing was performed in the tail suspension test. Oxidative
stress and apoptotic markers were determined in the prefrontal cor-
tex tissue samples. Cisplatin administration increased lipid peroxi-
dation and decreased the activity of antioxidant enzymes in the pre-
frontal cortex. Also, cisplatin induced increase in Bax and decrease
in Bcl-2 relative gene expression. Simultaneous application of N-
acetylcysteine diminished cisplatin-induced alterations in oxidative
stress and apoptotic markers. The results obtained in the tail suspen-
sion test that nominally resembles antidepressant action of cisplatin
(attenuated by N-acetylcysteine), should be attributed to strong mo-
tor expression of anxiogenic response to cisplatin (also reversed by N-
acetylcysteine). The antioxidant supplementation with NAC dimin-
ished cisplatin-induced oxidative damage and pro-apoptotic action
in the prefrontal cortex, and significantly influenced specific behav-
ioral alterations.
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1. Introduction
The first discovery that platinum mesh electrodes inhib-

ited Escherichia coli cell division in the early 1960s opened the
possibility for new therapy options in the treatment of can-
cer cells [1]. Such a discovery was a good example that small

chemical alteration in the structure of the platinummolecule
can substantially affect their basic activity in a target cell. Cis-
platin (cis-diamminedichloroplatinum (II)) structure allows
platinum ion to form bonds with DNA bases, which is the
basic antitumor mechanism of its action [2]. It was the first
platinum compound approved for cancer treatment of differ-
ent types of neoplasms including head and neck, lung, ovar-
ian, testicular, breast, kidney and brain neoplasm [3, 4].

Cisplatin action starts in the cytoplasm, forming the hy-
drolyzed products that are able to react with DNA, which
leads to irreversible apoptosis. Cisplatin binds to purine
residue N7 reactive center of DNA and forms DNA-DNA
interstrand and intrastrand crosslinks. Cisplatin has cyto-
toxic effects due to intrastrand adducts and the consequence
of their occurrence is inhibition of DNA replication and tran-
scription. In the further process it is created DNA dam-
age recognition which is followed by the making of pro-
teins which transmit DNA damage signals to downstream
signaling cascades, which results in definitive apoptotic cell
death [5, 6]. Furthermore, cisplatin increase expression of
pro-apoptotic genes and also reduce the expression of anti-
apoptotic genes, which also favors apoptosis [5, 6].

Under physiological conditions, cells control the level of
ROS using scavenging systems, such as reduced glutathione-
GSH, the activity of antioxidant enzymes (superoxide
dismutase-SOD and catalase-CAT), balancing the excessive
ROS production. However, the appearance of various patho-
physiological mechanisms, such as observed in cancer cells,
inflammation episodes, traumas and toxic medications may
result in overcoming ROS production, which cannot be bal-
anced by cell antioxidant capacity, that in turn can damage
cellular protein, lipids, and DNA, leading to cell death. Since
the cisplatin initially affects the mitochondria (disturbing the
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membrane structure, potentials, and calcium transfer), the
oxidative damage originating from this natural source of ROS
presents the most important mechanisms of cisplatin toxicity
[7, 8].

Apoptosis is a complexly regulated process of cell death
control during which a cell undergoes self-destruction [9].
This process can be triggered by numerous factors that in-
clude different stresses such as ROS, RNS, DNA-damaging
agents and others [10]. Since the brain is extremely vulnera-
ble to oxidative damage (due to high oxygen utilization), the
excessive ROS generation can cause damage of neuronal cells
inducing cell death [11]. It is worth to mention that the ex-
posure to chemotherapeutic drugs can also trigger apoptosis,
which is often mediated by ROS [12].

