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ABSTRACT

The hepatic organ plays a vital role in maintaining the body's homeostasis by facilitating intricate
biochemical reactions. Hepatic impairment, a pervasive condition in diverse liver disorders,
poses considerable challenges due to its propensity for recurrence and potential to progress to
debilitating conditions, including fibrotic scarring, cirrhotic degeneration, and hepatic failure
or malignancy. To elucidate the underlying mechanisms and develop efficacious therapeutic
strategies, it is crucial to establish a murine model that accurately recapitulates the clinical
manifestations and pathophysiological processes of liver damage. The goal of this study is to
present a thorough analysis of the many liver damage models, encompassing chemically
induced, immune-mediated, alcohol-related, and drug-induced paradigms, with a focus on
their methodologies, molecular mechanisms, and relative merits and limitations. By developing
robust animal models, researchers can investigate novel hepatoprotective interventions and
garner valuable insights into the management of liver damage disorders, thereby enhancing
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INTRODUCTION

The hepatic organ is a sophisticated entity that fulfills a vital
function in numerous physiological processes, encompassing
protein synthesis, detoxification, and metabolic regulation
(Shingina et al., 2023). Hepatic impairment is a significant clinical
concern, especially considering the COVID-19 pandemic's
impact on liver health (Li and Fan 2020). The liver's extensive
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vascular network and pivotal role in metabolic homeostasis
render it susceptible to injury from various endogenous and
exogenous substances, potentially leading to hepatic disorders
and damage (Damm and Kramer 2016). Globally, hepatic
diseases account for a substantial mortality rate, with cirrhosis,
hepatocellular carcinoma, and complications arising from
liver damage being prominent causes of death (Asrani et al.,
2019; Sun et al., 2019). Hepatic damage can stem from diverse
etiologies, including cholestatic, autoimmune hepatitis, liver
disease, viral hepatitis, non-alcoholic steatohepatitis, and
ethanol consumption, ultimately resulting in anomalous wound
healing responses, hepatic inflammation, and compromised liver
function (Crabb et al., 2020; Zhang et al., 2019). Hepatic injury
can be dichotomized into endogenous and exogenous categories,
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precipitating hepatocellular damage, dysfunction, inflammation,
and architectural alterations (Duarte et al., 2015; Thomson et al.,
2017). Acute and chronic hepatic injury represent two distinct
forms of liver damage, with the latter potentially progressing to
cirrhosis and life-threatening sequelae (Giordano and Zervos
2013; Guicciardi and Gores 2005; Thomson et al., 2017). Given
the considerable burden of hepatic disease, developing effective
therapeutic strategies is paramount (Hussaini and Farrington
2007; R. J. Lu et al., 2016). Animal models, particularly murine
models, are essential tools for advancing clinical medicine
and elucidating hepatic disease mechanisms (Sakowicz et al.,
2022; Wang et al., 2021). At present, chemical, immunological,
alcoholic, and drug-induced liver injury are commonly used in
rodent models (Figure 1) (Mao et al., 2024). The goal of this review
is to present a thorough summary of various murine models of
hepatic injury, including chemically induced, immunological,
their
underlying mechanisms, modeling methodologies, advantages,
and disadvantages, as well as signaling pathways implicated in
hepatic damage (Weiler-Normann, Herkel, and Lohse 2007; Wu
et al., 2023; Zhai et al., 2023). By synthesizing the current state of
knowledge on hepatic injury models, this review seeks to inform

alcoholic, and drug-induced models, highlighting

researchers in selecting suitable models for their investigations.

RODENT MODEL OF CHEMICAL LIVER INJURY

Model of liver damage caused by carbon
tetrachloride

Carbon tetrachloride (CCl,) is a potent liver toxin commonly
utilized in industrial settings, primarily gaining entry into
the body through gastrointestinal absorption or respiratory
inhalation. This substance can precipitate hepatocellular damage
in both animals and humans, and associated model of liver
damage bears a striking resemblance to the clinical presentation
of Acute Liver Injury (ALI) (Yu et al, 2011). Rodent models
commonly employed in research investigating liver injury is
explained in Table 1.

Mechanism

The hepatotoxic effects of CCl, are attributed to its metabolic
activation by the Cytochrome P450 (CYP450) enzyme system,
which generates trichloromethyl radicals. These highly reactive
species initiate a cascade of lipid peroxidation reactions,
compromising membrane fluidity and permeability, and
disrupting cellular calcium homeostasis. The ensuing cellular
damage encompasses cytoskeletal disruption, phospholipase
activation, and oxidative modifications to biomolecules, including
proteins, lipids, and nucleic acids. Furthermore, the covalent
binding of trichloromethyl radicals to DNA and hepatic proteins
can precipitate cellular dysfunction, ultimately culminating in
hepatocellular injury and necrosis (Figure 2A) (Zhang et al.,
2017).
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The modeling technique

Experimental models of acute hepatic impairment have been
established utilizing CCl, administration in rodents. Specifically,
male Wistar/SD rats (6-8 weeks old) received a solitary dose
of CCl, (1 mL per kilogram, 40-50% plant-based oil used) via
intraperitoneal or subcutaneous injection (Y. Lu et al, 2016). In
a different study, CCIl, (2 mL/kg, 10% in olive oil) was injected
intraperitoneally once to cause acute liver injury in C57BL/6
mice (8-9 weeks old) (Wang et al., 2017). For chronic hepatic
injury models, rodents were administered CCl, (1 mL/kg, 40%
in plant oil) twice weekly for 8-12 weeks via intraperitoneal
injection or oral gavage (Weber, Boll, and Stampfl 2003). Notably,
co-administration of phenobarbital, acetone, or CYP450 enzyme
inducers can potentiate CCl, hepatotoxicity and abbreviate the
duration required for chronic hepatic injury model establishment
(Yu et al,, 2022).

Advantages or disadvantages

The CCl,-induced liver damage model is a traditional and
widely used approach. The ALI model is characterized by a short
modeling cycle, high repeatability, and economic feasibility,
accurately reflecting hepatic cellular activity, metabolic processes,
and morphological changes. In contrast, the Chronic Liver Injury
(CLI) model has a longer modeling cycle and requires careful
handling due to potential hazards. To ensure safe operation, it is
essential for researchers to follow standard operating procedures
and take necessary precautions (R. Zhang et al., 2012).

