Biointerface Research in Applied Chemistry
Platinum Open Access Journal (ISSN: 2069-5837)
Article
Volume 11, Issue 6, 2021, 14490 - 14505
https://doi.org/10.33263/BRIAC116.1449014505

Hepatoprotective Effects of Chitosan on Thioacetamide-
Induced Liver Toxicity in Male Albino Rats

Shereen M.M. Yahya 19 Rokaya H. Shalaby 1® | Fathia A. Mannaa 2@
Khaled G. Abdel-Wahhab 2®, Noura R. Mohamed &, Marwa E. Shabana 3®,
Shereen H. B. Elwakeel 2*®

1 Zoology Department, Faculty of Women for Arts, Science and Education, Ain Shams University, Asmaa Fahmy Street,
Heliopolis, Cairo; shadoo_yahya@yahoo.com (S.M.M.Y); Dean@women.asu.edu.eg (R.H.S));
noura.ibrahim@women.asu.edu.eg (N.R.M.); sherien.elwakeel@women.asu.edu.eg (S.H.B.E.)

2 Medical Physiology Department, National Research Centre, Giza, Egypt; fa.elwahid@nrc.scieg (F.A.M); kg.el-
deen@nrc.sci.eg (K.G.A.-W);

3 Pathology Department, National Research Centre,Giza, Egypt; me.shabana@ncr.sci.eg (M.E.S.);

*  Correspondence: sherien.elwakeel@women.asu.edu.eg;

Scopus Author ID 56349855600
Received: 7.02.2021; Revised: 10.03.2021; Accepted: 12.03.2021; Published: 22.03.2021

Abstract: Chitosan, a natural product derived from chitin, has attracted much attention as a promising
polysaccharide compound, owing to its unique biological activities. This study was designed to explore
the possible improving potential of chitosan, as a natural marine product, on liver regeneration in
hepatotoxicity induced by thioacetamide in male albino rats. Fifty animals were divided into 5 groups,
including the control group; a group which was injected intraperitoneally with a single dose of
thioacetamide(300 mg/kg b. wt) for induction of liver toxicity; a group received a diet containing 5%
chitosan for 14 days; a group received a diet containing 5% chitosan for 14 days then they were injected
with thioacetamide(300 mg/kg b. wt) once, and the last group which was injected with
thioacetamide(300 mg/kg b. wt) once then received a diet containing 5% chitosan for 14 days. The
biochemical results revealed that the intake of chitosan before or after thioacetamide intoxication
improved liver markers (ALAT, ASAT, GGT, ALP, albumin) and kidney functions and also plasma
TNF-0. QRT- PCR analysis revealed that chitosan downregulated hepatic TNF-a, survivin, and c-Myc
quantitative gene expression. Moreover, chitosan improved the histological picture of the liver. This
study indicated the promising action of chitosan in liver regeneration.
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1. Introduction

Liver diseases are the most life-threatening ailments worldwide, especially in Egypt
[1]. In Egypt, liver diseases are the main causes of annual deaths [2, 3]. The liver is greatly
liable to toxicity due to its role in the metabolism of most xenaobiotics such as drugs and foreign
compounds. Fortunately, cell proliferation could help the liver to regenerate after large cellular
loss [4,5]. Consequently, alternative treatments are essential demands to replace or be used in
parallel with the current regimens. Chitosan is a promising natural polysaccharide compound.
It could be obtained from the shell waste of crab, shrimp, and crawfish and the fungal cell wall.

Chitosan is a good source of dietary fiber [6, 7]. It has numerous health benefits such
as immunity regulation, antitumor activity, liver protection, anti-diabetic, antioxidant[8],
antibacterial, hypolipidemic, anti-inflammatory [9], wound healing activities [10,11], and
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hepatoprotective effect [12]. Being non-toxic and having great biodegradability make great
advantages for chitosan to be used in oxidative stress management [13].

Contaminated foods, environmental or chemical substances exposures in work are
possible sources of toxic compounds. From those toxic compounds is thioacetamide (TAA), a
broadly used sulfur-containing compound found in the environment as organic sulfur
compounds and used in many technical applications [14]. Also it is used to induce liver fibrosis
in rats to study the therapeutic effect of anti-fibrotic drugs [15]. Normally TAA targets the liver
and hence induces hepatic injury by producing reactive oxygen species (ROS)[16,17]. The
thio-sulfur group of TAA is subjected to further metabolism through the oxidase system to
form acetamide and TAA-S-oxide [18]. After that, TAA-S dioxide is formed, which binds
covalently to the liver macromolecules and initiates hepatic injury. This injury is in the form
of centrilobular necrosis [19] and of ROS formation, which together causes cell death through
oxidative stress [10, 20]. As a single dose of TAA causes hepatocyte degeneration,
inflammatory cell infiltration, and raising the level of ALP, ALT, AST [21].