Unfortunately, besides the confirmed beneficial effects in
the treatment of various malignancies, cisplatin application
is accompanied by a broad spectrum of serious adverse ef-
fects that include neurotoxicity, hepatotoxicity, nephrotoxi-
city, ototoxicity, myelosuppression, gastrointestinal toxicity
and cardiotoxicity [13]. Common neurological side effects of
cisplatin are manifested by cognitive deficits, disorientation,
visual perception and hearing disorder [14]. Recent stud-
ies performed on animal experimental models for evaluation
of cisplatin neurotoxicity also confirmed serious mood dis-
orders, such as increase anxiety levels [15, 16]. Pathophys-
iological mechanisms underlying mentioned cisplatin toxic-
ities, not surprisingly, include the very same antitumor ac-
tions, including oxidative damage and cell apoptosis [17].

As expected, the antioxidant supplementation is widely
accepted as a therapeutic approach in the treatment of
cisplatin-induced toxicities. Certainly, it has been reported
that exogenous antioxidant, N-acetylcysteine (NAC) may be
beneficial in the prevention of anxiogenic response to cis-
platin in rats [16]. Since the prefrontal cortex (PFC) is also
strongly involved in emotion regulation [18], but not inves-
tigated following cisplatin treatment, it seems useful to an-
alyze the alterations in the oxidative and apoptotic status of
this brain region, as well as its impact on depressive behavior
in rodents [19].

The aim of this study was to allow additional informa-
tion considering the behavioral manifestations of cisplatin-
induced neurotoxicity. Following one of the confirmed pato-
physiological mechanism underlying this adverse effect of
cisplatin, we also intended to evaluate the potential role of
antioxidant supplementation with NAC in the prevention of
alterations in depressive-like behavior in rats.

2. Material andmethods
2.1 Animals and treatment

A total number of three-month-old male Wistar albino
rats (250–300 g) were housed in groups of 4 per cage, un-
der standard environmental conditions (23 ± 1 ◦C, 12/12 h
light/dark cycle), with free access to food and water. The
animals were randomly divided into four equal experimen-
tal groups: control group (received saline on the day 1 and

5), the group that received cisplatin (single dose of 7.5mg/kg,
intraperitoneally (i.p.), Merck, Paris, France, on the fifth day;
with the previous administration of saline on the day 1)—CIS
group, the group that received NAC (500 mg/kg i.p., Sigma-
Aldrich,Munich, Germany; on the day 1 and 5)—NACgroup,
the group that received cisplatin (single dose of 7.5 mg/kg
on the day 5) and NAC (500 mg/kg i.p., on the day 1 and
5)—CIS + NAC group. The dose for cisplatin and NAC were
selected according to previous report that confirmed the re-
liable prooxidant action manifested by significant increase in
ROS production and lipid peroxidation in CNS, accompanied
with the enhanced pro-apoptotic response and manifested
behavioral alterations [16].

Experimental procedures were conducted according to
the ARRIVE guidelines, the European Directive for welfare
of laboratory animals N◦ 86/609/EEC and the principles of
Good Laboratory Practice, and approved by Ethical Commit-
tee of the Faculty of Medical Sciences, University of Kragu-
jevac, Serbia.

2.2 Behavioral testing in the tail suspension test (TST)

On the day 10, the animals were accommodated in the
testing room (1–2 h prior to the TST). The tail suspension
test is considered as a standard behavioral test for the evalu-
ation of the depressive state level in rodents [20]. The basic
principle of this test is bringing the experimental animals into
the uncomfortable position (suspension by the tail attached
to the adhesive tape, head facing the ground). A physiologi-
cal reaction to this acute stress-inducing situation is an active
effort in reposition, manifested by the variety of motor pat-
terns. Nevertheless, the active avoidance of this position will
take place, whichwill bemanifested as immobility (state of no
visible voluntary movement of the body and the limbs). This
“giving up behavior” is commonly considered as an equivalent
to anhedonia. This six-minute lasting test was performed on
the apparatus and according to previously described proce-
dure [21]. The following parameters were obtained in TST:
the latency to the first immobility-LFI (s), the number of im-
mobility episodes-NIE, the total duration of immobility-TDI
(s), and an average duration of an immobility episode-ADIE
(s).

