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N-acetyl-L-tryptophan provides radioprotection to mouse and primate models
by antagonizing the TRPV1 receptor and substance P inhibition
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ABSTRACT

Purpose: The present study was carried out to evaluate the radioprotective activities of
N-acetyl-L-tryptophan (L-NAT) using rodent and non-human primate (NHP) models.

Materials and methods: The antagonistic effect of L-NAT on the Transient receptor potential
vanilloid-1 (TRPV1) receptor and substance P inhibition was determined using molecular docking
and Elisa assays. The in vivo radioprotective activity of L-NAT was evaluated using whole-body
survival assays in mice and NHPs. Radioprotective activity of L-NAT was also determined at the
systemic level using quantitative histological analysis of bone marrow, jejunum, and seminiferous
tubules of irradiated mice.

Results: Molecular docking studies revealed a strong binding of L-NAT with TRPV1 receptor at
similar binding pockets to which capsaicin, an agonist of the TRPV1 receptor, binds. Further,
capsaicin and gamma radiation were found to induce substance P levels in the intestines and serum
of the mice, while L-NAT pretreatment was found to inhibit it. Significant whole-body survival
(>80%) was observed in irradiated (9.0Gy) mice that pretreated with L-NAT (150mg/kg, b.wt. im)
compared to 0% survival in irradiated mice that not pretreated with L-NAT. The quantitative histology
of the hematopoietic, gastrointestinal, and male reproductive systems demonstrated significant
protection against radiation-induced cellular degeneration. Interestingly, 100% survival was observed
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irradiated NHPs (6.5Gy) that pretreated with L-NAT (37.5mg/kg, b.wt.im). Significant

improvement in the hematology profile was observed after days 10-20 post-treatment periods in

irradiated (6.5Gy) NHPs that were pretreated with L-NAT.

Conclusion: L-NAT demonstrated excellent radioprotective activity in the mice and NHP models,
probably by antagonizing TRPV1 receptor and subsequently inhibiting substance P expression.

Introduction

Ionizing radiation induces oxidative stress in the cellular
milieu via radiolysis of cellular water, resulting in free radi-
cal generation. Free radicals interact with vital macromole-
cules like protein complexes, membrane lipids, DNA, and
RNA via direct and indirect ways and oxidize them, result-
ing in irreversible oxidative damage. Gamma radiation expo-
sure initiates various phenomena in the body, such as, redox
imbalance, ionic disturbances, inflammation and cell death
resulting in hematopoietic radiation syndrome (HRS), and
gastro-intestinal radiation syndrome (GRS). Radiation
induced systemic syndromes ultimately aggravated in the
form of acute radiation syndrome (ARS). HRS is the pri-
mary phenomenon that may contribute to GRS and ARS
based on the quantum of radiation dose absorbed in the
biological tissues. Several incidences of accidental and delib-
erate radiation exposure have been reported in the past,

compelling to develop radioprotectors and radiomitigators to
manage radiation medical emergencies in the future. In
response to the nuclear strikes on Hiroshima and Nagasaki,
as well as other nuclear submarine mishaps and nuclear
power plant accidents around the world, researchers from
developed nations have launched multiple attempts to create
radioprotectors. However, due to various unwanted side
effects, toxicity, low time window and narrow therapeutic
index etc., not a single radioprotective drug molecule has
been approved by the US-FDA for human applications so
far. First radioprotector i.e. WR-2721, developed by Walter
Reed Research Institute, USA is still not achieved IND status
for ARS indication due to its unacceptable toxicity at thera-
peutic dose in humans (Clement and Johnson 1982). Though,
it has been approved for other indications such as radiation
induced xerostomia and renal toxicity. Radiation counter-
measure agents that achieved IND status in the USA are
5-AED, genistein, CBLB-502, Ex-Rad, Hema MaxTM
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(recombinant IL-12), Orbishield™ and G-CSF (Burdelya
et al. 2008, 2012; Singh et al. 2014; 2015; Guan et al. 2023).
Apart from that, Indralin (B-190) developed by Russian
investigators, is also at an advanced stage of development
(Vasin et al. 2014). However, no information about its emer-
gency use approval is available. In the cellular environment,
the most obvious criterion to screen radioprotectors is based
on their antioxidant capacity. However, DNA repair enhancers
(X-RAD), hematopoietic system modulator gamma tocotrie-
nol, HL-003 and cell signaling modulators TLR5 agonist
CBLB-502 are also being investigated and at advance stage
of development (Burdelya et al. 2008; Kang et al. 2013;
Obrador et al. 2020; Liu et al. 2021; Garg et al. 2022).
Despite tremendous efforts worldwide, no FDA approval for
radioprotectors was granted for human applications till date,
possibly due to (i) non -uniformity in the efficacy levels
among different animal species, (ii) un-acceptable toxicity of
efficacious molecules at therapeutic doses, (iii) non-conformity
in pharmaceutical actions, and (iv) identification and valida-
tion of efficacy biomarker(s) across the animals species.
Besides that, ethical issues associated with human efficacy
trial of radioprotectors act as a prominent impediment in
the efficacy conformity with human volunteers.

The present study was conducted to investigate radiopro-
tective activities of N-acetyl-L-tryptophan (L-NAT) in the
mice and non-human primate (NHP; Rhesus Macaque)
models against lethal gamma radiation exposure. Whole
body 30days survival for the irradiated mice and 60days
survival for irradiated NHPs was considered as the end
point of the study to decide the radioprotective efficacy of
L-NAT. To evaluate the systemic radioprotection offered by
L-NAT, quantitative histopathological analysis of hematopoi-
etic, gastrointestinal and male reproductive systems was car-
ried out using mice model. To determine the radioprotective
efficacy of L-NAT in NHPs (Rhesus Macaque; both male
and female) were used. To further strengthen the radiopro-
tective potential of L-NAT in NHP model, comprehensive
hematology, blood biochemistry, DNA damage and efficacy
biomarker expression analysis was undertaken. To unravel
the molecular mechanism of radioprotection offered by
L-NAT, Transient receptor potential vanilloid-1 (TRPV1)
receptor antagonistic and subsequent substance P expression
inhibition studies was carried out using molecular docking
tools and subsequent substance P expression analysis in the
serum and intestine of irradiated and L-NAT treated mice.

Materials and methods
Materials

Ethanol was purchased from Merck India Pvt. Ltd, Mumbai,
India. Disodium hydrogen phosphate (Na2HPO4.2H20) and
Dimethyl sulfoxide (DMSO) were purchased from Central
Drug House, New Delhi, India. 3-(4,5-dimethyl-2-yl)-2,5-dip
henyltetrazolium bromide (MTT) and Phosphate-buffered saline
(PBS) were procured from Himedia Laboratory Pvt. Ltd,
Mumbai, India. Phosphate-buffered saline (PBS) was procured
from Calbiochem, Merck India Pvt. Ltd, Mumbai, India.
Propidium iodide, N-acetyl L-tryptophan, radioimmune

precipitation assay (RIPA) lysis buffer, Bradford reagent, paraf-
fin, xylene, sodium citrate, Tween 20, and DAB were purchased
from Sigma-Aldrich, St Louis, MO. All Elisa kits i.e. Lgr-5,
Bmi-1, Msi-1, Dclk-1, G-CSE IL-6, NFkB and IL-12 were
bought from Bioassay Technology Laboratory (Shanghai,
China). G- CSE, IL-6, NFkB and IL-12 Elisa kits were procured
from Biostring Inc, USA. SP Elisa kits were procured from
Finetest, Wuhan, China. All other chemicals used were of ana-
lytical grade and standard make.

Methods

A comparative molecular docking analysis to determine
L-NAT and capsaicin binding with TRPV1 receptor

Molecular docking analysis of L-NAT, and capsaicin with
TRPV1 [(PDB; Sequence: 7L2H-1 Rattus norvegicus (10116)]
receptor was performed using AutoDock vina (CB-dock2)
tools. The molecular interactions, animo acid residues of
TRPV1 receptor involving in the binding with L-NAT and
capsaicin was identified and compared.

Estimation of substance P expressions in the serum and
intestinal tissue of L-NAT, capsaicin treated and gamma
radiation exposed mice

To determine the effect of gamma radiation on substance P
expression and its modulation by L-NAT pretreatment, mice
were divided into following seven groups and each experi-
mental group having six animals:

1. Control animals: animals were injected (im) with
vehicle control, (n=6).

2. Mice injected with capsaicin (16 mg/kg, iv), (n=6).

3. Mice treated with L-NAT (150mg/kg, b.wt im)
90 minutes before capsaicin treatment (16 mg/kg, iv)
treatment, (n=6).

4. Mice injected with capsaicin (16 mg/kg, iv) 30min-
utes before L-NAT administration (150mg/kg, b.wt
im), (n=6).

5. Mice injected with L-NAT (150mg/kg, b.wt. im), (n=6).

6. Mice exposed with gamma radiation (9.0 Gy; whole
body) (n=6).

7. Mice injected with L-NAT (150mg/kg, b.wt. IM) 2h
before gamma radiation exposure (9.0Gy; whole
body).

Followed by treatments, mice were incubated for 2h and
thereafter animals were sacrificed and blood and jejunum
section of small intestine was collected. To estimate the sub-
stance P level in the serum and small intestine, tissues were
processed to extract the total soluble proteins and Elisa assay
was performed as per instruction provided by the Elisa kit
manufacturer. An equal amount of protein was poured into
the Elisa plate wells and plates incubated at 37°C for 90 min-
utes. Thereafter, the plates were washed with a washing buf-
fer. 100l of biotin-labeled antibodies were added into the
wells and further allowed to incubate for 60 minutes at 37 °C.
Afterwards, 100ul of streptavidin-biotin complex (SABC)



was mixed to each well and left for 30 minutes of incubation
at 37°C. In each well, 90l of 3,3',5,5'-Tetramethylbenzidine
(TMB) substrate was mixed and again kept for 30 minutes of
incubation at 37°C. Then, 50l of stop solution was mixed
to stop the reaction. The optical density of the color com-
plex was measured at a wavelength of 450nm using a spec-
trofluorometer (Synergy, BIO-TEK Powerwave XS2, USA)

In vivo radioprotective efficacy determination
Irradiation of the mice

C57Bl/6 mice (Male/Female) were irradiated with gamma
radiation using a Bhabhatron-II Telecobalt irradiator (Bhabha
Atomic Research Center, Mumbai, India) having %°Co source
of gamma radiation with dose rate: 1.4-1.36 Gy/min, and
tield area 35x35cm with 80SSD. The Bhabhatron-II Telecobalt
irradiator’s radiation beam was calibrated by medical physi-
cist and radiation safety officers of the institute following
IAEAs TRS-398 protocol using calibrated Farmer type, 0.6 cc
volume ionization chamber in water phantom. The dose rate
measured at 80SSD was 1.4-1.36 Gy/minutes within the time
duration (months periods) of mice experiments. Animals
were placed in prone position individually and irradiated
using perforated plastic containers. The prescribed dose of
radiation was calculated at the mid plane of the torso region
of the mice by qualified medical physicist of the institute.
No tissue heterogeneity corrections were applied for specific
organs. During all the animals’ experiments, Institutional
Animal Ethical Committee (IAEC) instructions were strictly
followed. All animal experiments were undertaken with due
approval from IAEC.

