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Hepatocellular carcinoma (HCC), a leading cause of cancer related deaths is predominantly driven by
chronic inflammatory responses. Due to asymptomatic nature and lack of early patient biopsies, precise
involvement of inflammation in hepatic injury initiation remains unidentified. Aim of the study was to
elucidate the regulation patterns of inflammatory signalling from initiation of hepatic injury to develop-
ment of HCC. HCC mice model was established using DEN followed by repeated doses of CCl4 and sacri-
ficed at three different stages of disease comprising 7, 14 and 21 weeks. Serum biochemical tests, hepatic
lipids quantification, histopathology and qPCR analyses were conducted to characterize the initiation and
progression of liver injury and inflammatory signalling. Notably, at 7 weeks, we observed hepatocyte
damage and periportal necrotic bodies coupled with induction of Socs2/Socs3 and anti-inflammatory
cytokine Il-10. At 14 weeks, mice liver showed advancement of liver injury with micro-vesicular steatosis
and moderate collagen deposition around portal zone. With progression of injury, the expression of Socs3
was declined with further reduction of Il-10 and Tgf-b indicating the disturbance of anti-inflammatory
mechanism. In contrast, pro-inflammatory cytokines Il1-b, Il6 and Tnf-a were upregulated contributing
inflammation. Subsequently, at 21 weeks severe liver damage was estimated as characterized by
macro-vesicular steatosis, perisinusoidal collagen bridging, immune cell recruitment and significant
upregulation of Col-1a and a-Sma. In parallel, there was significant upregulation of pro/anti-
inflammatory cytokines highlighting the commencement of chronic inflammation.
Findings of the study suggest that differential regulation of cytokine suppressors and inflammatory

cytokines might play role in the initiation and progression of hepatic injury leading towards HCC.
� 2022 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatocellular carcinoma (HCC) is the fourth most common
cause of cancer related mortality worldwide. The prevalence of
HCC is increasing significantly with an estimated 905,677 new
cases reported in 2020 (Kim and Viatour 2020, Sung et al., 2021).
HCC pathogenesis is a complex and multi-step process driven by
the progressive accumulation of cellular and molecular etiologies
(Jafri and Kamran, 2019, Suresh et al., 2020). Adipokine secretion,
endoplasmic reticulum stress, oxidative stress, mitochondrial dys-
function, inflammation and hepatocytes necrosis or apoptosis
emerged as key driving factors of HCC. Despite significant involve-
ment in HCC, their role at early stages of liver injury are poorly
characterized (Irshad et al., 2017, Ghemrawi et al., 2018, Yang
et al., 2019).

Inflammation is a natural phenomenon mainly triggered by
diverse factors including cellular damage, toxins and pathogens
(Chen et al., 2018). These factors may elicit inflammatory
responses characterized by recruitment of inflammatory cells and
induction of inflammatory signalling pathways at the site of injury.
Normally, these responses work together to repair tissue, resist
harmful stimuli and resolve homeostasis. However, under some
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Abbreviation

Hepatocellular carcinoma HCC
Di-ethyl-nitrosamine DEN
Carbon tetrachloride CCl4
Cytochrome P450 CYP
Weeks W
Vehicle control VC
Intraperitoneally IP
Alanine aminotransferase ALT
Aspartate aminotransferase AST
Triglycerides TGs
H&E Hematoxylin & Eosin
MT Masson’s Trichrome
Quantitative polymerase chain reaction qPCR

Krt-18 Cytokeratin-18
Alb Albumin
b-actin Beta actin
Col-1a Collagen-1a
Il1-b Interleukin-1b
Il6 Interleukin 6
Myd88 Myeloid differentiation primary response
Tlr Toll-Like receptors
Tgf-b Transforming Growth Factor- b
Tnf-a Tumour Necrosis Factor- a
NAFLD Non-alcholic fatty liver disease
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circumstances, obstinate inflammatory response results in the
aberrant production of pro and anti-inflammatory cytokines and
dysregulation of inflammatory modulators leading to chronic
inflammation (Yu et al., 2018). Chronic inflammation initiates a
crosstalk among different types of liver cell and its microenviron-
ment resulting in complete remodelling of liver architecture
(Refolo et al., 2020). Thus, understanding the relationship between
inflammatory mediators and inflammatory responses may present
as a potent target for HCC prevention and therapy.

