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ABSTRACT 

Farnesol (FAR) is a sesquiterpene alcohol that exists in many fruits and vegetables and possesses promising anti-

inflammatory and antioxidant activities. Cadmium (Cd) is an environmental pollutant known for its serious health 

effects. Liver injury associated with oxidative stress is a hazardous consequence of exposure to Cd. This study 

evaluated the effect of FAR on Cd-induced oxidative stress, inflammation, and hepatocyte injury, pinpointing the 

involvement of NF-κB/NLRP3 inflammasome axis, TGF-β/Smad3 signaling and PPARγ. FAR was supplemented 

for 14 days and rats received Cd on day 7. Elevated serum transaminases, ALP and LDH, decreased albumin, and 

multiple histopathological alterations were observed in Cd-administered rats. Cd increased liver MDA and NO, 

decreased GSH and antioxidant enzymes, and upregulated NF-κB p65, IL-6, TNF-α, iNOS, NLRP3, ASC, 
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caspase-1, IL-1β, and cleaved caspase-3. TGF-β, Smad3 phosphorylation and α-SMA were upregulated, and col-

lagen deposition was increased in Cd-administered rats. FAR ameliorated liver injury markers and tissue altera-

tions, attenuated oxidative stress, suppressed NF-κB/NLRP3 inflammasome axis and TGF-β/Smad3 signaling, and 

enhanced antioxidants. In addition, FAR downregulated caspase-3 and pro-inflammatory cytokines and increased 

liver PPARγ in Cd-administered rats. In silico, FAR showed affinity to bind ASC and NLRP3 PYD domains, 

TGF-β, and PPARγ. In conclusion, FAR protects the liver against Cd toxicity by suppressing oxidative stress, 

inflammatory response and cell death, effects linked to modulation of NF-κB/NLRP3 inflammasome axis, TGF-

β/Smad3 signaling and PPARγ. 

 

Keywords: Heavy metals, hepatotoxicity, oxidative stress, inflammation, farnesol 

 

 

INTRODUCTION 

Heavy metals (HMs) are hazardous envi-

ronmental pollutants that can cause serious 

health problems in the main organs. HMs can 

accumulate in the body because of their non-

biodegradable nature and this accumulation 

can negatively impact the cell structure and 

function (Renu et al., 2021). Cadmium (Cd) 

has been the subject of international concern 

since it can directly or indirectly endanger hu-

man health. Cd is a HM environmental toxi-

cant that can reach the body through cigarette 

smoke, air pollution, water, or from activities 

of industries such as mining, welding, or oil 

extraction (Järup and Åkesson, 2009; Friberg 

et al., 2019). Furthermore, the development of 

Cd-containing nanomaterials used in different 

applications could also be a source of Cd in-

toxication (Rzigalinski and Strobl, 2009). The 

risk of exposure is increased since Cd can eas-

ily enter the food chain and impairs different 

organ systems (Oskarsson et al., 2004). Expo-

sure to Cd can result in serious disorders, in-

cluding bone, renal, cardiovascular, neurolog-

ical, and hepatic dysfunctions (Satarug et al., 

2010). In addition to its direct cytotoxic ef-

fects on different tissues, Cd has been classi-

fied as a category Ⅰ human carcinogen (IARC, 

1993). There are no specific transport chan-

nels for the Cd to enter the cell, but it has sim-

ilar physical and chemical properties to other 

essential metals (Vesey, 2010). Cd toxicity is 

linked to induction of oxidative stress (OS) 

and impairment of cellular defence mecha-

nism (Lin et al., 2007; Liu et al., 2009). Cd 

indirectly provokes the generation of reactive 

oxygen species (ROS), such as superoxide 

(•O2) and hydroxyl (•OH) radicals, and 

hydrogen peroxide (H2O2). The generated 

ROS can react with cellular biomolecules, re-

sulting in lipid peroxidation (LPO), DNA 

damage, protein malfunction, altered gene ex-

pression, and cellular apoptosis (Casalino et 

al., 1997; Ikediobi et al., 2004; Cuypers et al., 

2010). In addition, Cd is implicated in the de-

pletion of glutathione (GSH) and other essen-

tial endogenous antioxidants which contrib-

ute markedly to OS and apoptosis. Although 

any organ could be affected by Cd, the liver 

and kidneys are the most sensitive tissues to 

Cd intoxication due to their ability to synthe-

size metallothionein (MT); a protein that 

scavenges and reduces Cd accumulation 

within the tissues after ingestion (Wolff et al., 

2006; Abouhamed et al., 2007). Once Cd is 

absorbed by pulmonary or intestinal cells, it 

enters the systemic circulation and is finally 

deposited in different organ tissues, mainly 

liver and kidneys (Egger et al., 2019; Young 

et al., 2019). The vast majority of the ab-

sorbed amount of Cd by gastrointestinal tract 

is transported to hepatocytes via portal circu-

lation. The liver is the most important tissue 

that can detect cellular injury and OS, as it is 

considered the primary site for metabolising 

and detoxifying exogenous chemicals and 

drugs (Cichoż-Lach and Michalak, 2014; Liu 

et al., 2015). Additionally, it has been re-

ported that most HMs including Cd in soft tis-

sues are deposited mainly in the liver, the pri-

mary target for Cd exposure (Mudipalli, 

2007; Baba et al., 2013). 