Preparation of L-NAT doses and mode of administration

L-NAT (1.0mg) was freshly dissolved in 900pl of distilled
water and shaken well for 10minutes using cyclomixture.
90ul of 10M sodium hydroxide was added and shaken for
I minute at room temperature. The final solution was made
up to 1500 ul using distilled water. The pH of the final solu-
tion was fixed as 7.0 with the help of 0.1N HCL Dose vol-
ume of L-NAT injection (IM) was calculated using the
following formula:

Dose volume = body weightof theanimal(g)xDose /

1000x concentration of test molecule(mg / ml)

Evaluation of acute toxicity and maximum tolerable
dose (MTD) of L-NAT in mice

To determine the acute toxicity and maximum tolerable dose
(MTD) of N-acetyl-L-tryptophan, toxicity (GLP) studies
were carried out at the GLP facility at Sri Ramachandran
University (SRU), Chennai. The study was conducted accord-
ing to schedule Y of Drugs and Cosmetic act, Ministry of
Health and Family welfare, Government of India, 2005 and
OECD series on Principles of Good Laboratory Practice and
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Compliance Monitoring, number 1, ENV/MC/CHEM (98)
17. In brief, animals were divided into four groups and each
group having 5 mice. Animals were administered with esca-
lating doses of L-NAT as:

Group 1: Mice administered with 250 mg/Kg, b.wt (n=5)
Group 2: Mice administered with 500 mg/Kg, b.wt (n=5)
Group 3: Mice administered with 1000 mg/Kg, b.wt (n=5)
Group 4: Mice administered with 1500mg/Kg, b.wt (n=5)

Followed by all treatments, animal’s body weight was
recorded on day O (before dosing), day 7 and day 14.
Mortality and morbidity were recorded twice daily till nec-
ropsy. Clinical signs, if any, were recorded approximately at
30min, 1, 2 and 4h on day 0 (after L-NAT administration)
and thereafter, once daily till necropsy. All surviving animals
were euthanized for gross pathology on day 14. Acute toxic-
ity of L-NAT was observed in terms of percent survival,
changes in behavior, morbidity and mortality. The maximum
concentration of L-NAT at which nominal toxic manifesta-
tions initiated was considered as maximum tolerance
dose (MTD).

L-NAT radioprotective efficacy determination in mice

To evaluate the radioprotective efficacy of L-NAT, animals
were divided into following four experimental groups, each
group having six animals:

1. Control animals (n=6): Mice injected (IM) with
vehicle control

2. L-NAT treated animals (n=6): Mice injected with
different doses of L-NAT (100-200 mg/Kg, b.wt. IM)

3. Gamma radiation exposed animals (n=6): Mice irra-
diated with gamma radiation (9 Gy; whole body)

4. L-NAT treated and irradiated animals (n=6): Mice
injected with L-NAT (100-200mg/Kg, b.wt. IM) 2h
before irradiation (9 Gy; whole body).

All animals were observed for 30days for any signs of
radiation sickness, behavioral toxicity, morbidity and mortal-
ity (Malhotra et al. 2019). Data was presented as the per-
centage (%) survival of the irradiated group of mice that
were injected with L-NAT compared to the irradiated group
of mice that not preinjected with L-NAT The optimum dose
at which maximum whole-body survival achieved was used
for further investigations.

Determination of optimum time window to achieve
maximum L-NAT mediated radioprotection in mice

To optimize the time window for L-NAT mediated radiopro-
tection, male C57bl/6 mice were divided into following
six groups:

1. Mice injected with vehicle control, (n=6)
2. Mice exposed with gamma radiation (9.0Gy), (n=6)
3. Mice injected with L-NAT (150mg/Kg, b.wt.im), (n=6)
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4. Mice treated with L-NAT (150mg/Kg, b.wt) 30min-
utes before gamma radiation exposure (9.0Gy), (n=6)

5. Mice treated with L-NAT (150mg/Kg, b.wt) 1h before
gamma radiation exposure (9.0Gy), (n=6)

6. Mice treated with L-NAT (150mg/Kg, b.wt) 2h before
gamma radiation exposure (9.0 Gy), (n=6)

7. Mice treated with L-NAT (150mg/Kg, b.wt) 3h before
gamma radiation exposure (9.0Gy), (n=6)

All animals were monitored up to 30days for any appear-
ance of radiation sickness, behavioral toxicity, morbidity and
mortality (Malhotra et al. 2019). Data was presented as the
percentage (%) survival of the irradiated group of mice that
were preinjected with L-NAT. The optimum time window at
which maximum whole-body survival achieved was used for
further experimentation.

L-NAT dose reduction factor (DRF) determination in mice

The dose reduction factor for L-NAT was calculated at effi-
cacy dose (150mg/Kg, b.wt.im) using radiation dose LDy, as
the baseline. In brief, male C57bl/6 mice were divided into
following experimental groups:

1. Mice irradiated with 5Gy dose of gamma radiation
(n=6)

2. Mice irradiated with 6 Gy dose of gamma radiation
(n=6)

3. Mice irradiated with 7Gy dose of gamma radiation
(n=6)

4. Mice irradiated with 8 Gy dose of gamma radiation
(n=6)

5. Mice irradiated with 9Gy dose of gamma radiation
(n=6)

6. Mice irradiated with 5Gy gamma radiation dose, 2h
after L-NAT (150mg/Kg, b.wt.im) treatment (n==6)

7. Mice irradiated with 6 Gy gamma radiation dose, 2h
after L-NAT (150mg/Kg, b.wt.im) treatment (n=6)

8. Mice irradiated with 7Gy gamma radiation dose, 2h
after L-NAT (150mg/Kg, b.wt.im) treatment (n=6)

9. Mice irradiated with 8 Gy gamma radiation dose, 2h
after L-NAT (150mg/Kg, b.wt.im) treatment (n=6)

10. Mice irradiated with 9Gy gamma radiation dose, 2h
after L-NAT (150mg/Kg, b.wt.im) treatment (n=6)

11. Mice irradiated with 10 Gy gamma radiation dose, 2h
after L-NAT (150mg/Kg, b.wt.im) treatment (n=6)

12. Mice irradiated with 12Gy gamma radiation dose, 2h
after L-NAT (150mg/Kg, b.wt.im) treatment (n=6)

Followed by completion of radiation and L-NAT treat-
ments, mice were transferred to institutional animal facility
and kept under observations. The mortality occurs in differ-
ent experimental groups were reported. The whole-body
survival (%) of irradiated mice that pretreated with L-NAT
was compared with the survival (%) of radiated mice that
not pretreated with L-NAT (Abdi et al. 2018). DRF for
L-NAT was calculated as the ratio of mice survival (%)

achieved at LD, radiation dose without L-NAT treatment
and 50% survival of the mice achieved upon L-NAT pre-
treatment (150 mg/Kg, b.wt im) to irradiated mice at 30days
survival (%) timescale.

Histological analysis of jejunum section of small
intestine of irradiated and L-NAT pretreated mice

Following euthanasia, the jejunum section of the small
intestine of irradiated and L-NAT pretreated mice was
collected at different time intervals (day 3, 7 and 14). Fat
and connective tissues attached with jejunum section were
carefully scrapped out. Intestinal tissue was fixed in buft-
ered paraformaldehyde at room temperature for 24h.
Subsequently, the tissue specimens underwent dehydration
using a series of graded ethanol and were then embedded
in paraffin blocks. For H&E staining, 5um thick TS sec-
tions were prepared. Quantitative analysis of the histology
of jejunum sections was carried out manually under a
microscope (Azmoonfar et al. 2023). Digital images of the
stained sections were captured and subjected to quantita-
tive analysis using NIS element software integrated with
an automated microscope (Nikon Ti series, Japan). At
least 5 slides were prepared from each experimental group
and 4 tissue sections were analyzed per slides. However,
in radiation control group, where animals’ death occurs
within 14 days, 2-3 slides were prepared. Therefore, total
20 tissue sections per parameter were analyzed per exper-
imental groups except radiation control group, where only
8-12 tissues sections per parameter were studied at one
time point.

