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ABSTRACT

Every year, more people die from primary liver malignancies such as cholangiocarcinoma (CCA) and hepatocellular carcinoma (HCC). For physicians,
this is a major issue. Numerous in vivo models of malignant malignancies have lately been established, yielding vital new insights into their
development. These models are especially important for pre-clinical testing of novel therapeutic agents to evaluate newly developed compounds as
potential treatments for primary liver malignancies. To correctly analyze study results and plan future research, the technical components of each
model must be carefully considered, as they are an essential aspect of the research process. The primary goal of this review is to provide a thorough
description of the technical and experimental features of the most important rodent models, with an emphasis on highlighting the similarities and
differences between these models and the corresponding human diseases. This will aid in the development of novel therapeutic strategies. This
review is divided into two main sections. The first section investigates HCC models developed by a range of strategies, including genetic modification,
nutritional manipulation, and the use of toxic chemicals. To provide a comprehensive overview of the various methods used to study these liver
cancers, the second section will go into detail about CCA models established in rodents, such as rats and mice, using a variety of techniques, including
xenograft and syngeneic models, bile duct cannulation, genetic manipulation, toxin administration, and surgical interventions.
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INTRODUCTION

Primary liver cancers, such as hepatocellular carcinoma (HCC) and
cholangiocarcinoma (CCA), are becoming a significant issue for doctors
due to rising morbidity and mortality rates. Notably, HCC is the sixth
most common cancer worldwide, with an estimated 630,000 new cases
diagnosed each year [1]. HCC is a common liver malignancy caused not
only by the persistent hepatitis C virus (HCV) and by hepatitis B virus
(HBV) viral infection but also by other factors such as heavy alcohol
intake, aflatoxin-contaminated foods, smoking, obesity, and type 2
diabetes [2]. As part of the disease’s clinical course, approximately
80% of people with HCC develop fibrosis, cirrhosis, and, eventually,
malignancy. Malignant tumors are the second leading cause of death,
and hepatocellular carcinoma is one of the world’s third deadliest
cancers, with very high morbidity and mortality rates and poor
prognosis [3]. Although there are various variables that contribute to
the development of HCC, the most common are alcohol-induced liver
damage and HBV and C virus infections. Although less prevalent, certain
immunological and metabolic disorders, such as non-alcoholic fatty
liver disease and non-alcoholic steatohepatitis, might contribute to the
development of HCC. Overall, the increased incidence of HCC highlights
the importance of better understanding and treatment of this complex
and diverse disease.

Aflatoxin B1 (AFB) is another, though less common, component
that contributes to liver cancer, particularly in Asian and African
populations [4]. Research is ongoing into the complex interactions
between multiple pathways and chemicals involved in the mechanisms
by which various etiological factors, such as aflatoxin B1 (AFB),
contribute to the development of hepatocellular carcinoma (HCC).
Cholangiocytes, which are epithelial cells that line the intra- and extra-
hepatic biliary epithelium, can convert into CCA when they become
malignant. CCA, a highly aggressive disease, has become increasingly
prevalent in Western countries [5]. According to recent estimates,

around 6,000 new cases of CCA are identified each year in the United
States alone [6], emphasizing the importance of better understanding
and treatment of this devastating illness. To identify new therapy
targets and improve patient outcomes, researchers are intensively
investigating the distinct genetic and cellular processes that underpin
CCA development and progression.

CCA is typically identified after the disease has progressed to severe
stages, resulting in delays in diagnosis. Patients have a poor prognosis
because of the scarcity of available therapeutic alternatives, both
pharmacological and surgical. Unfortunately, most patients die
from the condition soon after being identified, typically within a few
months [5,7]. Although various risk factors, such as cirrhosis, liver fluke
infections, hepatolithiasis, chronic HCV, primary sclerosing cholangitis,
and toxin exposure, have been associated with the development of CCA,
the disease’s fundamental pathophysiology remains unknown [5,7].
These risk factors are similar in that they both promote inflammation
and chronic cholestasis in the liver and biliary tissues. Animal models
must be developed to better understand the etiology of these aggressive
cancers. Several in vivo models of HCC and CCA have recently been
established, providing vital new insights into the etiology of primary
liver malignancies. These models are also valuable tools for evaluating
newly produced compounds as potential therapeutic agents in pre-
clinical settings, which will eventually contribute to the development of
more effective therapies for these severe diseases. Our understanding of
the intricate mechanisms behind HCC and CCA has grown significantly
as a result of this research, which has also cleared avenues for the
development of novel therapeutic options.

Rodents are currently widely employed in cancer research due to
their high reproductive capacity and short lifetime, particularly when
examining CCA and HCC. The genesis and evolution of these liver
tumors have been extensively investigated using mice (Mus musculus)
and rats (Rattus norvegicus) as models. Mice, in particular, have been
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extensively employed to explore the impact of genetic change in
the development of HCC and CCA due to their ease of handling and
manipulation utilizing knock-out or transgenic models. The goal of
this study is to provide a complete examination of the experimental
and technical aspects of the most prominent rodent models of HCC
and CCA, with a focus on the similarities and differences between these
models and the corresponding human diseases. Each animal model has
been given a specific name to assist clarity and reader comprehension.
This makes it easier to understand the intricate relationships between
these models and the human conditions they are intended to simulate.
Researchers can gain a better understanding of the biology underlying
HCC and CCA by evaluating the benefits and drawbacks of these rodent
models, which will eventually help them develop more effective
treatment approaches.

HCC-EXPERIMENTAL MODELS

Chemotoxic substances

Numerous compounds have been identified as hepatotoxic agents,
which means they can injure the liver and promote the growth and
spread of cancer (Table 1). Based on current scientific understanding,
carcinogenic substances are broadly categorized into two groups:
(i) genotoxic agents, which directly induce tumor formation, and
(ii) promoting agents, which, when combined with genotoxic agents,
increase tumor development [8]. When tumor-promoting medications
are provided, pre-neoplastic cells can replicate clonally, accelerating
tumor growth and aggressiveness. One of the primary advantages of
chemically created models is that they replicate the injury-fibrosis-
malignancy cycle found in humans, making them an invaluable resource
forunderstandingthe complex processesthatunderpinthe development
of liver cancer. Scientists can use these models to understand more
about the molecular and cellular processes that cause tumor genesis,
growth, and dissemination. This insight will enable them to develop
more effective prevention and therapeutic strategies for liver cancer.
The use of chemically induced models allows for the investigation of
the synergistic effects of genotoxic and promoting chemicals, which
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can give critical insights into the fundamental mechanisms of liver
carcinogenesis. Overall, research on chemically created liver cancer
models has substantially enhanced our understanding of the disease
and may help uncover novel therapeutic targets and solutions.