Apoptosis is a normally occurring cell death mechanism used to develop and maintain
healthy tissues [22]. Many diseases could be developed due to dysregulated apoptosis, such as
cancer, neurodegenerative disorders, and immunodeficiency diseases. Interestingly, apoptosis
itself could stimulate cell proliferation and tissue regeneration in a mechanism known as
apoptosis-induced proliferation. Moreover, the apoptotic process could be blocked by a group
of family proteins known as an inhibitor of apoptosis proteins (IAPS) by inhibiting caspase
activity. There are eight identified members of the IAP family in the mammalian genome [23].
The most important protein in this family is survivin, the smallest member in this family. It is
encoded by the BIRC5 gene located on chromosome 17 in-band 17g25.3. c-myc protein was
found to be highly increased in the regeneration process of the liver [24-26]. TNF- a could
work by two opposite mechanisms. It could act as an initiator of cell death; alternatively, it
could enhance cell proliferation. Consequently, it plays an important role in the
pathophysiology of viral hepatitis, alcoholic and non-alcoholic liver diseases [27,28].

The present study investigated chitosan potency in enhancing tissue regeneration
against liver toxicity induced by TAA in rats. The effect of chitosan on liver functions and
kidney functions was studied. Besides, the measurements of the pro-inflammatory cytokine
TNF-a in plasma and quantitative analysis for liver tissue gene expression levels of survivin,
c-Myc genes, and TNF-a were done. Additionally, the histobiological feature of the liver was
examined.

2. Materials and Methods

2.1.Chemicals.

TAA was purchased from Aldrich Chem Co., England, as pure crystals; it was dissolved
in saline and freshly prepared prior to each injection.

Chitosan (CS) was obtained from Sigma-Aldrich (molecular weight=100 KDa).
Chitosan, an important polysaccharide of marine origin, is prepared from Crustaceans' shells
and is being used as a new source of dietary fiber in drug development due to its intrinsic safety
when taken orally [29].

https://biointerfaceresearch.com/ 14491


https://doi.org/10.33263/BRIAC116.1449014505
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC116.1449014505

2.2.Experimental design.

Fifty adult male Wistar albino rats weighing approximately 120-150 g were obtained
from the Animal House Colony of the National Research Centre, Cairo, Egypt. The animals
were kept in stainless steel cages under standard laboratory conditions at good ventilation and
a 12-hour light-dark cycle, relative humidity of 60 + 5%, with free access to standard
commercial laboratory food and tap water.

Before the beginning of the experimental protocol, rats were adapted to experimental
conditions for 2 weeks. The human care was applied according to the standard institution’s
criteria for the care and use of experimental animals according to the method confirmed by the
Ethics Committee of the National Research Centre (FWA 00014747), which keeps track of the
recommendations of the National Institutes of Health Guide for Care and Use of Animals in
Laboratory (publication No. 85-23, revised in 1985).

The animals were divided into five groups after the acclimatization period (10 rats each)
as follow:

Group (1): normal healthy animals served as a control group.

Group (2): (TAA) group in which the rats were intraperitoneally injected with TAA (dissolved
in 0.9% normal saline) in a single dose (300 mg/kg b.w ) according to Mustafa et al. [30] for
induction of liver toxicity.

Group (3): chitosan group in which animals fed chitosan mixed basal diet at a ratio of 5% (50g+
950g basal diet) according to AboZaid et al. [9] for 14 days.

Group (4): chitosan then TAA group in which animals received a diet containing 5 % chitosan
[9] for 14 days then intraperitoneally injected with a single dose of TAA( 300 mg/kg b.w)as
mentioned above.

Group (5): TAA then chitosan group in which animals were intraperitoneally injected with
TAA single dose (300 mg/kg b. w) as mentioned above, then fed a diet containing 5% chitosan
for 14 days.