Liver injury is a serious effect of exposure 

to Cd and positive relationship between fatty 

liver disease and soil Cd levels has been re-

ported in individuals exposed to Cd (Lin et al., 

2017). Exposure to Cd is linked to type 2 
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diabetes and other metabolic alterations 

(Hildebrand et al., 2019), and liver steatosis, 

fibrosis, cirrhosis and cancer were associated 

with high blood Cd levels (Kazi et al., 2012; 

Chung et al., 2020). Hepatotoxicity induced 

by Cd is closely associated with OS-mediated 

DNA damage and apoptosis (Skipper et al., 

2016). Cd-mediated ROS generation and OS 

disrupt cellular redox homeostasis and acti-

vate inflammatory responses (Liu et al., 

2009). Excess ROS can activate several sig-

naling molecules such as nuclear factor-kap-

paB (NF-κB) and NLRP3 (NOD-, LRR- and 

pyrin domain-containing protein 3) followed 

by the release of inflammatory mediators and 

cell death (Kelley et al., 2019). NF-κB-medi-

ated NLRP3 activation promotes caspase-1 

that cleaves pro-interleukin (IL)-1β into the 

mature form. Consequent to IL-1β release, 

genes involved in several disease processes 

are upregulated and the resultant endothelial 

cell response facilitates immune cells infiltra-

tion to the damaged tissue (Dinarello, 2009). 

Therefore, attenuation of OS and the inflam-

matory response provoked by Cd can protect 

the liver against injury. 

Natural compounds from plants have 

shown promising antioxidant, anti-inflamma-

tory and hepatoprotective properties (Sayed et 

al., 2020; Simental-Mendía et al., 2021). The 

sesquiterpene alcohol farnesol (FAR) has 

shown promising anti-inflammatory, antioxi-

dant, and cytoprotective efficacies (Jahangir 

et al., 2006; Qamar and Sultana, 2008; Jung et 

al., 2018). FAR is predominantly found in es-

sential oils of ambrette seeds, cyclamen, rose, 

and citronella, and present in many aromatic 

plants (Jung et al., 2018). Several preclinical 

studies have demonstrated the anti-cancer, 

anti-inflammatory, nephroprotective, neuro-

protective and antioxidant properties of FAR 

in vivo and in vitro (Jahangir et al., 2006; 

Santhanasabapathy and Sudhandiran, 2015; 

Jung et al., 2018; Abukhalil et al., 2020). We 

have reported the beneficial effects of FAR 

against OS and liver injury associated with 

hypercholesterolemia (Abukhalil et al., 

2020). In an acetaminophen (APAP) hepato-

toxicity murine model, FAR prevented liver 

injury and suppressed OS and inflammation 

(Gayatri Devi and Ezhilarasan, 2023). De-

spite the reported potential benefits of FAR in 

various conditions, its efficacy against Cd 

hepatotoxicity has not been explored yet. This 

study used a rat model of Cd hepatotoxicity to 

evaluate the effect of FAR on OS, inflamma-

tion, and apoptosis, with a focus on NF-

κB/NRLP3 inflammasome axis and trans-

forming growth factor-β (TGF-β)/Smad3 sig-

naling. 

 

MATERIALS AND METHODS 

Animals and treatments 

Twenty-four 10-12 week old male Wistar 

rats (180-200 g), obtained from the Modern 

Veterinary Office for Laboratory Animals 

(Cairo, Egypt) were included in this investi-

gation. The animals were kept under standard 

temperature (22 ± 1 °C) and humidity (50-

60 %) on a 12 h dark-light cycle with ad libi-

tum standard food and water. The rats were 

allocated into four groups (n = 6): 

Groups I: received vehicles. 

Group II: received 10 mg/kg FAR (Sigma, 

USA) (Abukhalil et al., 2020). 

Group III: received a single intraperito-

neal (i.p.) injection of CdCl2 (1.2 mg/kg) (de 

Lima et al., 2020) (Sigma, USA). 

Group IV: received 10 mg/kg FAR and a 

single i.p. injection of CdCl2 (1.2 mg/kg) (de 

Lima et al., 2020) (Sigma, USA). 

FAR was administered by oral gavage for 

14 days and CdCl2 was injected on day 7. 