Model of liver damage caused by D-galactosamine

D-Galactosamine (D-GalN) is a chemical compound that
impairs liver cell function by interfering with uridine nucleotide
metabolism, resulting in inflammatory responses and extensive
liver damage. The histopathological features induced by D-GalN
are similar to those seen in human viral hepatitis, providing a
useful model for investigating liver pathology (Gupta et al., 2022).

Mechanism

D-GalN disrupts uridine nucleotide metabolism, causing liver
cell damage and necrosis. It also binds to liver cell membranes,
altering ion balance, activating phospholipase, and increasing
oxidative stress. The resulting decrease in glutathione levels
triggers TNF-a production, leading to cell death (Figure 2B)
(Cengiz et al., 2015).

The modeling technique

Commonly used are adult SDF grade Balb/c mice or Wistar/SD
rats. Physiological saline is used to generate a 10% solution of
D-GalN, It is subsequently brought to pH 7.0 with 1 mmol/L
NaOH. After 24 to 28 hr of execution, 600 mg/kg to 900 mg/kg
are all administered intraperitoneally at once and ALI model was
created (Colakoglu et al., 2016). This category includes rates of
acute hepatotoxicity caused by a single dose of D-GalN (300 mg/
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kg-body weight, i.p.). Widespread liver necrosis frequently results
from doses more than 1000 mg/kg (Zhuge et al., 2020).

Advantages and disadvantages

The D-GalN method is a specific and relevant tool for studying
liver disease, with minimal effects on non-hepatic tissues. It is
useful for investigating viral hepatitis, hepatic encephalopathy,
and liver failure, but is relatively expensive and challenging
to reverse (Al-Qahtani and Binobead 2019).

Model of liver damage caused by thioacetamide

Thioacetamide (TAA) is a hepatotoxic agent that can cause
liver cell injury and increase oxidative stress through lipid
peroxidation. The TAA-induced liver fibrosis model is a relevant
and widely used model for investigating the pathogenesis of acute
liver failure and hepatic fibrosis, with similarities to human liver
fibrosis (Cheng et al., 2021).

Mechanism

TAA induces liver injury by promoting oxidative damage,
reducing glutathione levels, and increasing free radical formation.
This causes a disturbance in calcium homeostasis, enhanced ROS
production, and mitochondrial dysfunction, leading to cellular
damage through interconnected mechanisms (Figure 2C)
(Wijesundera et al., 2016).

Modeling method
Various rodent models, including BALB/c mice, C57BL/6

mice, Sprague-Dawley rats, and Wistar rats aged 6-8 weeks, are
utilized to investigate TAA-induced hepatotoxicity. TAA can be
administered by a variety of methods, such as intraperitoneal
and subcutaneous injection, and oral gavage, thanks to its high
aqueous solubility. TAA can be prepared in normal saline at a
concentration equal to 0.03% for parenteral administration,
whereas highly purified water is used for oral gavage. The standard
treatment protocol involves administering 200 mg/kg doses 2-3
times weekly, with treatment durations typically exceeding four
weeks, irrespective of the administration route (Deng et al, 2018;
Hessien et al., 2010).

Advantages and disadvantages

Theadvantages ofthe TAA modelincludeits excellent repeatability,
stability, and durability of the induced damage. Nevertheless,
the model has some drawbacks, such as the potential for TAA
to act as a weak carcinogen and the requirement for careful
protocol adherence. Furthermore, the model's scope is limited by
its predominant use in small animal models (Tennakoon et al,,
2015).
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A model of a-Naphthyl isothiocyanate-induced liver
damage

An indirect toxin that targets bile duct epithelial cells causes the
release of bile acids, which in turn causes liver damage in the ANIT
model of liver injury. Similar to real intrahepatic cholestasis, this
model is characterized by high levels of both total and direct
bilirubin, which can harm liver and bile duct cells. The ANIT
model is frequently used to investigate jaundice and intrahepatic
cholestasis (Xa et al., 2004).

An indirect toxin that targets bile duct epithelial cells causes
the release of bile acids, which in turn causes liver damage in
the ANIT model of liver injury. Similar to human intrahepatic
cholestasis, this model is characterized by high levels of both
total and direct bilirubin, which can harm liver and bile duct
cells. Intrahepatic cholestasis and Jaundice are commonly studied
using the ANIT model.

Mechanism

The hepatotoxic effects of ANIT are attributed to its accumulation
in bile, which damages intrahepatic bile duct epithelial cells,
leading to hyperplasia, inflammation, and bile duct obstruction.
This ultimately results in the accumulation of toxic bile
components in the liver, causing hepatobiliary damage and
mitochondrial dysfunction (Figure 2D) (Palmeira et al., 2003).

Method of modelling

ANIT-induced liver injury can be studied in a range of rodent
models, including Wistar rats and BALB/c mice. The compound
can be administered orally in olive oil at doses of 60-100 mg/kg
to induce acute liver injury, or intraperitoneally at 80 mg/kg once
weekly for 16 weeks to induce chronic liver injury (Gijbels et al.,
2021; Zhao et al., 2013).

Advantages and disadvantages

The benefits of this model include its simplicity, consistency, and
high reliability, making it a valuable tool for assessing medications
that support liver health and bile production. However, the
model's drawbacks include the hazardous nature of the substance,
the extended duration of the study, and the necessity for rigorous
adherence to established protocols (Ding et al., 2012).

Model of liver damage caused by
dimethylnitrosamine

Dimethylnitrosamine is a highly toxic compound that can cause
liver damage and is known to induce hepatocarcinogenesis
and mutagenesis. The DMN-induced liver disease model is
appropriate for studying the pathogenesis of liver fibrosis due to
its resemblance to human liver fibrosis. Additionally, this model
can be utilized to study acute liver failure and the transition from
liver cirrhosis to hepatocellular carcinoma (Jahan et al., 2022).
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Mechanism

The bioactivation of DMN by liver CYP2EI results in the
formation of toxic metabolites that cause cellular damage and
liver injury. By stimulating hepatic stellate cells, elevated MMP-2
expression and activity are essential for the development of liver
fibrosis, promoting collagen deposition, and enhancing cell
proliferation. Additionally, MMP-2 contributes to liver damage
by inducing capillarization of hepatic sinusoids (Figure 2E) (Liu
et al., 2017; Shane et al., 2000).