Each animal's body weight was recorded every week and at the end of the experiment
to monitor body weight change. At the end of the experimental period, animals have fasted 12
hours. Then they were anesthetized via inhalation of diethyl ether; blood samples were
withdrawn from retro-orbital venous plexus in centrifuge tubes using heparinized sterile glass
capillaries.

For the separation of plasma, a part of all blood samples was assembled on EDTA, the
other part was assembled in a tube which is free from anticoagulant in order to separate the
serum. Both serum and plasma samples were separated by using cool-centrifugation at 3000
rpm for 15 minutes at 4 °C. Aliquots of plasma and serum were preserved at -20°C for
biochemical analysis.

As soon as the blood is collected, the animals were sacrificed by cervical decapitation.
The liver of each rat was removed and thoroughly washed by using isotonic saline, dried, and
divided into two sections; the first section was snap-frozen directly in liquid nitrogen and
preserved at -80°C prior to RNA isolation for gene expression analysis. In contrast, the second
portion was fixed in formal-saline (10%) to be used in histopathological examination.

2.3.Biochemical analysis.

Serum aspartate aminotransferase (ASAT), alanine aminotransferase (ALAT), alkaline
phosphatase (ALP), and gamma-glutamyl transferase (GGT) activities, as well as albumin,
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urea, and creatinine levels, were estimated spectrophotometrically using reagent kits purchased
from bio-diagnostic Co., Egypt. Plasma tumor necrosis factor-alpha (TNF-a)concentration was
estimated via ELISA technique using a rat TNF-a ELISA kit purchased from Glory Science
Co., Ltd., USA.

2.4. Gene expression analysis.

Using a quantitative analysis (Real-Time PCR), expression of survivin, c-Myc, and
TNF-a genes was determined in liver tissue samples.

2.4.1. RNA lIsolation, Clean Up and Quantitative Real-Time RT-PCR.

RNA was isolated from 100 mg liver tissue sample by Qiazol buffer (Qiagen, USA);
RNA was subsequently cleaned up using RNAeasy mini Kit (Qiagen, USA); RNA was reverse
transcribed, and the resulting cDNA was then amplified. f-actin, survivin, c-myc, and TNF-
alpha genes copy numbers were quantified using QuantiFast Sybergreen RT-PCR Kkit(Qiagen,
USA). All samples were run in triplicate, and the copy numbers were normalized to 100,000
copies of the housekeeping beta-actin gene. Primer sequences are listed in Table 1. The RT and
subsequent PCR cycling conditions were as follows, 50°C for 10 min, 95°C for 5 min, 95°C for
15s, then 60°C for 30 s, the number of cycles was 40 cycles. MiniOpticonTM Bio-Rad Real-
Time Thermal Cycler was used for gene expression quantization.

Table 1. Sequences of the primers used in the RT-PCR analysis.

Target gene Forward primer (5°-3") Reverse primer (5°-3%)
B-actin (housekeeping gene) CCTTCCTGGGCATGGAGTCCT GGAGCAATGATCTTGATCTTC
survivin CTTCATCCACTGCCCTACCG CAGGGGAGTGCTTCCTATGC
c-MYC GTCCTCAAGAGGTGCCATGT CTCGCCGTTTCCTCAGTAAG
TNF-a) ACTGAACTTCGGGGTGATTG GCTTGGTGGTTTGCTACGAC

2.5. Histopathological examination.

After the fixation of liver tissues in 10% formal-saline for twenty-four hours, tissue
samples were washed in current tap water; then subjected to dehydration using ethyl (serial
dilutions upward to absolute ethyl). Specimens were cleared in xylene and embedded in
paraffin at 56°C in a hot air oven for 24 hours. The wax-tissue blocks were prepared for
sectioning at 4 microns thickness by sludge microtome. The sections were deparaffinized,
stained by hematoxylin and eosin, and finally investigated via an electric light microscope [31].