0.5 % carboxymethyl cellulose (10 ml/kg 

body weight) and 0.9 % saline (5 ml/kg body 

weight) were used as vehicles for FAR and 

CdCl2, respectively. Groups I and II received 

a single i.p. injection of 0.9 % saline on day 

7. Blood was collected via cardiac puncture 

under ketamine/xylazine anesthesia at the end 

of the experiment. The rats were dissected, 

and the liver was excised. Samples were col-

lected on 10 % neutral buffered formalin 

(NBF) whereas others were homogenized in 

cold Tris-HCl buffer (10 mM, pH = 7.4), cen-

trifuged and the supernatant was collected and 

stored at -80 °C. Another set of samples was 

kept at -80 °C. 
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Biochemical assays 

Transaminases (aspartate aminotransfer-

ase (AST) and alanine aminotransferase 

(ALT)), alkaline phosphatase (ALP), lactate 

dehydrogenase (LDH), and albumin were 

measured in serum, and liver malondialde-

hyde (MDA), superoxide dismutase (SOD), 

GSH, nitric oxide (NO), glutathione peroxi-

dase (GPx) and catalase (CAT) were meas-

ured using Bio-diagnostic (Egypt) kits. NF-

κB p65 (Cusabio, China), IL-1β, IL-6, and tu-

mor necrosis factor (TNF)-α (ELabscience, 

China) were assayed using ELISA kits. 

 

Histopathology and immunohistochemical 

investigations 

Liver samples fixed in 10 % NBF for 24 h 

were dehydrated in ethanol, cleared in xylene, 

and infiltrated in pure soft paraffin followed 

by embedding in paraffin. 5-µm sections were 

cut and stained with hematoxylin & eosin 

(H&E), periodic acid-Schiff (PAS), and Sir-

ius red. Other sections were dewaxed, and 

processed through rehydration, immersion in 

0.05 M citrate buffer (pH 6.8), and treatment 

with 0.3 % H2O2 and protein block. The pre-

pared sections were incubated with anti- pe-

roxisome proliferator-activated receptor γ 

(PPARγ), anti-inducible NO synthase 

(iNOS), and anti-cleaved caspase-3 (Biospes, 

China) overnight at 4 °C, followed by the sec-

ondary antibody for 1 h. DAB in H2O2, fol-

lowed by counterstaining with hematoxylin 

were employed to develop color and intensity 

was measured (6/rat) using ImageJ (NIH, 

USA). 

 

Western blotting 

Liver samples were homogenized in 

RIPA buffer supplemented with phospha-

tase/proteinase inhibitors, centrifuged and the 

supernatant was separated for protein assay 

using Bradford reagent. Forty µg protein was 

subjected to SDS-PAGE followed by transfer 

onto PVDF membranes and blocking with 

5 % BSA. The membranes were incubated 

with anti-NLRP3, anti-ASC, anti-caspase-1, 

anti-TGF-β, anti-Smad3, anti-phospho-

Smad3, anti-α-smooth muscle actin (SMA), 

and anti-β-actin overnight at 4 °C, followed 

by washing and incubation with secondary 

antibodies for 1 h at room temperature. After 

washing, the bands were developed, and the 

band intensity was determined using ImageJ 

(NIH, USA). 

 

Molecular docking 

The affinity of FAR towards ASC1 pyrin 

domain (PYD) domain (PDB: 1UCP), 

NLRP3 PYD domain (PDB: 3QF2), TGF-β 

(PDB ID: 6B8Y), and PPARγ (PDB ID: 

2P4Y) was explored using PyRx virtual 

screening software (version 0.8) (Dallakyan 

and Olson 2015). The protein targets were 

prepared using Autodock Tools (ADT; 

v1.5.6). PyMOL (v2.3.2) was used for molec-

ular visualization and binding mode inspec-

tion, and LigPlot (v2.2.8) (Wallace et al., 

1995) was used to obtain protein-ligand inter-

actions. 

 

Statistical analysis 

The data of the study are expressed as 

mean ± standard deviation (SD). Statistical 

analysis and group comparisons were carried 

out using one-way ANOVA and Tukey’s 

tests. A P value <0.05 was considered signif-

icant. 

 

RESULTS 

FAR prevents Cd-induced liver injury 

The biochemical findings revealed remarka-

ble elevation in circulating ALT, AST, ALP, 

and LDH activities in Cd-administered rats 

(P<0.001) as depicted in Figure 1A-D. Serum 

albumin was conversely decreased in rats 

challenged with Cd (Figure 1E). FAR effec-

tively ameliorated the assayed circulating en-

zymes and albumin in Cd-administered rats. 

Examination of stained sections supported the 

protective effect of FAR on Cd-provoked 

liver injury (Figure 2). H&E, PAS and Sirius 

red staining showed normal structure of 

hepatocytes and sinusoids, and normal 

amount of collagen fibers in control (Figure 

2a) and FAR-administered rats (Figure 2b). 

