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The deleterious effects of ionizing radiation on the central nervous system (CNS) are poorly understood. Radiation exposure
during an accidental nuclear explosion, nuclear war, or radiotherapy causes severe brain damage. As a result, the current work
is carried out to assess the radioprotective potential of N-acetyl-L-tryptophan (L-NAT) in neuronal cells. Radiation-induced
cell death and its amelioration by L-NAT pretreatment were investigated using MTT, SRB, CFU, and comet assays. Flow
cytometric and microscopic fluorescence assays were used to investigate radiation-induced oxidative stress, alteration in
mitochondrial redox, Ca2+ homeostasis, depolarization of mitochondrial membrane potential, and its prevention with L-NAT
pretreatment. Western blot analysis of Caspase-3, γ-H2aX, p53, ERK-1/2, and p-ERK-1/2 expression was carried out to
identify the effects of L-NAT pretreatment on radiation-induced apoptosis and its regulatory proteins expression. The study
demonstrated (MTT, SRB, and CFU assay) significant (~80%; p<0.001%) radioprotection in irradiated (LD50 IR dose)
Neuro2a cells that were pretreated with L-NAT. In comparison to irradiated cells, L-NAT pretreatment resulted in significant
(p<0.001%) DNA protection. A subsequent study revealed that L-NAT pretreatment of irradiated Neuro2a cells establishes
oxidative stress by increasing antioxidant enzymes and mitochondrial redox homeostasis by inhibiting Ca2+ migration from the
cytoplasm to the mitochondrial matrix and thus protects the mitochondrial membrane hyperpolarization. Caspase-3 and γ-H2aX
protein expression decreased, while p-ERK1/2 and p53 expression increased in L-NAT pretreated irradiated cells compared to
irradiated cells. Hence, L-NAT could be a potential radioprotective that may inhibit oxidative stress and DNA damage and
maintain mitochondrial health and Ca2+ levels by activating p-ERK1/2 and p53 expression in Neuronal cells.

1. Introduction

The biological response to ionizing radiation (IR) in the cen-
tral nervous system (CNS) is not understood convincingly.
The adverse effects of radiation exposure are directly pro-
portional to the quality and dose of ionizing radiation [1].
Nuclear and radiological catastrophes may have devastating
consequences for people, the environment, and the econ-
omy. Chernobyl (USSR, 1986), Goiania (Brazil, 1987), and

Fukushima Daiichi (2011, Japan) were all terrible disasters
that demonstrated how devastating these calamities may
be. The Centers for Disease Control and Prevention (CDC)
report that Cardiovascular/Neurovascular syndrome fre-
quently manifests after a higher dose exposure (20Gy-
50Gy) [2, 3]. On the other hand, radiation is the mandatory
modality for treating patients with primary brain tumors,
intracranial malignancies, and brain metastases. However,
radiation therapy significantly induced adverse effects on
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surrounding normal tissues, mainly by inducing inflamma-
tion and radio-necrosis in the CNS [4]. It has been observed
that about 50-90% of patients may progressively suffer from
cognitive dysfunction after radiation therapy [5]. Therefore,
radiation doses of more than 16Gy delivered as a single frac-
tion, 24Gy given in three fractions, and more than 27.5Gy
given in five fractions has been advised in clinical practice
to enhance local cavity management, particularly in patients
with radioresistant tumors [6]. Professional employees occu-
pational exposed to radiation in radiodiagnostic and radio-
therapy centers are at risk (due to increased DNA damage,
oxidative stress, and defect in blood count), as shown in pre-
vious works [7, 8]. To manage radiation toxicity, radiobiolo-
gists are endeavouring to produce non-toxic radioprotectors
capable of preventing acute radiation syndrome (ARS)
caused by radiation exposure. No therapeutic medicine is
available anywhere in the world for treating ARS, especially
Neurovascular syndrome, at doses more than 10Gy [3].
Ionizing radiation’s effects were orchestrated through the
direct destruction and oxidation of crucial biomolecules
(DNA, proteins, and lipids). The neuronal tissues contain
high levels of polyunsaturated fatty acids, which make them
highly susceptible to oxidative damage. Radiation-induced
oxidative stress may persist longer in the central nervous
system [9]. Radiation can generate reactive oxygen species
(ROS) by direct radiolysis of cellular water through NADP+,
NADPH, and the mitochondrial electron transport system
[10]. Consequently, gamma radiation enhanced the activa-
tion of cytochrome oxidase, lipid peroxidation, mitochon-
drial membrane potential, and ATP production [11, 12].
Radiation causes decreased antioxidant enzymes such as
superoxide dismutase (SOD), catalase, glutathione (GSH),
glutathione S-transferase subunit (GSTs), and glutathione
peroxidase (GPx) activities. It thus disturbs redox homeosta-
sis in the cellular milieu [13]. Mitochondria are vital regula-
tors for cell survival or death after ionizing radiation
exposure. Irradiation may alter mitochondrial membrane
potential in the nerve cells, which may aberrantly disrupt
mitochondrial functioning, including cellular metabolism,
redox homeostasis, Ca2+ balancing, and apoptosis [14, 15].
Ionizing radiation activates mitochondrial biogenesis for
higher ATP production that may be utilized by nerve cells
for DNA damage response (DDR) and apoptosis induction
via cytochrome-c and caspase-3 pathways [12, 16].

Radiation-induced inflammation in the neurological sys-
tem is regulated by releasing several neuropeptides, includ-
ing substance P (11 amino acid peptide). Substance P is an
agonist of the neurokinin-1 receptor that, upon activation,
increases inflammation and apoptosis in irradiated cells
and tissues [17, 18]. The neurokinin-1 receptor (NK-1R)
antagonist, N-acetyl-L-tryptophan (L-NAT), has been
reported to suppress cytochrome-c release and caspase-3
activation in neuronal cells [19]. N-acetyl-L-tryptophan
has a well-established role as a neuroprotectant in treating
Parkinson’s disease, ALS, and other neurodegenerative dis-
eases [19, 20]. Our group has recently reported that N-ace-
tyl-L-tryptophan may neutralize Ochratoxin-A mediated
oxidative stress in human embryonic kidney cells [21].
Nevertheless, in the present study, N-acetyl-L-tryptophan

is being reported for the first time as a radioprotector against
ionizing radiation in neuronal cells. The present study
investigated the efficacy of N-acetyl-L-tryptophan towards
ionizing radiation using Neuro2a cells. Radiation-induced
cytotoxicity and its counter-balancing by N-acetyl-L-trypto-
phan pre-treatment to irradiated cells were studied. The
radioprotective efficiency of N-acetyl-L-tryptophan was
assessed in terms of cell survival, redox regulation,
mitochondrial Ca2+ homeostasis and membrane potential
modulation capabilities, direct or indirect DNA damage
prevention, and apoptosis inhibition abilities. The experi-
mental evidence reported in the present study will provide
new insight into radiation toxicity in the neuronal system.
N-acetyl-L-tryptophan can be a radioprotector, especially
for the neurological system. It can be utilized for the benefit
of cranial radiotherapy patients to protect the surrounded
normal tissues and prevent acute radiation syndrome (ARS).