MODEL “N-NITROSODIETHYLAMINE”

N-nitrosodiethylamine (DEN) is utilized to develop a well-known
model of HCC in mice [9,10]. The carcinogenic effects of DEN are caused
by two distinct mechanisms: (i) alkylation of deoxyribonucleic acid
(DNA) structures, which causes DNA damage and cell degeneration,
and (ii) activation of cytochrome P450 in hepatocytes, which induces
the creation of reactive oxygen species (ROS) [11,12]. The DEN model’s
notable features include (i) dose-dependent efficacy, (ii) time of
administration, (iii) efficacy heterogeneity by age, gender, and mouse
strain, and (iv) potential synergy with co-administered boosting
medications (Table 1) [13-17]. When given to 15-day-old mice, a single
dose of DEN causes tumor development in around 80% of cases, but
long-term DEN treatment results in a 100% success rate in triggering
tumor formation [18,19]. The molecular and cellular mechanisms
underlying the development of HCC have been extensively researched
using the DEN model, and its characteristics make it an ideal tool for
investigating the impact of various genetic and environmental variables
on the course of liver cancer. Because DEN is so successful at inducing
HCC in mice, it is also an excellent model for pre-clinical testing of
potential treatment agents. This allows researchers to test the safety
and efficacy of new medicines in a suitable and reliable animal model.

Phenobarbital (PB) is a well-studied promoting factor associated with
DEN-initiated hepatocarcinogenesis. The effects of PB on DEN-initiated
mice differ substantially depending on strain, age, and sex. The date of
DEN introduction is a crucial aspect in determining the encouraging
effects of PB. For example, when adult male B6C3F1 mice are given DEN
at 6-10 weeks of age and then exposed to PB in their drinking water
for 36 weeks, PB acts as a potent tumor-promoting agent [20,21]. The
Solt-Farber technique [22], which begins with a hepatocarcinogenic

Table 1: An overview of the key experimental characteristics of HCC rodent models

Carcinogenic agent Co-promoter Tested Tumor Key characteristics Metastasis References
species development
duration
TGF-p transgenic mice - Mouse 30 weeks Tumor formation, No [26]
inflammation, fibrosis
HBx transgenic (DEN) - Mouse 80-100 weeks Hepatitis B virus No [27,28]
(30-50 weeks) (HBV)-associated
tumorigenesis
DEN PB Mouse/rat ~ 12-40 weeks Highly aggressive tumor growth Yes [22,23]
Peroxisome proliferators - Mouse 50-100 weeks  Strain-dependent mutations not Yes [29-34]
identified in humans
Core, A, E transgenic mice (DEN) - Mouse 60 weeks Hepatitis C virus (HCV)-linked  No [35,36]
(30 weeks) cancer progression
CCl4 - Mouse 100 weeks Fibrosis and chronic Yes [37-41]
inflammation
DEN PH Rat 4-8 weeks Low reproducibility in tumor No [24,25,42,43]
formation
TAA - Mouse/rat  50-70 weeks Inflammatory response without No [44]
metastasis
Aflatoxin - Mouse/rat 50 weeks Tumor formation Yes [45-47]
P-TEN - Mouse 40 weeks Cellular proliferation leadingto No [48,49]
tumors
TAK 1 - Mouse 48 weeks Tumor development with No [50]
fibrosis and inflammation
DEN - Mouse/rat 100 weeks Pure tumor formation, absence No [13-21]
of fibrosis
NEMO - Mouse 48 weeks Inflammation-driven tumor No [51-53]
formation with steatohepatitis
Choline-deficient diet (ethionine) - Mouse/rat 50 weeks Induces steatohepatitis butno  No [54-59]

(30-40 weeks)

metastasis

HCC: Hepatocellular carcinoma, TAA: Thioacetamide
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drug such as DEN and concludes with partial hepatectomy
(PH) [23], is another well-known “two-step” hepatocarcinogenesis
paradigm. This approach aims to reproduce the multistep process of
hepatocarcinogenesis, in which a selection pressure that promotes
the growth and multiplication of pre-neoplastic cells follows the first
genetic damage caused by DEN. The Solt-Farber approach, a popular
tool for studying the molecular and cellular processes that underpin
hepatocarcinogenesis, provides insights into how promoting factors
such as PB contribute to the development and spread of liver cancer.
Using these models, scientists may investigate the complex interactions
between environmental and genetic factors that contribute to liver
cancer and identify potential preventative and therapy targets.

One of the primary disadvantages of the DEN model is the length of
the trials; on average, HCC takes 50 weeks to develop. Chemotoxic
models, on the other hand, offer a more simple and repeatable
procedure because they only require a single dose of DEN. Despite
the fact that tumor growth is <100% in these models, single-dose
administration has the advantage of eliminating outside influences
and more effectively modeling the pathophysiological course of the
disease. With less variability and greater accuracy, this method allows
researchers to investigate the natural history of HCC development in
a more relevant and controlled manner. Furthermore, by focusing on
the primary molecular and cellular processes that drive tumor growth
and progression, the single-dose DEN model provides a simpler and
more effective method for investigating the fundamental mechanisms
of liver carcinogenesis. Overall, the single-dose DEN model is a useful
alternative to the traditional long-term DEN model, providing a
faster and more insightful approach to studying HCC progression and
identifying potential treatment targets.

Although long-term regimens have the advantage of promoting tumor
growth in a higher proportion of cases, the model’s outcome may be
influenced by repeated DEN injections. Furthermore, stimulating drugs
such as PB might speed cancer development; however, this may alter
tumor characteristics and reduce model repeatability [24,25]. However,
the surgically based PH approach is less reproducible due to increasing
operator dependence. Because of the PH method’s complexities, it
might be difficult to obtain consistent and reliable data, resulting in
varying outcomes. It can also be difficult to analyze the results and draw
conclusions about the underlying mechanisms of liver carcinogenesis
because the PH method and the addition of promoting chemicals can
introduce new variables that can alter the model’s outcome. Simpler
models, such as the single-dose DEN model, may give a more direct and
reliable means of researching liver cancer, as they have fewer variables to
manage and less operator-dependent bias. The specific research topic and
study objectives ultimately determine which model is appropriate, and
each has advantages and disadvantages that must be carefully considered.

THE MODEL OF “PEROXISOME PROLIFERATORS”

Peroxisome proliferator-activated receptors (PPARs) are nuclear
receptors that bind to fatty acid ligands and induce the transcription of
targetgenes, makingthem critical formanaginglipid metabolism [42,43].
When PPARs are activated by their ligands, ROS and peroxisomal
oxidase may be increased, thereby promoting the progression of
HCC [29,30]. This PPARs ligand-induced experimental model of HCC
has distinguishing characteristics, including a trabecular histological
appearance, metastasis in 20-40% of patients, and the possibility
of gene mutations [31]. However, because hepatocarcinogenesis
produced by PPAR ligands may be a species-specific process, caution
should be exercised when applying the findings from this model to
human disease. Furthermore, the genetic profiles of PPARs-induced
HCCs in animal models may differ from those of human HCCs, limiting
the paradigm’s translational usefulness. As a result, while interpreting
the findings and applying them to human disease, it is critical to
consider the potential limitations and species-specific differences, even
if the PPARs ligand-induced model can provide valuable information
regarding the molecular pathways of HCC development.
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MODEL “AFLATOXIN”

A tiny number of studies have employed aflatoxin exposure to
investigate the development of HCC in rats and mice. AFB, a hepatotoxin
produced by some fungi of the Aspergillus genus, including Aspergillus
flavus, has carcinogenic activity and is a significant risk factor for HCC,
especially in areas where both AFB and HBV are prevalent [32]. AFB’s
ability to generate chromosomal aberrations, chromosomal strand
breakage, DNA adducts, micronuclei, and uncontrolled DNA synthesis
is closely linked to its carcinogenic effects [33]. Studies have shown that
injecting 6 mg/kg AFB into 7-day-old mice results in the development
of HCC after 52 weeks with a nearly 100% success rate [45], and this
model has been employed in both mice and rats [34]. Although AFB-
administration experimental models can assist in elucidating the
mechanisms of AFB-induced hepatocarcinogenesis, their relevance
is limited to specific conditions where more research is needed to
understand the mechanisms underlying AFB-induced HCC. Although
these models may not be directly relevant to other kinds of HCC, they
can provide crucial information on the molecular and cellular pathways
that drive AFB-induced liver cancer. They can, however, increase our
understanding of the complex links between genetics, environmental
contaminants, and the initiation of liver cancer, guiding the development
of targeted preventative and treatment methods.