Expression analysis of intestinal stem cell markers

Intestinal stem cell markers (i.e. Lgr-5, Bmi-1, Msi-1, Dclk-1)
expressions were estimated using Elisa assay (Yan et al.
2012). Animals were divided into four experimental groups
as mentioned above. After completion of the desired incuba-
tion time followed by radiation and L-NAT treatments,
expression of intestinal stem cell markers was analyzed. In
brief, protein (100pl) extracted from jejunum sections was
added into elisa plats wells and incubated for 90 minutes at
37°C. Thereafter, the elisa plate was washed with washing
buffer and biotin labeled detection antibody (100pul) added
and again incubated for 60minutes at 37°C. Furthermore,
HRP-Streptavidin Conjugate (SABC; 100ul) was added to
each well and incubated for 30 minutes at 37°C. Then, 90 ul
of 3,3',5,5'-Tetramethylbenzidine (TMB) substrate mixed in
each well and, incubated for 30minutes. A stop solution
(50pl) was added to wells to stop the reaction. The absor-
bance was measured at 450nm by a spectrofluorometer
(Synergy, BIO-TEK Powerwave XS2, USA). Quantitative esti-
mation of expression of individual markers was carried out
by extrapolation in terms of pg/mg of protein obtained from
a standard curve prepared in parallel using a standard of
individual markers supplied with the individual Kits.



Determination of hematopoietic system radioprotection
offered by L-NAT in irradiated mice

Followed by euthanasia, femur bone was collected from irra-
diated and L-NAT pretreated mice at days 3, 7 and 14 post
treatment periods. Muscles and connective tissues attached
to the bones were carefully scrapped out. Bone tissue was
tixed in buffered para-formaldehyde at room temperature for
24h. Subsequently, the tissue specimens underwent dehydra-
tion using a series of graded ethanol and were then embed-
ded in paraffin blocks. For H&E staining, 5um thick LS
sections were prepared. Quantitative analysis of histological
sections of bone marrow was carried out manually under
microscope (Travlos 2006; Meza-Ledn et al. 2021). Digital
images of the stained sections were captured and subjected
to quantitative analysis using NIS element software inte-
grated with an automated microscope (Nikon Ti series, Japan).

Evaluation of male reproductive system radioprotective
activity of L-NAT

Followed by euthanasia, right and left testicles were collected
from irradiated (8 Gy) and L-NAT pretreated mice at day 7,
14, 21, 28 and 35 post treatment periods. Muscles and asso-
ciated connective tissues attached to the testicles were care-
fully removed. Both testicles were fixed in buffered
paraformaldehyde at room temperature for 24h. Subsequently,
the tissue specimens underwent dehydration using a series
of graded ethanol and were then embedded in paraffin
blocks. For H&E staining, 5um thick TS sections were pre-
pared. Quantitative analysis of histological sections of testi-
cles was carried out manually under a microscope (Kaur
et al. 2023). Digital images of the stained sections were cap-
tured and subjected to quantitative analysis using NIS ele-
ment software integrated with an automated microscope
(Nikon Ti series, Japan).

L-NAT radioprotective efficacy determination in NHPs
(Macaca mulata)

Irradiation of NHPs

To evaluate the radioprotective efficacy of L-NAT, NHPs
(Macaca Mulata; male and female) were used. Animals were
irradiated with gamma radiation using a Bhabhatron-II
Telecobalt irradiator (Bhabha Atomic Research Center,
Mumbai, India) having dose rate: 0.318 Gy/min, and field
area 63x63cm with 120 SSD). Animals were irradiated indi-
vidually under anesthesia. During NHP studies, the
Institutional ethical committee and CPSCEA safety guide-
lines were strictly followed. All animal experiments were
undertaken with IAEC and CPSCEA approvals (No.
25/17/2019-CPCSEA).

A dosimetry exercise was performed before experimenta-
tion to ensure desired dose delivery to the individual
Macaque. In brief, a cobalt®® Teletherapy (Model:
Bhabhatron-II, Panacea Medial Technologies Pvt. Ltd. India)
machine was used to whole-body irradiation of NHP in
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prone position, single animal at a time at source to surface
distance (SSD) of 120cm to cover the full length of the
NHP. The teletherapy beam was calibrated following IAEA's
TRS-398 protocol using a calibrated Farmer type 0.6 cc vol-
ume jonization chamber in a water phantom. The dose rate
measured at the extended SSD was 0.318 Gy/min. The pre-
scribed dose was 6.5Gy at the mid-plane of the torso region
of the individual NHP. The delivered dose was calculated by
the institute’s medical physicist, without applying tissue spe-
cific heterogeneity correction.

L-NAT mice to NHP dose conversion calculation

Rhesus Macaque equivalent dose (MED) of L-NAT was
extrapolated using the following calculation (Sharma and
McNeill 2009; Nair and Jacob 2016) based on body surface
area (adapted from FDA guidelines):

Rhesus Macaque equivalent dose (MED) = Dose in mice
(mg/kg) x dose conversion factor of mice (mg/Kg, b.wt.) Km
(Mice)/Dose conversion factor of Rhesus Macaque (mg/Kg,
b.wt.) Km (Rhesus Macaque)

L-NAT radioprotective activity evaluation in non-human
primate model

To evaluate the radioprotective activity of L-NAT, Macaca
mulata aged 8-10years, weight 7-10kg male and female
macaque were used for experimentation. The overall health
of individual animals was monitored in terms of their hema-
tology profile, biochemistry parameters, liver function tests
and kidney function tests before experiments initiation.
Approval from Institutional Animal Ethical Committee
(IAEC) and CPSCEA Ministry of Environment, Govt. of
India was granted (No. 25/17/2019-CPCSEA; dated
25/09/2019) to conduct the study with duly safety guidelines
in placed.

In brief, animals were divided into following four exper-
imental groups:

1. Control animals (n=4): Macaque injected (im) with
vehicle control, (n=4).

2. L-NAT treated animals (n=4): Macaque injected with
L-NAT (37.5mg/Kg, b.wt. im), (n=4).

3. Gamma radiation exposed animals (n=4): Macaque
irradiated with gamma radiation (6.5 Gy; whole body)
(n=4).

4. L-NAT treated and then irradiated animals (n=4):
Macaque injected with L-NAT (37.5mg/Kg, b.wt. im)
2h before irradiation (6.5Gy; whole body), (n=4).

Note: out of 4 animals used for each experimental group,
male:female ratio was 50:50

Followed by all treatments, animals were kept at Non-
Human Primate Facility, National Institute of Immunology,
Delhi, for subsequent monitoring of mortality, morbidity,
facial inflammation, behaviors changes, food intake patterns,
hematology profile, liver function tests, kidney function
tests, blood biochemistry, and histopathological analysis of
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the dead animals (Burdelya et al. 2008). No supportive care
was provided to any experimental group of NHPs during
entire duration of experiments.

Note: NHP survival study experiment was performed once only.

Hematology and blood biochemistry analysis of irradiated
and L-NAT pretreated NHPs

Followed by L-NAT and radiation treatments as mentioned
above, all animals were kept under observations. To deter-
mine the effect of gamma radiation on hematological, liver
function test, and kidney function tests parameters of irradi-
ated animals with or without L-NAT pretreatment, blood
samples were collected at different time intervals, i.e. 2, 10,
14, 20. 30day and 7th month and analyzed. The blood pro-
files of individual experimental animals were also analyzed
before initiation of L-NAT and gamma radiation treatments
(0h) as control for follow-up comparison (Burdelya
et al. 2008).

Evaluation of G-CSF, IL-6, IL-12 and NFkB cytokines
expression in the serum of NHP upon L-NAT escalating
dose administration

To determine the efficacy biomarker for L-NAT, cytokines
i.e. G-CSE IL-6, NFkB and IL-12 expression analysis was
performed using Elisa assay. In brief, following experimental
groups were formed:

1. Control: animals administered with vehicle control
(n=4; male)

2. Animals administered with 1x dose (37.5mg/kg b.wt.
im) of L-NAT (n=4; male)

3. Animals administered with 2x dose (75mg/kg b.wt.
im) of L-NAT (n=4; male)

4. Animals administered with 3x dose (112.5mg/kg
b.wt.im) of L-NAT (n=4; male)

Blood (3ml) was collected from individual animal after
2h of L-NAT administration. Serum was separated from the
blood samples using centrifugation at 2000rpm for 10min-
utes at room temperature using swing bucket rotor. Elisa
assay was performed to analyze G-CSE IL-6, NFkB and
IL-12 cytokine expressions using respective Elisa Kkits
(Biostring Inc, USA).

In brief, an equal amount (50ul) of serum samples was
added to the per-coated wells of the Elisa plate and kept at
37°C for 90 minutes. After that, the plate was rinsed with a
washing buffer. 100pl of biotin-labeled antibody was added
into the wells and allowed to incubate for 60minutes at
37°C. Afterwards, 100l of SABC (streptavidin-biotin com-
plex) was added to each well and left for 30 minutes of incu-
bation at 37°C. In each well, 90l of TMB substrate was
mixed and again left for 30 minutes of incubation at 37°C.
Then, 50l of stop solution was added to stop the reaction.
The optical density of the color complex was measured at a
wavelength of 450nm wusing a spectrometer (Synergy,
BIO-TEK Powerwave XS2, USA).

Statistical analysis

All experiments except NHPs radioprotection studies were
repeated at least three times and data were expressed as
mean and standard deviation. NHP studies were conducted
only once. The variations between the control, radiation-
treated, and L-NAT pretreated plus irradiated groups of mice
were estimated using one-way ANOVA (one-way analysis of
variance) with Tukey’s test using Prism 8.0.1 (Graph Pad
Software, San Diego, CA, USA. The significance of variance
(p-value) within treatment groups was considered <0.05
unless specified otherwise.

Results
L-NAT interacts with TRPV1 receptor

Molecular docking analysis demonstrated an almost equally
comparable binding of L-NAT (binding energy of -8.0;
binding pocket C1) with TRPV1 receptor as TRPV1 agonist
capsaicin (binding energy of -8.2; binding pocket C4).
Interestingly, the best fit pockets (binding sites), binding
cavity volume and binding sites coordinates of TRPVI
receptor for L-NAT and capsaicin binding (Figure 1la, b)
were also found exactly similar. Besides that, 25 amino acids
of TRPV1 receptor (Figure 1b) was identified in the best fit
binding pocket C1 that commonly interact with both ligands
i.e. L-NAT and capsaicin suggesting close competitiveness
among them toward TRPV1 interaction.