Suppressors of cytokine signalling (SOCS) is an intracellular pro-
tein family which functions as basic physiological regulator of
cytokine signalling. The key biological function of SOCS is to medi-
ate cytokine signalling through negative feedback mechanism (Ye
and Driver 2016). Dysregulation of SOCS has also emerged as
essential modulator of inflammatory and oncogenic proliferation
pathways. Depending on the biological and cellular conditions,
SOCS may serve as an oncogene or a tumour suppressor (Jiang
et al., 2017, Sobah et al., 2021). Studies have further showed SOCS3,
an important member of the family increases phosphorylation of
the oncogenic pathways such as IL-6/JAK/STAT3 in human HCC
(Lokau et al., 2019). Owing to its double edged role of SOCS, its
comprehensive analysis is required to control inflammatory sig-
nalling involved in the development of HCC.

A variety of genetically modified, xenograft-based, transgenic,
and hepatotoxicant-induced mice models are being used to study
the pathogenesis of HCC (Zhang et al., 2019a). Recently, two-
stage animal models were employed in which a genotoxicant such
as di-ethyl-nitrosamine (DEN) was first administered to induce
tumour followed by a tumour promoting hepatotoxicant (Omura
et al., 2014). These models are well appropriate for studying the
molecular mechanisms behind the activation of pro-
inflammatory mediators and the suppression of anti-
inflammatory signalling cascades (Stanke-Labesque et al., 2020).

The current study was aimed to elucidate the regulation of
inflammatory signalling in the initiation and progression of hepatic
injury. Liver injury to HCC mouse model was established using
DEN and CCl4. Results of the study has highlighted the critical role
of expressional fine-tuning of inflammatory signalling and its mod-
ulators in the pathogenesis of HCC.
2. Material and methods

2.1. Animals

Laboratory Mice BALB/c were used for experiment. Mice were
nurtured in animal house according to ethical guidelines for animal
care in SBS, University of the Punjab, Quaid-i-Azam campus,
2

Lahore, Pakistan. Mice were kept in clean cages with saw under
12/12 h light/dark cycles at 25 ± 2⁰C ambient temperature and
were fed commercially available standard chow and water
ad libitum.

2.2. Establishment of HCC mice model

The healthy male mice (6 weeks old) weighing up to 25 ± 5 g
were randomly grouped into six (8 males/group n = 8) for estab-
lishment of DEN + CCl4 induced HCC model. Each group of mice
was either administered DEN + CCl4 or saline/olive oil for 7, 14
and 21 weeks (W). For chemical induction of HCC, mice in experi-
mental groups were treated with first dose of DEN (100 mg/kg)
with repeated dose of carbon tetrachloride (CCl4) (0.5 ml/kg) twice
a week for 2 weeks. After 2 weeks second dose of DEN (50 mg/kg)
was administered to mice and repeated dose of CCl4 (0.5 ml/kg)
twice a week was continued for 7, 14 and 21 weeks (Injury; 7 W,
14 W and 21 W). Solution of DEN was made in saline whereas
CCl4 was dissolved in olive oil (1:1, v/v). All doses were adminis-
tered intraperitoneally (IP). In parallel to all vehicle control groups
(VC; 7 W, 14 W and 21 W) saline and olive oil were administered
(IP) per body weight as alternative of DEN and CCl4. During exper-
imental period, body weight of all the mice were measured twice a
week. Schematic experimental timeline is represented in Fig. 1.

2.3. Sample collection and processing

By the end of 7, 14 and 21 weeks experiments, under proper
anaesthesia (ketamine/xylazine cocktail, IP), mice were scarified
followed by blood collection in nonheparinized tubes and serum
separation using centrifuge machine (4000 � g, 20 min). The straw
coloured serumwas stored and used to measure liver function test.
Liver organ was separated, washed with phosphate buffer saline
and chopped for histological analyses, lipid assay and gene expres-
sion analyses.