MODEL “CARBON TETRACHLORIDE”

Carbon tetrachloride (CCly), a strong chemotoxin, has been widely
utilized to cause liver injury in rats and mice [46]. The hepatotoxic
effects of CCl, are caused by two main processes: first, cytochrome
P450 induction, which increases the production of ROS [37,47]; second,
Kupffer cell activation, which initiates an inflammatory response
by producing cytokines, chemokines, and other proinflammatory
factors [38]. Because of its dual mode of action, CCl, is an effective tool
for studying liver disease and injury, particularly HCC. The fact that CCl,
can produce liver damage, fibrosis, and, finally, HCC in rodents provides
a good model for studying the molecular and cellular pathways
involved in liver carcinogenesis. CCl, is a reliable and popular model
for investigating liver illness since its application has been extensively
reported in the literature, as have its effects on the liver. Frequent
exposure to CCl, causes a cycle of liver injury, inflammation, and healing,
which eventually leads to fibrosis and increases the risk of developing
HCC. To cause HCC in animal models, CCl, has been utilized in a number
of investigations in conjunction with other drugs, including alcohol.
For example, after 104 weeks of weekly CCl, injections and consuming
alcohol-containing water, mice develop HCC [38,39,46]. Furthermore,
CCl, therapy was reported in rat trials to be 30% effective in HCC
formation after 30 weeks [40]. According to these findings, CCl, could be
a useful tool for studying the processes that underpin liver disease and
the development of HCC, particularly when paired with other chemicals
that may exacerbate liver damage. Using CCl, in animal models can
provide insights into the complex interactions between environmental
contaminants, lifestyle decisions, and genetic vulnerability that
contribute to the development of liver cancer. Researchers can identify
potential therapeutic targets and develop more effective preventative
and therapeutic approaches for liver cancer by understanding how CCl,
affects the liver and contributes to the development of HCC.

MODELS OF DIET-INDUCED HCC

In animal models, studies have demonstrated that a choline-deficient
diet (CDD) can lead to HCC. This diet was initially developed to study
cirrhosis, fibrosis, and steatohepatitis in mice and rats [41,54]. More
recent research, however, has revealed that rats on a comparable diet
had a significantly higher incidence of tumor formation, whereas mice
fed a CDD developed HCC after 50-52 weeks [41]. One of the primary
factors driving the development of HCC in CDD-treated animals is
the stimulation of oval cells, which causes increased oxidative stress,
DNA damage, and genetic mutations or changes. The CDD model
has been shown to accurately recapitulate the primary hallmarks
of clinical HCC, including the development of cirrhosis, fibrosis, and
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tumor formation following steatohepatitis. In addition to being a
useful tool for investigating the molecular and cellular processes that
contribute to the formation of HCC, the use of CDD in animal models
may aid in the identification of potential therapeutic targets for liver
cancer prevention and treatment. Furthermore, the CDD model can
be used to explore how nutritional factors influence liver health and
sickness, which could aid in the development of new dietary strategies
to prevent HCC.

When chemotoxic chemicals such as DEN or CCl, are used, the effects
of CDD have been investigated [55]. It has been shown that adding
ethionine to CDD promotes oval cell activation, increasing the risk
of carcinogenesis [56,57]. Furthermore, combining the DEN and
CDD models has been demonstrated to accelerate the development
of HCC while preserving the markers of diet-induced liver injury,
such as inflammation and steatosis [55]. Similarly, when CDD was
delivered with alcohol or CCly, the frequency and size of liver tumors
increased [55]. The choline-deficient and iron-supplemented L-amino
acid-defined diet is a modified version of the CDD that has been proven
to mimic the effects of CDD in a shorter period of time (Fig. 1) [54,58].
This modified diet is an important tool for studying the processes of liver
disease and cancer since it has been shown to promote liver damage
and HCC development faster than the standard CDD [54,58]. Overall,
the CDD and its variants have been shown to be useful models for
investigating the complex interactions between nutrition, environment,
and genetics that contribute to cancer and liver disease.

“THIOACETAMIDE (TAA)” MODEL

TAA, a hepatotoxin that can be delivered intraperitoneally (IP) or
through drinking water (0.02-0.05%), is another model used in the
study of HCC. According to studies, mice that are regularly exposed to
TAA develop fibrosis within 10-15 weeks [59]. The main carcinogenic
effect of TAA is assumed to be due to oxidative stress, which increases
the quantity of ROS in the liver. ROS gradually damages DNA as levels
rise, contributing to the establishment of HCC [59]. The molecular
pathways causing HCC have been studied using this model, which has
also shed light on the part oxidative stress plays in liver carcinogenesis.
The TAA model has been demonstrated to be a valuable instrument
for assessing the effectiveness of possible treatment drugs and has
also been utilized to investigate the impact of different genetic and
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Fig. 1: Representative images show the macroscopic (top)
and microscopic H&E staining (bottom) characteristics of
hepatocellular carcinoma nodules induced by a choline-
deficient and iron-supplemented l-amino acid-defined (CDAA)
diet combined with carbon tetrachloride (CCl,) exposure. After
6 months on the CDAA diet, along with weekly low-dose CCl,
injections (0.2 mg/kg body weight), large nodules became
evident on the liver surface of mice. (Source: De Minicis et al.,
unpublished observations, 2011).[133]
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environmental variables on the development of HCC. All things
considered, the TAA model has greatly advanced our knowledge of HCC
and is a tried-and-true method for researching the disease.

XENOGRAFT MODELS

Cancer cell proliferation, collagen deposition, and neo-angiogenesis
(the formation of new blood vessels) all contribute to xenograft tumors’
rapid growth. Two of the key advantages of this model are the rapid
creation of tumors and the ease with which they can be tracked, allowing
for direct monitoring of tumor nodules over time [60]. To develop
xenograft models, immunocompromised mice, such as athymic (nude)
or severe combined immunodeficient mice, are injected with human
cancer cells, which stimulate tumor formation [44]. In the ectopic
model, human cancer cells are injected subcutaneously into mice’s hind
flanks, whereas in the orthotopic model, tumor cells are injected directly
into the mouse liver. These are the two primary categories of xenograft
models [61]. The orthotopic model, which provides a more realistic
picture of cancer metastatic spread, allows for a better understanding
of the intricate interactions between the tumor and its surrounding
environment [61]. Xenograft models allow researchers to investigate
the fundamental principles of tumor growth and dissemination, as well
as evaluate the efficacy of potential treatment medications, in a realistic
and controlled environment.

