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Abstract 

 
Background and purpose: Non-alcoholic fatty liver disease (NAFLD) is a chronic metabolic condition 
characterized by the accumulation of excess fat in the liver, which can ultimately lead to fibrosis and cirrhosis. 
This study investigated the impact of resveratrol on the signaling pathways miR-141/SIRT1/AMPK/TGF-
β/Smad3 in fatty liver of male C57/BL6 mice. 
Experimental approach: Twenty-one male C57/BL6 mice were acclimatized for 10 days and divided into               
3 groups (n = 7), including control, NAFLD, and NAFLD + resveratrol groups. After an 8-week HFD to induce 
NAFLD, the mice were treated with resveratrol (100 mg/kg/day; oral gavage) for 8 weeks. At the end of the 
study (16 weeks), serum and liver tissue samples were collected. Gene expression was assessed using RT-
PCR, while protein levels were analyzed via Western blotting. Statistical analysis was performed using SPSS 
16. 
Findings/Results: The results of the study showed that the expression levels of the genes Smad3 and miRNA-
141 were significantly reduced in the resveratrol-treated group compared to the NAFLD group, while the 
expression levels of SIRT1 and TGF-β were significantly increased. In addition, the Western blot results 
indicated that the levels of the proteins P-AMPK and SIRT1 in the resveratrol-treated group were significantly 
higher compared to the NAFLD group. Furthermore, a significant reduction in fat accumulation and 
degeneration was observed in the histopathological findings of the liver in the resveratrol-treated group. 
Conclusion and implications: The study concluded that resveratrol has the potential to reduce liver damage 
from NAFLD by modulating various signaling pathways, particularly TGF-β/Smad3, SIRT1/AMPK, and 
miRNA-141, leading to improved lipid metabolism and reduced hepatic steatosis. While the findings 
underscored the multifaceted therapeutic effects of resveratrol, further research and clinical trials are necessary 
to fully understand its mechanisms and applications in humans. 
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INTRODUCTION 

 
Non-alcoholic fatty liver disease (NAFLD) 

is characterized by lipid metabolism disorders 
and excessive fat accumulation in liver cells, 
making it one of the most prevalent chronic 
liver disorders (1). It is estimated that over 25% 

of the global population suffers from NAFLD, 
and its prevalence is increasing in developing 
countries due to lifestyle changes (2,3).  
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NAFLD is also shown to be more prevalent 
in populations where type 2 diabetes (T2DM), 
insulin resistance, and obesity are more 
widespread (4). The spectrum of NAFLD 
includes simple steatosis, characterized by fat 
accumulation without inflammation, and                 
non-alcoholic steatohepatitis (NASH), which 
involves both fat accumulation and 
inflammation, representing a variety of liver 
disorders (2,4). In the early stages of NAFLD, 
due to the increased influx of free fatty acids 
into the liver, enhanced lipogenesis, and 
reduced oxidation and disposal of fat, 
lipotoxicity occurs, leading to oxidative stress, 
immune system activation, inflammation, and 
ultimately hepatocyte cell death (5). In 
advanced stages, the excessive activation of 
immune cells results in a sustained 
inflammatory state, pushing the liver toward 
fibrosis and cirrhosis (5,6). 

Studies have identified several factors, 
including insulin resistance, T2DM, metabolic 
syndrome, and obesity, as the primary drivers 
of NAFLD (6). However, the underlying causes 
of this disease remain elusive. In recent years, 
special attention has been paid to the molecular 
pathways involved in NAFLD. Among these, 
the sirtuin1(SIRT1)/AMP-activated protein 
kinase (AMPK) and transforming growth 
factor-β (TGF-β)/Smad3 pathways play critical 
roles in regulating inflammation and lipid 
metabolism (7,8). It has been shown that SIRT1 
increases fatty acid oxidation and improves 
insulin sensitivity through the activation of the 
AMPK pathway (7). Moreover, SIRT1 is 
recognized as a key regulator of inflammation 
and oxidative stress (9), while the TGF-
β/Smad3 signaling pathway is directly involved 
in the fibrotic processes of the liver, playing a 
crucial role in the progression toward fibrosis 
and cirrhosis (8,10). Chen et al. showed that 
acetylated Smad3 plays a crucial role in tissue 
fibrosis in dilated cardiomyopathy, whose 
levels can be increased by TGF-β1 and 
decreased by activating histone deacetylase, 
such as Sirt (11). Alongside the signaling 
pathways, recent studies have highlighted the 
role of microRNAs (miRNAs) as key regulators 
of the signaling processes. miRNA-141 is one 
of the most important miRNAs involved in the 
regulation of the Smad3/TGF-β and 
SIRT1/AMPK pathways, and the progression 