2.4. Liver biochemical test

The activity of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) was measured in serum sample from each
group. The assays were performed by calorimetric method, using
commercially available kits. Briefly, 50 lL of serum samples were
preincubated in 1 ml of working reagents for 1 min at 37 �C and
added in a cuvette. Initial absorbance was measured at 340 nm
in spectrophotometer and absorbance readings were repeatedly
measured exactly after 1, 2 and 3 min. Relative average change
in absorbance per minute was calculated.



Fig. 1. A representation of experimental timeline.
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2.5. Hepatic lipid extraction

Hepatic lipid content was extracted according to modified Bligh
and Dyer method (Bligh and Dyer 1959) as described previously
(Perveen et al., 2020). Briefly, 12 mg of liver was used for extraction
of cholesterol and triglycerides (TGs). Liver homogenate was made
in MgCl2 (1 M) and chloroform–methanol (2:1) in a micro-tube.
The chloroform phase was recovered, vacuum dried and quantified
using commercially available kit (Analyticon biotechnologies).
Both cholesterol and TGs in each sample were separately
determined.
Table 1
Mice’s primer sequences, annealing temperature (Tm) and size.

Gene I.D Primer Primer sequences

b-actin Forward
Reverse

GAAGTCCCTCACCCT
GGCATGGACGCGAC

Alb Forward
Reverse

GAAGTGCTCCAGTA
GAGATAGTCGCCTG

Krt18 Forward
Reverse

GAAGAGCCTGGAAA
TTGTCCACAGAATTC

Col-1a Forward
Reverse

TGAGTCAGCAGATT
TACTTCGAACGGGA

a-Sma Forward
Reverse

GCATCCACGAAACCA
CACGAGTAACAAAT

Cyp1a1 Forward
Reverse

GGTCACTCTCTTTGG
AAGAATGCTGAGGG

Cyp1a2 Forward
Reverse

CGTTCTCCCAGTACA
AGTGACAGGTGTGG

Cyp2e1 Forward
Reverse

GGAATGGGGAAACA
CATGAGCTCCAGACA

Socs2 Forward
Reverse

TCAGCTGGACCGAC
TGTCCGTTTATCCTT

Socs3 Forward
Reverse

AGCTCCAAAAGCGA
TGACGCTCAACGTGA

Il1-b Forward
Reverse

GTACATCAGCACCTC
CACAGGCTCTCTTTG

Il6 Forward
Reverse

CCAGAAACCGCTATG
TCACCAGCATCAGTC

Il-10 Forward
Reverse

TGTGAAAATAAGAG
CATTCATGGCCTTGT

Tlr4 Forward
Reverse

TCCCTGCATAGAGGT
ACTCTGGATAGGGT

Tlr9 Forward
Reverse

GCCTCCGAGACAAC
CTGCTGACATCCAGT

Myd88 Forward
Reverse

GGCATCTGCATATGT
CCCAGGCTGACCTTA

Tnf-a Forward
Reverse

CTCCAGGCGGTGCC
GAAGAGCGTGGTGG

Tgf-b Forward
Reverse

CCCGAAGCGGACTA
ATAGATGGCGTTGT

3

2.6. Assessment of liver gross morphology

The body weight of mice was recorded in respective groups.
Liver was separated, weighed and then examined for the presence
of grossly visible lesions.