2.6. Statistical analysis.

Data were analyzed using version 13 of the computer-based statistical package for
social sciences. Results are expressed as means + SD of three independent experiments.
Statistical significance of difference was determined using one-way analysis of variance
(ANOVA) followed by LSD post hoc comparisons test at p<0.05, which was defined as
statistically significant.

https://biointerfaceresearch.com/ 14493


https://doi.org/10.33263/BRIAC116.1449014505
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC116.1449014505

3. Results and Discussions
3.1. Results.

The data presented in Figure 1 showed that the body weight gain of the TAA intoxicated
animals’ group was significantly decreased (-308.5%), while that of the chitosan only group
showed significant change (50%) when both groups were compared to the control group.
Interestingly, the chitosan then TAA animals’ group showed a significant rise (289.7 %) in the
body weight gain; similarly, TAA then chitosan animals’ group showed a significant increase
(239.56%) in the bodyweight gain when both groups were compared with the TAA intoxicated
animals’ group.
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Figure 1. Bodyweight gain (%) of control, thioacetamide, and chitosan-fed animals’ groups. The
superscript (a) is a significant difference from the control group; the superscript (b) is a significant
difference from the TAA group.

Regarding liver function tests, feeding of normal rats with 5% chitosan-basal diet for
14 days neither disturb liver or renal function tests reflecting their safe effect at that
concentration in the diet; contrary, TAA-induced liver toxicity in rats significantly increased
(94.47%) the activity of serum aspartate aminotransferase (ASAT) compared with the control
group. However, a significant decrease (- 32% and - 15.4 %) in serum ASAT activity was
recorded in both chitosan fed-regimens (chitosan-TAA and TAA-chitosan groups,
respectively) as compared to the TAA-intoxicated group. A significant increase (91.89%) in
serum alanine aminotransferase (ALAT) activity was recorded in the TAA group compared to
the control group. In a promising effect, chitosan then TAA and TAA then chitosan groups led
toa significant decrease (- 40.8% and 32.3 %, respectively) in serum (ALAT) activity as
compared to the TAA group. Similarly, a significant increase (232.9%) in serum alkaline
phosphatase (ALP) activity was detected in the TAA-intoxicated animals’ group compared to
the control group. Favorably, feeding of rats with a chitosan mixed diet for 14 days before
intoxication withTAA resulted in a significant decrease(- 54.06 %) in serum ALP activity; also,
a significant reduction (- 50.6 %) in serum ALP activity was recorded in the animals’ group
that fed chitosan mixed diet post-TAA-intoxication when both animals’ groups were compared
with the group treated only with TAA.

With respect to the activity of serum gamma Glutamyltransferase(GGT), TAA-induced
liver toxicity significantly increased (223.5 %) the activity of serum GGT, while the chitosan-
only treated animals’ group did not deteriorate its activity when both groups were compared
with that of the control group. Interestingly, feeding of animals on a chitosan mixed diet before
https://biointerfaceresearch.com/ 14494
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TAA-intoxication showed a significant reduction (- 50.28 %) in serum GGT activity; similarly,
a significant decrease (-41.0 %) in GGT activity was noticed in the animals’ group that
intoxicated with TAA before fed on chitosan mixed diet when both were compared with the
TAA-intoxicated group. Serum albumin level was significantly decreased (-36.58%) after TAA
injection (TAA group), while, chitosan group revealed insignificant change (2.4 %) in serum
albumin level when both groups were compared with the control group. However, feeding the
animals with chitosan at different regimens, either before or after TAA-intoxication, revealed
a significant elevation (50 % and 38.4%, respectively) in serum albumin level when both were
compared with the TAA group (Table 2).

With respect to renal function testes (Table 2), a significant rise (82.67 % and 232.77%)
was observed in both urea and creatinine serum levels, respectively, in the TAA-intoxicated
group; meanwhile, chitosan-only treated group showed insignificant change (19.3% and -15
%, respectively) when both groups were compared with the control group. In a promising
manner, chitosan then TAA animals’ group showed a significant decrease (-36.04% and -
45.2%) in serum levels of urea and creatinine, respectively, when compared with the TAA
group. Moreover, feeding of the rats on a chitosan mixed diet for 14 days after TAA-
intoxication illustrated a significant decrease (- 30.6% and - 35.10%) in serum levels of both
urea and creatinine, respectively when both groups were compared with the TAA-treated
animals’ group.

Table 2. Liver and kidney function tests of control, TAA, and chitosan-fed animals’ groups.