of diseases such as cancer, cardiovascular and 
liver (12). Wang et al. showed that miR-141 
down-regulated in endometrial tissues inhibits 
TGF-β1-induced epithelial-mesenchymal 
transition and cell invasion, suggesting its 
potential as a protective factor against 
endometriosis (13). Previous studies showed 
that high glucose concentration increases                  
miR-14  levels and decreases SIRT1 mRNA and 
protein levels, as well as AMPK 
phosphorylation in HepG2 cells (12). Due                   
to its critical role in NAFLD, miRNA-141 has 
attracted significant attention from researchers. 

Given the severe side effects and irreversible 
damage caused by chemical drugs, researchers 
have increasingly turned their focus to natural 
plant-based treatments such as resveratrol, 
which is a polyphenolic substance found 
abundantly in grapes. Previous studies have 
demonstrated that resveratrol has significant 
antioxidant and anti-inflammatory  effects, 
largely due to its polyphenolic structure (14). 
Resveratrol activated SIRT1, which directly 
bound to Smad3 and promoted its 
deacetylation, leading to a decrease in collagen 
type I and III expression in dilated 
cardiomyopathy (11). Rashidi et al. 
demonstrated that resveratrol reduced fibrosis 
and steatosis in a model of NAFLD by 
inhibiting TGF-β-Smad3 metabolism (15). 

Despite numerous studies demonstrating the 
efficacy of resveratrol in modulating various 
signaling pathways associated with metabolic 
diseases, there was a clear gap regarding the 
effect of resveratrol on multiple signaling 
pathways and the interaction of miRNA-141 in 
the pathways in the fatty liver model. Given the 
medicinal effects of resveratrol and the link 
between miRNA-141 and NAFLD, we were 
motivated to conduct the present study, aimed 
at investigating the effects of resveratrol on the 
expression of SIRT1, AMPK, Smad3, and 
TGF-β genes and the regulation of miRNA-141 
in an animal model of NAFLD. 
 

MATERIALS AND METHODS 
 
Materials 

Resveratrol was obtained from Sigma-
Aldrich (St Louis, USA). The high-fat diet 
(HFD), formulated with 60% fat, 20% crude 
protein, 20% carbohydrate, and an energy 
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density of 5.21 kcal/g, was purchased from 
New Jersey (Cat. No. D12492, New Brunswick, 
NJ, USA). The standard chow diet (SCD), 
formulated with 6.2% fat, 18% crude protein, 
4% crude fiber, 45% carbohydrate, and an 
energy density of 3.1 kcal/g, was prepared from 
Madison (Cat. No. Teklad 7013, Madison, WI, 
USA). 
 
Animals 

A total of 21 male C57/BL6 mice (weighing 
15-18 g) were purchased from the Laboratory 
Animal Center (Iran University of Medical 
Sciences, Tehran, Iran). Animals were kept in a 
room with a 12-h light/dark cycle, a regulated 
temperature of 20-26 °C, and a humidity level 
of 55 ± 5% (Laboratory Animal Center, Iran 
University of Medical Sciences, Tehran, Iran). 
Standard laboratory cages were used to 
acclimate the mice for 10 days. During                          
this period, they had ad libitum access to                     
SCD and water. This study was approved by            
the Ethics Committee of Iran University                          
of Medical Sciences (Ethical code: 
IR.IUMS.FMD.REC.1399.065) and conducted 
according to the animal experimental criteria 
authorized by the National Institutes of Health 
in the United States (NIH, 1978). 
 
