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Objective(s): Hepatic fibrosis is a major cause of liver-related mortality worldwide. This study 
evaluated the hepatoprotective and antifibrotic effects of inulin, a natural polysaccharide, in a rat 
model of cholestasis induced by bile duct ligation (BDL).
Materials and Methods: Thirty male Wistar rats (230–250 g) were randomly divided into six groups: 
control, sham, inulin (200 mg/kg), BDL, and BDL+ inulin (100 and 200 mg/kg). Inulin was orally 
administered for 30 days after BDL. Serum liver enzyme levels, bilirubin, and lipid profiles were 
measured. Liver tissues were analyzed for oxidative stress markers (GPx, MDA), fibrogenic mediators 
(TGF-β1, α-SMA) via immunohistochemistry, and FXR levels by ELISA. Histological changes were 
evaluated by ELISA and Masson’s trichrome staining.
Results: At 200 mg/kg, inulin significantly reversed the BDL-induced increases in serum liver enzymes 
(AST, ALT, and ALP), total bilirubin, and cholesterol (P<0.001 vs BDL group). Hepatic GPx and FXR 
levels were significantly increased (P<0.001 vs BDL group), while MDA levels were decreased 
(P<0.001 vs BDL group). Inulin markedly suppressed the expression of TGF-β1 and α-SMA (P<0.01 
vs BDL group). Histopathological evaluation showed notable improvement in liver architecture, with 
reduced fibrosis and necrosis (P<0.001 vs BDL group). 
Conclusion: These findings suggest that inulin may exert antifibrotic effects through its anti-oxidant 
activity, ultimately reducing the expression of fibrogenic markers. This study presents strong 
histological evidence to support the hepatoprotective role of inulin.
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The liver plays a vital role in the metabolism of nutrients 
and xenobiotics. Common liver disorders include viral 
hepatitis, fatty liver disease, and cholestatic fibrosis (1). 
Liver fibrosis involves excessive extracellular matrix 
(ECM) accumulation, which disrupts liver function (2). 
In cholestasis, toxic bile acids induce oxidative stress by 
generating reactive oxygen species (ROS) and activate 
hepatic stellate cells (HSCS), leading to inflammation and 
fibrosis (3, 4). Oxidative stress promotes lipid peroxidation 
and synthesis of pro-inflammatory cytokines, further 
activating HSCS (5, 6). Anti-oxidants have been shown 
to inhibit lipid peroxidation and fibrosis (7, 8). Collagen 
production in the liver is triggered by the transforming 
growth factor-β (TGF) pathway, which is activated by free 
radicals (9). TGF-β promotes ECM accumulation and 
fibrosis by inducing collagen and fibronectin synthesis (10, 
11) and inhibiting ECM degradation via overexpression 

of plasminogen activator inhibitor 1 (PAI-1)  (12). TGF-β 
binds to its receptor, activating receptor-regulated Smads 
(R-Smads), which form complexes to regulate gene 
transcription (13). Farnesoid X receptor (FXR), a bile acid-
activated nuclear receptor, is activated mainly by bile acid 
and is expressed in the liver, regulating bile acid homeostasis 
(14). FXR plays a critical role in maintaining bile acid 
metabolic homeostasis (15). FXR activation reduces liver 
fibrosis by inhibiting TGF-β1 secretion, ECM deposition, 
and inflammation by suppressing markers such as nuclear 
factor-kappa B (NF-кB) (14).

The management of cholestatic liver fibrosis requires 
novel compounds with fewer side effects than synthetic 
drugs. Inulin, a natural β-D-fructan polysaccharide 
from various plants, is biocompatible and widely used in 
pharmaceutical and food industries (16, 17). It benefits 
metabolic syndrome-related diseases such as type 2 diabetes, 
obesity, fatty liver disease, and dyslipidemia (18). The 
hepatoprotective effects of inulin have been demonstrated 
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in methotrexate and carbon tetrachloride (CCl4) models, 
attributed to its anti-apoptotic, anti-oxidant, and anti-
inflammatory properties (17, 19). Inulin also improves liver 
injury and steatosis induced by high-fat and high-sucrose 
diets, possibly by suppressing hepatic cytochrome P450 and 
hepatocyte nuclear factor 4α expression (20). However, its 
effect on BDL-induced hepatic fibrosis remains unclear. 
This study evaluated the hepatoprotective, anti-oxidant, and 
antifibrotic effects of inulin in a BDL model by measuring 
liver function, lipid profile, FXR expression, and fibrosis 
markers TGF-β and α-SMA.

