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ABSTRACT

Background: the aim of this study was to investigate the role of choline
glycerophosphate (GPC) either alone or combined with silymarin in modulating whole
body gamma irradiation-induced brain and intestinal injuries in rats. Materials and
Methods: Rats were irradiated with 7Gy then subjected to GPC and/ or silymarin for
two weeks. At the end of the experiment, the animals were sacrificed then, brain and
intestine samples were removed for biochemical, molecular and histopathological
examinations. Results: it has been detected that GPC alone or combined with
silymarin ameliorated the adverse effects of radiation as revealed by the inhibition of
oxidative stress, apoptotic and inflammatory markers [Malondialdehyde (MDA),
Caspase-3 Tumors necrosis factor-a (TNF-a), interleukin-18 (IL-18) and nuclear factor
kappa-B (NF-kB)]. However, Total antioxidant capacity (TAC), anti-inflammatory
marker, Interleukin-10 (IL-10) and inhibitor of Nuclear factor kappa-Ba (IkBa) mRNA
were increased. This was also accompanied by a significant increase in the
Acetylcholine (ACh) level, Choline Acetyltransferase (ChAT) activity and Alpha-7
nicotinic receptor (a7nAChR), mRNA-expression and a significant decrease in the
activity of Acetylcholine esterase (AChE) as compared with the corresponding values
of the irradiated group. Moreover, a reduction in the tissue lesions was observed in
brain and intestinal tissues. Conclusion: Choline glycerolphosphate and silymarin
exhibited modulating effect against detrimental effects of gamma-radiation via
cholinergic anti-inflammatory pathway.

INTRODUCTION

Radiotherapy is one of the commonly used
modalities in the treatment of malignant tumours, is
associated with negative side effects on different
organs of the body. Acute radiation can produce
cellular damage in organs that having rapidly
proliferating cells, such as the alimentary tract (1.
Additionally, the brain, with its high oxygen
consumption and lipid-rich content, is highly
susceptible to oxidative stress (2. The cellular damage
can be induced by direct or indirect effects of
radiation. The direct effect is resulted from the
interaction of radiation itself directly with the cellular
molecules; however, the indirect effect can be caused
by the interaction of radiation with cellular water to
create the free radicals and the hydrogen peroxide.
Due to their high reactivity, free radicals interact with
the biological molecules, most importantly the DNA
and may form additional free radicals (.

Acute gastrointestinal injury after radiotherapy
includesing nausea, vomiting, diarrhea, and increased
stool frequency. These symptoms may be related to
oxidative stress and inflammation induced by
ionizing-radiation 4). The enteric nervous system, a
part of the peripheral nervous system that

embedded within the gut wall and interconnected
with the enteroendocrine and the gastrointestinal
immune system, and involved in the physiological
functions of the gastrointestinal tract, has also been
demonstrated to play a critical role in the intestinal
radiation injury ). In fact, the central nervous system
cooperates with the immune system to regulate
inflammation. Acetylcholine (ACh), an important
neurotransmitter in the cholinergic system, is
synthesized and released by cholinergic neurons, and
exerts its effects on the central and the peripheral
nervous system through ACh receptors. Also, the ACh
is released by non-neuronal tissues where it is
involved in controlling various functions such as cell
proliferation, survival and apoptosis (€. Also, brain
injury including the morphological and the
functional changes as neuronal degeneration and
neuroendocrine disturbance may occur after head or
whole body irradiation (7. 8).

Unfortunately, there are no safe and effective
drugs to prevent the development of the radiation
damage after whole or partial body irradiation.
Hence, there is an urgent need for safe agents to
mitigate radiation injury in the animal models. The
ameliorating effect of the antioxidants and the
anti-inflammatory agents have been hypothesized (9.
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The Silymarin is a natural herbal product
extracted from the seeds and fruits of Silybum
marianum, commonly known as milk thistle, contains
different flavonolignans (silibinin, isosilibinin,
silichristin and silidianin) and has been long used to
treat the liver diseases (10). Several studies
have shown a beneficial effect of Silymarin
supplementation in various diseases such as diabetes,
metabolic syndrome, (1 cardiovascular diseases,
[1213] memory impairments and depression, (14) in
addition to its protective effect against
sepsis-induced hepatic and renal injury. (1 It was
reported that silymarin may act as a
chemopreventive agent and has a chemosensitizing
activity against various cancers (16),