Method of modelling

Researchers can choose from several animal models, including
SD rats, and C57BL/6 mice Wistar rats, BALB/c mice to study
liver disease. After being diluted to a 1% solution in 0.15 mol/L
NaCl, DMN is given three times a week for three to four weeks at
a dose of 10 mg/kg, primarily to cause hepatic fibrosis or damage
(Bao et al., 2021; Zhang et al., 2016).

Advantages and disadvantages

The advantages of this model include its capacity to induce a stable
and persistent form of liver fibrosis that is resistant to reversal.
However, the model's limitations include its potential hazards,
which demand meticulous handling and strict adherence to
safety protocols to mitigate risks (You et al, 2021).

Diethylnitrosamine induced liver injury model

Diethylnitrosamine is a well-known cancer-causing substances
that poses significant health risks to humans and animals, causing
liver damage, toxicity, and immune system suppression (Fuchs

e Mice e

et al., 2014). Research has shown that even low doses of DEN
can induce liver fibrosis and promote liver cancer development
by altering liver structure and enhancing growth of cells (Moyle
2000). Animal models of liver disease, including liver cancer and
liver fibrosis, are therefore commonly made using DEN (Figure
2F).

Mechanism

The metabolic activation of DEN by CYP2E1 generates reactive
species that cause oxidative stress and damage to liver cells,
leading to necrosis (Piao et al, 2012). DEN metabolism also
produces diazo compounds that can alkylate DNA, leading to
genetic mutations and aberrant transcriptional activity, which
can drive liver tumorigenesis (Gao et al, 2013). Moreover,
DEN-mediated suppression of increasing cell proliferation and
preventing apoptosis, NCOA5 expression can trigger the IL-6/
STAT3 signaling pathway, which increases inflammation and
upregulates anti-apoptotic genes like Bcl-2, hence promoting the
development of liver cancer (Bingiil et al., 2013).

Method of modelling

DEN can be used to induce various stages of liver disease in
animal models. One large dose administered intraperitoneally
(200 mg/kg body weight) can cause acute liver injury within
4-6 weeks (Barbisan et al., 2002; Pradeep et al., 2007). Repeated
administration of a lower dose (100 mg/kg body weight,
intraperitoneally, once weekly for 6 weeks) can induce liver
fibrosis (Didamoony, Atwa, and Ahmed 2023). Hepatocellular
Carcinoma (HCC) may develop after a sustained exposure to a
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Fig. 1. The types of liver injury in rodent models.

Figure 1: The types of liver injury in rodent models (Mao et al., 2024).
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Table 1: Rodent models commonly employed in research investigating liver injury.

Substance
VPA (Valproic Acid)

CCl, (Carbon Tetrachloride)

D-GalN (D-Galactosamine)

TAA (Thioacetamide)

ANIT
(Alpha-Naphthylisothiocyanate)

DMN (Dimethylnitrosamine)

DEN (Diethylnitrosamine)

Con A (Concanavalin A)

BCG + LPS

D-GalN + LPS

Alcohol (ALI model)

Alcohol (CLI model)

812

Animal Models

Kunming mice,
C57BL/6] mice, Wistar
rats

Wistar or
Sprague-Dawley rats,
C57BL/6 mice

Wistar or SD rats,
Balb/c mice

C57BL/6 mice, Wistar
rats, SD rats, and
BALB/c

C57BL/6 mice, Wistar
rats, SD rats, and
BALB/c

C57BL/6 mice, Wistar
rats, SD rats, and
BALB/c

Wistar or SD rats

BALB/c and C57BL/6
mice

C57BL/6 or Kunming
mice

Balb/c mice

Wistar or SD rats

Wistar or SD rats

Modeling Method

100-500 mg/kg intraperitoneally
every day for 7-14 days, or 500 mg/
kg taken orally for 14 days.

Administered intraperitoneally or
subcutaneously at 1-2 mL/kg using
a 40%-50% solution in vegetable
oil. Observed for ~24 hr.

600-900 mg/kg intraperitoneally, or
300 mg/kg over a 24-hr period.

Administered intraperitoneally two
to three times each week for four
weeks at a dose of 200 mg/kg.

Orally at 60-100 mg/kg, observed
for 24-28 h; or intraperitoneally at
80 mg/kg for up to 16 weeks.

Three times a week for three to
four weeks at a dose of 10 mg/kg
intraperitoneally

200 mg/kg intraperitoneally for
four to six weeks.

Tail vein injection at 15-20 mg/kg
for acute model (12 h), or 10 mg/
kg weekly for 8 weeks for chronic
induction.

Tail vein BCG injection (5x10°-10”
bacteria) on day 1; LPS (7.5-10 pL
in saline) via tail vein on day 10.

LPS (50-100 pg/kg) and D-GalN
(300-700 mg/kg) intraperitoneally
for 16 hr; or 400 mg/kg D-GalN
and 0.1 mg/kg LPS given after 14
days of HSA pretreatment.

Oral gavage of 56° Baijiu at 7-20
mL/kg twice daily for 7 days; or
intraperitoneal injection, observed
over 72 h.

Ethanol in water (5 g/kg/day) for 8
weeks; or ethanol-rich liquid diet
for 4-12 weeks. May include 10-day
adaptation, then ethanol gavage on
day 11.

References

(Alqarni et al., 2022; Fuchs et
al., 2014; Gama et al., 2022;
Gao et al., 2022; Gheena et
al., 2022; He et al., 2017; Igbal
et al., 2022; Lee et al., 2008;
Vitins et al., 2014)

(Y. Lu et al., 2016; Weber et al.,
2003)

(Colakoglu et al., 2016; Zhuge
et al., 2020)

(Deng et al., 2018; Hessien et
al., 2010)

(Gijbels et al., 2021; Zhao et
al., 2013)

(Bao et al., 2021; Zhang et al.,
2016)

(Barbisan et al., 2002;
Didamoony et al., 2023;
Ghufran et al., 2021; Pradeep
et al., 2007)

(Tamura et al., 2016; Tu et al.,
2012)

(Hu et al., 2020)

(Liu et al., 2015; Zhao et al.,
2019)

(Zhao et al., 2022)

(Brandon-Warner et al.,
2012; DeCarli and Lieber
1967; Fiillgrabe et al., 2007;
Ikewuchi et al., 2021; Keegan
et al., 1995; Liu et al., 2021;
Ore et al., 2020; Voigt et al.,
2018; Xiaoxia Wang et al.,
2020; Zhang et al., 2023)
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250 mg/kg, monitored over 12-16

Substance Animal Models
APAP (Acetaminophen) C57BL/6 mice
h.
INH + RMP BALB/c mice
MTZ (Metronidazole) BALB/c mice

Modeling Method

Single intraperitoneal injection of

INH 75 mg/kg + RMP 150 mg/kg
orally every day for seven days.

