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Abstract 

Background Nymphaea lotus is a plant used as food and to manage various ailments including liver diseases. Liver 
fibrosis is a pathological state which progresses to more chronic and fatal liver diseases but without any approved 
drug yet. This study thus aimed to investigate the anti-liver fibrosis mechanism of N. lotus.

Methodology Liver fibrosis was induced by carbon tetrachloride  (CCl4:Olive oil, 1:1 ip). Fibrotic animals were treated 
with 50, 100 and 200 mg/kg b.wt. N. lotus extract. The activities of alanine aminotransaminase (ALT), aspartate 
aminotransferase (AST), in the serum, and levels of Malondialdehyde (MDA), superoxide dismutase (SOD), catalase, 
and reduced glutathione (GSH) in the liver, and histopathology of the liver were determined. The expression of fibro-
sis-related proteins namely alpha-smooth muscle actin (α-SMA), Collagen-4 (COL4A), Transforming growth factor-β1 
(TGFβ1), Mothers against decapentaplegic homolog 2 (SMAD2), SMAD3 and matrix metalloproteinase 2 (MMP2) 
in the liver was also evaluated. Molecular docking and simulation analysis of N. lotus-derived phytochemicals to TGFβ1 
and SMAD3 was also performed.

Results The extract significantly reduced the levels of ALT, AST, and MDA, increased the expression of antioxidant 
enzymes namely; SOD and GSH, and downregulated the expression of fibrosis-related proteins namely α-SMA, 
COL4A, TGFβ1, SMAD3 and MMP2. It also ameliorated  CCl4-induced hepatic lesions. N. lotus-derived phytochemicals 
also showed a good binding affinity and interaction with the active sites of TGFβ1 and SMAD3.

Conclusion N. lotus inhibited liver fibrosis by inhibiting oxidative stress and the TGFβ/SMAD signalling pathway. 
This demonstrates its beneficial and protective effect against  CCl4-induced hepatoxicity and thus supports its use 
for the traditional management of liver diseases.
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Background
Liver diseases continue to be a major global concern, 
causing over two million deaths annually, account-
ing for one in four deaths worldwide, despite ongoing 
efforts to combat them [1]. Liver fibrosis is a pathologi-
cal condition that arises from chronic liver injury and 
sustained activation of inflammation and fibrogenesis 
[2]. If left untreated, liver fibrosis progresses to more 
life-threatening conditions such as cirrhosis and hepa-
tocellular carcinoma, which are responsible for the 
majority of deaths from liver diseases [1, 2].

Liver fibrosis is a dynamic process that tilts the bal-
ance of extracellular matrix deposition and degradation 
resulting in excessive extracellular matrix (ECM) dep-
osition [3] which are regulated by matrix metallopro-
teinases (MMPs) and their inhibitors – tissue inhibitors 
of matrix metalloproteinases (TIMPs) [4]. Activation 
of the hepatic stellate cells (HSC) is crucial to the pro-
gression of liver fibrosis. It alters the architecture of the 
liver thereby impacting its functions [5]. Lipid peroxi-
dation promotes HSC activation and plays a key role in 
the pathogenesis of liver fibrosis via the production of 
oxidative stress, transforming growth factor-β (TGF-β), 
and tumour necrosis factor-alpha (TNF-α) [6, 7].

TGF-β1 plays a major role in the progression of liver 
fibrosis. In the presence of injury and inflammation, it 
induces apoptosis, prevents hepatocyte proliferation, 
and activates HSCs [8]. It further activates its down-
stream SMAD signaling which provokes the overex-
pression of pro-fibrotic cytokines [9]. The TGF-β1/
SMAD signalling pathway is so crucial to the progres-
sion of liver fibrosis that the ability to regulate the TGF-
β1/SMAD signalling pathway has become an important 
test in investigating the efficacy of potential antifibrotic 
agents [10, 11].