2. Materials and Methods

2.1. Reagents. Propidium iodide (PI), High glucose Dulbecco
Modified Eagle Medium (HG-DMEM), and RNase and Fetal
bovine serum (FBS) were obtained from Sigma-Aldrich, St
Louis, MO, USA. Ethanol was purchased from Merck India
Pvt. Ltd,Mumbai, India. Disodium hydrogen phosphate (Na2H-
PO4.2H2O) and Dimethyl sulfoxide (DMSO) was purchased
from Central Drug House, New Delhi, India. 3-(4,5-dimethyl-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Phosphate-
buffered saline (PBS) were procured from Himedia Laboratory
Pvt. Ltd, Mumbai, India. 3,8-Diamino-5ethyl-6-phenylphenan-
thridinium bromide (EtBr) 2’,7’-Dichlorodihydroflurescein
diacetate (DCF-DA) and 6-amino-9-(2-methoxycarbonylphe-
nyl xanthan-3-ylidene azanium chloride (Rhodamine-123)
was purchase from Calbiochem, Merck India Pvt. Ltd,
Mumbai, India. MitoSOX, Mitotracker Green, Mitotracker
Red, ER-tracker Blue-white DPx, and Rhod-2AM were pro-
cured from Thermo Fisher Scientific, USA. Primary antibodies
were procured, such as Caspase-3 (Calbiochem), ERK-1/2, p-
ERK-1/2 (Thermo Fisher Scientific, USA), gamma-H2aX
(Sigma), p53 (Santa Cruz Biotechnology), were procured
whereas, AP Conjugate secondary antibodies produced against
mouse procured from Abgenex and secondary antibodies pro-
duced against rabbit procured from Sigma-Aldrich, St Louis,
MO, USA. Calcium assay kit (Elabsciences, USA), Measure-iT
High sensitivity Assay Kit (M36051; Molecular Probes, Invitro-
gen, USA), and mouse MPO Elisa Assay Kit (Fine test, China).

2.2. Cell Culture. Neuro2a cells were purchased from
National Centre for Cell Science NCCS (Pune, India). Neu-
ro2a cells were routinely cultured in DMEM containing high
glucose, sodium bicarbonate (2.20 g/L), HEPES buffer
(2.38 g/L), and sodium pyruvate (110mg/L) and 10% heat-
inactivated FBS with 5000U penicillin at 37°C under 5%
CO2 and 95% humidity. Cells were passaged every 2-3 days
to maintain them in a healthy log phase. For experiments,
cells were cultured at low density (0.1 X 105cells/ml) in
60mm tissue culture dishes (BD Pharmingen, Franklin
Lakes, NJ), and all experiments were performed after cells
had achieved 70% confluence.
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2.3. Irradiation. Neuro2a cells were treated with L-NAT (dis-
solved in serum-free DMEM-HG) for 3h before γ-irradiation
using Co60 gamma-source (Bhabhatron-II, Panacea, Medical
Technologies Pvt. Ltd. Bangalore, India) with a dose rate rang-
ing from 0.8 to 0.676Gy/h at room temperature.

2.4. Cell Survival Analysis in the Context of Cellular
Metabolic Viability. Cell survival of Neuro2a cells in terms
of metabolic viability was determined by performing MTT
assay [22]. The following four experimental groups were
formed to analyze the radioprotective effect of L-NAT in
Neuro2a cells:

Gp1: Untreated control group of Neuro2a cells.
Gp2: Irradiated (4-70Gy) group of Neuro2a cells.
Gp3: L-NAT treated group of cells; Neuro2a cells were

treated with different concentrations (1.95-1000μg/ml) of
L-NAT.

Gp4: L-NAT (0.001-10μg/ml) pretreated (-1 h to -4 h)
plus irradiated (20Gy) group of Neuro2a cells.

In brief, 4000 cells/well were seeded in the 96-well plates
for 24 h. The metabolic activity of Neuro2a cells divided into
four experimental groups was assessed, as described below,
by incubating the cells with 5mg/ml MTT for 2.5 h. After
that, removed free MTT solution and formed purple forma-
zan crystals were solubilized by adding 100μl of DMSO
solution for 15min. The absorbance of the purple-colored
complex solution was recorded at 570/670 nm wavelength.

2.5. Estimation of the Radioprotective Effect of L-NAT Using
SRB Assay. The radioprotective efficacy of L-NAT was deter-
mined in Neuro2a cells using SRB assay [23]. Neuro2a cells
were seeded at 4000 cells/well in 96 well plates for 24 h. Then
cells were pretreated (-3 h) with different concentrations of
L-NAT (0.001-10μg/ml) with irradiation (20Gy). After
72 h of incubation, cells were fixed with 10% TCA for 1 h,
then subjected to washing with distilled water 3 times. After
that, cellular proteins were stained with sulforhodamine
(0.02% SRB in 1% acetic acid) for 1 h at room temperature.
Further, 1% acetic acid was used to wash the cells 3 times
and dry them overnight. 10mM Tris (pH10) dissolved the
cell-SRB complex. The absorbance of the colored complex
formed was recorded at 560nm.

2.6. Evaluation of the Radioprotective Effect of L-NAT Using
Colony-Forming Ability Assay. Exponentially growing cells
were plated in triplicates in 6-well tissue culture dishes at a
uniform density of 200 cells/well. After 24 h of incubation,
Neuro2a cells were either irradiated with different doses of
gamma radiation (2-7Gy) or pretreated (-3 h) with L-NAT
at different concentrations (0.02-0.08μg/ml) and then irra-
diated (5Gy). These cells were incubated for 10 days in
new media at 37°C in CO2 (5%). After incubation, 70%
methanol was used to fix the colonies. Further, 1% crystal
violet (dissolved in 70% methanol) was used for staining
and colony counting [24].

2.7. Microscopic Analysis of Neuro2a Cells. Morphological
analysis of Neuro2a cells upon L-NAT and gamma radiation
treatment was performed using fluorescence microscopy.
Cells were pretreated (-3 h) with L-NAT (0.01-0.08μg/ml)

and then treated with gamma radiation (20Gy) and incubated
for 72h at 37°C. After completion of the incubation period,
cells were visualized under an inverted fully automatic fluores-
cent microscope (10X) (Nikon Ti, Japan) using phase contrast
mode to assess the morphological features, neurite outgrowth,
and presence of apoptotic, necrotic bodies or cellular debris.
Mitochondrial ROS and mass (MitoSOX Red andMitotracker
Green) were also assessed amongst experimental groups at
(40X) (Nikon Ti, Japan) using FITC/TRIC mode.

2.8. Determination of DNA Damage Using the Comet Assay. A
modified neutral assay developed by Ostling and Johanson was
used to evaluate DNA damage using the comet assay [25].
Briefly, as previously mentioned, DNA damage was measured
in the control and all treatment groups. After 24h of incuba-
tion, the cells were harvested in PBS. The cell suspension
(5μl) (total number of ~10,000 cells) was mixed with 95μl of
pre-warmed 0.4% ultra-low agarose and formed a layer on
microscopic slides pre-coated with 1% agarose. These slides
were submerged in lysis buffer (25mM ethylene-diamine
tetra-acetic acid, 1% sodium sarcosinate, and 2.5% sodium
dodecyl sulfate, pH10.5) for 20min at 4°C and electrophoresed
(buffer: 2.5mM ethylene-diamine tetra-acetic acid, 90mM
boric acid, and 90mM Trizma base, pH8.3) at 370Am or
24V for 30min at 4°C. After a brief rinse in neutralizing buffer,
the comet was stained with ethidium bromide (in phosphate
buffered saline pH7.4) for 5min and analyzed under a bright
field microscope (10X) (Nikon Ti, Japan) using TRIC mode.