The Choline Glycerophosphate (GPC) is a choline
donor compound, widely used as a food supplement
(17). Under the physiological conditions, the GPC can
be involved in maintaining the structural integrity of
the biological membranes. It has been shown that
exogenous GPC administration reduced the reactive
oxygen and the nitrogen species production caused
by an ischemia-reperfusion insult (8. Previous
studies on rat models have demonstrated that GPC
administration protected against the ethanol-induced
hepatic mitochondrial electron transport chain
dysfunction (!9 and the double stress stimuli of noise
and restraint-induced cognitive dysfunction (20
Moreover, the clinical studies have shown the efficacy
of Alpha-GPC in decreasing the cognitive decline in
patients with Alzheimer’s disease or dementia 21) and
epilepsy (22). The effect of GPC against ionizing
radiation induced negative side effects on different
organs of the body is rare. Planga’r et al, 2014 and
Tékés et al, 2014 were investigated its protective
effects against partial brain irradiation-induced
cognitive decline and peripheral cytokine production
(23,24), However, the modulating effect of GPC on the
whole body irradiation induced brain and intestinal
injury has, to the best of our knowledge, never been
studied before. Therefore, the current study aimed to
investigate the modulatory role of the choline
glycerophosphate as a single agent and as a
co-treatment with the silymarin on the brain and
intestinal injuries in rats exposed to whole body
irradiation as well as the mechanisms by which the
choline glycerophosphate and the silymarin could
provide their potential amelioration actions.

MATERIALS AND METHODS

Chemicals

Choline glycerophosphate and silymarin were
purchased from Sigma-Aldrich Co. (St. Louis, MO,
USA). All other reagents used in this study were of
analytical grade.

Animals
Adult male Wister rats weighing 180-220g were

used in this experiment, obtained from the animal
house that belongs to the National Centre for
Radiation Research and Technology (NCRRT), Cairo,
Egypt. Rats were fed on a normal standard rodent
diet and provided water ad-libitum. The animals were
maintained at 12h light/ dark cycle, at constant
temperature (22+2°C) and humidity (50+5%). All
experimental procedures were performed according
to the international guidelines of animal handling and
care of the National Institute of Health (NIH
publication No. 85- 23, 1996).

Radiation process

Whole-body gamma-irradiation of the animals
was performed at the NCCRT, Cairo, Egypt, using a
Canadian Gamma Cell-40, (137Cs) irradiation unit. The
rats were exposed to a single dose (7 Gy) with a dose
rate of 0.38Gy/ min, according to the Dosimeter
Department in the NCRRT at the time of the
experiment.

Experimental design

The rats were divided into eight groups, 6 rats
each. Group 1 (control) animals of this group were
kept as control. Group 2 (GPC) animals were injected
intraperitoneally with GPC (dissolved in saline, 0.9%
NaCl) at a dose level of 150mg/ kg based on Tayebati
et al, daily for two weeks (25). Group 3 (Sil) animals
were orally supplemented with silymarin (dissolved
in water) at a dose level of 50mg/kg based on Cruz et
al,, 2001 & Shokouhi et al, 2020, daily for two weeks
(2627), Group 4 (GPC+Sil) animals were injected
intraperitoneally with GPC and orally supplemented
with silymarin. Group 5 (Rad) rats were whole-body
exposed to gamma-radiation at a dose level of 7Gy.
Group 6 (Rad+GPC) animals were exposed to 7Gy
gamma radiation and then received GPC 5min after
irradiation and continued for two weeks as group 2.
Group 7 (Rad+ Sil) animals were whole-body exposed
to gamma-radiation at a dose level of 7Gy and orally
supplemented with silymarin daily for two weeks
after irradiation. Group 8 (Rad+Sil+Cit) rats were
exposed to 7 Gy gamma radiation and received Sil
and GPC for two weeks after irradiation.

Animals were sacrificed 24h after the last dose of
GPC or silymarin or two weeks after irradiation. The
brain and the intestine were immediately excised.
Parts of the brain and intestine were preserved
frozen at -80°C until used for Real-time PCR analysis
and another parts were homogenized in
phosphate-buffered saline (PBS) (1g tissue: 10ml
PBS), centrifuged at 5000xg for 15min at 4°C, then
the supernatant was collected and preserved frozen
at -20°C until used for the biochemical analyses. For
the histopathological examination, parts of the brain
(one brain hemisphere) and intestine were fixed in
10% formalin.

Biochemical analyses
The MDA content was estimated in the brain and
the intestine homogenates using Rat
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Malondialdehyde Quantikine Enzyme-Linked
Immunosorbent  Assay  (ELISA-kit, Cat. No.
LS-F28018) from LifeSpan BioSciences, Inc. USA,
following the manufacturer's guideline. The TAC was
measured by ELISA kit (Cat. No. MBS733414_48T)
from MyBioSource, Inc. USA.

The level of IL-1f and IL-10 were quantified in
brain and intestine homogenates using specific
enzyme-linked immunosorbent assay Kkits, Cat. No.
MBS825017 and Cat. No: MBS034393, respectively
(MyBioSource, Inc. USA) according to the
manufacturer’s instructions. Nuclear factor kappa-B
(NF-xB) and Tumor necrosis factor-a (TNF-a) levels
were measured using Rat NF-xB and TNF-a ELISA
kits (Cat. No. MBS722386 and MBS355371,
respectively), according to the manufacturer's
directions.