Liver fibrosis is a reversible condition [12] but there are 
still limited treatment options for treating it. Medicinal 
plants and/or their isolated compounds have, however, 
shown promise as therapeutic agents for liver fibrosis. 
Nymphaea lotus is an aquatic food and medicinal plant 
widely distributed in the tropics. It is used traditionally 
for the management of different diseases, including liver 
diseases. It is rich in phytochemicals such as tannins, 
steroids, and saponins [13]. GC-MS analysis revealed the 
presence of bioactive alkaloid amines in the plant [14]. In 
our previous study, the extract of N. lotus leaf ameliorated 
the hepatotoxic effect of carbon tetrachloride  (CCl4) [15]. 
There is however a need to investigate the mode of action 
of N. lotus against chronic liver injury.

In this study, we investigated the effect of the ethanol 
extract of N. lotus leaf on  CCl4-induced liver fibrosis. 
To understand its mechanism of action, the modulatory 
effect of the extract on markers of liver fibrosis markers 

such as α-SMA, COL4A, and TGF-β1/SMAD signalling 
pathway were evaluated.

Materials and methods
Materials
TGFβ1 (E-AB-22214), COL4A1 (Cat No. E-AB-22150) 
monoclonal, SMAD3 (Cat. No. E-AB-40050), SMAD2 
(Cat No. E-AB-32919), ACTA2 (Cat No. E-AB-16235) 
and MMP2 (Cat No. E-AB-13063) polyclonal antibodies 
were obtained from ElabScience Biotechnology Inc. Cor-
porate (USA).

Plant collection and extraction
The leaves of N. lotus were collected from the Aisenwen 
River along Idasen-Uteh road, Owo, Ondo State, Nigeria. 
Leaves were rinsed, air-dried, pulverized and extracted in 
absolute ethanol using the maceration method as earlier 
reported [14]. Leaves were identified, authenticated and 
linked with an existing voucher number (UIH-22349).

Animal care and experimentation
Six-week-old male Wistar rats (130 ± 13 g) were obtained 
for the experiment. These were housed in the experimen-
tal unit of the Animal House of the University of Medical 
Sciences Ondo, Nigeria. The animals were acclimatized 
for two weeks. The study was carried out following the 
NIH guidelines for animal care and use. The study was 
approved by the Institutional Ethical Committee of the 
Faculty of Life Sciences, University of Benin, Benin City 
Nigeria (LS19108).

Rats were divided into five groups (n = 6). Group I 
served as the negative control group, Group II was the 
Liver fibrosis (LF) model group, and Groups III – V 
received 50, 100 and 200  mg/kg of the extract respec-
tively. Doses were chosen based on our previous studies 
where we investigated the acute toxicity and preliminary 
hepatoprotective effect of the extract [15, 16]. Liver fibro-
sis was induced by intraperitoneal injection of 50%  CCl4 
 (CCl4: Olive oil, 1:1) twice a week for 9 weeks [17]. Aside 
from the control group, all animals received  CCl4 twice 
a week for 9 weeks. Groups III–V received the extract 
from weeks seven to nine. The extract was reconstituted 
in olive oil and administered by oral gavage for five days 
a week on the days when  CCl4 were not administered. 
Group one served as the control and received distilled 
water instead of extract. Body weight was measured 
weekly throughout the experiment.

Rats were sacrificed twenty-four hours after the last 
 CCl4 exposure under anaesthesia (Xylazine/ketamine 
cocktail 20 mg/mL/50 mg/mL given at 0.1mL per 100 g 
b.wt.). Blood was collected via cardiac puncture, and the 
livers were rapidly excised. The liver collected from each 
animal was rinsed with 1.15% KCl, blotted and weighed. 
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A portion of the liver for antioxidant enzyme analysis was 
cut and rapidly preserved at -20  °C while the remaining 
portion was preserved in 10% buffered formalin for his-
topathology and immunohistochemical analysis. Rela-
tive liver weight was calculated as earlier reported [18]. 
Serum and homogenate were prepared as previously 
reported by Oyeyemi et al. [19].

Biochemical analysis
Serum aspartate aminotransferase (AST) and alanine 
aminotransaminase (ALT) were determined spectropho-
tometrically using Randox ® kits. Hepatic antioxidant 
enzymes namely (superoxide dismutase (SOD), catalase 
and reduced glutathione (GSH) and lipid peroxidation 
were measured spectrophotometrically using previously 
reported methods [20–24].

