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Introduction

Abstract

Radiation stimulates the neurokinin-1 receptor (NK-1R) via its
agonist Substance P (SP) and elicits a cascade of inflammatory
events that ultimately culminate in apoptotic cell death. There-
fore, the present study was performed to find out the effects of
NK-1R antagonist CP99994 and N-Acetyl-L-Tryptophan (L-NAT) on
inflammatory and apoptotic pathway inhibition in irradiated IEC-6
cells and mice using cytotoxicity and proliferation assays. Radiation
induced cellular Ca* accumulation and its modulation by L-NAT
pre-treatment was quantified using flow cytometry. Gastrointesti-
nal system radioprotection offered by L-NAT pre-treatment in irra-
diated mice was evaluated in terms of intestinal histology, NK-1R,
substance P, and pro-inflammatory cyokines expression analysis in
the jejunum section of irradiated mice. Pre-treatment with either
L-NAT (-30 min) or CP99994 on irradiated IEC-6 cells provides sig-
nificant protection (~80%) against radiation induced cell death. Fur-
thermore, radiation induced over-expression of pro-apoptotic pro-
teins, i.e., Apaf-1, cytochrome C, caspase-9, and NFkB, was found
to be down-regulated upon L-NAT-pretreatment. Conversely, L-NAT
pre-treatment of irradiated cells was observed to enhance pro-sur-
vival proteins like pERK1/2, pAKT, and Bcl-2. Interestingly, radiation-
induced NK-1R, substance P, and other pro-inflammatory cytokine
expressions such as NFkB, IL-6, IL-10, TGF-B1, IL-4, were also found
to be significantly regressed in the jejunum of the irradiated mice
upon L-NAT pre-treatment. Conclusively, L-NAT provides radiopro-
tection to IEC-6 cells and mice’s small intestines by modulating the
NK-1R/substance P interaction, inhibiting pro-inflammatory cyto-
kines, up-regulating pro-survival proteins, and preserving intestinal
crypt stem cells against radiation-induced cell death.

Keywords: Radiotoxicity; Neurokinin-1 Receptor (NK-1R); N-
Acetyl L-Tryptophan (L-NAT); Apoptosis; Intestinal epithelial cells
(IEC-6); Inflammation; Radioprotection

Radiation exposure, whether occupational or accidental, is
known to elicit major health complications such as oxidative
stress, DNA damage, protein oxidation, and cell death. The
Gastrointestinal System (Gl) is considered the second-most ra-
diosensitive system after the hematopoietic system. Radiation
exposure to the Gl system induces intestinal epithelial damage
and chronic inflammation [1]. Radiation exposure also reduced
the number and quality of villi and crypt stem cells, impacted

intestinal motility, leading to diarrhea, compromised nutrient
absorption, and electrolyte imbalances that ultimately led to
intestinal functional impairment. High radiation doses induce
“Acute Gastrointestinal Syndrome (AGIS)”, which is character-
ized by apoptosis in the intestinal epithelium, intestinal hem-
orrhoids, sepsis, electrolyte imbalance, and fluid imbalance
resulting in death [2]. Therefore, inhibition of apoptosis and in-
flammation in irradiated intestinal cells is essential for recovery
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and survival against radiation-induced AGIS. Intestinal epithelial
cells are bound to renew within 3-5 days [3] via intestinal crypt
stem cell’s continuous division and differentiation.

The gastrointestinal system has mutual communication with
the brain via the CNS and ENS. Brain-gut signaling controls gut
motility, gastric secretion, and immune function regulation [4].
Furthermore, radiation-induced Substance P (SP) and Neuroki-
nin-1 receptor (NK-1R) expressions affect nociceptive percep-
tion and visceral hypersensitivity [5]. Substance P is an excitato-
ry neuropeptide that interacts with NK-1R in the gut's enteric
nervous system [6]. Radiation-induced SP/NK-1R interaction in-
duces an inflammatory and emesis response that makes the in-
testine more radiosensitive [7]. It is important to mention here
that radiation induced emesis (i.e., the prominent qualitative
signature of radiation overexposure) involved SP/NK-1R inter-
action. Radiation exposure initiates the Gl system’s inflamma-
tion via activations of pro-inflammatory cytokine expressions
such as IL-6, IL-12, NFkB, and TNFa [8,9], also linked with SP/
NK-1R interactions. Besides cytokines, some chemokines like
ICAM-1, MCP-1, MIP-2, and MIP-1a are reported to play a sig-
nificant role in radiation mediated intestinal inflammation [10].
Intestinal crypt stem cells” markers expressions are the prime
indicator of the recovery of intestinal epithelial injury in an ir-
radiated intestine. Intestinal stem cell markers, i.e., Lgr5, act as
front-line indicators, while Bmil, Msil, and Dclk1 also act as re-
serve or quiescent crypt stem cell markers that contribute to
maintaining intestinal crypt homeostasis [11]. Therefore, radia-
tion induced intestinal toxicity can be minimized by modulating
intestinal crypt stem cell marker’s expression using potential
drug candidates. Although, numerous reports have been docu-
mented on diverse strategies to protect or minimize intestinal
radiation injuries [12,13]. Gl specific radioprotective drugs have
yet to be identified. Interestingly, in previous studies, we have
reported radioprotective activities of N-Acetyl L-Tryptophan (L-
NAT) against radiation induced toxicity in IEC-6 and Neuro2A
cells by reducing radiation-mediated oxidative stress, maintain-
ing mitochondrial membrane hyperpolarization, and inhibit-
ing radiation-induced apoptosis [14,15]. In the present study,
the underlying mechanism of L-NAT-mediated radioprotection
involving substance P/NK-1R expression inhibition and subse-
quent inflammatory and apoptotic response down-regulation
was studied using murine Intestinal Epithelial Cells (IEC-6) and
C57BL/6 mice.