Acetylcholine (ACh) was measured in the brain
and the intestine homogenates using the
EnzyChrom™ Acethylcholine Assay Kit, Cat. No: EACL
-100 (BioAssay Systems) in accordance to the
manufacturer’s instruction. The Choline
Acetyltransferase ~ (ChAT) and the  Acetyl
cholinesterase (AChE) activities were measured using
Rat ELISA Kit (Cat. No: E-BC-K125-S and E-BC-K174-
M, respectively), Elabscience Biotechnology Inc.

Gene expression of Caspase 3, IKBa and a7 nAChR
in brain and intestine tissues

Total RNA was isolated using Qiagen tissue
extraction kit (Qiagen, USA) according to the
manufacturer's guideline. The isolated RNA was used
for complementary DNA (cDNA) conversion using
high capacity cDNA reverse transcription Kkit
(Fermentas, USA). The amplification and the analysis
of real-time qPCR were performed using an Applied
Biosystem with software version 3.1 (StepOne™,
USA). The reaction contained SYBR Green Master Mix
(Applied Biosystems), gene-specific primer pairs
were designed with Gene Runner Software (Hasting
Software, Inc., Hasting, NY) from RNA sequences from
the gene bank. The relative expression of Caspase- 3,
IKBa and a7 nAChR was calculated according to
Applied Bio system software using the comparative
threshold cycle method. All values were normalized
to the beta actin gene as an endogenous control
(reference gene).

Primer sequences for the genes amplified:
Caspase-3 F: 5'-GTGGAACTGACGATGATATGGC-3'

R: 5'-CGCAAAGTGACTGGATGAACC-3'
IkBa F ACCTGGTCTCGCTCCTGTTG

R GCTCTCCTCATCCTCACTCTCG
a7nAChR F: 5'-GCAAAGAGCCATACCCAG-3'

R: 5'-CAGCAAGAATACCAGCAGAG-3'

F TTGTCCCTGTATGCCTCT
R TAATGTCACGCACGATTTCC

b-actin

Histopathological processing

Samples of the brain and the intestine tissues
were collected from all groups, sliced, and fixed in
10% formalin solution. Paraffin blocks were prepared
from those samples after a serial of dehydration,
clearing and embedding. The paraffin-embedded
material was prepared in 4-5pm thick slices by the
microtome, mounted on microscope slides and
stained with the hematoxylin and eosin stain (28).
Finally, it was examined under a light microscope to
evaluate the histopathological changes.

Statistical analysis

Statistical analysis of the results was carried out
using the SPSS computer program (version 20). All
data were presented as mean values* standard
errors of the means. Statistical comparison between
groups was done by using one-way analysis of
variance (ANOVA) followed by a post hoc, LSD.
Differences were considered significant at P< 0.05.

RESULTS

Oxidative stress and apoptosis

In the brain tissues the results presented in table
1 showed that supplementation of GPC to the normal
rats induced non-significant changes in the levels of
TAC, MDA and caspase-3 mRNA compared to their
normal control levels. However, the administration of
GPC and the silymarin resulted in a significant
(P<0.05) elevation in the level of the TAC together
with a significant decrease in the MDA level
compared to their values of the control group. Whole
body gamma irradiation (7Gy) of rats has provoked
oxidative stress in the brain tissue, that has been
demonstrated by a significant (P<0.05) decrease in
the TAC together with a significant elevation in the
level of MDA and the expression level of caspase-3
mRNA compared to their values of the normal control
group. However, the GPC or the silymarin
administration for two weeks’ post-irradiation
induced a significant (P<0.05) decrease in the levels
of MDA & the caspase-3 and a significant elevation in
the TAC compared to the corresponding values of the
irradiated group. Also, the results revealed that the
combined treatment of the GPC and the silymarin
produced a better effect in reducing the oxidative
stress and apoptosis (table 1).
Table 1. Changes in brain total antioxidant capacity (TAC) and

Malondialdehyde (MDA) levels and expression level of
Caspase-3 mRNA of adult male albino rats in different groups.

Brain TAC (ng/g MDA (ng/g Caspase-3
tissue) tissue) mRNA
Control 7.33£0.44b | 9.67+0.44b | 1.03+0.044 b
GPC 6.92+0.47 b | 9.83+0.53b | 0.99+0.026 b
Sil 7.67+£0.57 b | 7.92+0.58 ab | 0.91+0.037 b
GPC+Sil [8.83+0.53ab| 6.58+0.47 ab | 0.85+£0.039b
Rad 4,50+0.41a| 20.42+0.71a | 3.72+0.174 a
Rad + GPC | 6.10+ 0.53 b |14.75+ 0.63 abc|2.23+ 0.131 abc
Rad + Sil 6.42+ 0.50 b {13.08+ 0.85 abc|2.17+ 0.223 abc
Rad+ GPC + Sil| 6.70£ 0.49 b | 10.83+0.60 b | 1.75+ 0.111 ab
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In the intestine tissues the results presented in
table 2 showed that the administration of GPC to the
normal rats induced significant (P<0.05) increase in
the level of TAC compared to their normal control
levels. Moreover, the combined treatment of the GPC
and the silymarin resulted in a significant (P<0.05)
elevation in the level of TAC together with a
significant decrease in the MDA level compared to
their values of the control group. Whole body gamma
-irradiation (7Gy) of rats has instigated oxidative
stress in the intestine tissue, that has been
demonstrated by a significant (P<0.05) elevation in
the level of MDA associated with a significant
decrease in the TAC compared to their values of the
control group. Also, a significant increase in the
expression level of caspase-3 mRNA was detected.
However, the GPC or the silymarin administration for
two weeks post-irradiation induced a significant
(P<0.05) decrease in the levels of the MDA & the
caspase-3 mRNA and a significant elevation in the
TAC compared to the corresponding values of the
irradiated group. Also, the results indicated that the
combined treatment of GPC and silymarin produced a
better effect in reducing the oxidative stress and