Materials and Methods
Animals

A total of 30 male Wistar rats (230–280 g) with free 
access to tap water and standard pellets were used in this 
study. The animals were maintained on 12:12 hr light/
dark cycles. The protocols used for animal studies were 
based on the Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health, USA). Ethical 
approval for animal experiments was obtained from the 
Animal Ethics Committee of Tehran Medical Sciences, 
Islamic Azad University, Tehran, Iran (approval no. IR.IAU.
PS.REC.1402.134).

BDL surgery and experimental procedures
All rats were randomly divided into one of the following 

groups (n=5): (1) the control group receiving 1 milliliter (ml) 
of inulin solvent, distilled water (DW), for 30 days, once a 
day; (2) the control + 200: in this group, rats received inulin 
at the dose of 200 mg/kg orally per day in a period of 30 days; 
(3) the sham group: in this group, rats with laparotomy and 
without BDL surgery were administered 1 ml of DW once 
a day during 30 days; (4) the BDL group: rats underwent 
BDL surgery and received daily administration of 1 ml of 
DW for 30 days; (5 and 6) The BDL + 100 and BDL + 200 
groups: in these groups, animals with BDL surgery were 
given oral administration of inulin at doses of 100 and 200 
mg/kg, respectively. After inulin was dissolved in its solvent, 
DW, 1 mL was administered orally to the animals once a 
day for 30 days. Administration of inulin was commenced 
on the same day as the BDL surgery was performed. The 
appropriate doses were chosen according to previously 
published studies (17, 19). Based on a standard protocol, 
the BDL surgery was performed (21). First, animals were 
anesthetized by injection of ketamine (90 mg/kg) and 
xylazine (10 mg/kg) into the peritoneum. Subsequent to 
the incision of the abdominal midline and distinguishing 
the common bile duct, it was ligated in two parts, namely, 
before the pancreatic duct entrance and below the hepatic 
duct junction. Afterward, between the two closed areas, the 
common bile duct was incised. Then, following the addition 
of 2 mL of sterile saline into the peritoneum, the incision 
made in the abdomen was stitched. Finally, the animals 
were put on a heating pad to recover (22). In the case of 
animals in the sham group, only the abdomen was incised, 
but BDL was not performed. 

Compounds
Inulin was purchased from Alfa Aesar, USA. Commercial 

kits for measuring total bilirubin, alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), aspartate 
aminotransferase (AST), triglyceride, and cholesterol were 
purchased from Pars Azmoon Company, Iran. The assay 
kits for activity assessment of glutathione peroxidase (GPx) 
and liver malondialdehyde (MDA) level were procured 

from Navand Salamat Company (Iran) and Teb Pazhouhan 
Razi (Iran), respectively. The Elisa assay kit for FXR was 
provided by Abbexa Company, UK. TGF-β1 and α-SMA 
were evaluated using IHC kits obtained from Abcam, UK.

Sampling and biochemical evaluations
The rats underwent an 18-hr fast after completing the 

animal experiments. The whole liver of the animals and 
blood samples were extracted after each animal was given 
a combination of ketamine (90 mg/kg) and xylazine (10 
mg/kg) to induce anesthesia. Subsequently, a ketamine 
and xylazine overdose was used to euthanize each rat. 
For histological evaluation, a piece of liver tissue was 
immediately fixed in 10% formaldehyde. An additional 
piece of liver tissue was homogenized to assess GPx activity, 
MDA levels, and FXR protein levels.