Histopathology analysis
Small pieces of liver tissues preserved in 10% buffered 
formalin were used for histopathology analysis. Haema-
toxylin and eosin staining was carried out as previously 
described by Oyinleye et al., [25]. The liver samples were 
also stained using Masson’s trichrome technique to show 
the different levels of collagen deposition and vacuolar 
degeneration of the liver cells [26].

Immunohistochemical analysis
Formalin-fixed paraffin-embedded specimens were cut 
into 4-µm sections and mounted on positively charged 
slides. The slides were deparaffinized in xylene, rehy-
drated in descending grades of alcohol, and then washed 
in Tris-buffered saline. Immunohistochemical assays 
were performed using a DAKO immunostainer (DAKO, 
Carpinteria, CA) with antibodies and antigen unmasking. 
Slides were incubated in 0.03% hydrogen peroxide for 
5 min to block endogenous peroxidase activity, followed 
by incubation for 20  min in a protein-blocking solution 
(Protein Block Serum-free solution, DAKO) to reduce 
nonspecific background. Envision + reagents (DAKO) 
were used as a detection system. Slides were then 
treated for 5  min with a 3–3′-diaminobenzidine chro-
mogen, counterstained with hematoxylin, and mounted 
with DPX. Appropriate negative controls for the immu-
nostaining were prepared by omitting the primary anti-
body step. The measurement of immune-reactive positive 
expression was carried out digitally using quantification 
software (ImageJ Fiji). Five (5) photomicrographs were 
analyzed per group for each parameter.

In silico docking
Ligand preparation
The 3D structures of 26 phytocompounds identified in N. 
lotus by GC-MS [14] and two reference drugs currently 

in different phases of clinical trials for the treatment of 
liver fibrosis were validated and retrieved from PubChem 
in 3D SDF file format. OpenBabel interface built in the 
PyRx docking tool was utilized at default settings to opti-
mise the ligands for docking by minimizing their energy 
level and were converted to autodock ligand Pdbqt files 
in preparation for docking.

The reference drugs are Fluorofenidone and Emricasan. 
Fluorofedinone is a known inhibitor of TGFβ1 and it is 
currently in phase I of clinical trial [27]. Emricasan cur-
rently on phase II clinical trial is a pan-caspase inhibitor 
and double agonists of peroxisome proliferator-activated 
receptors alpha and gamma. The latter was selected at 
random since drugs with multiple targets have a higher 
chance of success as antifibrotic agents [28].

Protein preparation
The 3-dimensional crystal structures of each of TGFβ1 
and SMAD3 proteins with PDB IDs (1IAS and 1MJS) 
respectively were retrieved from the Protein Data Bank 
in the PDB file format. The proteins were prepared for 
docking by removing the previously docked ligands and 
adding hydrogen atoms and charges using discovery stu-
dio biovia and UCSF chimera software. CastP, an online 
web server was used for the active site prediction of the 
protein 3D structures.

Molecular docking
AutoDock Vina interface on PyRx docking tool was used 
to perform the molecular docking studies. The protein-
ligand interactions were predicted by docking the phy-
tocompounds into the active pockets of the targets with 
PyRx docking software. The active pockets on the target 
proteins were set to be in the middle of the grid box and 
the docking was performed at the default setting. Mac-
romolecule-ligand complexes were formed using Note-
pad++. The visualization of the binding poses in 2 and 
3-D structures was performed with Discovery Studio 
Biovia software.

Molecular dynamic simulation
The complex (TGF-β1/4-(4-Chlorophenyl)-2,6-
diphenylpyridine complex with the best docking param-
eters after the post-docking analysis was selected for 
molecular dynamic (MD) simulation. The MD simu-
lation was performed with the Desmond package in 
Schrödinger suite v2021-3 further to determine the sta-
bility of the complexes [29]. Complex preparation and 
all the MD simulation parameters were performed fol-
lowing the steps of Alturki et  al. [29]. The complex was 
prepared for simulation using the system builder where 
the volumes were minimized with the steepest descent 
method-based protocol and the SPC water model in an 
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orthorhombic shape with 10 Å × 10 Å × 10 Å periodic 
boundary conditions in the P-L complex’s x, y, and z-axis. 
Na + was added to the proteins to neutralize the system. 
OPLS2005 force field was used to minimize the com-
plex’s energy through heating at 0–300 K and equilibrium 
processes before the MD run. The final MD run was pro-
duced at 50 ns with 50 ps time steps, 300 K temperature 
and 1.01325  atm pressure following the Nose-Hoover 
method with an NPT ensemble [29].