Exposure to ionizing radiation (table 4) resulted in a
significant (P<0.05) elevation in the levels of NF-kB
and pro-inflammatory cytokines, TNF-a and IL-1f
compared to their values of the control group. As well,
a significant (P<0.05) decrease in the level of IL-10
and the expression level of IkBa mRNA was observed
two weeks after irradiation compared to their values
of the control group. Administration of the GPC and/
or the silymarin ameliorated the changes induced by
exposure to radiation. The data presented in table 5
indicated that the whole body irradiation induced a
significant (P<0.05) decrease in the level of ACh & the
activity of ChAT and the expression level of a7nAChR
along with a significant increase in the AChE activity
compared to their values of the control group.
However, the GPC and/ or the silymarin
administration ameliorated these changes.

Table 3. Changes in brain tumor necrosis factor-a (TNFa),
Interleukin 1 beta (IL-1B), Interleukin 10(IL-10), and nuclear
factor kappa (NF-kB) levels and expression level of IkBa mRNA
of adult male albino rats in different groups.

TNFa IL-1B IL-10 NF-xB
Brain | (pg/mg | (pg/mg | (pg/mg | (pg/mg [IKB mRNA
tissue) tissue) | tissue) | tissue)
12.50+ | 15.83+ |108+5.20| 18.25+ | 1.03+*

Control

apoptosis (tab]e 2), 0.76 b 0.56 b b 0.62b 0.044 b
GPC 11.75+ 14.92+ [107+6.89| 17.02% 1.05¢

Table 2. Changes in intestine total antioxidant capacity (TAC) 0.63 b 0.58b b 0.76b | 0.048b
and Malondialdehyde (MDA) levels and expression level of sil 11.40+ | 15.25+ 11056.74| 16.17+ | 0.98%

C -3 MRNA of adult le albi ts in diff t 0.96 b 0.70b b 0.90b 0.042 b
aspase-3m of adult male albino rats in different groups. cpc s s 152t | 14.92¢ [110:7.60 17.00¢ 0.97%

Intestine TAC(ng/g | MDA (ng/g | Caspase-3 0.88b | 0.50b b 0.93b | 0.051b
tissue) tissue) mRNA Rad | 25:75f | 30.50% | 62.2f [ 3757t [ 0.65¢

Control 10.48+0.47 b | 07.32+0.44b | 1.05+0.12 b 0.63 a 0.99a 3.79a 0.10a 0.029 a
GPC 12.20+ 0.35 ab| 07.17+0.43 b | 0.88+£0.06 b Rad + 18.50+ 22.18+ |79.3+3.70| 24.78% 0.85+

sil 12.95 0.29 ab| 06.57£0.39 b | 1.02%0.05 b GPC | 0.76 ab | 0.89abc | ab | 0.76 abc |0.0549 ab

GPC+Sil |14.12%0.39 ab| 05.72+ 0.34 ab | 0.88%0.03 b Rad +sil| 1208% | 20.37% I81.7+4.45 25.28% | 0.83%

— 0.58ab | 0.75ab ab 0.82 abc |0.0418 ab
Radiation 07.12+0.31a| 18.00£0.61a | 3.65+0.18 a Rad+ 17.25+ 19.28+ [91.145.27] 22.03+ 0.93+
Rad + GPC |09.45+ 0.47 bc|13.48+ 0.58 abc|2.40+ 0.15 abc GPC +Sill 0.63ab | 0.83ab ab 0.94ab |0.0295b

Rad + Sil 10.37+0.41 b [12.58+ 0.58 abc|2.25+ 0.14 abc Data are represented as means * SE. a: Significantly different from the
Rad+ GPC + Sil| 10.68+ 0.30 b | 10.50+ 0.65 ab | 1.70+ 0.17 ab control group, b: Significantly different from the Rad group, c:

Cholinergic and inflammatory markers

In the brain tissues the results in tables 3 & 5
showed non-significant changes in the studied
cholinergic and the inflammatory markers upon
administration of the GPC and/ or silymarin to
normal rats compared to their normal control levels.
Also, the results (table 3) exposure to ionizing
radiation resulted in a significant (P<0.05) elevation
in the levels of NF-xB, pro-inflammatory cytokines,
TNF-a and IL-13 compared to their values of the
control group. As well, a significant (P<0.05)
decrease in the level of IL-10 and the expression level
of IkBa mRNA was observed two weeks after
irradiation compared to their values of the control
group. Administration of the GPC and/or the
silymarin ameliorated the changes induced by
exposure to radiation.