Materials and Methods
Ingredients

Phosphate-Buffered Saline (PBS) was procured from Calbio-
chem, Merck India Pvt. Ltd., Mumbai, India. Dulbecco Modi-
fied Eagle Medium with high glucose, fetal bovine serum, NBT/
BCIP solution, and N-acetyl L-tryptophan, Radioimmune Pre-
cipitation Assay (RIPA) lysis buffer, Bradford reagent, Apaf-1
(MAB3504), and GAPDH (SAB2108668) monoclonal antibodies
were purchased from Sigma-Aldrich, St Louis, MO. 3-(4,5-di-
methyl-2-yl)-2,5-diphenyl-2ll-Tetrazolium bromide (MTT), and
Penicillin-Streptomycin solution (5000 U/mL) were procured
from Himedia Laboratory Pvt. Ltd., Mumbai, India. All ELISA
kits were bought from the Bioassay Technology Laboratory
(Shanghai, China). The primary antibodies for NF-kB p65 anti-
body (PA5-16545), p-AKT (700392), p-ERK1/2 (700012), ERK1/2
(136200), and Alkaline Phosphatase (AP)-tagged goat anti-rab-
bit or anti-mouse secondary antibody and Fluo-4 AM (F14201)
were procured from Thermo Fischer, Invitrogen (MA, USA). All
other chemicals used were of analytical grade.

Cell Culture, Drug Treatment, and Irradiation

The IEC-6 cell line originates from normal rat intestinal crypt
cells and was acquired from the National Centre for Cell Science
(NCCS) in Pune, India. These cells were maintained in a DMEM
culture medium containing 4 g/L glucose. The medium was en-
riched with 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine,
and 1.5 g/L sodium bicarbonate (NaHCO3). The culture medium
containing antibiotics, particularly 50 IU/mL of penicillin and 50
pg/mL of streptomycin, was combined with IEC-6 cells. The cell-
contained media was subsequently incubated in a humidified
CO, incubator with a CO, concentration of 5% at an ambient
temperature of 37°C. The IEC-6 cells that underwent exponen-
tial growth were subjected to pre-treatment with L-NAT (0.1ug/
mL) for 1 hour before getting exposed to radiation. A radiation
treatment was performed utilizing a GC-5000 *°Co radiation
source with a dose rate of 0.374 kGy/h (6.2 Gy/min) at a tem-
perature of 25 °C. The irradiation doses used were 20 Gy or 5
Gy, which were estimated to be the LD, dose [14].

Evaluation of Neurokinin-1 Receptor (NK-1R) Involvement
in Radioprotection offered by L-NAT using the MTT assay

Exponentially growing cells were divided into the following
experimental groups:

Gp 1: Control: Untreated Intestinal IEC-6 Cells
Gp 2: IEC-6 cells irradiated with gamma radiation (20 Gy)
Gp 3: IEC-6 cells treated with L-NAT (0.1 pg/mL)

Gp 4: Irradiated (20 Gy) IEC-6 cells that were pretreated (-1
hr) with L-NAT (0.1pg/mL).

Gp 5: Irradiated (20 Gy) intestinal IEC-6 cells that were pre-
treated with the NK-1R antagonist CP99994 (20 nM)

Gp 6: Intestinal IEC-6 cells were treated first with L-NAT
(0.1ug/mL), then with the NK-1R antagonist CP99994 (20 nM;
+30 minutes), and then irradiated with gamma radiation (20
Gy). Corresponding controls with L-NAT and CP99994 treatment
but without irradiation were also used.

Gp 7: Intestinal IEC-6 cells were initially treated with CP99994
(20 nM), followed by (+30 minutes) with L-NAT (0.1pg/mL), and
then exposed to gamma radiation (20 Gy). Corresponding con-
trol with NK-1R antagonist CP99994 and L-NAT treatment but
without irradiation was also used.