In the ectopic model, various cell lines are frequently utilized to screen
for prominent chemotherapeutic drugs. However, there are significant
variances in tumor growth inhibition across the literature [62,63].
Orthotopic implantation of HCC cells in fibrotic livers is a more reliable
and consistent approach [64]. Using a fibrotic liver model, researchers
discovered that tumors grow faster and have a greater risk of
metastasis and satellite nodule formation [65]. This orthotopic model
enables a more precise portrayal of the tumor microenvironment and
a more reliable assessment of the efficacy of chemotherapeutic agents.
This model’s use of fibrotic livers also allows for an examination of
the complicated interactions that exist between the tumor and the
surrounding liver tissue, which is critical for understanding how HCC
develops. Using this model, scientists can develop more effective HCC
treatment strategies and gain valuable insights into the processes that
drive tumor growth and metastasis.

To summarize, the xenograft model’s key advantage is its ability to
rapidly induce tumor growth, with a relatively short time between
injection and tumor development. Nonetheless, the underlying
pathophysiological mechanisms that drive tumor growth in this model
do not accurately reflect the complex modifications that occur during
tumor development in humans [66]. As a result, the xenograft model
has limitations in reproducing the natural course of real tumors despite
its widespread use and utility for studying treatment responses and
tumor characteristics. The model cannot accurately recreate the human
tumor microenvironment and related disease processes, but it is useful
for preliminary studies on pharmaceutical efficacy and tumor biology.
As a result, to develop effective cancer therapies and gain a better
knowledge of tumor progression, the xenograft model should be used
in conjunction with other models and approaches.

Another method for investigating cancer is the “hollow fiber assay
(HFA)” [67]. Tumor cell lines are inoculated into tiny, hollow
polyvinylidene fluoride fibers with a 1 mm internal diameter. The
fibers are then sealed and separated into 2 cm pieces [68]. Multiple
fibers can be implanted subcutaneously or IP in a single athymic mouse
after a brief in vitro culture period of 24-48 h. The HFA method’s
ability to investigate multiple cell lines in a single mouse at the same
time is a significant advantage over previous xenograft models [69].
This capacity enables researchers to analyze the development and
behavior of multiple cell lines in a single experiment, making tumor
cell line screening more effective and high-throughput. The HFA
technique provides a unique opportunity to explore how tumor cells
interact with their surroundings and evaluate the efficacy of potential
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treatment options in a relevant and controlled setting. Employing this
strategy allows researchers to understand a lot about cancer biology
and develop more effective cancer treatment regimens.

MODELS THAT HAVE UNDERGONE GENETIC MODIFICATION

Genetically modified mice (GMMs) are an effective way to simulate the
pathophysiology and molecular aspects of HCC [70]. This technique
provides valuable insights into the fundamental mechanisms of
HCC development by allowing researchers to compare the impact of
oncogenes with and without carcinogenic agents. Researchers can
use complementary DNA constructs with promoters that can target
certain cell types to improve GMM selectivity and accuracy [71]. This
allows particular genes to express themselves in diverse tissues, which
helps to elucidate their role in HCC. Mice with an albumin promoter, for
example, are widely used in this study because they allow for the focused
expression of genes in hepatocytes, the primary cell type affected by
HCC. Using GMMs, researchers can gain a better understanding of the
complex interactions between genetic and environmental factors that
contribute to HCC and develop more effective treatment approaches for
this devastating illness.

Transgenic mice, which allow for the induction of specific genes, offer an
alternative to constitutive tissue-specific gene deletion or expression.
This model allows researchers to investigate how various oncogenes
contribute to the maintenance of malignancies. As shown in Table 2,
several transgenic mice models have been developed to study HCC.
Notably, transgenic mice models that express hepatitis-related viral
genes may replicate the viral hepatitis-induced HCC found in humans,
making them extremely relevant. These models can be used to explore
how certain oncogenes influence tumor growth and maintenance, and
they provide a valuable tool for understanding the molecular pathways
behind HCC creation and progression. Scientists can utilize transgenic
mice to understand better the complex interactions between genetic
changes, viral infections, and environmental factors that lead to HCC,
allowing them to develop more effective treatment approaches. The use
of transgenic mouse models can help to understand the fundamental
mechanisms of tumor growth and progression, as well as aid in the
discovery of potential biomarkers and therapeutic targets for HCC.

The HBx gene is expressed in the majority of transgenic animals
associated with HBV in viral models, and HCC develops after 52-
104 weeks [27,28,72]. In contrast, HCV transgenic animal models that
express core, E1,and E2 structural proteins develop HCC after a 60-week
period [35]. DEN injections, on the other hand, significantly accelerate
the development of HCC, with some cases appearing in as short as
32 weeks [36]. This suggests that exposure to carcinogenic chemicals
and HCV infection may work together to raise the risk of developing
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HCC. In addition to emphasizing the importance of considering the
interaction of viral infections, genetic changes, and environmental
factors in the pathogenesis of this illness, the use of these viral models
provides important insights into the molecular mechanisms underlying
the development of HCC. Examining these models allows researchers
to gain a better understanding of the complex links between HBV and
HCV infections and HCC development. They can also identify potential
therapeutic targets for the prevention and treatment of this devastating
condition.

Transgenic mice expressing oncogenes such as c-Myc and B-catenin
were employed to produce further mouse models of HCC [26]. PDGEF,
TGFB1,NEMO, TAK1, alpha-1 antitrypsin,and PTEN, a tumor suppressor
gene controlling the PKB/AKT pathway, have been altered or deleted
in mice to provide alternative models [50-53,73]. PTEN-deficient
mice are one of the models that have greatly aided cancer research
[19,48,74,75]. Notably, at 40-44 weeks, liver-specific PTEN-deficient
mice develop HCC, fibrosis, inflammation, and hepatic steatosis [49].
This model has helped to explain the molecular mechanisms that
underpin HCC and has provided crucial insights into the role of PTEN
in the development of liver cancer. The use of PTEN-deficient mice to
study the effects of various genetic and environmental variables on the
development of HCC has made it easier to identify potential therapeutic
targets. Overall, these mouse models have considerably increased our
understanding of HCC, paving the way for the development of more
effective therapeutic and diagnostic techniques for this devastating
disease.

CCA-EXPERIMENTAL MODELS

CCA rat models

The “Syngenic” paradigm

Sirica et al. [76] first described a syngeneic model of CCA in which
cells from a rat-derived CCA cell line (BDEneu) were implanted
intrahepatically into Fisher 344 rats. With a highly consistent tumor
mass forming within 20-22 days following inoculation, this approach
resulted in a 100% tumor formation rate in the injected animals
(Table 3). Between 15-16 days and 25-26 days after cell injection, the
tumor size rose considerably, displaying an exponential development
tendency. Furthermore, bilirubin levels in the blood increased
considerably. A continuous loss of body weight and the appearance
of peritoneal metastases coincided with the tumors’ intrahepatic
growth. This model provides a reliable and consistent framework for
studying the start and progression of CCA, allowing for the exploration
of underlying molecular pathways and the evaluation of potential
treatment methods. The syngeneic model also allows researchers to
investigate the relationship between tumor growth and the host’s
physiological reactions, such as variations in body weight and blood

Table 2: An overview of the primary experimental characteristics of HCC rodent models

Experimental model Inducing Orthotopic Genetic Toxicity Surgical Inflammatory References
agent presence factor procedure response

TAK 1 Present Yes No Yes No Yes [50]

Aflatoxin Present No No Yes No Yes [45-47]

DEN PH Present Yes No Yes No Yes [24,25,42,43]