Statistical analysis
Data were analysed using Statistical Package for Social 
Sciences (SPSS) version 23 software. Numeric data were 
presented as Mean ± SD. Differences between groups 
were analysed with One-way ANOVA followed by the 
Duncan multiple Range Posthoc test. p values < 0.05 were 
considered significant.

Result
Body weight and relative organ weight
Body and relative organ weight changes are simple but 
useful indicators of toxicity. The growth and percent-
age body weight change in the  CCl4 model group was 
significantly lower than that of the control (p < 0.05). 
The groups which received  CCl4 had a lower percentage 
of body weight gain (p > 0.05) compared to the control 
group (Fig. 1). The relative liver weight on the other hand 

was significantly higher in the  CCl4 group compared to 
the control (p < 0.05). This was however ameliorated by 
the extract which significantly reduced the relative liver 
weight relative to the negative control (Fig. 1).

Nymphaea lotus alleviated  CCl4‑induced liver injury
ALT and AST are known markers of hepatic injury. These 
were significantly elevated by  CCl4 compared to the neg-
ative control. Administration of the extract ameliorated 
the hepatic injury by significantly reducing the levels of 
AST (p < 0.05) and ALT (p < 0.05) to levels comparable to 
the negative control (Fig. 2). Histopathology analysis fur-
ther revealed that  CCl4 induced liver fibrosis, severe fatty 
degeneration and hepatic lesions which were mitigated 
by the extract. Hematoxylin and eosin staining revealed 
severe periportal cellular infiltration, with severe diffuse 
hepatic necrosis and severe portal congestion in rats 
exposed to  CCl4. Severe periportal cellular infiltration 
with moderate to severe periportal hepatic fatty degener-
ation and necrosis was observed in the  CCl4 + 50 group, 
severe centroacinar hepatic vacuolar degeneration and 
necrosis in the  CCl4 + 100 group and moderate-severe 
centroacinar hepatic vacuolar degeneration and necro-
sis in  CCl4 + 200 group (Fig.  3). Mason trichome stain-
ing revealed no visible lesion in the control group, severe 
fatty degeneration of hepatocytes in liver fibrosis group, 
prominent periportal connective tissue, with moderate 

Fig. 1 Effect of the ethanol extract of Nymphaea lotus on (a) percentage increase in body weight) and (b) relative liver weight
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diffuse fatty degeneration and necrosis of the hepatocytes 
in  CCl4 + 50 group, mild periportal fatty infiltration in 
 CCl4 + 100 group and moderate diffuse fatty degenera-
tion of the hepatocytes in  CCl4 + 200 group (Fig. 4).

Effect of Nymphaea lotus on oxidative stress 
and antioxidant status
The effect of N. lotus extract on  CCl4-induced oxida-
tive stress was determined by estimating the activities 
of antioxidant enzymes, lipid peroxidation and  reduced 
glutathione level.  CCl4 induced oxidative stress in the 
animals exposed to it as evidenced by a significant reduc-
tion (p < 0.05) in the activities of SOD and CAT com-
pared to the negative control (Table 1). This was however 

ameliorated by extract which increased the SOD and 
CAT levels to a level comparable to that of the negative 
control. The level of GSH was also significantly (p < 0.05) 
depleted by  CCl4 which was raised by the extract 
(p > 0.05).  CCl4 similarly induced a significant increase 
(p < 0.05) in lipid peroxidation which was ameliorated by 
the extract (Table 1).