2.7. Histopathological examination of liver architecture

The one-half of mice liver tissue was fixed in 4% paraformalde-
hyde (PFA) solution overnight. Tissues were subjected to dehydra-
tion using ascending grades of ethanol and embedded in paraffin
(50-30) Tm (C) Size (bp)

CCCAA
CAT

57 62

TGCAGAA
GTTTTCAC

57 222

CTGAGAAC
GCAAAGA

57 150

GAGAAC
ATCCATC

57 301

CCTA
CAAAGC

57 418

TTTGG
ACCACCAGAAG

54 217

TCTCC
GTTCTT

54 187

GGGTAATG
CTTCTTG

57 147

TAACCT
GCACA

57 150

GTACCA
AGAAG

57 178

ACAAG
AACAG

57 268

AAGTTCC
CCAAG

57 73

CAAGGCAGTG
AGACACC

59 85

AGTTC
TTCCTG

57 268

TACCTA
TTCTG

57 210

GTGTT
AACTA

57 223

TATGT
CCC

57 67

CTATGC
TGCGGT

57 69
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wax. Afterwards microtome was used to cut samples into 4 lm
thick sections. Liver pathological state was assessed by H&E and
Masson’s trichrome (MT) staining. NAFLD activity score (NAS)
method was used to evaluate different stages of liver pathogenesis.
The Olympus IX83 inverted fluorescent microscope was used to
snap microphotographs of four stained biological replicates.
2.8. RNA isolation and cDNA synthesis

To carry out gene expression analysis the total mRNA was iso-
lated from liver tissues using RiboEXTM kit (Gene all, catalogue
no. 305–101) following manufacturer’s protocol. RNA quantity
and quality were determined at 260/280 ratio using nanodrop
spectrophotometer (Thermo Scientific). The cDNA for each sample
was synthesized from 2 lg RNA using revert aid first strand cDNA
synthesis kit (Thermo Scientific, catalogue no. K1622) by following
manufacturer’s instructions. All cDNA samples were stored at
�20⁰C.
2.9. Gene expression analysis by quantitative polymerase chain
reaction (qPCR)

The cDNA was used for quantitative polymerase chain reaction
(qPCR) analysis of mRNA by using primers given in Table 1 (Azam
et al., 2018). qPCR was then performed with 25 ng cDNA using
Maxima SYBR Green kit (Thermo Scientific, catalogue no. k0251)
in thermal cycler. Maxima SYBR Green (Thermo Scientific, cata-
logue no. k0251) was used for master mix preparation. The PikoR-
Fig. 2. (A) Shown here decline in bodyweight in injury groups at 7 W, 14 W and 21 W com
14W and 21W relative to vehicle control groups. Significant level was considered as p < 0
Gross morphology of mice liver showing initiation of tumour formation injury group at
white dotted circles.
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ealTM Real-Time PCR System (Thermo Scientific, catalogue no.
TCR0096) was used, PCR cycling conditions were as follow: initial
denaturation at 95 �C and 40 cycles of 95 �C, ±57 �C, and 72 �C fol-
lowed by final elongation at 72 �C and termination at 4 �C. The
Beta-actin (b-actin) as housekeeping gene was analyzed in each
sample for normalization and fold changes were determined using
2^-DDCt method.

2.10. Data analysis

Data was analysed using one-way analysis of variance (ANOVA)
followed by multiple comparison Tukey’s post hoc test from Graph
Pad Prism 8 and 9. The significance level was considered as
p < 0.05, p < 0.01, p < 0.001 and p < 0.0001. Results were expressed
as mean ± standard error of mean (SEM) and standard deviation
(SD).
3. Results

3.1. Stage dependent variations in physiological parameters

The progression of liver injury was assessed by variations in
physiological parameters such as weight of body and liver, and
gross morphology. Body weight of mice in vehicle control groups
(VC) was progressively increased throughout the experimental
period. In contrast, a significant reduction in body weight of mice
in all treatment groups (Injury; 7 W, 14 W, 21 W) was observed
[Fig. 2A]. Results demonstrated that body weight was suddenly
pared to VC groups (B) Increased liver to bodyweight ratio in injury groups at 7 W,
.05, p < 0.01, p < 0.001 and p < 0.0001 and graphical data presented in mean ± S.D.(C)
14 W and tumour nodules in injury group at 21 W. Tumours are highlighted with