Experimental design 

Following a 10-day period of acclimation, 
the mice were divided into 3 groups at random 
(n = 7), using a block randomization method. 
Group 1 fed with an SCD (control); group 2 fed 
with an HFD (NAFLD); group 3 fed with an 
HFD and treated with resveratrol (NAFLD + 
resveratrol). To induce NAFLD, the animals 
received the HFD for 8 weeks. After this period, 
2 animals  were randomly selected and 
sacrificed to confirm the induction of NAFLD 
via biochemical tests and liver tissue pathology. 
Once NAFLD was confirmed, the mice were 
treated with resveratrol at a dose of                              
100 mg/kg/day via oral gavage for 8 weeks 
(3,16-18). Notably, control and NAFLD groups 
received normal saline concurrently during the 
treatment period. 
 
Sample collection 

At the end of a 16-week period of study, the 
animals were deeply anesthetized with a single 

dose  of ketamine (75 mg/kg; intraperitoneally) 
and xylazine (10 mg/kg; intraperitoneally). 
Blood samples were collected from the inferior 
vena cava. To extract the serum, the drawn 
blood was centrifuged for 10 min at 4 °C and 
3000 rpm. The serum samples were then stored 
at -20 °C for subsequent analysis of the relevant 
biochemical parameters. Following blood 
collection, the liver tissues were rapidly 
excised, rinsed in cold saline, and immediately 
frozen in liquid nitrogen. The frozen liver 
samples were then stored at -80 °C for future 
analyses. 

 
Histopathology of the liver 

To maintain tissue morphology, livers were 
meticulously removed and promptly preserved 
in 10% neutral-buffered formalin. The samples 
underwent a 24-h fixation phase before being 
dehydrated and cleared in xylene using a 
succession of ethanol solutions with 
progressively higher concentrations (70%, 
80%, 90%, and 100%). Subsequently, paraffin 
blocks were used to insert the dried tissues. A 
rotary microtome (Leica RM2235, Leica 
Microsystems, Germany) was used to cut 
sections of the paraffin-embedded liver tissues 
that were 4-5 µm thick. Following their 
mounting on glass slides and xylene 
deparaffinization, the thin slices were 
rehydrated using decreasing ethanol 
concentrations (100%, 90%, 80%, and 70%) to 
water. The tissue slices were stained with 
hematoxylin and eosin in order to evaluate the 
overall liver architecture and identify any 
pathological alterations. The liver tissue 
samples were examined by a veterinary 
pathologist in a blinded manner. A microscope 
was used to view the stained slides. This                  
study used the Brunt scoring system or 
NAFLD/NASH based on the presence of 
steatosis (fat), ballooning degeneration of 
hepatocytes, and lobular/portal inflammation, 
as well as fibrosis. Steatotic hepatocytes 
contain large lipid vacuoles that displace the 
nuclei to the periphery of the cells. Ballooning 
degeneration is characterized by enlarged and 
swollen hepatocytes with granular material in 
the cytoplasm, which represents collapsed 
cytoskeleton (19,20). The grades of steatosis 
included grade 1 (≤ 33%), grade 2 (33-66%), 
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and grade 3 (≥ 66%). The degree of lobular 
inflammation was scored from 0-3 based upon 
the number of foci that showed lobular 
inflammation per 20× fields (Table 1). The 
degree of portal inflammation (Table 2) was 
assigned as follows: 0 (none), 1 (mild),                           
2 (moderate), and 3 (marked). Lastly, the 
fibrosis was staged as follows: 0 (no fibrosis), 1 
(perisinusoidal fibrosis), 2 (periportal and 
perisinusoidal fibrosis), 3 (bridging fibrosis), 
and 4 (cirrhosis). The final report included the 
activity grade scored as mild (grade 1), 
moderate (grade 2), or severe (grade 3) and the 
stages of fibrosis, including 1-4 (20) (Table 3). 
 