Cd induced severe alterations, including dam-

age of hepatic cord uniformity, noticeable 
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necrotic changes, inflammatory cell infiltra-

tion, dilated blood sinusoids, hydropic degen-

eration with cytoplasmic vacuolation, deep 

basophilic pyknotic nuclei of hepatocytes, ob-

servable accumulated fat cells, and excessive 

collagen deposition (Figure 2c). Cd-challeng-

ed rats treated with FAR exhibited noticeable 

recovery represented by regular hepatic cords, 

integral central vein, a lesser extent of con-

gested sinusoids, mostly normal hepatocytes, 

and declined in collagen deposition (Figure 

2d). 

Figure 1: FAR ameliorated serum ALT (A), AST (B), ALP (C), LDH (D), and albumin (E) in Cd-admin-
istered rats. Data are mean ± SD, (n = 6). *P<0.05 and ***P<0.001 versus Control. ###P<0.001 versus 
Cd.
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Figure 2: Photomi-
crographs showing 
the hepatoprotective 
effect of FAR on his-
topathological altera-
tions induced by Cd. 
H&E: Liver sections 
from control (a) and 
FAR-treated (b) rats 
showing normal cen-
tral vein (cube) and 
hepatocytes with 
central vesicular nu-
cleus (wave arrow) 
arranged in regular 
cords (arrow) and 
separated by blood 
sinusoids (arrow-
head); Cd-adminis-
tered group (c) show-
ing necrotic area (cir-
cle), loss of hepatic 
cord uniformity (ar-
row), central vein 
congestion (cube) 
and dilated sinusoids 
(arrowhead), hy-
dropic degeneration 
with cytoplasmic vac-
uolation (wave ar-
row), deep basophilic 

pyknotic nuclei of hepatocytes (curvy arrow), inflammatory cell infiltration (star), and accumulated fat cells (arrow with tail); and Cd-administered rats treated 
with FAR (d) showing intact central vein (cube), less congestion (arrowhead), and regular hepatic cords (arrow), and hepatocytes with acidophilic cytoplasm 
and central nuclei (wave arrow). (x400, Scale bar= 50 µm). PAS: Liver sections from control (a) and FAR-treated (b) rats showing marked intense positive PAS 
staining of most hepatocytes (arrow); Cd-administered group (c) showing declined intensity of PAS staining (arrow); and Cd-administered rats treated with FAR 
(d) showing marked increase in staining intensity (arrow). (x400, Scale bar= 50 µm). Sirius red: Liver sections from control (a) and FAR-treated (b) rats showing 
little collagen encircling the portal area (arrow); Cd-administered group (c) showing high amount of collagen (arrow); and Cd-administered rats treated with FAR 
(d) showing noticeable decline in collagen fibers (arrow). (x200, Scale bar= 100 µm).
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FAR attenuates Cd-induced liver oxidative 

stress 

Cd administration resulted in increased 

hepatic MDA (Figure 3A) and NO (Figure 

3B), and decreased GSH (Figure 3C), SOD 

(Figure 3D), CAT (Figure 3E), and GPx 

(Figure 3F) remarkably (P<0.001) as com-

pared to the control group. Although exerted 

no effect in normal rats, FAR decreased MDA 

and NO, and enhanced GSH, SOD, CAT and 

GPx in Cd-challenged rats. 

 

Figure 3: FAR ameliorated MDA (A), NO (B), GSH (C), SOD (D), catalase (E), and GPx (F) in liver of 
Cd-administered rats. Data are mean ± SD, (n = 6). *P<0.05, **P<0.01, and ***P<0.001 versus Control. 
###P<0.001 versus Cd.
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FAR suppresses NF-κB/NLRP3 inflam-

masome axis and attenuates Cd-induced 

liver inflammation and apoptosis 

The effect of Cd and/or FAR on NF-

κB/NLRP3 inflammasome axis was evalu-

ated using immunoassays (Figure 4), and mo-

lecular docking was employed to determine 

the binding affinity of FAR with NLRP3 and 

ASC PYD domains (Figure 5). NF-κB p65, 

NLRP3, ASC, caspase-1, and IL-1β (Figure 

4A-F) were upregulated in Cd-administered 

rat liver (P<0.001). FAR suppressed NF-κB 

p65, NLRP3, ASC, cleaved caspase-1, and 

IL-1β in Cd-intoxicated rats. In silico exami-

nation showed the binding of FAR with 10 

amino acid residues in ASC PYD domain via 

hydrophobic interactions (Figure 5A & Table 

1). The interaction between FAR and NLRP3 

PYD domain included two polar bonds and 7 

hydrophobic interactions (Figure 5B & Table 

1). As shown in Figure 6, FAR ameliorated 

inflammatory and apoptosis mediators in Cd-

administered rat liver. Cd increased liver 

TNF-α (Figure 6A), IL-6 (Figure 6B), iNOS 

(Figure 6C-D), and cleaved caspase-3 (Figure 

6E-F). Treatment with FAR significantly 

downregulated all assayed pro-inflammatory 

and apoptosis markers in Cd-administered 

rats. 