In order to prepare the serum, animal blood samples were 
collected and then kept for half an hour at room temperature. 
They were then centrifuged at 1000 × g for 10 min at 37 
°C. Using commercial kits, the following parameters were 
measured in serum: triglycerides, cholesterol, AST, ALT, 
ALP, and total bilirubin (23, 24). 

Determining the activity of GPx and MDA levels in liver 
tissue

The glutathione peroxidase (GPx) assay kit was utilized 
to determine the GPx activity in liver homogenate. In 
this method, GPx reduces cumene hydroperoxide by first 
oxidizing GSH to GSSG. Next, GSSG is reduced to GSH by 
glutathione reductase enzyme using NADPH. In this reaction, 
the amount of consumed NADPH is used as a marker to 
estimate GPx activity, which was measured at 340 nm.

The MDA level, an indicator of oxidative stress, was 
measured using the commercial kit R (Teb Pazhouhan Razi, 
Tehran, Iran) according to the manufacturer’s protocol. 
Briefly, in this method, MDA in the samples reacted with 
thiobarbituric acid (TBA). Then, tubes were incubated 
in boiling water for 1 hr. Subsequently, the cooled tubes 
underwent centrifugation for a duration of 10 minutes at 
a speed of 10000 × g at 4 °C, followed by measuring the 
absorbance at 532 nm.

Assessment of hepatic levels of FXR
With the particular primary antibody and HRP-

conjugated secondary antibody acquired from Abbexa 
Company, UK, the FXR level was assessed in the liver using 
the sandwich ELISA technique. The final findings were 
displayed as ng/ml protein.

Histopathological examination
To detect the histopathological changes, such as bile-

duct hyperplasia, inflammation, necrosis, and fibrosis, MT 
staining was employed. Each sample received a single score 
based on the average of 10 random fields per slide (25). The 
following scoring system was used to determine the degree 
of liver damage: necrosis: no necrosis is defined by score 0; 
focal necrosis in less than 25% of the liver is determined by 
score 1; focal necrosis in 25% to 50% of the liver is shown 
by score 2; extensive but focal necrosis is indicated by score 
3; and global hepatocyte necrosis is demonstrated by score 
4. Fibrosis: 0 for none; 1 for portal fibrosis; 2 for septal 
formation; 3 for prominent bridging fibrosis; and 4 for 
cirrhosis. Hyperplasia of the biliary ducts: 0 illustrates none; 
1 illustrates hyperplasia in less than 25% of each lobule of 
the liver; 2 illustrates hyperplasia in 25 to 50% of each lobule 
of the liver; 3 illustrates extensive but focal hyperplasia of 
the biliary ducts; and 4 illustrates global ductal hyperplasia. 
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Inflammation: 0 represents no inflammation; 1 represents 
focal inflammation in less than 25% of the liver; 2 represents 
focal inflammation in 25% to 50% of the liver; 3 represents 
extensive but focal inflammation; and 4 represents global 
inflammation (26).

Immunohistochemistry (IHC) staining
Using the IHC technique, liver expressions of TGF-β1 

and α-SMA proteins were assessed. Concisely, a graded 
alcohol series was used to hydrate deparaffinized liver 
sections. Following BSA blocking, the sections were 
incubated overnight at 4 °C with the TGF-β1 and α-SMA 
primary antibodies (1:100 dilution). The slides were then 
rinsed with TBS and left at room temperature for an hour 
while the secondary antibody was incubated. The DAB 
(3,3′-diaminobenzidine) chromogen was used to assess 
immunoreactivity. IHC images were evaluated using an 
Olympus BX43 light microscope (Hamburg, Germany). 
The expression of TGF-β1 was determined consistent with 
the positive cells’ percentage and scored as follows: Negative 
TGF-β1 expression (score 0) occurs when the proportion of 
positive cells in total cells is less than 10%; 10-25%, TGF-β1 
expression is weak (score 1); 26-50%, TGF-β1 is moderately 
expressed (score 2); 51-75%, a higher level of TGF- β1 
expression (score 3); and levels above 75% are the highest 
level of TGF- β1 expression (score 4). Additionally, based on 
the percentage of positive cells, the liver α-SMA expression 
was assessed and categorized as follows: expression of 
α-SMA in < 3% of cells (score 0); α-SMA expression in 
3–33% of cells (score 1); expression of α-SMA in 34–66% of 

cells (score 2); and α-SMA expression in more than 66% of 
cells (score 3).