In the intestine tissues the results in tables 4 & 6
showed non-significant changes in the studied
cholinergic and the inflammatory markers upon
administration of the GPC and/or the silymarin to the
normal rats compared to their normal control levels.

Significant difference of Rad + GPC group or Rad + Sil group from Rad+
GPC+ Sil group. The mean difference is significant at the 0.05 level.

Table 4. Changes in intestine tumor necrosis factor-a (TNFa),
Interleukin 1 beta (IL-1B), Interleukin 10(IL-10), and nuclear
factor kappa (NF-kB) levels and expression level of IkBa mRNA
of adult male albino rats in different groups.

TNFa IL-1B IL-10 NF-kB IKB

Intestine | (pg/mg | (pg/mg | (pg/mg | (pg/mg | . ona
tissue) | tissue) | tissue) | tissue)
14.27+ | 20.55+ | 96.68+ | 24.87+ 1.06+

Control | 60, | 067b | 439b | 0.77b | 0.08b
Gpc | 13.00f | 19.07+ [ 103.33% [ 22.83t | 107+
052b | 058b | 441b | 0.86b | 0.07b

i 13.17t | 19.00t | 98.63t | 22.00t | 1.03%
0.55b | 0.78b | 5.05b | 1.08b | 0.08b

GPC+sil| 13-38 | 1978+ | 102.50% | 2150+ | 1.05%
0.76b | 094b | 528b | 1.18b | 0.06b

Rad | 24.50t | 36.75t | 55.83+ | 4770+ | 0.64%

0.58 a 1.17a 3.96a 0.78 a 0.04 a
Rad + 18.30+ | 25.52+ | 71.45+ | 29.45% 0.83%
GPC 0.48ab | 0.71ab | 3.50ab | 0.73 abc | 0.03 ab
Rad + Sil 18.45+ | 24.67+ | 69.77+ | 28.07% 0.84+
0.71ab | 0.82ab | 4.46ab | 1.48b | 0.04 ab
Rad+ 17.45+ | 23.22+ | 79.67+ | 25.35% 0.92+
GPC+Sil | 0.63ab | 0.67ab | 3.83ab | 2.45b 0.08 b
Data are represented as means + SE. a: Significantly different from the
control group, b: Significantly different from the Rad group, c:
Significant difference of Rad + GPC group or Rad + Sil group from Rad+
GPC+ Sil group. The mean difference is significant at the 0.05 level.
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Table 5. Changes in brain Acetylcholine (Ach) level, Choline
Acetyltransferase (ChAT) activity, Acetylcholinesterase (AchE)
activity and a7 nAChR mRNA levels of adult male albino rats in
different groups.

Brain

Ach (nmol/g
tissue)

ChAT (U/g
tissue)

AchE (U/mg
tissue)

a7 nAChR
mRNA

Control

29.33+1.87 b

32.33+1.84 b

0.21+0.017 b

1.04+0.047 b

GPC

32.33+1.52 b

33.17+1.08 b

0.20+0.017 b

0.98+0.029 b

Sil

30.17+1.72 b

32.17+1.14 b

0.17+0.018 b

1.00+0.040 b

GPC + Sil

31.17+1.08 b

32.5040.76 b

0.18+0.022 b

1.02+0.045 b

Rad

17.17+0.95 a

19.33+1.23 a

0.394+0.013 a

0.41+0.010 a

Rad +
GPC

24.67+1.67
ab

24.97+1.53
ab

0.25+0.015 b

0.61+0.011
abc

Rad + Sil

22.8311.54
ab

25.97+1.51
ab

0.24+0.017
b

0.561£0.008
abc

Rad+
GPC + Sil

26.50+1.18 b

28.30+1.14
ab

0.23+0.012
b

0.77+0.017
ab

Data are represented as means + SE. a: Significantly different from the
control group, b: Significantly different from the Rad group, c:
Significant difference of Rad + GPC group or Rad + Sil group from Rad+
GPC+ Sil group. The mean difference is significant at the 0.05 level.

Table 6. Changes in intestine Acetylcholine (Ach) level,
Choline Acetyltransferase (ChAT) activity, Acetylcholinesterase
(AchE) activity and a7 nAChR mRNA levels of adult male albino

rats in different groups.

