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A B S T R A C T

It has been well documented that cirrhosis is associated with the intestinal injury. Intestinal injury in cirrhosis
could lead to bacterial lipopolysaccharide (LPS) translocation to the systemic circulation. It has been found that
high plasma LPS is connected with higher morbidity and mortality in cirrhotic patients. Therefore, finding
therapeutic approaches to mitigate this complication has great clinical value. Several investigations mentioned
the pivotal role of oxidative stress in cirrhosis-associated intestinal injury. It has been well-known that the redox
balance of enterocytes is disturbed in cirrhotic patients. In the current study, the effects of thiol-reducing agents
N-acetylcysteine (NAC) (0.5 and 1% w: v) and dithiothreitol (DTT) (0.5 and 1% w: v) on biomarkers of oxidative
stress, tissue histopathological alterations, and LPS translocation is investigated in a rat model of cirrhosis. Bile
duct ligation (BDL) surgery was used to induce cirrhosis in male Sprague-Dawley rats. Animals (n ¼ 48; 8 ani-
mals/group) were supplemented with NAC and DTT for 28 consecutive days. Significant changes in ileum and
colon markers of oxidative stress were evident in BDL rats as judged by increased reactive oxygen species (ROS),
lipid peroxidation, oxidized glutathione (GSSG), and protein carbonylation along with decreased antioxidant
capacity and glutathione (GSH) content. Blunted villus, decreased villus number, and inflammation was also
detected in the intestine of BDL animals. Moreover, serum LPS level was also significantly higher in BDL rats. NAC
and DTT administration (0.5 and 1% w: v, gavage) significantly decreased biomarkers of oxidative stress,
mitigated intestinal histopathological alterations, and restored tissue antioxidant capacity. Moreover, NAC and/or
DTT significantly suppressed LPS translocation to the systemic circulation. The protective effects of thiol reducing
agents in the intestine of cirrhotic rats could be attributed to the effect of these chemicals on the cellular redox
environment and biomarkers of oxidative stress.
1. Introduction

Intestinal barrier integrity is a critical factor which prevents pathogens
penetration into the systemic circulation. It has been well-documented
that gut barrier function and integrity is significantly hampered in
obstructive cholestasis as well as experimental models of cirrhosis (Fukui
&Wiest, 2016). Bacterial lipopolysaccharide (LPS) translocation is one of
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the most deleterious consequences of impaired intestinal barrier function
in cholestasis/cirrhosis (Fukui & Wiest, 2016; Nolan, 2010; Wright et al.,
2007). LPS plays a pivotal role in the development of severe complica-
tions in different organs, such as the liver (Nolan, 2010). The increasing
level of LPS in the systemic circulation could also seriously affect other
organs through inflammatory-based responses and severe oxidative stress
(Fukui & Wiest, 2016; Nolan, 2010; Wright et al., 2007).
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Table 1
Serum biochemical measurements in cirrhotic rats treated with N-acetyl cysteine (NAC) and dithiothreitol (DTT).

Sham BDL BDL þ NAC 0.5% BDL þ NAC 1% BDL þ DTT 0.5% BDL þ DTT 1%

ALT (U/l) 36 � 9a 296 � 37 134 � 29a 116 � 34a 153 � 38a 122 � 12a

LDH (U/l) 448 � 65a 1123 � 198 922 � 162a 959 � 136a 902 � 126a 763 � 181a

AST (U/l) 71 � 12a 387 � 33 250 � 20a 193 � 36a 227 � 33a 166 � 25a

γGT (U/l) 20 � 8a 140 � 40 97 � 15 90 � 18 106 � 21 156 � 27
ALP (U/l) 1103 � 211a 3033 � 255 2994 � 439 2715 � 262 2755 � 404 2898 � 200
Bilirubin (mg/dl) 0.26 � 0.06a 13 � 1.3 11 � 2.9 10 � 2.6 13 � 1 13 � 1
Bile acids (μmol/l) 17 � 4a 113 � 21 90 � 11 107 � 18 108 � 11 105 � 17

