
IN THE PRESENT study, the authors investigated the potential in vivo neuro-protective/
therapeutic effects of N-acetyl cysteine (NAC) as an adjuvant supportive agent along head and 

neck irradiation protocols aiming at minimizing the radiation-induced neurotoxicity to non-tumor 
bystander brain tissues. Experimental animals were randomly assorted into four experimental 
groups; normal control, cranial irradiated, irradiated pre-treated with NAC and irradiated rats 
that received NAC post-irradiation. Redox, inflammatory and apoptotic alterations of brain 
tissues were assessed post animals’ sacrifice. Cranial irradiation induced significant oxidative 
stress, inflammatory and apoptotic reactions in rat brain. However, administration of NAC for 
two weeks prior to irradiation effectively attenuated the radiation impact on the brain oxidative 
stress, inflammation and apoptosis. On the other hand, the neuro-protective effects offered 
by pre-treatment with NAC were much more promising than those observed when NAC was 
administered following irradiation; especially in the case of the apoptotic changes. In conclusion, 
NAC played a neuro-protective role rather than a corrective one, suggesting a sort of an “off-label 
use” for NAC as a radio protector against irradiation bystander effects on non-tumor brain tissues.
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Introduction                                                                  

Head and neck radiotherapy is an irreplaceable tool 
for various types of brain tumors (McTyre et al., 
2013). However, cranial irradiation (CI) has been 
reported to induce a number of neuronal disorders 
especially those related to cognitive dysfunctions; 
such as learning ability, spatial memory and 
dementia, resulting in negative impacts on patients’ 
life quality (Wilke et al., 2018). Earlier studies have 
reported that the radiation-induced neuronal injuries 
are a consequence of the structural modifications 
in glial cell populations, cranial micro-circulation, 
and hippocampal neurogenesis inhibition (Pipova 
et al., 2020). This is in addition to the CI-induced 
neuro-inflammatory reactions which possess 
a pivotal role in irreversible brain milieu dis-
regulation, blood-brain barrier (BBB) disruption, 
and neuronal demyelination (Jenrow et al., 2013). 
Thus, establishing an effective management, neuro-
protective protocol would minimize CI-induced 
brain injuries and their consequent complications 

(Makale et al., 2013; Abdel-Naby et al., 2021).

N-acetylcysteine (NAC); a thiol amino acid, 
was reported to act as a free radicals scavenger, to 
replenish brain tissue glutathione (GSH) content 
and to inhibit neuronal lipid peroxidation (Samuni 
et al., 2013; Dhillon et al., 2022). Moreover, NAC 
is reported to possess neurovascular-protective 
effects that have a positive effect in neurological 
disorders treatment via the NAC-induced down-
regulation of oxidative stress and inflammatory 
cascades (Bavarsad-Shahripour et al., 2014; Bhatti 
et al., 2018) in experimental cisplatin-induced 
neurotoxicity (Abdel-Wahab & Moussa, 2019). 
Furthermore, NAC has been shown to be able to 
cross the BBB and improve brain functions (Farr et 
al., 2003; Prakash et al., 2015). It also increases the 
brain tissue content of brain-derived neurotrophic 
factor (BDNF) which maintains the neuronal 
survival and stimulates the neurogenesis process 
(Bavarsad-Shahripour et al., 2014; Fredriksson et 
al., 2023).
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Based on the aforementioned information, this 
study was designed to evaluate and point out the 
optimum regimen; protective and/or therapeutic, 
that could maximize the benefits of using NAC to 
attenuate the radiation-induced injuries of normal 
non-tumor tissues.

Materials and Methods                                                

Chemicals 
N-acetyl cysteine (NAC) was purchased from 

Sigma-Aldrich Chemical Company (Saint Louis, 
Missouri, USA). All the other reagents, solvents 
and co-enzymes used in the current study were of 
high purity or of analytical grades.

Animals
Animals used in the present work were 

male rats of Wister strain; weighing 150±20 g, 
purchased from the breeding unit of the Egyptian 
National Research Center. The current study 
was carried out following the guidelines of the 
Research Ethics Committee of the National 
Center for Radiation Research and Technology 
(NCRRT), Cairo, Egypt that is complied with 
the relevant legislation stated in the Guide for 
the Care and Use of Laboratory Animals (NIH 
publication No. 85-23, 1996).