Substance P expression modulation by radiation and
L-NAT and TRPV1 agonist capsaicin treatments in mice

Significant (p < .0299) induction of substance P level was
observed in the intestine of mice upon capsaicin treatment.
Though, moderate inhibition in substance P level was
observed in the serum (p = .05). However, significant inhi-
bition of substance P expression was observedin the intes-
tine (p < .0162) of mice that were treated with L-NAT as
compared to untreated control (Figure lc,d). More interest-
ingly, significant) inhibition in substance P level was evident
in the serum (p < .0008) and intestine (p < .0009) of irra-
diated (9 Gy) mice that preinjected with L-NAT compared to
the irradiated (9Gy) mice that were not preinjected with
L-NAT. Therefore, present findings were clearly demon-
strated that irradiation enhanced substance P expression in
the serum and intestine of the irradiated mice, whereas,
L-NAT pretreatment effectively inhibit substance P expres-
sion predominantly in both the tissues.

Evaluation of in vivo radioprotective activity of L-NAT
using mice model

Single dose acute toxicity profiling of L-NAT

The single dose acute toxicity studies were performed as per
Drugs and Cosmetic rules, Ministry of Health and Family
Welfare, Government of India, 2005 and OECD series on
principles of good laboratory practice and compliance
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TRPV1 receptor ‘s common amino acids residues involved in

interaction with L-NAT and Capsaicin in binding pocket C1
VAL508, ASP509, SER510, TYR511, SER512, GLU513, LEU515,
PHES516, THR550, ASN551, LEU553, TYR554, TYR555, THR556,
ARG557, GLY563, ALA566, VAL567, ILE569, GLUS70, LYS571,
ILE696, LEU699, GLN700, ILE703
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Figure 1. L-NAT mediated TRPV1 receptor blocking and subsequent substance P expression inhibition analysis. L-NAT and capsaicin (a) binding with TRPV1

receptor was analyzed using autodock vina tools. The TRPV1 receptor’s amino acid residues participating in the binding with L-NAT and capsaicin, binding energy,
binding sites coordinates, binding cavity volume and docking size parameters were recorded and compared (b). Substance P expression in the serum (c) and small
intestine (d) of mice upon L-NAT, capsaicin (TRPV1 agonist), gamma radiation and their combined treatment was analyzed. Data were represented as mean+SD
of three independent experiments. Significance of variance was considered as p value <0.05: Serum: ns; control Vs capsaicin treatment (p > .05); *; control Vs
L-NAT treatment (p < .0435); *; capsaicin treatment Vs L-NAT treatment (p < .0362); **; control Vs radiation treatment (p < .0034); ***; radiation treatment Vs
L-NAT+radiation treatment (p<0.0008), intestine: *; control Vs capsaicin treatment (p < .0299); control Vs L-NAT treatment (p < .05); *; capsaicin treatment Vs

L-NAT treatment (p < .0162); **; control Vs radiation treatment (p < .0013);

significant.

monitoring, No. ENV/MC/CHEM (98)17 (study No.
1155/2018). Animals injected (IM) with four graded doses
(250, 500, 1000, 1500 mg/Kg, b.wt; im) did not show any
signs of toxicity. No mortality and morbidity were observed
throughout experimental period, ie. days 14. No gross
lesions were observed in any of the organs of the animals
during the histopathological analysis done. All groups of
animals treated with L-NAT showed an increase in body
weight on day 7 compared to their day 0 body weight.
However, a decrease in total body weight was observed on
day 14 in group 3 (5/5) and group 4 (2/5) as compared to
their body weight on day 7. Though, there was no mortality
observed in any groups of animals. However, based on clin-
ical signs, mortality/morbidity and gross pathology, the
LD50 dose of L-NAT was considered to be 1500mg/Kg,
b.wt., under experimental conditions.

***. radiation treatment Vs L-NAT+radiation treatment (p<0.0009). ns: non

Data on days 14 repeat dose toxicity (GLP) in
non-rodent model (New Zealand white rabbits), genotox-
icity (mutagenesis, chromosomal abrasion, micronuclei),
and male reproductive system toxicity has been generated
and archived with us (Data not shown). No-observed
adverse effect level (NOEL) of L-NAT was observed in
rodent and non-rodent models.

In vivo L-NAT radioprotective activity determination using
mice model

To evaluate the radioprotective activity of L-NAT against a
lethal dose of gamma radiation, the animals were injected with
different doses (100, 125, 150, 200mg/Kg, b.wt. im) of L-NAT
2h before whole body irradiation and 30days survival (%) of all
animals observed. Observations of the study demonstrated a
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maximum enhancement (>83%) in the survival (%) of the irra-
diated (9.0Gy) mice that were pretreated (-2h) with L-NAT
(150mg/Kg, b.wt., im) compared to the irradiated (9.0Gy) mice
that does not preinjected with L-NAT (Figure 2). However, fur-
ther increase in L-NAT concentration (200mg/Kg, b.wt.) led to
a significant decrease (p = .017) in the survival (33.3%) of irra-
diated mice as compared to the mice treated with 150 mg/Kg,
b.wt. of L-NAT (Figure 2). Therefore, the present study demon-
strated significant radioprotective activity of L-NAT at 150mg/
Kg, bwt (im) in irradiated mice.

Determination of prophylactic time window of L-NAT

To optimize the time window for L-NAT radioprotective
activity against gamma radiation induced lethality, animals
were injected with L-NAT (150 mg/Kg, b.wt.im) before 30 min-
utes, 1h, 1.5h, 2h and 3h before irradiation (9.0 Gy) and whole
body 30days survival (%) of irradiated animals were moni-
tored. Maximum survival (~83%) was observed at 2h before
L-NAT treatment to irradiated mice. However, a significant (p
< .05) reduction in the survival (%) of the irradiated mice
was observed upon deviation from the 2h time window
between L-NAT injection (im) and radiation exposure (Figure
3). Interestingly, no survival was observed with the mice
treated with L-NAT 30minutes before irradiation. However, a
significant reduction in percent (%) survival was observed
with irradiated mice that preinjected with L-NAT beforelh
(16.6%), 1.5h (50%), and 3h (33.3%) respectively (Figure 3).

Dose reduction factor (DRF) estimation

To determine the dose reduction/modification factor (DRF/
DMEF) for L-NAT, mice were irradiated with or without L-NAT
(150mg/Kg, b.wt.) pretreatment and 30days whole body sur-
vival percentage (%) was estimated. The LD, radiation dose of

120 -

100

C57BL/6 male/female mice was estimated to be 7.0Gy as
extrapolated using a logarithmic scale, while it was found to be
7.5Gy without logarithmic scale calculation (Figure 4). In con-
trast, as the results of L-NAT pretreatment (150mg/Kg, b.wt.),
50% survival of the irradiated mice was achieved at 10Gy radi-
ation dose (with logarithmic and non-logarithmic plot;
Figure 4). Therefore, the DRF/DMF value estimated on the
basis of 50% survival of irradiated mice with or without L-NAT
pretreatment to be 1.42 with Logarithmic scale calculation and
1.33 with non-Logarithmic scale calculation.

L-NAT mediated protection to gastrointestinal system of
irradiated mice

The L-NAT radioprotective formulation was developed and
evaluated for its systemic radioprotection efficacy in mice
model. Radioprotection to the gastrointestinal system against
lethal dose of whole-body gamma radiation was studied using
qualitative and quantitative histological analysis. Significant
cellular damage in terms of villi length reduction, villi width
enhancement, crypt cell degeneration, crypt mitotic cells and
goblet stem cells reduction was observed in the jejunum of
irradiated mice that was not pretreated with L-NAT compared
to controls (Figure 5a,b,c,d). However, pretreatment of the
irradiated mice with L-NAT was found to be a contributing
factor to protect the mice GI system against radiation-induced
damage. In brief, being the second most radiosensitive system,
radioprotection of the GI system by L-NAT pretreatment may
be a major factor to ensure survival of the irradiated mice.

Quantitative histological analysis of small intestine
(jejunum) of irradiated and L-NAT pretreated mice

Quantitative analysis of the small intestine (jejunum) was per-
formed using an automated motorized microscope equipped

Percent(%) survival
=]
o

) .
0

*p=0.0004 *p=0.017
**p=0.001

Control Radiation (9.0 Gy) L-NAT

(100mg/kg.b.wt.)

+Rad. (9.0 Gy)

L-NAT L-NAT L-NAT
(125mg/kg.b.wt.) (150mg/kg.b.wt.) (200mg/kg.b.wt.)
+Rad.(9.0 Gy) +Rad. (9.0 Gy) +Rad. (9.0 Gy)

Figure 2. Radioprotective activity of L-NAT in C57BL/6 mice. Different concentrations (100-200mg/Kg, b.wt.im) of L-NAT were injected (-2h) to the irradiated
groups (n=6) of C57BL/6 mice and 30days survival (%) was monitored and compared with the survival (%) of the irradiated (9.0Gy) group of mice that not
pretreated with L-NAT. Data were represented as mean+SD of three independent experiments. The significance of variance was considered as p value <0.05.
* L-NAT (100 mg/kg) + radiation (9.0Gy) Vs L-NAT (150mg/kg)+ radiation (9.0Gy), p = .0004; **, L-NAT (125mg/kg) + radiation (9.0Gy) Vs L-NAT (150 mg/kg)+
radiation (9.0Gy), p = .001; ***, L-NAT (150mg/kg) + radiation (9.0Gy) Vs L-NAT (200 mg/kg)+ radiation (9.0Gy), p = .017.
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Figure 3. Determination of optimum time window to achieve maximum radioprotection by L-NAT mice. Each experimental group has six mice (n=6). Mice were
injected with L-NAT (150 mg/Kg, b.wt.im) 30 minutes, 1h, 1.5h, 2h, and 3h before irradiation (9.0Gy) and 30days whole body survival (%) was estimated.