Data are shown as mean � SD (n ¼ 8).
a Indicates significantly different as compared with the BDL animals (P < 0.001).
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Bile duct ligation (BDL) is an appropriate animal model for investi-
gating cirrhosis and its associated complications (Heidari et al., 2019a). It
has been well-documented that cirrhosis-induced liver complications,
spleen damage and portal hypertension, cirrhosis-associated cholemic
nephropathy, sarcopenia, and muscle wasting, as well as intestinal
damage and disintegrity, have been developed in the BDL rat model of
cirrhosis (Heidari et al., 2019b; Heidari et al., 2019c; Rivera-Huizar et al.,
2006; Ti�eche et al., 2001; Bosoi et al., 2017; Ara et al., 2006). On the
other hand, extrapolating animal data to human diseases is a complicated
procedure. However, there are some similarities between the data ac-
quired from BDL models to human cases. For example, it has been
mentioned that oxidative stress occurs in human cases of cholestasis
(Martínez-Cecilia et al., 2016). In the current study, the BDL rat model
was selected to investigate the effects of thiol reducing agents on gut
barrier disintegrity and lipopolysaccharide translocation to the systemic
circulation.

Although the exact cellular and molecular mechanisms of gut barrier
disintegrity during cirrhosis are far from clear, oxidative stress seems to
play a fundamental role in this complication (Assimakopoulos et al.,
2004; Wang et al., 2010; Portincasa et al., 2007). Enhanced generation of
reactive oxygen species (ROS) defect in cellular antioxidant defense
mechanisms, and disruption of biological targets (e.g., biomembrane
lipids) has been demonstrated in the intestine during cirrhosis (Assim-
akopoulos et al., 2004; Wang et al., 2010; Portincasa et al., 2007). It has
been found that intestinal glutathione (GSH) content is also significantly
depleted in experimental models of cirrhosis (Assimakopoulos et al.,
2004; Wang et al., 2010; Portincasa et al., 2007). Based on these data, the
administration of antioxidants and thiol reducing agents that could in-
crease the cellular level of GSH might prevent intestinal barrier damage
in cirrhosis.
Fig. 1. Serum lipopolysaccharide (LPS) level in bile duct ligated (BDL) rats.
NAC: N-acetyl cysteine; DTT: Dithiothreitol. Data are presented as mean � SD
(n ¼ 8). # Indicates Significantly different as compared with BDL rats (P <

0.001). ns: not significant.
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N-acetylcysteine (NAC) is a well-known antioxidant and thiol-
reducing agent. NAC is clinically administered against acetaminophen
hepatotoxicity. On the other hand, NAC is widely investigated for its
protective properties in different experimental models (Aldini et al.,
2018). NAC can replenish cellular GSH levels (Aldini et al., 2018). GSH
and its associated enzymatic systems are the primary defense mecha-
nisms against oxidative stress (Reed, 1990). On the other hand, the
ability of NAC as a radical scavenger and antioxidant has also been
repeatedly described (Aldini et al., 2018). Dithiothreitol (DTT) is another
potent thiol reducing agent which effectively reduce the disulfide bonds
in the oxidized glutathione molecule (GSSG) or other oxidized peptides
and proteins (Heidari et al., 2016; Joshi et al., 2014). The ability of DTT
in reducing thiol groups has been widely applied in chemical and bio-
logical studies (Heidari et al., 2016; Joshi et al., 2014; Gurunathan et al.,
2013; Lopes de Almeida & Saldanha, 2010). On the other hand, it has
been found that DTT could significantly protect cellular organelles
against toxic insults by preserving the cellular redox environment (Joshi
et al., 2014; Omidi et al., 2016; Watson et al., 2014; Deepmala et al.,
2013).

As mentioned, it has been well-documented that the gut barrier is
significantly damaged during cirrhosis. In the current study, NAC and
DTTwere administered to BDL rats as an experimental model of cirrhosis.
Intestinal tissue biomarkers of oxidative stress, tissue histopathological
alterations, and bacterial LPS translocation to the systemic circulation
were measured.