Nymphaea lotus modulated fibrosis‑related proteins
Immunohistochemical analysis was used to investi-
gate the expression of α-SMA, a reliable marker of liver 
fibrosis and HSC activation [30]. A significant increase 
(p < 0.05) in the expression of α-SMA was observed in 
the liver of animals in the fibrosis model group compared 

Fig. 2 Effect of the ethanol extract of Nymphaea lotus on (a) aspartate aminotransferase (AST) and (b) alanine aminotransaminase (ALT) in rats 
exposed to carbon tetrachloride  (CCl4)

Fig. 3 Representative images of Hematoxylin and eosin staining livers exposed to carbon tetrachloride and ethanol extract of Nymphaea lotus. Liver 
section of the (a) control group showing very mild periportal cellular infiltration (b)  CCl4 model group showing severe periportal cellular infiltration, 
with severe diffuse hepatic necrosis and severe portal congestion (c)  CCl4 + 50 group showing severe periportal cellular infiltration with moderate 
to severe periportal hepatic fatty degeneration and necrosis (d)  CCl4 + 100 showing severe centroacinar hepatic vacuolar degeneration and necrosis 
(e)  CCl4 + 200 showing moderate severe centroacinar hepatic vacuolar degeneration and necrosis
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to the control group. The α-SMA-positive areas in rats 
treated with N. lotus extract were significantly smaller 
(Fig.  5).  CCl4 also significantly increased the expression 
of fibrosis-associated proteins namely; COL4A, TGFβ1, 
SMAD2 and SMAD3. The expression of SMAD3, TGFβ1, 
and COL4A was significantly (p < 0.05) lowered by the 
extract while the reduction in the expression of SMAD2 
was not significant (p > 0.05).  CCl4 decreased the expres-
sion of MMP2 compared to the control (p < 0.05) which 
was further decreased by the extract (p > 0.05).

Molecular docking and interactions of compounds
The binding affinities of eight N. lotus-derived com-
pounds that were retrievable from PubChem which 
showed higher negative binding activities to either 
TGFβ1 or SMAD3 compared to standard drugs are 
presented in Table  2. Six of the N. lotus-derived phyto-
chemicals bound TGFβ1 with high affinity while five of 
the phytochemicals bound strongly with SMAD3. The 
molecular weight and formula of the compounds are 
presented in Table  3. Compounds with higher binding 
affinities than standard drugs are indicated in boldface. 
4-(4-Chlorophenyl)-2,6-diphenylpyridine however had 
the best docking parameters. The binding pose of the 
phytocompounds with their corresponding receptors is 
presented in Fig.  6. Post-docking analysis revealed that 
the phytocompounds with the best binding energies 
exhibited good hydrogen and hydrophobic interactions 

with the atoms at the binding sites of their respective 
receptors.

Molecular dynamics of lead compounds
Molecular dynamics (MD) simulation is essential to 
determine the stability and dynamic behaviour of ligands 
against molecular target(s). MD simulation trajecto-
ries and simulation interaction diagram produced from 
50 ns run were analysed to understand the deviation 
and fluctuation of our selected complexes. Root mean 
square deviation (RMSD) value functions in the calcula-
tion of deviation in the backbone of the protein (Cα, C, 
and N) during the MD run while the root mean square 
fluctuation (RMSF) analysis gives the complex varia-
tions with time evolution against each atom. TGF-β1/4-
(4-Chlorophenyl)-2,6-diphenylpyridine complex did not 
deviate much during the MD run. TGF-β1 RMSD devi-
ated from 0 to 1.8 Å initially while 4-(4-Chlorophenyl)-
2,6-diphenylpyridine deviated to 1.0 Å (Fig.  7). The 
protein attained equilibrium at about 41 ns and was at 3.3 
Å while the ligand showed 1.0 Å RMSD value at 50 ns. 
This is within the acceptable limit of deviation of ≤ 4 Å.