Statistical analyses 
Mean ± SEM was used to present the data. To examine 

the statistical variances among the experimental groups, a 
one-way ANOVA and a Tukey post hoc test were applied. 
SPSS software (version 24) was utilized to perform data 
analysis. Statistics were considered significant when the 
P-value was <0.05.

Results
Biochemical analysis 

Based on Figure 1, compared with the sham group, BDL 
significantly increased serum biomarkers of liver injury, 
including AST, ALT, and ALP (P<0.001 for all variables). 
After receiving a dose of 200 mg/kg of inulin, the elevated 
liver levels of AST, ALT, and ALP in the BDL animals 
were significantly reduced (P<0.001 for all variables). As 
demonstrated in Figure 1, the animals undergoing BDL 
surgery had significantly higher serum total bilirubin 
levels (P<0.001) than the sham group. When inulin at 
a dose of 200 mg/kg was administered to BDL animals, 
the serum total bilirubin level was significantly reduced 
(P<0.001). Moreover, compared with the sham group, BDL 
significantly increased serum cholesterol levels (P<0.001), 
while it did not alter serum triglyceride levels substantially. 
Comparing the BDL group to the inulin-treated group, 
Figure 2 illustrates that administering inulin at a dose of 200 

Figure 1. Evaluating the differences in the serum concentrations of the rat liver indices in the experimental groups such as AST (A), ALT (B), ALP (C), and 
total bilirubin (D)
The serum AST, ALT, ALP, and total bilirubin levels in BDL animals were considerably reduced by inulin at 200 mg/kg. ***P<0.001 versus the sham group, +++P<0.001 compared 
with the BDL group (n= 5). AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; ALP: Alkaline phosphatase; BDL: Bile duct ligation.

Figure 2. Triglyceride (A) and cholesterol (B) levels in the serum of rats
At 200 mg/kg, inulin could markedly lower the serum cholesterol level in BDL animals. ***P<0.001 versus the sham group, +++P<0.001 in contrast to the BDL group (n= 5). 
BDL: Bile duct ligation.
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mg/kg considerably reduced the serum cholesterol levels.
The liver of the BDL group showed significantly higher 

MDA levels and lower GPx activity compared with the 
sham group, as shown in Figures 3A and 3 B (P<0.001 for 
both variables). When 100 and 200 mg/kg of inulin were 
administered to animals that had undergone BDL surgery, 
there was a significant reduction in MDA levels (P<0.05 and 
P<0.001, respectively) compared with the BDL group; in 
addition, GPx activity increased (P<0.001 for both doses). 
Furthermore, no statistically significant variations were 
observed in the levels of the aforementioned investigated 
parameters among the three groups: the control group, the 
inulin-treated control group, and the sham group. According 
to the findings, the 200 mg/kg dose was the most effective 
for lowering hepatic indices, modifying lipid profiles, and 
increasing anti-oxidant potential.

Inulin improved liver fibrosis
Results indicate that the BDL group had significantly 

higher histological scores for liver injury than the sham 
group did. Additionally, the livers of BDL animals 
treated with inulin at 100 and 200 mg/kg showed a 
significant improvement in histopathologic scores (Table 
1). Hepatocyte necrosis, ductal hyperplasia, collagen 
deposition, and lymphocyte infiltration—all indicators of 
liver fibrosis—were seen in the BDL animals according to 
histological data derived from MT staining. The fibrosis 
indices, as mentioned earlier, were markedly decreased in 
BDL animals fed with inulin at doses of 100 and 200 mg/
kg. Furthermore, compared with the control group, no 
histological abnormalities were found in the livers of the 
sham group or the control + inulin group. Hepatocytes, 
sinusoids, and the portal tract were all intact, indicating 
normal liver histology (Figure 4). In the control, sham, 

Figure 3. Evaluating the rat liver levels of MDA (A) and liver GPx activity (B)100 and 200 mg/kg of inulin significantly decreased MDA level in the animals undergoing BDL surgery
Both doses of inulin could also increase the GPx activity. ***P<0.001 in contrast to the sham group, +P<0.05 and +++P<0.001 compared with the BDL group (n= 5). BDL: Bile duct 
ligation; GPx: Glutathione peroxidase; MDA: Malondialdehyde.