2. Material and methods

2.1. Reagents

N-acetyl cysteine (NAC), dithiothreitol (DTT), di-nitro fluoro benzene
(DNFB), trichloroacetic acid (TCA), sodium acetate, iodoacetic acid,
thiobarbituric acid (TBA), dichlorofluorescein diacetate (DCFH-DA),
guanidine hydrochloride, methanol HPLC grade, ethylenediamine tetra-
acetic acid (EDTA), meta-phosphoric acid, acetonitrile HPLC grade, ferric
chloride hexahydrate, n-propanol, 2, 4, 6-tripyridyl-s-triazine (TPTZ),
reduced glutathione (GSH), potassium chloride (KCl), 2-amino-2-hydrox-
ymethyl-propane-1,3-diol-Hydrochloride (Tris–HCl), oxidized gluta-
thione (GSSG), dinitrophenyl hydrazine (DNPH), and glacial acetic acid
were obtained fromMerck (Darmstadt, Germany). Serum bile acids assay
kit (EnzyFluo™ bile acid assay kit) was prepared from BioAssay Systems
(USA). Kits for evaluating biomarkers of liver injury were obtained from
Pars Azmoon® (Tehran, Iran). Rat Lipopolysaccharide ELISA Kit was
obtained from MyBioSource® Company (California, San Diego, USA).

2.2. Animals

Male inbred Sprague-Dawley (SD) rats (7–8 weeks old, 200–300 g
weight, n ¼ 48) were obtained from Shiraz University of Medical Sci-
ences, Shiraz, Iran. Animals were housed under a standard environment
(temperature of 23�1 �C, a 12 L: 12D photoschedule, and �40% of
relative humidity). Rats had free access to a regular pellet chow diet
(RoyanFeed®, Isfahan, Iran) and tap water. All the experiments were



Fig. 2. Biomarkers of oxidative stress in the ileum of bile duct ligated (BDL) rats. NAC: N-acetyl cysteine. Data are presented as mean � SD (n ¼ 8). * & *** Indicate
significantly different as compared with the BDL group (P < 0.05 and P < 0.001, respectively). ns: not significant.
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performed in conformity with the guidelines for care and use of experi-
mental animals approved by the institutional ethics committee at Shiraz
University of Medical Sciences, Shiraz, Iran (# 1396-01-36-16584).
Moreover, the study was performed in agreement with the current
ARRIVE guidelines (Kilkenny et al., 2010).

2.3. Animal model of biliary obstruction and cirrhosis

Bile duct ligation (BDL) in rats is a reliable animal model with all
complications of cholestasis/cirrhosis (Heidari et al., 2019a; Heidari et al.,
2019b). Briefly, animals were anesthetized using amixture of 10 mg/kg of
xylazine and 80mg/kg of ketamine (i.p), and a midline incision was made
through the linea alba. Then, the common bile duct was identified, doubly
ligated, and cut between these two ligatures (Heidari et al., 2019b; Moezi
et al., 2013). The sham operation consisted of laparotomy and bile duct
identification without ligation (Heidari et al., 2019b; Moezi et al., 2013).
Four groups of BDL rats (8 rats/group) received DTT (1 mL of 0.5 and 1%
w: v solution, gavage) and NAC (1mL of 0.5 and 1%w: v solution, gavage)
for 28 consecutive days after BDL operation. A BDL group (n ¼ 8) and
sham-operated rats (n¼ 8) received daily gavage of an equivalent volume
of tap water (1 mL) as NAC and DTT solvent. On day 29, rats were deeply
anesthetized (thiopental 80 mg/kg, i. p), and tissue and blood samples
were collected for further studies (Kountouras et al., 1984).

2.4. Serum biochemistry, sample collection, and tissue histopathology

A MindrayBS-200® auto analyzer and commercial kits (Pars
Azmoon®) were used to measure serum alanine aminotransferase (ALT),
lactate dehydrogenase (LDH), alkaline phosphatase (ALP), γ-Glutamyl
12
transferase (γ-GT), aspartate aminotransferase (AST), and bilirubin. Rat
serum lipopolysaccharide (LPS) level was measured using a commercial
kit (Rat Lipopolysaccharide ELISA Kit; Catalog Number. MBS704575;
MyBiosource Company; California, San Diego, USA) based on the
manufacturer instructions. Serum bile acids level was measured using a
fluorescence-based bile acid assay kit (EnzyFluo™, BioAssay Systems,
USA). Samples of small intestine and colon were rinsed with �10 mL of
ice-cold saline (sodium chloride 0.9%, 4 �C). For histopathological as-
sessments, tissue samples were fixed in 10% neutral buffered formalin
and then embedded in paraffin. Tissue sections (5 μm thickness) were
stained with hematoxylin-eosin (H&E). Quantitative analysis was then
performed to assess intestinal tissue histopathological alterations in
cirrhotic animals (Beutheu et al., 2014).