The IEC-6 cells were subjected to incubation at 37°C for 48
hours with a 5% CO, concentration after each treatment, as
previously outlined. 10 pl of MTT solution with a concentra-
tion of 5 mg/mL was added to the 96 wells containing the cell
culture, followed by an additional incubation period of 3 hours
at 37°C. Following incubation, formazan crystals of purple color
in the wells were dissolved with 100 ul of DMSO. The UV/vis-
ible microplate spectrophotometer (Biotek, Gene5 software;
Powerwave XS2) was employed to analyze the purple-colored
solution at a dual wavelength of 570—670 nm. The estimation of
metabolic activity was conducted through the implementation
of the following formula: [Absorbance (treatment)/Absorbance
(no treatment)] x 100.

Evaluation of the Role of the Neurokinin-1 Receptor (NK1R)
in the Radioprotection offered by L-NAT using a Clonogenic as-
say

Exponentially growing IEC-6 cells were divided into six exper-
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imental groups, as mentioned above (except Group 3). In brief,
a total of 2 x 10? cells were seeded onto 35 mm culture dishes
and incubated at 37°C with 5% CO, for an overnight period to
promote adherence. Subsequent to the previously stated treat-
ment, the cells were subjected to a lethal dose (LD, ) of 5 Gy of
Y-radiation. The cells were then permitted to proliferate and
develop colonies for a duration of 10 days at a temperature of
37°C with a CO, concentration of 5%. After a period of 10 days
of incubation, colonies were treated with 70% chilled ethanol
and subsequently stained with 2% crystal violet [14].

Determination of Intracellular Calcium level in L-NAT-Pre-
treated and Irradiated IEC-6 cells

Radiation-mediated calcium release was determined by flow
cytometry (BD-Pharmingen, Arya Ill, USA). Cells were catego-
rized into four experimental groups: i. Control; untreated cells;
ii. Irradiated cells (20 Gy); iii. Irradiated cells that were pre-treat-
ed with L-NAT (0.1ug/mL); iv. Cells treated with L-NAT (0.1ug/
mL) only. Subsequent to each treatment, cells received an incu-
bation of 5 M Fluo-4 AM in Hank’s balanced salt solution (HBSS)
for 45 M at 37°Cin the dark for 24-48 h. Cells were then washed
twice with calcium-free HBSS buffer, and intracellular calcium
levels were estimated. The fluorescence intensity of the Fluo-4
AM-bound cells was measured at a wavelength of 494/506 nm
(excitation/emission).

Radiation Induced Ubiquitination and Mitochondrial Com-
plex V Functional Activity Estimation using an ELISA assay

Radiation-driven ubiquitination and mitochondrial complex
V functional activity were determined by using polyubiquitin B
and mitochondrial ATP F (0) complex subunit B1 Elisa kits (BT
Laboratory, Shanghai, China). Briefly, followed by all treatments
(as mentioned above), proteins were collected and estimated
[15]. An equal amount of protein was added to Elisa plate wells
pre-coated with polyubiquitin B and mitochondrial ATP F(0)
complex subunit B1 antibodies. Following incubation, strepta-
vidin-HRP conjugated secondary antibodies were added to the
wells and further incubated at 37°C for 60 min. Following the
washing, Substrate A and subsequently Substrate B were added
to the wells and again incubated for 10 minutes in the dark at
37°C. The blue color developed and turned yellow upon adding
the stop solution. The Optical Density (OD) was measured at a
wavelength of 450 nm using an ELISA microplate reader.

Radiation-Induced Apoptotic Protein Expression Analysis

Following experimental treatments (as mentioned above),
IEC-6 cells were harvested using the RIPA method [16]. The pro-
tein from the confluent IEC-6 cell monolayer was obtained using
the RIPA method, with subsequent gentle agitation at 10-min-
ute intervals for 1 hour at 4°C. The cell supernatants were col-
lected through centrifugation at 13,500 x g for 30 min. The cel-
lular protein fraction was obtained, and the protein content was
determined using the Bradford method. The protein samples
underwent size fractionation using 12% SDS-polyacrylamide
gels. Subsequently, they were electro-transferred to a Nitro-
cellulose membrane (NC) at 60 V for 1 hour and 30 minutes
at a temperature of 4 °C. The protein on the membrane was
immobilized using TBS-T (composed of 50 mM Tris-HCI pH 7.4,
200 mM NaCl, 0.5% Tween-20, and 5% BSA) for a duration of
2 h at the normal temperature. Subsequently, the membrane
was subjected to incubation with primary antibodies target-
ing p-ERK1/2 (1:1000), ERK1/2 (1:1000), p-Akt (1:1000), PI3K
p85 (1:1000), NF-kB (1:1000), Apaf-1 (1:1000), Cytochrome C

(1:1000), Bcl-2 (1:1000), and GAPDH (1:1000) at a temperature
of 4°C for an entire night. Subsequently, the membrane under-
went a minimum of three washes lasting 5 minutes each with
TBS-T. Following this, the membrane was subjected to incuba-
tion with either alkaline phosphatase-conjugated anti-mouse
or anti-rabbit secondary antibody (diluted at a ratio of 1:3000,
Invitrogen, USA) for a duration of 2 h at room temperature. The
membranes were subsequently observed utilizing the NBT/BCIP
substrate, which is a colorimetric technique. The images were
acquired using the HR55000 imaging system (Gene Genome,
United States). The quantification of the bands was conducted
through densitometric analysis using Image J software v1.44p
(NIH) in Bethesda, MD.