BDL+ 200 mg/kg inulin BDL+ 100 mg/kg inulin BDL Sham Control+200 mg/kg inulin Control  

+++1.11+0.40 ++2.03+0.11 ***0.20+ 3.06 0 0 0 Necrosis 

+++1.00+0.12 +++2.00+0.10 ***0.18+ 3.70 0 0 0 Inflammation 

+++1.96+0.11 +++1.98+1.00 ***0.11+ 3.81 0 0 0 Collagen deposition 

+++0.98+0.02 +++1.91+0.21 ***3.64+0.10 0 0 0 Ductal hyperplasia 

 

  

Table 1. Rat hepatic injury score

Figure 4. Rat hepatic fibrosis assessment through MT staining
(A) Control (×400, MT staining), (B) Control + inulin at the dose of 200 mg/kg (×400, MT staining), (C) Sham (×400, MT staining), (D) BDL (×400, MT staining), (E) BDL + 
inulin at the dose of 100 mg/kg (×400, MT staining), and (F) BDL + inulin at the dose of 200 mg/kg (×400, MT staining)
The hepatic tissue in the control, control + inulin group, and sham group (A and B) showed no histological abnormalities, and the hepatocytes (arrowheads) surrounding the CV, 
as well as the CV, were normal. The liver of the BDL group showed signs of widespread bridging fibrosis (arrow) and ductal hyperplasia (arrowheads) (D). Treatment with inulin 
markedly improved liver fibrosis (E and F).
BDL: Bile duct ligation; CV: Central vein; MT: Masson trichrome

***P<0.001 versus the sham group, ++P<0.01, and +++P<0.001 in contrast to the BDL group. BDL: Bile duct ligationCorr
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and inulin 200 mg/kg groups, the liver sections exhibited 
normal lobular architecture without necrosis, inflammation, 
fibrosis, or bile ductular hyperplasia, consistent with the 
morphology of healthy rat livers. Therefore, the histological 
parameters in these groups received a score of 0, consistent 
with expected normal tissue features.

All histological images were obtained from comparable 
lobular regions across all experimental groups. Although 
the periportal areas in the BDL and treatment groups 
may appear different due to ductular proliferation, these 
structures represent proliferated bile ducts replacing necrotic 
hepatocytes rather than the true portal tracts. Thus, equivalent 
hepatic regions were used for histopathological comparisons.

Inulin increased the expression of FXR in the liver tissue of 
animals with BDL surgery

The ELISA assay was used to quantify FXR expression. 
Compared to the sham group, BDL surgery resulted in a 
significant decrease in the liver FXR content (P<0.001). In 
comparison to the BDL group, our findings demonstrated 
that the FXR content increased in BDL animals when inulin 
(at both doses) was used (P<0.001) (Figure 5).

Inulin attenuated liver expressions of TGF-β1 and α-SMA 
proteins in BDL animals

The control group, the inulin-consuming control group, 
and the sham group did not exhibit TGF-β1 expression in 
hepatocytes surrounding the central vein (CV) or in other 
hepatocytes (Figure 6). On the other hand, elevated TGF-β1 
levels were observed in the hepatocytes of the BDL group. 
Comparing the BDL group with the treatment groups, 
the administration of inulin at the high dose (200 mg/kg) 
significantly decreased the expression of TGF-β1 (P<0.01) 
(Figure 6 and Table 2).

According to the information presented in Figure 7 and 
Table 3, histopathological evaluation revealed no α-SMA 
expression in the control, inulin-fed control, and sham 
groups. Conversely, the BDL group exhibited a significant 
α-SMA expression in both hepatocyte cells and hyperplastic 
biliary ducts. When comparing the treatment groups 
with the BDL group, inulin at the high dose significantly 
decreased α-SMA expression (P<0.01).