Lp. BSO (667 mg/kg) was used as
a pretreatment; two hr later, MTZ

References

(Bachmann et al., 2018;
Bhushan et al., 2014;
Mossanen and Tacke 2015¢)
(Hassan et al., 2015; Li et al.,
2022; Song et al., 2022)

(Akai et al., 2016; Kobayashi et
al,, 2012)

(15 mg/kg) was gavaged. observed
for a whole day.

Tetracycline (Tc) Wistar or SD rats

50-200 mg/kg given
intraperitoneally (i.p.) once for

(Choi et al., 2015; Korolova et
al., 2023; Yao et al., 2015)

six hr, or 250 mg/kg of 4% Tc HCI
administered daily for seven days.

lower dose of DEN (30 mg/kg, twice weekly for 10 weeks, then
once weekly) (Ghufran et al., 2021).

Advantages and disadvantages

DEN offers abroad range of applications in liver disease modeling,
particularly in studying liver fibrosis and hepatocellular carcinoma
(Schulien and Hasselblatt 2021). Nevertheless, working with
DEN poses significant risks, requires considerable time, and is
associated with high mortality rates, highlighting the importance
of prioritizing personnel safety and taking necessary precautions
(Sakaida et al., 2003).

Rodent model of immune liver damage
Concanavalin A model of induced liver damage

An effective method for researching human chronic hepatitis and
liver fibrosis is Con A-induced liver damage, an immune-mediated
model that is analogous to these diseases (Tamura, Uemoto, and
Tabata 2016).

Mechanism

The liver damage caused by Con A is dependent on the interaction
between T lymphocytes, macrophages, and CD4+ T cells, leading
to an immunological inflammatory response. This response
involves the activation of lymphocytes, monocytes, and Kupffer
cells, and is mediated by cytokines, including IFN-y, IL-6, and
TNEF-a, which contribute to liver cell necrosis, apoptosis, and
proliferation (Figure 3) (Tu et al., 2012).

Method of modelling

Con A-induced liver damage models can be created in C57BL/6
and BALB/c mice aged 6-8 weeks. Acute liver damage can be
induced by a single tail vein injection of Con A (15-20 mg/kg),
while chronic liver damage can be modeled by repeated injections
of a lower dose (10 mg/kg) once weekly for 8 weeks (Hao, Sun,
and Xu 2022; Yin et al., 2012).

International Journal of Pharmaceutical Investigation, Vol 16, Issue 3, Jul-Sep, 2026

Advantages and disadvantages

This model offers advantages in its quick and easy establishment,
with liver-specific damage, making it suitable for studying
autoimmune hepatitis. Nevertheless, it has limitations, including
the absence of viral replication and chronic damage, which
may not accurately reflect the pathophysiology of human viral
hepatitis (Guo et al., 2009; Wang et al., 2016).

Model of Liver Injury Induced by BCG + LPS
Mechanism

Through an allergic reaction marked by cellular immunity, BCG
and LPS damage the liver. When BCG activates T lymphocytes,
LPS activates macrophages and Kupffer cells, which releases
cytotoxic chemicals such TNF-a, NO, IL-6, and IL-1p, causing
damage to the liver (Covian et al., 2019; Sato et al.,, 2016).

Method

On day 1, male C57BL/6 or Kunming mice that are 6-8 weeks old
get an injection of BCG (5 x 10A7 CFU) in their tail vein. When
LPS (7.5-10 pg) is injected into the tail vein 16 hr after 10 days,
the immunological hepatitis model is created (Hu et al., 2020).

Advantages and Disadvantages

This model has limitations, such as the requirement for BCG
pre-sensitization and possible batch-to-batch variability in
activity that may necessitate adjusting BCG amounts, but it also
has benefits, such as simplicity and a short modeling time, which
make it helpful for researching viral hepatitis pathogenesis and
screening liver protection (Jin et al., 2010; Pan et al., 2015).

D-GalN+LPS induced liver injury model
Mechanism

Liver Injury Model Induced by D-GalN + LPS. LPS stimulates
Kupfter cells and macrophages to release TNF-a and IL-1p, which
results in liver cell death and necrosis, while D-GalN depletes
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UTP in liver cells, preventing RNA synthesis. Another role is
oxidative stress (Bao et al., 2017).

Method

Intraperitoneal injections of D-GalN (300-700 mg/kg) and LPS
(50-100 pg/kg) are administered to 6- to 8-week-old Balb/c mice.
A mouse immunological ALT model is created after 16 hr (Liu
et al, 2015). Alternatively, mice sensitized with HSA can get
injections of D-GalN+LPS (Zhao, Liu, and Pu 2019).

Advantages and Disadvantages

This model's benefits include a brief modeling cycle, ease of use,
and D-GalN's precise liver targeting, which makes it perfect for
screening medications that protect the liver. Its requirement for
pre-sensitization is a significant drawback, albeit (Zhang et al,
2015).

814

Model of alcoholic liver damage in rodents

Alcohol-induced disruption to liver cell activity results in
alcoholic liver injury, a dynamic pathological process. Alcoholic
liver injury can progressively progress into alcoholic liver illnesses
such alcoholic fatty liver, alcoholic hepatitis, alcoholic cirrhosis,
and even hepatocellular cancer as its pathological alterations
intensify, which can result in more severe clinical consequences
(Lamas-Paz et al,, 2018).