2.9. Estimation of Radioprotective Effect of L-NAT against
γ-Radiation-Induced Cell Death in Neuro2a Cells. Cell
death in Neuro2a cells was assessed by PI (propidium iodide)
uptake versus exclusion. Neuro2a cells were plated in 60mm
culture dishes for 24h. Cells were pretreated (-3 h) with L-
NAT (0.01-0.08μg/ml) and then gamma irradiation (20Gy).
After 72h, Neuro2a cells were harvested, and PBS was washed
by centrifugation at 250 X g for 5min at 4°C. Pellets were sus-
pended in PBS (0.5ml) premixed with propidium iodide (PI;
5μg/ml). Samples were stored on ice, and flow cytometric
analysis was performed using a BD FACS Aria III USA
equipped for acquisition at a rate of 10,000 cells per sample
using the BD FACS Diva Software for analysis [26]. In order
to create the bar diagram, the mean fluorescence intensity
(MFI) of a cell population compared to the control was deter-
mined using the fluorescence intensity of the cells caused by PI
uptake (Ex/Em was reported at 493/636nm).

2.10. Determination of Intracellular Redox Levels. 2,7-
dichlorofluorescein diacetate (H2-DCFDA) probe was used
to determine radiation-induced intracellular free radical redox
potential [27]. Briefly, as mentioned above, radiation-induced
oxidative stress was assessed in control and all treatment
groups as previously mention above. The generated intracellu-
lar free radicals were estimated by incubating the cells with
H2-DCFDA (5μM) at 37°C for 25min at different time inter-
vals (0.5-48h). Cells were harvested, and PBS washed by cen-
trifugation at 250 X g for 5min at 4°C. As previously described
above, samples were acquired and analyzed in the control and
all treatment groups. The fluorescence signal of the cells due to
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trapped DCF (excitation/emission= 485/535nm) was ana-
lyzed as the mean fluorescence intensity (MFI) of a cell
population with respect to control, which was used to plot
the bar diagram.

2.11. Determination of Mitochondrial Redox, Mitochondrial
Mass, Mitochondrial Ca2+ Levels, and Endoplasmic Reticulum
Stress in Neuro2a Cells upon Irradiation and L-NAT
Pretreatment. In brief, the irradiated mitochondrial redox
status was estimated in L-NAT pretreated Neuro2a cells using
the MitoSOX Red mitochondrial superoxide indicator
(M36008, Molecular Probe). The following four experimental
groups were created and kept the same for the rest of the
experiments:

Gp1: Untreated control Neuro2a cells.
Gp2: Neuro2a cells irradiated gamma radiation (20Gy).
Gp3: Neuro2a cells treated with L-NAT (0.04μg/ml).
Gp4: Irradiated (20Gy) Neuro2a cells pretreated (-3 h)

with L-NAT (0.04μg/ml).
After all treatments, mitochondrial ROS generation was

estimated by incubating cells with MitoSOX Red (5μM) at
37°C for 25min. The fluorescence signal of MitoSOX Red
has 510/580 nm, excitation/emission. However, the mito-
chondrial mass in irradiated (20Gy) and L-NAT pretreated
Neuro2a cells was estimated by incubation with Mitotraker
green (1μM) at 37°C for 25min. The fluorescence signal of
MitoTracker Green has 490/516 nm, excitation/emission,
FITC channel. The mitochondrial Ca2+ of irradiated and
L-NAT pretreated Neuro2a cells was assessed by incubation
with Rhod 2AM (500nM) at 37°C for 25min. The fluores-
cence signal of Rhod-2AM has 552/581 nm, Ex/Em, PE
channel. Similarly, endoplasmic reticulum stress was mea-
sured using a specific ER tracker Black/White DPx probe
(5μM) by incubating at 37°C for 25min. ER tracker Black/
White DPx probe has Ex/Em 374/430-640 nm and DAPI
as filters. After incubation with these dyes (MitoSOX Red,
MitoTracker Green, Rhod 2AM, and ER tracker Black/
White DPx probe), cells were harvested and washed twice
with HBSS buffer by centrifugation at 3500 rpm for 5min
at 4°C. As described above, samples were acquired and
analyzed in the control and all treatment groups. The
fluorescence signal of the probe was analyzed as the mean
fluorescence intensity (MFI) of a cell population with respect
to the control, which was used to plot the bar diagram. In
contrast, the analysis of the fluorescence signal was kept
the same for all the experiments.

2.12. Measurement of Mitochondrial Membrane Potential
(MMP). Rhodamine-123, a specific fluorescent probe, mea-
sured the mitochondrial membrane potential. As previously
stated, radiation-induced depolarization of mitochondrial
membrane potential was measured in the control and all
treatment groups. Cells were harvested and washed twice with
PBS by centrifugation at 250 X g for 5min at 4°C. Rhodamine-
123 was added to cells with a working concentration of 1μg/ml
in PBS for 15min incubation at 37°C. After that, cells were
washed and incubated in EtBr (40ng/ml; 0.5ml PBS) for
30min at 37°C for dual fluorescent staining and stored on
ice. As previously described above, the acquisition and anal-

ysis of samples were performed in the control and all
treatment groups. Fluorescence was detected at 485/535nm
wavelength [28, 29].

2.13. Antioxidant Assay

2.13.1. Estimation of Catalase Assay (CAT). Catalase enzyme
activity was determined for all four-treatment groups using
the Aebi method. A reaction mixture of catalase assay was
prepared with 50mM phosphate buffer (750μl), 15mM
H2O2 (250μl), and 20μl cell Lysate. The absorbance of the
reaction mixture was recorded at 240nm for 1min at 15
seconds intervals in both blank and test samples [30, 31].

2.13.2. Estimation of Superoxide Dismutase (SOD) Activity.
The superoxide dismutase enzyme activity was measured
in all four experimental groups using the Marklund and
Marklund method. The reaction mixture containing 30μl cell
Lysate, tris-HCl buffer (pH8.2), 2mM pyrogallol, 30mM
EDTA (250μl). The absorbance of the reaction mixture was
recorded at 420nm for 3min at 30 seconds intervals in both
blank and test samples [30, 31].

2.13.3. Estimation of Reduced Glutathione (GSH) Activity.
Reduced glutathione (GSH) activity was determined using
the Beutler method. Sample was prepared according to
previous described protocol. The reaction mixture was
prepared with Na2HPO4 buffer (600μl), Ellmens reagent
(250μl), and 250μl cell Lysate. Absorbance was recorded
at 412nm [30, 31].

2.14. Evaluation of Nitrite Concentration on L-NAT Pretreated
and Irradiated Neuro2a Cells.The effect of L-NAT (0.04μg/ml)
pretreatment on nitrite concentration in irradiated (20Gy) cells
was estimated using the Measure-iT High-sensitivity nitrite
assay kit (M36051, Molecular Probe). According to the
manufacturer protocol provided with the kit, the nitrite
concentration of Neuro2a cells was evaluated at different time
intervals (2, 4, 24, and 48h). The fluorescence was measured
at 365/450nm by a spectrofluorimeter (Synergy BIO-TEK
Instrument USA).

2.15. Evaluation of Myeloperoxidase (MPO) Activity in
Irradiated and L-NAT pretreatedNeuro2a Cells. The effect
of L-NAT pretreatment on myeloperoxidase activity in irra-
diated Neuro2a cells was evaluated using the myeloperoxi-
dase (MPO) Elisa Kit (EM0010, Fine Test). As previously
stated, Neuro2a cells were divided into four experimental
groups. According to the manufacturer protocol provided
with the kit, and MPO activities were assessed at different
times in each group (i.e., 2, 4, 24, and 48 h). The absorbance
was measured at 450nm by a spectrofluorometer (Synergy
BIO-TEK Instrument USA).

2.16. Estimation of the Amount of Calcium in the Cytosol of
Neuro2a Cells. Intracellular calcium levels in Neuro2a cells
were assessed using a calcium assay kit (Elabscience; E-BC-
K103-M). The amount of calcium in the cytosol of Neuro2a
cells were assessed at different times in each group (i.e., 2, 4,
24, and 48 h), as per the manufacturer protocol. The
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absorbance was measured at 610nm by spectrofluorometer
(Synergy BIO-TEK Instrument USA).