2.3 Oxidative stress markers determination

After completing the behavioral testing the animals were
anesthetized (ketamine and xylazine, 10 and 5mg/kg, i.p., re-
spectively) and sacrificed by decapitation. After quick brain
removal from the skull, the prefrontal cortex samples were
dissected (1 mm thick), tissue samples were homogenized
(in phosphate-buffered saline, 50 mM, pH 7.4), centrifuged
(4000 rpm, 4 ◦C for 15min) and frozen (at –80 ◦C) for further
analysis. The evaluation of oxidative stress markers included
an index of lipid peroxidation, the activity of antioxidant
enzymes—superoxide dismutase and catalase, and the level
of reduced glutathione, according to the previously described
procedure [16]. The index of lipid peroxidation was deter-
mined according to the method of Ohkawa and coworkers
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Table 1. The list of primers used for RT PCR analysis.
Forward NCBI reference sequence Reverse NCBI reference sequence

β-actin AAGATCCTGACCGAGCGTGG XM_032887061.1 CAGCACTGTGTTGGCATAGAGG XM_032887061.1
Bax CGGCGAATTGGAGATGAACTGG XM_032915032.1 CTAGCAAAGTAGAAGAGGGCAACC U49729
Bcl-2 TGTGGATGACTGACTACCTGAACC XR_005492200.1 CAGCCAGGAGAAATCAAACAGAGG NM_016993.2

[22], using the standard curve of malondialdehyde, expressed
as TBARS (nmol MDA/mg protein). The spectrophotomet-
ric method was used for measurement of SOD (by means of
inhibition of adrenalin decomposition to adrenochrome at
480 nm, [23]) and CAT (by means of the rate of hydrogen
peroxide decomposition at 240 nm, [24]) activity, and ex-
pressed in U/mg protein. Determination of GSH levels in the
PFC was also done using spectrophotometric assay based on
the reaction with 5,5-dithio-bis-(2-nitrobenzoic acid) [25],
and the results were expressed in mg/g protein. The method
of Lowry and colleagues [26] was used for determination of
total protein concentrations, where BSA was used as a stan-
dard.

2.4 Prefrontal cortex RNA isolation and real-time PCR analysis

The total RNAwas extracted from PFC tissue using Pure-
ZOL reagent (Bio-Rad, USA) according to the manufac-
turer’s instructions. Reverse transcription was done using
iScript Reverse Transcription Mastermix (Bio-Rad, USA),
and quantitative RT-PCRwas performed using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, USA). mRNA
specific primers for Bax, Bcl-2, and β-actin (as a housekeep-
ing gene) were used (presented in Table 1). Quantitative RT-
PCR reactions were done in the Applied Biosystems 7500
(Applied Biosystems, USA) and after data analysis, the rel-
ative gene expression was calculated according to Livak and
Schmittgen [27].

2.5 Statistical analysis

Statistical analysis was performed with SPSS version 20.0
statistical package (IBM SPSS Statistics 20, IBM Corp., NY,
USA). The parameters were analyzed by tests of normal-
ity (Shapiro-Wilk) and homogeneity (Levene’s). One-way
ANOVA, followed by Bonferroni post-hoc analysis, was per-
formed for comparisons between the groups. The results are
expressed as themeans± standard errors of themean (SEM).
The significance was determined at p < 0.05 for all parame-
ters.

3. Results
3.1 Behavioral testing

The applied protocols significantly altered the latency to
the first immobility (Fig. 1A) in TST (F = 4.905, df = 3). A
single dose of cisplatin increased LFI (p < 0.05) when com-
pared to the control group. Although NAC itself, when ap-
plied solely, did not significantly affect the value of this pa-
rameter, when applied simultaneously with cisplatin NAC
administration was sufficient to abolish the cisplatin-induced
increase in LFI. The similar effect of both administrated drugs

