
Vol.:(0123456789)

Naunyn-Schmiedeberg’s Archives of Pharmacology (2025) 399:745–767 
https://doi.org/10.1007/s00210-025-04435-x

RESEARCH

Cerium oxide nanoparticles attenuate hepatic failure via blocking 
TGF-β/Smads and upregulating Nrf2/HO-1 signaling pathways in liver 
fibrosis rat model

Noha A. Mowaad1 · Sara M. Baraka2   · Saber Ibrahim3,4 · Doaa A. Mansour5 · Reda M. S. Korany6 · 
Ahmed F. El‑Sayed7,8 · Arwa A. Hassan9

Received: 28 April 2025 / Accepted: 30 June 2025 / Published online: 18 July 2025 
© The Author(s) 2025

Abstract
T his article is aimed at assessing the anti-fibrotic action of plant-based fabricated cerium oxide nanoparticles (CeO2NPs). 
The Carissa carandas aerial parts methanolic extract was utilized to prepare CeO2NPs, where the dispersal of particle 
size distribution and zeta potential value was 61.9 nm and − 18.94 mV, respectively, verifying the successful synthesis of 
CeO2NPs. In rats, CeO2NPs were intravenously injected at doses of 0.1 and 0.5 mg/kg twice a week for a month, in parallel 
with thioacetamide (TAA, 200 mg/kg, i.p). Our findings revealed that CeO2NPs alleviated the alteration in serum GPT, GOT, 
ALP, total bilirubin, albumin, and total protein levels induced by TAA. Additionally, the hepatic oxidative insult due to TAA 
was inferred by elevation in malondialdehyde and reduction of glutathione content, which in combination with downregu-
lation of SIRT1, Nrf2, and HO-1 in hepatic tissues was improved by CeO2NPs. A clear repression in hepatic fibrosis was 
observed in CeO2NP-treated groups as demonstrated by significant downregulation in TGF-β1 and p-Smad 2 and 3 proteins 
and COL1A1, MMP-2, and α-SMA expressions in hepatic tissues. The histopathological outcomes exhibited a considerable 
accumulation of collagen fibers in hepatocytes in TAA-challenged rats, which was ameliorated by CeO2NPs. Also, CeO2NPs 
dampened the death of hepatic cells via blocking caspase 3 activation as indicated by the immunohistochemical results. 
The in silico investigations documented the powerful binding affinities of TGF-β1, COL1A1, MMP-2, p-Smad2, p-Smad3, 
SIRT1, Nrf2, and HO-1 proteins with CeO2NPs. In conclusion, this study emphasized the efficacy of CeO2NPs as a potent 
anti-fibrotic agent through upregulating SIRT1/Nrf2/HO-1 and downregulating TGF-β1/Smads pathways.
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Introduction

One of the main liver issues that progressively worsens to 
liver cirrhosis and liver failure is liver fibrosis (Godugu 
et al. 2023). It results from recurrent attacks of liver injury 
that can be due to viral infections, drug toxicity, alcoholic, 
and nonalcoholic steatohepatitis (Miao et al. 2020). Per the 
statistics data reported by the Centers for Disease Control 
and Prevention in 2017, 4.5 million persons (or 1.8% of 
the adult population) were diagnosed to have cirrhosis and 
chronic liver disorders. Incidents of cirrhosis and chronic 
hepatic dysfunction accounted for 41,473 fatalities (12.8 
per 100,000 individuals). The hepato-toxicant, thioaceta-
mide (TAA), is commonly utilized to evoke a reliable, 
dose‐, and time‐dependent liver fibrosis in rats as that seen 
in humans (Wallace et al. 2015; Baraka et al. 2020). TAA 
caused liver fibrosis through its biotransformation, by 
cytochrome P450 in the liver cells’ microsomes, to highly 
reactive metabolites that cause inflammation, oxidant/anti-
oxidant imbalance, and hepatic necrosis (Xie et al. 2012).

Free radicals from TAA’s metabolites trigger oxidant/
antioxidant imbalance in liver cells, leading to lobu-
lar center necrosis and liver injury (Wang et al. 2013). 
In addition, oxidants and lipid peroxidation compounds 
cause the emergence of profibrogenic growth factors, 
cytokines, and prostaglandins. Therefore, reactive oxygen 
species (ROS) perform a major function in the beginning 
of fibrosis via the secretion of numerous profibrotic agents 
(Crosas-Molist and Fabregat 2015). Hepatic stellate cells 
(HSCs) activate extracellular matrix (ECM) and cause 
Kupffer cells and inflammatory cells to secrete cytokines 
or chemokines, which may be triggered in hepatic fibro-
sis (Friedman 2008). Also, the pathogenic appearance of 
fibrosis is due to the disruption in the equilibrium of trans-
forming growth factor‐β1 (TGF‐β1) activity (Dooley et al. 
2003). TGF-β1 triggers fibroblasts by stimulating HSCs 
by boosting the TGF-β1/Smad pathway (Feng et al. 2018). 
It not only stimulates HSC differentiation into myofibro-
blasts, but it is also considered a major negative regulator 
of hepatocyte proliferation (Dooley et al. 2003).

Thus, agents that can inhibit TGF-β1 are excellent 
options for medicines that can prevent the onset of hepatic 
fibrosis. Because nanoparticles have superior cellular 
absorption and distribution than conventional chemical 
medications, their use may introduce potent therapeutic 
efficacy. The cerium oxide nanoparticles (CeO2NPs) are 
recognized as the most common nanoparticles with power-
ful activity against inflammation and oxidation (Charbgoo 
et al. 2017). It has attained great focus in nanotechnology 
because of its useful utilization as catalysts, fuel cells, and 
antioxidants in biological systems (Beaudoux et al. 2016).

Nanoceria can be synthesized through multiple tech-
niques. Compared with biological procedures, chemi-
cal and physical approaches are more efficient and have 
faster production times. However, these techniques have 
many drawbacks, e.g., the use of dangerous chemicals that 
can produce toxic waste, while the physical methods are 
energy-intensive, costly, and environmentally destructive. 
On the other hand, green synthesis has attained a great 
interest as an ecofriendly and safe method for the creation 
of nanomaterials, involving nanoceria. It is also reported 
to improve biocompatibility compared to the physically or 
chemically created ones (Dhall and Self 2018). The spec-
troscopic, microscopic, X-ray, and thermal stability meth-
ods are tools that could characterize nanocerium (Hartati 
et al. 2021).

Chemically, CeO2NPs have exhibited powerful antioxi-
dant impacts because of their specific elemental character-
istics, which aid in the management of some disorders (Das 
et al. 2013). Molina et al. have discovered that CeO2NPs 
accumulate mainly in the liver in vivo (Molina et al. 2014). 
This spontaneous buildup with the great redox action of 
CeO2 offers some untapped medicinal promise for treating 
liver diseases. The high redox abilities of CeO2NPs have 
been utilized in multiple investigations to alleviate non-
alcoholic fatty liver disease (Carvajal et al. 2019). Godugu 
et al. confirmed the protective impacts of CeO2NPs ver-
sus bile duct ligation-induced liver fibrosis (Godugu et al. 
2023). Furthermore, it has been reported that CeO2NPs 
inhibited TGF-β pathway in the cultured HSCs through 
minimizing oxidant/antioxidant imbalance (Boey et  al. 
2021).

Based on our previous results (Baraka et al. 2023) which 
indicate the neuroprotective ability of green-synthesized 
CeO2NPs against TAA-induced hepatic encephalopathy in 
rats, the purpose of this study was to elucidate and investi-
gate the possible mode of action of CeO2NPs as a hepato-
protective agent. To establish this model, TAA was used to 
induce liver fibrosis in rats, and CeO2NPs were created via 
the green method by the 70% methanolic extract of Carissa 
carandas aerial parts, as in our previous study (Baraka et al. 
2023). Diverse phytochemical components involving flavo-
noids, terpenes, and simple phenolic constituents that pos-
sess potent antioxidant properties have been recognized in 
the C. carandas aerial parts alcoholic extract (Baraka et al. 
2023). In addition, biochemical, molecular, histopathologi-
cal, and immunohistochemical assays were conducted to 
speculate the precise mechanism of CeO2NPs as an interven-
tion protocol for liver fibrosis. As an advanced technique, the 
in silico studies were accomplished to validate the powerful 
interactions of CeO2NPs with fibrotic-mediators target pro-
teins and antioxidant signaling agents.
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Materials and methods

Plant material preparation

El-Orman Garden (Giza, Egypt) is where the aerial parts 
of C. carandas were collected. The plant identification was 
kindly confirmed by eminent botanist Dr. Mohamed Gibali. 
A voucher sample was stored at the National Research Centre 
Herbarium. The aerial sections that had been air-dried and 
ground into a powder were extracted multiple times at room 
temperature using 70% methanol, as explained by a prior study 
(Basta et al. 2020). The resultant extract was concentrated and 
evaporated under low pressure until it was completely dry.

Preparation of CeO2NPs

Within a 150 mL flask with a flat bottom, 25 mL of the plant 
extract was added to 0.93 g of white CeCl3 (3.75 mmol/L, 
Sigma, Germany) powder. This combination, kept at 50 ± 2 
°C, was continuously stirred for 5 to 6 h. Stirring caused the 
hue to change from a white precipitate to a yellowish brown. 
After that, the precipitate was heated up for 3 to 4 h at 550 
°C to create CeO2 nanopowder. Before being administered 
in vivo, CeO2NPs were freshly prepared in Millipore water, 
followed by a sonication step to prepare a suspension using 
a Sonicator (Sonics, Vibra-CellTM) set at 230 V for 2 min.

Biological evaluation

Animals and ethics

We utilized 40 mature male Wistar rats that ranged in weight 
from 180 to 200 g. The National Research Center’s Animal 
House (Dokki, Giza, Egypt) is where they were purchased. In a 
temperature-controlled environment with a 12-h light/dark cycle 
at a temperature of 22 ± 3 °C, they were kept in plastic cages and 
given regular rat feed pellets (21% protein, 3.48% fat, 3.71% fiber, 
0.92% calcium, 0.43% phosphorus, and 2450 kcal/kg energy) 
supplied by local manufacturer (National Research Centre’s Ani-
mal House Colony, Dokki, Giza, Egypt) and water as needed.

The animal study, including the justification for the use of 
animals, feeding, housing, environmental circumstances, and 
strategies applied to reduce animal suffering, as well as the 
anesthesia and euthanasia protocol, was certified by the Insti-
tutional Animal Care and Use Committee of the University of 
Sadat City, Faculty of Veterinary Medicine (Egypt) (Approval 
No: VUSC-023–1-24). The committee gave its approval to the 
animal research, attesting to their compliance with the ARRIVE 
criteria and the Guide for Care and Use of Laboratory Animals 
published by the United States National Institutes of Health.