2.17. Immunoblotting. As described in the previous section,
cells from all treatment groups were harvested just after
48 h of irradiation and PBS washed by centrifugation at
5000 rpm for 5min at 4°C. The cell pellet was re-
suspended in RIPA buffer and sonicated at 1.5min for 3
times. The supernatant was collected by centrifugation at
14000 rpm for 25min at 4°C. Protein estimation was per-
formed using the Bradford method, and proteins were

resolved on a 10% SDS-PAGE gel. Then, proteins were
transferred to a nitrocellulose membrane blot using wet
transfer technology. Nitrocellulose membrane blot was
blocked with filter 3% BSA as a blocking buffer. Afterward,
the blots were transferred to a solution of primary monoclo-
nal antibodies (1 : 1000 dilution) overnight at 4°C. Further,
blots were washed with TBST buffer and transferred to a sec-
ondary antibody (1 : 10,000 dilution) conjugated with AP
(Alkaline-Phosphatase) for 2 h. The blots were washed 3
times with TBST buffer, and BCIP/NBT solution, premix,
was used to develop protein expression signatures on the
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Figure 1: Determination of radiosensitivity of Neuro2a cells and the radioprotective activities of L-NAT using MTT assays. (a) The toxicity
effect of L-NAT in Neuro2a cells was measured at different concentrations of L-NAT (1.95-1000 μg/ml) at different times (24-72 h). (b)
Radiation-induced sensitization in Neuro2a cells was assessed using different radiation doses (4-70Gy) at variable time intervals. (c) The
radioprotective efficacy of L-NAT against gamma radiation (LD50; 20Gy) was estimated in Neuro2a cells. Statistical significance was
calculated using one-way ANOVA with Turkey, and the p-value was presented as ∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001 with respect to
irradiated control. #p<0.001 with respect to control.
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blots. Quantitative analysis of blots was performed using
ImageJ software. We use total protein as housekeeping pro-
teins (HKPs) and ponceau staining to detect total protein in
the sample [32, 33]. Total proteins were used for normaliza-
tion in western blots because of alteration in the expression
of actin, tubulin, and GAPDH housekeeping proteins in
response to ionizing radiation, similar to the previous find-
ing in different stress conditions [33–35].

2.18. Statistical Analysis. All data were expressed as
mean± SEM of triplicated experiments. The statistically sig-
nificant variation between different groups was determined
by one-way ANOVA (analysis of variance) followed by a
Tukey’s post hoc test, and a Student’s unpaired t-test was
used in the western blot analysis. P value (p<0.05) was
considered significant.

3. Result

3.1. Radioprotective Efficacy of L-NAT Assessed in
Neuro2a Cells

3.1.1. Neurotoxic Effect of L-NAT on the Neuro2a Cells.
Different concentrations (1.95-1000μg/ml) of L-NAT were
used to estimate its probable toxicity (LD50/LD90) in
Neuro2a cells. After 24 hours, the maximum metabolic
activity (126.64%) was observed at the lowest L-NAT con-
centration (1.95μg/ml) as compared to untreated control
cells (Figure 1(a)). A modest decrease in metabolic activity
in Neuro2a cells was observed after 48-72 h at concentra-
tions of >15.63μg/ml L-NAT. However, even at the highest

L-NAT concentration (1000μg/ml), the LD50 concentration
was not achieved at any time interval (24-72 h) (Figure 1(a)).
These findings suggest that L-NAT promotes metabolic
activity in Neuro2a cells during the first 24 h and does not
induce significant neurotoxicity at higher concentrations.

3.1.2. Sensitization of Neuro2a Cells to Gamma Radiation.
Observations of present study were demonstrated an
ascending reduction in the survival of Neuro2a cells with
increasing radiation doses (4-70Gy). However, 20Gy radia-
tion dose was calculated as the LD50 dose (51.27% survival;
p<0.001%) for Neuro2a cells at 72 h as compared to the
untreated control group (Figure 1(b)). These findings sug-
gest that Neuro2a cells show radioresistance behavior to
high-dose ionizing radiation.

3.1.3. L-NAT Pretreatment Confers Radioprotective Potential
against Gamma Radiation. Significant protection against
gamma radiation in Neuro2a cells was observed at mostly
all tested concentrations of L-NAT, however, maximum
radioprotection (p<0.001%), i.e., 83.19% survival, was
achieved with irradiated Neuro2a cells that were pretreated
(-3 h) with 0.04μg/ml concentration of L-NAT as compared
to irradiated (20Gy; LD50) cells that not pretreated with
L-NAT (Figure 1(c)).

3.1.4. Radiation-Induced Growth Inhibition and Its
Amelioration by L-NAT Pretreatment to Neuro2a Cells.
Results of the SRB experiment showed that gamma radiation
treatment (4-20Gy) significantly (p<0.001%) inhibited the
growth of Neuro2a cells compared to unirradiated cells.
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Figure 2: Determination of radioprotective activities of L-NAT in terms of reproductive survival against ionizing radiation using SRB
assays. (a) Effect of radiation on cellular reproducibility in Neuro2a cells was analyzed at different radiation doses (4-20Gy) at 72 h. (b)
L-NAT pretreatment was assessed for cellular reproducibility in Neuro2a cells against gamma radiation (LD50; 20Gy) with different
concentrations of L-NAT (0.001-10 μg/ml) at 72 h. Error bars are mean± SEM of triplicate measurement (n =3). Statistical significance
was calculated using one-way ANOVA with Turkey and the p-value presented as ∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001 with respect to
irradiated control. #p<0.001with respect to control.
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Figure 3: Continued.

7Oxidative Medicine and Cellular Longevity



Similar to theMTT assay (Figure 1(b)), the SRB assay identified
20Gy radiation dose as the LD50 (50.69% growth inhibition;
p<0.001%) for Neuro2a cells (Figure 2(a)). Additionally, it
was shown that L-NAT pretreatment (-3h) of irradiation
(20Gy) cells maintained significantly (p<0.001%) high prolif-
eration, namely 82.52% at 0.04μg/ml concentration, in com-
parison to irradiated cells without pretreatment with L-NAT
(Figure 2(b)). These findings overwhelmingly support the
excellent radioprotective properties of L-NAT against gamma
radiation-induced cell death.

3.1.5. L-NAT Pretreatment Confers Inhibition in
Reproductive Cell Death against Ionizing Radiation in
Neuro2a Cells. The colony-forming ability of Neuro2a cells
was observed to be >80% when cultured without any treat-
ment under normal growth conditions. Effect of radiation
on colony forming ability of Neuro2a cells at different radi-
ation doses (2-7Gy) was determine and LD50 was calculated
to be 5Gy, while radiation dose LD90 was estimated to be
6.5Gy (Figures 3(a) and 3(b)). Only L-NAT treatment at dif-
ferent concentrations (0.02-0.08μg/ml) exhibited steady
colony-forming units corresponding to the survival of the
cells (132%-126%; Figures 3(c) and 3(d)). Neuro2a cells were
pretreated (-3 h) with L-NAT and then irradiated with
gamma radiation (5Gy) to determine L-NAT’s radioprotec-
tive efficacy via a colony-forming unit after one week of
incubation was counted. A maximum of ~80% (p<0.001)
cell survival in terms of the appearance of the colony-
forming unit was observed with irradiated Neuro2a cells that

were pretreated (-3 h) with L-NAT (0.04μg/ml) on the 10th

day as compared to the cells only irradiated but not pre-
treated with L-NAT (Figure 3(d)). These findings
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Figure 4: The effect of L-NAT pretreatment on gamma radiation-
induced cell death in Neuro2a cells. The radioprotective effect of
L-NAT (0.01-0.08μg/ml) on radiation-induced cell death was
determined using propidium iodide (PI) uptake assay by Flow
cytometry. Values were expressed as mean± SEM, where p-value
presented as ∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001 with respect to
irradiated control. #p<0.001 with respect to control.
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Figure 3: Estimation of radioprotective properties of L-NAT against ionizing radiation in Neuro2a cells using colony-forming units (CFU)
assay. (a, b) Ionizing radiation dose response curve of Neuro2a cells at different radiation doses (2-7Gy) was established. (c, d) The
radioprotective effectiveness of L-NAT in irradiated Neuro2a cells was calculated at indicated radiation dose (5Gy: LD50). Statistical
significance was calculated using one-way ANOVA with Turkey and the p-value presented as ∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001 with
respect to irradiated control. #p<0.001with respect to control.
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demonstrated the reproductive death inhibition activity of
L-NAT in irradiated cells.