2.5. Reactive oxygen species (ROS) in intestinal tissue

Dichlorofluorescein diacetate (DCFH-DA) was used as a fluorescent
probe to assess ROS levels in intestine specimens (Heidari et al., 2018a).
Briefly, 10 μL of DCFH-DA (final concentration, 10 μM) was added to the
tissue homogenate (100 μL of the tissue homogenate in 1900 μL of
Tris–HCl buffer) and then incubated in the dark (10 min, 37 �C) (Heidari
et al., 2019b; Heidari et al., 2019c). Finally, the fluorescence intensity of
DCF was measured using a fluorimeter (FLUOstar Omega®, λ excit ¼ 485
nm, and λ em ¼ 525 nm) (Ahmadian et al., 2017a).

2.6. Ileum and colon levels of reduced and oxidized glutathione

Ileum and colon oxidized (GSSG) and reduced (GSH) glutathione
levels were measured using an HPLC method (Truong et al., 2006; Meeks



Fig. 3. Effect of dithiothreitol (DTT) administration on biomarkers of oxidative stress in the ileum of bile duct ligated (BDL) rats. Data are represented as mean � SD
(n ¼ 6). * & *** Indicate significantly different as compared with the BDL group (P < 0.05 and P < 0.001, respectively). ns: not significant.
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& Harrison, 1991). The HPLC system composed of an NH2 column as the
stationary phase (25 cm, Bischoff chromatography, Leonberg, Germany).
The mobile phases included buffer A (Water: Methanol; 1: 4 v: v) and
buffer B (Acetate buffer: Buffer A; 1:4 v: v) and a gradient method with a
steady increase of buffer B to 95% in 25 min with a flow rate of 1 mL/min
(Meeks & Harrison, 1991). For extraction of GSH and GSSG from the
intestinal tissue, samples (200 mg) were homogenized in 2 mL of
ice-cooled 250 mM Tris–HCl buffer (pH ¼ 7.4; 4 �C). Then, 500 μL of
meta-phosphoric acid (50% w: v) was added to deproteinize samples.
Samples were mixed well, incubated on ice (10 min, 4 �C), and centri-
fuged (17,000 g, 30 min, 4 �C). Then, the supernatant was collected in 5
mL tubes and treated with �300 μL of NaOH: NaHCO3 solution (2 M: 2
M) (Meeks&Harrison, 1991). Then, 100 μL of iodoacetic acid (1.5%w: v
solution in deionized water) was added, and samples were incubated in
the dark for 1 h (4 �C). Afterward, 500 μL of 2, 4-dinitrofluorobenzene
(DNFB; 1.5% w: v solution in absolute ethanol) was added and mixed
well. Samples were incubated in the dark (25 �C, 24 h). Finally, samples
were centrifuged (17,000 g, 30 min, 4 �C) and 25 μL of the supernatant
was injected into the aforementioned HPLC system (Truong et al., 2006;
Meeks & Harrison, 1991). The UV detector was set at λ ¼ 252 nm.

2.7. Protein carbonylation

The formation of protein carbonyl groups was assessed based on the
reaction of carbonyl groups with DNPH (Levine et al., 1990). For this
purpose, tissue homogenate (1 mL of 10% w: v in KCl) was treated with
Triton X-100 (100 μL of 0.1%. v: v) and centrifuged (700 g, 10 min).
Afterward, 500 μL aliquot of the supernatant was treated with 300 μL of
10 mM DNPH (dissolved in HCl). Samples were then incubated in the
dark for 1 h (25 �C, with vortexing every 10 min). Then, 100 μL of
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trichloroacetic acid (20% w: v) was added, mixed well, and centrifuged
(10,000 g, 5 min). The supernatant discarded, and the pellet was washed
three times with 1 mL ethanol: ethyl acetate (1:1 v: v). The precipitate
was re-dissolved in 600 μL of 6 M guanidine chloride (pH ¼ 2.3) and
centrifuged (12,000 g, 5 min). Finally, the absorbance of the supernatant
was measured at λ ¼ 370 nm (EPOCH® plate reader, Highland Park,
USA) (Zhang et al., 2004; Heidari et al., 2014a).

