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Summary: Future preclinical HCC studies employing DEN models will concentrate on overcoming
constraints by combining therapies, targeting tumour heterogeneity, and leveraging enhanced
drug delivery technologies, dietary restrictions, tumor microenvironment, and multi-omics
approaches. Treatment results are improved by the focused, low-toxicity administration of anti-
HCC medicines made possible by nanoparticles. Multi-omics technology integration can reveal
new therapeutic targets, biomarkers, and mechanisms influencing the course of HCC and the
effectiveness of treatment.

Conclusion: Because it mimics important aspects of actual HCC, the DEN-induced HCC model has
proven essential in studying the course of liver cancer and testing treatments. The model is
nevertheless crucial for investigating therapies, particularly in light of developments in omics and
nanotechnology that are bringing preclinical findings closer to clinical use.
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1. Introduction

Human hepatocarcinogenesis research is

Hepatocellular carcinoma (HCC) is the most
common kind of primary liver cancer and one of the
leading causes of death worldwide. Its global prevalence
is increasing due to aetiologies such as hepatitis B and C
infection, aflatoxin exposure, excessive alcohol use, non-
alcoholic fatty liver disease (NAFLD), obesity, and
metabolic syndrome. HCC often occurs in chronic liver
disease and cirrhosis, preventing early detection and
treatment.!* Although surgical resection and liver
transplantation can cure early-stage HCC, they are not
recommended for advanced-stage patients. Systemic
treatments, such as sorafenib and cisplatin, have proven
ineffectual due to tumour resistance and heterogeneity.
As a result, the case necessitates new therapeutic
approaches as well as a better knowledge of illness
mechanisms.58
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difficult due to disease heterogeneity, extended latent
periods, and ethical problems; hence, preclinical animal
models are critical for HCC research.®? Chemically

induced models containing N-
nitrosodiethylamine/diethylnitrosamine = (DEN) are
recommended because of their convenience,

reproducibility, and ability to replicate the multistage
course of human HCC, which is accompanied by liver
damage and fibrosis. These models enable mechanistic
investigation and preclinical testing of medicinal
molecules, including natural products and nanoparticles.
The current review focuses on the DEN-induced HCC
model and its utilisation with cell lines, intending to
understand its molecular underpinnings, therapeutic
studies, translational implications, and inherent
constraints in preclinical HCC research. HCC is a
heterogeneous malignancy that is usually associated
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with chronic liver damage and fibrosis, resulting in a
wide range of clinical and histological characteristics.*910

Its pathogenesis is a multistep process marked
by genetic mutations, epigenetic changes, oxidative
stress, chronic inflammation, and immune dysregulation.
HCC is morphologically heterogeneous from well- to
poor-differentiation tumours, with subtypes such as
fibrolamellar HCC showing distinct characteristics and
prognosis. Molecular profiling has shown similar
changes in pathways such as Wnt/B-catenin, PI3K/Akt,
JAK/STAT, MAPK, and p53.211-1% The tumour
microenvironment, which includes immune cells, hepatic
stellate cells, and hypoxia-induced oxidative stress, also
promotes cancer growth, metastasis, and treatment
resistance. The DEN-induced HCC model has been widely
used in preclinical research because of its repeatability
and capacity to replicate stepwise hepatocarcinogenesis,
from acute liver injury to established tumours.10.11,1516

Such a model is economical and particularly
useful when used in combination with agents such as
carbon tetrachloride (CCl;) to mimic fibrosis, which
closely mimics human HCC related to chronic liver
disease. The DEN model has its drawbacks, however,
since it primarily models chemical carcinogenesis and
might not completely reflect viral (HBV, HCV) or NAFLD-
related HCC subtypes. In addition, DEN-induced tumors
are characteristically found to have a diffuse distribution
in the liver as opposed to the solitary lesions commonly
found in human infections, and rodent species-specific
immune response can affect translational significance for
immunotherapy research.8121617 In comparison with
other models, including genetically modified mouse
models (GEMMs), diet models, and patient-derived
xenografts (PDXs), DEN has a less complicated strategy
for investigating tumour development and initiation.
GEMMs can replicate genetic causes more accurately but
are technically challenging, while orthotopic and
xenograft models suit the assessment of response to
therapy but do not provide the natural context of tumour
progression that DEN does. Therefore, with all its
shortcomings, the DEN model continues to be an
important workhorse in hepatocarcinogenesis studies,
especially when investigating the interaction between
liver damage, fibrosis, and cancer onset.!318

2. Methodology

For this study, various databases were used,
including Google Scholar, PubMed, MDPI, Web of
Science, Sage, Science Direct journals, etc. The terms used
were N-nitrosodiethylamine/diethylnitrosamine/DEN,
Hepatocellular carcinoma/HCC, hepatocarcinogenesis,
Carbon tetrachloride/CCl,, liver malignancy, pre-HCC,
signalling pathway, etc. Studies were chosen for first
evaluation, and titles and abstracts were evaluated for
eligibility as research or review articles/books/book
chapters, omitting conference proceedings and
commentary. From 137 papers, 95 articles/books/book
chapters were deemed to be eligible and selected for the
final analysis.
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3. DEN-Induced Hepatocarcinogenesis: Model
Establishment and Characterisation

Induction of the DEN-induced HCC model in
rodents requires well-defined protocols for dosage,
duration, and route of DEN administration. These
characteristics are crucial in determining cancer latency,
incidence, and histology. In mice, one frequent way is to
administer DEN intraperitoneally (IP) at 10-100 mg/kg
body weight in 2-week-old mice, targeting proliferative
hepatocytes and successfully beginning tumorigenesis.
Alternatively, low-dose recurrent exposure, whether via
IP injection or drinking water, mimics chronic carcinogen
exposure and is used to research cancer promotion and
progression. Co-administration of tumour promoters like
CCl, strongly promotes HCC development by simulating
chronic liver damage and fibrosis and thereby increasing
the translational value of the model to human HCC
pathogenesis. The delivery route of DEN also plays a role:
IP injection guarantees precise dosing for initiation
studies, while oral routes simulate environmental
exposure but can affect outcomes through interactions
with the gut-liver axis.10.19