3.1.6. Radiation-Induced Cell Death and Its Inhibition by
L-NAT Pretreatment to Neuro2a Cells. The results of the
present study demonstrated that gamma irradiation
(20Gy) induced the death of 51.98% (p<0.01%) of cells
as compared to unirradiated control cells. On the other
hand, L-NAT (0.04μg/ml) pretreatment (-3 h) to the irra-
diated cells significantly ameliorated apoptotic/necrotic cell
death (~19.17%) at 72 h as compared to irradiated cells
without pretreatment with L-NAT (Figure 4). These find-
ings strongly demonstrated the excellent radioprotective
properties of L-NAT in Neuro2a cells against lethal dose
of gamma radiation.

3.2. Mechanism of Radioprotection Offered by L-NAT

3.2.1. Radiation-Induced DNA Damage and Its Prevention by
L-NAT Pretreatment. It was also observed that L-NAT
(0.04μg/ml) pretreatment (-3 h) to irradiated cells signifi-
cantly contributes to the reduction of DNA contents in the
comet tail and tail length at 24 h as compared to irradiated
cells without pretreatment with L-NAT (Figures 5(a) and
5(b)). L-NAT (0.04μg/ml) pretreatment (-3 h) to irradiated
cells was found to inhibit the comet tail moment by 3.87%
and DNA content in comet tail by 11.26% as compared to
irradiated (20Gy) cells that have 34.75% DNA in the comet
tail and 30.71% tail movement (p<0.001, Figure 5(b)) at
24 h. The microscopic analysis also showed that the irradia-
tion (20Gy) group of cells has a larger number of comets
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Figure 5: Protective influence of L-NAT pretreatment on radiation-induced DNA damage in Neuro2a cells. (a) Microscopic examination of
radiation-induced DNA damage and its prevention by L-NAT pretreatment. (b) The effect of L-NAT (0.01-0.08 μg/ml) pretreatment on
radiation-induced DNA damage in Neuro2a cells was investigated using the comet assay. Values were expressed as mean± SEM, where
p-value presented as ∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001 with respect to irradiated control. #p<0.001 with respect to control.
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Figure 6: Continued.
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than the L-NAT (0.04μg/ml) pretreatment (-3 h) irradiated
cells (Figure 5(a)). As a consequence, the current study
found that pretreatment with L-NAT of irradiated Neuro2a
cells effectively protects DNA from radiation-induced dam-
age and hence significantly contributes to the protection of
Neuro2a cells from radiation-induced cell death.

3.2.2. Microscopic Observations on Radiation-Induced
Neurite Outgrowth of Neuro2a Cells and Its Modulation by
L-NAT Pretreatment. Microscopic investigation revealed a
dose-dependent increase in neurite outgrowth in Neuro2a
cells exposed to gamma radiation (4-24Gy) compared to

controls (Figure 6(a)). After 72h, a maximal increase (2.41
fold) in neurite outgrowth was observed at a 24Gy dose of
gamma radiation compared to control (p<0.001; Figure 6(d)).
Furthermore, the overall size of Neuro2a cells was observed
to be enhanced as compared to controls, most likely due to
cytoplasmic swelling and inflammation. L-NAT treatment
(0.01-0.08μg/ml) had no direct harmful impact on cell swell-
ing or neurite outgrowth in Neuro2a cells compared to control
(Figure 6(b)). L-NAT pretreatment (0.04-0.08μg/ml) of irra-
diation (20Gy) Neuro2a cells resulted in a considerable reduc-
tion of neurite outgrowth compared to irradiated cells without
L-NAT pretreatment (Figures 6(c) and 6(e)). However, the
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Figure 6: Gamma radiation mediated neurite outgrowth induction in Neuro2a cells and its inhibition by L-NAT pretreatment to irradiated
cells. (a) Phase contrast micrographs (10x magnification; Nikon Ti, Japan) were demonstrated radiation dose (4-24Gy) dependent neurite
outgrowth in Neuro2a cells. (b) The effect of L-NAT pretreatment (0.01-0.08 μg/ml) on neurite outgrowth development in non-irradiated
and (c) irradiated Neuro2a cells was analyzed post 72 h. Each scale bar represents 100μm. (d) Quantitative analysis of radiation doses
(4-24Gy) dependent neurite outgrowth of Neuro2a cells. Arrow marks represent neurite outgrowth and swollen/shrunken cells. (e)
Quantitative analysis of L-NAT pretreatment on radiation-induced neurite outgrowth of Neuro2a cells. Error bars are mean± SEM
of triplicate measurement (n =3). Statistical significance was determined and p-value presented as #p<0.05; ##p<0.01; ###p<0.001 with
respect to control. ∗ p<0.05; ∗ p<0.01; ∗∗∗ p<0.001 with respect to irradiated control.
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Figure 7: Continued.
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maximum reduction (~74.56μm±2.54μm and 79.50μm
±4.59μm) in neurite outgrowth was observed at 0.06μg/ml
and 0.08μg/ml, respectively, pretreated L-NAT concentration
as compared to irradiated cells (20Gy; 97.41μm) at 72h
(p<0.001; Figure 6(e)).

3.2.3. Effect of L-NAT Pretreatment to Neutralized Gamma
Radiation-Induced Redox Imbalance in Neuro2a Cells. No
significant increase in intracellular ROS was found in
irradiated (20Gy) Neuro2a cells at early time intervals, i.e.,
up to 4 h, as compared to controls (Figure 7(a)). Further
observations revealed that radiation exposure significantly
(p<0.001%) increased ROS levels up to 1.99 fold at 24 h
and 2.12 fold at 48 h as compared to control Neuro2a cells
(p<0.001; Figures 7(a) and 7(b)). Interestingly, it was
observed that L-NAT (0.01-0.04μg/ml) pretreatment (-3 h)
to irradiated (20Gy) Neuro2a cells significantly contributed
to inhibiting endogenous ROS. Though, maximum decrease
(~1.38 fold and 1.33 fold; p<0.001) in ROS was evident at
24-48 h, respectively, at 0.04μg/ml concentration of L-NAT
in irradiated cells as compared to irradiated cells without
pretreatment with L-NAT (Figures 7(a) and 7(b)).

A significant increase (~2.11-3.27 fold; p<0.01%) in
mitochondrial ROS was observed at 24-48 h with irradiated
(20Gy) Neuro2a cells as compared to control (Figure 7(c)).