Gene expression analysis 

RNA extraction was the first step in the 
procedure to evaluate gene expression. A 
homogenizer was used to homogenize 50 mg of 
frozen liver tissue in liquid nitrogen. TRIzol 
reagent (Yekta Tajhiz, Iran) was used to extract 
total RNA in accordance with the manufacturer’s 
instructions. A NanoDrop spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA) was 
used to determine the RNA purity, and 1% 

agarose gel electrophoresis was used to assess 
the extracted RNA quality and integrity. 
Following the manufacturer’s instructions, 
high-quality RNA was then reverse-transcribed 
into complementary DNA (cDNA) using a 
cDNA synthesis kit (DNAbiotech, Iran). 

Using an ABI Step-One system (Applied 
Biosystems, USA) and a Real Plus 2× Master 
Mix Green (Amplicon, Denmark), real-time 
PCR (RT-PCR) was used to measure gene 
expression. A 10-min initial denaturation at              
95 °C was followed by 40 cycles of 
denaturation at 95 °C for 15 s, annealing at        
65 °C for 30 s, and extension at 72 °C for 30 s 
as part of the PCR amplification process. To 
standardize gene expression levels, 
glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) was employed as the internal 
reference gene (21,22). To guarantee accuracy, 
all RT-PCR reactions were carried out in 
triplicate, and transcript levels were determined 
using the delta cycle threshold (ΔCt) technique. 
Using the 2-ΔΔCt technique, the relative gene 
expression was determined. Table 4 lists the 
primer sequences employed in the analysis. 

 
Table 1. Brunt scoring system for NASH. 

Grade of activity Steatosis Ballooning Inflammation 

Mild, grade 1 1-2 (up to 66%) Minimal L = 1-2; P = 0-1 
Moderate, grade 2 2-3 Present L = 1-2; P = 1-2 
Severe, grade 3 2-3 Marked L = 3; P = 1-2 
L, Lobular; P, portal. 

 
 

Table 2. Brunt scoring system for lobular and portal inflammation. 

Lobular inflammation Portal inflammation 

Degree Description Degree Description 

0 None 0 None 

1 < 2 foci/20 × field 1 Mild 

2 2-4/20 × field 2 Moderate 

3 > 4/20 × field 3 Marked 

 
 

Table 3. Brunt scoring system for fibrosis. 

Stage of fibrosis 
Zone 3 perisinusoidal 
fibrosis 

Periportal fibrosis Bridging fibrosis Cirrhosis  

1 Focal or extensive 0 0 0 
2 As above Focal or extensive 0  0 
3 ± ± +  0 
4 ± ± Extensive   + 
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Table 4. Primer sequences for the real-time PCR method. 

Gene Primer sequence Primer efficiency 

SIRT1 
Forward: 5'-TCTGAAAGTGAGACCAGTAGC-3' 

0.95 
Reverse: 5'-ATAACATCGCAGTCTCCAAGG-3' 

Smad3 
Forward: 5'-TCCAGTCTCCCAACTGCAACC-3' 

0.91 
Reverse: 5'-TCGTAGTAGGAGATGGAGCAC-3' 

TGF-β 
Forward: 5'-ACGGAATACAGGGCTTTCGAT-3' 

1 
Reverse: 5'-AGGTAACGCCAGGAATTGTTG-3' 

GAPDH 
Forward: 5'-AGGTTGTCTCCTGCGACT-3' 

0.99 
Reverse: 5'-TGCTGTAGCCGTATTCATTGTCA-3' 

miRNA-141-3p 
Forward: 5'-GCCGCTAACACTGTCTGGTAA-3' 

0.85 
Reverse: 5'-CGTGCAGGGTCCGAGGTA-3' 

TGF-β, Transforming growth factor-β; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. 