120
110
100

y=2.5167x%-38.776x +
R?=0.9486

=4="% Survival with radiation only
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——Poly. (% Survival with radiation only)
—Poly. (% survival with L-NAT 150 mg/kg.b.wt.)
—Poly. (% survival with L-NAT 150 mg/kg.b.wt.)
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40 -
30 -
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8 9 10 2
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Figure 4. L- NAT dose reduction factor determination using C57BL/6 mice. Dose reduction factor for L-NAT radioprotective efficacy was determined by calculating
the ratio of survival % at radiation dose LDy, without L-NAT pretreatment and with L-NAT (150mg/kg) pretreatment. The DRF value for L-NAT was calculated to
be 1.42 with logarithmic scale and 1.33 without using the logarithmic scale of calculation. Data were represented as mean+SD of three independent

experiments.

with NIS element analysis software. Significant reduction in
the length of villi was observed with irradiated mice at all
tested time points (days 3-14). However, maximum reduction
in the villi length (~80%; p = .0017), epithelial enterocytes/
villus (~70%; p = .001) and number of goblet cells/villus
(~86%; p = .00048) was noticed at day 14 in irradiated mice
(Figure 5e,g,h) compared to untreated control group of mice.
Whereas, a significant increase in the villi width was observed
with irradiated mice that were not pretreated with L-NAT
compared to untreated control mice (p = .0085) as well as
irradiated mice that were pretreated with L-NAT (p = .0075;
Figure 5f), suggested cellular edema and inflammation in
damaged villi. Therefore, as the results of L-NAT pretreat-
ment, villi length, epithelial enterocytes/villus and number of
goblet cells/villus was found significantly protected in irradi-
ated mice compared to the irradiated mice that were not pre-
treated with L-NAT (Figure 5e-h).

Quantitative analysis of intestinal crypt cells

Significant reduction in the number of crypts/villus section,
number of cells/crypt, number of mitotic cells, and number
of goblet cells/crypt was observed with irradiated mice that
were not pretreated with L-NAT at all tested time points (3,
7 and 14days). However, the maximum reduction in the
number of crypts/villus section (p = .028), number of cells/
crypt p=0.006), number of mitotic cells/crypt (p = .0029),
number of goblet cells/crypt (p = .007) was noticed at day
14 in irradiated mice (Figure 6a,b,c,d) compared to the
untreated control group of mice. As the results of L-NAT
pretreatment to the irradiated mice, the number of crypts/
villus section (p = .042), number of cells/crypt (p = .0001),
number of mitotic cells/crypt (p = .0008), number of goblet
cells/crypt (p = .0002) was found significantly protected
compared to the irradiated mice that were not pretreated
with L-NAT (Figure 6e-h). Interestingly, a significant
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Figure 5. Determination of gastrointestinal system radioprotective activity of L-NAT at 14day after radiation exposure. Normal cellular architecture of jejunum in
control (a) and L-NAT treated (b) mice was observed. Radiation induced cellular structural damage (c), indicated by black arrow) and its protection by L-NAT
pretreatment (d) was evaluated using microscopic observation at 10X magnification. Quantitative histological analysis of average length (e) and width (f), with,
epithelial enterocytes (g) and goblet cells (h) per villus section was performed using NIS element software integrated with an automated microscope (Nikon Ti
series, Japan). Total 5 slides were prepared in each experimental group and 4 tissues sections were analyzed per slides. Therefore total 20 tissue sections were
quantitatively analyzed per experimental groups at day 14 time point. Same experiment was repeated three times. The standard deviation among the experimental
groups was calculated as mean +SD. Statistical significance of variance was also calculated using one-way ANOVA with Turkey test. The p value <0.05 was consid-
ered significant among the experimental group’s comparison. ns; non-significant. Scale bar; 100 um.
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Figure 6. Radiation induced intestinal crypt cells degeneration and its protection by L-NAT pretreatment in irradiated mice at 14day after radiation exposure.
Normal crypt cells morphology was observed in control (a) and L-NAT treated (b) mice. Intestinal crypt cells morphological alterations and degenerative changes
(c; indicated by black arrow) induced by gamma radiation and its protection by L-NAT pretreatment (d) were recorded under motorized microscopic (Nikon Ti-E)
observations at 40X magnification. Quantitative analysis of intestinal crypt cells degeneration in terms of number of crypts per villus section (e), number of cells
per crypt (f), number of mitotic cells per crypt (g), number of goblet cells per crypt section (h) and number of apoptotic cells per crypt (i) was performed using
NIS element software integrated with an automated microscope (Nikon Ti series, Japan). Standard deviation calculated was expressed as mean+SD. Significance
of variance (p-value) p < .05 was considered significant. Significant of variance (p value) among the experimental groups was represented in within figure (e-i).

ns; non-significant. Scale bar; 10 pum.
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increase (p = .009; ~12-fold) in apoptotic cells numbers/
crypt was observed with irradiated mice that were not pre-
treated with L-NAT compared to the irradiated mice that
were pretreated with L-NAT (Figure 6i). These findings
clearly suggest that L-NAT pretreatment significantly inhibits
crypt stem cell death in irradiated mice and thus contribute
to maintaining intestinal cellular homeostasis.

Influence of L-NAT pretreatment on intestinal crypts stem
cell markers expression in the jejunum of irradiated mice

Significant reduction in Lgr-5, Msi-1, Bmi-1 and Dclk-1
intestinal stem cell markers expression was observed in the
small intestine of irradiated mice at all tested time periods
(Day1-7). However, maximum reduction (p < .05) in Lgr-5,
MSi-1, Bmi-1 and Dclk-1 expressions was observed at day 3
and 5 compared to the respective untreated controls
(Figure 7). In contrast, as a result of L-NAT pretreatment to
irradiated mice, significant (p < .05) restoration of Lgr-5,
Msi-1, Bmi-1, and Dclk-1 expressions was evident at all
tested time periods (Day 1-7) compared to irradiated mice
that not pretreated with L-NAT (Figure 7). These results

15-E8 Control &2 9 Gy ZZ 9 Gy+L-NAT

3 L-NAT

-
o
1
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(pg/ug protein)

Relative Msi1 activity
(pg/ug protein)
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clearly suggested that L-NAT pretreatment to irradiated mice
was a contributory factor to preserving intestinal crypt stem
cells from radiation-induced death.

Evaluation of hematopoietic system radioprotection
offered by L-NAT pretreatment

Radioprotective effect of L-NAT on hematopoietic system
was evaluated using histopathology of the femur bone LS
section. The histological observations demonstrated severe
suppression of erythropoiesis and myelopoiesis in the bone
marrow of irradiated mice at day 14 (Figure 8c). While
L-NAT pretreatment to irradiated mice provides significant
recovery in the bone marrow cellularity compared to only
irradiated mice that were not pretreated with L-NAT (Figure
8d). L-NAT pretreatment protects myeloblast, erythroblast
and osteoblast of the irradiated mice in a time-dependent
manner (data of 3 and 7days not shown). L-NAT pretreat-
ment to irradiated mice significantly preserves erythroblast,
myloblast, and megakaryote(s) and thus provides compre-
hensive protection against gamma radiation induced immune
suppression (Figure 8a,b,c,d).
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Figure 7. Protective effect of L-NAT on intestinal stem cells marker Lgr-5 (a), Bmi-1 (b), Msi-1 (c), and Dclk-1 (d) proteins expressions in small intestine (jejunum)
of the irradiated (9.0 Gy) mice. Standard deviation calculated was expressed as mean +SD. Significance of variation was represented as: Radiation treatment Vs
control, *p<0.05, **p<0.01; L-NAT treatment+radiation treatment Vs radiation treatment, ****p < .0001, #p < .05, ##p < .01, ##p < .001, ####p < .0001; ns;

nonsignificant.
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Figure 8. Radioprotective effect of L-NAT on hematopoietic system of irradiated mice. Bone marrow cellularity and its histological degenerative changes induced
by gamma irradiation were analyzed and compared within different experimental groups using motorized microscopic (Nikon Ti-E) at 40X magnification. Yellow
arrow represented the cellular integrity and architecture of myeloblast, megakaryote(s) and erythroblast cells (a, b, d) while, black arrow indicated the complete
loss of bone marrow cellularity at day 14 after irradiation in the radiation control group of mice (c). Quantitative analysis of number of myeloblast (e), myelocytes
(f), erythroblast (g), erythrocytes (h), megakaryote(s) (i), neutrophils (j) and M:E ratio (k) was performed in randomly selected multiple areas (200x200um) of the
slides using NIS element software integrated with a motorized microscope (Nikon-Ti-E). Standard deviation calculated was expressed as mean +SD. Significance of

variance (p-value) p < .05 was considered significant. Significant of variance (p value) calculated among the experimental groups was represented within figure
(e-k). ns; non-significant. Scale bar; 10 um.



14 R. KUMARET AL.

Quantitative analysis of cellular architecture of bone
marrow in irradiated and L-NAT pretreated mice

Quantitative analysis of bone marrow cellular architecture
was performed using an automated motorized microscope.
Observations demonstrated significant reduction in the num-
ber of myeloblast (p = .0016), myelocytes (p = .0003), eryth-
roblasts (p = .008), erythrocytes (p = .0003), megakaryote(s)
(p = .034), and neutrophiles (p = .016) in the bone marrow
of irradiated mice that were not pretreated with L-NAT com-
pared to untreated control at 14day post treatment period
(Figure 8e-k). As the result of L-NAT pretreatment to the
irradiated mice, the number of myeloblast (~10-fold; p =
.006), myelocytes (~13-fold; p = .006), erythroblasts (~6-fold;
p = .004), erythrocytes (~100 fold; p = .0007), megakary-
ote(s) (~2-fold; p = .01), and neutrophils (~4-fold; p = .0006)
was found to significantly increased as compared to the irra-
diated mice that not pretreated with L-NAT (Figure 8e-j).
Interestingly, a high M:E ratio was observed with irradiated
animals as compared to any other treatment groups (Figure
8k). These findings clearly suggest that L-NAT pretreatment
significantly inhibits radiation induced myelopoiesis and
erythropoiesis in irradiated mice and thus significantly ame-
liorate radiation induced immune-suppression.