Cranial irradiation process
 Gamma irradiation has been carried out at 

the NCRRT, Cairo, Egypt, using the laboratory 
irradiator (Canadian GAMMACELL®220; 
Nordion International Inc., Ontario, Canada) with 
Cobalt-60 source. Rats were cranially irradiated at 
a single dose level of 20 Gy (Thabet et al., 2021) 
delivered at a dose rate of 1.8 KGy/h. Rats were 
anesthetized by sodium pentobarbital injection; 35 
mg/kg by intraperitoneal route (Buell & Harhing, 
1989). Each anaesthetized rat was placed inside a 
lead jacket attenuator of 10 cm thickness with its 
head exposed to ensure the protection of the other 
body parts from radiation. 

Experimental design
In the current study, rats were randomly 

divided into four experimental groups; each of 
8 rats. Group I: Control; sham irradiated rats, 
group II: Rad; rats that received a single dose of 
cranial irradiation, group III: NAC+Rad; rats that 
received daily doses of NAC for two weeks prior 
to the cranial irradiation process and group IV: 
Rad+NAC; rats received a single dose of cranial 
irradiation; as in group II, followed by two weeks 

of daily treatment with NAC; as in group III. In the 
current study, NAC pure powder was dissolved in 
drinking water in a concentration of 20 mg/ml, 
to allow the optimum dissolution of the powder 
and avoid the oral tube clogging. The solution 
was then administered in a daily dose of 100 mg/
kg body weight (Abdel-Wahab & Moussa, 2019) 
via oral gavage for 14 successive days either prior 
to or following cranial irradiation.  Animals of 
all groups were sacrificed by decapitation; under 
deep urethane anesthesia, two weeks following 
irradiation or sham irradiation.

Assessment of brain redox status 
In the whole brain homogenate, the degree 

of lipid peroxidation was assessed according to 
Uchiyama & Mihara (1978) as malondialdeyde; 
the endproduct of the lipid peroxidation process. 
In addition, the brain content of reduced 
glutathione (GSH) was determined according to 
the method of Beutler et al. (1963) together with 
the activity of glutathione peroxidase (GPX) 
which was assayed based on the method of Paglia 
& Valentine (1976). In addition, the brain total 
nitrate/nitrite (NOx) was measured according to 
the method described by Miranda et al. (2001).

Assessment of brain tissue total protein, 
inflammatory and apoptotic changes 

Brain tissue contents of each of TNF-α; 
SUNLOG® BIOTECH CO. LTD, China, 
(Catalogue number: SL0722Ra) and IL-1β; 
Abcam® Co., Cambridge, USA; respectively was 
determined. Furthermore, the brain homogenate 
content of Caspase-3; SUNLOG® BIOTECH CO. 
LTD, China, (Catalogue number: SL0152Ra) as 
well as the brain mitochondrial content of the anti-
apoptotic marker Bcl-2; Biovendor® Laboratory 
and Medicine Inc., Cezch republic, were assessed 
using rat-specific ELISA kits, according to 
the manufacturers’ instructions. Total brain 
homogenate and mitochondrial fraction protein 
concentrations were quantified according to the 
method described by Lowry et al. (1951).

As an indicator of the inflammation-induced 
cerebral edema percentage; cerebral edema index 
was determined; then the wet and dry weights of 
the brain were recorded. The brains were then 
weighed before and after 48 h of incubation in 
dry air oven at 100°C (Zhan & Yang, 2006), then 
the tissue water content of the brain samples was 
calculated using the following formula:
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Cerebral edema index= [Wet tissue weight - Dry 
tissue weight] / Wet tissue weight X 100

Data analysis
Statistical data analysis was carried out using 

GraphPad Software, La Jolla, CA (Prism, version 
6) by one-way analysis of variance (ANOVA) 
test that was followed by Tukey–Kramer posttest 
for comparisons among groups’ means. p-values 
were considered statistically significant at P< 0.05. 
The data obtained were presented as the means ± 
standard error of the means (SEM). 

Results                                                                           

The results presented in Table 1 showed a 
significant oxidative stress in rat brain tissue 
following cranial irradiation, as indicated by the 
depletion of its GSH content, the rise in MDA and 
NOx concentrations and the marked inhibition of 
tissue GPx activity, when compared to the sham-
irradiated group. Administration of NAC for two 
weeks prior to irradiation offered a protective effect 
for the brain; that was indicated by the restoration 
of brain GSH content and GPx activity, as well 
as the significant decrease in tissue contents of 
NOx and MDA as compared to the irradiated un-
treated rats. However, NAC administration post-

irradiation had no effect on any of the oxidative 
stress markers except for the brain NOx content 
that showed a significant decrement in Rad+NAC 
group as compared to the irradiated group (Table 
1).