Core, A, E transgenic mice (DEN) Present Yes Partial No No Yes [35,36]

TGF-p transgenic mice Present Yes No No No Yes [26]

P-TEN Present Yes No Yes No Yes [48,49]

HBx transgenic (DEN) Present No Partial No No Yes [27,28]

Choline-deficient diet (ethionine) Present Yes No Yes No Yes [58,59]

CCl4 Present Yes No Yes No Yes [37-41]

Peroxisome proliferators Present Yes No Yes No Yes [29-34]

TAA Present Yes No Yes No Yes [44]

DEN PB Present Yes No Yes No Yes [22,23]

DEN Present Yes No Yes No Yes [13-21]

NEMO Present Yes No Yes No Yes [51-53]

Choline-deficient diet Present Yes No Yes No Yes [54-57]

HCC: Hepatocellular carcinoma
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Table 3: An overview of the experimental procedures and results for the CCA rodent model

Experimental Animalstrain Procedure Tumor development timeline  Tumor Metastasis References
model formation rate
DEN-LMBDL Balb/c mouse Two intraperitoneal (IP) 8™ week: Cyst formation 12t 100% Not [129]
injections of DEN per week: Biliary hyperplasia documented
week Oral gavage 16% week: Cholangiomas
(25 mg/kg, once per and adenomas 28" week:
week) Cholangiocarcinoma (CCA)
TAA-induced Fisher rat, 0.03% TAA administered 9" week: Proliferation and 100% Peritoneal [76,78,79]
model Sprague-Dawley, through drinking water dysplasia of cholangiocytes involvement
Zucker rat for 24 weeks 12% week: Microfoci of cancer
16 week: visible CCA tumors
24" week: Fully developed CCA
tumors
p53 Knockout ~ p53-/- C57B16 Crossbreeding p53+/- 17 days: Initial tumor 18% (p53+/-) Lung [91,98]
(CCl4 exposure) mouse mice to generate p53 +/+, formation 16-24 weeks: Tumor  54% (p53-/-) involvement
+/-, and -/~ genotypes progression 24-28 weeks:
Intraperitoneal injections Advanced-stage tumors 53
of CCl4 (10 uL/g body weeks: Tumor development in
weight) 3 times per week p53+/- mice
for 4 months
BDEneu Cell Fischer 344 rat  Injection of 4x10° Tumor onset within 20-22 days 100% Notrecorded [91]
line model BDEneu cells into the left
hepatic duct
Xenograft Nude mouse Subcutaneous Rapid tumor progression Not specified Not [105-113]
model implantation of detectable size increase from the documented
human-derived cancer second week
cell lines
Smad4-Pten Smad4Co/ Genetic modification 2-3 months: Formation of 100% Not specified [80,81-88]
knockout Co PtenCo/Co through crossbreeding hyperplastic foci in biliary

Alb-Cre mouse  Smad4Co and/or PtenCo

mice with Alb-Cre mice

epithelium progressive
transition to dysplasia and

carcinoma in situ

markers. Overall, this model has the potential to significantly improve
our understanding and approach to CCA.

Furthermore, the authors developed a modified paradigm in which
mice who had undergone common bile duct ligation (BDL) had
BDEneu cells transplanted into their livers. After 21 days, the findings
revealed that, in comparison to the animals who did not receive
BDL, tumor growth was significantly higher in the former group.
The researchers also discovered that mice who received BDEneu
cell injections and had sham surgery did not develop extra-hepatic,
peritoneal tumor nodules, whereas those who received cell injections
and underwent BDL did. This suggests that the BDL approach may
have created a microenvironment conducive to tumor growth and
spread. The modified model provides a more complete understanding
of the complex connections that exist between the hepatic milieu
and tumor cells, as well as the impact of BDL on tumor initiation
and spread. The findings of this study reveal the model’s ability to
investigate the molecular processes behind CCA and develop novel
treatment methods for the disease’s management.

One of the many advantages of the current model is the use of cells with
biological features similar to human CCA, such as TRAIL production,
COX-2 overexpression, and ERK1/2 hyperphosphorylation [7,76-78].
The model similarly resembles human CCA in that it is associated
with increased body weight loss and biliary obstruction, both of which
encourage tumor growth. This means that the model is an effective tool
for illness study since it accurately depicts the essential components
of human CCA. The use of cells with biological characteristics similar
to human CCA, as well as the model’s ability to replicate the disease’s
clinical symptoms, such as weight loss and biliary obstruction,
provides a strong and relevant system for investigating the underlying
mechanisms of CCA and developing effective treatment plans. Overall,
the model is a promising platform for translational research and

pharmaceutical development because of its ability to simulate the
complex biology of human CCA.

This model has two important experimental advantages: (i) tumor
nodules form consistently, and (ii) they do so in a relatively short period
of time (Table 3). Because of these characteristics, the model is ideal for
pre-clinical research testing of novel therapeutic medicines. Because of
the model’s stability and rapid tumor growth, therapeutic efficacy can be
measured efficiently and consistently. For example, the model has been
used to demonstrate how well sorafenib works in slowing the course
of CCA. Tumor liver invasion was dramatically reduced after sorafenib
treatment; in 22% of treated rats, full regression occurred [79]. The
model was also used to examine the efficacy of JP1584, a small molecule
second mitochondria-derived activator of caspase mimic [78]. In
contrast to the vehicle-treated controls, rats treated with JP1584
and implanted with BDEneu cells showed a significant decrease in
peritoneal metastasis in this study [78]. These findings highlight the
model’s potential as a valuable tool for therapeutic agent pre-clinical
testing and hastening the development of effective CCA treatments.
Because of its ability to grow tumors reliably and its short trial duration,
the model is an attractive platform for investigating new therapeutic
methods and identifying promising candidates for clinical translation.

One of the current model’s limitations is the implantation of malignant
cells in the absence of chronic biliary or liver injury, as it does not
account for the de novo creation of CCA, which is not symptomatic of
the disease in patients. From an experimental standpoint, the model
requires invasive methods such as left bile duct cannulation and
abdominal manipulation, which may alter the liver’s cytokine milieu
and limit its use in extended research. Furthermore, the model’s
application to pathophysiology research in transgenic animals may
be limited because it was developed in rats. This is a significant
disadvantage because transgenic animals are regularly used to research
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the underlying causes of disease and develop novel treatment options.
The model’s inadequacies demonstrate how pre-clinical models of
CCA must be developed and refined to produce more accurate and
representative systems for studying this complex and severe condition.
Furthermore, enhancing our understanding of CCA and developing
effective treatments requires the development of new models that more
accurately mimic the actual illness, such as those that include de novo
CCA formation and chronic biliary or liver injury.

The model of “Thioacetamide”

TAA injection is a well-established paradigm for inducing liver cirrhosis
and fibrosis in animals [59]. More than 20 years ago, scientists
discovered that giving rats oral TAA resulted in CCA and biliary
dysplasia [80,81]. The TAA rat model has now become the most widely
used and thoroughly explored paradigm for CCA studies. According
to this theory, TAA is regularly added to drinking water at a normal
concentration of 0.03%, causing fibrosis, liver damage, and increased
weight loss [81-84]. Signs of cholangiocyte dysplasia and proliferation
develop around 9 weeks, and malignant cell microfoci form by
12 weeks [81,83,84]. This model is an important tool for understanding
the disease and developing effective treatments because it has been
thoroughly characterized and shown to mirror the fundamental aspects
of human CCA. The TAA rat model was used to explore the molecular
processes underlying the development of CCA, including the roles
of inflammation, fibrosis, and chronic liver injury, which provided
important insights into the pathogenesis of this devastating condition.