was observed by means of the number of episodes of immo-
bility (Fig. 1B). Cisplatin application resulted in a significant
decline inNEI (F = 4.486) compared to the control values (p<
0.05). Again, the simultaneous administration of NAC pre-
served cisplatin-induced decline of NEI. The applied proto-
cols, as shown in Fig. 1C, induced significant changes in the
total duration of immobility in TST (F = 10.198). The values
for TDI observed in CIS group were significantly lower (p<
0.01) when compared to the control group. However, the si-
multaneous administration of NACwith cisplatin resulted in
a significant increase in TDI when compared to CIS group (p
< 0.05) reversing the values to the control level. There was
no significant difference in the average episode of immobil-
ity between the groups (F = 1.141) following the protocols
applied in this study (Fig. 1D).

3.2 The evaluation of oxidative stress in the prefrontal cortex
As shown in Fig. 2A, the applied protocols showed a

significant impact on the lipid peroxidation, expressed as
TBARS (F = 48.633, df = 3). A single dose of cisplatin pro-
duced significant enhancement of TBARSwhen compared to
the control (p < 0.01). The simultaneous administration of
NAC resulted in the significant decline of lipid peroxidation
when compared to CIS group (p < 0.05), but TBARS values
achieved in the combined group remained significantly above
the control group (p < 0.01). The activity of antioxidant en-
zymes, SOD and CAT, in PFC was significantly influenced
by the applied protocols (Fig. 2B,C, F = 11.915 and 10.759,
respectively). Single dose of cisplatin significantly lowered
the activity of both antioxidant enzymes when compared to
the control values (p < 0.01). This deleterious action of cis-
platin on antioxidant capacity in PFC was successfully pre-
vented by the simultaneous administration of NAC that en-
hanced the activity of antioxidant enzymes when compared
to CIS group (p< 0.05), preventing the significant decline in
SOD and CAT activity when compared to control. The GSH
levels in PFC (Fig. 2D) were not significantly altered by the
applied protocols (F = 0.378).

3.3 The evaluation of apoptotic equilibrium in the prefrontal
cortex

As shown in Fig. 3A, the relative gene expression of Bax
in PFC was significantly altered by the applied protocols (F
= 5.254, df = 3). The application of cisplatin resulted in in-
creased Bax relative gene expression (p< 0.05), but this pro-
apoptotic action of cisplatin was successfully prevented by si-
multaneous administration of NAC when compared to the
control group. The anti-apoptotic capacity in PFC, estimated
by means of the relative gene expression of Bcl-2, was even
more significantly affected (Fig. 3B, F = 11.435). Again, the

Volume 20, Number 3, 2021 713



Fig. 1. The parameters obtained in the tail suspension test. (A) The latency to the first immobility. (B) The number of immobility episodes. (C) The
total duration of immobility. (D) An average duration of immobility episode. Bars represent means± SEM, n = 8. *denotes a significant difference p< 0.05,
**denotes a significant difference p < 0.01.

Fig. 2. The oxidative stress markers in the prefrontal cortex. (A) The index of lipid peroxidation. (B) The activity of SOD. (C) The activity of CAT.
(D) GSH level. Bars represent means± SEM, n = 8. *denotes a significant difference p < 0.05, **denotes a significant difference p < 0.01.
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Fig. 3. The relative gene expression of pro- and anti-apoptotic markers in the prefrontal cortex. (A) Bax. (B) Bcl-2. (C) Bax/Bcl-2 ratio. Bars
represent means± SEM, n = 8. *denotes a significant difference p < 0.05, **denotes a significant difference p < 0.01.

decline in anti-apoptotic activity induced by cisplatinwas suf-
ficiently diminished by NAC, since Bcl-2 relative gene ex-
pression was significantly increased when NAC was admin-
istered along with cisplatin, when compared to CIS group (p
< 0.05), leveling the values observed in the control group.
The estimation of Bax/Bcl-2 ratio confirmed the significant
impact of the applied protocols on the apoptotic equilibrium
(Fig. 3C, F = 19.710). Thus, the pro-apoptotic action of cis-
platin, expressed as the ratio between Bax and Bcl-2 relative
gene expression was manifested by the significant augmen-
tation of this parameter (p< 0.01), while the beneficial anti-
apoptotic effect of simultaneous NAC administrationwas ex-
pressed through decline in Bax/Bcl-2 ratio when compared
to CIS group (p < 0.01), reaching the values observed in the
control group. Like for the oxidative stress markers, when
administered solely, the applied dose of NAC had no signifi-
cant impact on the values observed in the control group.