Unrevealing the Gastro-Intestinal System Radioprotective
Activity of L-NAT in a Mouse Model

Approximately 8-10-week-old C57BL/6 strain (male) mice
were issued from the Institutional Experimental Animal Facility
after IAEC approval. Mice were randomly divided into the fol-
lowing four experimental groups:

Gp. 1 Control (n = 6) untreated mice

Gp. 2 Irradiated mice (n = 6) received whole body irradiation
(9 Gy)

Gp. 3 L-NAT treated mice (n=6; 150mg/kg.by.im)

Gp. 4 Irradiated (9Gy; whole body) mice that were pre-treat-
ed with L-NAT (n = 6; 150 mg/kg.b.wt, im)

Mice were irradiated using ®°Co irradiator (LDI-2000 gamma
chamber; Board of Radiation and Isotope Technology, Govern-
ment of India, Department of Atomic Energy) at a dose rate of
1.723 Gy/min. All studies were conducted in compliance with
the Institutional Animal Ethics Committee's (IAEC) standards
and regulations. The Gl system radioprotective activity of L-NAT
was evaluated in terms of radiation-induced intestinal cellular
damage and recovery analysis in L-NAT pre-treated mice using
histological and intestinal crypt stem cell marker expression
analysis.

Histological Analysis of the Jejunum Section of the Intestine
of Irradiated and L-NAT-Pretreated Mice

Following euthanasia, the jejunum sections of the irradiated
and L-NAT-pretreated mice were collected at different time in-
tervals. The fat and connective tissues attached to the jejunum
section were carefully scraped out. Intestinal tissue was fixed in
buffered paraformaldehyde at room temperature for 24 hours.
Subsequently, the tissue specimens underwent dehydration
using a series of graded ethanol and were then embedded in
paraffin blocks. For H&E staining, 5-m-thick sections were pre-
pared. Digital images of the stained sections were captured and
subjected to analysis using NIS element software integrated
with an automated microscope (Nikon Ti series, Japan).

Immunohistochemical Analysis of the Jejunum Section of
the Intestine of Irradiated and L-NAT-Pretreated Mice

The histological sections were deparaffinized with xylene
twice, for 10 minutes each. The sections were then immersed
in a 1:1 solution of xylene and ethanol. Rehydrate the sections
in 100% ethanol for 3 minutes, and then in 70% ethanol for 10
minutes before washing with water. The slides are then im-
mersed in antigen retrieval buffer (10 mM). Sodium citrate, 0.05
percent Tween 20, pH 6.0) for 45 minutes at 60°C. The slides
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Figure 1: Determination of radioprotective activity of N-acetyl- L-tryptophan (L-NAT) and Neurokinin-1 receptor (NK-1R) antagonist
CP99994 in IEC-6 cells. Metabolic survival was estimated using MTT assay (A), while, reproductive cell survival evaluated using clonogenic
assay (B and C) using Neurokinin-1 receptor (NK-1R) antagonist CP99994. Results were expressed as meantSD of three separate experiments.
Significance of variance was denoted as: ***p<0.001 Vs Control; and #p<0.05, ##p<0.01, ###p<0.001 Vs Radiation treatment (20 Gy for MTT
assay or 5 Gy for CFU assay).
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Figure 2: Effect of L-NAT pre-treatment on intracellular Calcium accumulation, protein ubiquitination and mitochondrial ATP F(0) complex
functioning in irradiated IEC-6 cells. Flow cytometric analysis (representative histogram) of IEC-6 cells pretreated with L-NAT and gamma ra-
diation (20 Gy) was done using Fluo 4 AM probed (A). Quantification of intracellular calcium was carried out by measuring mean fluorescence
intensity (B). Measurement of the mitochondrial complex F(0) proteins (C) and Polyubiquitin B (D) activities was measured in irradiated IEC-6
cells pretreated with L-NAT using ELISA assay. The data were represented as mean  SD of three independent experiments. Significance of
variance was denoted as: ***p <0.001 vs Control; and #p < 0.001, ##p<0.01, ###p<0.001 Vs Radiation treatment (20Gy).
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Figure 3: Pro-survival and inflammatory proteins expression analysis in IEC-6 cells upon L-NAT and gamma radiation treatments. Western
blot analysis and relative expression quantification of proteins involved in proliferative i.e. pERK1/2 (A,B), ERK1/2 (A,C), ratio of pERK/ERK
(A,D), p-Akt (A,E) and inflammatory i.e. NFKB (A,F) pathways in irradiated (20 Gy) IEC-6 cells that pretreated with L-NAT. Measurement of
proteins expressions were carried out by Image J software v1.44p (NIH, Bethesda, MD). Data were represented as meanzSD of three inde-
pendent experiments. Significance of variance was denoted as: *p<0.05, **p<0.01, ***p<0.001 Vs Control; and ###p<0.01, ####p<0.001 Vs
Radiation treatment (20Gy)/ NS: Non Significant.
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Figure 4: Apoptosis regulating proteins expression analysis in IEC-6 cells treated with L-NAT and gamma radiation. Western blot analysis
and relative quantification of proteins involved in radiation induced apoptosis i.e. Apaf-1 (A,B), Cytochrome C (A,C), and pro-survival protein
Bcl2 (A,D) proteins was performed with irradiated and L-NAT pre-treated IEC-6 cells. While, Caspase-9 activities (E) of IEC-6 cells was analysed
using ELISA assay. Data were expressed as meantSD of three experiments. Significance of variance was denoted as: **p<0.01, ***p<0.001,
***%H<0.0001 Vs Control; and #p<0.05, ##p<0.01, ####p<0.0001 Vs Radiation treatment (20 Gy).