Susceptibility of species and strain is significant
in model design. Mice, especially strains such as
C57BL/6, are hypersensitive to DEN compared to rats,
with increased tumour frequency and shorter latent
periods. Males are more susceptible than females due to
sex hormone effects on hepatic metabolism and
inflammatory response.2’ The DEN/CCl, model is widely
employed to mimic the fibrosis-related liver
microenvironment characteristic of human HCC
developing from hepatitis or NAFLD. CCl, causes liver
injury through Cytochrome P450-2E1 (CYP2E1)-
dependent production of reactive metabolites, leading to
lipid peroxidation, oxidative stress, inflammation, and
accumulation of extracellular matrix.!® The DEN is an
initiator by inducing genetic mutations, and CCl, induces
clonal growth of mutated hepatocytes in a regenerative
environment. Such a combined effect has been effectively
utilised to screen for agents such as Isorhamnetin and
silver nanoparticles to evaluate their therapeutic
efficacy.1121

Assessment of DEN models of HCC includes a
multi-faceted strategy. Biochemical assays for ALT
(Alanine Transaminase), AST (Aspartate Transferase),
ALP (Alkaline Phosphatase), and GGT (Gamma-Glutamyl
Transferase) determine liver damage and function. AFP
(Alpha-Fetoprotein) is the most important tumour
marker in DEN models, but it is poorly sensitive to early
or well-differentiated tumours.'®22 Histopathological
examination with haematoxylin and eosin evaluates
tumour grade and type, and fibrosis examination
employs Masson's trichrome or picrosirius red staining,
especially in DEN/CCl, models.!® A progression of
distinct histopathological changes in the liver
characterises DEN-induced hepatocarcinogenesis. Early
changes include hepatocyte degeneration, necrosis,
inflammation, and bile duct proliferation.23 This is
followed by the formation of dysplastic nodules,
comprising both low-grade and high-grade lesions,
which signify advancing liver pathology. Ultimately, the
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process culminates in the development of HCC,
characterised by well-defined nodules containing
atypical hepatocytes.24-27

Immunohistochemical labelling detects cell
proliferation (e.g, Ki-67), apoptosis (e.g, cleaved
caspase-3), and particular markers (e.g., CK19 or STAT3).
Molecular analysis, including qPCR, Western blotting,
and ELISA, studies gene and protein expression in
pathways such as PI3K/Akt, Wnt/-catenin, NF-kB, and
JAK/STAT.11-1421.28 ~ Microarray or RNA-sequencing
analysis produces transcriptome data, whereas DNA
methylation and histone modification studies identify
epigenetic  regulation.  Ultrasound, @ MRI, and
bioluminescence imaging (BLI) are imaging modalities
that allow for longitudinal evaluation of cancer
progression and treatment.!229-31 In vitro investigations
in human and animal liver cancer cell lines such as
HepG2, Huh7, MHCC97-H, and PLC/PRF/5 supplement in
vivo data.3931 Viability, apoptosis, and migration
experiments in in vitro models allow for a thorough
analysis of cell processes, drug sensitivity, and pathway
alterations. Phyllanthin and Cryptotanshinone, for
instance, exhibited anticancer activity in DEN-treated
animals and in vitro in HepG2 or Huh7 cells. This
combined strategy improves the mechanistic insight and
translational  significance  of  preclinical HCC
studies.?1:32:33

4. Molecular and Cellular Mechanisms of DEN-
Induced HCC

4.1Metabolic Activation and Genotoxicity of DEN

DEN is a typical procarcinogen that must be
metabolically activated to cause genotoxicity and
carcinogenesis. When exposed to DEN, molecular and
cellular changes occur, leading to wuncontrolled
proliferation, increased survival, and tumorigenesis.
DEN is mostly activated in the liver, producing reactive
intermediates that bind to DNA and proteins.3* CYP2E1,
primarily found in hepatocytes, is the most active
enzyme in DEN activation. It catalyses the «-
hydroxylation of DEN, which is a crucial step for its
carcinogenic metabolites. Although other CYP enzymes
are involved, CYP2E1 is the main isoform. Its expression
level has a considerable impact on DEN-induced
hepatotoxicity and tumorigenesis risk. CYP2E1 inducers
and inhibitors can influence DEN bioactivation and
carcinogenic activity. After a-hydroxylation, DEN is
transformed to o-hydroxynitrosamine, which degrades
to acetaldehyde and ethyl diazonium ions.3>

4.2 DNA Damage and Mutagenesis

The ethyl diazonium ion, a strong electrophile,
assaults nucleophilic sites in DNA, RNA, and proteins,
causing mutagenesis events that lead to cancer. DEN
metabolism reactive metabolites alkylate and oxidise
DNA, causing damage. The ethyl diazonium ion ethylates
DNA bases, producing adducts such as 0%-ethylguanine,
N7-ethylguanine, and O4-ethylthymine. O%-ethylguanine
is highly mutagenic as it mispairs with thymine during
DNA replication, leading to G:C to A:T transitions, which
are prevalent in oncogenes and tumour suppressor
genes. N7-ethylguanine and O%-ethylthymine are less
ISSN: 2250-1177 [158]
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mutagenic and more easily repaired. Besides direct base
alterations, DEN metabolites are also responsible for
DNA strand breaks, which can occur during the repair of
alkylated bases or as a result of enhanced oxidative
stress. Oxidative lesions 8-oxo-2'-deoxyguanine (8-oxo-
dG) weaken the integrity of DNA and enhance
chromosomal instability, a characteristic of cancer. Cells
counteract DEN-induced damage by employing a variety
of repair processes. Base excision repair (BER) is mostly
concerned with fixing N-alkylated and oxidised bases,
while O¢-ethylguanine damage is reversed directly by O¢-
alkylguanine-DNA alkyltransferase (AGT or MGMT), a
suicide enzyme. However, excessive DEN exposure
depletes AGT, leaving cells susceptible to mutagenesis. In
states of hyper DNA damage or accelerated proliferation,
like in models of chronic liver injury, translesion
synthesis or error-prone repair can take place, leading to
fixation of mutation and genomic instability.36-38