Drugs and chemicals

TAA (Sigma-Aldrich, St. Louis, USA) was dissolved in 
sterile saline at a concentration of 0.5 mL/100 g rat body 
weight for intraperitoneal injection. The quality of all other 
compounds and solvents was exceptionally high for analysis.

Rational and dose selection of CeO2NPs

Based on prior research (Manne et al. 2017; Córdoba-Jover 
et al. 2019; Baraka et al. 2023), two doses of CeO2NPs (0.1 
and 0.5 mg/kg bw, i.v.) have been selected for the in vivo 
experiment. These studies certified the safety and therapeu-
tic efficacy of those doses to treat various hepatic disorders 
in experimental rats.

Experimental design and treatment protocol

For this experiment, a random selection of eight rats per 
group was utilized. Control group: normal rats. CeO2NPs 
0.5 group: for 4 weeks, rats were given CeO2NPs (0.5 mg/
kg, i.v.) two times per week. TAA group: TAA (200 mg/kg, 
i.p.) was given to rats twice a week for 4 weeks (Mansour 
et al. 2017). CeO2NPs 0.1 + TAA and CeO2NPs 0.5 + TAA 
groups: rats received intravenous injections of CeO2NPs 
at 0.1 mg/kg (Córdoba-Jover et al. 2019) and 0.5 mg/kg 
(Manne et al. 2017), respectively, along with receiving TAA 
as in the second group at a time interval of 1 h. Medical 
support (0.5 mL/200 g rat body weight) composed of lactate 
Ringer and glucose 10% in a ratio 1v:1v was given subcuta-
neously after TAA injection to avoid the decrease in blood 
glucose level and kidney dysfunction (Gammal et al. 1990).

After 48 h of the last medication dose, the animals were 
anesthetized using isoflurane inhalation. The blood samples 
were collected by heart puncture and separated using a cooling 
centrifuge (Laben Zentrifugen, 2K15, Sigma, Germany) run-
ning for 15 min at 3000 rpm. The collected serum samples were 
stored at − −80 °C for assessing liver function biomarkers. Fol-
lowing autopsy, the liver was quickly taken from the cadaver, 
wiped on filter paper, weighed, and then washed with ice-cold 
saline to remove any residual blood. For further biochemical 
investigation, a section of the liver tissue was preserved at − −80 
°C. The fragments were retained in 10% buffered formalin for 
histological and immunohistochemical analyses.

Biochemical assessments

Serum hepatic toxicity biomarkers  The level of total bilirubin 
(Walter and Gerade 1970) and the concentrations of GOT, 
GPT, and ALP (glutamic oxaloacetic transaminase, glutamic 
pyruvic transaminase, and alkaline phosphatase, respectively) 
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were colorimetrically calculated in serum samples (Tietz 
1995). According to the method of Burtis et al. (Burtis et al. 
1999), the concentrations of serum albumin and total pro-
tein were assessed. Commercial diagnostic kits (Spinreact, 
Gerona, Spain) were used to measure these variables by fol-
lowing the manufacturer’s instructions.

Production of tissue homogenate  After thoroughly cleaning 
the hepatic samples, they were gently rubbed between the filter 
paper folds and then rinsed with ice water. A 10% homogen-
ate was produced in a 0.05 M phosphate buffer (pH 7) using a 
Polytron homogenizer. The resultant homogenate was centri-
fuged for 20 min at 10,000 rpm and 4 °C to remove intact cells, 
nuclei, erythrocytes, and mitochondria as well as cell debris. 
The supernatant (cytoplasmic extract) was used for assessing 
heme oxygenase-1 (HO-1) applying a rat ELISA kit (Cat. No. 
E0676Ra, Bioassay Technology Laboratory, Shanghai, China) 
in compliance with the manufacturer’s instructions, as well as 
TGF-β1 using a rat ELISA kit supplied by Cloud-Clone Corp 
Technology Co., Ltd., Wuhan, China. To assess nuclear Nrf2, 
the nuclear fraction was made by re-immersing the nuclear 
pellet in 500 μL of Nuclear Lysis Buffer. Using a cooling cen-
trifuge, the resulting suspension was spun at 14,000 rpm for 10 
min. Using a rat ELISA kit (Northwest Life Science Speciali-
ties, LLS, NE 94th Avenue, Suite 201, Vancouver, WA 98662, 
USA), the resulting supernatant (Nuclear fraction) was applied 
for nuclear Nrf2 measurement.

Liver oxidative stress indicator evaluation  In the liver tis-
sue homogenate, the thiobarbituric acid (TBA) reactive 
substances assay was used to evaluate the level of MDA; 
malondialdehyde (Ohkawa et al. 1979). Briefly, lipid peroxi-
dation products were estimated by the determination of the 
level of TBA reactive substances, which were measured as 
MDA. The latter is the decomposition product of the process 
of lipid peroxidation. The principle of the assay depends on 
the colorimetric determination of a pink pigment product 
resulting from the reaction of TBA reactive substances with 
MDA in an acidic medium at high temperature. The result-
ing pink colored chromogen was measured at 532 nm.

The content of GSH (reduced glutathione) was determined 
in liver tissue homogenate, as earlier described (Beutler 
1963). This method depends on the reaction of SH group in 
GSH with Ellman’s reagent [5, 5-dithiobis (2-nitrobenzoic 
acid)] to form a stable color of 5-mercapto-2-nitrobenzoic 
acid which can be measured calorimetrically at 412 nm.

Western blot analysis  Using the kit of ReadyPrepTM (Cat. 
No.#163–2086, Bio-Rad Inc.), the protein was extracted from 
the liver samples. The Bradford Protein Assay Kit (SK3041) 
was utilized to quantify the total protein content in samples, 
whereas the kit supplier is Bio Basic Inc. (Markham, Ontario, 
L3R 8T4, Canada). The extracted protein of each sample (20 

μg) was then loaded with an equal volume of 2 × Laemmli 
sample buffer composed of 10% 2-mercaptoethanol, 0.004% 
bromophenol blue, 4% SDS, 20% glycerol, and 0.125 M Tris 
HCl at pH 6.8. To ensure the complete denaturation of protein, 
each resultant mixture was boiled for 5 min at 95 °C. Using 
TGX Stain-Free™ FastCast™ Acrylamide Kit (SDS-PAGE, 
Bio-Rad Laboratories Inc., Cat. No: # 161–0181), polyacryla-
mide gels were conducted. The gel was arranged in a trans-
fer sandwich in the following order from bottom to top: filter 
paper, PVDF membrane, gel, and filter paper. The sandwich 
was put in the transfer tank containing 1 × transfer buffer, made 
up of 25 mM Tris, 20% methanol, and 190 mM glycine. The 
blot was then run for 7 min at a voltage of 25 V using the Bio-
Rad Trans-Blot Turbo, which facilitated the transfer of protein 
bands from the gel to the membrane. Proteins were isolated by 
gel electrophoresis and subsequently blotted on nitrocellulose 
membranes, followed by incubation in a tris-buffered saline 
composed of Tween 20 (TBST) and 3% bovine serum albumin 
(BSA) buffer for 1 h at room temperature. The following ingre-
dients made up the blocking buffer: 150 mM NaCl, BSA, 20 
mM Tris pH 7.5, and 0.1% Tween 20. We bought p-Smad2 and 
p-Smad3 primary antibodies from Cell Signaling Technology, 
Inc., 3 Trask Lane, Danvers, MA, 01923, USA.

The solution of the primary antibody was incubated for a full 
night at 4 °C. Three to five TBST rinses were performed on the 
blot for 5 min. At room temperature, the blotted target protein was 
incubated in secondary antibody solution (Goat anti-rabbit IgG-
HRP 1 mg, Novus Biologicals) for 60 min. For 5 min, the blot was 
rinsed three to five times with TBST. The Super ECL detection kit 
(Bio-Rad Laboratories, Inc., Hercules, California, USA) revealed 
the presence of protein bands. As per the manufacturer’s instruc-
tions, the chemiluminescent substrate (Clarity TM Western ECL 
substrate, Bio-Rad, Cat. No. #170–5060) was applied to the blot. 
Solutions A (Clarity western luminol/enhancer solution) and B 
(peroxidase solution) were added in equal volumes. Using image 
analysis software on the ChemiDoc MP imager, the target pro-
teins’ band intensities were assessed through normalization them 
against the beta actin (housekeeping protein).

Determination of SIRT1, COLA1, and MMP2 gene expres-
sion  Following the homogenization of hepatic tissues from 
each group and extracting total RNA using a kit supplied by 
ZYMO RESEARCH CORP., USA (catalog number# R2072), 
the quality and amount of isolated RNA were colorimetrically 
checked using a spectrophotometer (Beckman dual, USA).

By providing the SuperScript IV One-Step RT-PCR kit 
from Thermo Fisher Scientific (Waltham, MA, USA, Cat. No. 
12594100), the reverse transcription step was done, and then 
polymerase chain reaction (PCR) was performed. The primers 
that were used are listed in Table 1. The thermal profile for the 
48-well plate StepOne instrument (Applied Biosystem, USA) 
was as follows: reverse transcription at 45 °C for 10 min, RT 
inactivation and initial denaturation at 98 °C for 2 min, followed 
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by amplification with 40 cycles of 10 s at 98 °C, 10 s at 55 °C, 
and 30 s at 72 °C. The data of target genes (Sirtuin 1 (SIRT1), 
COL1A1, and MMP2) and housekeeping gene (GAPDH; Glyc-
eraldehyde-3-phosphate dehydrogenase) were recorded as cycle 
threshold (Ct). The 2−ΔΔCt equation was utilized to calculate 
the fold changes of the genes relative to GAPDH expression.

Histopathological analyses

After cleaning, dehydrating, paraffin-embedded, 5-μm thick-
ness sectioning, and hematoxylin and eosin staining steps of the 
preserved hepatic tissues in neutral-buffer formalin, the histo-
pathological analysis was done using an Olympus BX50 light 
microscope (Japan) (Bancroft, J. D., & Gamble 2008). Some 
liver sections were stained with Picrosirius red to evaluate liver 
fibrosis and examined by bright-field and polarized microscopy.

Scoring of histopathological lesions  The grading of liver 
histopathological changes was based on percentages, 
with < 30% changes being considered mild, < 30%–50% 
changes being moderate, and > 50% changes being severe. 
There were no changes (0), mild (1), moderate (2), and 
severe (3) alterations (Saleh et al. 2022). Additionally, the 
area% of liver fibroplasia was quantified using Image J 1.52 
p software (National Institutes of Health, USA).