Mechanism

Alcohol (ethanol) is a tiny, polar chemical that swiftly penetrates
cell membranes and enters the bloodstream, where it travels to all
bodilytissues and organs (Hyun et al., 2021). This means that while
the majority of alcohol is metabolized in the liver, many subtypes
of Alcohol Dehydrogenase (ADH) that are produced in the
stomach through their oxidative activity absorb and break down a
relatively tiny percentage of alcohol (Palmer et al., 2019; Zhang et
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al., 2013). The liver cell peroxidase system, which oxidizes ethanol
to acetaldehyde and reduces Nicotinamide Adenine Dinucleotide
(NAD) to nicotinamide adenine dinucleotide (NADH), is
catalyzed by ethanol molecules as they enter the liver cells
(Yuan et al., 2018). In a continuous oxidation-reduction process,
acetaldehyde is mostly converted to acetate by the mitochondrial
enzyme Aldehyde Dehydrogenase (ALDH). The acetate is then
released from the cell after breaking down spontaneously into
carbon dioxide and water (Yamashita, Kaneyuki, and Tagawa
2001). Through deoxyguanosine, acetaldehyde can attach to
DNA and harm the DNA repair mechanism (Wang et al, 2000).
However, it can also trigger an oxidative stress response, activate
the body's antioxidant system, and cause inflammation, necrosis,
and liver cell damage (Hoek and Pastorino 2002). The body
produces a lot of ROS and liver Cytochrome P4502E1 (CYP2E1)
during the metabolism of ethanol, which raises the activity of
the ethanol oxidation system and eventually causes liver damage
(Massart et al, 2022; Qiao et al, 2019). Triglycerols (TG) build
up as a result of mitochondrial activity-induced inhibition of fatty
acid oxidation and oxidative phosphorylation (Free, Hazelwood,
and Sibley 2009). Liver metabolic problems are caused by the
intermediate product acetaldehyde, which binds to the protein
molecules of liver cells (Figure 4).

Acute Alcoholic Liver Injury Model
Method

Ethanol is given intraperitoneally or by gavage to simulate Acute
Alcoholic Liver Injury (AALI), orally for a short duration (4-6 g/
kg body weight). Adding LPS or using overweight animal models
can exacerbate severity (F. Zhang, Zhang, and Li 2012; Zhao et
al., 2022).

Features

Infiltration of inflammatory cells, moderate ballooning, and
hepatocyte steatosis.

Advantages and Disadvantages

This technique is helpful for researching the pathophysiology and
pathological process of ALD because it replicates the drinking
patterns and pathophysiology of ALD patients, causing severe
liver damage with high repeatability. Its drawbacks include its
inability to create typical human ALD lesions, its limited capacity
to cause minor liver damage, and its inability to sustain a constant
high blood ethanol concentration (Keegan, Martini, and Batey
1995).

Model of chronic alcoholic liver damage
Chronic ethanol gavage method
Modeling technique

Rats who received ethanol (5 g/kg-body weight) orally every day
for eight weeks also received drinking water containing ethanol,
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which over time caused liver damage. At the conclusion of four
and eight weeks, respectively, mild Alcoholic Steatohepatitis
(ASH) and mild steatosis were noted (Ikewuchi et al., 2021;
Xiaoxia Wang et al., 2020). Rats given 10-40% ethanol solution
in place of water for more than 25 weeks (Brandon-Warner et
al., 2012; Keegan et al, 1995) or mice given 10-20% ethanol
solution in place of water for longer than 8-40 weeks (Fiillgrabe,
Vengeliene, and Spanagel 2007; Liu, Du, and Zeng 2021) may
develop liver damage, including steatosis, neutrophil infiltration,
and fibrosis surrounding the central vein.

Advantages and disadvantages

A high success rate and simplicity of use are advantages. Cons:
The experiment only resulted in mild to moderate steatohepatitis
and steatosis, which are the most common forms of early-stage
liver damage.

Lieber decarli liquid feed method (L/D model)
Modeling technique

There was no additional food or drink provided to the rats; they
were simply fed an alcoholic liquid diet. Protein accounted for
18% of the calories, fat for 35%, and carbs for 47%, of which 36%
were ethanol. A popular modeling technique in international
labs, feeding over 4-12 weeks, might result in liver steatosis with
unchanged or slightly raised serum transaminase levels (DeCarli
and Lieber 1967; Ore et al., 2020).

Advantages and disadvantages

Benefits: This liquid meal, which contains both ethanol and
overall nutrients, ensures that the rats consume enough
ethanol throughout time and maintain blood ethanol content.
Additionally, it provides enough total nutrients to maintain the
rats' nutritional health. Cons: This model does not completely
remove the rats' alcohol aversion. Without concurrent therapy
with liver toxic medicines like CCl or LPS, liver lesions such
localized necrosis, inflammatory response, and fibrosis are
difficult to acquire.

Chronic alcohol feeding combined with acute
alcohol gavage model (Gao binge model)

Modeling technique

Experimental animals were given a liquid diet adaption phase for
five days, a liquid feed period with five to six percent alcohol for
ten days, and a high-dose alcohol gavage (5-6 g/kg-body weight
ethanol) before to the eleventh day in order to generate the Gao
binge model (Voigt et al., 2018; Zhang et al., 2023).

Benefits and drawbacks

Benefits: Based on a history of heavy drinking, this model
accurately depicts the early development of alcoholic hepatitis

brought on by alcoholism and intoxication. Drawbacks
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include the brief modeling period and the possibility of severe the expense of the experiment is raised since a specially made
inflammation and hepatic steatosis. Serum transaminases and feeding apparatus is needed to feed experimental animals in cages
BAC are noticeably higher. More severe liver damage could arise  or individually during the modeling process (Carmiel-Haggali,

after an extended feeding duration of 8-12 weeks. However, Cederbaum, and Nieto 2003).
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Figure 3: Mechanisms of (A) Con A, (B) BCG + LPS, (C) D-GalN +LPS hepatotoxicity in rodent model (Mao et al., 2024).
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Rodent model of drug-induced liver damage
Acetaminophen induced liver injury model

Mechanism

Although Acetaminophen (APAP) is a first-line antipyretic
and analgesic medication in clinical practice, excessive usage
of this medication might cause liver damage (Larsen and
Wendon 2014). Glucuronic acid and sulfate conjugates are
the primary APAP metabolites in the liver. At trace levels,
CYP2E1 transforms these conjugates into the hazardous
metabolite N-acetyl-p-benzoquinoimine (NAPQI). NAPQI is
rapidly activated when the liver's GSH levels fall under normal
circumstances. The bile and urine then remove the cysteine
and thiol acids. When too much APAP is administered, the
glucuronolactone and sulfate pathways become saturated. The
liver utilizes a lot of NAPQI, which is produced when the CYP
system breaks down too much APAP, to metabolize GSH. Acute
liver necrosis, a reduction in the liver's antioxidant activity, and an
increase in liver cell oxidation can result from NAPQI's covalent
binding to cell protein thiols when it is not covalently coupled to
GSH (Figure 5) (Mossanen and Tacke 2015a).