4.3 Oxidative Stress and Reactive Oxygen/Nitrogen
Species (ROS/RNS)

DEN markedly elevates oxidative stress in the
liver, which leads to hepatocellular damage,
inflammation, and cancer induction. CYP2E1-catalysed
metabolism of DEN produces superoxide radicals
through enzyme uncoupling. DEN- and co-carcinogen-
induced inflammatory responses mobilise immune cells
(e.g., Kupfter cells and neutrophils) that produce ROS and
RNS such as NOe and ONOO~. Furthermore,
mitochondrial dysfunction in DEN-induced
hepatotoxicity is a second source of intracellular ROS.39:40
Overproduction of ROS/RNS induces lipid peroxidation,
which produces aldehydes such as malondialdehyde
(MDA) and 4-hydroxynonenal (4-HNE), which interact
with proteins and nucleic acids and damage their
function. Mutation and genomic instability are generated
by oxidative DNA damage, specifically 8-oxo-dG. DEN
exposure can disrupt the antioxidant defence system,
which comprises enzymes like superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx),
as well as non-enzymatic antioxidants including
glutathione (GSH), vitamin C, and vitamin E.*! This type
of imbalance increases oxidative stress, which leads to
DNA damage, chronic inflammation, and the
development of liver tumours. In DEN-induced models,
the majority of chemopreventive research focuses on
drugs that restore redox equilibrium.

4.4Inflammation and Immune Cell Infiltration

Chronic inflammation is a hallmark of cancer
and plays a significant role in the formation of HCC,
especially in DEN models, in conjunction with drugs like
CCly, which generate chronic liver injury. Kupffer cells,
the liver's resident macrophages, contribute significantly
to inflammation after exposure to hepatotoxic
substances such as DEN and CCl,. These macrophages
cause hepatocellular injury and generate damage-
associated molecular patterns (DAMPs), which stimulate
Kupffer cells. Activated Kupffer cells release pro-
inflammatory cytokines and chemokines, such as TNF-q,
IL-6, and IL-1B, leading to inflammation, immune cell
recruitment, and hepatocyte proliferation. Kupffer cell
mediators and hepatocellular injury attract immune cells
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such as neutrophils, monocytes, lymphocytes (T and B
cells), and NK cells to the liver.163* While some immunity
subgroups improve anti-tumor immunity, chronic
inflammation causes immunosuppressive and tumor-
promoting populations such as TAMs and MDSCs,
resulting in immune evasion and tumour progression.
TNF-a and IL-6, pro-inflammatory cytokines, play a key
role in hepatocarcinogenesis. TNF-a activates the NF-kB
pathway, promoting cell proliferation and survival, while
IL-6 activates the JAK/STAT3 pathway, which promotes
hepatocyte proliferation, suppresses apoptosis, and
promotes tumour growth.1316 Chemokines direct
inflammatory cells to injury sites and tumours,
promoting a pro-tumorigenic environment. Chronic
inflammation helps tumours through a variety of
mechanisms: chronic ROS/RNS cause DNA damage;
cytokines and growth factors stimulate hepatocyte
proliferation, increasing the likelihood of mutations; and
the inflammatory environment promotes angiogenesis,
invasion, and metastasis. Chronic inflammation,
oxidative stress, and DNA damage are key factors in DEN-
induced hepatocarcinogenesis, especially with CCl, co-
treatment that promotes liver regeneration. In these
models, therapeutic methods frequently focus on
inhibiting inflammatory signalling and lowering pro-
inflammatory mediators.!113:42

4.5 Cell Cycle Control Dysregulation

Unregulated hepatocyte proliferation is one of
the most important aspects of DEN-induced
hepatocarcinogenesis, and it is most closely related to
cell cycle disruption. Cyclins and cyclin-dependent
kinases (CDKs) regulate cell cycle progression. Cyclin D1-
CDK4 and Cyclin E-CDK2 complexes control the G1/S
transition by phosphorylating and inhibiting the
retinoblastoma protein (pRb), hence releasing E2F
transcription factors required for S-phase entry. In most
cases of DEN-induced HCC, critical G1/S-phase
regulators—Cyclin D1, Cyclin E, CDK2, and CDK4—are
overexpressed, resulting in premature and uncontrolled
entry into DNA synthesis and cell division. Under normal
conditions, DNA damage activates the checkpoint
proteins p53 and p21 (CDKN1A), which stop the cell
cycle and allow repair or trigger apoptosis. The G2/M
checkpoint also inhibits mitosis when there is damaged
or unreplicated DNA. But in DEN-induced HCC, tumour
suppressor gene mutations or epigenetic silencing of
genes such as TP53 may inactivate these checkpoints and
enable proliferation of genetically unstable hepatocytes.
The pl16(INK4a)/Rb pathway is also frequently
inactivated, further compromising cell cycle control. The
overexpression of cyclins/CDKs in conjunction with the
inactivation of checkpoints leads to hyperplasia of
hepatocytes. This state not only defines malignant
transformation but also allows the stacking of additional
genetic and epigenetic changes. In DEN/CCl, models,
CCly-induced liver injury stimulates regeneration, again
stimulating cell division and tumour advancement.!!-13
Thus, the targeting of cell cycle deregulation is a prime
strategy in therapeutic therapy for HCC.
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5. Key Signalling Pathways in DEN-Induced HCC

DEN-induced hepatocarcinogenesis is driven by
the aberrant activation or inactivation of wvarious
signalling pathways that regulate cell growth, survival,
proliferation, and differentiation. Several key pathways
have been implicated.