 
Figure 4: FAR downregulated NF-κB/NLRP3 inflammasome axis in liver of Cd-administered rats. FAR 
decreased liver NF-κB p65 (A), NLRP3, ASC, cleaved caspase-1, and IL-1β (B-F). Data are mean ± 
SD, (n = 6). *P<0.05, **P<0.01 and ***P<0.001 versus Control. ###P<0.001 versus Cd. 
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Figure 5: Molecular docking of FAR with ASC PYD (A) and NLRP3 PYD (B) domains showing the 
crystal structure and amino acid residues involved in polar bonding and hydrophobic interactions. 
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Table 1: Binding affinities of FAR towards ASC and NLRP3 PYD domains, TGF-β, and PPARγ. 

 Lowest binding  
energy (kcal/mol) 

Polar interact-
ing residues 

Hydrophobic interacting residues 

ASC 
PYD 

-4.7  
Thr16, Glu19, Gln84, Asn14, Leu15, Leu85, 
Ala88, Ala11, Glu80, Met81 

NLRP3 
PYD 

-4.6 Lys23, Glu47 
Met27, Pro42, Lys26, Pro40, Arg43, Leu41, 
Glu30 

TGF-β -6.8 Asp351 
Leu340, Leu260, Leu278, Ala350, Val219, 
Lys232, Ala230, Ser280, Phe262, Glu245, 
Tyr249 

PPARγ -7.0 Tyr327 
Ile445, Asp441, Phe374, Tyr477, Gln444, 
Pro366, Glu369, Lys373, Leu442, Lys438, 
Ala371 

 

 
Figure 6: FAR ameliorated liver TNF-α (A), IL-6 (B), iNOS (C-D), and cleaved caspase-3 (E-F) in Cd-
administered rats. Data are mean ± SD, (n = 6). *P<0.05, **P<0.01 and ***P<0.001 versus Control. 
###P<0.001 versus Cd.
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FAR downregulates TGF-β/Smad3  

signaling in liver of Cd-administered rats 

Cd upregulated liver TGF-β, Smad3 phos-

phorylation and α-SMA in the liver of Cd-ad-

ministered rats (P<0.001; Figure 7A-D). FAR 

downregulated TGF-β and α-SMA expression 

and Smad3 phosphorylation in Cd-admini-

stered rats (P<0.001). The affinity of FAR to-

wards TGF-β depicted in Figure 7E and Table 

1 demonstrated the involvement of 11 amino 

acid residues in hydrophobic interaction in 

addition to one polar bond. 

 

 
Figure 7: FAR downregulated TGF-β/Smad3 signaling in Cd-administered rats. FAR decreased liver 
TGF-β (A, B), Smad3 phosphorylation (A, C), and α-SMA (A, D). Data are mean ± SD, (n = 6). **P<0.01 
and ***P<0.001 versus Control. ###P<0.001 versus Cd. (E) Molecular docking of FAR with TGF-β.
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FAR upregulates liver PPARγ in  

Cd-administered rats 

Liver PPARγ showed remarkable down-

regulation in Cd-administered rats (P<0.001) 

as depicted in Figure 8A-B. FAR significantly 

upregulated liver PPARγ in rats challenged 

with Cd (P<0.001). In silico data showed hy-

drophobic interactions and one polar bond in 

the complex of FAR and PPARγ (Figure 8C 

& Table 1). 

DISCUSSION 

Exposure to HMs and other chemical agents 

that poses toxic effects is a major concern 

worldwide. Cd enters the body through differ-

ent routes and humans and animals could be 

exposed to this HM via multiple sources 

(Järup and Åkesson, 2009; Rzigalinski and 

Strobl, 2009; Friberg et al., 2019). Liver in-

jury is a serious hazard of Cd exposure and 

 

 
Figure 8: FAR increased PPARγ in the liver of normal and Cd-administered rats (A-B). Data are mean 
± SD, (n = 6). *P<0.05, **P<0.01 and ***P<0.001 versus Control. ###P<0.001 versus Cd. (C) Molecular 
docking of FAR with PPARγ. 
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liver disorders, including steatosis, fibrosis, 

cirrhosis, and cancer were associated with 

high blood Cd levels (Kazi et al., 2012; Chung 

et al., 2020; Renu et al., 2021). Inflammation 

and OS are central in Cd toxicity and mitiga-

tion of these processes could be effective in 

protecting the liver and other organs against 

injury. Here, we demonstrated the efficacy of 

FAR to attenuate OS, inflammation and liver 

injury provoked by Cd in rats. 

Cd administration resulted in elevated se-

rum AST, ALT, ALP, and LDH activities and 

remarkable reduction in albumin, demonstrat-

ing hepatocyte injury. These findings are in 

agreement with other recent investigations 

demonstrating elevated serum transaminases 

following exposure to Cd (Renugadevi and 

Prabu, 2010; Abu-El-Zahab et al., 2019). 