APAP-Induced Liver Injury Model
Method

Male C57BL/6 mice (10-12 weeks old) are given a single
intraperitoneal injection of APAP (250 mg/kg) after it has been
dissolved in physiological saline. After 12 hr, liver damage
reaches its peak (Bachmann, Pfeilschifter, and Mihl 2018;
Mossanen and Tacke 2015b). A Prominent Role of Interleukin-18
in Acetaminophen-Induced Liver Injury Advocates Its Blockage
for Therapy of Hepatic Necroinflammation.

Characteristics

A sign of APAP toxicity is necrosis in the central lobular area
(Bhushan et al., 2014).

Advantages and Disadvantages

Because it is realistic, reasonably priced, and has a metabolic
mechanism similar to clinical reality, this model can be used
to evaluate therapeutic medications for acute liver injury (Patel
et al.,, 2017). Nevertheless, it has drawbacks, such as poor drug
solubility and the requirement for more research to enhance the
modeling technique.

Isoniazid combined with rifampicin induced liver
injury model
Mechanism

INH is broken down to create the hazardous metabolites
acetylhydrazine and hydrazine, which damage liver cells by
depleting GSH, increasing oxidative stress, and upsetting
mitochondrial structure. RMP increases INH metabolism and
hepatotoxicity by inducing liver CYP450 (Cao et al,, 2018; X.
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Chen et al., 2011; Chowdhury et al., 2006; Enriquez-Cortina et
al., 2013; Perwitasari, Atthobari, and Wilffert 2015).

Method

RMP (150 mg/kg) and INH (75 mg/kg) are administered via
gavage every day for one week to BALB/c mice (6-8 weeks
old). Necrosis, inflammatory cell infiltration, and elevated liver
enzymes are among the serious liver damage outcomes of this
(Hassan et al., 2015; Li et al., 2022; Song et al., 2022).

Advantages and Disadvantages

Thismodelisappropriate for researching the causes of liver damage
brought on by the combination of RMP and INH since it has a
high repetition rate and strong stability. Its drawbacks, however,
include limited translatability to people because of variations in
drug metabolism and possible medication interactions that could
compromise safety and efficacy (Wang et al, 2012).

Methylimidazole (MTZ)-Induced Liver Injury Model
Mechanism

When MTZ is broken down, active metabolites are created
that damage liver cells, interfere with the permeability of the
mitochondrial membrane, and consume GSH (Heidari et al,
2014; Woeber 2002).

Method

Six-week-old BALB/c mice are gavaged with MTZ (15 mg/
kg) after receiving an injection of BSO (667 mg/kg) to deplete
GSH. Significant liver damage, including elevated ALT levels and
hepatic lobular degeneration and necrosis, is produced in an ALI
model as a result (Akai et al., 2016; Kobayashi et al., 2012).

Advantages and Disadvantages

In addition to offering insights for forecasting biomarkers and
creating medications, this model aids in clarifying the mechanism
of liver damage (Qin et al., 2023). Its drawbacks, however, include
the requirement for optimization taking species differences
into account and unstable model establishment brought on by
variations in animal sensitivity.

Tetracycline (Tc)-Induced Liver Injury Model
Mechanism

Tc accumulation in mitochondria, disruption of fatty acid
oxidation, suppression of lipoprotein secretion, and stimulation
of fat storage in the liver cause microvesicular steatosis and liver
injury (Hegarty et al., 2018; Hunt and Washington 1994).

Method

To cause liver damage, mice or rats are given Tc via oral gavage
(250 mg/kg for 7 days) or intraperitoneal injection (50-200 mg/
kg) (Choi et al., 2015; Korolova et al., 2023; Yao et al., 2015).
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Characteristics

Elevated levels of oxidative stress, liver damage, and hepatic fat
buildup.

Advantages and Disadvantages

This model, which mimics the "two-hit" concept of NAFLD, is
appropriate for researching NAFLD processes and intervention
strategies. Its drawbacks include a longer incubation period, a
severity that varies with dosage and treatment length, and the
possibility that high doses are required to cause appreciable liver
damage (Ahmed and Siddigi 2006; Devarbhavi and Andrade
2014; Nazmy et al., 2017).

Sodium Valproate (VPA)-Induced Liver Injury Model
Mechanism

Toxic compounds produced by VPA impair mitochondrial
activity, resulting in lipid peroxidation, oxidative stress, and
damage to liver cells (Andrade et al., 2019; Ezhilarasan and Mani
2022; Hadzagic-Catibusic et al., 2017).

Method

VPA is given orally or intraperitoneally to rats (Wistar) or mice
(Kunming or C57BL/6]) at doses of between 100 and 500 mg/kg
for 7-14 days (Gao et al., 2022; He et al., 2017).
Characteristics

Mitochondrial damage, apoptosis of liver cells, and abnormalities
of the liver enzymes AST and ALT.

Advantages and Disadvantages

This model has a negligible effect on animal health and is
appropriate for researching liver damage in children. Its
drawbacks, however, include the requirement for optimization
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and enhancement, inconsistent sensitivity across animal species,
and unstable model establishment (Meseguer et al., 2021).

The connection between liver damage and signaling
pathways

Chemical Mechanism

Intermediate metabolites generated by cytochrome P450
processes are the main source of liver damage, which results
in oxidative stress, membrane damage, and mitochondrial
dysfunction (Paradies et al., 2014).

Immune Mechanism

Immune responses, such as complement, NO, allergic reactions,
and cytokines are the primary cause of liver injury (Adams et al.,
2010).

Key Signaling Pathways

Numerous signaling pathways are intimately linked to the
development of liver damage, including:

1. NF-kB inflammatory pathway

2. LPS-TLR4-NF-kB pathway

3. Nrf2/Keap1 oxidative stress pathway
4. PI3K/AKT pathway

5. Apoptosis pathway

6. JAK/STAT pathway

7. SIRT1/AMPK pathway

Understanding these pathways can help identify potential
therapeutic targets for liver injury (Tacke, Luedde, and Trautwein
2009; Xu et al., 2022).

e
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Figure 4: Mechanisms of ethanol hepatotoxicity in rodent models (Mao et al., 2024).
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Liver damage and the NF-kB inflammatory signaling
pathway

In liver injury, the NF-kB signaling pathway is essential. Stimuli
such as TNF-q, IL-1B, IL-6, and LPS activate NF-kB (p50 and
p65), which causes IkB breakdown and NF-xB translocation to
the nucleus. A positive feedback loop is started by this activation,
which releases cytokines that intensify the inflammatory response
even further. Important participants in liver inflammation,
necrosis, and apoptosis include TNF-a, IL-1p, and IL-6. TNF-a
activates NF-kB via the NIK/IKKa axis, IL-1p promotes
inflammation, and IL-6 both promotes liver regeneration and
exacerbates damage in chronic liver disorders.