5.1PI3K/Akt Pathway Activation

The PI3K/Akt signalling pathway is a major pro-
survival and anti-apoptotic pathway that is frequently
constitutively activated in human HCC and DEN models.
This route promotes cell growth, proliferation, and
survival while inhibiting apoptosis. Mutations in
pathway elements (e.g, PIK3CA, PTEN) can cause
activation, as can upstream signals from growth factor or
inflammatory cytokine receptors. In rats, hesperidin
inhibits the PI3K/Akt pathway, preventing it from
protecting against chemically induced liver cancer.
Cryptotanshinone inhibits the  PI3K/Akt/mTOR
signalling pathway in HCC cells and xenografts.11.13.21.43

5.2 Wnt/beta-Catenin Signalling

The Wnt/beta-Catenin pathway is commonly
deregulated in human HCC by mutations in CTNNB1
(beta-Catenin) or AXIN1. In DEN models, tumorigenesis
is also caused by the activation of this pathway. Activated
Wnt signalling stabilises and translocates beta-Catenin to
the nucleus, where it functions as a co-transcription
factor for proliferation genes (e.g., Cyclin D1, c-Myc).
Dysregulation of Wnt/beta-Catenin signalling can
enhance the survival and growth of initiated cells.11.12.14

5.3 MAPK Pathways (ERK, JNK, p38)

Mitogen-Activated Protein Kinase (MAPK)
cascades, such as ERK, JNK, and p38, transmit cell surface
receptor signals to the nucleus and regulate a variety of
cellular processes, including proliferation,
differentiation, stress responses, and apoptosis. In DEN-
induced HCC, the activity of these pathways can be
modified. For instance, the ERK pathway is frequently
implicated in cell proliferation and survival. JNK and p38
pathways are generally induced by stress signals and can
mediate pro-apoptotic or pro-survival responses
depending on context. Dysregulation or inappropriate
activation of MAPK pathways is involved in the
uncontrolled survival and growth of tumour cells.**

5.4 Other Relevant Pathways (e.g., STAT3, NF-kB)

Other signalling pathways are activated during
DEN-induced hepatocarcinogenesis. IL-6 and other
cytokines in the inflammatory environment also activate
the STAT3 pathway, which increases cell proliferation,
survival, and angiogenesis. Inflammatory stimuli,
including TNF-a and stress, activate NF-xB, a
transcription factor that promotes cell survival and
proliferation. The IGF signalling pathway, notably IGF2,
is also involved in the development of liver tumours and
can be addressed therapeutically. TGF-beta signalling
dysregulation, with both tumour-suppressive and pro-
tumorigenic functions depending on the stage, is also
pertinent. The complex crosstalk among these pathways,
under the control of genetic changes, epigenetic changes,
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oxidative stress, and inflammation, impels the process
from an initiated cell to a cancerous tumour.11.13,1445

5.5 Epigenetic Changes in DEN-Induced

Hepatocarcinogenesis

In addition to genetic mutations, epigenetic
alterations—heritable gene expression modifications
that do not involve changes to the underlying DNA
sequence—contribute to DEN-induced HCC
development. Methylation of DNA, or the conversion of
methyl groups to cytosine on CpG dinucleotides, is a
fundamental epigenetic regulatory mechanism. Global
hypomethylation and regional hypermethylation of CpG
island-containing promoter regions are common in
cancer. Global hypomethylation may cause oncogene
activation or chromosomal instability, whereas
hypermethylation of tumour suppressor gene promoters
silences them. In DEN-induced HCC, abnormal
methylation patterns were observed, including the
silencing of cell cycle regulators, proapoptotic genes, and
signalling pathway genes. For example, demethylation of
the foetal IGF2 promoter causes overexpression, which
has also been found in subpopulations of human HCC and
may apply to DEN models.*>#¢ Histone proteins undergo
numerous post-translational changes, including
acetylation, methylation, phosphorylation, and
ubiquitination, which regulate chromatin shape and gene
transcription. These alterations are controlled by
enzymes such as histone acetyltransferases (HATS),
histone deacetylases (HDACs), methyltransferases, and
demethylases, the majority of which are overexpressed
in cancer. In DEN-induced hepatocarcinogenesis,
abnormal histone modification patterns most likely alter
normal gene expression, increasing oncogene activation
and suppressing tumour suppressor genes.*®

Such alterations favour hepatocyte proliferation,
survival, and EMT, all of which are required for
metastasis. MicroRNAs (miRNAs) are short non-coding
RNAs that regulate gene expression by binding to target
mRNA's 3’ untranslated regions (UTRs), causing
destruction or translational repression. Abnormal
miRNA expression is prevalent in HCC and DEN-induced
models. MiRNAs are either tumour suppressors or
oncomiRs (oncogenes). Reduced tumor-suppressive
miRNAs or higher oncomiRs in DEN-induced HCC may
cause enhanced cell proliferation, apoptosis resistance,
invasiveness, and treatment resistance. Certain
oncogenic or tumor-suppressive miRNAs have been
identified in DEN models. Circ-PRKCI, for example,
functions as a competitive endogenous RNA (ceRNA) by
binding to miR-545. Such binding decreases miR-545
expression, raising its target gene AKT3, promoting HCC
tumour growth.46-48