 
Western blotting 

Liver tissues were lysed using a protease 
inhibitor cocktail and RIPA buffer to extract 
cellular proteins. The protein lysates were 
collected following the manufacturer’s protocol 
(Santa Cruz Biotechnology, USA). The total 
protein concentration in the samples was 
quantified using a bicinchoninic acid (BCA) 
assay kit (Thermo Fisher Scientific, UK). For 
protein separation, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-
PAGE) was employed, followed by 
electrotransfer onto a polyvinylidene fluoride 
(PVDF) membrane (Millipore, USA) at 4 °C 
for 4 h. To block nonspecific binding sites, the 
membranes were incubated with appropriate 
blocking reagents. Specifically, 5% bovine 
serum albumin (BSA) was used for blocking 
AMPK, while skim milk in Tris-buffered saline 
with Tween-20 (TBST) was applied for 
blocking the SIRT1 protein. After blocking, the 
membranes were incubated overnight at 4 °C 
with primary antibodies diluted at 1:1000. The 
antibodies used included mouse monoclonal 
anti-SIRT1 (sc-74465), anti-GAPDH (sc-
47778), and rabbit polyclonal anti-AMPK (sc-
33524), targeting SIRT1, AMPK, and GAPDH, 
respectively. 

Following the primary antibody incubation, 
the membranes were washed 3 times with 
TBST (0.05% Tween-20 in Tris-NaCl buffer) 
to remove any unbound antibodies. The 
membranes were then incubated with the 
secondary antibody, HRP-conjugated anti-IgG 
(sc-2357), at room temperature for 3 h. After 3 
additional washes with TBST, the proteins were 
visualized using enhanced chemiluminescence 

(ECL) substrate (Amersham, USA) and a 
Western blotting imaging system. The intensity 
of the protein bands was analyzed using ImageJ 
software (NIH, Bethesda, USA), allowing for 
the quantification of relative protein expression 
levels. GAPDH served as the internal loading 
control to ensure accurate normalization of 
protein levels across samples. 
 
Statistical analysis 

Data were shown as mean ± standard 
deviation (SD) and analyzed by SPSS Statistics 
version 16.0 (Chicago, USA). The Shapiro-
Wilk test was used to determine if the data 
distribution was normal. Analysis of variance 
(ANOVA) followed by a Tukey post-hoc test 
was used to compare groups if the normality 
assumption was met. Non-parametric options, 
including the Kruskal-Wallis or Wilcoxon tests, 
were used when the normality assumption was 
broken. P-value ≤ 0.05 was considered 
statistically significant. 
 

RESULTS 
 
Effect of resveratrol on the liver 
histopathological changes 

Figure 1 illustrates the histopathological 
changes in the liver tissue across the studied 
groups. As observed, the liver tissue of the mice 
in the control group appeared completely 
normal, with no detectable abnormalities                 
(Fig. 1A). In contrast, the liver tissue of mice in 
the NAFLD group exhibited significant 
pathological changes, including lipid-laden 
hepatocytes, severely degenerated cells, and 
nuclei displaced toward the cytoplasmic wall, 
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confirming the successful induction of NAFLD 
(Fig. 1B). However, the histopathological 
alterations, including degenerated cells, fat-
laden hepatocytes, and displaced nuclei, were 
significantly reduced in the NAFLD + RSV 
group compared with the NAFLD group, with 
the liver tissue resembling the control group to 
a notable extent (Fig. 1C). 
 
Effect of resveratrol on relative gene 
expression 

Figure 2 depicts the relative changes in the 
expression of the genes SIRT1, Smad3, TGF-β, 
and miRNA-141 across the studied groups.                                
The results indicated an increase in the relative 

expression of miRNA-141 (1.24-fold)                   
and Smad3 (1.99-fold) in the NAFLD                   
group compared with the control group                   
(Fig. 2A and C), while the expression of                   
SIRT1 was significantly reduced (4.55-fold) 
(Fig. 2B). Furthermore, the relative                   
expression of miRNA-141 (2.33-fold)                   
and Smad3 (1.53-fold) was significantly 
decreased in the resveratrol-treated group 
compared with the NAFLD group (Fig. 2A                
and C), whereas the expression of SIRT1                  
(3.32-fold) and TGF-β (4.69-fold) was 
markedly upregulated in the group receiving 
resveratrol in comparison to NAFLD group 
(Figs. S1 and 2B and D). 