4. Discussion
Although proclaimed as “a drug of the century” almost 50

years ago, cisplatin therapy showednumerous limitations due
to severe adverse effects. The numerous toxicities accom-
panied by cisplatin clinical administration were addressed,
among others, to an uncontrolled oxidative damage in var-
ious tissues, including the central nervous system. There-
fore, the antioxidant supplementation, as a potential protec-
tive mechanism against cisplatin-induced neurotoxicity, has
been one of themost targeted topics in the investigations per-
formed on the animal experimental models.

The analysis of oxidative stressmarkers alterations in PFC
strongly confirmed the prooxidative action of cisplatin. This
was confirmed by both increased lipid peroxidation, and di-
minished activity of antioxidant enzymes (SOD and CAT).
This is in line with the previously described prooxidative im-
pact of a single dose of cisplatin manifested by the enhanced
TBARS values and decline in the antioxidant capacity, ex-
pressed by means of decreased SOD and CAT activity in rat
hippocampus [15, 16]. A similar deterioration of the antiox-
idant capacity following cisplatin administration in a single
dose was also reported in rat frontal cortex [28]. Cisplatin-
induced oxidative damage in rat brain has been accompanied
with the specific morphological damage manifestations in
frontal cerebral cortex [29]. On the other hand, glutathione
levels in PFC remained unaltered following cisplatin admin-
istration in this study. Due to a lack of literature data for GSH
levels in PFC, our results can only be compared to the previ-
ously reported decline of GSH in different brain regions, but
only after higher doses of cisplatin and/or prolonged admin-
istration [30].

The antioxidant supplementation with NAC applied si-
multaneously with cisplatin, was sufficient to attenuate the
prooxidative action of cisplatin by means of oxidative stress
markers decline. Thus, NAC significantly reduced lipid per-
oxidation and, at the same time, enhanced the antioxidant
capacity in PFC, expressed by the restoration of antioxidant
enzymes capacity. The results for NAC antioxidant action in
PFC obtained in this study are in accordance with the previ-
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ously described neuroprotective role of antioxidant supple-
mentation in treatment of platinum-based drugs induced ad-
verse effects [31].

Not surprisingly, the pro-apoptotic action of cisplatin,
even in a single dose, followed the described prooxidative
outcome in this experimental model. The numerous data
that confirmed the causal interconnection between the ox-
idative damage and enhanced apoptoticmechanisms [12]was
also obvious in this study. Namely, cisplatin administra-
tion resulted in both enhancement of pro-apoptotic mech-
anisms (increase in Bax relative gene expression) and dimin-
ished anti-apoptotic activity (decrease in Bcl-2 relative gene
expression). The observed pro-apoptotic action of cisplatin
is in line with previously reported cell death mediated by al-
tered expression of pro- and anti-apoptotic genes involved in
cell proliferation in the specific brain regions responsible for
mood regulation [5]. In general, it has been confirmed that
several experimentalmodels for depression inductionmay si-
multaneously lead to the pro-apoptotic action in neocortex
[32]. It is already known that major depressive disorder is
accompanied with significant augmentation of pro-apoptotic
mechanisms [33]. More specific, the decline in anti-apoptotic
factors, by means of decline in bcl-2 gene family, has been re-
ported in studies obtained in both humans [33] and rodents
[34] that evaluated the connection between apoptosis and de-
pression.