Expression Analysis of Inflammatory Cytokines, Chemo- inflammatory marker (NFkB), chemokines (ICAM-1, MCP-1,

kines Markers using ELISA assays

Tissue lysate was prepared by homogenizing 100 mg of je-
junum tissue with RIPA buffer to extract total soluble proteins
[17]. To determine the cytokines (TGF-B1, IL-10, IL-6, IL-4),

MIP-1a, MIP-2), and NK-1R and Substance P expressions, com-
mercial ELISA kits procured from Fine Test, Wuhan, China, and
ELK Biotek, USA, were used. The individual protein’s expression
analysis was carried out by following the instructions and proto-
cols mentioned in the operational manual of the respective kits.
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Figure 5: Histological analysis of small intestine (jejunum) of whole-body gamma irradiated (9 Gy) mice pre-treated with L-NAT. Histological
analysis of C56BL/6 small intestine (jejunum) prior administration of L-NAT to Whole-body irradiation (9 Gy). (A) Day 3, (B) Day 5 and (C) Day
7. Representative images from three mice per group; 100 x magnification.

Statistical Analysis

Three replicates of each experiment were conducted, and
the data was expressed as means * SD. To test for statistical-
ly significant differences between these groups, Prism 8.0.1
(GraphPad Software, San Diego, CA, USA) was employed and
performed a one-way ANOVA for the MTT and clonogenic assay
and a two-way ANOVA with Tukey's test for other parameters.
It was considered that a P value (£0.05) indicated statistically
significant variation between treatment groups.

Results

The NK-1R Antagonistic Effect of CP99994 and L-NAT Pro-
vides Protection to IEC-6 cells Against Radiation-Induced cell
Death

To investigate whether NK-1R is involved in radioprotection,
a cell viability and proliferation (MTT) and clonogenic (CFU) as-
says were performed. MTT assay revealed that pre-treatment
with NK-1R antagonist CP99994 (20 nM) in irradiated (20 Gy)
IEC-6 cells significantly improved (82.5£3.3%) cell survival as
compared to irradiated cells (49.2+2.8%) that were not pre-
treated with CP99994 (20 nM) (Figure 1A). Similarly, irradiated
cells (5 Gy) pretreated with CP99994 (20 nM) showed a signifi-
cant (p<0.05) increase in Colony Forming Unit (CFU) as com-
pared to only irradiated cells that not pretreated with CP99994
(20 nM) (Figure 1B, C). Interestingly, pre-treatment with L-NAT
(0.01pg/ml) alone or along with CP99994 (20nM) on the irradi-
ated IEC-6 cells showed a significant improvement in the cell
survivability, i.e., 79.247.4% and 80.9+5.5%, respectively, as
compared to irradiated cells (Figure 1A).

Similar observations were found with the clonogenic assay
(Figure 1B, C). These findings strongly suggested that CP99994
and L-NAT inhibits substance P/NK-1 receptor system inhibition,
thus may providing significant protection against gamma radia-
tion via modulating subsequent down-stream signaling.