Parameters ASAT ALAT ALP GGT Albumin Urea Creatinine
(U/ml) (U/ml) (Uml) (U/ml) (el (mg/dl) (mg/dl)

Treatment group
Control 47 +£1.3 37+22 255 +6.9 11.9+0.2 4.1+0.02 20.2 £1.9 1.19+0.01
TAA 91.4+272| 71+25%2 849+26% | 385 +1.62 2.6+0.32 36.9+252 | 3.96+0.162
% 94.47% 91.89% 232.9 % 223.5% -36.58% 82.67% 232.77%
Chitosan 452+23 | 352+1.0 243 +12.1 126+0.4 42+0.2 241+19 1.01 £0.03
% -3.8% - 4.86% - %4.7% 5.88% 2.4% 19.3% -15%
Chitosan then TAA | 62.0+3.2°| 42.0+27° | 390+14.2° | 19.14+0.6° | 3.9+0.21° | 236+1.1° | 217+0.2°
% -32.% - 40.8% - 54.06% - 50.28% 50% -36.04% - 45.2%
TAA then chitosan | 77.3+4.9°| 48+1.8° 416 +1.8° 22.7 +1.6° 3.6+022° | 256+15° 2.57+0.1°
% -15.4% -32.3% - 50.6% -41.0% 38.4% -30.6% -35.10%

All data are expressed as (% change) mean £SEM for 10 rats/ group. Data were subjected to one-way ANOVA

followed by a post hoc LSD test at p<0.05. Superscript (a) is a significant difference from the control group; the
superscript (b) is a significant difference from the TAA group.

As illustrated in figure (2), a significant elevation (98.26 %) was recorded in the tumor
necrosis factor alfa(TNF-a) level of the TAA-intoxicated animals’ group; while the chitosan
group showed insignificant change (- 2.6 %) in plasma TNF-a level when both animals’ groups
were compared with the control group. In a favorite way, feeding the animals with chitosan
mixed diet at different regimens, either before or after TAA-intoxication, revealed a significant
decrease( -36.6 % and -31.57 %, respectively) in plasma level of TNF-a when both were
compared with the TAA group.
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Figure 2. Plasma level of tumor necrosis factor alfa (TNF-a) of control, thioacetamide, and chitosan-fed
animals’ groups. Data are expressed as mean =SEM (10 rats/group). Data were subjected to one-way ANOVA
followed by a post hoc LSD test at p <0.05. The superscript (a) is a significant difference from the control
group; the superscript (b) is a significant difference from the TAA group.

3.1.1. Gene expression.

As illustrated in Figure 3, the TAA-intoxicated animals’ group showed a significant
reduction (-81%) in survivin liver gene expression, while the chitosan-alone group performed
insignificant changes in survivin liver gene expression when both groups were compared with
the control group. Unfortunately, both chitosan, then TAA, and TAA, then chitosan treated
animals’ groups did not show any markable changes (1.27% and -3.2.%, respectively) in that
gene expression as compared to the TAA-intoxicated animals group.

Regarding c-myc gene expression, the chitosan-only group showed a significant
elevation (400%). However, the TAA-intoxicated animals’ group didn’t affect (0.0%) the
expression of that gene when both groups were compared to the control group. Additionally,
both chitosan, then TAA, and TAA then chitosan groups showed a significant increase (300%
&700%, respectively) in c-myc gene expression levels compared to the TAA group (Figure 4).

The data revealed that the animals’ group treated with chitosan only recorded a marked
elevation (73.33 %)in hepatic TNF-o gene expression level; moreover, the TAA-intoxicated
animals’ group showed a significant elevation (368.3%)when comparing both groups with the
control group. This elevation was reduced significantly (-66.5% &-57.3%, respectively) with
chitosan treatment, either before or after TAA-intoxication, compared with the TAA animals’
group (Figure 5).
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Figure 3. Liver survivin gene expression levels of control, thioacetamide, and chitosan-fed animals’ groups.
Results are expressed as means + SEM for 10 rats/ group. Data were subjected to one-way ANOVA followed by
a post hoc LSD test at p <0.05. Superscript (a) letter is a significant difference from the control group.
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Figure 4. Liver c-myc gene expression levels of control, thioacetamide, and chitosan-fed animals’ groups.
Results are expressed as means + SEM (10 rats/ group). Data were subjected to one-way ANOVA followed by a
post hoc LSD test at p <0.05. The superscript (a) is a significant difference from the control group; the
superscript (b) is a significant difference from the TAA group.
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Figure 5. Liver tumor necrosis factor alfa (TNF-a)) gene expression levels of control, thioacetamide, and
chitosan-fed animals’ groups. Results are expressed as means + SEM (10 rats/ group). Data were subjected to
one-way ANOVA followed by a post hoc LSD test at p <0.05. The superscript (a) is a significant difference
from the control group; the superscript (b) is a significant difference from TAA group.