The other drug employed in this study, NAC, had also
been confirmed to affect the depressive level, when applied
alone (10–50mg/kg, intraperitoneally), via AMPA glutamate
receptors in mice [35]. Also, NAC administration signifi-
cantly altered the response to antidepressant drugs when ap-
plied simultaneously, by means of increase of the minimum
effective dose [36]. In addition, there is evidence that NAC
(100 mg/kg) had prevented the increased cisplatin-induced
(in almost the same dose as applied in this study) oxidative
damage in whole brain samples in mice [37], but with no ev-
idence for the impact on apoptotic mechanisms. Since the
oxidative stress has been attributed as trigger mechanism for
neural apoptosis [38], the results of our study offer the con-
firmation for significant pro-apoptotic action of cisplatin in
PFC, as the region responsible for depressive state level reg-
ulation.

Again, the antioxidant supplementation with NAC, ap-
plied in the presented dose, was sufficient to attenuate the
pro-apoptotic action of cisplatin. The observed protective
role of NAC administration is in accordance with the pre-
viously reported beneficial role of NAC in rat hippocampus
[16], and may be considered as almost common characteris-
tic of antioxidant supplements in the treatment of platinum-
based compounds-induced neurotoxicity [31].

Unlike for the oxidative stress and apoptotic mechanisms
in PFC, the analysis of behavioral testing in this study seems
to be far more complex. To be more precise, each of the de-
scribed alterations in the parameters obtained in TST indi-
vidually, and especially taken together, would lead to the con-

clusion that cisplatin administration (in this dose) resulted in
antidepressant effect. However, taking into account previ-
ously published results for the behavioral estimation of anx-
iety, it seems reasonable that the outcome in some of the be-
havioral tests for depression evaluation (including TST) may
be substantially altered by anxiety level alterations. Namely,
the motoric manifestations of extremely strong anxiogenic
responsemay overcome prodepressant effect bymeans of hy-
peractivity [39], as an overreactive response to standardized
stressful stimuli. This conclusion can also be supported by the
confirmed prodepressant effect of cisplatin [40]. However,
the controversial conclusions related to this topic may be ad-
ditionally addressed to different experimental design applied
in similar investigations. So, the prodepressant action of cis-
platin was reported after chronic administration (10 weeks)
[40], while this adverse effect was not observed following
cisplatin application in a single dose in this study. The re-
sults of behavioral testing obtained in this study imply strong
initial anxiogenic response to cisplatin, but it should not be
excluded that potential prolongation of cisplatin treatment
would finally result in prodepressant manner. This assump-
tion may be also based on the previously commented results
for cisplatin-induced oxidative damage and pro-apoptotic ac-
tion in PFC.

In that sense, it should be noticed that the clinical trials
confirmed the significant comorbidity for the anxiety and
depression (app. 50% patients) under various pathophysi-
ological circumstances [41]. Not surprisingly, PFC (as the
morphological substrate for the behavioral alterations in this
study) is crucially involved in the control of depression [42],
but also in the anxiety level regulation [43]. Furthermore,
it has been reported that lesion of ventral parts of PFC was
manifested through the anxiogenic response [44], so it seems
that the neurotoxic effect of cisplatin, as observed in this
study, may be initially expressed in ventromedial PFC.On the
other hand, it may be expected that prolonged administration
of cisplatin would additionally involve the damage of other
parts of PFC with the consequent prodepressant effect [45].
After all, it seems clear that the better insight on cisplatin ac-
tion in PFC, and its behavioral manifestations, requires spe-
cific regional analysis of this complex brain region. Com-
menting on the results obtained in behavioral testing follow-
ing cisplatin administration should also include the analysis
of behavioral outcome following the antioxidant supplemen-
tationwithNAC. So, the attenuation of oxidative damage and
anti-apoptotic action of NAC in PFC should be rather ad-
dressed to anxiolytic effect than to the prodepressant action.

5. Conclusions
In summary, the results obtained in this study lead to the

conclusion that antioxidant supplementation with NAC di-
minished cisplatin-induced oxidative damage and apoptosis
in PFC, which is in turn manifested by specific behavioral al-
terations.
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