Immunohistochemistry studies  Immunohistochemical inves-
tigations of caspase-3 and α-SMA were carried out as outlined 
by Shamseldean et al. (Shamseldean et al. 2022). Sections of 
liver tissue were treated with xylene to remove paraffin and 
then rehydrated using alcohol of varying concentrations. To 
inhibit the activity of endogenous peroxidase, Hydrogen Per-
oxide Block (Thermo Scientific, USA) was incorporated. Anti-
gen retrieval was achieved by pre-treating tissue sections with 
10 mM citrate in a microwave oven for 10 min. Sections were 
incubated for 2 h with one of the following primary antibodies: 
anti-caspase-3 antibody at a concentration of 1:1000 (ab4051; 
Abcam, Cambridge, UK) and mouse monoclonal antibody to 
alpha smooth muscle actin (α-SMA) diluted 1:100 (M0851; 
mouse anti-SM-α actin, clone, DAKO, Santa Clara, US). The 
sections were washed with PBS and then incubated with Goat 

anti-rat IgG H & L (HRP) (ab205718; Abcam, Cambridge, UK) 
for 10 min. The sections underwent another rinse with PBS. 
Finally, the sections were incubated with 3, 3′-diaminobenzi-
dine tetrahydrochloride (DAB, Sigma). The slides were mounted 
after being counterstained with hematoxylin. For the negative 
controls, PBS was substituted for the primary antibodies. Five 
liver slices per group were analyzed to examine the immunore-
action of caspase-3 and α-SMA, as previously reported (Mad-
kour et al. 2022). Using the color deconvolution image J 1.52 p 
software (Wayne Rasband, National Institutes of Health, USA), 
the percentage of positively stained cells (%) was calculated.

Molecular docking simulation

To inspect the activity of CeO2NPs, all protein receptors 
were retrieved from the Protein Data Bank (Table  1S, 
Supplementary file). These targets were chosen to cover 
all biomarkers. The preparation of structures involved the 
elimination of water molecules, ions, and existing ligands 
using PyMOL software. Hydrogen atoms were added using 
Autodock Vina. These structures were saved in a pdbqt 
format for subsequent molecular docking. The structure of 
the CeO2NPs was optimized as follows: a Ce19O32 cluster 
was used as a model of CeO2NPs (Loschen et al. 2008). 
We used VESTA (Visualization for Electronic STructural 
Analysis), 3D visualization program for structural models, 
volumetric data, and crystal morphologies as follows: (1) the 
coordinate’s xyz format was converted to CIF format (Crys-
tallographic Information File); then, the cif format was con-
verted to 3D Mol2 format and further converted using Open 
Babel to 3D PDB format. (3) The structure in PDB format 
was used as input for the docking simulation. (4) Internal 
degrees of freedom were set to zero. (5) The structure was 
changed to the pdbqt format using Autodock tools. (6) The 
chemical structures were subjected to energy minimization. 
Finally, the resulting pdb format of CeO2NPs was utilized 
as input for the docking, and Gasteiger-type polar hydrogen 
charges were assigned to the CeO2NPs. Then, CeO2NPs 
were converted to the pdbqt format using Autodock tools. 
Before docking, the Auto Grid generated ligand-centered 
maps. Also, the Discovery Studio 4.5 was used to analyze 
the interactions between the target and ligand structures.

Table 1   Primer sequences used for the RT-PCR

SIRT1, Sirtuin 1; COL1A1, Collagen 1A1; MMP2, Matrix metalloproteinase 2; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase

Gene symbol Forward Reverse Gene bank accession

SIRT1 TAC​CAG​AAC​AGT​TTC​ATA​GAG​CCA​TCAA​ AAT​GTA​GAT​GAG​GCA​GAG​GTT​ NM_001372090.1
COL1A1 GTA​CAT​CAG​CCC​AAA​CCC​CAAG​ CGG​AAC​CTT​CGC​TTC​CAT​ACTC​ NM_053304.1
MMP2 ACC​TGA​ACA​CTT​TCT​ATG​GCTG​ CTT​CCG​CAT​GGT​CTC​GAT​G NM_031054.2
GAPDH CAC​CCT​GTT​GCT​GTA​GCC​ATA​TTC​ GAC​ATC​AAG​AAG​GTG​GTG​AAG​CAG​ NM_001394060.2
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Statistical analyses

The Shapiro–Wilk test for normality indicated that the data 
followed a normal distribution at p > 0.05. Our records dis-
played as means ± S.E were statistically analyzed utiliz-
ing the Statistical Package for Social Science 17.0 (SPSS 
Inc., Chicago, IL, USA). One-way analysis of variance 
(ANOVA) protocol was chosen followed by the Tukey’s 
HSD post hoc test for multiple comparisons at p–value less 
than 0.05 or 0.001.

Results

Characterization of CeO2NPs

X‑ray diffraction

The XRD bands in Fig. 1A show the characteristic peaks 
of synthesized CeO2NPs. The six main peaks are spotted 
with defined and identified count values. The 2ϴ of detected 

peaks can confirm the phase and the typical standards for 
CeO2 lattice as a fingerprint.

The visible peaks illustrated precise 2ϴ values and Miller 
indices (hkl) as presented in Fig. 1A. The obtainable peaks 
and noticed values have an excessive identity character with 
CeO2 lattice. Nice slight peaks can also argue to small par-
ticle size of synthesized nanomaterial.

Surface area

The outer and inner surface area of nanomaterial was deter-
mined as the complete-isotherm BET of the CeO2 sample 
(Ibrahim et al. 2021). The contrast relationship between the 
volume to size of nanomaterial exhibits a nice character with 
a big surface area. Nitrogen ads.-des. of CeO2NPs was in 
the range from 0.055 to 0.995 P/Po (Fig. 1B). The measured 
surface area from ads. isotherm for mono-layer adsorbed 
was 235.6 m2/g. The complete isotherm of synthesized CeO2 
nanomaterial shows a very nice desorption character for 
nitrogen release as exhibited in the volume adsorbed loop. 
The results of mean particle size and calculated surface area 

Fig. 1   X-ray diffraction patterns 
(A) and complete adsorption–
desorption isotherm of nitrogen 
gas (B) of CeO2NPs
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show a good agreement with each other, as nanomaterial 
behavior.

Particle size and zeta potential

Dynamic light scattering (DLS) is a precise technique to 
examine the average particle size of suspended nanomaterial 
(Ibrahim et al. 2022). Additionally, zeta potential as a charge 
detection value can be used to measure the stability behavior 
of dispersed nanomaterial (Ibrahim et al. 2019).

Figure 2 presents the mean particle size of CeO2 and zeta 
potential series of values. The average radius of the syn-
thesized nanomaterial was 61.9 nm, and polydispersity was 
0.28 with a nice uniform particle distribution. In addition, 
the mean value for zeta potential of different measurements 
was − 18.94 mV, which pointed to respectable nanomaterial 
dispersed behavior in Millipore water. Generally, particle 
size distribution and zeta potential value effectively establish 
the synthesis of CeO2 nanomaterial with good dispersion 
stability.

Biochemical analyses

Effects of CeO2NPs treatment on liver biomarker indices

The data obtained from Table 2 inferred the hepatic dysfunc-
tion in TAA-group as demonstrated by significant rise in 
GPT (2.66 fold), GOT (1.74 fold), ALP (2.44 fold), and T. 
bilirubin (1.61 fold) levels coupled with marked decline in 
T. protein (66.20%) and albumin (62.75%) contents in rela-
tive to the control animals. Conversely to that, intravenous 
injections of CeO2NPs at doses of 0.1 or 0.5 mg/kg bw sig-
nificantly mitigated liver damage as evidenced by preserving 
liver protein and reducing liver enzymes and T. bilirubin 
levels when compared to the TAA-hepatotoxic group. It is 
worth mentioning that rats treated with CeO2NPs per se did 
not record any difference in these hepatic function tests rela-
tive to the control group.

Effects of CeO2NP treatment on hepatic oxidant/
antioxidant biomarkers

The incidence of oxidative reactions as response to TA-
intoxication was documented by the observed increment in 
MDA (3.94 fold) level with a depletion of GSH (43.13%) 
content, in addition to dramatic loss of nuclear Nrf2 and its 
downstream enzyme, and HO-1 level by 64.69% and 61.93%, 
respectively, in respect to the normal animals. Moreover, 

Fig. 2   Particle size distribution (A) and zeta potential (B) of 
CeO2NPs

Table 2   The effects of CeO2NP injection on serum hepatic markers in TAA-induced hepatotoxicity rat model

Records are illustrated as mean ± S.E. (n = 6). Dissimilar letters mean statistically significant (Tukey’s test). For GPT: a vs. b, c (p < 0.001), b vs. 
c (p < 0.01). For GOT: a vs. b, c, d (p < 0.001), b vs. c (p < 0.01), c vs. d (p < 0.01). For ALP: a vs. b, c, d (p < 0.001), b vs. c (p < 0.001), c vs. d 
(p < 0.001). For T. protein: a vs. b, c (p < 0.001), b vs. c (p < 0.01). For albumin: a vs. c, d (p < 0.001), a vs. b (p < 0.01), b vs. c (p < 0.01). For T. 
bilirubin: a vs. b, c (p < 0.001), b vs. c (p < 0.01)

Groups Control CeO2NPs 0.5 TAA​ CeO2NPs 0.1 + TAA​ CeO2NPs 0.5 + TAA​
Markers

   GPT (U/L) 38.54 ± 0.88 c 41.62 ± 1.76c 102.60 ± 3.89 a 54.51 ± 2.19b 43.74 ± 0.77c

   GOT (U/L) 76.62 ± 2.03d 77.08 ± 2.55d 133.61 ± 2.25a 103.99 ± 3.85b 90.36 ± 1.84c

   ALP (U/L) 200.03 ± 1.75d 202.07 ± 1.40d 489.07 ± 7.76a 415.26 ± 7.85b 284.08 ± 10.62c

   T. protein (g/dL) 9.87 ± 0.27a 9.50 ± 0.32a 3.34 ± 0.27b 7.58 ± 0.39 c 9.24 ± 0.12a

   Albumin (g/dL) 3.94 ± 0.14a 3.64 ± 0.19a, b 1.47 ± 0.08d 2.59 ± 0.06c 3.20 ± 0.12b

   T. bilirubin (g/dL) 2.06 ± 0.06c 2.19 ± 0.08c 3.32 ± 0.07a 2.65 ± 0.16b 2.33 ± 0.07b, c
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significant downregulation in SRT1 gene expression was 
depicted in the TAA-model group, compared to the con-
trol rats. In contrast, a significant activation of SIRT1/Nrf2/
HO-1 signaling pathway, along with repression of MDA 
content and an increase in GSH level, was reported in the 
CeO2NPs-treated groups, when compared to the TAA-chal-
lenged animals. Furthermore, non-significant improvement 
in these markers was recorded in the CeO2NPs 0.5-control 
group, relative to data of normal rats (Fig. 3).