6. Mechanisms of Action

6.1 Natural Products as Chemopreventive and
Therapeutic Agents in DEN-Induced
Hepatocarcinogenesis

Plant-derived natural goods, marine-derived
products, and other natural biological sources have also
received attention as potential chemopreventive or
therapeutic agents against HCC, particularly in DEN-
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induced experimental models. These natural chemicals
have a pleiotropic effect, meaning they modulate
multiple cancer-related pathways simultaneously. Most
natural compounds have a high antioxidant activity,
which allows them to effectively scavenge ROS and RNS,
hence lowering oxidative stress. Oxidative damage is a
crucial element in DEN-induced hepatocarcinogenesis,
which can be increased by co-carcinogens like CCl,.
Several natural products, such as Tetilla dactyloidea,
Averrhoa carambola, Terminalia chebula, and Cucumis
melo extracts, have demonstrated significant antioxidant
activity by restoring endogenous antioxidant enzyme
levels (e.g, SOD, CAT, GPx) and lowering lipid
peroxidation markers (e.g, MDA), thus reducing DNA
damage and inflammation. Chronic inflammation plays a
key role in tumour development and progression in DEN
models. Natural products exhibit anti-inflammatory
properties, which reduce inflammatory cell activation,
downregulate pro-inflammatory cytokines such as TNF-
a and IL-6, and block key signalling pathways, including
NF_KB_Z6,49-51

Cancer cells are resistant to apoptosis. Natural
substances overcome this resistance by reactivating
programmed cell death pathways in HCC cells. This is
accomplished by the activation of intrinsic apoptotic
pathways involving caspases 3 and 9, modulation of the
Bax/Bcl-2 ratio, and disruption of survival signals.21.52
Compounds such as nanocurcumin, phyllanthin,
isorhamnetin, hesperidin and cryptotanshinone, for
example, have been shown to induce apoptosis in HCC
models by activating caspases and permeabilising the
mitochondrial membrane. Some natural compounds
reduce proliferation by influencing cell cycle
regulators.21:323353-55  The activity includes cyclin
downregulation (e.g., Cyclin D1, Cyclin E), CDK inhibition,
and activation of CDK inhibitors, including p21 and
p27.2152 Natural substances use similar movements to
halt the cell cycle at important checkpoints (usually G1 or
G2), preventing excessive cell proliferation and cancer
formation. The anti-proliferative action of such drugs is
an important field of study in DEN model research.
Natural compounds also inhibit dysregulated signalling
pathways, which lead to HCC development. Luo et al
(2020) discovered that the PI3K/Akt, Wnt/B-catenin,
and MAPK pathways control cell proliferation, survival,
and invasion. Hesperidin and cryptotanshinone, for
example, have been demonstrated to block PI3K/Akt
signalling in HCC cells, resulting in reduced cell survival
and death.215* Natural compounds can disrupt different
parts of cancer biology by altering dominant pathways,
making them more effective as multi-targeted therapy.

6.2 Mechanisms of Action of Silver Nanoparticles in
DEN-Induced HCC

Nanomaterials are useful in cancer therapy
because of their unique features that allow for targeted
administration and increased efficacy. Among the
numerous  nanoparticles, such as  polymeric
nanoparticles, liposomes, magnetic nanoparticles, gold
nanoparticles, selenium nanoparticles, and silver
nanoparticles (AgNPs), AgNPs are widely investigated
for anti-cancer activity in DEN-induced HCC models.56-60
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AgNPs are cytotoxic to cancer cells; they are produced
using chemical reduction or green synthesis using plant
extracts, which may have bioactive properties. AgNPs are
often surface-modified with stabilisers or bioactive
compounds like polyvinylpyrrolidone (PVP) to improve
biocompatibility, stability, and tumour
targeting.24'25r27'51r53

AgNPs can be entrapped in organelles such as
mitochondria, inducing cell damage and apoptosis.
AgNPs have been shown to reduce liver cancer cell
survival and tumour formation in DEN-induced HCC
models.5861 AgNPs cause cell death in tumour cells
primarily through oxidative stress by boosting reactive
oxygen species (ROS) and reactive nitrogen species
(RNS), which overwhelm tumour cells' defence
mechanisms.®® Ag" ions also destabilise the
mitochondrial electron transport chain, increasing ROS
production. This oxidative lipid, protein, and DNA
damage induces death in tumor cells, which are less
resilient to such stress than normal cells.®2 In liver injury
models, AgNPs decrease systemic oxidative stress
markers and induce stress in tumor cells specifically,
indicating protective and therapeutic effects. AgNPs also
regulate cell death pathways such as apoptosis and
autophagy. AgNP-induced mitochondrial failure
activates caspases and modulates Bcl-2 family proteins,
hence initiating the intrinsic apoptotic cascade. They
enhance pro-apoptotic markers such as Bax and caspase-
3 while decreasing anti-apoptotic proteins like Bcl-2.
AgNPs also modulate autophagy, which may have dual
roles in cancer depending on the situation. AgNPs are
pro-apoptotic and pro-survival towards cancer cells.
AgNPs also induce cell cycle arrest in G1 through the
downregulation of cyclin D1 and CDK2, and inhibit the
migration of HCC cells and increase their anti-tumor
activity. DEN is a strong liver carcinogen that is primarily
metabolised by CYP2E1 to form reactive ethyl diazonium
ions.60-65