Liver damage and the LPS-TLR4-MyD88 signaling
pathway

In liver injury, the TLR4-mediated MyD88 signaling pathway is
essential. TLR4 identifies PAMPs and LPS, which sets off a series
of events that activate MyD88, IRAKs, and IKKs. The significance
of this pathway in liver pathology is highlighted by the fact that
this activation results in NF-kB activation, where NF-«xB's p65
subunit enters the nucleus and induces pro-inflammatory factors
like IL-6 and IL-1P. This ultimately causes liver injury through
inflammation, damage, and oxidative stress, and may also lead to
liver dysfunction, fibrosis, and the progression of the disease (Lei
etal., 2017; Liet al., 2019).

Liver damage and the Nrf2/Keap-1 signaling
pathway

In order to prevent oxidative stress and liver damage, Nrf2 is
an essential transcription factor that controls detoxifying and
antioxidant enzymes (Shih, Yeh, and Yen 2007)- Oxidative stress
triggers the Nrf2/ARE pathway, where Nrf2 separates from
Keap-1 and moves into the nucleus, triggering the production
of antioxidant enzymes such CAT, SOD, HO-1, and NQO-1. As
antioxidants, these enzymes guard against harm from harmful
chemicals and reactive oxygen species (Jadeja et al, 2016;
Klaassen and Reisman 2010). Research suggests that Nrf2 could
be a therapeutic target for the management of inflammatory liver
disease and liver injury. The pathway's function in liver damage
is complicated; prooxidant doses at low levels may increase Nrf2
expression, while those at high levels may have the opposite effect
(J. Das et al., 2012).

The PI3K/AKT signaling pathway and damage to the
liver

The PI3K/AKT signaling system, which controls cell survival,
proliferation, and metabolism, is essential in liver damage.
proliferation factors cause PI3K to create PIP3, which in turn
triggers AKT and affects downstream effectors that support cell
survival and proliferation (Liu et al., 2008; Reif et al., 2003; Wang
et al., 2008). Treatment for liver injury may target AKT because
of its role in oxidative stress, inflammation, and cell proliferation
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(Pekgdz et al, 2022; Shiau et al, 2022; Zhong et al., 2022).
Inhibiting PI3K/AKT phosphorylation can lessen inflammation
and tissue damage, and the pathway's connection with NF-«xB
signaling controls inflammatory responses and apoptosis (H. W.
Chen et al.,, 2011). Furthermore, the pathway's significance in
liver damage pathogenesis is shown by its involvement in hepatic
stellate cell activation and fibrosis (Nasce et al., 2022).

Liver damage and the apoptosis signaling pathway

Programmed cell death, or apoptosis, is a major factor in liver
damage. Hepatocyte apoptosis, which also feeds systemic
inflammatory responses, is one of the primary causes of liver
damage (Lelubreand Vincent2018). Theapoptotic processinvolves
a number of signaling processes that culminate in cell death,
including the activation of caspases such as caspase-8, caspase-9,
and caspase-3 (Zhang et al., 2017). Apoptosis is modulated by
regulatory proteins such as Bcl-2 and Bax, where Bax promotes
cell death and Bcl-2 inhibits it. One important marker of liver cell
apoptosis is activated caspase-3 (Lee et al., 2017). Preventing and
treating liver injury requires an understanding of the mechanisms
underlying apoptosis and the factors that influence it. According
to certain research, cell apoptosis is suppressed by activating
monocytes and tumor necrosis factor superfamily members.
The amount of Bcl-2 protein rises while the amount of caspase-3
protein falls when compared to the unstimulated control group
(Mcllwain, Berger, and Mak 2013).

Injury to the liver and the JAK/STAT signaling
cascade

Because it mediates inflammatory responses and cell signaling,
the STAT pathway is essential in liver damage. When JAKSs are
activated by cytokine binding, they phosphorylate STAT proteins,
causing dimerization and nuclear translocation that controls
the transcription of target genes (Xiaoming Wang et al., 2020).
Important participants in this pathway are JAK2 and STATS3,
with JAK2 causing the phosphorylation and activation of STAT3
(A. Das et al., 2012). Gene transcription is regulated by activated
STATS3, but JAK kinase activity is inhibited by SOCS3. In models
of liver injury, research has demonstrated that blocking the JAK/
STAT pathway can reduce inflammatory reactions and enhance
liver function (Zheng et al., 2009).

Liver damage and the SIRT1/MAPK signaling
pathway

A NAD-dependent deacetylase, SIRT1 controls important gene
transcription networks and is essential for lipid metabolism,
oxidative balance, and anti-inflammatory responses (Poulose
and Raju 2015). AMPK, the downstream target of SIRTI,
regulates lipid synthesis and metabolism and reduces liver lipid
accumulation by increasing fatty acid oxidation and lowering
fatty acid synthesis (Chung et al., 2010). Reduced SIRT1 and
AMPK expression, as well as consequent liver lipid accumulation
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Figure 5: Mechanisms of (A) APAP, (B) INH + RMP, (C) MTZ, (D) Tc, (E) VPA hepatotoxicity in rodent models (Mao et al., 2024).

and damage, are the results of the SIRT1-AMPK pathway being
disturbed in Alcoholic Liver Disease (ALD) by an altered NAD+/
NADH ratio. By increasing intracellular NAD+ and activating
SIRT1, AMPK activation inhibits NF-kB activation and reduces

pro-inflammatory gene expression (Tian et al., 2019).