Intestine

Ach (nmol/g
tissue)

ChAT (U/g
tissue)

AchE (U/mg
tissue)

a7 nAChR
mRNA

Control

29.67+0.88 b

26.67+1.28 b

0.17+0.017 b

0.99+0.037 b

GPC

30.17¢1.35b

27.17+1.25 b

0.18+0.016 b

0.92+0.026 b

Sil

27.50+1.57 b

27.33+1.02 b

0.16+0.019 b

0.98+0.048 b

GPC + Sil

31.00+1.18 b

28.38+1.37 b

0.17+0.013 b

0.97+0.033 b

Rad

15.17+0.95a

17.78+0.77 a

0.37+0.021 a

0.49+0.017 a

Rad +
GPC

21.00+1.81
abc

21.32+0.90
ab

0.23+0.016
ab

0.71+0.015
abc

Rad + Sil

19.83+0.95
abc

20.28+0.67 a

0.24+0.014
ab

0.67+0.014
abc

Rad+

25.00+1.37

GPC +Sil

ab

22.12+0.99
ab

0.22+0.016 b

0.84+0.027
ab

Data are represented as means + SE. a: Significantly different from the
control group, b: Significantly different from the Rad group, c:
Significant difference of Rad + GPC group or Rad + Sil group from Rad+
GPC+ Sil group. The mean difference is significant at the 0.05 level.

The data presented in table 6 indicated that whole
body irradiation induced a significant (P<0.05)
decrease in the Ach level & ChAT activity and the
expression level of a7nAChR along with a significant
increase in the AChE activity compared to their
values of the control group. However, the GPC and/
or the silymarin ameliorated these changes.
Moreover, the combined treatment of GPC and
silymarin showed a better modulating effect on the
Ach level and its receptor as compared with each of
them separately.

Histopathological examination

The Brain cerebral gray matter of control rat’s
showed normal histological structure (figure 1A).
Also, the Cerebrum gray matter in both GPC (figure
1B) and silymarin groups showed a normal structure
as control. In whole body irradiated rats, the
neuronophagia and the degenerative changes of
brain tissue are not severing and appeared in
different parts of the brain especially the cerebrum,
in all investigated rats of this group and epitomized
by numerous pyknotic neurons with proliferation of
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the glial cells in gray matter (figure 1C). In the Rad+
GPC group, the gray matter of some rats showed little
degenerated pyramids neurons (figure 1D) but the
gray matter of the rat treated with the GPC, silymarin
and radiation, the majority of neurons and matrix
shows normal morphological picture (figure 1E).

Figure 1. Effect of choline and silymarin on normal and y-rays
induced histopathological alterations of rat’s cerebrum (H&E
400 x). A) Gray matter of control showing normal structure. B)
Gray matter of GPC treated rat showing normal structure. C)
Gray matter of irradiated rat showing numerous pyknotic
neurons (1) with proliferation of glia cells. D) Gray matter of
rat treated with GPC and radiation showing little degenerated
pyramids neurons (-). E) Gray matter of rat treated with GPC,
silymarin and radiation, the majority of neurons and matrix
shows normal morphological picture. F) White matter of
control rat showing normal structure. G) White matter of
silymarin treated rat showing normal structure. H) White
matter of irradiated rat showing spongiform degeneration (1).
1) White matter of rat treated with silymarin and radiation
showing dilated blood vessel (1). J) White matter of rat
treated with GPC, silymarin and radiation, the majority of
nerve axons shows normal morphological picture.

Cerebrum white matter of control, GPC and
silymarin groups showed normal histological
structures (figure 1F, G). The white matter of
irradiated rats showed spongiform degeneration
(figure 1H) and increasing of glia cells with or
without dilated blood vessels. While white matter of
Rad+ Sil group showed dilated blood vessel with
microcavitation (figure 1I). Moreover, white matter
of rats treated with GPC and silymarin after
irradiation, in some cases there are residual
degenerated pyramids appeared while the majority
of neurons, matrix, and nerve axons showed normal
morphological structure (figure 1J).

Intestine of control rat’s showed normal
histological structure (figure 2A&B). Also, both GPC
and silymarin groups are showed normal structure as
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the control. Intestine of irradiated rats showed
marked villous tips loss (erosions), mucosal layer are
necrosis and inflammatory cell invasion of the
submucosal layer (figure 2C&D&E). The intestine of
rats treated with the GPC and radiation showed
histologically significant improvement than that’s of
irradiated one, in some cases showed expanded
intestinal gland or leuckocytic infiltration around
degenerated Bruner’s glands (figure 2F, G). While the
intestinal rat treated with the silymarin and radiation
appear mild erosion of mucosal layer and the mucosa
and submucosa showed still inflammation,
oedematous and dystrophic external muscular layer
(figure 2H&I). Intestine of rats treated by the GPC
and the silymarin after irradiation showed more
improvement than those treated by the GPC or
silymarin separately, it appeared without any
erosions or necrosis, in some cases there were
dilated intestinal blood vessels or expanded
intestinal gland (figure 2J&K&L).