By the 16™ week of TAA administration, whitish CCA tumors become
evident, and by the 24™ week, the incidence of larger, more invasive
tumors has steadily increased to 100% of the animals (Fig. 2a) [81,83-86].
Surprisingly, the rat strain employed had no effect on the CCA production
route (Table 3) [81,83-86]. Long-term research is possible due to the
animals’ low death rate [81,83-86], with some experiments lasting
up to 40 weeks [87]. Lung metastases appear after 24 weeks (Fig. 2a)
[86], and intra-hepatic CCA nodules persist even after TAA treatment is
discontinued, at least for an 8-week monitoring period [86]. This makes
the model a valuable tool for studying the biology of CCA and evaluating
potential treatment methods because it implies that the CCA tumors that
grow in this model are exceedingly aggressive and capable of spreading
to other parts of the body. The fact that the tumors continue to grow
long after TAA administration is withdrawn implies that the model
could be utilized to study the mechanisms behind tumor growth and
maintenance, as well as to identify potential therapeutic targets. Overall,
the TAA rat model of CCA provides a robust and reliable framework for
investigating the genesis and progression of this severe illness.

To expedite the development of CCA, researchers attempted to change
the standard protocol by increasing the daily dosage of TAA. Increasing
the TAA dose to 0.05-0.1% resulted in quicker CCA formation, with
tumors developing as early as 11-13 weeks, according to Al-Bader et al’s
dose-response study [82]. However, before CCA could form, higher
doses of 0.15% TAA caused significant mortality rates. Mansuroglu
et al. confirmed these findings by demonstrating that rats fed 0.05%
TAA developed CCA nodules in 100% of instances within 18 weeks [88].
This suggests that increasing the TAA dosage may speed up the onset
of CCA, but it also increases the risk of death. 0.05% TAA is a useful
supplement to the traditional method for studying CCA since it appears
to reach a compromise between reducing mortality and hastening CCA
development. Using this new technique, researchers may be able to
gain a better understanding of the underlying causes and progression
of CCA while saving time and money.

The TAA model accurately mimics a number of key features of human
CCA, including persistent inflammation of the liver parenchyma and bile
ducts (Fig. 2b), a strong desmoplastic reaction surrounding the tumor,
and a link to chronic liver injury and fibrosis [5,7]. Furthermore, the
presence of numerous biomarkers, such as COX-2, EGFR, MUC1, MMP-
2, MMP-9, c-Met, c-erb-B2, c-Kit, and estrogen receptors, suggests that
the malignant cells in this model have molecular similarities to human
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Fig. 2: (a) A representative macroscopic image of thioacetamide
(TAA)-induced intrahepatic cholangiocarcinoma (IH-CCA)
nodules shows large white-yellowish lesions (arrows)
consistently appearing on the liver surface of treated rats after
24 weeks of 0.03% TAA administration (left). In addition, a
representative image of lung metastases from TAA-induced IH-
CCA reveals visible nodules in the lower segments of the left lung
after the same treatment duration (right). (Source: Marzioni and
Nilsson, unpublished observations, 2011). (b) Representative
hematoxylin and eosin (H&E) stained image of a TAA-induced
IH-CCA nodule shows a tumor composed of disorganized,
irregular duct-forming tissue with a dense inflammatory
infiltrate (original magnification x20, left). A Sirius-Red stained
image of a TAA-induced IH-CCA nodule highlights an intense
desmoplastic reaction (stained red), resembling human disease
(original magnification x20, right). (Source: Marzioni and
Nilsson, unpublished observations, 2011). (c) Mz-ChA-1 cells, a
Cholangiocarcinoma cell line implanted subcutaneously in the
flank of a nude mouse, form a clearly visible tumor. Tumor size
changes can be easily tracked over time (top). An enlarged view of
the same nodule is shown (bottom). (Source: Francis and Alpini,
unpublished observations, 2009). [133]

CCA [83,84,87,88]. According to this shared genetic phenotype, the TAA
model is a valid and relevant method for investigating the underlying
processes of CCA and developing effective treatment plans. Because
it can reproduce the complicated interactions between inflammation,
tumor growth, and chronic liver injury, the model is an effective tool
for understanding the pathophysiology of CCA and identifying potential
treatment targets. Overall, the TAA model provides a rigorous and
precise framework for studying the biology of CCA and applying the
findings to therapeutic settings.

The TAA paradigm offers several experimental advantages, one of which
is that it does not require invasive abdominal manipulation or surgery.
Furthermore, CCA nodules are consistently produced by a simple
injection of TAA-enriched water, making it a reliable and reproducible
model. The model has been frequently utilized in pre-clinical trials to
assess new CCA diagnostic and treatment procedures, demonstrating
its reliability and applicability. To discriminate between tumor nodules
and liver cirrhosis, the positron emission tomography tracer [18F]
fluoro-2-deoxyglucose has been shown to accumulate in TAA-induced
CCA [89,90]. Administering an estrogen receptor-f3 selective agonist
can prevent and reduce the growth of TAA-induced CCA, even after
the tumor has been established [86]. These findings demonstrate the
model’s potential as a translational research platform, as well as its
utility in evaluating the efficacy of future CCA treatment medicines and
diagnostic tools. Because of its simplicity, reproducibility, and stability,
the model is an appealing approach for studying CCA biology and
developing effective treatments for this severe condition.

One of the biggest disadvantages of the TAA paradigm is that it is
currently only standardized in rats. The animals’ rapid gain in size and
weight after 16-24 weeks of therapy creates a variety of challenges,
including handling and care issues, as well as the need for larger amounts
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of test chemicals. This is particularly remarkable when compared to
mice, which are widely used in pre-clinical research due to their smaller
size and lower maintenance requirements. Furthermore, the restricted
availability of rats with genetic knockdowns of specific genes makes it
difficult to investigate the precise function of molecules implicated in
the etiology of CCA. Because it is difficult to determine the particular
roles that different genes or pathways play in the start and progression
of CCA, mechanistic research and the development of targeted therapies
are limited. The absence of genetically modified rats further limits the
model’s flexibility and adaptability, making it unsuitable for a variety
of studies, including gene function investigations and the evaluation
of gene therapy procedures. Overall, standardizing the TAA model in
rats is important, but it also highlights the importance of developing
replacement models, such as mouse models, that can provide greater
adaptability and accessibility for pre-clinical research.

CCA mouse models
The model known as “Smad4-Pten knockout”

The “Smad4-Pten knockout” mouse model of CCA was initially
described by Xu et al. [91]. It uses the Cre-loxP method to conditionally
disrupt the Smad4 and Pten genes. The researchers created this model
by crossing albumin-Cre (Alb-Cre) mice with mice carrying conditional
alleles for Smad4 (Smad4Co) and/or Pten (PtenCo). At 2-3 months
of age, the Smad4Co/CoPtenCo/CoAlb-Cre animals developed
hyperplastic foci in the biliary epithelium. Interestingly, by the time
they were 4-7 months old, every animal in this group had developed
full-blown CCA, as evidenced by a steady rise in intra-hepatic tumor
nodules (Table 3). Because this model allows for the targeted deletion
of two critical tumor suppressor genes in the liver, Smad4, and Pten, it
is a valuable tool for studying the molecular mechanisms underlying
CCA. This model’s consistent and rapid development of CCA makes it an
ideal platform for pre-clinical research and the evaluation of potential
therapeutic methods for this devastating condition. The use of this
model can help to identify new therapeutic targets and elucidate the
complex interactions between genetic changes and environmental
factors that influence the start and progression of CCA.