The RMSF of the TGF-β1/4-(4-Chlorophenyl)-2,6-
diphenylpyridine complex with the protein contacts 
with the ligand during the period of simulation is pre-
sented in Fig. 7d. The ligand interacted with GLY 286, 
LYS 337 and ASN 338 more than 20% of the simulation 
time. The radius of gyration is another indicator of the 

Fig. 4 Representative images of Masson’s trichome staining of rat livers exposed to carbon tetrachloride and ethanol extract of Nymphaea lotus. 
Liver section of (a) negative control group showing no visible lesion seen (b)  CCl4 group showing severe fatty degeneration of hepatocytes (c) 
CCl4 + 50 showing prominent periportal connective tissue, with moderate diffuse fatty degeneration and necrosis of the hepatocytes (d) CCl4 + 100 
showing mild periportal fatty infiltration (e) CCl4 + 200 showing moderate diffuse fatty degeneration of the hepatocytes

Table 1 Effect of the ethanol extract of Nymphaea lotus on the antioxidant status of Wistar rats exposed to carbon tetrachloride

Mean value separated by Multiple Duncan Range Test

Conc. (mg/kg) SOD (µ/mg Protein) CAT (µmole  H2O2/min/mg 
protein)

GSH (µg/ml) Lipid peroxidation 
(µM MDA/mg 
protein)

Olive oil 400.00 ± 70.71b 300.06 ± 63.59d 27.68 ± 2.87b 0.31 ± 0.031a

CCl4 166.67 ± 57.74a 54.94 ± 16.29a 21.00 ± 3.03a 0.71 ± 0.44b

CCl4 + 50 287.50 ± 47.87b 180.57 ± 32.01c 23.82 ± 0.71a 0.53 ± 0.14ab

CCl4 + 100 333.33 ± 76.38b 134.98 ± 29.45bc 23.20 ± 0.34a 0.52 ± 0.17ab

CCl4 + 200 300.00 ± 70.71b 187.27 ± 61.69c 21.63 ± 0.34a 0.48 ± 0.09ab
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Fig. 5 Immunohistochemical representation of profibrotic markers in the liver tissue labelling with anti-α-SMA, COL 4A, SMAD2, TGF-β1, MMP2 
and SMAD3 at X400 magnification. Graph bars are presented as mean ± standard deviation. Mean values are separated by Duncan Multiple Range 
Test. Immunohistochemical staining patterns in (i) Control; (ii)  CCl4 alone; (iii)  CCl4 + ENL (50 mg/kg); (iv)  CCl4 + ENL (100 mg/kg); (v)  CCl4 + ENL 
(200 mg/kg) (vi) Graphical representation of immunohistochemistry positive area

Table 2 The binding affinity of compounds identified in N. lotus for TGFβ1 and SMAD3

S/N Ligands Pubchem CID Binding energy (kcal/mol)

TGF‑β1
(1IAS)

SMAD3 
(1MJS)

1. benzenamine, 4-methyl-N-(4-methylphenyl)-N-[4-[4-phenyl-1,3-butadien 
− 1-yl]phenyl]-

14,618,324 ‑8.4 -7.5

2. Benzene, 1-phenyl-4-(2-cyano-2-phenylethenyl) 5,378,125 ‑9.1 ‑8.0
3. 4-Phenyl-3,4-dihydroisoquinoline 610,131 -8.2 ‑7.0
4. 2-Ethylacridine 610,161 ‑8.8 -6.4

5. Benzo[h]quinoline, 2,4-dimethyl- 610,182 ‑9.1 ‑6.8
6. Quinoline-3-carbonitrile, 5,6,7,8-tetrahydro-2-amino-4-(4-fluorophenyl)- 622,529 -7.2 ‑7.4
7. 4-(4-Chlorophenyl)-2,6-diphenylpyridine 631,072 ‑11.6 ‑8.2
8. (E)-2-bromobutyloxychalcone 91,733,949 ‑8.4 -6.2

Reference Drugs

Fluorofenidone 11,851,183 -8.3 -5.8

Emricasan 12,000,240 -8.4 -6.8
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total size of the chain molecule which is employed to 
evaluate the compactness manner and flexibility of the 
protein in a biological environment during the simula-
tion production. The low value of Rg indicates a more 
rigid structure shown in this study.