T s

S , "t*—v"

induced histopathological alterations of rat intestine. A)
Control showing normal structure (H&E 100 x). B) Control
showing normal intestinal villi (H&E 400 x). C) Irradiated
showing severe erosion (1), necrosis of the mucosal layer ()
(H&E 100 x). D) Irradiated rat showing loss mucosal layer (1)
with degenerated and necrotic intestinal glands (») (H&E 100
x). E) Irradiated rat showing severe erosion, necrosis of the
mucosal layer, swelling and invasion of inflammatory cells of
the submucosal layer (H&E 400 x). F) Treated with GPC and
radiation showing slightly expanded intestinal gland () (H&E
100 x). G) Treated with GPC and radiation showing leuckocytic
infiltration around degenerated Bruner’s glands (H&E 400 x).
H) Treated with silymarin and radiation showing mild erosion
of the mucosal layer («) (H&E 100 x). 1) Treated with silymarin
and radiation, the mucosa and submucosa showed still
inflammation, edematous and dystrophic external muscular
layers (H&E 400 x). J) Treated with GPC, silymarin and
radiation showing normal structure with dilated blood vessels
(>) (H&E 100 x). K) Treated with GPC, silymarin and radiation
showing dilated blood vessels () (H&E 400 x). L) Treated with
GPC, silymarin and radiation showing normal or slightly
expanded intestinal glands (H&E 400 x).

DISCUSSION

Exposure to ionizing radiation initiates a series of
molecular and biochemical signaling events that may
repair the damage or induce cell phenotypic
modifications, depending on the dose of exposure
and the sensitivity of exposed cells. The intestinal
cells are among the most sensitive cells (29). The brain
tissues are susceptible to oxidative damage due to its
high oxygen utilization, lipid rich content and its low
endogenous antioxidant content.? Previous studies
showed that ionizing-radiation enhanced reactive
oxygen species (ROS) production, apoptosis and
inflammation, and reduced the Ach levels in the brain
and colon (8 30). Therefore, it was hypothesized that
the GPC-as a precursor of the ACh- and the silymarin
a strong natural antioxidant might influence the
radiation-induced oxidative stress, apoptosis,
inflammation and cholinergic system disturbance in
the brain and the intestinal tissues. The authors set
out to investigate the consequences of the GPC and
the silymarin administration on the markers of the
oxidative stress and the cholinergic anti-
inflammatory pathway in rats exposed to whole body
gamma radiation.

The results of the present study showed that
whole body gamma irradiation (7 Gy) of male albino
rats triggered the oxidative stress indicated by a
significant increase in the MDA level as an index of
lipid peroxidation and a significant decrease in the
TAC. This injurious effect of radiation is caused
mainly by the over production of ROS which interact
with the cellular macromolecules producing harmful
free radicals leading to lipid peroxidation in brain, ()
intestine (29) and liver 31,

The excessive production of the free radicals
immediately after irradiation is considered as the
first pro-inflammatory signal in irradiated tissues .
Free radicals interact with biological targets causing
DNA damage which initiate apoptotic and
inflammatory responses, characterized by the
production of apoptotic markers (caspases-9 and -3)
and pro-inflammatory cytokines, such as the TNF-q,
IL-1p and IL6 (+:32), Besides, the NF-kB is activated by
the oxidative stress induced after irradiation, which
in turn targets the production of many genes related
to inflammation 33). It is well known that inactive
NF-kB is located in the cytosol and is bound to an
inhibitory protein, IkBa. However, the induced
oxidative stress results in [kBa phosphorylation,
dissociation from NF-kB, ubiquitination, and
subsequent degradation. Consequently, the NF-kB
translocates to the nucleus, where the transcription
process of certain cytokines (like IL-1, IL-6, and TNF-
a) is up-regulated 34).

In the present study, gamma radiation decreased
the level of IL-10 and the expression level of IkBa,
however, it elevated the levels of TNF-q, IL-13 & NF-
kB and the expression levels of caspase-3 indicating
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the role of inflammatory cytokines and apoptotic
markers in the radiation-induced brain and intestinal
injury. These results were confirmed by the
degenerated intestinal mucosa with inflammatory
cells infiltration and degenerative changes in the
brain tissue that was demonstrated in the current
histopathological study.

Whole body irradiation induced a significant
decrease in the level of ACh, the important
neurotransmitter in the cholinergic system, ChAT,
and the expression level of a7nAChR associated with
a significant increase in the AChE level in brain and
intestine (tables 5 & 6). These results agree with that
of Mansour et al. 2017 and EI kiki & Galal 2018 who
observed that whole body irradiation (6Gy) induced a
significant decrease in neurotransmitters and a
significant increase in AChE activity in the rat brain
(3536), Erukainure et al, 2021 demonstrated that
oxidative stress has been implicated in the elevation
of AChE activity in the testicular tissue (7). The
significant decrease in ACh level observed in the
current study may be attributed to the decrease in
ChAT, the enzyme responsible for the ACh synthesis,
and the increase in AChE, the enzyme that hydrolyzes
ACh. This disturbance may terminate the interaction
between neurotransmitter, ACh and the
corresponding receptor protein, «7 nAChR (38).