3.1.2. Histological finding.

The normal control group showed normal liver tissue architecture with the normal
central vein, preserved portal tract with minimal inflammatory cells, and mostly normal
hepatocytes (Figure 6). Meanwhile, the TAA group investigations revealed hepatic
deteriorations represented by vacuolated hepatocytes cells, dilated congested central vein,
dilated congested portal tract, and moderated scattered inflammatory cells (Figure 7). The
chitosan drug groups demonstrated normal liver tissue architecture with slightly dilated,
central, normal portal tract with minimal inflammatory cells and normal hepatocytes (Figure
8). Chitosan then TAA group revealed distorted dilated central vein, scattered inflammatory
cells and dilated congested sinusoidal spaces, marked degeneration of hepatocytes with fatty
changes, and increased hepatocytes' thickness (more than 2 cells thick) (Figure 9). Besides,
TAA then chitosan group demonstrated congested dilated central vein scattered inflammatory
cells, marked dilated congested portal tract, and scattered degenerated hepatocytes (Figure 10).
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Figure 6. Photomicrography of normal control liver sections of rats stained with H&E showed (a&c) normal
central vein (thick black arrow); (b) preserved portal tract (thin black arrow); (d) foci of inflammatory cells
(thick red arrow) (H&E 100,200).

Figure 7. Photomicrography of the liver tissue of rats intoxicated intraperitoneally with thioacetamide, showing
hepatic distortion in the form of (a) moderate inflammatory cells (thick red arrow); (b&d) dilated congested
portal tract surrounded by multiple scattered inflammatory cells (black star); (c) scattered multiple vacuolated

hepatocytes (thick green arrow) and dilated congested central veins (thick black arrow) (H&E 100,200).
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Figure 8. Photomicrography of hepatic transversal section of rats fed 5% chitosan mixed diet for 14 days
showing: (a) normal liver tissue architecture with the slightly dilated central vein (thick black arrow), normal
portal tract with minimal inflammatory cells, and normal hepatocytes (thick red arrow); (b) dilated congested

central vein (thick black arrow) ( H&E 100, 200).
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Figure 9. Photomlcrography of hepatlc transversal section of rats fed 5% chltosan mlxed diet for 14 days before
intoxicated (ip) withTAA showing: (A) distorted dilated central vein (thick black arrow), dilated congested
sinusoidal spaces, and scattered inflammatory cells (thin black arrow); (B) marked degeneration of hepatocytes
(stare) with fatty changes (thick red arrow) and increase the thickness of hepatocytes (more than 2 cells thick)
(H&E 100, 200).

Figure 10. Photomicrography of hepatic transversal section of rats fed 5% chitosan mixed diet for 14 days after
intoxicated (ip) with TAA showing: (a) marked dilated congested portal tract (green stare) and scattered
congested degenerated hepatocytes (green arrow); (b) dilated central vein (thick black arrows); (c) scattered
inflammatory cells (red arrow) and dilated central vein (black arrow); (d) marked dilated congested central vein
(thick black arrow) (H&E 100, 200).
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3.2. Discussion.

The liver represents the largest gland in the body, where it controls many biological
processes that require energy, such as metabolism, biosynthesis, excretion, secretion, and
detoxification. These great energy demands make the liver a highly oxygen-dependent tissue.
After a massive cellular loss, cell proliferation helps in liver regeneration. However,
regeneration may fail if the loss exceeded certain limits, resulting in hepatic failure and finally
death [32].

Many studies were conducted to test antioxidants' effects for ameliorating liver diseases
and supporting the normal liver. Antioxidants have emerged as a therapeutic option for treating
and preventing lifestyle-related diseases. However, it needs further studies to elucidate its mode
of action [33,34]. Chitosan (CS) is a valuable marine polysaccharide that is obtained from the
shells of some crustaceans. It has many well-established biological benefits such as immunity
regulation, antitumor, liver protection, anti-diabetic, antibacterial, antioxidant, anti-obesity,
wound-healing actions, and hypolipidemic effect [5].