Discussion
Liver fibrosis is a pathological state, arising from differ-
ent aetiologies, whose burden increases end-stage liver 
diseases, mortality and extrahepatic diseases [2]. There 
are currently limited treatment options for liver fibro-
sis. However, medicinal plants used for the traditional 
management of liver diseases have shown potential as 
antifibrotic agents. N. lotus is a medicinal plant used 
traditionally for the management of liver diseases [15]. 
In our previous studies, we reported that it ameliorates 
 CCl4-induced chronic liver injury via inhibition of oxi-
dative stress activity [15] and has anti-inflammatory 
effects [14]. In this study, we proceeded to study its 

mode of action in  CCl4-induced liver fibrosis in Wistar 
rats.

Body weight changes and relative organ weight are sim-
ple but useful markers of toxicity. In this study, animals 
in the  CCl4 group exhibited slower growth compared 
to the other groups, as indicated by a lower percentage 
increase in body weight. This is an indication that hepatic 
fibrosis was possibly successfully induced [31]. AST and 
ALT are known markers of hepatic dysfunction. They are 
usually in high concentration in the liver, an increase in 
their serum or plasma concentration is however an indi-
cation of hepatic injury [32]. The increase in the activities 
of AST and ALT in  CCl4-exposed rats in this study indi-
cates the toxicity of  CCl4 to the liver of the cells exposed 
to it. The decline in the levels of AST and ALT in rats 
exposed to  CCl4 and the extract showed that the extract 
mitigated  CCl4-induced liver dysfunction. This is in line 
with our previous report [15]. The increase in the level of 
these enzymes is a result of  CCl4-induced oxidative stress 
which is evidenced by the observed increase in lipid 
peroxidation products measured as Malondialdehyde 

Table 3 Molecular weight, formula and structure of compounds with higher binding affinities to the protein targets

S/No Compounds Molecular weight (g/mol) Molecular formula Structure

1. benzenamine, 4-methyl-N-(4-
methylphenyl)-N-[4-[4-phenyl-
1,3-butadien -1-yl]phenyl]-

401.5 C30H27N

2. Benzene, 1-phenyl-4-(2-cyano-
2-phenylethenyl)

281.3 C21H15N

 

3. 4-Phenyl-3,4-dihydroisoquinoline 207.27 C15H13N

 

4. 2-Ethylacridine 207.27 C15H13N

 

5. Benzo[h]quinoline, 2,4-dimethyl- 207.27 C15H13N

 

6. Quinoline-3-carbonitrile, 
5,6,7,8-tetrahydro-2-amino-4-(4-
fluorophenyl)-

267.3 C16H14FN3

 

7. 4-(4-Chlorophenyl)-2,6-diphe-
nylpyridine

341.8 C23H16ClN

 

8. (E)-2-bromobutyloxychalcone 359.3 C19H19BrO2
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Fig. 6 2D Interactions of standard drugs and phytochemicals with their corresponding target a(i) TGFβ1-Fluorofenidone (reference) a(ii) 
TGFβ1-2-Ethylacridine a(iii) TGFβ1-Benzo[h]quinoline, 2,4-dimethyl- a(iv) TGFβ1-4-(4-Chlorophenyl)-2,6-diphenylpyridine a(v) TGFβ1-Benzene, 
1-phenyl-4-(2-cyano-2-phenylethenyl) a(vi) TGFβ1-benzenamine, 4-methyl-N-(4-methylphenyl)-N-[4-[4-phenyl-1,3-butadien − 1-yl]phenyl]- b(i) 
SMAD3-Emricasan (reference) b(ii) SMAD3-Benzo[h]quinoline, 2,4-dimethyl- b(iii) SMAD3-4-(4-Chlorophenyl)-2,6-diphenylpyridine b(iv) 
SMAD3-Benzene, 1-phenyl-4-(2-cyano-2-phenylethenyl)