Radioprotection to male reproductive system of the
irradiated mice by L-NAT pretreatment

Reproductive system protection against gamma radiation
(8Gy) was studied using qualitative and quantitative testis
histological analysis. Significant radiation induced cellular
damage was observed in the testis of irradiated mice from
day 7 to day 35. Clear deformation of seminiferous tubules,
increase of tubule width, loss of primary and secondary
spermatogonia, spermatatocytes and spermatids was evident
in the irradiated (8 Gy) mice testis at all tested time points.
On the other hand, compared to only irradiated mice, sig-
nificant protection to seminiferous tubules’ cellularity,
improved number of primary and secondary spermatogonia,
spermatocytes, and spermatids were observed in the irradi-
ated mice that pretreated with L-NAT. Furthermore, com-
pared to irradiated controls, well differentiated luminal area,
tubule volume, spermatogonial cell population and
well-organized spermatids were observed in L-NAT pre-
treated (-2h) and then irradiated mice (Figure 9a-p). These
results clearly suggest the radioprotective potential of L-NAT
toward germinal stem cells of seminiferous tubules.

Quantitative analysis of germinal cell types
spermatogonia and spermatocytes in irradiated mice in
presence and absence of L-NAT pretreatment

To evaluate the radioprotective potential of L-NAT toward
the male reproductive system of mice, quantitative analysis
of seminiferous tubules’ histology was carried out on day
7-35 after gamma radiation and L-NAT pretreatments.
Results of the study revealed significant reduction (>3-fold)
in spermatogonia type-B and spermatocytes (>3-fold) per

seminiferous tubules in both right and left testis as com-
pared to untreated control at day 35 (Table-1). However, as
the result of L-NAT pretreatment to irradiated mice, the
number of spermatogonia type-B [(1.52-fold (R); 1.46-fold
(L)] and spermatocytes [(1.64-fold (R); 1.61-fold (L)] per
seminiferous tubules was found improved significantly
(p < .05) as compared to irradiated mice that not pretreated
with L-NAT. These finding clearly demonstrate germinal cell
population protection ability of the L-NAT against radiation
induced damage in male reproductive system (Table 1).

L-NAT radioprotective activity evaluation using NHPs
model

Radioprotective activity of L-NAT was evaluated in Rhesus
Macaque against 6.5Gy gamma radiation. The results of the
study revealed 100% whole body survival with the irradiated
NHPs (Male + Female) that pretreated with L-NAT (37.5mg/
Kg, b.wtim) compared to only 25% survival (Figure 10)
with irradiated (6.5Gy) NHPs that were not pretreated with
L-NAT within 60days post irradiation period. No supportive
care was provided to any group of NHPs. The survival data
was also supported by the hematology, biochemistry, organ
function tests.

Hematology analysis in irradiated Rhesus Macaque after
NAT pretreatment

As the result of whole-body gamma radiation (6.5Gy) expo-
sure, significant decrease in hemoglobin, RBCs, total leuco-
cytes, lymphocytes, neutrophils and platelets counts were
observed at day 2 and subsequent times and continuously
remained at lower levels even at on day 30 (Figure 1la-g),
compared to their respective control level at zero time (level
before the treatment). Out of four animals (Male n=2 and
female n=2), three animals [(number 654 (M), 518 (F) and
542 (F)] did not survive beyond day 20 post treatment
period, thus no further analysis was carried out. Single irra-
diated animals [(No. 650 (M)] survived was demonstrated
recovery in hematological parameters except lymphocytes %
after day 30 post irradiation period (Figure 11a-g). Whereas,
irradiated animals that pretreated with L-NAT (i.e. male no.
656, 631 & female animals no. 565 515) were demonstrated
significant recovery in hematological parameters after day
14-20 post treatment periods. The hematological analysis
revealed significant recovery in all hematology parameters
within 7months in all irradiated NHPs that pretreated with
L-NAT, suggest hematopoietic system radioprotective effect
of L-NAT.

Blood biochemistry analysis in irradiated NHPs after L-NAT
pretreatment

To study the effect of gamma irradiation on kidney and
liver functions, blood biochemical tests were performed.
Urea, blood urea nitrogen (BUN), creatinine, uric acid,
total proteins, albumin- globulin ratio, total phosphorus,
calcium, sodium, potassium and chloride concentrations
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Figure 9. Radioprotection offered by L-NAT to male reproductive system of irradiated mice. Histological degenerative changes such as deformation of seminiferous
tubules, increase of tubule width, loss of spermatogonia, spermatatocytes and spermatids (indicated by black arrow) appeared in the seminiferous tubules of
irradiated (8 Gy) mice were recorded and compared with the irradiated mice that pretreated with L-NAT at 40X magnification using motorized microscope (Nikon
Ti-E) at 7 (a-d), 14 (e-h) and 21 (i-l), and 35 (m-p) day post treatment period. Scale bar; 10 pm.
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was estimated. Urea concentration in irradiated animals
was found in increasing order at 10 (p = .038) to 14 (p =
.009) day. At subsequent time, single alive animal (irradi-
ated) showed high urea concentration (83.3mg/dL) at
30days compared to control (31.3mg/dL). The urea con-
centration estimated at 7 months later of irradiation in sin-
gle alive irradiated animal was found to be 112mg/dL
(Figure 12a). Whereas, urea concentration in the blood of
irradiated animals that were pretreated with L-NAT,
increased up to 10days and gets normalized in subsequent
times (Figure 12a). No significant difference in BUN was
reported in irradiated NHPs that pretreated with L-NAT at
any time period compared to their respective control
(Figure 12b). However, higher concentration of BUN was

Table 1. Quantitative analysis of germinal cells types i.e. spermatogonia and
spermatocytes in irradiated mice with or without L-NAT pretreatment at day 35
post-treatment period.

report in single survived irradiated animal beyond 20 days
(Figure 12b). No significant perturbation in total protein
concentration was observed in irradiated NHPs irrespective
of their L-NAT pretreatment up to 20days. However,
noticeable reduction in total proteins concentration
observed with irradiated NHPs that not pretreated with
L-NAT compared to NHPs that were pretreated with
L-NAT (Figure 12f). Albumin-globulin ratio was found to
be decreased in irradiated NHPs irrespective with their
L-NAT pretreatment upto 20day, however, a recovery in
albumin:globulin ratio was reported in irradiated NHPs
that pretreated with L-NAT compared to the NHP that did
not pretreated with L-NAT at day 30 and 7months later
(Figure 12g). No significant difference in creatinine, uric
acid, total calcium, phosphorus, sodium, potassium and
chloride was observed with the NHPs of any experimental
groups (Figure 12¢,d,h,i,j,kl).

To evaluate the effect of gamma irradiation on liver
enzymes, Serum glutamic-oxaloacetic transaminase (SGOT),

Treatment
group Germinal cell types Serum glutamic pyruvic transaminase (SGPT), Gamma-
Number of spermatogonia- Number of Spermatocytes/ glutamyl transpeptidase (GGTP) and alkaline phosphatase
b/ seminiferous tubules at seminiferous tubules at concentration in the blood of NHPs were estimated.
Day 35 Day 35 Significant induction in SGOT, SGPT and alkaline phospha-
Right testis  Left testis  Right testis  Lefttestis  t;5e was observed at day 2 time period in irradiated NHPs
E_c,’\l”;?' B;f;?; Egﬂz} g?';fg'gz g;?fg;g irrespective of their L-NAT pretreatment (Figure 13,a,b,d).
Radiation 424117 47+097  228+310 242313  Lhe expression of SGOT and SGPT was found to return at
L-NAT+ 6.4+137 6.9+1.41 3754327 39.0+5.65 their normal level within 20day post irradiation period in
D h f experimental animals, h r, expression of
P Value L-NAT Vs L-NAT Vs L-NAT Vs L-NAT Vs both sets of experimental animals, however, expression o
L-NAT+ L-NAT+ L-NAT+ L-NAT+ alkaline phosphatase remains high at 30days with irradiated
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Figure 10. L-NAT radioprotective activity determination in NHP. Rhesus macaque (n=4) were administered with L-NAT (37.5mg/Kg, b.wt.im) formulation 2h before
whole body irradiation (6.5Gy), and 60days survival (%) was reported and comapred with the irradiated (6.5Gy) macaque (n=4) that were not pretreated with
L-NAT formulation. Each experimental groups having 4 animals (2 male and 2 female). The animals were strictly monitored for their food and water consumption,
heamatology, blood biochemistry and general behavioral characteristics. No additional supportive care was provided to the animals of any experimental group.
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Figure 11. Hematological analysis of irradiated and L-NAT administered NHPs. Blood samples of NHPs of all treatment groups were collected at day 2, 10, 14, 20,
30 and 7months periods and undertaken for hematological analysis. Hematological parameters such as hemoglobin (a), red blood cells (b), total leucocytes (c),
absolute lymphocytes count (d), absolute neutrophils (e), platelets counts (f) and lymphocytes percentage (g) were reported using automated hematological
analyzer and compared with the blood parameters of untreated control animals (i.e. 0day; blood collected one day before radiation and L-NAT +radiation treat-
ments). Data was presented as the means of hematology data of four animals (n=4) in an experimental group at different time points. Standard deviation within
the data of an experimental group (n=4) was presented as+SD. No supportive care was provided to group of animals. In irradiated NHPs that not pretreated
with L-NAT, out of four, only one animal survived beyond 20days post-irradiation periods, therefore, no standard deviation was calculated at 30 and 7 months’
time points.