However, L-NAT (0.04μg/ml) pretreatment (-3h) to irradiated
cells led to a significant decrease (~1.71-2.15 fold; p<0.001%)
in mitochondrial ROS levels at 24-48h as compared to irradi-
ated Neuro2a cells that were not pretreated with L-NAT
(Figure 7(c)). Further, a molecular probe, Mitotracker Green,
was used to determine the effect of gamma radiation on mito-
chondrial mass. A significant increase (~1.3 fold; p<0.001%) in
mitochondrial mass was observed in irradiated (20Gy) Neu-
ro2a cells at 24-48h as compared to the control cells
(Figure 7(d)). However, L-NAT (0.04μg/ml) pretreatment
(-3h) to irradiated Neuro2a cells led to a decrease in mitochon-
drial mass up to ~0.92-1.58 fold (p<0.001%) at 24-48h as
compared to the irradiated control that was not pretreated with
L-NAT (Figure 7(d)). Further, microscopic analysis again con-
firmed the previous findings by demonstrating that L-NAT
(0.04μg/ml) pretreatment (-3h) to irradiated cells may amelio-
rate mitochondrial ROS and mitochondrial mass via probing
the ROS using MitoSox Red and mitochondrial mass using
MitoTracker Green probe, respectively (Figure 7(e)). L-NAT
(0.04μg/ml) pretreatment (-3h) followed by irradiation
(20Gy) caused a decrease in the fluorescence intensity of Mito-
Sox Red along with Mito Tracker Green, suggested a reduction
inmitochondrial ROS and mitochondrial mass, respectively, as
compared to irradiated cells without pretreatment with L-NAT
(Figure 7(e)).

Control

20 Gy

20 Gy + 0.04 𝜇g/ml

0.04 𝜇g/ml

MitoSox red Mitotracker green Marge

(e)

Figure 7: Evaluation of L-NAT pretreatment reduces oxidative stress in terms of Reactive Oxygen Species (ROS) generation in irradiated
Neuro2a cells. (a) ROS kinetics under the influence of gamma irradiation and L-NAT (0.01-0.08 μg/ml) pretreatment to Neuro2a cells
were evaluated by measuring H2-DCFDA (5 μM) level in cells at different time points (0.5-48 h). (b) L-NAT pretreatment (0.04 μg/ml)
was found to contribute to reducing ROS levels in irradiated (20Gy) Neuro2a cells at 24-48 h. (c) L-NAT pretreatment significantly
reduced Mitochondrial ROS in irradiated Neuro2a cells with regulating mitochondrial content (d) as observed at 24-48 h. (e) The
neutralizing effect of L-NAT on radiation-induced mitochondrial ROS formation and mitochondrial content in Neuro2a cells were
observed under a Fluorescence microscope (Nikon Ti, Japan; 40x magnification) at 48 h. Error bars are mean± SEM of triplicate
measurement (n =3). Statistical significance was determined and p-value presented as ∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001 with respect to
irradiated control, #p<0.001 with respect to control.
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3.2.4. Mitochondrial Membrane Potential Disturbance in
Irradiated Neuro2a Cells and Its Regulation by L-NAT
Pretreatment. Ionizing radiation leads to a significant
(p<0.001) increase in mitochondrial membrane potential
(MMP) up to ~3.14 fold at 48 h and 2.61 fold at 72 h as com-
pared to control (Figure 8). Nevertheless, ionizing radiation
was not found to disrupt mitochondrial membrane potential
(MMP) at early time points (i.e., 4 and 24 h), suggesting that
Neuro2a cells resist radiation-induced oxidative stress at
early time points. However, it was observed that irradiated
cells that were pretreated (-3 h) with L-NAT (0.04μg/ml)
led to maximum (2.26-3.14 fold; p<0.001) restoration of
membrane potential at 24-48 h as compared to irradiated
cells without pretreatment with L-NAT (Figure 8).

3.2.5. Influence of L-NAT Pretreatment on Gamma Radiation-
Induced Perturbations Cytosolic and Mitochondrial Ca2+

Homeostasis and Associated Endoplasmic Reticulum (ER)
Stress in Neuro2a Cells. Significantly increased in cytosolic cal-
cium content up to 1.08-2.95mmol/L at 24-48h was observed
in irradiated (20Gy) Neuro2a cells as compared to control
(Figure 9(a)). Interestingly, L-NAT pretreatment (0.04μg/ml)
to irradiated cells led to an increase in cytosolic calcium content
up to 1.51-3.56mmol/L (p<0.05) at 24-48h as compared to
irradiated cells (Figure 9(a)). To further verify the observations,
calcium concentrations in mitochondria were estimated using
a specific mitochondrial calcium detection probe, Rhod 2AM
(1μM). The results of the study demonstrated a significant
(p<0.001%) increase (1.71, 1.77, and 2.13 fold at 4, 24, and
48h, respectively) in Ca2+ concentration in irradiated (20Gy)
Neuro2a cells as compared to untreated control cells
(Figure 9(b)). Most interestingly, a significant (p<0.001%)
decrease in mitochondrial Ca2+ concentration (i.e., 1.04, 1.64,
and 1.28 fold at 4, 24, and 48h, respectively) was noticed with
irradiated (20Gy) Neuro2acells that were pretreated (-3h) with
L-NAT (0.04μg/ml) as compared to irradiated cells without
pretreatment with L-NAT (Figure 9(b)). The detailed experi-
mental observations of the present study proved that L-NAT
pretreatment to irradiated Neuro2a cells is involved in the
accumulation of cytosolic calcium, although at the same time
playing a role in reducing the accumulation of calcium in the
mitochondrial matrix. One of the possible reasons, L-NAT acts
as a blocker of mitochondrial calcium channels/pumps, e.g.,
voltage-dependent anion channels (VDACs) or mitochondrial
calcium uniporter (MCU). The endoplasmic reticulum (ER) is
the primary source of Ca2+ released in the cytosol under vari-
ous stresses, including radiation stress. Therefore, the possible
role of L-NAT pretreatment in IR-induced endoplasmic reticu-
lum (ER) stress was analyzed using the ER tracker Black/White
DPx probe (5μM). The results of this study demonstrated a
significant (p<0.001%) increase (1.96-1.42 fold at 24-48h) in
endoplasmic reticulum (ER) stress compared to control
(Figure 9(c)). On the other hand, L-NAT (0.04μg/ml) pretreat-
ment (-3h) to irradiated Neuro2a cells was found to be instru-
mental in decreasing endoplasmic reticulum (ER) stress up to
1.5 fold (p<0.001%) at 24h and 1.15 fold (p<0.001%) at 48h
(Figure 9(c)) as compared to only irradiated cells. In conclu-
sion, Ca2+ homeostasis studies suggested that L-NAT pretreat-
ment may prevent Ca2+ migration from the endoplasmic

reticulum into the cytosol and inhibit Ca2+ transportation from
the cytosol to the mitochondrial matrix in irradiated cells.

3.2.6. Radiation Reduces Superoxide Dismutase (SOD)
Activities, and L-NAT Treatment Maintains Activities.
Results of the study were indicated a significant decrease in
SOD activity upon irradiation (20Gy) at 4-48 h in Neuro2a
cells compared to the control. Whereas, L-NAT pretreat-
ment (0.04μg/ml) to irradiated (20Gy) cells was found to
maintain SOD levels in Neuro2a cells as compared to only
irradiated cells (Figure 10(a)).

3.2.7. Influence of L-NAT Pretreatment on Catalase Activity
of Irradiated Neuro2a Cells. A significant decrease in catalase
activity in Neuro2a cells was noticed at 48 h upon irradiation
(20Gy) compared to the control. However, L-NAT pretreat-
ment (0.04μg/ml) to irradiated (20Gy) Neuro2a cells was
found to increase (2.98 μMoles/min/mg. and 3.45 μMoles/
min/mg. of protein at 24 h and 48 h, respectively) catalase
activity at 4-48h as compared to irradiated cells without pre-
treatment with L-NAT (Figure 10(b)). These findings sug-
gested that L-NAT pretreatment to irradiated cells may
counter-balance intracellular ROS levels in irradiated Neu-
ro2a cells and thus protect them from radiation-induced oxi-
dative stress.