Fig. 3. (A) Represented normal liver architecture of VC group. Black arrowhead in injury groups at 7 W, 14 W and 21 W indicating vacuolation, pyknotic nuclei, necrosis, and
sinusoid dilations respectively (20X microphotographs). (B&C) The serum ALT and AST level significantly (p < 0.05, p < 0.01, p < 0.001 and p < 0.0001) increased at 7 W, 14 W
and 21 W injury groups compared to VC groups. (D&E) mRNA expression of Alb and Krt18 showing significant (p < 0.0001) downregulation in injury group at 7 W, 14 W and
21 W compared to VC groups. The graphical data presented in mean ± S.D.
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declined in mice of treatment groups after first dose of DEN with a
gradual recovery after 10 weeks of treatment and again decreased
with last 3 weeks injections of CCl4 [Supplementary file 1]. Corre-
spondingly, injury groups at 7 W, 14 W and 21 W displayed signif-
icant change in liver weight to body weight ratio compared to their
VC groups. [Fig. 2B]. Results revealed that relative liver weight to
body weight ratio in injury groups at 14 W and 21 W was signifi-
cantly increased compared to the mice of injury group at 7 W.
Moreover, gross morphology of mice liver indicated tumour forma-
tion in injury group at 14 W while at 21 W mice liver in injury
group exhibited well-differentiated tumour nodules [Fig. 2C]. The
survival ratio was 87% until the end of the experiment.
Fig. 4. (A) The graph represented significant increase in cholesterol (mg/dl) in injury gr
21 W injury groups compared to their respective VC groups. The graphical data presen
p < 0.001 and p < 0.0001 (C) Histological architecture of liver showing micro-vesicular stea
vesicular steatosis (Orange arrow) and Mallory’s bodies (Blue arrow) was observed in in

6

3.2. Initiation of hepatocellular necrosis and impairment of liver
function

The onset of hepatocellular injury was characterized by change
in liver architecture. Liver sections stained with H&E depicted pro-
found impairments in liver of HCC groups relative to VC groups.
Mice exposed to DEN + CCl4 for 7, 14 and 21 weeks exhibited hep-
atocyte vacuolation with pyknotic nuclei, necrosis along with sinu-
soid dilation compared to VC group [Fig. 3A]. Hepatocyte
vacuolation and necrosis were more significant in mice of injury
group at 21 W. Hepatocellular necrosis was coupled with impair-
ment of liver function as evident by elevation of serum transami-
oup at 21 W (B) Triglycerides concentration was increased significantly at 7 W and
ted in mean ± S.D. whereas Significant level was considered as p < 0.05, p < 0.01,
tosis (Red arrow) and lipo-granulomas (Black arrow) in injury group at14W. macro-
jury groups at 21 W (20X microphotographs).
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nases such as ALT and AST. The results also demonstrated that,
mice of injury group at 21 W had higher (35%) levels of ALT com-
pared to mice of injury group at 7W and 14W [Fig. 3B]. Similarly, a
considerable (25%) elevation of AST was observed in injury group
at 21 W compared to injury groups at 7 W and 14 W respectively
[Fig. 3C]. These results corroborated by differential regulation of
hepatic functional genes like Alb and Krt18. The mRNA expression
of Alb and Krt18 was significantly downregulated in injury groups
at 7 W, 14 W and 21 groups compared to their VC groups [Fig. 3D,
3E].
Fig. 5. (A) Collagen deposition in liver sinusoids and periportal fibrosis (Black arrow head
microphotographs). (B) mRNA expression of Col-1a showing continuous increase in colla
Relative expression of mRNA of a-Sma significantly increased at 21 W injury group. The