2.8. Lipid peroxidation

Thiobarbituric acid reactive substances (TBARS) were measured as an
index of lipid peroxidation in the intestinal tissue of cirrhotic animals
(Heidari et al., 2018a; Heidari et al., 2014b; Ahmadian et al., 2017b). The
TBARS assay reaction mixture composed of 500 μL of tissue homogenate
(10% w: v in KCl, 1.15% w: v), 1 mL of thiobarbituric acid (0.375%, w:
v), and 3 mL of phosphoric acid (1% w: v, pH ¼ 2). Samples were mixed
well and heated in a water bath (100 �C, 45 min). Then, the mixture was
cooled, and then 2 mL of n-butanol was added. Samples were vortexed
(30 s), and centrifuged (10,000g for 5 min). Finally, the absorbance of the
upper phase (n-butanol phase) was read at λ ¼ 532 nm (EPOCH plate
reader, BioTek® instruments, Highland Park, USA) (Heidari et al., 2018a;
Heidari et al., 2014b).

2.9. The ferric reducing antioxidant power (FRAP) of intestinal tissue

The FRAP assay is a method to measure the formation of ferrous
(Fe2þ)-TPTZ complex from oxidized ferric (Fe3þ) ion, which forms by
the action of tissue electron-donating antioxidants (Heidari et al.,
2019a; Heidari et al., 2019b). The working FRAP solution was freshly
prepared by mixing 25 mL of acetate buffer (300 mmol/L, pH ¼ 3.6),



Fig. 4. Effect of N-acetyl cysteine (NAC) supplementation on the biomarkers of oxidative stress in the colon of bile duct ligated (BDL) rats. Data are given as mean �
SD (n ¼ 6). ***Indicates significantly different as compared with the BDL group (P < 0.001). ns: not significant.
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with 2.5 mL of ferric chloride (FeCl3, 20 mmol/L), and 2.5 mL TPTZ
(10 mmol/L; in 40 mmol/L HCl). Then, 100 μL of the tissue homog-
enate (10% w: v in Tris–HCl Buffer) was added to 900 μL of the
aforementioned FRAP working solution. The mixture was incubated in
the dark (37 �C, 5 min). Finally, samples were centrifuged (17,000 g,
2 min), and the absorbance of developed color was assessed at λ ¼
593 nm (EPOCH® plate reader, Highland Park, USA) (Alía et al.,
2003).

2.10. Statistical methods

Data are represented as mean � SD. The comparison of data sets was
performed by the one-way analysis of variance (ANOVA) with Tukey's
multiple comparisons as a post hoc test. Values of P < 0.05 were
considered statistically significant.

3. Results

Biomarkers of liver tissue and bile duct injury were significantly
increased in the serum of the BDL animals (Table 1). These data indicate
the induction of liver injury and cirrhosis in the current BDL model. On
the other hand, it was found that NAC (0.5 and 1%) and DTT (0.5 and
1%) treatment significantly decreased biomarkers of liver injury in
cirrhotic rats (Table 1).

A significant elevation in serum LPS level was detected in cirrhotic
rats (Fig. 1). It was found that NAC and DTT supplementation signifi-
cantly decreased LPS translocation to the systemic circulation in the BDL
animal model of cirrhosis (Fig. 1). The effect of NAC and DTT on serum
LPS was not dose-dependent (Fig. 1). Moreover, no significant difference
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was detected between the effects of NAC and DTT on serum LPS levels in
the current study (Fig. 1).

Biomarkers of oxidative stress were evaluated in the ileum and colon
of cirrhotic animals (Figs. 2 and 3). Significant ROS formation, protein
carbonylation, lipid peroxidation, and increased level of oxidized gluta-
thione (GSSG) were detected in the ileum and colon tissue of the BDL
group (Figs. 2 and 3). Moreover, ileum and colon GSH content were
significantly decreased, and tissue antioxidant capacity was hampered in
BDL animals (Figs. 2 and 3). It was found that oral administration of thiol
reducing agents significantly mitigated biomarkers of oxidative stress in
the ileum and colon of cirrhotic rats (Figs. 2 and 3). The effects of NAC
and DTT on tissue biomarkers of oxidative stress was not dose-dependent
in the current study (Figs. 2 and 3).