Effects of CeO2NPs on hepatic fibrotic markers

As illustrated in Figs.  4 and 5, a remarkable upregula-
tion in TGF-β1 (6.42 fold) level as well as COL1A1 and 
MMP-2 gene expression, along with a boost in p-Smad2 
and p-Smad3 protein expression, was determined in TAA-
model group, compared to the normal rats, which reflects the 
progression of liver fibrosis. On the other hand, rats treated 
with CeO2NPs at the two dose regimens succeeded in sup-
pressing these hepatic fibrotic indicators in a dose-dependent 
manner, when compared to the TAA-hepatotoxic group. To 
be noted, intravenous injection of CeO2NPs alone demon-
strated no changes in the aforementioned parameters relative 
to the control rats.

Histopathological findings

Hematoxylin and eosin stain

Histopathological examination of liver sections from con-
trol and CeO2NPs 0.5 groups revealed normal structure 
(Fig. 6a, b). TAA intoxicated group revealed presence of 
bridging fibroplasia and pseudolobulation of hepatic paren-
chyma (Fig. 6c) and vacuolar degeneration of some hepato-
cytes, while others revealed karyocytomegaly; there was 
also mitotic figures and apoptotic bodies (Fig. 6d); also, 
this group showed massive portal fibrosis, infiltration of 
portal areas with mononuclear inflammatory cells, hyper-
plasia of bile ducts, and formation of newly-formed bile 
ductules (Fig. 6e). Concerning CeO2NPs 0.1 + TAA-treated 
group, there was improvement in the previous lesions as 
the portal and bridging fibrosis were moderate with mild 
vacuolar degeneration of hepatocytes (Fig. 6f). CeO2NPs 
0.5 + TAA-treated group revealed significant reduction in 
the aforementioned lesions in form of scanty fibrous tissue 
between hepatocytes with nearly normal hepatic architecture 
(Fig. 6g).

Scoring of histopathological lesion

Based on the severity of lesions observed in the examined 
hepatic tissues, a score ranging from 0 to 3 was selected 
(Table 3).

Histochemical finding

Picrosirius red-stained tissue sections were examined by 
bright field and polarized microscopy for collagen depo-
sition in different experimental groups. Area% of colla-
gen deposition was illustrated in Fig. 7f. The control and 
CeO2NPs 0.5 groups revealed normal deposition of collagen 
(Fig. 7a, b). TAA-intoxicated group showed massive portal 
and bridging fibrosis (Fig. 7c), the CeO2NPs 0.1 + TAA-
treated group revealed noticeable amelioration as the colla-
gen deposition was reduced (Fig. 7d), while in the CeO2NPs 
0.5 + TAA-treated group, there was a significant reduction 
in collagen deposition (Fig. 7e).

Caspase‑3 and α‑SMA immunohistochemical studies

Immunostaining expression of caspase-3 and α-SMA% area 
in liver tissue of different treated groups was illustrated in 
Fig. 8f. Immunostaining of caspase-3 in liver revealed no 
immune-reactive cells in the control group and CeO2NPs 
0.5-treated groups (Fig. 8a, b). Treated groups with TAA 
revealed strong expression in hepatocytes (Fig. 8c). Groups 
treated with CeO2NPs 0.1 + TAA and CeO2NPs 0.5 + TAA 
revealed weaker positive immunoreaction in a few hepat-
ocytes (Fig. 8d, e). Concerning α-SMA, in control group 
and CeO2NPs 0.5-treated groups showed expression only in 
smooth muscle wall of blood vessels (Fig. 8a, b), while in 
TAA-intoxicated group showed strong expression in vascu-
lar walls and also stellate cells in interlobular fibrous septa 
(Fig. 8c), this expression was greatly reduced in CeO2NPs 
0.1 + TAA and CeO2NPs 0.5 + TAA (Fig. 8d, e).

Docking results

The results of docking analysis are depicted in Table 2S, 
supplementary file. TGF-β1 is a multifunctional cytokine 
that regulates cell proliferation, differentiation, immunologi-
cal activity, and cell integrity. Regulating TGF-β1 signaling 
is a potential treatment option for some diseases. Accord-
ing to the analysis of docking results, the CeO2NPs have 
an affinity interaction toward TGF-β1 by − 18.55 kcal/mol. 
CeO2NPs formed 12 hydrophilic bonds with the active site 
of TGF-β1 at Tyr249, His317, His331, Arg332, Asn338, 
Ala350, and Asp400. In addition, hydrophobic interactions 
included one Pi-Sigma bond with His331, two Alkyl bonds 
with Ile329 and Leu352, and six carbon-hydrogen bonds 
with Leu313, Leu316, and Ile349 have been detected in the 
activity site. Also, it can be stated that common residues 
Tyr249, Leu316, Asp400, and Asn338 in the catalytic site 
enhance the binding affinity (Fig. 9). Smad3 is a key fac-
tor in the TGF-β signaling cascade. The docking results 
between CeO2NPs and Smad3 (PDB:1OZJ) are shown in 
Fig. 10. The predicted binding energies were determined to 



753Naunyn-Schmiedeberg’s Archives of Pharmacology (2025) 399:745–767	

be − 22.84 kcal/mol. CeO2NPs generated eight hydrogen-
bonded interactions with Trp30, Val77, Arg80, Arg90, 
Val86, Ile87, Lys81, and Glu27 in the activity site. Hydro-
phobic interactions comprised two Pi-Sigma bonds with 

Trp30 and five carbon-hydrogen bonds with Cys31, Arg80, 
Gly82, and Trp30. Furthermore, common residues Arg90, 
Arg80, Trp30, and Val77 in the catalytic site have been 
shown to increase binding affinity (Fig. 10).

Fig. 3   The effects of CeO2NP 
injection on the levels of hepatic 
MDA (A), GSH (B), n-Nrf2 
(C), and HO-1 (D), as well as 
SIRT1 gene expression (E), in 
TAA-induced hepatotoxicity 
rat model. Each bar represents 
mean ± SE (n = 6). For SIRT 1 
gene expression, n = 3. ns, non-
significant
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Nrf2 is a transcription factor that is essential for bio-
logical protection against damage caused by oxidation. The 
stimulation of Nrf2 is of interest because of potential thera-
peutic applications in a variety of disorders linked to oxida-
tive stress, inflammation, and pollutant exposure. Docking 
findings analysis (Fig. 11) shows that CeO2NPs have an 
affinity interaction of − 12.497 kcal/mol. Furthermore, the 
hydrophilic interaction generated 10 hydrogen bonds with 
Val369, Val420, Val467, Val514, Thr560, Val561, Val608, 
and Val369. In addition, two carbon-hydrogen bond interac-
tions were generated within the active pocket with Val608 
and Val369. Furthermore, the residues Val369, Val420, and 
Thr560 in the catalytic site increase binding affinity.

By inhibiting MMP2, it is possible to potentially prevent 
or slow down the progression of certain diseases, particu-
larly those characterized by excessive tissue remodeling or 
invasive behavior. Docking finding analysis (Fig. 12) shows 
that CeO2NPs have an affinity interaction of − 16.48 kcal/
mol. It generated 12 hydrophilic bonds with Gln393, Tyr395, 
Ser546, Gly394, Tyr425, Asp392, Gln393, Ala510, Ser546, 

and Thr511. Also, two hydrophobic interactions, includ-
ing carbon-hydrogen bonds with Pro100, were formed. 
Moreover, it can be concluded that the amino acids Gln393, 
Ser546, Ala510, and Asp392 in the activity pocket promote 
binding affinity.

COL1A1 is the alpha 1 chain of type I collagen. Docking 
results (Fig. 13) show that CeO2NPs have an affinity interac-
tion of − 6.87 kcal/mol. It made two hydrogen bonds with 
Asp239 and Gln147. Hydrophobic interactions also resulted 
in the formation of two carbon-hydrogen bonds with Gly241 
and Pro242.

HO-1 has been found to possess important cytoprotective 
and anti-inflammatory properties. The control of HO-1 has 
been linked to a variety of physiological and pathological 
conditions, including inflammation, oxidative stress disor-
ders, and cancer. Docking data (Fig. 14) show that CeO2NPs 
have an affinity interaction of − 18.10 kcal/mol. It created 
four hydrogen bonds with Gln112, His119, Gln112, and 
Tyr107. In addition, two non-hydrophilic contacts within 
the activity pocket were formed: a carbon-hydrogen bond 

Fig. 4   The effects of CeO2NP 
injection on the hepatic TGF-β1 
content (A), as well as the levels 
of hepatic COL1A1 (B), and 
MMP2 (C) gene expression in 
TAA-induced hepatotoxicity 
rat model. Each bar represents 
mean ± SE (n = 6). For RT-PCR, 
n = 3. ns, non-significant
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with Lys116 and a Pi-donor bond with His119. Furthermore, 
the amino acids Arg152, Thr159, and Gln156 at the catalytic 
site increase binding affinity.

Smad2 is a member of the Smad family of transmission 
of signal proteins. It is essential for transferring signals 
from the cell surface to the nucleus, where they modulate 
the expression of genes and impact a variety of cellular pro-
cesses such as growth, differentiation, and tumorigenesis. 
The docking results between CeO2NPs and Smad2 (PDB: 
1KHX) are illustrated in Fig. 15. The binding energies were 
determined to be − 10.56 kcal/mol. CeO2NPs made nine 
hydrogen bonds with Tyr406, Thr409, Thr413, Arg415, 
Glu439, and His441 in the activity pocket. In addition, 
hydrophobic interactions included one carbon-hydrogen 
bond with His441 (Fig. 15).