7

3.3. Accumulation of lipids in liver parenchyma followed by induction
of severe hepatic steatosis

Hepatic lipid contents such as cholesterol and triglycerides
(TGs) were measured to evaluate fatty changes with low dose
treatment of DEN + CCl4 for 7, 14 and 21 weeks. Results demon-
strated accumulation of cholesterol and TGs in DEN + CCl4 treated
mice liver. The relative concentration of cholesterol was signifi-
cantly higher in injury group at 21 W (84.5 mg/dl) than injury
groups at 7 W (88.10 mg/dl) and 14W (103.6 mg/dl) [Fig. 4A]. Sim-
s) was observed in injury groups at 7 W, 14W and 21W compared to VC group (40X
gen expression in injury groups at 7 W, 14 W and 21 W compared to VC groups. (C)
graphical data presented in mean ± S.D.
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ilarly, a significant increase in TGs concentration was also observed
in injury group at 21W (621.3 mg/dl) as compared to injury groups
at 7 W (365.5 mg/dl) and 14 W (341.1 mg/dl) [Fig. 4B]. In parallel,
histopathological analysis of hepatic tissue sections showed grad-
ual progress in hepatocyte degeneration. Results demonstrated
that hepatic steatosis initiated with presences of Mallory’s bodies
and lipo-granulomas after 14 weeks of treatment. The mice of
injury group at 14 W showed micro-vesicular steatosis. In contrast,
macro-vesicular steatosis was observed in injury group at 21 W
[Fig. 4C].
3.4. Fibrogenesis in liver parenchyma progress into HCC

Masson’s trichrome staining revealed fibrogenesis in mice
exposed to DEN + CCl4 for 7, 14 and 21 weeks. In 7 W (injury
group), a network of collagen deposition was exhibited in liver
sinusoids and near portal area. Whereas, 14 W (injury group)
depicted an accumulation of collagen in steatotic hepatocytes. In
Fig. 6. (A, B&C) The graphical representation of differential expression of Cyp1a1, Cyp1a2
respectively. The graphical data presented in mean ± S.D. and significant level was cons

Fig. 7. (A&B) The regulation of suppressor of cytokine signalling (Socs2 and Socs3) was ob
regulation of Toll-like receptors (Tlr4 and Tlr9) and its adapter molecule (Myd88) was ob
The graphical data presented in mean ± S.D. and significant level was considered as p <
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21 W (injury group), periportal, perisinusoidal and bridging fibro-
sis along with thickness of fibrous bands was more evident
[Fig. 5A]. These results were analogue to differential regulation of
Col-1a and a-Sma. Where, Col-1a significantly upregulated in
injury groups at 7 W, 14 W and 21 W compared to their VC groups
[Fig. 5B]. In parallel, regulation of a-Sma was significantly
increased in injury group at 21 W compared to VC group at 21 W
[Fig. 5C].
3.5. Differential regulation of liver derived cytochrome P450 genes in
different stages of liver injury leading to HCC

The mRNA analyses of P450 (Cyp1a1, Cyp1a2 and Cyp2e1)
revealed differential expression regulation. In injury group at
21W, a significant upregulation of Cyp1a1 was observed compared
to VC group at 21 W [Fig. 6A]. Whereas, Cyp1a2 and Cyp2e1 signif-
icantly downregulated in injury groups at 7 W, 14 W and 21 W
compared to their respective VC groups [Fig. 6B, 6C].
and Cyp2e1 mRNA in injury groups at 7 W, 14 W and 21 W compared to VC groups
idered as p < 0.05, p < 0.01, p < 0.001 and p < 0.0001.

served at 7 W, 14 W and 21 W in injury groups compared to VC group. (C, D&E) The
served in injury groups at 7 W, 14 W and 21 W compared to VC groups respectively.
0.05, p < 0.01, p < 0.001 and p < 0.0001.
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3.6. Differential regulation of suppressor of cytokine signalling (Socs2/
Socs3) in different stages of liver injury leading to HCC