 

 
Fig. 1. NAFLD-induced histopathological changes in liver tissues in experimental groups. (A) Control group with normal 
liver structure; (B) NAFLD group, the lipid-laden hepatocytes were thoroughly degenerated. Most nuclei were pushed 
toward the cytoplasmic wall; (C) NAFLD + resveratrol group, the hepatocytes were very similar to normal hepatocytes 
with minimal changes in their structures. The nuclei were located in a normal position compared to fatty liver hepatocytes. 
The liver tissues were stained with hematoxylin and eosin. The NAFLD model was induced by receiving a high-fat diet 
for 8 weeks. Resveratrol was administered at a dose of 100 mg/kg/day via oral gavage for 8 weeks. Control and NAFLD 
groups received normal saline concurrently during the treatment period. NAFLD, non-alcoholic fatty liver disease; CV, 
central vein. 
 

 

  
Fig. 2. The expression level of genes in the experimental groups. Relative expression of (A) miRNA-141; (B) SIRT1; (C) 
SMAD3; (D) TGF-β. The NAFLD model was induced by receiving a high-fat diet for 8 weeks. Resveratrol was 
administered at a dose of 100 mg/kg/day via oral gavage for 8 weeks. Control and NAFLD groups received normal saline 
concurrently during the treatment period. Data were reported as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 
indicate significant differences compared with the control group; #P < 0.05, ##P < 0.01, and ###P < 0.001 versus NAFLD 
group. NAFLD, non-alcoholic fatty liver disease; miR-141, miRNA141; SIRT1, sirtuin1; TGF-β, transforming growth 
factor-β. 
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Fig. 3. The levels of SIRT1 and P-AMPK proteins in the experimental groups. (A) SIRT1 protein level; (B) P-AMPK protein 
level; (C) Western blot bands of SIRT1 and P-AMPK proteins. The NAFLD model was induced by receiving a high-fat diet for 
8 weeks. Resveratrol was administered at a dose of 100 mg/kg/day via oral gavage for 8 weeks. Control and NAFLD groups 
received normal saline concurrently during the treatment period. Data were reported as mean ± SD. ***P < 0.001 indicates 
significant difference compared with the control group; #P < 0.05 and ###P < 0.001 versus NAFLD group. NAFLD, non-alcoholic 
fatty liver disease; miR-141, miRNA-141; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; SIRT1, Sirtuin1. 

 
Effect of resveratrol on the SIRT1/AMPK 
protein level 

Figure 3 depicts the protein levels of AMPK 
and SIRT1 in the experimental groups. The 
protein levels of SIRT1 (2.38%) and P-AMPK 
(3.22%) were significantly decreased in the 
NAFLD group compared with the control group 
(Fig. 3A and B). However, treatment with 
resveratrol 100 mg/kg significantly increased 
the levels of SIRT1 (1.59-fold) and P-AMPK 
(2.76-fold) compared with the NAFLD group 
(Fig. 3A and B). Figures 3C and S2 exhibit 
Western blot bands of SIRT1 and P-AMPK 
protein levels in the experimental groups. 
 

DISCUSSION 
 

The current study investigated for the first 
time the multiple signaling pathways 
modulated by resveratrol, elucidated the 
miRNA interactions and developed a 
comprehensive therapeutic profile that includes 
antioxidant and anti-inflammatory responses. 
As this study warrants further investigation into 
the underlying mechanisms and clinical 
translation of resveratrol, it lays a solid 
foundation for future research ambitiously 
aiming to redefine the treatment of NAFLD. 
Overall, the results demonstrated that 
resveratrol could significantly prevent the 
changes induced by NAFLD conditions, 
including histopathological liver alterations, 
gene expression changes, and protein levels. 
The results suggested that resveratrol could 

play an important role in improving NAFLD 
conditions. 