Hepatocyte dysfunction and injury are associ-

ated with elevated serum hepatic biomarkers 

resulting from hepatocyte membrane damage 

and leakage of the contents. Elevated levels of 

AST, ALT, LDH, and ALP are obvious pa-

rameters to detect hepatic injury. Similar to 

animal studies (Renugadevi and Prabu, 2010; 

Abu-El-Zahab et al., 2019), exposure to Cd 

resulted in elevated circulating transaminases 

in humans (Kang et al., 2013), a finding that 

was closely associated with Cd levels (Hyder 

et al., 2013). Cd decreased serum albumin and 

this could be associated with Cd-induced de-

cline in hepatic Klotho-methylation (Yu et al., 

2020). The determined biochemical parame-

ters were in line with the histopathological ex-

amination which revealed severe alterations 

of liver structures, including remarkable ne-

crosis, congestion, vacuolization, severe hy-

dropic degeneration with obvious inflamma-

tory cell infiltration and fatty degenerative 

changes, and high amounts of collagen depo-

sition in Cd-administered group. Cd hepato-

toxicity is associated with several structural 

alterations, including inflammatory cells in-

filtration, hyperplasia, necrosis, and apoptosis 

(Tzirogiannis et al., 2004; Milton Prabu et al., 

2012). FAR supplementation prevented Cd-

induced hepatocyte injury manifested by 

ameliorated serum transaminases and albu-

min, and improved tissue histological 

architecture. These findings support previous 

reports showing the hepatoprotective activity 

of FAR (Abukhalil et al., 2020; Gayatri Devi 

and Ezhilarasan, 2023). FAR decreased se-

rum transaminases, LDH, and ALP, and ame-

liorated histopathological alterations, in par-

ticular, the fat deposition induced by hyper-

cholesterolemia in rats (Abukhalil et al., 

2020). In mice challenged with APAP, FAR 

decreased serum ALT and AST and prevented 

hepatocyte injury as revealed by histopatho-

logical examination (Gayatri Devi and 

Ezhilarasan, 2023). These findings along with 

our study demonstrated the efficacy of FAR 

to protect against hepatotoxic drugs and 

chemicals. 

Given the role of OS and inflammation in 

Cd toxicity (Lin et al., 2007; Liu et al., 2009) 

and the reported antioxidant and anti-inflam-

matory efficacies of FAR (Jahangir et al., 

2006; Qamar and Sultana, 2008; Jung et al., 

2018), the hepatoprotective role of FAR in 

this study could be directly ascribed to atten-

uation of OS and inflammation. Here, Cd 

caused OS in the liver as shown by elevated 

MDA and NO and declined GSH and antiox-

idant enzymes. These findings are consistent 

with our previous and other investigators 

findings of Cd-induced OS in different tissues 

(Sarkar et al., 1995; Beytut and Aksakal, 

2002; Liu et al., 2015; Alruhaimi et al., 2023). 

Moreover, it has been demonstrated that ex-

posure to Cd is associated with ROS genera-

tion, increased LPO levels, and antioxidants 

reduction (Liu et al., 2009). The ionic form of 

Cd enters hepatocytes via binding to Fe2+ and 

Zn2+ transporters or through voltage-gated 

Ca2+ channels. Additionally, it forms com-

plexes with MT and the complexes enter 

hepatocytes via receptor-mediated endocyto-

sis (Wolff et al., 2006; Abouhamed et al., 

2007). Within hepatocytes, Cd is liberated 

from its complexes with MT through the ac-

tion of lysosomes (Wolff et al., 2006; 

Abouhamed et al., 2007). Cd doesn’t generate 

ROS via redox reactions, but produces H2O2, 

•O2, and •OH indirectly via Fenton-type reac-

tions and other reactions provoked via Cd-

mediated liberation of unbound iron 
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(Casalino et al., 1997; Ikediobi et al., 2004; 

Cuypers et al., 2010). The generated ROS can 

damage cellular macromolecules, resulting in 

cell death, and •O2 can react with NO to pro-

duce peroxynitrite that oxidizes DNA and in-

creases ROS (Pacher et al., 2007). Besides 

ROS generation, Cd causes OS through direct 

binding to the sulfhydryl groups of GSH and 

other proteins, leading to depletion of antiox-

idant defenses (Renu et al., 2021). Further-

more, mitochondrial dysfunction mediated 

via Cd accumulation further increases ROS 

generation (Qi et al., 2020). 