The SIRT1, a conserved member of the sirtuin family, 
enhances DNA repair, mitigates oxidative stress, and sup-
presses apoptosis, underscoring its importance in cellular 
resilience. The molecular docking results between CeO2NPs 
and the SIRT1 protein (PDB: 5BTR), revealing a strong 
binding affinity with a calculated energy of − 11.55 kcal/mol 
(Fig. 16). Within the activity pocket of SIRT1, CeO2NPs 
formed eight hydrogen bonds with residues Ser275, Gln294, 
Arg274, Gly440, Ser441, Ser442, Lys444, Arg466, and 
Glu467. Additionally, a hydrophobic interaction involving 

a carbon-hydrogen bond was observed with Ser441, further 
stabilizing the complex (Fig. 16). These interactions high-
light the potential structural basis for CeO2NPs in modulat-
ing SIRT1 activity.

Discussion

One of the main issues with worldwide public health is liver 
fibrosis (Sánchez-Valle et al. 2012). Therefore, searching 
for effective candidates or agents to dampen or reverse the 
progression of liver fibrosis is highly encouraged. Because 
TAA-induced hepatic damage in rats closely resembles 
the morphological and functional changes that are seen in 
human fibrosis, it is a commonly used animal model of liver 
fibrosis (Hou et al. 2014; Huang et al. 2014). This article 
was created to evaluate the influence of eco-friendly plant-
based fabricated CeO2NPs at 0.1 and 0.5 mg/kg on the main 
mediators of the fibrotic signaling pathway in a rat animal 
model of TAA-stimulated liver fibrosis.

TAA caused hepatic injury in our article, with a remark-
able elevation in serum GPT, GOT, ALP, and total bilirubin 
levels and a decline in serum total protein and albumin levels 
versus the control one, and further confirmed by the histo-
pathological findings. Our data go hand in hand with prior 

Fig. 5   Western blotting analyses 
of hepatic p-Smad2 (A) and 
p-Smad3 (B) in the different 
groups. Each bar represents 
mean ± SE (n = 3)
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research (Megahed et al. 2023; Radwan et al. 2024). Accord-
ing to Miao et al., TAA could result in cell destruction 
through obstructing RNA translocation from the nucleus to 
the cytoplasm, consequently loss of cell function and death, 
followed by leakage of hepatic enzymes in the serum (Miao 
et al. 2020). These liver function parameters were retrieved 
to almost normal values in the CeO2NPs-treated rats, which 
could be correlated with its efficacy in reducing liver tissue 
damage. These outcomes are in accordance with those of 
previous reports (Abbasi et al. 2021; Mahmoud 2023).

Chronic liver diseases are mostly accompanied by oxi-
dant/antioxidant imbalance (Uchida et al. 2020). Lipid per-
oxide products are principal contributors to the stimulation 
of HSCs in liver fibrosis (Zhao et al. 2021). Overproduction 
of the byproducts of liver lipid peroxidation may upset the 
intracellular equilibrium, resulting in oxidative stress, which 

harms the cell (Horn and Jaiswal 2018). Moreover, inflam-
matory reaction is considered an essential part in the occur-
rence of long-standing liver disorders and is usually followed 
by the onset of liver fibrosis (Zhao et al. 2021). According to 
Wang et al. (Wang et al. 2013), the intermediate metabolites 
of TAA contain reactive radicals that cause oxidative stress 
in hepatocytes, leading to liver damage and lobular center 
necrosis. Moreover, profibrogenic growth factors, cytokines, 
and prostaglandins are released in response to ROS genera-
tion and products of lipid peroxidation (Crosas-Molist and 
Fabregat 2015). Nrf2 controls the liver resistance to oxi-
dants (Zhou et al. 2022); it regulates antioxidant-responsive 
elements expression that, in turn, promotes the production 
of multiple antioxidant mediators such as HO-1, SOD, and 
GSH (Abdel‐Rahman et al. 2022). Also, GSH itself has a 
major position in getting rid of the toxic metabolites, and 

Fig. 6   Photomicrograph, liver rat. a, b Control and CeO2NPs 
0.5 groups showing normal structure of portal area (long arrow) 
and hepatocytes (short arrow) (H&EX200). c TAA-intoxicated 
group showing bridging fibroplasia and pseudolobulation (arrow) 
(H&EX100). d TAA-intoxicated group showing vacuolar degenera-
tion of hepatocytes (long arrow), others showing karyocytomegaly 
(short arrow), mitotic figures (yellow arrow), and apoptotic bodies 
(white arrow) (H&EX200). e TAA-intoxicated group showing mas-

sive portal fibrosis (long arrow), hyperplasia of bile ducts, and for-
mation of newly-formed bile ductules (short arrows) (H&EX100). f 
CeO2NPs 0.1 + TAA-treated group showing moderate portal (long 
arrow) and bridging fibrosis (short arrow) and mild vacuolar degen-
eration of hepatocytes (yellow arrow) (H&EX100). g CeO2NPs 
0.5 + TAA-treated group showing scanty fibrous tissue between 
hepatocytes (long arrow) with nearly normal hepatocytes (short 
arrows) (H&EX100)
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when its levels are remarkably declined, the liver injury initi-
ates (Abbasi et al. 2021).

Findings of our study revealed that TAA caused remark-
able oxidative damage to the liver, recognized by a marked 
rise in the hepatic MDA level combined with a decline in 
GSH content and downregulation of the Nrf2/HO-1 pathway 
when matched to the normal records. Multiple investigations 
(Yang et al. 2019; Bradosty et al. 2021; ElBaset et al. 2022) 
are in accordance with us and observed that the etiology of 
fibrosis included ROS-mediated liver damage. On the other 
side, intravenous injection of green-synthesized CeO2NPs 
dose-dependently significantly restored the oxidant/antioxi-
dant balance in liver tissue via activated nuclear transloca-
tion of Nrf2 and thus inducing HO-1 and GSH production 
and blocking MDA liberation/synthesis. Multiple studies go 

hand in hand with us and revealed that these protective influ-
ences of CeO2NPs were mainly attributed to its powerful 
free radical inhibition activity through its double oxidation 
state, which potentiates its scavenging ability and antioxi-
dant-mimetic characters (Abbasi et al. 2021; Ommati et al. 
2021; Godugu et al. 2023).

Furthermore, liver fibrosis is the primary pathophysi-
ologic outcome of chronic hepatic damage, as evidenced by 
increased extracellular matrix (ECM) deposition (Bataller and 
David 2005; Hernandez-Gea and Friedman 2011). Liver col-
lagen deposition is a cumulative phenomenon that impairs 
the liver’s capacity to carry out particular catabolic func-
tions. Intracellular mediators called Smads are responsible 
for transducing TGF-β1 signaling (Heldin et al. 1997). An 
important part of the fibrotic process is played by TGF-β1 

Table 3   Histopathological 
hepatic alterations scoring

* 0, no lesions; 1, lesions less than 30%; 2, lesions range from 30 to 50%; 3, lesions more than 50% (n = 5)

Lesions Control CeO2NPs 0.5 TAA​ CeO2NPs 
0.1 + TAA​

CeO2NPs 
0.5 + TAA​

Bridging fibroplasia
Pseudolobulation of hepatic parenchyma
Vacuolar degeneration of hepatocytes
Karyocytomegaly of hepatocytes
Mitotic figures
Apoptosis of hepatocytes
Portal fibrosis
Hyperplasia of bile ducts
Formation of newly-formed bile ductules

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

3
3
3
3
2
2
3
3
3

2
1
2
1
0
1
2
2
1

0
0
1
0
0
1
1
1
1

Fig. 7   Photomicrograph, bright-field and polarized microscopy 
of Picrosirius red stained rat liver tissue sections. a, b Control and 
CeO2NPs 0.5 groups showing normal deposition of collagen. c TAA-
intoxicated group showing massive portal and bridging fibrosis. d 

CeO2NPs 0.1 + TAA-treated group showing reduced collagen deposi-
tion. e CeO2NPs 0.5 + TAA-treated group, scanty collagen deposition. 
f The percentage area of collagen accumulation, results were illus-
trated as mean ± S.E (n = 5), a vs. b, c (p < 0.0001), b vs. c (p < 0.001)
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(Green et al. 2015; Zhou et al. 2018). Upon activation of TGF-
β1, Smad2 and Smad3 undergo further phosphorylation and 
combine with additional Smad proteins to create a hetero-
meric complex. This complex undergoes nuclear translocation 
and regulates a variety of fibrotic mediators, such as COL1A1, 
α-SMA, and MMP-2. Therefore, TGF-β1/Smads signaling 
may be used as a therapeutic intervention to treat liver fibrosis.

Our findings demonstrated that TAA administration sig-
nificantly upregulated hepatic TGF-β1, COL1A1, MMP-2, 
p-Smad2, and p-Smad3 content, giving clear evidence of 
liver fibrosis incidence. Explicitly, TAA caused the produc-
tion of ROS, leading to the differentiation of HSCs to myofi-
broblasts, which is followed by the cell proliferation that 
upgraded the construction of the ECM and the appearance 
of α-SMA, exacerbating the liver fibrosis (Kadir et al. 2014; 
Tsuchida and Friedman 2017).

In our research, the immunofluorescence staining showed 
that the positive expression of α-SMA was remarkably 
increased in the hepatic tissue of the TAA-intoxicated 
group, which is in line with previous research (Mi et al. 
2019; Zhou et al. 2021). Besides, the staining results with 
H&E and Picrosirius red exhibited massive deposition of 
collagen fibers, bridging fibroplasia and pseudolobulation, 
and vacuolar degeneration of hepatocytes, signifying that 
TAA-induced severe liver damage and fibrosis. These find-
ings are in agreement with prior studies (Khalil et al. 2021; 
Zhao et al. 2021). On top of that, there was karyocytomeg-
aly, mitotic figures, apoptosis, portal fibrosis, infiltration of 
mononuclear inflammatory cells, and hyperplasia of bile 
ducts with newly-formed bile ductulus. These findings are 
in line with those mentioned by El Awdan et al. (El Awdan 
et al. 2019).

Through disruption of TGF-β1/Smads signaling, we 
observed in our study that green-fabricated CeO2NPs sig-
nificantly reduced TAA-induced liver fibrosis. CeO2NPs 
markedly suppressed the TGF-β1-induced Smad2 and 
Smad3 phosphorylation in the hepatic tissues, suggesting 
the anti-fibrotic potential of CeO2NPs. Likewise, previous 
research reported the anti-fibrotic action of CeO2NPs (Boey 
et al. 2021; Abdel-Karim et al. 2024). Additionally, our data 

revealed that CeO2NPs effectively reduced the degenera-
tive effects of TAA in the liver tissue, as confirmed by the 
histological examinations with H&E, Picrosirius red, and 
α-SMA immune-expression. These outcomes suggested the 
anti-fibrotic action of CeO2NPs, which are in accordance 
with numerous studies (Oró et al. 2016; Boey et al. 2021; 
Abdel-Karim et al. 2024).