The electrophilic medications alkylate DNA to
form mutagenic adducts like 0%-ethylguanine that, when
not repaired, induce hepatocarcinogenesis. The resulting
regenerative proliferation following acute DEN-induced
damage serves to correct these mutations, leading to
tumor development. Recurrent cell turnover and
persistent inflammation also continue to propel tumour
growth in a compromised liver microenvironment,62.66.67
Some of the cellular pathways affected by DEN are also
modulated by AgNPs. In DEN models, PI3K/Akt/mTOR,
Wnt/B-catenin, Ras/MAPK, Hedgehog, and Notch
pathways get aberrantly activated, stimulating
proliferation, survival, and migration of cancer cells.3468-
82 AgNPs can reverse this process by regulating these
pathways. They reduce PI3K/Akt signalling, which leads
to lower cell survival and proliferation. Furthermore,
AgNPs affect cell cycle progression by acting on cyclins
and CDKs, namely those that control the G1/S transition.
ROS and RNS produced during DEN metabolism have a
dual role in hepatocarcinogenesis. Moderate oxidative
stress initiates mutation and carcinogenic signalling.6283
ROS activate survival pathways, including PI3K/Akt and
NF-kB, resulting in inflammation, fibrosis, and a tumor-
supportive microenvironment. Excess ROS can also
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induce cell death by apoptosis or ferroptosis, acting as a
tumour inhibitory mechanism. Cancer cells frequently
become reliant on increased antioxidant defences (e.g.,
the Nrf2 pathway), leaving them especially sensitive to
therapies that increase oxidative stress or inhibit these
defences.”9.80.8485

6.3 Dietary and Lifestyle Interventions

Nutritional and lifestyle determinants play a
crucial role in HCC risk, especially in NAFLD.84 Preclinical
DEN models have investigated whether dietary and
lifestyle modifications can prevent or reduce DEN-
induced hepatocarcinogenesis. Dietary restriction (DR)
decreases caloric intake without malnutrition and is
found to increase longevity as well as retard age-related
diseases, such as cancer, in most organisms. DEN-
induced HCC models have been studied to show that DR
is highly protective against tumorigenesis in
hepatocellular cells. Duan et al. (2017) established that
dietary restriction was able to suppress tumour
development in DEN-treated mice. The mechanisms by
which DR exerts its protection are multifaceted and
complex. DR can affect many cellular processes, such as
metabolism, stress resistance, DNA repair, as well as
control of the cell cycle. In the case of DEN-induced HCC,
DR was demonstrated to restore the altered gene
expression profile of tumorigenesis to a more normal
state. This included controlling genes involved in cell
growth, death, inflammation, and metabolism. DR can
impact hormonal signalling pathways, such as insulin
and IGF-1, which are frequently disturbed in HCC and
contribute to tumour growth. By changing the metabolic
landscape and amplifying cellular repair processes, DR
favours a less permissive environment for DEN-induced
tumour initiation and development. This indicates the
potential of nutritional interventions, in this case, caloric
restriction, as a chemopreventive agent in HCC and calls
for further elucidation of the specific molecular targets
and translational value in at-risk human beings.”>86

6.4 Other Potential Agents

Cisplatin, sorafenib, and gemcitabine are
chemotherapeutic  medications whose  principal
mechanism of action is to generate DNA cross-links,
which impede replication and transcription and
eventually lead to death in growing cells. Although
successful in a wide range of cancers, cisplatin is
ineffective as a monotherapy in advanced HCC due to
inherent or acquired resistance and systemic
toxicity.076187 In DEN-induced HCC preclinical models,
these chemotherapeutic drugs have been tested with
various agents combined to identify synergistic anti-
cancer activity and to develop strategies to reduce their
toxic profile. Of particular interest, the two-fold activity,
anticancer synergy and toxicity reduction, renders
AgNPs an interesting addition in combination regimens.
The pathways through which AgNPs might mitigate side
effects are conjectured to include the inhibition of
oxidative stress and inflammation in non-target healthy
tissues, especially the liver and kidneys, which are most
often damaged. Yet these protective interactions are
multifaceted and context-sensitive and must be

CODEN (USA): JDDTAO



Gangawat et al.

elucidated through close mechanistic work with well-
defined DEN-induced HCC models.61.87

7. Mechanisms Underlying Ameliorative Effects

Ameliorative therapies explored in DEN-
induced HCC models impact by regulating more than one
molecular pathway disturbed during
hepatocarcinogenesis. Such interventions generally aim
at mechanisms associated with oxidative stress,
inflammation, apoptosis, cell cycle regulation, and
tumour microenvironment disruption.

7.1Reducing Oxidative Stress

Oxidative stress plays a pivotal role in DEN-
induced liver cancer, inducing reactive oxygen (ROS) and
nitrogen species (RNS) to inflict DNA, protein, and lipid
damage. Ameliorative compounds try to suppress
ROS/RNS or stimulate liver antioxidant processes. Most
protective compounds boost antioxidant enzymes—such
as SOD, CAT, GPx, and glutathione S-transferases
(GSTs)—to minimize oxidative stress. Induction is
typically through the Nrf2 pathway, activating
transcription of ARE-regulated genes on induction.628588
Andrographis paniculata, Carissa carandas, Madhuca
longifolia, Crocus sativus, Cucumis melo mediated AgNPs
and Tetilla dactyloidea, Averrhoa carambola, Terminalia
chebula, and Cucumis melo extracts have been shown to
elevate antioxidant enzymes and minimise oxidative
stress in DEN models. Many natural compounds are also
free radical scavengers. Flavonoids and phenolic
compounds neutralise free radicals, inhibiting lipid
peroxidation and oxidative DNA damage. These effects
support endogenous defences, boosting cellular
protection against carcinogenic damage.?4-27.49-51,89

7.2Inflammation Regulation

Chronic inflammation creates a tumour-
favouring environment, with damage leading to
recruitment of immune cells and upregulation of
proinflammatory mediators in the DEN model. Cytokines
TNF-q, IL-6, and IL-1f are upregulated in DEN-induced
damage in the liver, facilitating survival, proliferation,
and recruitment of immune cells. These cytokines are
targeted by compounds such as nanocurcumin,
hesperidin, and isorhamnetin, which interrupt the pro-
tumour cycle. AgNPs synthesised from plant extracts also
have anti-inflammatory activity, adding to their
chemopreventive efficacy. NF-xB, a transcription factor
that is activated by inflammatory stimuli, ROS, and liver
injury, is commonly aberrantly active in HCC. NF-«xB
regulates inflammation, proliferation, and survival-
related genes. NF-kB inhibition by compounds such as
curcumin, isorhamnetin, or AgNPs represses the
expression of proinflammatory genes, typically by
inhibiting IkB degradation or NF-kB nuclear
translocation. NF-kB inhibition suppresses tumour-
favouring inflammation and induces apoptosis.>3-557879,84