The Smad4-Pten deletion animal model allows researchers to
understand better the genetic and molecular processes that contribute
to the development of CCA. PTEN (phosphatase and tensin homolog
deleted chromosome 10) has been connected to the pathogenesis of
several cancers, including CCA [92], and the tumor suppressor gene
SMAD4 is frequently altered in CCA [93]. PTEN loss causes constitutive
activation of the pro-proliferative and anti-apoptotic PI3K pathway,
which is critical in the development of human CCA [77,94,95]. The
tumor cells in the Smad4Co/CoPtenCo/CoAlb-Cre mice exhibited
ERK1/2 hyperphosphorylation, nuclear cyclin D1 overexpression, AKT
hyperphosphorylation, and nuclear translocation. Following these
findings, the researchers examined human CCA samples and discovered
that 71% of phosphorylated-AKT-positive tumors had PTEN inactivation
due to epigenetic changes, whereas 48% had lost SMAD expression. This
model’s capacity to reliably develop tumors at a relatively young age
(4-5 months) without requiring additional manipulation is a significant
advantage. This makes it an ideal environment for studying the onset
and evolution of CCA and evaluating potential treatment methods. The
model’s usefulness and importance for pre-clinical research are further
confirmed by its ability to reproduce the molecular mechanisms that
drive human CCA, including the silencing of tumor suppressor genes
and the activation of key signaling networks.

One ofthe numerous downsides of the Smad4-Pten knockout mice model
is the lack of inflammation and sustained liver damage, both of which
are common in human CCA. Furthermore, even in older animals, the
model does not exhibit metastases, which are an important component
of CCA progression. In addition, a tiny fraction of mice in this paradigm
develop salivary gland tumors, which could be an independent event.
Other options include utilizing Alb-Cre mice to deliver conditional gene
knockouts. A recent study has shown that conditional knockouts in Alb-
Cre animals are highly selective for hepatocytes, with low recombination
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in other liver cells, despite the authors’ showing that Cre-mediated
recombination occurs in both hepatocytes and cholangiocytes [96,97].
Given that the existing model may not effectively depict the disease’s
cellular genesis, it is worth investigating how hepatocyte-specific
mutations contribute to the development of CCA. It is yet unknown how
hepatocyte-specific mutations contribute to the development of CCA,
and further research is needed to fully understand the relationship
between hepatocyte and cholangiocyte biology in the context of CCA.
The model’s inadequacies highlight the importance of continuous pre-
clinical model development and refinement to accurately recreate the
complex biology of human CCA.

The “Carbon tetrachloride-P53 knockout” model

Farazi et al. [98] created a mouse model of CCA by administering
CCl, 3 times per week for 4 months. The purpose of this model was
to reproduce the p53 gene mutation, which is frequent in human
intra-hepatic CCA (IH-CCA) [5,99-101]. As expected, the mice grew
bile ducts while suffering from increased liver damage and fibrosis.
Initially, p53+/+ and +/- animals had cholangiocyte apoptosis;
however, p53-/- mice did not. However, during the trial, only the
p53-/- rats developed cytological abnormalities and early cancer
foci after the CCl, injection was withdrawn. This means that CCA
develops as a result of p53 function loss and that the molecular
mechanisms underlying the disease can be studied using this model.
Because it can reproduce the disease’s genetic and histological traits,
the model is an important tool for understanding its pathogenesis
and developing effective treatment regimens. The use of p53
mutant mice in this paradigm allows researchers to investigate
how p53 contributes to the formation of CCA, as well as how CCl,
administration affects the liver and bile ducts. Overall, this model
provides a useful framework for studying the complex interactions
between environmental variables, genetic alterations, and liver
disease in the development of CCA.

A group of mice was watched for an extended period of time after CCl,
treatment was discontinued. IH-CCA nodules that had fully developed
appeared. The tumors were characterized by disorganized, infiltrating
ducts and tubules that tested positive for cytokeratin 19 and were
surrounded by a thick collagenous stroma. Tumor formation was
greatly impacted by the p53 genotype; IH-CCA was only observed in
mice with a p53-/- or p53+/- genotype (54% and 18%, respectively).
The p53 genotype had a significant impact on tumor latency, with
p53-/- mice developing tumors after 29 weeks and p53+/- mice after
52 weeks (Table 3). Loss of p53 activity accelerates the development of
IH-CCA. Even partial loss of p53 function (as in p53+/- mice) increases
the probability of tumor formation. The findings of this study show that
this mouse model has the ability to investigate the molecular pathways
producing IH-CCA and provide crucial insights into the role of p53 in
the development of this disease.

This model has a significant pathophysiological advantage because it
combines a genetic predisposition (p53 knockout) with chronic liver
injury caused by CCl,, which is thought to mimic the conditions that
cause CCA to develop in humans [5]. The development of iNOS, COX-2,
c-Met, and cErbB2 in malignant cholangiocytes is one of the molecular
characteristics of tumor nodules in this model that are similar to
those in human CCA [7,102-104]. However, the model has a number of
experimental limitations. One notable downside is the lengthy period
of time required for tumor establishment, which might last between
29 and 52 weeks. Another disadvantage of the model is the unequal
development of IH-CCA, which could complicate experiment planning
and execution. Despite these limitations, the model remains a valuable
resource for studying the pathophysiology of CCA and the molecular
processes that underpin this disease. This model’s molecular properties
of the tumor nodules make it an appropriate model for studying
human CCA, and the combination of genetic and environmental factors
provides a unique opportunity to analyze the complicated interactions
that contribute to CCA formation.
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Table 4: An overview of the primary experimental characteristics of CCA rodent models

Animal Experimental type Liver Orthotopic tumor Genetic Toxic Surgical Inflammatory References

model involvement formation alterations exposure intervention response

Mouse DEN-LMBDL Intrahepatic ~ Yes Yes Yes Yes Yes [129]

Mouse p53 Knockout (CCl4) Intrahepatic  Yes Yes Yes Yes Yes [98]

Rat TAA-Induced Model  Intrahepatic  Yes No Yes No Yes [80-88]

Mouse Smad4-Pten Intrahepatic ~ Yes Yes No No Yes [91]
Knockout

Mouse Xenograft Intrahepatic ~ No No No No No [105-113]

Rat Syngeneic Model Intrahepatic ~ Yes Yes No No No [76,78,79]

CCA: Cholangiocarcinoma

The “Xenograft” paradigm

In 1985, researchers used a human CCA cell line in a nude mouse
model, injecting cells from a CCA metastasis into the flanks of
immunocompromised mice [105]. Since then, this model has
been utilized to study the pathophysiology and other aspects of
CCA[106-113].One of the model’s key strengths is its capacity to analyze
the efficacy of novel therapy choices for CCA. With obvious changes in
tumor size occurring within 2 weeks following cell implantation, the
model allows for rapid monitoring of tumor growth (Fig. 2c). Because
trials can last up to 11 weeks, this strategy provides a relatively rapid
and effective way to assess new medications (Table 3). This model is an
ideal tool for pre-clinical CCA research because it allows for the control
and replication of tumor growth and drug response. Using this model,
researchers may quickly and efficiently examine the feasibility of novel
therapy techniques, accelerating the development of more robust
remedies for this severe condition.