3.2.8. Radiation Reduced Endogenous Reduced Glutathione
(GSH) Levels and Its Prevention by L-NAT Pretreated in
Neuro2a Cells. Significant (p<0.001) decrease in reduced
glutathione (GSH) levels in irradiated (20Gy) Neuro2a cells
was observed at all-time points (2-48 h) as compared to
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Figure 8: Effect of L-NAT pretreatment on mitochondrial
membrane potential stabilization in irradiated Neuro2a cells.
Ionizing radiation-induced depolarization of the mitochondrial
membrane potential and L-NAT pretreatment help to stabilize
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control (Figure 10(c)). However, L-NAT pretreatment
(0.04μg/ml) to irradiated (20Gy) cells was found to
contribute significantly (p<0.001) to an increase in reduced
glutathione (GSH) levels at different time intervals (2-48 h)
as compared to irradiated cells without pretreatment with
L-NAT (Figure 10(c)). Therefore, by increasing GSH levels,
L-NAT pretreatment may decrease oxidative damage in the
irradiated Neuro2a cells.

3.2.9. L-NAT Pretreatment Confers Nitrite Level Modulation
in Irradiated Neuro2a Cells. A mild increase in nitrite levels

in irradiated Neuro2a cells at 2-48 h was observed in irradi-
ated cells compared to control. However, as the function of
L-NAT pretreatment (0.04μg/ml), nitrite levels were found
to be subsidized significantly (p<0.001%; at 2 h) in irradi-
ated cells as compared to irradiated cells without pretreat-
ment with L-NAT (Figure 10(d)).

3.2.10. Radiation Causes Increase Myeloperoxidase Activities
and Its Inhibition by L-NAT Pretreatment in Neuro2a Cells.
A significant (6.25 fold; p<0.05%) increase in myeloperoxi-
dation in irradiated Neuro2a cells was observed at 24 h as
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Figure 9: Role of L-NAT pretreatment on calcium homeostasis regulation in irradiated Neuro2a cells. (a) L-NAT pretreatment (0.04 μg/ml)
regulates cytosolic calcium levels in irradiated Neuro2a cells at time points (4-48 h). (b) L-NAT pretreatment to irradiated cells indicated
reduced mitochondrial calcium levels compared to irradiated cells. (c) Apart from calcium homeostasis, L-NAT pretreatment also
regulates endoplasmic reticulum stress as observed using ER-specific ER tracker Black/White DPx probe (5 μM) in Neuro2a cells. Error
bars are mean± SEM of triplicate measurement (n =3). Statistical significance was determined and p-value presented as ∗ p<0.05;
∗∗ p<0.01; ∗∗∗ p<0.001 with respect to irradiated control,#p<0.001with respect to control.
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Figure 10: Continued.
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compared to control (Figure 10(e)). L-NAT pretreatment to
irradiated Neuro2a cells significantly decreased (~4.62 fold)
myeloperoxidase activities at 24 h compared to irradiated
cells without pretreatment with L-NAT (Figure 10(e)). It
was suggested that L-NAT pretreatment to irradiated Neu-
ro2a cells might contribute to significantly inhibiting myelo-
peroxidation/lipid peroxidation.

3.2.11. Inhibition of Intrinsic Apoptosis through Modulation of
Caspase-3, γ-H2aX, p53, ERK-1/2, and P-ERK1/2 Expression
upon L-NAT Pretreatment to Irradiated Neuro2a Cells. Results
of the present study was demonstrated moderate to significant
inhibition in the caspase-3 (1.18 fold) and γ-H2aX protein
(1.21 fold) in L-NAT (0.04μg/ml) pretreated (-3h) plus irradi-
ated (20Gy) Neuro2a cells as compared to only irradiated cells
that were not pretreated with L-NAT (Figures 11(a), 11(b),
11(f)) and 11(g)). However, a significant increase in p53
(~1.29 fold; p<0.05%) and p-ERK1/2 expression (~1.65 fold)
was observed with irradiated Neuro2a cells that were pre-
treated with L-NAT as compared to irradiated cells without
pretreatment with L-NAT (Figures 11(c), 11(e), 11(f) and
11(g)). The present findings suggested that L-NAT pretreat-
ment contributes immensely to protecting irradiated Neuro2a
cells by enhancing DNA repair and thus cell survival.

4. Discussion

Ionizing radiation induces significant deleterious effects on
the central nervous system (CNS) [36, 37]. Therefore, one
of the primary concerns is the development of radioprotec-

tors and radiomitigators to alleviate radiation-mediated
cytotoxicity in the CNS. For the first time, N-acetyl-L-tryp-
tophan (L-NAT) was evaluated for its radioprotective
efficacy in Neuro2a cells. Irradiated Neuro2a cells pretreated
with N-acetyl-L-tryptophan exhibited substantial radioprotec-
tion in terms of metabolic viability (83.19%; Figure 1(c)),
reproductive viability (82.52%; Figure 2(b)), colony-forming
survivability (80%; Figure 3(d)), and ameliorating apoptotic/
necrotic cell death (19.17%; Figure 4) against lethal dose of
gamma radiation. These findings suggested the excellent
radioprotective activity of N-acetyl-L-tryptophan in the cells
of neuronal origin. N-acetyl-L-tryptophan glucoside (NATG),
a close glucosidic derivative of NAT, has been reported for its
radioprotective properties in the murine macrophage j774A.1
cells and mice against lethal radiation dose, supported the
present study [38, 39]. Ionizing radiation augments oxidative
stress via the induction of free radicals in the cellular milieu
that causes direct or indirect DNA damage, leading to geno-
mic instability [40]. The comet assay results demonstrated sig-
nificant DNA damage supported by high DNA content in the
comet tail in irradiated cells but L-NAT pretreatment signifi-
cantly reduced comet tail length and respective tail DNA
content (Figures 5(a) and 5(b); p<0.001). Therefore, it seems
that L-NAT pretreatment to irradiated Neuro2a cells reduces
radiation-induced DNA damage. Microscopic observations
suggested that L-NAT pretreatment to irradiated (20Gy) Neu-
ro2a cells inhibited neurite outgrowth and may prevent
radiation-induced differentiation of Neuro2a cells as well as
protect young, immature neurons from radiation-induced cell
death (Figures 6(a)–6(e)). Ionizing radiation has been
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Figure 10: L-NAT mediated cellular enzymatic and non-enzymatic antioxidant machinery modulation in irradiated Neuro2a cells. (a) L-NAT
pretreatment (0.04 μg/ml) to irradiated Neuro2a cells increased SOD and (b) catalase expressions at time points (2-48 h). (c) L-NAT
pretreatment significantly increased GSH level, thus reducing oxidative stress in irradiated Neuro2a cells at time points (2-24 h). (d) L-NAT
pretreatment regulated the nitrite level mildly and reduced RNS stress in irradiated Neuro2a cells at time points (2-48 h). (e) Considerably
decrease in MPO level was evident with L-NAT pretreatment plus irradiated cells as compared to irradiated cells at 4 h and 24 h,
respectively. Error bars are mean ± SEM of triplicate measurement (n =3). Statistical significance was determined and p-value
presented as ∗p <0.05; ∗∗p <0.01; ∗∗∗p <0.001 with respect to irradiated control; #p <0.001 with respect to control.
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reported to enhance neurite outgrowth, the cell cycle G2
arrest, and decrease the viability of the cells in a dose-
dependent manner (4, 8 or, 16Gy) in Neuro2a cells, provided
a gain support to the present study [41].