7.3 Restoring Cell Cycle and Apoptosis Control

DEN-induced HCC results in cell cycle disruption
and apoptosis evasion. Curing agents address these
problems to restore checkpoints and remove defective
hepatocytes. Caspases induce apoptosis, with -3, -7, and -
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9 being induced by treatments to induce cancer cell
death. Phyllanthin and polydatin induce apoptosis in HCC
cell lines by triggering caspases, resulting in tumor
inhibition.323379 Mitochondrial apoptosis is regulated by
the Bcl-2 family, with DEN-induced tumors showing
increased anti-apoptotic proteins (Bcl-2, Bcl-xL) and
decreased pro-apoptotic ones (Bax, Bak).35 Agents such
as polydatin resolve this imbalance by downregulating
Bcl-2 and upregulating Bax, increasing apoptosis
sensitivity.”? Inhibition of the Hedgehog pathway targets
Bcl-2/Beclin-1 interactions, increasing autophagy and
apoptosis. Dysregulation of the cyclin/CDK system is
prevalent in HCC. Overexpressed cyclins D1, E, and CDKs
such as CDK2 and CDK4 drive uncontrolled growth.
Agents such as polydatin induce a G2/M phase arrest,
inhibiting the growth of HCC cells. These effects may be
due to directly inhibiting CDK activity or increasing cell
cycle inhibitors such as p21 and p27 to restore cell
division control.”8-80

7.4 Inhibition of Pro-Survival Pathways

Cancer cells often rely on constitutively active
pro-survival signalling cascades to maintain their
viability and growth under stress. Inhibition of these
cascades is, therefore, a key therapeutic strategy, with
several ameliorative agents in DEN-induced HCC models
targeting these cascades. The Phosphoinositide 3-kinase
(PI3K)/Akt signalling pathway is a key mediator of cell
metabolism, growth, and survival, and is frequently
hyperactivated in HCC.5+70.77-80 Activated Akt prevents
cell death by suppressing pro-apoptotic proteins like Bad
and caspase-9, activating anti-apoptotic proteins like Bcl-
xL, and modulating downstream targets like mTOR,
which is responsible for protein synthesis and cell
growth. Some ameliorative agents have been shown to
suppress the PI3K/Akt pathway in DEN-induced HCC
models or HCC cell lines. For example, hesperidin, a
flavonoid, possesses a protective role against chemically
induced liver cancer by inhibiting the PI3K/Akt pathway.
Likewise, polydatin has been found to decrease the levels
of phosphorylated Akt.54#7° Through inhibition of this
pathway, such agents reduce cell survival, decrease
proliferation, and enhance apoptosis susceptibility,
highlighting the need to target the PI3K/Akt/mTOR
pathway in cancer treatment development.

Mitogen-Activated Protein Kinase (MAPK)
signalling pathways—such as ERK, JNK, and p38
cascades—transmit extracellular signals to the nucleus,
controlling  processes such as  proliferation,
differentiation, stress responses, and apoptosis.t979.90
Whereas ERK signalling is mostly associated with
proliferation and survival, JNK and p38 pathways have
the potential to trigger stress-associated apoptosis or
inflammation based on cellular context. Dysregulation of
these MAPK pathways occurs frequently in HCC.6991
Ameliorative drugs regulate MAPK signalling to produce
anti-cancer impacts by inhibiting pro-proliferative ERK
signalling or stimulating pro-apoptotic JNK and p38
pathways. For instance, Notch1 activation in HCC cells
regulates JNK signalling and enhances apoptosis.
Polydatin also reduces phosphorylation of STAT3 and
JAK1, which collaborate with MAPK pathways
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downstream of receptor tyrosine Kkinases.’??0 By
selective modulation of these branches of signalling,
ameliorative agents tip the cellular balance in the
direction of apoptosis and differentiation in opposition to
tumour progression.

7.5 Epigenetic Regulation

Epigenetic alterations like DNA methylation,
histone modification, and changes in non-coding RNA
expression have important functions in HCC
development by abnormally regulating tumorigenesis-
related gene expression.”? DEN-caused chronic liver
damage induces generalised epigenetic changes that
repress tumour suppressors or activate oncogenes.
Certain ameliorative interventions have effects through
the modulation of such epigenetic marks to re-establish
normal patterns of gene expression. For instance, dietary
restriction can modify the epigenetic landscape, possibly
accounting for its protective effect against DEN-induced
HCC.8¢ While detailed epigenetic mechanisms are still to
be understood for most agents, the Wnt/f-catenin
pathway is epigenetically controlled, with the restoration
of Wnt antagonists such as SOX17, usually silenced by
methylation, a potential therapeutic intervention.”3
Further, disruption of microRNAs governing major
oncogenic pathways, such as mTOR or Wnt, is another
epigenetic approach.*” Additional studies are needed to
better understand how certain agents alter DNA
methylation, histone modification, and non-coding RNA
expression in DEN-induced models.