The regulation pattern of Socs2 and Socs3 genes showed a vari-
able pattern in different stages of hepatic damage. The mice of
Fig. 8. (A) Histological representation showing lobular inflammation in injury groups at 7
in injury group at 7 W, pigmented macrophages (Black arrow) in injury group at 14 W
microphotographs). (B, C, D, E&F) Differential expression of Il1-b, Il6, Il-10, Tnf-a and Tg
groups. The graphical data presented in mean ± S.D. and significant level was considere
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injury group at 7 W showed significant upregulation of Socs2
and Socs3 compared to injury groups at 14 W, 21 W and its VC
group [Fig. 7A]. Whereas, expression of Socs3 was significantly
downregulated in injury group at 14 W group compared to VC
group, injury groups at 7 W and 21 W. In contrast, the expression
W, 14W and 21W compared to VC groups. Periportal necrotic bodies (Black arrow)
and infiltration of inflammatory cells in injury group at 21 W was observed (20X
f-b mRNA was observed in injury groups at 7 W, 14 W and 21 W compared to VC
d as p < 0.05, p < 0.01, p < 0.001 and p < 0.0001.
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of Socs3 was significantly upregulated in advanced stage of hepatic
injury group at 21 W compared to both the previous stages as well
as its VC [Fig. 7B].
3.7. Differential regulation of Toll-like receptor signalling in late stage
of liver injury leading to HCC

The Toll-like receptor signalling genes showed differential reg-
ulation patterns in different groups of liver injury. The expression
of Tlr4 initiated after 14 weeks. The mice of injury group at 14 W
and 21 W showed significant upregulation compared to their VC
groups [Fig. 7C]. In contrast, Tlr9 and Myd88 significantly upregu-
lated after 21 weeks compared to their VC groups [Fig. 7E].
3.8. HCC progression followed by induction of inflammatory cytokines

Histopathological examination of the liver sections revealed
lobular inflammation, periportal necrotic bodies along with pig-
mented macrophages and inflammatory cells infiltration in injury
groups at 7 W, 14 W and 21 W compared to VC groups [Fig. 8A].
These results were verified by differential regulation of inflamma-
tory cytokines Il1-b, Il6, Il-10, Tnf-a, and Tgf-b. The results demon-
strated that expression of Il1-b was significantly downregulated in
early stage of hepatic injury (7 W) compared to VC group. A signif-
icant upregulation of Il-1b was observed in injury groups at 14 W
and 21 W compared to their VC groups [Fig. 8B]. Whereas, Il-10
was significantly upregulated in injury group at 7 W compared
to VC group. In contrast, a significant downregulation was
observed in mice of injury group at 14 W to VC group. However,
Il6, Il-10, Tnf-a and Tgf-b significantly upregulated in injury group
at 21 W compared to VC group [Fig. 8C, D, E&F].
4. Discussion

In the current study, we established a DEN + CCl4 induced mice
model of hepatic injury leading to the development of HCC. The
reduced survival rate, poor health conditions and elevation of
serum ALT/AST confirmed the successful hepatocellular tumour
development (Nevzorova et al., 2020). Results also suggest the
involvement of inflammation in the initiation and progression of
hepatic damage leading to HCC as evident by stage specific regula-
tion of suppressors of cytokine signalling and pro/anti-
inflammatory mediators.

Di-ethyl-nitrosamine (DEN) is a carcinogenic chemical that can
initiate liver damage whereas, CCl4 is categorized as tumour pro-
moting agent. Our results have shown that a combination of
DEN + CCl4 has successfully established hepatic injury to HCC mice
model. High levels of serum ALT/AST were observed at different
stages of HCC mice model. These results reflected the injury as
comparable to the human HCC patients, where an increase of these
enzymes is associated with augmented risk of HCC (Sarkar et al.,
2020; Zhang et al., 2019b). Histopathological changes were signif-
icantly altered throughout the course of disease along with regula-
tion of liver injury markers. The present results are comparable to
previously reported combination of chemicals and chemically
induced HCC rodent models (Wu et al., 2018, Zayed et al., 2019).