(Figure 12d). Although alkaline phosphatase was observed to GGTP level were reported in irradiated NHPs irrespective
return at their normal levels in 7months in L-NAT pre- their L-NAT pretreatment (Figure 13c) up to 30days post
treated plus irradiated NHPs, but it was remained at higher irradiation period. However, level of GGTP was found
level in irradiated NHPs (single animal survived) even at higher in single survived irradiated animals at 7months later
7months later of irradiation. No significant perturbations in  of irradiation (Figure 13c).
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Figure 12. Kidney function test (KFT) analysis of irradiated and L-NAT administered NHPs. Blood samples of NHPs of all treatment groups were collected at day
2, 10, 14, 20, 30 and 7 months periods and undertaken for kidney function test. Kidney function tests parameters i.e. Urea (a), blood urea nitrogen (b), creatinine
(c), uric acid (d), total protein concentration (e), albumin: globulin ratio (f), along with total calcium (g), phosphorus (h), sodium (i), potassium (j), and chloride (k)
was performed using automatic blood biochemistry analyzer and compared with the KFT parameters of untreated control animals (i.e. 0day; blood collected one
day before radiation and L-NAT +radiation treatments). Data was presented as the means of data of four animals (n=4) in an experimental group at different time
points. Standard deviation in the data of an experimental group (n=4) was presented as+SD. No supportive care was provided to any group of animals. In irra-
diated NHPs that not pretreated with L-NAT, out of four, only one animal was survived beyond 20day post irradiation periods, therefore, no standard deviation
was calculated at 30 and 7month time points.
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Figure 13. Liver function test (LFT) analysis of irradiated and L-NAT administered NHPs. Blood samples of NHPs of all treatment groups were collected at day 2, 10,
14, 20, 30 and 7months periods and undertaken for liver function tests. LFT i.e. SGOT (a), SGPT (b), GGTP (c) and alkaline phosphatase (d) was performed using an
automatic blood biochemistry analyzer and compared with the LFT parameters of untreated control animals (i.e. 0day; blood collected one day before radiation and
L-NAT + radiation treatments). Data was presented as the means of LFT parameters of four animals (n=4) in an experimental group at different time points. Standard
deviation in the data of an experimental group (n=4) was presented as+SD. No supportive care was provided to any group of animals. In irradiated NHPs that not
pretreated with L-NAT, out of four, only one animal was survived beyond 20days post-irradiation periods, therefore, no standard deviation was calculated at 30 and
7month time points. SGOT; serum glutamic-oxaloacetic transaminase, SGPT; serum glutamic pyruvic transaminase, GGTP; gamma-glutamyl transpeptidase.

Radiation induced DNA damage and its protection by
L-NAT pretreatment in irradiated NHPs

To evaluate the radiation-induced DNA damage and its amelio-
ration by L-NAT pretreatment, blood samples of animals were
collected just before and after radiation treatment with or with-
out L-NAT administration, and an immediate alkaline comet
assay was performed. The results of the study indicated massive
DNA damage and nucleus swelling in the blood cells of irradi-
ated NHPs that were not preinjected with L-NAT (Figure 14c).
However, no such DNA damage was evident in the blood cells
of irradiated NHPs that were preinjected with L-NAT (Figure
12d), though nucleus swelling was evident. No significant DNA
damage was evident with the control and L-NAT-treated group
of NHPs (Figure 14a,b). The present study clearly demonstrated
the in vivo DNA protection ability of L-NAT against gamma
radiation induced DNA damage in the blood cells.

Efficacy biomarker evaluation for L-NAT in NHP model

To evaluate the radioprotective efficacy biomarkers for
L-NAT mediated radioprotection, animals (n=4) were
injected with L-NAT 1x (37.5mg/kg), 2x (75mg/kg) and 3x

(112.5mg/kg) escalating doses and after 2h (therapeutic win-
dow), blood was collected for cytokines, i.e. G-CSF, IL-6,
IL-12, NFkB expression analysis. Results of the study demon-
strated a dose dependent increase in G-CSF (beyond 2x
dose) and IL-6 expressions at 2h post injection period
(Figure 15a,b), suggested positive efficacy biomarkers for
L-NAT mediated radioprotection in the NHP model
However, NFkB expression was found to decrease signifi-
cantly (p = .021) at 1x dose of L-NAT and remain same at
subsequent dosing (2-3x), suggesting a negative efficacy bio-
marker for L-NAT mediated radioprotection (Figure 15d). A
significant (p = .0019) increase in IL-12 expression was also
evident at 1x L-NAT concentration, whereas, at subsequent
2x and 3x L-NAT doses, IL-12 expressions were found to be
decreased strongly (Figure 15c), suggesting IL-12 as an
intermediate efficacy biomarker for the L-NAT mediated
radioprotection in NHP model.

Discussion

Several radioprotective molecules have been evaluated for
their radioprotective potential and at different stages of pre-
clinical development (Singh et al. 2013; Malhotra et al. 2015;
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Figure 14. Evaluation of radiation-induced DNA damage in the blood cells of irradiated NHPs and its amelioration by L-NAT pretreatment. Blood samples of NHPs
of different experimental groups were collected just from respective treatments and alkaline comet assay was performed. Slides were stained with ethidium
bromide and observed under automated fluorescence motorized microscope (Nikon-Ti-E). The DNA comet tail in the blood cells collected from irradiated NHPs
that were not pretreated with L-NAT was captured and compared with the DNA of the blood cells collected from irradiated NHPs that pretreated with L-NAT. Scale

bar; 10 um.

2018; Mun et al. 2018; Wickramasinghe et al. 2022; Darshana
et al. 2023; Pratibha et al. 2023). L-NAT for the first time is
being evaluated for its radioprotective activities by our group.
Radioprotective activity of L-NAT was found to be sup-
ported by its outstanding free radical scavenging, oxidative
stress minimizing, DNA and mitochondrial systems protec-
tion and calcium homeostasis maintenance in the cellular
milieu (Lehnig et al. 2007; Li et al. 2015; Ravi et al. 2022;
Darshana et al. 2023; Pratibha et al. 2023). The maximum
survival of irradiated mice was achieved upon L-NAT pre-
treatment 2h before irradiation (Figure 3). However, further
increasing the time window (3h) of L-NAT pretreatment led
to a significant decrease in the survival (%) of irradiated
mice compared to 2h before L-NAT treatment. Effectiveness
of L-NAT within a 1.5-2h time window suggested its spe-
cific ADME characteristics, pharmacokinetics, and pharma-
codynamic properties. Pharmacokinetics studies done (data
not shown) suggested >90% elimination of L-NAT from the
body of the mice within 4h after intramuscular injection.
These observations suggested that L-NAT may take

1.5-2hours to achieve its effective concentration at systemic
levels and modulate it at the biochemical and molecular
level to produce radioprotective effects. However, a more
focused study will be needed to confirm the molecular
mechanism of L-NAT-mediated radioprotection.

The dose reduction factor (DRF) estimated for L-NAT
radioprotective efficacy in mice to be 1.33 (Figure 4) that
was found comparable with other advanced staged (IND sta-
tus) radioprotective molecules i.e. amifostine (DRF 2.27),
CBLB 502 (DRF 1.3 based on body wt. loss), alpha tocoph-
erol (DRF 1.06-1.11), 5 AED (DRF 1.25), X-RAD (DRF
1.16), genestin (DRF 1.16) (Ghosh et al. 2009; Burdelya
et al. 2012; Grace et al. 2012; Singh and Krishnan 2015;
Landauer et al. 2019), provided a strong support to the radi-
oprotective efficacy of L-NAT. It is interesting to mentioned
that DRF of amifostine drop from 2.7 to 1.2 at the dose that
have minimized side effect (Singh et al. 2005).

Molecular docking study demonstrated common binding
site of L-NAT and TRPV1 agonist capsaicin on TRPVI
receptor with binding energy —8.0 and 8.2 respectively
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Figure 15. Radioprotective efficacy biomarkers expression analysis in the serum of NHPs after L-NAT escalating doses (1-3x) administration. NHPs were adminis-
tered with escalating doses of L-NAT i.e. 1x (37.5mg/kg; n=4), 2x (75mg/kg; n=4) and 3x (112.5mg/kg; n=4). Blood samples were collected from all three
experimental groups (1x, 2x and 3x) after 2h of L-NAT administration (im) and efficacy biomarker i.e. G-CSF (a), IL-6 (b), IL-12 (c), NFkB (d) analysis was performed
using Elisa assay. The data was represented as the mean=+SD of the three individual animals in an experimental group. Significance of variance (p-value) p < .05

was considered significant. Each experimental group has 3 animals (n=4).