Moreover, SIRT1, which belongs to the sirtuin protein 
family (Michan and Sinclair 2007), is a NAD-dependent pro-
tein responsible for the deacetylation of histones and various 
non-histone proteins. This process is crucial for gene expres-
sion, metabolism, apoptosis, autophagy, and aging (Cohen 
et al. 2004; Haigis and Guarente 2006; Michan and Sinclair 
2007; Yamamoto et al. 2007; Chang et al. 2015). It has been 
recently reported that Nrf2 may act as a downstream target 
of the SIRT1 signaling, working in conjunction with SIRT1 
to regulate antioxidant expression and thereby influence oxi-
dative stress levels (Huang et al. 2013, 2015, 2017; Do et al. 
2014; Ding et al. 2016). In particular, evidence suggests that 
activating SIRT1 can influence the oxidant status of cells by 
enhancing the Nrf2/Keap1 pathway’s activity, which leads to 
an increase in the nuclear levels of Nrf2 and a boost in Nrf2 
transcriptional activity (Kulkarni et al. 2014). Consequently, 
SIRT1 may be involved in safeguarding cells from ROS pro-
duced during cellular metabolism or arising from external 
sources. Prior studies on hepatic dysfunction recorded the 
downregulation in the SIRT1/Nrf2 pathway (Jia et al. 2021; 
Isaacs-Ten et al. 2022; Abu-Risha et al. 2023). Furthermore, 
recent research revealed the potential impact of SIRT1 to act 
as a potent TGF-β blocker through quenching ROS genera-
tion and inhibiting TGF-β/Smad2/3 pathway in many dis-
eases (Huang et al. 2017; Liu et al. 2019; Xiong et al. 2023; 
Yu et al. 2024). Specifically, SIRT1 has been shown to inhibit 
the TGF-β1/Smad pathway in liver fibrosis models, leading to 
a reduction in pro-fibrotic markers such as TGF-β, α-SMA, 
and CoL1A1. This inhibition results in decreased activation 
of HSCs and reduced epithelial-mesenchymal transition, ulti-
mately slowing the progression of fibrosis (Pan et al. 2022; 
Adjei‐Mosi et al. 2023; Qiu et al. 2023).

Based on SIRT1’s vital role in combating liver fibrosis 
through acting as an Nrf2 stimulant and TGF-β blocker, its 
level in the hepatic tissues has been evaluated in our study. 
A significant decline in SIRT1 gene level has been detected 
in the liver tissue of the TAA-hepatotoxic group, explaining 
the observed inactivation of Nrf2 pathway coupled with a 
boost in TGF-β/Smad signaling. On the other side, treatment 
with CeO2NPs dose-dependently succeeded in upregulating 
the expression of the hepatic SIRT1 gene, maximizing its 
anti-fibrotic potential. Notably, prior studies documented 
the positive impact of nanoceria on SIRT1 expression and, 
accordingly, inhibited the TGF-β pathway and stimulated 
Nrf2 activation, leading to significant repression in tissue 
damage (Taha et al. 2022; Elsaid et al. 2024).

Fig. 8   Immunostaining of caspase-3 and α-SMA and liver rat. a, 
b Control and CeO2NPs 0.5 groups showing immunostaining of 
caspase-3 in liver with no immune-reactive cells, α-SMA in con-
trol group and CeO2NPs 0.5 treated groups showing expression in 
smooth muscle wall of blood vessels. c TAA-intoxicated group show-
ing strong caspase-3 expression in hepatocytes and strong expression 
α-SMA in vascular walls and also stellate cells in interlobular fibrous 
septa. d, e Groups treated with CeO2NPs 0.1 + TAA and CeO2NPs 
0.5 + TAA, showing weaker positive immune-reaction in fewer hepat-
ocytes, expression of α-SMA is reduced in CeO2NPs 0.1 + TAA and 
CeO2NPs 0.5 + TAA (caspase-3 and α-SMA X 100). f Immunostain-
ing expression of caspase-3 and α-SMA % area in liver tissues, 
results were illustrated as mean ± S.E (n = 5), a vs. b, c (p < 0.0001), 
b vs. c (p < 0.0001)

◂
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Fig. 9   3D depictions of CeO2NP conformations within the binding pocket of TGFβ1 proteins (PDB: ID 2X7O). A and D display the interaction 
between shared residues and CeO2NPs, B complex interaction with CNP, and C feature interaction with CeO2NPs

Fig. 10   3D depictions of CeO2NP conformations within the binding pocket of Smad3 (PDB:ID 1OZJ). A and D display the interaction between 
shared residues and CeO2NPs, B complex interaction with CeO2NPs, and C feature interaction with CeO2NPs
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Fig. 11   3D depictions of CeO2NP conformations within the binding pocket of Nrf2 protein (PDB:ID 7ECA). A and D display the interaction 
between shared residues and CeO2NPs, B complex interaction with CeO2NPs, and C feature interaction with CeO2NPs

Fig. 12   3D depictions of CeO2NP conformations within the binding pocket of MMP2 (PDB:ID 1CK7). A and D display the interaction between 
shared residues and CeO2NPs, B complex interaction with CeO2NPs, and C feature interaction with CeO2NPs
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Fig. 13   3D depictions of CeO2NP conformations within the binding pocket of COL1A1 (PDB:ID 5K31). Interaction between common residues 
with CeO2NPs, B complex interaction with CeO2NPs, and C feature interaction with CeO2NPs

Fig. 14   3D depictions of CeO2NP conformations within the binding pocket of HO-1 (PDB:ID 1N45). A and D display the interaction between 
shared residues and CeO2NPs, B complex interaction with CeO2NPs, and C feature interaction with CeO2NPs
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Furthermore, the liver of TAA-treated rats showed an 
increase in caspase-3 (marker of apoptosis). TAA or its 
metabolite harms DNA, RNA, and protein synthesis in 
hepatocytes, inducing liver metabolic impairment and even 
hepatocyte apoptosis. Caspase-3 is a sensitive indicator of 
liver injury that is also linked to hepatic fibrosis (Bantel 
et al. 2004). It has been reported that the oxidative stress and 
inflammation in the hepatic cells provoked by TAA toxicity 
led to hepatocyte death, evidenced by the increased expres-
sion of caspase-3 in the TAA-challenged rats (El Awdan 
et al. 2019). On the other side, CeO2NPs at the given doses 
significantly reduced hepatic caspase-3 expression, indicat-
ing anti-apoptotic effects of CeO2NPs. This observation 
agrees with a previous study (Wasef et al. 2021).

In addition, based on the outcomes of molecular docking 
studies, CeO2NPs showed great binding affinities toward the 
fibrotic mediators; TGF-β1, COL1A1, MMP-2, Smad2, and 
Smad3, as well as antioxidant response elements; SIRT1, 
Nrf2, and HO-1 proteins which supported the biochemical 
and molecular records. Moreover, these results maximize the 

potential action of CeO2NPs as an anti-fibrotic and antioxidant 
powerful agent.

Conclusion

The results attained in this report verified the anti-fibrotic 
action of plant-based synthesized CeO2NPs at the two 
adopted doses: 0.1 and 0.5 mg/kg rat bw, against TAA-
provoked liver fibrosis in rats. Of note, this favorable 
influence of CeO2NPs could be due to its noteworthy anti-
oxidant capacity, thus upregulating SIRT1/Nrf2/HO-1 
pathway, consequently blocking TGF-β1/Smad2/3 signal-
ing pathway, and as a result, the fibrotic mechanism was 
dampened. However, further research could be established 
to evaluate the therapeutic efficacy of CeO2NPs against 
other anti-fibrotic drugs/agents in counteracting hepatic 
fibrosis. Additionally, these outcomes may pave the way 
for additional investigations to scrutinize the usefulness of 
CeO2NPs in the clinical setting, in particular, for patients 
with co-existing liver diseases.

Fig. 15   3D depictions of CeO2NP conformations within the binding pocket of Smad2 (PDB:ID 1KHX). A and D display the interaction between 
shared residues and CeO2NPs, B complex interaction with CeO2NPs, and C feature interaction with CeO2NPs
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Limitations of the study

Future studies could delve deeper into the observed anti-
fibrotic effect of CeO2NPs against liver fibrosis. Among 
these studies, in vitro experiments using relevant liver 
cell models (such as hepatocytes or hepatic stellate cells) 
treated with hepatotoxic agents such as TAA or similar 
agents could be conducted to provide definitive evidence of 
the anti-fibrotic potential of CeO2NPs. Furthermore, func-
tional modulation of the Nrf2 pathway using specific inhib-
itors or activators would help clarify whether the protective 
effects of the CeO2NPs are abrogated when this pathway is 
inhibited or enhanced when artificially activated.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00210-​025-​04435-x.

Author Contribution  Sara M. Baraka: Conceptualization, Meth-
odology, Data curation, Formal analysis, Writing-original draft, 

Writing-editing and reviewing. Doaa A. Mansour and Arwa A. Hassan: 
Conceptualization, Writing-original draft, Writing-editing and review-
ing. Noha A. Mowaad: Methodology, Data curation, Writing-original 
draft. Saber Ibrahim, Reda M.S. Korany, and Ahmed F. El-Sayed: 
Methodology, Formal analysis, Writing-original draft. All the authors 
have reviewed and accepted the final manuscript. The authors declare 
that all data were generated in-house and that no paper mill was used.

Funding  Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Data availability  All data generated or analyzed during this study are 
included in this published article.

Declarations 

Ethics approval  The animal study, including the justification for the use 
of animals, feeding, housing, environmental circumstances, and strate-
gies applied to reduce animal suffering, as well as the anesthesia and 
euthanasia protocol, were certified by the Institutional Animal Care and 
Use Committee of the University of Sadat City, Faculty of Veterinary 

Fig. 16   3D depictions of CeO2NP conformations within the binding pocket of SIRT 1 (PDB: 5BTR). A and D display the interaction between 
shared residues and CeO2NPs, B complex interaction with CeO2NPs, and C feature interaction with CeO2NPs

https://doi.org/10.1007/s00210-025-04435-x


765Naunyn-Schmiedeberg’s Archives of Pharmacology (2025) 399:745–767	

Medicine (Egypt) (approval no. VUSC-023–1-24). The committee gave 
its approval to the animal research, attesting to their compliance with 
the ARRIVE criteria and the Guide for Care and Use of Laboratory 
Animals published by the United States National Institutes of Health.