OS is associated with inflammation and 

their role in Cd hepatotoxicity was acknowl-

edged (Liu et al., 2015). Cytokines and in-

flammatory mediators are essential tissue 

markers of inflammatory responses inflicted 

by environmental agents, including Cd (Liu et 

al., 2015). Excess ROS provoked by Cd can 

activate several molecules, including NF-κB 

which acts as a master regulator of inflamma-

tion and immune homeostasis in different tis-

sues by controlling large number of important 

pro-inflammatory mediators (Mitchell and 

Carmody, 2018). Accordingly, Cd upregu-

lated hepatic NF-κB p65, IL-6, TNF-α, and 

iNOS, demonstrating an inflammatory re-

sponse. Our findings are consistent with pre-

vious findings on Cd-induced inflammatory 

responses in hepatocytes (Liu et al., 2015) and 

human hepatoma cell line HepG2 (Souza et 

al., 2004). The produced cytokines in con-

junction with ROS promote apoptotic cell 

death mediated via mitochondrial damage. In 

this context, Cd-induced apoptosis in human 

hepatocytes was associated with mitochon-

drial dysfunction and damage (Lasfer et al., 

2008). The study of Souza et al. (2004) 

showed the efficacy of anti-TNF-α antibodies 

and N-acetylcysteine to downregulate NF-κB 

p65, IL-1β, and IL-6 and prevent apoptosis in 

Cd-challenged hepatocytes in vitro. Exces-

sive ROS and cytokines can damage cellular 

organelles, including mitochondria, resulting 

in outflow of cytochrome c and subsequent 

activation of pro-apoptotic proteins and initi-

ation of apoptosis (Redza-Dutordoir and 

Averill-Bates, 2016). Activated caspase-3 is a 

marker of cellular apoptosis as it acts primar-

ily as the executioner to initiate the apoptotic 

process (Redza-Dutordoir and Averill-Bates, 

2016). In accordance, cleaved caspase-3 was 

elevated in the liver of Cd-administered rats 

in this study. Moreover, Cd exposure upregu-

lated NLRP3, ASC, IL-1β, and caspase-1 

which along with the upregulated NF-κB pin-

pointing activation of this inflammatory axis. 

ROS-provoked NF-κB is strongly correlated 

with NLRP3 inflammasome activation in 

many diseases (Kelley et al., 2019). NLRP3 

could also be activated by ROS to initiate an 

inflammatory response manifested by ele-

vated IL-1β (Kelley et al., 2019). Conse-

quently, genes implicated in multiple disease 

processes are upregulated and the resultant 

endothelial cell response facilitates immune 

cells infiltration to the damaged tissue 

(Dinarello, 2009). NLRP3 consists of a cen-

tral nucleotide-binding and oligomerization 

domain that possesses ATPase activity neces-

sary for oligomerization (Duncan et al., 

2007), C-terminal leucine-rich repeat (LRR) 

domain, and PYD. PYD of NLRP3 initiates 

the inflammasome assembly by interacting 

with PYD of ASC (Vajjhala et al., 2012). 

Caspase-1 is then recruited and activated 

leading to cleavage of pro-IL-1β to IL-1β, and 

gasdermin D resulting in the formation of 

pores in the plasma membrane followed by 

cell death (Kelley et al., 2019). In line with 

our study, Cao et al. (2022) demonstrated up-

regulation of NLRP3 and IL-1β, and inflam-

mation and cell death in the liver of ducks 

supplemented with Cd. Very recently, we re-

vealed activation of NLRP3 in the heart of 

Cd-exposed mice (Antar et al., 2024). 

Owing to the role of OS and inflammation 

in mediating Cd hepatotoxicity and cell death, 

the hepatoprotective efficacy of FAR is there-

fore directly linked to suppression of OS and 

inflammatory response. FAR decreased 

MDA, NO, pro-inflammatory mediators, and 

caspase-3 and suppressed NF-κB/NLRP3 in-

flammasome axis in Cd-administered rats. 

The efficacy of FAR against liver injury was 

accompanied with decreased LPO, IL-1β, IL-

6, and TNF-α, and enhanced antioxidants in 
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experimental hypercholesterolemia (Abu-

khalil et al., 2020) and APAP hepatotoxicity 

(Gayatri Devi and Ezhilarasan, 2023). Other 

studies have supported the antioxidant and 

anti-inflammatory role of FAR. For instance, 

it downregulated TNF-α and suppressed in-

flammation in asthmatic mice lung (Ku and 

Lin, 2015), and ameliorated MDA and CAT 

activity and prevented inflammation in a rat 

model of cigarette smoke extract-induced 

lung injury (Qamar and Sultana, 2008). FAR 

reduced gliosis-associated pro-inflammatory 

mediators in mice (Santhanasabapathy et al., 

2015), and attenuated OS and inflammation in 

experimental nephrotoxicity (Jahangir et al., 

2006) and primary human renal epithelial 

cells (Müller et al., 2023), respectively. It has 

also shown potent effect on caspase-3 in rats 

with colonic damage (Khan and Sultana, 

2011). These findings along with the current 

study demonstrated the potent antioxidant, 

anti-inflammatory, and cytoprotective effica-

cies of FAR in the liver of rats challenged 

with Cd. In addition, this study introduced 

novel information that suppression of the NF-

κB/NLRP3 inflammasome axis is involved in 

the protective mechanism of FAR against Cd 

hepatotoxicity. To gain an insight into the 

modulatory effect of FAR on NLRP3 inflam-

masome, we employed molecular docking. 