It has been shown that SIRT1 plays a crucial 
role as a key regulator in glucose and lipid 
metabolism (23). SIRT1 increases the 
sensitivity of hepatocytes to insulin (24). The 
results of the present study indicated that the 
expression of SIRT1 was significantly reduced 
in the NAFLD group compared with the control 
group. Therefore, a reduction in SIRT1 is 
associated with the accumulation of fat in 
hepatocytes and the exacerbation of hepatic 
steatosis (25), which aligns with the 
histopathological findings of this study. In the 
resveratrol-treated group, the expression of 
SIRT1 considerably increased compared to the 
NAFLD group, indicating the protective effect 
of resveratrol. Ajmo  et al. determined that 
administering resveratrol significantly elevates 
SIRT1 levels in the livers of mice subjected to 
ethanol, counteracting the reductions typically 
observed in conditions of hepatic steatosis (26). 
Additionally, it has been shown that SIRT1 
affects fat metabolism through the activation of 
AMPK (27). When activated, AMPK inhibits 
lipogenesis by directly phosphorylating and 
inactivating acetyl-CoA carboxylase and 
hormone-sensitive lipase. The actions lead to a 
reduction in fatty acid synthesis and an increase 
in fat oxidation, promoting the breakdown of 
stored lipids as an energy source (27). AMPK, 
as a cellular energy sensor, reduces lipogenesis 
and increases lipolysis, thereby decreasing liver 
triglyceride levels and preventing the 
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progression of NAFLD (9,28,29). In this study, 
the levels of the P-AMPK protein also 
decreased in the NAFLD group, which was 
consistent with the reduced expression of 
SIRT1. However, treatment with resveratrol 
significantly increased the levels of P-AMPK in 
the treated group. Similarly, Alberdi et al. 
showed that resveratrol treatment in HFD-fed 
rats resulted in a significant increase in hepatic 
AMPK phosphorylation, which consequently 
improved liver function and reduced lipid 
accumulation in the liver (30). Overall, the 
outcomes suggested that resveratrol may reduce 
NAFLD-related damage, including hepatic 
steatosis, through the SIRT1/AMPK pathway (31). 

The TGF-β/Smad3 pathway is one of the key 
pathways in the progression of liver fibrosis 
(15). The present study results showed that the 
expression of miRNA-141 and Smad3 was 
markedly increased in the NAFLD group, 
indicating increased liver damage and the 
progression of liver fibrosis, which is consistent 
with the histopathological findings. 

miRNA-141 targets SIRT1, a key regulator 
of lipid metabolism, leading to fat accumulation 
in hepatocytes and the progression of NAFLD 
(12).  Thus, miRNA-141 exerts its negative 
effects by down-regulating SIRT1 (12). 
However, Smad3, a key player in the TGF-
β/Smad3 pathway, plays a role in the 
development of liver fibrosis linked to NAFLD 
(32,33). In this study, the increased expression 
of miRNA-141 and Smad3 in the NAFLD 
group aligned with the mechanisms, showing 
that the pathways play a key role in disease 
progression. Yamaguchi et al. showed that 
SMAD3 interactions with other signaling 
pathways can either promote hepatocyte 
protection or contribute to liver injury (34). In 
the resveratrol-treated group, the significant 
decrease in Smad3 and miRNA-141 indicated 
that resveratrol could inhibit the harmful 
pathways. The reduction in miRNA-141 
suggested an increase in SIRT1 (12), which 
ultimately reduces the accumulation of fat in 
the liver and improves the condition of 
NAFLD. Furthermore, the reduction in Smad3 
indicates that resveratrol inhibited the TGF-
β/Smad3 pathway, potentially reducing liver 
fibrosis (15). These findings align with other 
studies (10,15,35). 