7.6 Impact on the Tumour Microenvironment

The tumour microenvironment (TME) consists
of cancer cells, stromal cells (fibroblasts and endothelial
cells), immune cells (macrophages, lymphocytes, and
neutrophils), and extracellular matrix components, all of
which play an active role in tumour initiation, growth,
invasion, and metastasis. DEN-induced chronic liver
damage significantly remodels the TME by creating
inflammation, angiogenesis, and immune suppression,
thus enhancing tumour growth.67.6° Ameliorative
interventions towards the TME attempt to suppress
tumour growth by suppressing inflammation, inhibiting
angiogenesis, or adjusting immune cell functions.
Inhibition of NF-kB activation and suppression of
proinflammatory cytokines, as already outlined, have a
direct impact on the inflammatory environment in the
TME. Other compounds disrupt angiogenic signalling
pathways like VEGF /VEGFR that are essential for tumour
vascularisation.”? Curcumin has been investigated for
anti-VEGF/VEGFR axis inhibitory activity, particularly in
combination therapies. Modulating the metabolic
phenotype of the TME or affecting immune cells such as
tumour-associated macrophages (TAMs) and T
lymphocytes could also augment anti-tumour
responses.®7.699394 Through remodelling the supportive
TME, these approaches make the environment less
permissive to cancer cell survival and spread.

8. Challenges in Ameliorative

Development

Strategy

Developing potent ameliorative therapies for
HCC is not easy despite encouraging preclinical outcomes
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from models, including DEN-induced HCC. All these
involve difficulties associated with efficacy, safety,
delivery of the drug, and the ability to forecast patient
reactions. Preclinical efficacy demonstrated in DEN
models for clinical outcome is made difficult due to a
variety of factors. Species variability in drug metabolism
and bioavailability, the inherent heterogeneity of human
HCC compared to animal models, and underlying liver
cirrhosis in most patients all affect pharmacokinetics and
drug tolerance.”> Most drugs that show promise in
preclinical models fail in clinical trials based on a lack of
efficacy in humans or an unacceptable toxicity profile.
Additionally, impaired liver function in HCC patients
increases the risk of drug-induced liver injury and
systemic side effects. Effective delivery of therapeutic
agents to liver tumours also has additional challenges,
particularly for systemically administered drugs.
Nanotechnology-enabled delivery systems have the
potential to enhance targeted drug deposition in tumour
cells with less off-target toxicity; however, selective
tumour targeting and minimising systemic exposure are
ongoing research activities. Drug formulation
optimisation and delivery to increase tumour uptake and
decrease side effects is thus an important
Challenge.57'59'67'75'95

A significant clinical hurdle is the unavailability
of trustworthy biomarkers to identify patients who will
respond to certain treatments. This leads to trial-and-
error treatment strategies and restricts personalised
therapy. DEN models are useful platforms for identifying
prospective biomarkers linked to response or resistance
to treatment by allowing extensive analysis of molecular
alterations in tumours and nearby tissues after
treatment. For instance, analysis of the expression of
targeted pathways of signalling or oxidative stress and
inflammation markers in treated animals can yield
predictive signatures.”®% Determination of such
biomarkers in preclinical models can provide hypotheses
that are further confirmed in clinical samples and may
inform patient stratification. However, it is still
challenging to find strong and easily quantifiable
biomarkers that consistently translate from rodent
models to patients.

9. Conclusion

Preclinical research based on the DEN-induced
model of HCC has enormously contributed to an
understanding of HCC progression and testing of
candidate therapeutic approaches. Praised for its
consistency and ability to simulate crucial phases of
human HCC with concomitant chronic liver damage, the
DEN model has played a dominant role in elucidating
molecular events initiated by DEN treatment and probing
ameliorative  interventions. DEN triggers liver
carcinogenesis through metabolic activation that leads to
DNA damage and mutations, further fuelled by chronic
inflammation and liver injury that promote survival and
growth of mutated hepatocytes. At the core of DEN-
induced HCC development are processes like DNA
damage caused by reactive metabolites, interference
with key signalling pathways like PI3K/Akt, MAPK,
Wnt/B-catenin, Hedgehog, and Notch, and the dual
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functionality of ROS & RNS as both cellular damage and
survival.  Persistent inflammation induced by
proinflammatory cytokines and NF-kB activation
provides a tumor-permissive microenvironment for
cancer  progression. Intra and inter-tumour
heterogeneity are the major contributors to drug failure
and recurrence of the disease, brought about by genetic,
epigenetic, and microenvironmental heterogeneity
between cancer cells. The development of high-
throughput omics technologies—geneomics,
transcriptomics, proteomics, metabolomics, and
epigenomics—provides unprecedented potential to
uncover DEN-induced hepatocarcinogenesis and
mechanisms of treatment.

Several promising ameliorative treatments are
effective in preclinical models of DEN, from lifestyle and
dietary regimens such as caloric restriction to natural
products and nanoparticle-based agents.
Nanotechnology holds promise for enhancing the
delivery and efficacy of anti-HCC agents. Nanoparticles
can encapsulate drugs to shield them from degradation,
improve solubility, enable targeted delivery to tumour
cells or liver tissue and reduce systemic toxicity. These
strategies operate via multiple mechanisms, such as
diminishing oxidative pressure by augmenting
antioxidant protection, inhibiting inflammation through
the prevention of cytokine secretion and NF-kB
signalling, re-establishing apoptosis and cell cycle
control via caspase activation and modification of Bcl-2
and cyclins, preventing pro-survival signalling pathways
like PI3K/Akt and MAPK, affecting epigenetic
modifications, and enhancing tumour
microenvironments. The DEN model is still a critical
vehicle for studying HCC pathogenesis and response to
treatment, successfully linking bench research with
bedside application by facilitating the discovery of new
targets and guiding trial design. Although it has
limitations based on divergence from spontaneous
human HCC and difficulty in extrapolation, its utility in
preclinical HCC research is beyond dispute. In the future,
studies based on DEN models will likely pay even greater
attention to overcoming these weaknesses to bridge the
gap between preclinical findings and improved
prevention and therapy for patients with HCC.
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