Since a7 nAChR is located on neuronal and non-
neuronal cells such as immune cells, it was
demonstrated that immune cells in the gut could be
the target of ACh that act as an immune modulator
(39). Indeed, the enteric nervous system is a large
division of the peripheral nervous system embedded
within the gut wall and regulates various
physiological functions of the gastrointestinal tract
such as mucus secretion, immunity, and
inflammatory processes (49). Evidence suggested that
the enteric nervous system and its interactions with
the immune system have a critical role in the early
intestinal radiation response (.

From the above results, it is thought that the
oxidative stress, and the consequent inflammation
and cholinergic system disturbance are the probable
pathogenic mechanisms in the radiation-induced
brain and intestinal injury. Hence, stimulation of the
cholinergic anti-inflammatory pathway plays an
important role in controlling the inflammatory
response which is mediated by increasing the release
of ACh and activation of a7nAChR on the surface of
macrophages. Particularly, ACh, the essential
neurotransmitter in the vagus nerve, inhibits the
production of the pro-inflammatory cytokines
through a mechanism dependent on the a7nAChR (41),
Moreover, the anti-inflammatory role of ACh in the
modulation of the inflammatory response through
inhibition of AChE has been described (42).

GPC and / or silymarin administration after whole
body irradiation helped to minimize the oxidative
stress, the results indicated by the significant
increase of TAC and the significant decrease of MDA

levels (tables 1& 2) in the brain and intestinal tissues
as compared to the corresponding values of the
irradiated group. These results are in agreement with
the previous studies which indicated that silymarin
attenuated the oxidative stress in the brain of rats
intoxicated with AICls “3) and inhibited the toxic
effect of microcystin-LR on mice by increasing the
reduced glutathione which may reduce the lipid
peroxidation and protein carbonyl content in the
spleen and intestine 4. Due to the presence of
phenolic hydroxyl groups in its structure, the
silymarin could attenuate the oxidative stress
through scavenging free radicals, inhibiting the free
radical formation and preserving the cellular
antioxidant status, thus preventing peroxidation
of membrane lipids (3). Likewise, the GPC
administration reduced the reactive oxygen and
nitrogen species production in rodent models of the
intestine and liver ischemia-reperfusion injuries (18
45). The current observation of the reduction of
caspase-3 mRNA expression by the GPC and/ or
silymarin treatment after irradiation indicates their
role as anti-apoptotic agents. This effect may be
related to their ability to reduce the ROS and MDA
production and maintain the structural integrity of
the biological membranes. The results indicated that
the combined treatment of GPC and silymarin pro-
duced a better effect in reducing MDA level indicating
their synergistic effects.

Moreover, the GPC and/ or silymarin
administration after whole body irradiation
modulated the inflammation and the enzymes
responsible for the ACh synthesis and hydrolysis, and
increased the level of ACh and the expression level of
its receptor, a7 nAChR, as compared to the
corresponding values of the irradiated group (tables
3- 6). The anti-inflammatory effect of these agents
may takes place via the inhibition of NF-kB signaling
pathway and increase the anti-inflammatory
cytokine, IL-10. Recently, it was described that the
dietary choline supplement improved the immune
function and restrained the NF-kB signaling pathway
by up-regulating the expression level of IkBa
and down-regulating NF-kBp65, and NF-kBp52
expression as well as decreasing the mRNA level of
pro-inflammatory cytokines, TNF-a, IL-1f3, and IL-6,
and increasing the mRNA abundance of
anti-inflammatory cytokines, IL-10 (46). Consequently,
the pro-inflammatory cytokine production and the
occurrence of inflammation are inhibited. Regarding
the cholinergic anti-inflammatory pathway, GPC
administration increased the release of the ACh that
inhibited macrophage likely by activation of o7
nAChR expressed on the cell surface of the
macrophage 7). Additionally, the GPC protected
against cognitive decline, cellular damage (3 and
peripheral cytokine production 24 induced after
partial brain irradiation. Moreover, it has been
reported that silymarin can resist the inflammatory
response of the nervous system and can also increase
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the ACh content by inhibiting cholinesterase activity
(43,48), Thus, modulation of the cholinergic signaling
pathway, including the inhibition of AchE, the
activation of ChAT, and the promotion of Ach
synthesis, may serve as a strategy for the treatment
of whole body gamma irradiation-induced brain and
intestinal injuries. The histopathological examination
of the brain and intestinal tissues supported the
biochemical results and confirmed the ameliorative
effect GPC and silymarin against ionizing radiation.

CONCLUSION

According to the results obtained in this study,
GPC - as a precursor of ACh- and silymarin - a strong
natural antioxidant- exhibited modulating effect
against detrimental effects of gamma radiation in rats
via cholinergic anti-inflammatory pathway. This
effect might be attributed to the activation of
anti-oxidative, anti-apoptotic, and anti-inflammatory
mechanisms. Therefore, the GPC and silymarin might
be suggested to serve as a strategy for the treatment
of the negative side effects induced by the exposure
to ionizing radiation. However, further studies are
required to support these results before a clinical
application can be recommended.
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