The present study investigatedthe protective and therapeutic efficacy of chitosan in
enhancing tissue regeneration inTAAinduced liver toxicity in rats. TAA is traditionally used to
induce liver injury in experimental animal models [15,35]. The toxic effect of TAA is due to
its metabolites like acetamide, sulfate, and sulfoxide-derived components. This metabolite
causes structural deformations of the structural proteins and enzymes, resulting in their
inactivation. By its role, TAA metabolite alters cell permeability, increases nuclear volume,
concentrates intracellular calcium, and inhibits mitochondrial activity, and consequently results
in cell death. Due to this metabolite, the leukotrienes, as a potent inflammatory mediator
secreted by the hepatic cells, are impaired [36].

In this study, treatment with chitosan influenced the liver enzymes positively. In
contrast and as expected effects of TAA intoxication, the activities of serum ASAT, ALAT,
ALP, and GGT showed a significant increase in the TAA-treated group compared with normal
control. These results are in agreement with Baskaran et al. [37], Jain and Singhai [38,39],
Osama et al. [40], who linked the elevation in serum transaminases’ activities with the
oxidative stress and lipid peroxidation that is a result of the toxic effect of TAA where lipid,
protein, and DNA are damaged by the action of free radical resulting in hepatocellular insult
and necrosis. Normally, necrotic cells discharge their contents into the bloodstream resulting
in transaminases’ activity increase. On the other hand, protective and curative groups treated
with chitosan showed a clear downregulation in ALAT, ASAT, ALP, and GGT activities which
could be attributed to antioxidant, immunomodulation, and/or wound healing and liver
protection of chitosan [9]. Similarly, serum albumin level was reduced in TAA-intoxicated rats
as a result of hepatic dysfunction of protein synthesis due to the impaired endoplasmic
reticulum and mitochondria of hepatocytes. However, this level was up-regulated and
normalized with chitosan-treatment either in protective or curative groups.

TAA-intoxication led to renal function insufficiency as serum urea, and creatinine
levels were increased; this deterioration has agonized with Begum et al. [41], who reported that
tubular injury in acute tubular necrosis is mainly in charge of the reduced glomerular filtration.
It was also suggested that the tubular abnormalities involved are blockage of tubules, causing
a backward flow of the glomerular filtrate. Thus, renal alteration in TAA-treated rats might be
due to the deleterious effects of ROS. However, this increase was reversed upon chitosan
treatment as either a protective or curative treatment. This observation is in accordance with
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that of Mohamed [42], who reported that chitosan ingestion significantly reduced urea and
creatinine levels in renal failure patients and attributed this effect to one or two possible
mechanisms: the first one is the activation of renal function for clearance of nitrogen metabolite
resulting in urea and creatinine reduction, whereas the second possibility is that chitosan
combines with nitrogen metabolite in the digestive tract and then excreted out resulting in urea
and creatinine reduction.

In the current study, the acute toxicity of TAA significantly reduced survivin gene
expression in liver tissue compared to the control group. However, feeding animals on a
chitosan-mixed basal diet, as a drug control and as a protective treatment before TAA toxicity,
resulted in a non-significant increase in survivin gene expression levels. Survivin has a well-
established function in the cell cycle G2/M phase; during cell division, survivin compromises
a subunit of the chromosomal passenger complex [43,44]. Survivin is expressed in normal
proliferating and regenerating tissues and was reported to suppress apoptosis and help in cell
cycle progression [45]. Survivin expression was found to have a positive association with the
number of hepatocytes in regenerating liver. This may be explained by the finding that survivin
is involved in sister chromatid separation during mitosis [46]; these facts may interpret the
reduction in survivin gene expression here in post-TAA-intoxication. Hagemann et al. [46]
reported that when survivin expression is reduced, localization of chromosomal passenger
complex members is interrupted, and hence, with reduced Aurur B activity, centromeric target
proteins phosphorylation and cytokinesis processes are impaired.

In previous studies in rodents, survivin expression was significantly increased
following partial hepatectomy and post-operative. Moreover, survivin expression was found to
be increased in the graft in human liver transplantation. Both in rodents and humans, survivin
overexpression is associated with proliferation and not with apoptosis; consequently, survivin
is important in hepatocyte proliferation and mitosis, not only in regeneration but also during
normal development [46].