While it was expected that the expression of 
TGF-β would decrease in the resveratrol-
treated group, similar to Smad3, it significantly 
increased. Although this might initially seem 
contradictory, the increased expression of TGF-
β could be part of a compensatory or protective 
response (36). It has been shown that TGF-β 
can play a dual role (37). On one hand, it is 
involved in inflammation and fibrosis , and on 
the other hand, it plays a role in tissue repair and 
regeneration (38). Following tissue damage, 
TGF-β is activated from its latent form and 
secreted into the extracellular environment, 
promoting the recruitment and activation of 
various cell types, including fibroblasts, 
macrophages, and endothelial cells (39). Upon 
binding to its receptors, TGF-β initiates a 
cascade of intracellular signaling pathways that 
lead to the production of extracellular matrix 
(ECM) proteins, such as collagen, which are 
crucial for tissue repair and integrity . The ECM 
remodeling is fundamental in restoring tissue 
architecture and function following injury (40,41). 
On the other hand, the TGF-β signaling pathway is 
highly complex and multifaceted (42), and it is 
possible that resveratrol, by modulating 
downstream pathways of TGF-β, increases its 
positive effects, such as liver tissue repair and 
regeneration (14,15,43,44), which is consistent 
with the liver histopathological results. 

The histopathological findings of the liver 
tissues indicated that the HFD used in this study 
successfully induced NAFLD in animals (45-47). 
Additionally, the protective effects of resveratrol 
in reducing the liver damage caused by NAFLD 
were observed. The present results showed that 
fat accumulation and cellular degeneration 
significantly decreased in the resveratrol-
treated group. As mentioned earlier, the effects 
of resveratrol might be due to its impact on the 
SIRT1/AMPK (9), and TGF-β/Smad3 signaling 
pathways (36,48), as well as the reduced 
expression of miRNA-141 (49,50), which was 
discussed in detail. Furthermore, resveratrol, as 
a polyphenolic compound with antioxidant and 
anti-inflammatory properties, may exert its 
protective effects on liver tissue (16,51). 

This study had several strengths. I. The 
successful induction of NAFLD and 
observation of histopathological changes in 
liver tissue confirmed the accuracy of the 
modeling; II. the simultaneous investigation of 
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multiple signaling pathways associated with 
NAFLD; III. the evaluation of miRNA-141 as a 
key regulator in the examined signaling 
pathways. Despite the best efforts, the present 
study had limitations, including I. the lack of 
assessment of all key protein levels; II. the 
evaluation of the short-term effects of 
resveratrol on NAFLD, thus requiring long-
term studies; III. the focuses on certain key 
signaling pathways related to NAFLD, while 
the investigation of other related pathways, 
such as oxidative stress and inflammation (e.g., 
peroxisome proliferator-activated receptors or 
nuclear factor kappa-light-chain-enhancer of 
activated B cells), which play significant roles 
in NAFLD, is important; IV. the absence of 
clinical evaluations, as this study was 
conducted in the animal phase, necessitating 
clinical trials for generalization to humans. 
 

CONCLUSION 
 

The results of this study indicated that 
resveratrol could act as a potential therapeutic 
agent in reducing the liver damage caused by 
NAFLD. Resveratrol exerts its protective 
effects through multiple signaling pathways, 
including TGF-β/Smad3 and SIRT1/AMPK. 
By increasing SIRT1 expression and activating 
AMPK, resveratrol could reduce hepatic 
steatosis, improve lipid metabolism, and 
ultimately prevent the progression of NAFLD. 
Additionally, it was shown that the 
downregulation of miRNA-141 led to the 
regulation of related signaling pathways. These 
findings highlighted the multifaceted effects of 
resveratrol as a natural polyphenolic compound 
with antioxidant and anti-inflammatory 
properties, emphasizing its significant role in 
modulating the signaling pathways associated 
with NAFLD. However, further study is needed 
to clarify the mechanisms of resveratrol, and 
clinical trials are required for human 
application. Overall, future research should 
focus on further elucidating the therapeutic 
potential and underlying mechanisms of 
resveratrol for treating NAFLD. 
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