Mitochondrial function modulation is an important
strategy for achieving radioprotection in the neuronal and
other biological systems such as GI, hematopoietic, and
hepatic [12, 42–44]. The results of L-NAT treatment with
irradiation in Neuro2a cells showed a significant reduction
in ROS levels in the cellular milieu and mitochondrial ROS
compared to irradiated cells without pretreatment with
L-NAT (Figures 7(a)–7(c)). These observations suggested
that L-NAT treatment may efficiently reduce ROS and thus
inhibit oxidative stress in irradiated cells. Ionizing radiation-
induced oxidative stress causes hypo/hyperpolarization of
the mitochondrial membrane that promotes the leakage of
radicals and thus activates mitochondrial oxidative stress and
intrinsic apoptosis pathways [45]. L-NAT pretreatment,
however, was observed to reduce the hyperpolarization of
the mitochondrial membrane in Neuro2a cells exposed to
radiation (Figure 8), possibly by reducing reactive oxygen
species in the cellular milieu or preventing the accumulation
of cytoplasmic Ca2+ in the mitochondrial matrix. L-NAT
treatment with irradiated Neuro2a cells showed lower accu-
mulation of Ca2+ in the mitochondrial matrix as compared
to the cytoplasm, suggested that, L-NAT may act as a blocker
of mitochondrial calcium channels/pumps, e.g., voltage-
dependent anion channels (VDACs) or mitochondrial cal-
cium uniporter (MCU) that inhibits migration of cytosolic
Ca2+ into the mitochondrial matrix (Figures 9(a) and 9(b)).
However, Gamma irradiation stimulates ER stress, as observed

using the Blue-White DPX probe in Neuro2a cells that are
found subsidized upon L-NAT pretreatment (Figure 9(c)).
These observations suggested that L-NAT significantly main-
tains ER stress and Ca2+ homeostasis between the cytosol
and the mitochondrial matrix and protects cells from
radiation-induced apoptosis. Interestingly, L-NAT treatment
to un-irradiated Neuro2a cells was found to enhance mild
ROS levels compared to control at 24h, which was subsidized
at a subsequent time, i.e., 48h (Figure 7(b)). These observa-
tions suggest a priming phenomenon initiating in Neuro2a
cells after L-NAT administration, increasing hydrogen perox-
ide and other ROS/RNS levels in the cellular milieu. The prim-
ing phenomena/intrinsic mild oxidative stress may further
activate the endogenous antioxidant machinery to combat
oxidative stress in the advance that may likely arise in the near
future due to irradiation, as shown in the previous study [21,
38, 39]. Similarly, L-NAT treatment increased mild hyperpo-
larization of mitochondrial membrane, antioxidant enzyme
activity such as catalase, SOD, MPO, and non-enzymatic fac-
tors, such as GSH and nitrite levels (RNS) compared to control
in Neuro2a cells, were confirm the effect of intrinsic oxidative
stress on the activation of endogenous antioxidant machinery
(Figures 8 and 10). The observations of the present investiga-
tion demonstrated a significant increase in catalase, SOD, and
GSH, in irradiated Neuro2a cells that were pretreated with L-
NAT compared to irradiated cells that were not pretreated with
L-NAT (Figures 10(a)–10(c)). However, it was observed that a
significant increase in MPO activities and nitrite levels in irra-
diated Neuro2a cells and L-NAT pretreated reduced radiation-
inducedMPO activities and nitrite levels (Figures 10(d)–10(e)).
It has been found that L-NAT negatively regulated H2O2
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Figure 11: Analysis of apoptosis regulating protein expression in L-NAT pretreated and irradiated Neuro2a cells. Quantitative analysis of
protein expression of Caspase-3 (a), γ-H2aX (b), p53 (c), ERK-1/2 (d) and p-ERK-1/2 (e) was performed in Neuro2a cells after L-NAT and
gamma radiation treatment. (f) Western Blot representative images of Caspase-3, γ-H2ax, p53, ERK-1/2, and p-ERK-1/2 were provided. (g)
Ponceau staining was also performed to detect the total protein present in the samples. Statistical significance was calculated using Student’s
unpaired t-test and p-value presented as ∗ p<0.05; ∗∗ p<0.01; ∗∗∗ p<0.001 with respect to irradiated control, #p<0.001with respect to
control. NOTE: Ponceau staining of total proteins was used as a positive control in this study because standard housekeeping proteins
(HKPs), i.e., GAPDH, tubulin, and actin, were found modulated by irradiation in the Neuro2a cells (Data not shown).
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conversion into hypochlorous acid (HOCl) and contributed to
cells’ protection against radiation-induced DNA damage and
cell death by lowering MPO levels in irradiated cells.

Protein expression analysis demonstrated L-NAT pretreat-
ment to irradiated cells significantly decreased the expression
of caspase-3 and γ-H2aX proteins compared to irradiated cells
without pretreatment with L-NAT (Figures 11(a), 11(b), 11(f)
and 11(g)). The present findings suggested that L-NAT pre-
treatment to irradiated cells may contribute to the amelioration
of apoptosis by inhibiting the apoptotic pathways. In the cur-
rent study, ionizing radiation leads to a decrease in p53 expres-
sion compared to control that was enhanced upon L-NAT
pretreatment to the irradiated Neuro2a cells (Figures 11(c),
11(f) and 11(g)). Similarly, previous studies found a significant
decrease in p53 expression at 8Gy radiation dose, supporting
the present investigation [41]. Pretreatment with L-NAT to
irradiated Neuro2a cells led to enhanced p53 expression as
compared to irradiated cells (1.29 fold; p<0.05; Figures 11(c),
11(f) and 11(g)), further justified a prominent role of p53 in
DNA repair and cell cycle arrest, which provides crucial time
for the activation of various DNA-repair systems [46, 47]. Pre-
treatment with L-NAT to irradiated Neuro2a cells showed a
significant reduction in DNA damage compared to irradiated

cells in the comet assay and a decrease in γ-H2aX protein
expression that may correlate with an increase in p53 activ-
ity (Figure 5(b) and 11(b)–11(c)). A significant increase in
p-ERK1/2 protein expression without any change in non-
phosphorylated ERK1/2 protein expression was observed in
irradiated cells pretreated with L-NAT compared to irradi-
ated cells without pretreatment with L-NAT (~1.65 fold;
Figures 11(d)–11(g)). These observations suggested that as a
function of L-NAT pretreatment to irradiated Neuro2a cells,
increased phosphorylation of ERK1/2 protein may further acti-
vate the ERK1/2 signaling pathway and thus contribute to
radioprotection. The activation of ERK 1/2 pathways that
promote cell survival supports the present investigation [48].
However, L-NAT is a well-known NK-1 receptor antagonist,
and future studies will explore the potential role of NK-1 recep-
tors in L-NAT-mediated radioprotection.

5. Conclusion

The present study suggested that L-NAT pretreatment
provides significant radioprotection while maintaining oxi-
dative stress, mitochondrial redox homeostasis, the polariza-
tion of mitochondrial membrane potential, and inhibiting
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be activated to maintain oxidative stress by reducing ROS, enhancing antioxidant enzymes activity, mitochondrial redox homeostasis,
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the migration of Ca2+ ions toward the mitochondrial matrix.
There is a possibility that L-NAT acts as a blocker for mito-
chondrial calcium channels or pumps. L-NAT also increases
antioxidant enzyme activity, enhancing DNA repair while
inhibiting apoptosis through activating EKR1/2 and p53
signaling pathways (Figure 12).
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