Figure 5. ELISA evaluation of rat FXR protein
100 and 200 mg/kg of inulin significantly augmented the FXR expression in the 
animals undergoing BDL surgery. ***P<0.001 in contrast to the sham group, 
+++P<0.001 compared with the BDL group (n= 5). BDL: Bile duct ligation; FXR: 
Farnesoid X receptor.

Figure 6. IHC evaluation of (×400) TGF-β1 expression in rat groups
(A) control group, (B) control + 200 mg/kg inulin, (C) sham group, (D) BDL, (E) BDL + 100 mg/kg inulin, and (F) BDL + 200 mg/kg inulin. Protein expression of TGF-β1 in 
liver fibrosis induced by BDL was reduced by inulin at the dose of 200 mg/kg. Expression of TGF-β1 in hepatic tissue is demonstrated by brown staining, as shown by arrowheads. 
BDL: Bile duct ligation; CV: Central vein; TGF-β: Transforming growth factor-β1; IHC: Immunohistochemistry

BDL+ 200 mg/kg inulin BDL+ 100 mg/kg inulin BDL Sham Control+200 mg/kg inulin Control Groups 

++0.21 ±2.00 2.99± 0.29 ***0.11 ±3.31 0 0 0 Score of TGF- expression 

 

  

Table 2. Comparing the expression of TGF-β1 in hepatic tissues among various rat groups

The symbol *** denotes a significant difference (P<0.001) when compared to the sham group, whereas ++ indicates significant differences (P<0.01) in relation to the BDL model.
BDL: Bile duct ligation; TGF-β: Transforming growth factor-β1

Corr
ect

ed
 Proo

f



Iran J Basic Med Sci, 2026, Vol. 29, No.

Habibian-Fard et al. Hepatoprotective effects of inulin

6

Discussion
The present investigation assessed the anti-fibrotic and 

hepatoprotective effects of inulin in BDL-induced liver 
fibrosis. Serum ALT, ALP, and AST levels were measured 
to indirectly assess liver status. In response to BDL, serum 
ALT, ALP, and AST levels were increased significantly. 
Detergent effects of bile acids on lipid molecules appear to 
be what promotes the disruption of cell membranes (27). 
Additionally, specific alterations in lipids, proteins, and 
nucleic acids are brought about by bile acid accumulation-
induced production of ROS, which ultimately damages 
hepatocyte cells (28). As a result, the bloodstream is exposed 
to high concentrations of ALP, ALT, and AST released by 
damaged hepatocytes (29-31). When inulin was given to 
BDL rats, we observed significant reductions in serum AST, 
ALT, and ALP. This aligns with previous animal studies (19, 
32-34) that also showed reductions in hepatic enzymes after 
inulin treatment. For example, in a murine NAFLD model, 
inulin modulated gut microbiota and inhibited TLR4/NF-
κB/NLRP3 signaling, leading to lower ALT and improved 
liver enzymes (33, 34). Moreover, a clinical study in NAFLD 
patients found that ALT levels decreased following inulin 
supplementation, which was linked to restoring microbiota 
balance (35).

Another parameter in this study whose serum level 
increased following BDL surgery was total bilirubin. A 
rise in serum total bilirubin levels is the main indicator of 
cholestasis. Conjugated bilirubin would efflux back into 
the circulation due to decreased excretion into the bile 
subsequent to cholestasis. Bilirubin appears to regurgitate 

into the bloodstream due to compromised tight junctions 
between hepatocytes (36). Oral inulin administration could 
potentially lower serum total bilirubin levels in animals 
with BDL, demonstrating the anti-oxidant properties and 
its ability to preserve cellular membrane integrity.