(Figure 1a,b). Interestingly, capsaicin treatment induced sub-
stance P levels, while, L-NAT treatment inhibits it in the
small intestine and serum of the mice (Figure 1c, d). These
findings suggested a close competition between capsaicin
and L-NAT to bind with the TRPV1 receptor. However, both
ligands induce relatively opposite effects in the system.
L-NAT pretreatment also inhibits capsaicin or gamma radi-
ation induced substance P expression in the serum and
small intestine of the mice and thus may act as a TRPV1
antagonist. Amelioration of radiation induced substance P [a
known neurokinin-1 receptor; (NK-1R) agonist] release in
the intestinal and circulatory system by L-NAT pretreatment
(Figure 1c,d), may inhibit NK-1R activation and thus block
systemic inflammation and cell death as reported earlier
(Bowden et al. 1994; Tang et al. 2007; Pratibha et al. 2023;
Teodoro et al., 2023) providing gaining support to the pres-
ent study. Capsaicin, ethanol and radiation are known to
induce substance P release from the sensory nerve ending
by activation of a TRPV1 receptor. Previous reports demon-
strated TRPV1 activation release substance P that led to
enhanced Ca' influx inside the cytoplasm that stimulates
mitochondrial membrane hyperpolarization along with
inflammatory response, oxidative stress and apoptosis
(Gazzieri et al. 2007; Waning et al. 2007; Okada et al. 2011;
Vinuesa et al. 2012; Abe et al. 2013; Masumoto et al. 2013;
Wu et al. 2014; Pecze et al. 2016; Gouin et al. 2017; Fonseca
et al. 2018; Li et al. 2019) in the cellular milieu. Thus,

amelioration of substance P release via L-NAT pretreatment
(Figure 1c,d) to irradiated mice inactivate TRPV1 (Figure
lc,d), and thus may help to remain NK-I1R inactivated
resulted systemic inflammation and death inhibition in irra-
diate mice. Supporting earlier reports (Bowden et al. 1994;
Tang et al. 2007; Teodoro et al. 2013) providing gain support
to present study. Apart from that, TRPV1 overactivation is
also known to inhibit cell proliferation by suppressing the
phosphorylation of epidermal growth factor receptor (EGFR)
(de Jong et al. 2014). Likewise, proliferation of human mel-
anoma A2058, A375 cells, pancreatic cancer PANC-1 cells
and human skin carcinoma A431 cells were also reported to
be inhibited after TRPV1 overexpression due to apoptosis
induction (Bode et al. 2009; Yang et al. 2018; Huang et al.
2020; Li et al. 2021). All these studies strongly suggest that
TRPV1 overexpression may promote cell death via enhanc-
ing oxidative stress, inflammation and apoptosis and thus
promote radiosensitivity in biological systems. Therefore,
amelioration of TRPV1 overexpression may protect the cells
against radiation-induced cell death. To further evaluate the
radioprotective activities of L-NAT in radiosensitivity sys-
tems, i.e.hematopoietic, gastrointestinal and male reproduc-
tive systems, qualitative and quantitative histopathological
analysis was carried out. With complete agreement with the
earlier reports (Nicholas 2002; Lu et al. 2020; Fooladi et al.
2022), almost complete abolition of myeloblasts, myelocytes,
erythroblasts and erythrocytes, and megakaryote(s) was
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Figure 16. Schematic representation of TRPV1 receptor involvement in radiation-induced substance P release, Ca+inflex induction, mitochondrial membrane
hyperpolarization leading to inflammation, and death in irradiated animals. On the other hand, L-NAT-mediated TRPV1 receptor inactivation inhibits Ca* influx in
cells. This phenomenon may inhibit several TRPV1 receptor descendent activities including Ca+influx-mediated cell membrane hyperpolarization and subsequent
substance P release from sensory neurons resulting neurokinin-1 receptor antagonism leading to radiation-induced inflammatory response inhibition. Simultaneously,
as Ca+influx was inhibited by L-NAT pretreatment, mitochondrial membrane hyperpolarization was also inhibited which may also contribute to inflammation and
apoptosis inhibition and thus contribute to radioprotection in irradiated mice. F—; represents inactivation of TRPVA receptor (1), neurokinin-1 receptor inactivation
(2) and mitochondrial membrane hyperpolarization inhibition (3), as prime molecular targets of L-NAT in cellular milieu.

observed within day 14 post irradiation period in the bone
marrow of irradiated mice that not pretreated with L-NAT
(Figure 8c, e-j). In contrast, well-preserved cellular composi-
tions with distinct and maintained myeloblasts, myelocytes,
erythroblasts and erythrocytes, megakaryote(s) and neutro-
phils were evident with irradiated mice that pretreated with
L-NAT (Figure 8d,e-j). These observations clearly suggested
that L-NAT pretreatment significantly ameliorates radiation
induced immune-suppression by preserving myelopoisis, and
erythropoiesis in the irradiated mice and thus significantly
contributes to the survival of the irradiated mice. Similar
observations were also reported with other radioprotective
molecules under preclinical investigations, ie. CBLB-502,
5-AED, KMRCO001, alpha-tocopherol, NATG (Satyamitra
et al. 2011; Lu et al. 2013; Malhotra et al. 2016; Kim et al.
2019; Fooladi et al. 2022; Garg et al. 2024; Singh and Seed
2024) providing a strong support to the present study. The
gastro-intestinal system is the second most radiosensitive
system of the body and contributes immensely to the lethal-
ity in irradiated mice. The average length of the villus, num-
ber of epithelial and goblet cells/villus was found to be
decreased significantly (p<0.05%) with irradiated mice that
were not pretreated with L-NAT (Figure 5c, e,g,h). However,
in complete agreement with previous findings (Lu et al.
2013; Venkateswaran et al. 2019; Venkidesh et al. 2023),
L-NAT pretreatment to irradiated mice, significantly protect

the length of the villus, number of epithelial and goblet
cells/villus (Figure 5d, e-h), suggested gastro-intestinal radi-
oprotection ability of L-NAT in irradiated mice. Intestinal
epithelial cells regeneration depends on intestinal crypt cell
proliferation resulting in microvillus maintenance. Gamma
radiation adversely affects intestinal crypt cells (Intestinal
stem cells) and thus hampers their proliferation and survival,
leading to intestinal denudation and mortality of the irradi-
ated animals (Najafi et al. 2019). L-NAT pretreatment to
irradiated mice was found highly effective in amelioration of
radiation induced decrease of crypt number/villus, mitotic
cells number/crypt, and number of goblet cells/crypt section
in the jejunum section of small intestine (Figure 6d,e-h). To
further verify the L-NAT mediated intestinal radioprotection,
crypt stem cell marker’s expression analysis was performed.
Significant (p < .05%) enhancement of Lgr-5, Bmi-1, Msi-1
and Dclk-1 marker’s expression was evident with the intesti-
nal tissue homogenate of irradiated mice that pretreated
with L-NAT (Figure 7). These findings strongly suggested
intestinal crypt stem cell protection activities of L-NAT in
irradiated mice. Similar findings were also reported earlier
(Bhanja et al. 2018; Sharma et al. 2020; Kenchegowda et al.
2023; Kwiatkowski et al. 2023) providing a gain support for
the present investigation.

Due to continuous proliferation and high mitotic activities,
seminiferous tubules are known as highly radiosensitive organs



of the male reproductive system. Gamma radiation exposure
to the testicles leads to degeneration of spermatogonia and
spermatocytes in seminiferous tubules (Kesari et al. 2018;
Kaur et al. 2023), However, in the present study significant
preservation of the number of spermatogonia-B and sper-
matocytes per seminiferous tubules were evident with irradi-
ated mice that pretreated with L-NAT as compared to only
irradiated mice that not pretreated with L-NAT (Figure
9¢,dh,gk,Lo,p; Table 1). Recent reports (Haritwal et al. 2022;
Yang et al. 2022) demonstrated similar radioprotection ability
with other radioprotective agent in preclinical stage providing
a strong support to the present investigation.

Radioprotective efficacy of L-NAT was also determined
using a NHP model against gamma radiation whole body
exposure (6.5Gy; LD,,,) (Burdelya et al. 2008). A signifi-
cantly high (100%) rate of % survival was achieved with the
irradiated NHPs (Male+ Female) that were pretreated (-2h)
with L-NAT (37.5mg/kg, b.wt) compared to irradiated
NHPs (25% survival) that not pretreated with L-NAT
(Figure 10). Hematology analysis demonstrated a significant
recovery in blood parameters within day 14-30 (in both
Male and Female animals) post irradiation periods (Figure
11a-g), suggesting bone marrow protection ability of L-NAT
against gamma radiation induced hematopoietic system
damage (Krivokrysenko et al. 2012). Several previous studies
performed with NHP trial including IND status achieved
molecule CBLB-502, B-300 and other advance stage radio-
protective agents like tricotrinol, FSL-1 and indralin etc, also
demonstrated bone marrow protection as the prime phe-
nomenon that contributes to radioprotection in NHP model
(Burdelya et al. 2008; Vasin et al. 2014; Singh et al. 2017;
Garg et al. 2022; Singh et al. 2022; Brickey et al. 2023; Singh
et al. 2024) and thus fully corroborated with the present
investigation. To evaluate the radiation induced DNA dam-
age in the blood cells of irradiated NHPs, alkaline comet
assay was performed. Interestingly, significant reduction in
comet tail was observed in the blood of irradiated NHPs
that pretreated with L-NAT (Figure 14c,d). These findings
suggest that L-NAT pretreatment may protect DNA against
radiation-induced damage possibly via neutralizing free rad-
icals resulting in reducing oxidative stress (Ravi et al. 2022;
Darshana et al. 2023; Pratibha et al. 2023). Efficacy bio-
marker study demonstrated a dose depended (1-3X dose)
increase in G-CSF and IL-6 along with down regulation of
NFkB expression 2h after L-NAT administration to NHPs
(Figure 15a,b,d). These findings suggested hematopoietic and
immune system stimulatory along with anti-inflammatory
activities of L-NAT that may contribute to radioprotection.
Earlier identification and validation of G-CSF and IL-6 as
efficacy biomarkers for radioprotective formulations of
CBLB-502 and alpha tocopherol (Krivokrysenko et al. 2012;
Singh et al. 2024; Wang et al. 2024) provided a strong sup-
port to the present investigation.

In conclusion, present study demonstrated radioprotective
properties of L-NAT in rodent and NHP models. L-NAT pro-
vides significant whole body as well as systemic (hematopoi-
etic, gastrointestinal and male reproductive system) protection
against lethal doses of gamma radiation probably by antago-
nizing TRPV1 receptor and subsequently substance P release
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inhibition (Figure 16). However, further study to confirm
L-NAT interaction with TRPVI1 receptor and subsequent
downstream signaling and its relevance with radioprotection
need to be validated in future. Besides that, translational stud-
ies including L-NAT API synthesis, safety pharmacology in
rodents, toxicity and pharmacokinetics studies in NHP mod-
els are underway and will be concluded before filing the IND
dossier for human phase-I trial approval.
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