Ileum and colon histopathological changes in the BDL group involved
blunted villus, decreased villus count, decreased crypt numbers and
depth in the colon, and inflammatory response (Figs. 4 and 5). It was
found that NAC (0.5 and 1%) and DTT (0.5 and 1%) treatment signifi-
cantly alleviated intestinal histopathological alterations in cirrhotic an-
imals (Figs. 4 and 5).

4. Discussion

Cirrhosis-associated enteropathy is a serious clinical complication
(Tsiaoussis et al., 2015; Pijls et al., 2013). Intestinal injury during
cirrhosis could lead to the translocation of bacteria and endotoxin
(lipopolysaccharide; LPS) to the systemic circulation. It has been found
that a higher plasma level of LPS is associated with high mortality in
cirrhotic patients (Tsiaoussis et al., 2015; Arvaniti et al., 2010; Tandon&
Garcia-Tsao, 2008). A high rate of death (48.7%) has been reported in



Fig. 5. Effect of dithiothreitol (DTT) supplementation on the biomarkers of oxidative stress in the colon of bile duct ligated (BDL) rats. Data are given as mean � SD (n
¼ 6). *, ** & *** Indicate significantly different as compared with the BDL group (P < 0.05, P < 0.01 and P < 0.001, respectively). ns: not significant.
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cirrhotic patients with a positive serum endotoxin test (Tarao et al.,
1977). LPS is able to induce a robust systemic inflammatory response.
The progression of renal disturbances, hemodynamic alterations,
cirrhotic cardiomyopathy, and hepatic encephalopathy are also related to
high plasma LPS levels (Fukui & Wiest, 2016; Tandon & Garcia-Tsao,
2008; Tarao et al., 1977; Parks et al., 2000). Therefore, finding thera-
peutic options against bacterial LPS translocation in cirrhosis could have
significant clinical value.

The precise mechanisms involved in cirrhosis-associated intestinal
villous atrophy and gut barrier permeability are not fully understood.
However, several studies mentioned the pivotal role of oxidative stress in
gut barrier injury during cholestasis/cirrhosis (Portincasa et al., 2007;
Assimakopoulos et al., 2005; Giacometti et al., 2006; Wang et al., 2010;
Chiva et al., 2003; Assimakopoulos et al., 2015). Increased tissue level of
ROS, disturbed thiol redox state, and damaged lipids and proteins are
documented in the intestinal tissue of cirrhosis models (Portincasa et al.,
2007; Pijls et al., 2013; Assimakopoulos et al., 2005; Giacometti et al.,
2006; Wang et al., 2010). In the current BDL model of obstructive
jaundice, a significant increase in ROS level, depletion of antioxidant
capacity, and damage of lipids and proteins were evident in the ileum and
colon tissues. These data are in line with previous studies indicating the
occurrence of oxidative stress in the intestine during cholestasis/cirrhosis
(Portincasa et al., 2007; Assimakopoulos et al., 2005; Giacometti et al.,
2006; Wang et al., 2010).

On the other hand, previous investigations that assessed intestinal
tissue damage in cholestatic/cirrhotic models mainly focused on
different parts of the small intestine (Fukui & Wiest, 2016; Assim-
akopoulos et al., 2004; Wang et al., 2010). In the current study, we
evaluated both colon and ileum biomarkers of oxidative stress and
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histopathological alterations in cirrhotic animals. The microbiome flora
and blood supply of colon are different from the small intestine. A high
load of bacteria is found in the colon segment. The data obtained from the
current study revealed the increased level of biomarkers of oxidative
stress and histopathological alterations in the colon tissue of cirrhotic
rats. Therefore, colon tissue injury could be a significant issue related to
bacterial and endotoxin translocation during cirrhosis.