L-NAT Pretreatment Reduces Intracellular Ca?** Accumula-
tion, Maintains ATP Synthase Activities, and helps in Oxidized
Protein Degradation in Irradiated IEC-6 Cells

A significant increase (~2 fold; p<0.05) in intracellular cal-
cium was noticed in irradiated cells at 1-24 h as compared to
untreated controls. But a maximum increase in calcium level
was noticed with irradiated cells at 48 h as compared to control
(Figure 2A, B). Nevertheless, when analyzing the impact of L-
NAT pre-treatment on irradiated cells, a noteworthy decrease in
intracellular calcium levels was observed (p<0.05) compared to
only irradiated cells at 1-48 hours (Figure 2A, B). Furthermore,
intracellular calcium level, and ATP F (0) complex subunit B1
activity was found to be decreased significantly (p<0.05) in ir-
radiated cells as compared to untreated control (Figure 2C) at
1-48 hrs. However, L-NAT pre-treatment to irradiated cells was
found to enhance ATP synthase F(0) complex subunit B1 activ-
ity (Figure 2C) as compared to irradiated cells. These findings
were suggesting a link between higher intracellular calcium and
lower ATP production in the mitochondria of irradiated IEC-6
cells (Figure 2C) that not pretreated with L-NAT.

Surprisingly, a noticeable increase in polyubiquitin B activity
was reported in irradiated cells pre-treated with L-NAT at 24 h in
comparison with irradiated cells (Figure 2D), which was almost
subsidized at 48 h. These observations may support the view
that L-NAT pre-treatment probably accelerates the degradation
of oxidized proteins from the cellular milieu within 24 h of post-
radiation exposure.

L-NAT Pre-Treatment of IEC-6 Cells Inhibits Radiation In-
duced Apoptosis by Modulating apoptosis Regulating protein
Expression

To determine the anti-apoptotic activities of L-NAT in irradi-
ated IEC-6 cells, western blot analysis was performed. Obser-
vations obtained demonstrated a significant (p<0.05) increase
(~ 3-fold) in phosphorylated ERK1/2 (pERK1/2) expression in
irradiated cells that were pretreated with L-NAT as compared
to only irradiated cells (Figure 3A, B) at 48 h. Though no signifi-
cant modulation in non-phosphorylated ERK1/2 expression was
evident with any treatment group (Figure 3C, D). Similarly, sig-
nificant (p<0.05) induction (~ 3.5-fold) in phosphorylated AKT
(pAKT) expression was observed with L-NAT-pretreated plus
irradiated group of cells as compared to only irradiated cells
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that were not pretreated with L-NAT at 24-48 h (Figure 3E). Fur-
thermore, observations also indicated a significant (p<0.05; ~
3-fold) increase in NFkB expression with irradiated IEC-6 cells
as compared to untreated control cells (Figure 3F) at 24-48 h.
In contrast, a significant decrease in NFkB expression was no-
ticed in the irradiated cells that were pre-treated with L-NAT as
compared to the irradiated cells that were not pre-treated with
L-NAT (Figure 3F). Moreover, remarkable induction in Apaf-1,
cytochrome C, and caspase-9 expression, along with a signifi-
cant reduction in Bcl-2 expression, was observed in irradiated
(20 Gy) cells as compared to untreated control (Figure 4) at 24-
48 h. Conversely, significant inhibition in Apaf-1 (p<0.01), cyto-
chrome C (p<0.001), and caspase-9 (p<0.01) expressions, along
with induction in Bcl-2 (p<0.01) expressions, were observed in
the irradiated cells that were pre-treated with L-NAT as com-
pared to only irradiated cells at 24-48 h. Taken altogether, the
present findings suggest that radiation induced calcium accu-
mulation in the cells leads to disturbed mitochondrial functions
and cell death. However, L-NAT pre-treatment may regulate Ca?
homeostasis, resulting in down-regulation of inflammation as
well as apoptosis-inducing protein expression and thus provide
protection against radiation induced cell death in IEC-6 cells.

Histological Analysis

Histological observations were evident of rapid structural
damage, including villi shortening, loss of epithelial cell lining,
severe crypt damage, and cell necrosis to the small intestine
within three days that was found to accelerate in subsequent 5
and 7 days in irradiated mice as compared to untreated control
mice (Figure 5). By day 5%, the epithelial cell lining of the villi
was completely lost, and the villi became shortened, wider, and
sparser, while unhealthy shortened crypts were still observable
in the irradiated mice. In contrast, the damage to the intesti-
nal architecture was found to be less severe, as the crypt lin-
ing significantly restored and the crypt-villus axis of the jejunal
epithelial cells eventually recovered in irradiated mice that pre-
administered L-NAT (Figure 5) within 5-6 days.