TAA-induced acute toxicity did not markedly affect c-myc gene expression level in
liver tissue. Indeed, chitosan treatment as drug control, protective or curative treatment
significantly and dramatically up-regulated c-myc gene expression level. It was reported that
developmental and mitogenic signals in normal, non-transformed cells regulate c-myc
expression [47]. The principal roles of c-myc are to enhance cell proliferation and to hinder
cell differentiation. Cell-cycle progression was found to be enhanced by c-mycvia regulating
many cell cycle controlling proteins such as cyclins (D, E, A, and B1), cyclin-dependent
kinases (CDK1, 2, 4, 6), besides E2F transcription factors. On the other side, c-myc was found
to suppress cell-cycle blockers' activity, such as p15, p21, and p27 in many ways [48].

The decrease in weight and proliferating cell nuclear antigen is associated with the
decrease in c-myc protein expression during liver regeneration. Moreover, the cell cycle
regulating protein p53 and the number of cells in the G2 phase of the cell cycle was greatly
reduced. Consequently, c-myc is considered a strong positive regulator of cell proliferation.
Besides, c-myc antisense was found to limit liver regeneration in rats [24,26].

Similarly, in kidney tissue, the c-mycgene was found to be activated in kidney tubule
cells during regeneration and after folic acid-induced renal injury in vivo [49]. C-myc was also
found to promote protein biosynthesis where the protein synthesis was higher three times in
fibroblasts overexpressing c-myc than that in their naive cell lines. C-myc exerts this action by
regulating ribosome transcription and biogenesis; also, c-myc works in coordination with
nuclear RNA polymerases (RNA pol I and I11) to regulate ribosome biogenesis and translation.
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Besides, the transcription of ribosomal RNA was stimulated by c-myc, which activates protein
synthesis [50].

In the present investigations, TAA acute toxicity resulted in a significant increase of
TNF-o gene expression levels in liver tissue as well as elevated plasma levels, while this
increase was significantly downregulated upon chitosan-treatment both as protective and
curative treatments as compared to the TAA-intoxicated group. This finding is in accordance
with the previous observation of Park et al. [51], who reported an ameliorating effect of
chitosan on TNF-a level. Zhang et al. [52] reported that cross-linked
carboxymethyl chitosan increased inflammatory factor enzymes' activities at the beginning of
the treatment; however, it restores them to their normal level after that. They suggested wound
healing effects of cross-linked carboxymethyl chitosan through its down-regulatory effects on
rats' liver enzyme activity.

TNF-a is produced from neuronal cells, fibroblast, lymphoid cells, mast cells,
endothelial cells, and macrophages. TNF-a mediates its pro-inflammatory and pro-apoptotic
effects through the interaction with their membrane receptors (TNF-R1 and TNF-R2). Both
receptors mediate two different signaling pathways, and the activation of one is accompanied
by the inactivation of the other [51].

Our results suggest a positive role by chitosan in tissue regeneration which is in
accordance with Shilapa et al. [53], who found that treating partially hepatectomized rats with
chitosan nanoparticles and gamma-aminobutyric acid elevated tritiated thymidine uptake
compared with partially hepatectomised groups without nanoparticle treatment. The overall
result of chitosan nanoparticles treatment coupled with gamma-aminobutyric acid is the
enhancement of hepatocyte regeneration and decreased cell death compared to liver
hepatectomized rats. The current results are also in accordance with Chen et al. [54], who
reported that chitosan nanoparticles enhanced liver regeneration in rats suffering from acute
liver failure. The matrix binding capacity of chitosan enables the growth and activation of
macrophages which is necessary for tissue regeneration. A wound conducted in a dog animal
treated with chitosan showed complete curing after three weeks. However, in the control group
treated with saline, only the curing process endures four weeks. In chitosan treated group, a
keratin layer was formed as evidence for connective tissue regeneration. Besides, a collagen
fiber network was formed to guard wound neovasculature [55].

In the current study, the histological finding revealed a deteriorated liver tissue pattern
in the TAA group; however, this pattern was ameliorated greatly in the chitosan protective
group and somehow in the curative chitosan group.

4. Conclusions

It is concluded that chitosan can enhance liver regeneration in TAA-induced liver
toxicity, either as a curative or proliferative. Moreover, it showed an anti-inflammatory effect
as it reduced the level of TNF-a, both at gene and protein levels. In contrast, chitosan increased
the gene expression of survivin and c-myc, which are enhancers of cell proliferation. Further
studies could be conducted to elucidate the exact mechanism by which chitosan affects c-myc,
survivin, and TNFC-a gene expression. Consequently, chitosan is recommended to be used in
liver diseases where tissue regeneration is needed.
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