Lipid peroxidation and oxidative stress are indicated 
by the accumulated MDA in tissues. Lipid peroxidation 
impairs membrane integrity, alters permeability and fluidity, 
disrupts ion transport, and inhibits metabolic activity (37, 
38). This oxidative stress biomarker, MDA, has previously 
been reported to be elevated in the BDL model (38, 39), 
findings that are also consistent with our results. Anti-
oxidant enzymes, such as catalase, superoxide dismutase 
(SOD), and GPx, can protect cellular constituents from 
ROS-induced damage (39). GPx is an essential enzyme that 
catalyzes hydrogen peroxide reduction (38). The amount of 
this enzyme decreases in animals that have undergone BDL 
surgery (39), as observed in our study. Our observation 
that inulin lowers MDA and enhances GPX activity in BDL 
animals is consistent with earlier reports (19, 32, 40). For 
instance, Kalantari et al. reported similar anti-oxidant effects 
in CCl4-induced hepatic injury (19), and others confirmed 
these in different liver damage models. (32, 40). Feeding 
mice an inulin-based diet increased Bacteroidetes levels in 
their gut microbiota. This, in turn, resulted in a notable rise 
in short-chain fatty acids (SCFAs) in the portal vein of the 
animals. Propionic acid showed the highest increase among 
the SCFAs. Notably, inulin-induced propionic acid played a 
crucial role in mitigating liver ischemia-reperfusion injury. 
It exerted anti-oxidative and anti-inflammatory effects, 

Figure 7. IHC evaluation of (×400) α-SMA expression in rats
(A) control group, (B) control + 200 mg/kg inulin, (C) sham group, (D) BDL, (E) BDL + 100 mg/kg inulin, and (F) BDL + 200 mg/kg inulin. Protein expression of α-SMA in 
liver fibrosis induced by BDL was reduced by inulin at the dose of 200 mg/kg. Expression of α-SMA in hepatic tissue is demonstrated by brown staining, as shown by arrowheads. 
α-SMA: Alpha-smooth muscle actin; BDL: Bile duct ligation; CV: Central vein.

BDL+ 200 mg/kg inulin BDL+ 100 mg/kg inulin BDL Sham Control+200 mg/kg inulin Control 
Groups 

++0.12 ±2.02 2.83± 0.33 ***0.11 ±2.97 0 0 0 
-SMA expression 

 

Table 3. Comparing the expression of Alpha-smooth muscle actin (α-SMA) in hepatic tissues among various rat groups

The symbol *** denotes a significant difference (P<0.001) when compared to the sham group, whereas ++ indicates significant differences (P<0.01) in relation to the BDL model.
BDL: Bile duct ligation
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effectively suppressing ischemia-reperfusion-induced liver 
cell death (41).

Significant alterations in the lipid profile and 
hyperlipidemia are concomitant with cholestasis. A 
decrease in serum HDL levels and increases in serum LDL 
and total cholesterol levels occur following cholestasis and 
bile duct obstruction (42, 43). High serum cholesterol and 
hypercholesterolemia are caused by abnormalities in the 
removal of cholesterol and bile salts from the body (44). 
Furthermore, after cholestasis, 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase activity increases, 
thereby increasing hepatic cholesterol synthesis. A number 
of transporters that carry cholesterol from the liver to the 
blood are overexpressed during cholestasis (45). The primary 
protein component of HDL, apolipoprotein AI (apoA-I), is 
less synthesized in cholestasis, thereby lowering HDL levels 
in serum (46). The research has also shown that chronic 
inflammation boosts lipid metabolism abnormalities, 
leading to steatosis and steatohepatitis (34). According to 
the current study, inulin could lower serum cholesterol 
levels in BDL animals. This finding is consistent with other 
studies using different animal models (33, 47). In NAFLD, 
inulin increased beneficial bacteria in the gut microbiota, 
leading to reduced liver damage and modulation of the lipid 
profile (33). The findings of a study revealed that synthetic 
inulin effectively decreases liver triglycerides and cholesterol 
levels when compared to a cafeteria diet group. The livers of 
rats fed the cafeteria diet exhibited increased mRNA levels 
of fatty acid synthase and acetyl-CoA carboxylase, both of 
which play roles in regulating de novo lipogenesis. However, 
dietary inulin resulted in a reduction of the mRNA levels 
of fatty acid synthase and acetyl-CoA carboxylase synthase. 
Consequently, this led to the inhibition of liver synthesis of 
fatty acids. Inulin intake decreases the transcription factors 
sterol regulatory element-binding protein 1 (SREBP1) 
and carbohydrate-responsive element-binding protein 
(ChREBP), which activate genes necessary for fatty acid 
synthesis (47). 