A wide range of pharmacological actions has been found for thiol
reducing agents (Joshi et al., 2014; Lopes de Almeida & Saldanha, 2010;
Omidi et al., 2016; Deepmala et al., 2013; Niknahad et al., 2017; Najafi
et al., 2017; Heidari et al., 2015; Tee et al., 1986; Konigsberg, 1972;
Cleland, 1964). These compounds can directly scavenge reactive species
(Lopes de Almeida & Saldanha, 2010; Najafi et al., 2017; Heidari et al.,
2015; Tee et al., 1986). On the other hand, the effects of NAC and DTT on
cellular antioxidant defense mechanisms has been repeatedly reported
(Aldini et al., 2018; Heidari et al., 2018b). The data obtained from the
current BDL model mentioned the antioxidative effects and regulation of
cellular thiol redox state as fundamental mechanisms involved in the
protective effects of thiol reducing agents in the ileum and colon of
cirrhotic animals. Previous studies also mentioned the potential thera-
peutic role of antioxidant molecules against cirrhosis-induced intestinal
injury (Portincasa et al., 2007; Assimakopoulos et al., 2005; Giacometti
et al., 2006; Wang et al., 2010). The administration of these antioxidants
could inhibit ROS-associated signaling pathways, cell death, and tissue
injury (Portincasa et al., 2007; Assimakopoulos et al., 2005; Giacometti
et al., 2006; Wang et al., 2010). It has been found that severe oxidative
stress could suppress cell growth (Zhang et al., 2003). This mechanism
might be connected to the suppressed proliferation of enterocytes during
cirrhosis. Decreased enterocytes proliferation could lead to a significant



Fig. 6. Ileum and colon tissue histopathological alterations in the bile duct ligation (BDL) model of cirrhosis. NAC: N-acetyl cysteine; DTT: Dithiothreitol. Data are
given as mean � SD (n ¼ 6). # Indicates significantly different as compared with the BDL group (P < 0.001). ns: not significant.
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decrease in height and number of villus in ileum as well as decreased
crypt depth in the colon of cirrhotic animals (Figs. 7 and 8). It has been
found that the administration of antioxidants could prevent ROS-induced
cell proliferation arrest (Zhang et al., 2003). In the current study, the
higher villus number and height in the ileum, as well as increased colon
Fig. 7. Ileum tissue histopathological alterations in bile duct ligated (BDL) rats. Signifi
the ileum of BDL animals (28 days after BDL surgery). DTT and NAC administration
histopathological alterations is given in Fig. 6.
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crypt depth in thiol-reducing agents-treated cirrhotic animals, might be
connected to the effects of these compounds on the intestinal cell
proliferation.

Previously, we found that thiol reducing agents such as DTT and NAC
could effectively protect kidney, brain, and liver tissue in animal models
cant inflammation decreased villus number, and a blunted villus was detected in
mitigated BDL-induced ileum histopathological alterations. The grade of tissue



Fig. 8. Photomicrographs of the colon in bile duct ligated (BDL) rat model of cholestasis. Colon tissue histopathological changes in BDL rats included blunted villus
and decreased villus numbers. It was found that DTT and NAC supplementation decreased cirrhosis-associated histopathological alterations in the colon of BDL
animals. The grades of tissue histopathological alterations are represented in Fig. 6.
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of acute and chronic hepatic encephalopathy and cirrhosis (Heidari et al.,
2018b; Ommati et al., 2017). The data obtained from this study revealed
that these compounds are also able to preserve intestinal tissue integrity
and prevent bacterial LPS translocation in cirrhotic animals.
Thiol-reducing agents such as NAC are FDA approved drugs for use in
clinical situations (e.g., acetaminophen poisoning). Hence, these com-
pounds could readily undergo clinical trials for the treatment of
cirrhosis-associated disorders such as intestinal injury and permeability.
The difference in the composition of rats and humans’ bile constituents
might serve as a limitation for the extrapolation of animal data to the
clinical situation. However, the BDL model has been repeatedly
mentioned as an appropriate model for investigating intestinal injury and
bacterial LPS translocation to the systemic circulation (Bedirli et al.,
2009; Lorenzo-Zu~niga et al., 2006; Kanter et al., 2016). The occurrence of
oxidative stress in the intestinal tissue of human cases of choles-
tasis/cirrhosis also has been mentioned in previous studies (Tsiaoussis
et al., 2015; Assimakopoulos et al., 2015). Therefore, the same results
could be obtained in human cases of cirrhosis-associated intestinal bar-
rier disintegrity.

The data obtained from this study suggest that the administration of
NAC and DTT could be an effective strategy for the management of
complications associated with endotoxemia in cirrhotic patients. On the
other hand, thiol-reducing agents such as NAC and DTT might also be
useful in other clinical situations such as surgery trauma and alcoholic
liver disease, which are associated with a leaky gut. Further in-
vestigations are warranted to reveal the clinical significance of these
data.
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