Regarding the inflammatory reactions triggered 
by the cranial irradiation in rats’ brain tissue, 
they have been evidenced by the marked rise in 
brain contents of the pro-inflammatory cytokines 
TNF-α and IL-1β as compared to the values 
recorded for the sham-irradiated group (Table 2). 
Nevertheless, pre-irradiation NAC administration 
offered a promising anti-inflammatory effect; as 
it attenuated the irradiation-induced inflammation 
showing a reduction in brain tissue TNF-α and 
IL-1β concentrations in comparison to Rad group. 
Another indicator of the degree of the inflammatory 
reaction induced by radiation was the cerebral 
edema index; which showed a marked increment 
in Rad group; in comparison the sham-irradiated 
control group, and has been reversed significantly 
in NAC+Rad group as compared to the un-
treated irradiated group (Table 2). However, NAC 
treatment following cranial irradiation offered a 
restoration of the brain contents of TNF-α and IL-
1β, but showed no effect on the cerebral edema 
index.

TABLE 1. Effects of pre- and post-irradiation administration of N-acetyl cysteine (NAC) on radiation-induced rat 
brain redox status

         Parameters
Groups

GSH
(mg/g tissue)

MDA
(nmol/mg prt)

NO
(nmol/mg prt)

GPx
(U/mg prt)

Control 32.03 ± 4.08 2.46 ± 0.37 15.18 ± 1.98 2.08 ± 0.14
Rad 13.67 ± 1.19 * 8.24 ± 0.98 * 38.61 ± 4.22 * 0.41 ± 0.34 *
NAC+Rad  25.09 ± 3.02 ** 4.06 ± 0.57 *,** 20.30 ± 2.43 ** 1.68 ± 0.27 **
Rad+NAC 15.71 ± 2.17 * 6.97 ± 0.77 * 25.17 ± 3.01*,** 0.62 ± 0.05 *

* Denotes significant difference from control group and ** denotes significant difference from Rad group at P<0.05. Control: normal 
sham irradiated group, Rad: cranial irradiated group, NAC+Rad: pre-irradiation NAC treated group, Rad+NAC: post-irradiation NAC 
treated group.

TABLE 2. Effects of pre and post-irradiation administration of N-acetyl cysteine (NAC) on radiation-induced rat 
brain inflammatory and apoptotic status

Parameters

Groups

Brain TNF-α
(pg/mg prt)

Brain IL-1β
(pg/mg prt)

Cerebral 
Edema Index 

(%)

Brain 
Caspase-3

(ng/mg prt)

Brain Bcl-2
(pg/mg prt)

Control 2.18 ± 0.30 41.47 ± 5.06 42.33 ± 4.62 28.65 ± 3.96 4.68 ± 0.52
Rad 6.36 ± 0.94 * 98.61 ± 8.75 * 70.80 ± 5.83 * 77.69 ± 8.74 * 0.86 ± 0.10 *
NAC+Rad 4.09 ± 0.58 ** 58.66 ± 6.72 ** 42.43 ± 4.89 ** 43.00 ± 5.14 ** 2.26 ± 0.29 **
Rad+NAC 4.78 ± 0.64 ** 64.91 ± 7.18 ** 65.41 ± 7.43 * 79.10 ± 8.51 * 1.14 ± 0.08 *

* Denotes significant difference from control group and ** denotes significant difference from Rad group at P<0.05. Control: normal 
sham-irradiated group, Rad: cranial irradiated group, NAC+Rad: pre-irradiation NAC treated group, Rad+NAC: post-irradiation NAC 
treated group.
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As for the irradiation-induced neuronal 
apoptosis, it has been observed in Rad group; 
indicated by the rise in brain caspase-3 and the 
decrement in the mitochondrial Bcl-2 contents, 
when compared to the sham-irradiated group 
(Table 2). On the other hand, the apoptotic changes 
were corrected significantly in NAC+Rad group, 
but not in Rad+NAC group, in comparison to Rad 
group.

Discussion                                                                      

Being an established tool for the tumor 
management, irradiation has been drawing 
attention of scientists to investigate its tumor 
cytotoxic and bystander effects. Early studies 
have reported irradiation-induced inhibition of 
hippocampal neurogenesis (Greene-Schloesser 
et al., 2013, Warrington et al., 2013) with the 
proposal of oxidative stress, neuro-inflammation, 
and neuronal apoptosis involvement as the main 
components of radiation-induced tissue injuries 
(Huo et al., 2012; Zhang et al., 2017). Such 
injuries are almost unavoidable in non-tumor 
bystander tissue; aiming to whose avoidance 
several studies have been carried out. In the 
present work the authors targeted each of the 
above named components of radiation-induced 
brain injuries; using NAC as a protective or 
therapeutic intervention.