Competing interests  The authors declare no competing interests.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbasi E, Vafaei SA, Naseri N et al (2021) Protective effects of 
cerium oxide nanoparticles in non-alcoholic fatty liver disease 
(NAFLD) and carbon tetrachloride-induced liver damage in 
rats: study on intestine and liver. Metab Open 12:100151

Abdel-Karim RI, Hashish RK, Badran DI et al (2024) The ameliora-
tive effect of cerium oxide nanoparticles on chlorpyrifos induced 
hepatotoxicity in a rat model: biochemical, molecular and immu-
nohistochemical study. J Trace Elem Med Biol 81:127346

Abdel-Rahman RF, Fayed HM, Ogaly HA et al (2022) Phytoconstitu-
ents of Sansevieria suffruticosa NE Br. leaves and its hepatopro-
tective effect via activation of the NRF2/ARE signaling pathway 
in an experimentally induced liver fibrosis rat model. Chem 
Biodivers 19:e202100960

Abu-Risha SE, Sokar SS, Elbohoty HR, Elsisi AE (2023) Com-
bined carvacrol and cilostazol ameliorate ethanol-induced liver 
fibrosis in rats: possible role of SIRT1/Nrf2/HO-1 pathway. Int 
Immunopharmacol 116:109750

Adjei-Mosi J, Sun Q, Smithson SB et al (2023) Age-dependent loss 
of hepatic SIRT1 enhances NLRP3 inflammasome signaling and 
impairs capacity for liver fibrosis resolution. Aging Cell 22:e13811

Bancroft JD, Gamble M (Eds) (2008) Theory and practice of histo-
logical techniques, 6th edn. Elsevier Health Sciences

Bantel H, Lügering A, Heidemann J et al (2004) Detection of apop-
totic caspase activation in sera from patients with chronic HCV 
infection is associated with fibrotic liver injury. Hepatology 
40:1078–1087

Baraka SM, Saleh DO, Ghaly NS et  al (2020) Flavonoids from 
Barnebydendron riedelii leaf extract mitigate thioacetamide-
induced hepatic encephalopathy in rats: the interplay of 
NF-κB/IL-6 and Nrf2/HO-1 signaling pathways. Bioorg Chem 
105:104444

Baraka SM, Mowaad NA, Ibrahim S et al. (2023) Green synthesized 
cerium oxide nanoparticles ameliorate hepatic and cognitive 
dysfunctions in thioacetamide-induced hepatic encephalopathy 
in rats: modulation of TLR-4/NF-κB/caspase-3 signaling path-
ways. J Drug Deliv Sci Technol 87:104846

Basta AH, Lotfy VF, Ghaly NS et al (2020) Bioactivity evaluation of 
amino acid-conjugates with protein versus cellulose based conju-
gates and extracted flavonoids. J Drug Deliv Sci Technol 60:101924

Bataller R, David A (2005) Brenner Da Liver Fibrosis. J Clin Invest 
115:209–218

Beaudoux X, Virot M, Chave T et al (2016) Vitamin C boosts ceria-
based catalyst recycling. Green Chem 18:3656–3668

Beutler E (1963) Improved method for the determination of blood 
glutathione. J Lab Clin Med 61:882–888

Boey A, Leong SQ, Bhave S, Ho HK (2021) Cerium oxide nanopar-
ticles alleviate hepatic fibrosis phenotypes in vitro. Int J Mol 
Sci 22:11777

Bradosty SW, Hamad SW, Agha NFS et al (2021) In vivo hepato-
protective effect of Morinda elliptica stem extract against 
liver fibrosis induced by thioacetamide. Environ Toxicol 
36:2404–2413

Burtis CA, Ashwood ER, Tietz NW (1999) Tietz textbook of clinical 
chemistry. Philadelphia 1999:1654–5

Carvajal S, Perramón M, Oró D et al (2019) Cerium oxide nanoparti-
cles display antilipogenic effect in rats with non-alcoholic fatty 
liver disease. Sci Rep 9:1–20

Chang C, Su H, Zhang D et al (2015) AMPK-dependent phospho-
rylation of GAPDH triggers Sirt1 activation and is necessary 
for autophagy upon glucose starvation. Mol Cell 60:930–940

Charbgoo F, Bin AM, Darroudi M (2017) Cerium oxide nanopar-
ticles: green synthesis and biological applications. Int J Nano-
medicine 12:1401

Cohen HY, Miller C, Bitterman KJ et al (2004) Calorie restriction 
promotes mammalian cell survival by inducing the SIRT1 dea-
cetylase. Science 305:390–392

Córdoba-Jover B, Arce-Cerezo A, Ribera J et al (2019) Cerium oxide 
nanoparticles improve liver regeneration after acetaminophen-
induced liver injury and partial hepatectomy in rats. J Nanobio-
technology 17:1–12

Crosas-Molist E, Fabregat I (2015) Role of NADPH oxidases in the 
redox biology of liver fibrosis. Redox Biol 6:106–111

Das S, Dowding JM, Klump KE et al (2013) Cerium oxide nanopar-
ticles: applications and prospects in nanomedicine. Nanomedi-
cine 8:1483–1508

Dhall A, Self W (2018) Cerium oxide nanoparticles: a brief review 
of their synthesis methods and biomedical applications. Anti-
oxidants 7:97

Ding Y-W, Zhao G-J, Li X-L et al (2016) SIRT1 exerts protective 
effects against paraquat-induced injury in mouse type II alveolar 
epithelial cells by deacetylating NRF2 in vitro. Int J Mol Med 
37:1049–1058

Do MT, Kim HG, Choi JH, Jeong HG (2014) Metformin induces 
microRNA-34a to downregulate the Sirt1/Pgc-1α/Nrf2 pathway, 
leading to increased susceptibility of wild-type p53 cancer cells 
to oxidative stress and therapeutic agents. Free Radic Biol Med 
74:21–34

Dooley S, Hamzavi J, Breitkopf K et al (2003) Smad7 prevents acti-
vation of hepatic stellate cells and liver fibrosis in rats. Gastro-
enterology 125:178–191

El Awdan SA, Abdel Rahman RF, Ibrahim HM et al (2019) Regres-
sion of fibrosis by cilostazol in a rat model of thioacetamide-
induced liver fibrosis: up regulation of hepatic cAMP, and 
modulation of inflammatory, oxidative stress and apoptotic 
biomarkers. PLoS ONE 14:e0216301

ElBaset MA, Salem RS, Ayman F et al (2022) Effect of empagliflozin on 
thioacetamide-induced liver injury in rats: role of AMPK/SIRT-1/
HIF-1α pathway in halting liver fibrosis. Antioxidants 11:2152

Elsaid FH, Khalil AA, Eid EA et al (2024) Effect of cerium oxide 
nanoparticles on adriamycin-induced nephropathy: possible 
role for Nrf2/HO-1 and TGF-β/Sirt-1 pathways. Bionanosci-
ence 14:2288–2301

http://creativecommons.org/licenses/by/4.0/


766	 Naunyn-Schmiedeberg’s Archives of Pharmacology (2025) 399:745–767

Feng M, Ding J, Wang M et al (2018) Kupffer-derived matrix metal-
loproteinase-9 contributes to liver fibrosis resolution. Int J Biol 
Sci 14:1033

Friedman SL (2008) Hepatic stellate cells: protean, multifunctional, 
and enigmatic cells of the liver. Physiol Rev 88:125–172

Gammal SH, Basile AS, Geller D et al (1990) Reversal of the behav-
ioral and electrophysiological abnormalities of an animal model 
of hepatic encephalopathy by benzodiazepine receptor ligands. 
Hepatology 11:371–378

Godugu C, Khurana A, Saifi MA (2023) Rare earth cerium oxide 
nanoparticles attenuated liver fibrosis in bile duct ligation mice 
model. J Trace Elem Med Biol 75:127102

Green JB, Bethel MA, Armstrong PW et al (2015) Effect of sitag-
liptin on cardiovascular outcomes in type 2 diabetes. N Engl J 
Med 373:232–242

Haigis MC, Guarente LP (2006) Mammalian sirtuins—emerging 
roles in physiology, aging, and calorie restriction. Genes Dev 
20:2913–2921

Hartati YW, Topkaya SN, Gaffar S et al (2021) Synthesis and charac-
terization of nanoceria for electrochemical sensing applications. 
RSC Adv 11:16216–16235

Heldin C-H, Miyazono K, Ten Dijke P (1997) TGF-β signalling 
from cell membrane to nucleus through SMAD proteins. Nature 
390:465–471

Hernandez-Gea V, Friedman SL (2011) Pathogenesis of liver fibrosis. 
Annu Rev Pathol Mech Dis 6:425–456

Horn A, Jaiswal JK (2018) Cellular mechanisms and signals that coor-
dinate plasma membrane repair. Cell Mol Life Sci 75:3751–3770

Hou Y-L, Tsai Y-H, Lin Y-H, Chao JCJ (2014) Ginseng extract and gin-
senoside Rb1 attenuate carbon tetrachloride-induced liver fibrosis 
in rats. BMC Complement Altern Med 14:1–11

Huang K, Huang J, Xie X et al (2013) Sirt1 resists advanced glycation 
end products-induced expressions of fibronectin and TGF-β1 by 
activating the Nrf2/ARE pathway in glomerular mesangial cells. 
Free Radic Biol Med 65:528–540

Huang X, Wang X, Lv Y et al (2014) Protection effect of kallistatin on 
carbon tetrachloride-induced liver fibrosis in rats via antioxidative 
stress. PLoS ONE 9:e88498

Huang K, Chen C, Hao J et al (2015) Polydatin promotes Nrf2-ARE 
anti-oxidative pathway through activating Sirt1 to resist AGEs-
induced upregulation of fibronetin and transforming growth 
factor-β1 in rat glomerular messangial cells. Mol Cell Endocrinol 
399:178–189

Huang K, Gao X, Wei W (2017) The crosstalk between Sirt1 and 
Keap1/Nrf2/ARE anti-oxidative pathway forms a positive feed-
back loop to inhibit FN and TGF-β1 expressions in rat glomeru-
lar mesangial cells. Exp Cell Res 361:63–72

Ibrahim S, El Saied H, Hasanin M (2019) Active paper packaging 
material based on antimicrobial conjugated nano-polymer/
amino acid as edible coating. J King Saud Univ 31:1095–1102

Ibrahim S, Fahmy H, Salah S (2021) Application of interactive and 
intelligent packaging for fresh fish shelf-life monitoring. Front 
Nutr 8:677884

Ibrahim S, Hasanin M, Ahmed HY, Abdellatif FHH (2022) Poly 
(amidoamine)/cellulose based bio-composites as potential anti-
cancer bio-compatible polymers. Polym Bull 79:8807–8822