Additionally, the current investigation demonstrated 
that inulin significantly attenuated histologic abnormalities, 
including collagen deposition, ductal hyperplasia, 
hepatocellular necrosis, and inflammatory cell infiltration 
(Table 1). Hepatic H&E assay also previously indicated 
that inulin had a significant positive impact on alcoholic 
steatohepatitis by modulating gut microbiota dysbiosis and 
inhibiting inflammation (34).

Activation of FXR signaling, triggered by bile acids in the 
intestine and liver, has been shown to have anti-inflammatory 
effects in macrophages, intestines, and hepatocytes. This is 
achieved by inhibiting NF-κB translocation to the nucleus 
and by counteracting the induction of NF-κB-dependent 
pro-inflammatory cytokines (48, 49). Additionally, FXR 
plays a direct role in lipid metabolism. It reduces the 
expression of SREBP-1 and ChREBP, which are essential 
for lipogenesis (50), and enhances lipoprotein lipase (LPL) 
activity (51). Activation of FXR led to a reduction in renal 
Smad3 levels. Smad3 is an essential molecule that enhances 
collagen production and thus facilitates the development of 
fibrosis (52). We found that inulin significantly upregulated 
FXR in BDL rats, corroborating the findings of Wang et al. 
(53). Studies with FXR agonists, such as obeticholic acid, have 
demonstrated reductions in TGF-β1 levels, HSC activation, 
and fibrosis in models of toxic cirrhosis (54). These findings 
suggest that FXR modulation is a plausible mechanism in 

our model. TGF-β plays a crucial role in activating HSCs, 
which ultimately leads to the accumulation of ECM and 
the development of fibrosis (10, 11). BAR704 is an FXR 
agonist with selective activity that effectively inhibits liver 
fibrosis by disrupting the TGFβ-Smad3 signaling in HSCs 
(54). Research has shown that inulin significantly reduced 
α-SMA expression, thereby preventing colonic fibrosis 
induced by irradiation in vivo (55).

Inulin reduced oxidative stress and the expression of 
TGF-β1 and α-SMA, according to the results of this study. 
Prior studies have documented a reciprocal relationship 
between ROS and the TGF-β1 pathway (9). ROS can activate 
the TGF-β1 signaling pathway. Following that, TGF-β1 
triggers various pathways, including Smad-dependent 
and Smad-independent pathways (e.g., c-Jun N-terminal 
kinases (JNK) and PI3K) (56). Profibrotic genes like COL1, 
α-SMA, and NADPH oxidase (NOX4) are transcriptionally 
induced by activated TGF-β1 signaling. Increased NOX4 
expression leads to increased ROS production. In addition 
to activating JNK and NF-кB (9, 57, 58), ROS also increases 
the oxidation of DNA bases, causing irreversible damage. 
The combination of these events promotes myofibroblast 
development and excessive ECM deposition, ultimately 
leading to fibrosis (9). The current investigation suggests 
that inulin may have hindered the progression of liver 
fibrosis by reducing oxidative stress and increasing FXR 
expression, thereby inhibiting TGF-β1 signaling. 

Conclusion
BDL surgery considerably raised liver enzymes and 

altered the lipid profile. In addition to detecting histological 
abnormalities, liver anti-oxidant activity was decreased 
following BDL surgery. TGF-β1 and α-SMA expression 
was also augmented following BDL, while FXR level was 
reduced. In inulin-fed animals, biochemical variables 
were significantly restored. The findings demonstrate that 
inulin prevented and ameliorated cholestatic liver fibrosis, 
potentially by lowering oxidative stress, increasing FXR 
expression, and ultimately preventing the TGF-β1 pathway.
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