 On the other hand, N-acetyl cysteine (NAC) 
has been reported to improve some neurological 
disorders including bipolar depression, 
schizophrenia, unipolar depression and radiation-
induced cognitive dysfunction (Shungu, 2012; 
Abdel-Naby et al., 2021). Moreover, NAC offered 
neuroprotective outcomes in about twenty clinical 
trials that employed NAC as a supportive therapy 
in a variety of psychiatric diseases (Sandhir et al., 
2012). Such promising applications encouraged 
us to investigate an additional “off-label” use for 
NAC against radiation-induced neuronal injuries.

In the present study, cranial irradiation induced 
oxidative stress, inflammation and apoptosis in rat 
brain tissues were investigated. Oxidative stress 
was indicated by the rise in MDA brain content, 
GSH depletion and inhibition of GPx activity. 
As for the inflammatory reactions, they were 
reflected by the rise of brain contents of the pro-
inflammatory cytokines TNF-α and IL-β as well 
as the brain water contents. On the same line, the 
radiation-induced apoptosis was evidenced herein 

by the rise in brain caspase-3 expression and the 
decrement in mitochondrial Bcl-2 contents.

However, herein, NAC administration prior 
to, but not following, cranial irradiation offered 
protective effects to brain against each of the 
oxidative stress, inflammation and apoptosis. 
Generally, the increased reactive oxygen species 
(ROS) production following irradiation is 
reported to be the prime injurious event, which 
induces consequent inflammation and apoptosis. 
Thus, the NAC effects that were observed in 
the present work could be mainly attributed to 
its strong antioxidant activity. In earlier studies, 
NAC was reported to act as anti-inflammatory 
and anti-apoptotic (Park et al., 2015; Hwang & 
Kim, 2022)

NAC represents a typical xenobiotic that 
directly takes its place in a variety of physiological 
and pathological biochemical reactions (Sahin & 
Alatas, 2013), acting as a potent antioxidant and 
anti-iflammatory agent. Moreover, recent studies 
have reported the ability of NAC to cross the 
blood–brain barrier (BBB), to attenuate some 
types of brain neuropathies and dysfunctions, 
to offer effective management of vascular and 
neuronal disorders, and to modulate each of the 
neurotrophic, glutamatergic, and inflammatory 
pathways (Bavarsad-Shahripour et al., 2014; 
Prakash et al., 2014; Saleh, 2015; Fredriksson et 
al., 2023).

On the cellular level, the inflammatory insult 
triggers the production of pro-inflammatory 
cytokines by leukocytes; which act as local 
signaling mediators among immune cells. 
However, their over-production may induce a rise 
in their blood levels, where they target remote 
organs and tissues such as the brain resulting 
in the activation of an inflammatory cascade 
(Monica et al., 2001). The pro-inflammatory 
cytokines; TNF-α, IL-Iβ and IL-6, have been 
reported to play a crucial role in the inflammatory 
pathways taking place between the brain and the 
immune system, and have drawn the attention 
in earlier studies (Engblom et al., 2002; Riazi 
et al., 2010) for being directly involved in 
neuronal injuries. In addition, inflammation 
consists of increased vascular permeability and 
extravasation of serum components and this holds 
true for peripheral nervous system as well as CNS 
tissue. The peripheral inflammatory process was 
accompanied by microglial activation and TNF-α 
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increase in the hippocampus (Riazi et al., 2010). 

Generally, it has been reported that following 
brain trauma each of oxidative stress, neuro-
inflammation and increased brain edema  regularly 
occur (Yuceli et al., 2020); the latter is usually 
attributed to the increased BBB permeability 
following the ROS-induced endothelial injury. As 
for its anti-apoptotic effects observed in the current 
study, it has been previously reported in the study 
by Park et al. (2015); in which NAC reduced the 
levels of caspase-3 and the pro-apoptotic mediator 
Bax in cultured human epithelial cells. 

Conclusion                                                                      

NAC offered a neuro-protective role rather than a 
corrective one, suggesting a sort of possible “off-
label future use” for NAC as a radio-protector 
against irradiation bystander effects on non-tumor 
brain tissues.
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