Isaacs-Ten A, Moreno-Gonzalez M, Bone C et al (2022) Metabolic 
regulation of macrophages by SIRT1 determines activation dur-
ing cholestatic liver disease in mice. Cell Mol Gastroenterol 
Hepatol 13:1019–1039

Jia R, Yang F, Yan P et al (2021) Paricalcitol inhibits oxidative 
stress-induced cell senescence of the bile duct epithelium 
dependent on modulating Sirt1 pathway in cholestatic mice. 
Free Radic Biol Med 169:158–168

Kadir FA, Kassim NM, Abdulla MA et al (2014) [Retracted] PASS-
predicted hepatoprotective activity of Caesalpinia sappan 

in thioacetamide-induced liver fibrosis in rats. Sci World J 
2014:301879

Khalil HMA, Eliwa HA, El-Shiekh RA et al (2021) Ashwagandha 
(Withania somnifera) root extract attenuates hepatic and cog-
nitive deficits in thioacetamide-induced rat model of hepatic 
encephalopathy via induction of Nrf2/HO-1 and mitigation 
of NF-κB/MAPK signaling pathways. J Ethnopharmacol 
277:114141

Kulkarni SR, Donepudi AC, Xu J et al (2014) Fasting induces nuclear 
factor E2-related factor 2 and ATP-binding Cassette transporters 
via protein kinase A and Sirtuin-1 in mouse and human. Antioxid 
Redox Signal 20:15–30

Liu Z-H, Zhang Y, Wang X et al (2019) SIRT1 activation attenuates 
cardiac fibrosis by endothelial-to-mesenchymal transition. Biomed 
Pharmacother 118:109227

Loschen C, Migani A, Bromley ST et al (2008) Density functional 
studies of model cerium oxide nanoparticles. Phys Chem Chem 
Phys 10:5730–5738

Madkour DA, Ahmed MM, Orabi SH et al (2022) Emamectin ben-
zoate-induced hepatotoxicity in rats with special reference to 
protective potential of Nigella sativa oil. J Hell Vet Med Soc 
73:4607–4618

Mahmoud AH (2023) The potential effects of cerium oxide nanoparti-
cles against ferrous sulfate-induced oxidative stress in male albino 
rats. Arab J Nucl Sci Appl 56:41–48

Manne NDPK, Arvapalli R, Graffeo VA et al (2017) Prophylactic treat-
ment with cerium oxide nanoparticles attenuate hepatic ischemia 
reperfusion injury in Sprague Dawley rats. Cell Physiol Biochem 
42:1837–1846

Mansour SZ, El-Marakby SM, Moawed FSM (2017) Ameliorative 
effects of rutin on hepatic encephalopathy-induced by thio-
acetamide or gamma irradiation. J Photochem Photobiol B Biol 
172:20–27

Megahed A, Gadalla H, Abdelhamid FM et al (2023) Vitamin D ame-
liorates the hepatic oxidative damage and fibrotic effect caused by 
thioacetamide in rats. Biomedicines 11:424

Mi X, Hou J, Jiang S et al (2019) Maltol mitigates thioacetamide-
induced liver fibrosis through TGF-β1-mediated activation of 
PI3K/Akt signaling pathway. J Agric Food Chem 67:1392–1401

Miao Y, Wu Y, Jin Y et al (2020) Benzoquinone derivatives with anti-
oxidant activity inhibit activated hepatic stellate cells and attenuate 
liver fibrosis in TAA-induced mice. Chem Biol Interact 317:108945

Michan S, Sinclair D (2007) Sirtuins in mammals: insights into their 
biological function. Biochem J 404:1–13

Molina RM, Konduru NV, Jimenez RJ et al (2014) Bioavailability, distribu-
tion and clearance of tracheally instilled, gavaged or injected cerium 
dioxide nanoparticles and ionic cerium. Environ Sci Nano 1:561–573

Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in animal 
tissues by thiobarbituric acid reaction. Anal Biochem 95:351–358

Ommati MM, Amjadinia A, Mousavi K et al (2021) N-acetyl cysteine 
treatment mitigates biomarkers of oxidative stress in different tis-
sues of bile duct ligated rats. Stress 24:213–228

Oró D, Yudina T, Fernández-Varo G et al (2016) Cerium oxide nano-
particles reduce steatosis, portal hypertension and display anti-
inflammatory properties in rats with liver fibrosis. J Hepatol 
64:691–698

Pan P-H, Wang Y-Y, Lin S-Y et al (2022) 18β-Glycyrrhetinic acid 
protects against cholestatic liver injury in bile duct-ligated rats. 
Antioxidants 11:961

Qiu L, Ma Z, Sun J et al (2023) Establishment of a spontaneous liver 
fibrosis model in NOD/SCID mice induced by natural aging. Biol-
ogy (Basel) 12:1493

Radwan AM, Fatoh SA, Massoud A, Tousson E (2024) Effectiveness 
of curcumin nanoparticles in rat liver fibrosis caused by thioaceta-
mide. Environ Toxicol 39:388–397



767Naunyn-Schmiedeberg’s Archives of Pharmacology (2025) 399:745–767	

Saleh N, Allam T, Korany RMS et al (2022) Protective and therapeu-
tic efficacy of hesperidin versus cisplatin against Ehrlich ascites 
carcinoma-induced renal damage in mice. Pharmaceuticals 15:294

Sánchez-Valle V, C Chavez-Tapia N, Uribe M, Méndez-Sánchez N 
(2012) Role of oxidative stress and molecular changes in liver 
fibrosis: a review. Curr Med Chem 19:4850–4860

Shamseldean MSM, Attia MM, Korany RMS et al (2022) Insecti-
cidal efficacy of nanomaterials used to control mosquito, Culex 
quinquefasciatus Say, 1823 with special reference to their hepa-
totoxicity in rats. Biosci Rep 42:BSR20220630

Taha M, Elazab ST, Badawy AM et al (2022) Activation of SIRT-1 
pathway by nanoceria sheds light on its ameliorative effect on dox-
orubicin-induced cognitive impairment (chemobrain): restraining 
its neuroinflammation, synaptic dysplasticity and apoptosis. Phar-
maceuticals 15:918

Tietz NW (1995) Clinical guide to laboratory tests. In: Clinical guide 
to laboratory tests. W.B. Saunders, Philadelphia, p 1096

Tsuchida T, Friedman SL (2017) Mechanisms of hepatic stellate cell 
activation. Nat Rev Gastroenterol Hepatol 14:397–411

Uchida D, Takaki A, Oyama A et al (2020) Oxidative stress man-
agement in chronic liver diseases and hepatocellular carcinoma. 
Nutrients 12:1576

Wallace MC, Hamesch K, Lunova M et al (2015) Standard operating 
procedures in experimental liver research: thioacetamide model 
in mice and rats. Lab Anim 49:21–29

Walter M, Gerade H (1970) An ultramicromethod for the determination 
of conjugated and total bilirubin in serum or plasma. Microchem J 
15:231. https://​doi.​org/​10.​1016/​0026-​265X(70)​90045-7

Wang L-C, Kuo I-U, Tsai T-Y, Lee C-L (2013) Antrodia camphorata-
fermented product cultured in deep ocean water has more liver 
protection against thioacetamide-induced fibrosis. Appl Microbiol 
Biotechnol 97:9955–9967

Wasef L, Nassar AMK, El-Sayed YS et al (2021) The potential ame-
liorative impacts of cerium oxide nanoparticles against fipronil-
induced hepatic steatosis. Sci Rep 11:1310

Xie Y, Wang G, Wang H et al (2012) Cytochrome P450 dysregulations in 
thioacetamide-induced liver cirrhosis in rats and the counteracting 
effects of hepatoprotective agents. Drug Metab Dispos 40:796–802

Xiong W, Chen S, Xiang H et al (2023) S1PR1 attenuates pulmonary 
fibrosis by inhibiting EndMT and improving endothelial barrier 
function. Pulm Pharmacol Ther 81:102228

Yamamoto H, Schoonjans K, Auwerx J (2007) Sirtuin functions in 
health and disease. Mol Endocrinol 21:1745–1755

Yang HY, Kim KS, Lee YH et al (2019) Dendropanax morbifera ame-
liorates thioacetamide-induced hepatic fibrosis via TGF-β1/Smads 
pathways. Int J Biol Sci 15:800

Yu Y, Guo R, Ling J et al (2024) SIRT1 activation suppresses corneal 
endothelial–mesenchymal transition via the TGF-β/Smad2/3 path-
way. Curr Issues Mol Biol 46:13846–13859

Zhao Y, Liu X, Ding C et al (2021) Dihydromyricetin reverses thioacet-
amide-induced liver fibrosis through inhibiting NF-κB-mediated 
inflammation and TGF-β1-regulated of PI3K/Akt signaling path-
way. Front Pharmacol 12:783886

Zhou Y, Wang H, Man F et al (2018) Sitagliptin protects cardiac func-
tion by reducing nitroxidative stress and promoting autophagy 
in Zucker diabetic fatty (ZDF) rats. Cardiovasc Drugs Ther 
32:541–552

Zhou X, Yu L, Zhou M et al (2021) Dihydromyricetin ameliorates 
liver fibrosis via inhibition of hepatic stellate cells by inducing 
autophagy and natural killer cell-mediated killing effect. Nutr 
Metab (Lond) 18:64

Zhou J, Zheng Q, Chen Z (2022) The Nrf2 pathway in liver diseases. 
Front Cell Dev Biol 10:826204

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/0026-265X(70)90045-7

	Cerium oxide nanoparticles attenuate hepatic failure via blocking TGF-βSmads and upregulating Nrf2HO-1 signaling pathways in liver fibrosis rat model
	Abstract
	Introduction
	Materials and methods
	Plant material preparation
	Preparation of CeO2NPs
	Biological evaluation
	Animals and ethics
	Drugs and chemicals
	Rational and dose selection of CeO2NPs
	Experimental design and treatment protocol
	Biochemical assessments
	Histopathological analyses

	Molecular docking simulation
	Statistical analyses

	Results
	Characterization of CeO2NPs
	X-ray diffraction
	Surface area
	Particle size and zeta potential

	Biochemical analyses
	Effects of CeO2NPs treatment on liver biomarker indices
	Effects of CeO2NP treatment on hepatic oxidantantioxidant biomarkers
	Effects of CeO2NPs on hepatic fibrotic markers

	Histopathological findings
	Hematoxylin and eosin stain
	Scoring of histopathological lesion
	Histochemical finding
	Caspase-3 and α-SMA immunohistochemical studies

	Docking results

	Discussion
	Conclusion
	Limitations of the study
	References