Cytochrome P450 pathway with heme containing proteins is
mainly involved in the metabolism of drugs and toxicants
(Esteves et al., 2021). Both DEN and CCl4 are known to exacerbate
liver functioning through regulation of cytochrome P450 and
inflammatory signalling (Kovalszky et al., 1992, Ye et al., 2012, Li
et al., 2014). Mice administered DEN + CCl4 showed differential
regulation of these hepatic cytochrome P450 genes (Cyp2e1,
Cyp1a1 and Cyp1a2). These results are in accordance with previous
10
mice models and human HCC liver samples (Ho et al., 2004, Sun
et al., 2019, Tripathy et al., 2020). Cyp2e1 and Cyp1a2 showed sig-
nificantly reduced expression throughout the course of disease
(Leung et al., 2013, García-Suástegui et al., 2017). Reduced expres-
sion of these enzymes has been suggested to induce oxidative rad-
icals accelerating hepatic damage (Zhao et al., 2008, Lee et al.,
2011). In contrast, the overexpression of Cyp1a1 has been docu-
mented which is known to stimulates endogenous lipid peroxida-
tion resulting in accumulation of lipids (Boll et al., 2001, Shirakami
et al., 2012, Huang et al., 2018). Continued generation of lipid
metabolites lead to cellular damage, production of inflammatory
cytokines and inflammatory responses (Ramos-Tovar and Muriel
2020).

Inflammatory signalling characterized by regulation of media-
tors and modulators play crucial role in hepatic microenvironment
and injury (Abdulkhaleq et al., 2018, Huang et al., 2020). The bal-
ance between pro-inflammatory and anti-inflammatory responses
can determine the development and progression of HCC (Dai et al.,
2021). Here, especially the regulation of SOCS molecules as modu-
lators of inflammatory responses have drawn attention in the
pathogenesis of HCC (Fujimoto and Naka 2010, Rossa et al.,
2012). In current results, the downregulation of Socs2/Socs3 along
with upregulation of cytokines at early stages of hepatic injury
highlights the role of inflammatory response modulation in hepatic
damage. It has been reported that inhibition of SOCS could activate
different oncogenic signalling pathways (Cui et al., 2016, Khan
et al., 2020, Liu et al., 2021). Regulation of inflammatory cytokines
have shown to promote HCC in animal models (Yu et al., 2010,
Zhang et al., 2012). These result are also consistent with clinical
investigation of human HCC (Kim et al., 2013).

TLRs signalling is a critical mechanism in immune responses
and is activated by ligands such as lipopolysaccharides, free fatty
acid, denatured DNA, endogenous proteins and oligonucleotides.
TLRs activation is accompanied by damage associated molecular
receptors (Zhang et al., 2010). The members of SOCSs family are
also known to regulate TLRs signalling and participate in progres-
sion of HCC (Yu et al., 2010, Lopes et al., 2016). Enhanced expres-
sion was observed in advance stages of our hepatic injury mice.
Previous studies also highlight the role of Tlrs regulation as chron-
ically associated with DEN + CCl4 induced HCC mice model (Dapito
et al., 2012). It has been established that during HCC development,
hepatocytes continuously undergo necrosis/apoptotic events and
release fragmented DNA. This apoptotic DNA works as a ligand
for TLR9 activation and contributes in the HCC progression
(Watanabe et al., 2007). MYD88 is an adaptor protein of TLRs is
required to stimulate TLRs signalling mediated inflammatory
responses (Yuan et al., 2021). Specifically, TLRs signalling is
involved in the regulation of pro-inflammatory cytokines (IL1-b,
IL6 and/or TNF-a) and anti-inflammatory cytokines (IL-10, IL-12
and/or TGF-b) facilitated inflammation. Similarly like Tlrs, the
expression of Myd88 is also augmented at advanced stages of hep-
atic injury along with enhanced inflammation. Previous studies
also highlight the upregulaion of MYD88 in HCC (AbdAllah et al.,
2021). It has also been reported that MYD88 mutant mice are pro-
tected from developing metabolic disruptions, atherosclerosis and
liver fibrosis induced by DEN and CCl4 (Naugler et al., 2007, Mohs
et al., 2020).

Findings of current study designate the successful development
of HCC as indicated by significant impairment of liver architecture
and function. Results also highlight stage specific regulation of cel-
lular and molecular events in the pathogenesis of HCC. Specifically,
it is revealed that differential expression of Socs is associated with
regulation of anti-inflammatory cytokines at each stage of hepatic
injury. Therefore, it is concluded that Socs mediated inhibition of
anti-inflammatory signalling plays a role in the initiation and pro-
gression of hepatic damage leading to HCC.
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