Fig. 7 Molecular dynamic simulation of protein (TGF-β1) – 4-(4-Chlorophenyl)-2,6-diphenylpyridine (a) RMSD plots of molecular dynamics (MD) 
simulation of ligands complexed to TGF-β1 (b)Per residue root mean square fluctuations (RMSF) plots of molecular dynamics (MD) simulation 
of ligands complexed to TGF-β1 (c) protein ligand interaction of the ligand with TGF-β1 (d) The backbone-root mean square deviation (RMSD) plots, 
the radius of gyration (rGyr), intramolecular Hydrogen bond (intraHB), molecular surface area (molSA), surface accessible surface area (SASA) plots 
and polar surface area (PSA) of molecular dynamics simulation of ligand complexed to TGF-β1
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(MDA) and depletion of the antioxidant enzymes activi-
ties. The extract in this study mitigated oxidative stress. 
Oxidative stress plays a significant role in the fibrogenic 
process. It is involved in the initiation of hepatic fibrosis 
and mediates molecular and cellular events involved in 
the progression of liver fibrosis [33]. Increased reactive 
oxygen species (ROS) mediate signalling pathways which 
lead to the activation of HSC, increased collagen deposi-
tion and dysregulation of the ECM composition [34, 35]. 
Attenuation of oxidative stress is thus one of the strate-
gies employed by N. lotus to halt the fibrogenic process.

The ameliorative effect of the extract on liver fibrosis 
was further revealed by the histopathological analysis 
which revealed attenuation of liver injury. An increase 
in collagen deposition is a hallmark of liver fibrosis 
[36].  CCl4 increased collagen deposit in the liver which 
was ameliorated by the extract. Markers of liver fibrosis 
namely Collagen 1 and α-SMA [10, 37] were also miti-
gated in this study. These all indicated that N. lotus miti-
gated  CCl4-induced liver fibrosis. α-SMA is a marker of 
HSC activation, an important event in the initiation of 
liver fibrosis [38]. This shows that the extract inhibited 
early fibrosis by inhibiting the accumulation of collagen 
and the expression of α-SMA which would have led to 
HSC activation [39, 40]. Thus, N. lotus attenuated liver 
fibrosis via inhibition of HSC activation.

The TGFβ/SMAD signal is activated by oxidative stress 
and proinflammatory cytokines leading to the trans-
differentiation of HSC [41]. TGFβ1 is a profibrogenic 
cytokine and a key driver of HSC activation and HSC-
mediated ECM production [42]. It plays a critical role 
in the progression of hepatic fibrosis by activating the 
downstream mediators – SMAD2 and SMAD3 [43, 44]. 
SMAD3 regulates the transcription of fibrogenic genes, 
including α-SMA and pro-collagen type I [45]. Our pre-
sent study showed that N. lotus inhibited the expression 
of TGFβ1 and SMAD 3. This implies the inhibitory effect 
of N. lotus extract on the TGFβ/SMAD signal pathway, a 
mechanism that probably underlies its anti-fibrotic effect.

Following the activation of HSC, there is an increase in 
collagen secretion and deposition which leads to hepatic 
fibrosis [46]. Collagen 4 (COL4A) is one of the clinical 
indicators for assessing the degree of hepatic fibrosis [47]. 
Extensive deposition of COL4A could lead to portal and 
sinus fibrosis [46]. Increased MMP2 level is associated 
with increased collagen synthesis and liver fibrosis [48]. 
In this study, N. lotus regulated MMP2 expression and 
inhibited the deposition of Collagen, thereby inhibiting 
liver fibrosis.

The antifibrotic effect of N. lotus was further confirmed 
by the in silico analysis. This shows that N. lotus is rich 
in phytochemicals that can modulate the TGFβ/SMAD 
signalling pathway. N. lotus-derived phytochemicals 

thus worked synergistically to inhibit liver fibrosis. 
4-(4-Chlorophenyl)-2,6-diphenylpyridine especially 
showed a high binding affinity with TGFβ1 and SMAD3. 
It is thus a compound that could be a target for isolation 
to serve as a lead for hepatic fibrosis drug development.

Conclusion
This study demonstrated that N. lotus exerted a pro-
tective effect against liver fibrosis. N. lotus inhibited 
 CCl4-induced liver fibrosis via inhibition of oxidative 
stress and TGFβ/SMAD signalling pathway. Of the N. 
lotus-derived phytocompounds, 4-(4-Chlorophenyl)-
2,6-diphenylpyridine showed a high binding affinity with 
TGFβ1 and SMAD3. This compound can be isolated 
to serve as a lead for the production of drug for liver 
fibrosis.
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