Attenuation of Radiation-Induced Up-Regulation of Intesti-
nal NK-1R, Substance P, and NF-kB Expression by L-NAT Pre-
treatment

To validate the role of L-NAT pre-treatment in NK-1R-me-
diated inflammatory signaling modulation in irradiated (9 Gy)
mice, NK-1R, substance P, and downstream inflammatory mark-
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er NFkB expression were analyzed. Strong induction in NK-1R  thus inhibits radiation-induced inflammation in the Gl system of
(~1-3 fold), substance P (~3-4 fold), and NF-kB (~2.0-3.5 fold) irradiated mice. Immunohistochemical analysis, also revealed
expressions was observed with irradiated mice that were not a significant increase in the NK-1R expression in the intestinal
pre-treated with L-NAT (150 mg/kg.b. wt.im.) (Figure 6a,b,c) as  epithelial cells (enterocytes) of irradiated mice. However, NK-1R
compared to untreated control mice at 1-7 days post-treatment  expression was found to be minimized on L-NAT pretreatment
time. However, as a function of L-NAT pre-treatment (150 mg/ to irradiated mice day 7 post-radiation period (Figure 6d, e).
kg. wt.im. -2h) in irradiated (9 Gy) mice, a significant (p<0.05) These findings suggested that L-NAT pre-treatment in irradiated
reduction in NK-1R, substance P, and NF-kB expressions was ob- mice may down-regulate NK-1 receptor, its agonist substance
served (Figure 6a, b, c) at 1-7 days. These findings suggested P, and NFkB expressions and thus negatively control radiation-
that L-NAT pre-treatment in irradiated mice may down-regulate  induced inflammation in the Gl system of irradiated mice.

NK-1 receptor, its agonist substance P, and NFkB expressions and
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Influence of L-NAT Pre-Treatment on Radiation-Induced
Proinflammatory Cytokines and Chemokines Expression in the
Nouse Jejunum

To determine the effects of L-NAT pretreatment on proin-
flammatory cytokines expression in the intestine (jejunum) of
irradiated mice, an Elisa assay was performed. Results of the
study indicated a significantly high level of pro-inflammatory
cytokines IL-6 and IL-4 in irradiated mouse intestines at all the
tested time intervals, i.e., 1-7 days, as compared to untreated
control group of mice (Figure 7a, D). However, maximum IL-6
expressions (~3.0 folds) were observed 5 days after radiation
exposure as compared to control (Figure 7A). Moreover, as a
function of L-NAT pretreatment, a significant reduction in IL-6
and IL-4 was observed in irradiated mice at almost all the tested
time intervals. On the contrary, a significant increase in the ex-
pression of anti-inflammatory cytokines, i.e., IL-10 (on the 3rd
and 5% days post-irradiation) and TGF-B1 (at the 1-3™ day post-
irradiation), was observed with the irradiated mice that were
pretreated with L-NAT as compared to only the irradiated mice
that were not pretreated with L-NAT (Figure 7B,C). More inter-
estingly, significantly high levels of RANTES, MCP-1, ICAM-1,
MIP-1a, and MIP-2 chemokine proteins were reported in irradi-
ated mice as compared to untreated control at almost all the
tested time intervals (1-7 days). However, significant inhibition
in RANTES, MCP-1, ICAM-1, and MIP-2 chemokines expression
was evident in the irradiated mice that were pre-treated with L-
NAT as compared to the irradiated mice that were not pretreat-
ed with L-NAT (Figure 8A,B,C,D) at all tested time intervals (1-7
days). Therefore, the present observations strongly suggest that
L-NAT pretreatment in irradiated mice significantly suppresses
radiation-induced inflammatory responses that contributes to
radioprotection.

Discussion

Overexposure to gamma radiation induces emesis in mam-
mals, including humans [18]. Radiation-induced emesis involved
neuro-intestinal junction cross-talk in the form of substance P/
Neurokinin-1 receptor interaction. Radiation and other cytotox-
ic therapy including chemotherapy induces substance P release
from the ends of enteric neurons that activates NK-1 receptor
in intestinal epithelial mucosal cells within the gastro-neuronal

junction and initiates emetic and subsequent inflammatory re-
sponse [19-23].