Tannic acid, resveratrol, caffeic acid, anandamide, tamoxifen, felodipine,
melatonin, and clobenpropit have all been shown to inhibit the growth
of CCA xenograft tumors in naked mice [114-126]. Furthermore, it
has been revealed that medicines such as oncolytic gene therapy and
photodynamic therapy using hematoporphyrin derivatives are effective
in reducing tumor growth. Furthermore, it has been proven that
Slug si-RNA makes CCA cells more susceptible to cisplatin [127]. It is
critical to recall that the subcutaneous xenograft model has significant
limitations, including species-specific changes in pharmacodynamics
and microenvironment when compared to liver-derived cancers [44].
Yokomuro et al. proposed an alternative approach to dealing with this
issue, which entails injecting CCA cells directly into the livers of nude
mice [128]. Despite the fact that this strategy requires an abdominal
incision, it may provide a more accurate representation of the tumor
microenvironmentand allow for more relevant pre-clinical research. This
orthotopic model may provide a more reliable method for assessing the
efficacy of potential treatment options and understanding the complex
interactions that occur between CCA cells and their surroundings.

The “den-left median bile duct ligation (LMBDL)” model

Yang et al. [129] presented a novel mouse model of CCA that combines
chemical carcinogenesis and surgical modification. To develop the
model, young adult Balb/c mice were given two weekly intraperitoneal
(IP) injections of DEN. The mice are given DEN through oral gavage
1 week after the LMBDL, which occurs 2 weeks later. The experiment
lasts 28 weeks (Table 3), and by the end of it, the overall animal survival
rate is approximately 70%. Histopathological study of the livers at
week 8 reveals multifocal cyst formation as well as multifocal cystic
hyperplasia of the intrahepatic bile ducts. The LMBDL causes chronic
biliary obstruction, an established risk factor for CCA, and the DEN
injections initiate carcinogenesis; hence, this model is designed to
mirror the human state. The oral gavage with DEN causes the liver
to acquire CCA-like lesions, which promotes tumor growth. This new
model provides a more complete view of the disease and its progression,
making it an essential tool for studying the pathophysiology of CCA and
evaluating potential treatment strategies. The biliary epithelium in the
hyperplastic foci, as well as the epithelium lining the cysts, changed
significantly throughout the experiment. By week 12, these cells’

nuclei had grown to a size that indicated abnormal cell proliferation.
Cholangiomas and biliary adenomas, which are benign tumors with the
potential to become cancerous, first appeared in week 16. By week 28,
these regions had developed into full-blown CCA. Interestingly,
CCA did not develop in control rats that received any one or two of
these therapies; rather, it only happened in animals who received a
combination of DEN injection, LMBDL, and DEN feeding.

In control rats, the biliary epithelium was abnormal, but it did not
progress to cancer. Throughout the experiment, the expression of c-Myc,
a protein involved in cell proliferation, was monitored. In rats with CCA,
the number of c-Myc-positive cells in the liver increased and remained
continuously high, showing that c-Myc contributes to the development
and spread of this cancer. However, in control rats, c-Myc expression
increased before decreasing, indicating that the combo treatment was
required to stimulate the formation of CCA.

Amongits many advantages, this model is the only one capable of causing
tumors to grow in non-GMMs, as it can generate CCA in wild-type mice.
Furthermore, the model is associated with biliary obstruction and the
production of oncogenes such as c-Myc, both of which are thought to
be critical for the formation of primary liver cancers in people [130].
Understanding the role of c-Myc in the malignant transformation of
cholangiocytes is hampered by the model’s pathologic showing that
the molecule is overexpressed not only in cholangiocytes but also in
hepatocytes and inflammation cells. One of the model’s experimental
advantages is that tumor formation takes approximately 28 weeks. The
model, however, is complex, requiring long-term weekly gavage of the
mice as well as sensitive abdominal manipulation, both of which can be
difficult and time-consuming. Although the model’s complexities and
technological limits must be carefully evaluated, it provides a useful
tool for studying the development of CCA in a more physiologically
realistic environment. Despite its limitations, researchers like this
model because it allows them to study CCA formation in wild-type mice
and shows the function of c-Myc and biliary obstruction.

CONCLUSION

Animal models, particularly those involving rats, are critical in cancer
research because they allow researchers to replicate the genetic,
pathophysiological, and environmental elements that contribute to
cancer formation. Before moving forward with human clinical trials,
these models provide a platform for pre-clinical testing of novel
therapeutic methods, allowing for the evaluation of their safety and
effectiveness. Rodents, such as mice, are appropriate for these studies
due to their small size, ease of reproduction, and relatively low care costs.
Since GMMs may be bred to imitate specific genetic mutations found
in human cancers, their availability has increased their attractiveness
in cancer research. This has allowed scientists to investigate the
underlying causes of the disease and create precise models of CCA
and other cancer types. Animal models, particularly mice, have altered
cancer research, allowing us to develop new treatments and therapies
while also improving our understanding of the disease.

Numerous rat models of CCA and HCC have recently been developed,
each with unique characteristics. Several models have been shown
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to be valuable resources for studying the pathophysiology of various
cancers. However, determining how well these mouse models mirror
the characteristics of important human diseases is difficult. To address
this issue, Prof. Thorgeirsson’s team conducted a thorough analysis,
comparing the global gene expression patterns of 91 human HCCs from
specified subclasses to those of 68 HCCs from seven different mouse
models. The study found that HCCs from specific mouse models, such
as Myc, E2f1, and Myc E2f1 transgenic mice, displayed gene expression
patterns that were strikingly similar to those of human HCCs with
greater survival rates. Animal models of HCCs, including DEN-induced
mouse HCCs and Myc Tgfoo transgenic mice, showed expression
patterns similar to human HCCs with worse survival rates. This study
demonstrates the need to carefully assess the relevance of mice models
to human disease, as well as how gene expression patterns may be
exploited to identify the most precise and instructional models for
studying HCC and CCA.

Prof. Thorgeirsson’s group found that gene expression patterns in
ciprofibrate-induced HCCs and Acox1-/-mice were most dissimilar
to those in human HCCs. Unfortunately, no equivalent study has been
conducted for CCA, leaving a vacuum in our understanding of the
similarities and differences between experimental models and actual
CCA. A detailed review of the available models reveals that important
characteristics of human CCA, such as genetic background, chronic
liver damage, and cholestasis, are not reliably reproduced (Table 4).
Furthermore, models of extra-hepatic CCA are uncommon. To use
mouse models in future research, it is critical to understand their
experimental properties and how they relate to the underlying human
disease. The models’ differences from human disease highlight the
importance of more research and the development of new models that
better depict the complexities of primary liver cancers. The scientific
community is obligated to seek out the “ideal” model, and resolving these
discrepancies is critical to increasing our understanding and treatment
of these serious diseases. Researchers can improve the transfer of
pre-clinical study results to clinical practice by acknowledging the
limitations of existing models and attempting to develop more precise
and relevant models.
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