Our investigation revealed the affinity of FAR 

to bind the PYD domain of NLRP3 and ASC. 

FAR showed hydrophobic interactions with 

ASC and NLRP3 PYD domains and polar 

bonding with NLRP3 PYD domain suggest-

ing its ability to inhibit the PYD-PYD inter-

action necessary for the inflammasome as-

sembly and subsequent activation of caspase-

1 and cell death. Our study pinpointed the 

ability of FAR to downregulate TGF-β/ 

Smad3 signaling in the liver of Cd-adminis-

tered rats, thereby inhibiting collagen deposi-

tion and fibrogenesis. TGF-β is a pleiotropic 

cytokine with key roles in inflammation and 

liver fibrosis (Li and Flavell, 2008). TGF-β1 

release by necrotic hepatocytes activates he-

patic stellate cells (HSCs) and promotes its 

transdifferentiation into myofibroblasts and 

the release of excessive amounts of collagen, 

while preventing its apoptosis and inhibits the 

degradation of extracellular matrix (ECM) 

(Kanzler et al., 1999). Smad proteins mediate 

fibrogenesis induced by TGF-β signaling. 

Upon binding of TGF-β1 to its receptor, 

Smad2 and Smad3 are phosphorylated and 

form a complex with Smad4. The complex 

translocates into the nucleus and induces the 

transcription of several genes involved in fi-

brogenesis (Xie et al., 2014). TGF-β1 can also 

activate NF-κB and Smads act as signal inte-

grators that interact with NF-κB signaling 

(Xie et al., 2014). Our study revealed upregu-

lation of TGF-β1 and Smad3 phosphorylation 

along with upregulated α-SMA indicating ac-

tivation and transdifferentiation of HSCs and 

fibrogenesis as shown in the stained sections. 

Circulating Cd levels are positively correlated 

with fibrogenesis in human subjects and in 

patients with liver cirrhosis (Kazi et al., 2012; 

Chung et al., 2020). By using Raman confocal 

imaging, Li et al. (2020) demonstrated a 

higher collagen peak in liver samples exposed 

to Cd. These studies along with activated 

TGF-β1/Smad3 signaling explained the in-

crease in collagen deposition in the liver of 

Cd-administered rats. FAR suppressed TGF-

β1, α-SMA, Smad3 phosphorylation and col-

lagen deposition, adding further explanation 

to its hepatoprotective mechanism. In silico 

data showed the binding affinity of FAR to-

wards TGF-β, a finding that supports the sup-

pressive effect of FAR on TGF-β signaling. 

Given the key role of PPARγ activation in 

mitigating OS, inflammation and fibrogene-

sis, we investigated its possible involvement 

in the hepatoprotective efficacy of FAR. Cd-

administered rats exhibited a decline in liver 

PPARγ, an effect that FAR prevented. Upreg-

ulation of PPARγ enhances antioxidant en-

zymes, inhibits ROS generation, and sup-

presses NF-κB by controlling its transcrip-

tional activity, reducing p65 nuclear translo-

cation and inhibiting IκBα degradation 

(Kersten et al., 2000; Remels et al., 2009). 

The effect of FAR on PPARγ has been re-

ported in very few reports. The study of Tor-

abi and Mo (2016) showed upregulated 

PPARγ in T3-F442A pre-adipocyte treated 
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with FAR. Upregulation of PPARγ was in-

volved in the effect of FAR on the maturation 

of human dendritic cells (Vivas et al., 2019). 

Here, we introduced information on the posi-

tive effect of FAR on PPARγ in rats, an effect 

that was supported by the in silico data show-

ing the polar and hydrophobic interactions be-

tween FAR and PPARγ. 

 

CONCLUSIONS 

This study introduced novel information 

on the protective efficacy of FAR on Cd hepa-

totoxicity. Inflammation, OS, upregulated 

NF-κB/NLRP3 inflammasome axis and TGF-

β/Smad3 signaling and declined PPARγ were 

demonstrated following Cd administration. 

FAR attenuated OS, inflammation and liver 

injury, suppressed NF-κB/NLRP3 inflam-

masome axis and TGF-β/Smad3 signaling, 

and boosted PPARγ and antioxidants. FAR 

showed binding affinity towards NLRP3 and 

ASC PYD domains, TGF-β and PPARγ. 

Therefore, FAR effectively protected rats 

against Cd hepatotoxicity, and further inves-

tigations to explore other underlying mecha-

nism(s) are recommended. 
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