The present study demonstrated significant protection
against lethal gamma radiation in irradiated IEC-6 cells that
were pre-treated either with the NK-1R antagonist CP99994 or
L-NAT or with a combination of both. Furthermore, no signifi-
cant difference in cell survival was observed in IEC-6 cells upon
either the L-NAT-CP99994 or CP99994-L-NAT pre-treatment re-
gime used before irradiation (Figure 1), suggesting a common
molecular/pharmaceutical target (i.e. NK-1R) for the L-NAT and
CP99994 mechanisms of action. These findings supported the
“Neurokinin-1 receptor antagonism-based mechanism of ra-
dioprotection. The positive role of NK-1 receptor antagonists,
including N-acetyl-L-tryptophan, in radioprotection, oxidative
stress mitigation, neuro-inflammation inhibition, and hepato-
protection has already been reported; [14,15,24-32], providing
a strong support to the present investigation. Activation of NK-
1R due to radiation exposure has been known to cause pain,
nausea, and vomiting, as well as inflammation in the nervous
and gastrointestinal systems [20,21,33]. In the present study
also, a significant increase in NK-1 receptor and its agonist sub-
stance P, along with NFkB expressions, was evident in irradiated
(9 Gy, whole body) mice jejunum (Figure 6). However, expres-
sions of all these proteins were found to be significantly inhib-
ited (Figure 6) in irradiated mice that were pre-treated with
L-NAT (150mg/kg.b.wt.im). These findings clearly suggest that
L-NAT pre-treatment suppresses radiation induced substance
P expression and thus its release from enteric neurons within
the gastro-neuron junction, leading to significant inhibition in
radiation-induced inflammation. Recent molecular docking and
MD simulation studies demonstrated possible interactions of L-
NAT with NK-1R [34] further supporting the present hypothesis
of the involvement of the “NK-1R antagonistic mechanism” in
L-NAT mediated radioprotection. However, on the contrary, in
vitro, a ligand-receptor binding assay-based study did not sup-
port L-NAT/NK-1R physical interaction [35]. Therefore, consid-
ering the recent findings [35], the present study suggests that
L-NAT mediated inhibition of substance P release from enteric
neurons may impair substance P/NK-1R interaction instead of
direct physical involvement in the interaction (Figure 6). How-
ever, to further confirm the L-NAT/NK-1R physical interaction,
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if any, we proposed Surface Plasmon Resonance (SPR) spectro-
scopic study.

A significant increase in intracellular calcium concentration
was observed with irradiated cells within 1 h that reached the
highest level (~4 fold; Figure 2A, B) at 48 h. Furthermore, ATP lev-
els were found to be decreased in irradiated cells at 48 h (Figure
2C). These observations suggest that radiation induced calcium
accumulation in the cells seems to be inversely proportional to
ATP generation and subsequent cell death [36,37]. On the con-
trary, L-NAT pre-treatment of irradiated IEC-6 cells was found to
reduce calcium accumulation in cells, and thus improved ATP
generation resulted in better cell survival as compared to only
irradiated cells (Figure 2A, B). Recent reports from our groups
provided strong support for the present findings [14,15]. Mito-
chondrial calcium disturbs mitochondrial membrane potential,
which leads to membrane hyperpolarization, cytochrome C
release, and apoptosis [15,36,38]. In full agreement with pre-
vious reports, significant inhibition in Cytochrome C, Apaf-1,
caspase-9, and NFkB, along with a significant increase in Bcl-
2, pERK1/2, and p-AKT expressions, was observed in irradiated
IEC-6 cells that were pre-treated with L-NAT (Figures 3 & 4).
These findings suggesting that L-NAT pretreatment of irradiated
cells significantly controlled intracellular calcium homeostasis,
resulted in preserved mitochondrial functions that enhanced
cell survival by inhibiting inflammation and apoptosis. Similar
findings reported in previous studies closely supporting the cur-
rent investigation [1,24,31,33,39-42].

The regulatory role of cytokines is crucial in the development
of an inflammatory response, intestinal tissue damage, and re-
covery after radiation exposure [43]. L-NAT pre-treatment in
irradiated mice showed significant up-regulation in IL-10 and
TGF-B1 along with down-regulation of IL-6 and IL-4 expression
as compared to the irradiated control (Figure 7). These obser-
vations suggested that L-NAT augments an anti-inflammatory
response (Figure 6A, B). NK-1R and substance P expression in-
hibition are known to initiate anti-inflammatory response [44]
further providing gain support to the present study. Further, ac-
tivation of the anti-inflammatory response in terms of chemo-
kine expression modulation (Figure 8) by L-NAT pretreatment
to irradiated mice may facilitate fast tissue recovery and repair
in the intestinal epithelium of irradiated mice [45-49]. Intesti-
nal epithelial cell renewal, homeostasis, and tissue repair are
totally dependent on highly radiosensitive intestinal crypt stem
cell proliferation and differentiation. L-NAT pretreatment to
irradiated mice was found to protect crypt stem cells against
radiation-induced cell death, as evident by Lgr5, Bmi-1, Msi-1,
and Dclk-1 stem cell marker expression (data not shown). Stem
cell preservation and regeneration have been found to be the
best therapeutic strategies for the replenishment of damaged
intestinal epithelial cells to combat radiation toxicity [50], which
comprehensively supported by the present study.

Conclusions

Conclusively, the present study offers a new insight into the
possible involvement of the NK-1R/substance P system in gam-
ma radiation-induced toxicity in mice models. L-NAT pretreat-
ment was found to be a contributing factor in inhibition of NK-
1R/substance P expression resulted in amelioration of radiation
induced inflammation, and apoptosis, possibly by maintain-
ing intercellular calcium homeostasis, mitochondrial function
preservation, inflammatory cytokine expression inhibition, and
finally intestinal crypt stem cell protection against radiation-
induced toxicity (Figure 9).
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