CONCLUSION

Environmental toxins, chemicals, and some medications can all
cause liver injury, which is a complicated process. Commonly
used drugs like DEN, DMN, TAA, CCl, and D-GalN, can
harm the liver through mechanisms like lipid peroxidation,
mitochondrial damage, and disturbance of bile acid metabolism
(Badmus et al., 2022). Drug-induced liver injury (DILI), alcoholic

liver injury, chemical liver injury, and immunological liver injury

820

all have distinct characteristics (Andrade et al, 2019). Cell
apoptosis, inflammatory activation, oxidative stress, disruption
of metabolic pathways, and mitochondrial damage are frequent
processes of liver injury that can result in cirrhosis, liver fibrosis,
and even Hepatocellular Carcinoma (HCC). Animal models,
such as those for liver fibrosis, cirrhosis, and HCC, are essential
for comprehending these mechanisms and creating efficient
treatments because they offer important insights into the intricate
processes of liver injury and disease progression (Jilkova, Kurma,
and Decaens 2019). Additionally, studies have demonstrated
the critical roles that particular signaling pathways—like the
PI3K/AKT and JAK/STAT pathways—play in liver regeneration
and injury, pointing to possible therapeutic targets for the

management of liver disease.
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ABBREVIATIONS

CCl,;: Carbon tetrachloride; ALI: Acuteliver injury; VPA: Valproic
Acid; D-GalN: D-Galactosamine; TAA: Thioacetamide; ANIT:
Alpha-Naphthyl isothiocyanate; DMN: Dimethyl nitrosamine;
DEN: Diethyl nitrosamine; Con A: Concanavalin A; APAP:
Acetaminophen; MTZ: Metronidazole; CYP450: cytochrome
P450; HCC: Hepatocellular carcinoma; IL-6: Interleukin 6;
TNF-a: Tumour Necrosis Factor a; NAD: nicotinamide adenine
dinucleotide; NF-kB Inflammatory Pathway: Nuclear Factor
kappa-light-chain-enhancer of activated B cells; Nrf2/Keapl
Oxidative Stress Pathway: Nuclear factor erythroid 2-related
factor 2 / Kelch-like ECH-associated protein 1; PI3K/AKT
Pathway: Phosphoinositide 3-Kinase / Protein Kinase B (also
known as AKT); JAK/STAT Pathway: Janus Kinase / Signal
Transducer and Activator of Transcription; SIRT1/AMPK
Pathway: Sirtuin 1 / AMP-activated Protein Kinase.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

DECLARATION OF COMPETING INTEREST

All authors declare that there have no any commercial or
associative interest that represents competing interests in
connection with the work submitted.

CREDIT AUTHORSHIP CONTRIBUTION
STATEMENT

Lokeshvar Ravikumar: Conceptualization, literature collection,
methodology design, drafting of the initial manuscript, and
critical revision of the content. Ramaiyan Velmurugan:
Supervision, expert guidance, validation of scientific content,
and final approval of the manuscript. Grandhi Surendra: Data
curation, assistance in literature review, and preparation of figures
and tables. Sivasubramanian P: Methodology support, analysis
of preclinical models, and review of pharmacological sections.
Konatham Teja Kumar Reddy: Writing - review & editing,
verification of chemical-induced injury models, and contribution
to manuscript refinement. Kanaka Durga Hanumanthu:
Compilation of immunological liver injury mechanisms,
data interpretation, and proofreading. Venkateswararao R:
Contributions to pharmacological perspectives, technical inputs,
and manuscript editing. Dhanush Bellapu: Literature survey on
hepatotoxicity mechanisms, editing assistance, and checking for
reference accuracy. Ramenani Hari Babu: Support in preparing
graphical flow, cross-verification of experimental models, and
formatting review. Medishetti Swetha: Drafting minor sections,
cross-checking data consistency, and final polishing of the
manuscript.

International Journal of Pharmaceutical Investigation, Vol 16, Issue 3, Jul-Sep, 2026

REFERENCES

Adams, D. H., Ju, C, Ramaiah, S. K., Uetrecht, J., & Jaeschke, H. (2010). Mechanisms of
immune-mediated liver injury. Toxicological Sciences, 115(2), 307-321. https://doi.o
rg/10.1093/toxsci/kfq009

Ahmed, S. N., & Siddiqi, Z. A. (2006). Antiepileptic drugs and liver disease. Seizure, 15(3),
156-164. https://doi.org/10.1016/j.seizure.2005.12.009

Akai, S., Uematsu, Y., Tsuneyama, K., Oda, S., & Yokoi, T. (2016). Kupffer cell-mediated
exacerbation of methimazole-induced acute liver injury in rats. Journal of Applied
Toxicology, 36(5), 702-715. https://doi.org/10.1002/jat.3202

Al-Qahtani, W. H., & Binobead, M. A. (2019). Anti-inflammatory, antioxidant and
antihepatotoxic effects of Spirulina platensis against D-galactosamine induced
hepatotoxicity in rats. Saudi Journal of Biological Sciences, 26(4), 647-652. https://d
0i.0rg/10.1016/j.5jbs.2018.01.003

Algarni, F,, Eweis, H. S., Ali, A., Alrafiah, A., Alsieni, M., Karim, S., & Alkathyri, M. A. (2022).
The effect of coenzyme Q10 on liver injury induced by valproic acid and its
antiepileptic activity in rats. Biomedicines, 10(1), Article 168. https://doi.org/10.339
0/biomedicines10010168

Andrade, R. J,, Aithal, G. P, Bjornsson, E. S., Kaplowitz, N., Kullak-Ublick, G. A., Larrey, D.,
& Karlsen, T. H. (2019). EASL clinical practice guidelines: Drug-induced liver injury.
Journal of Hepatology, 70(6), 1222-1261. https://doi.org/10.1016/j.jhep.2019.02.014

Asrani, S. K., Devarbhavi, H., Eaton, J., & Kamath, P. S. (2019). Burden of liver diseases in
the world. Journal of Hepatology, 70(1), 151-171. https://doi.org/10.1016/jjhep.
2018.09.014

Bachmann, M., Pfeilschifter, J., & Muhl, H. (2018). A prominent role of interleukin-18 in
acetaminophen-induced liver injury advocates its blockage for therapy of hepatic
necroinflammation. Frontiers in Immunology. FEB, 9, Article 161. https://doi.org/10.
3389/fimmu.2018.00161

Badmus, O. O, Hillhouse, S. A., Anderson, C. D., Hinds, T. D., & Stec, D. E. (2022). Molecular
mechanisms of metabolic associated fatty liver disease (MAFLD): Functional analysis
of lipid metabolism pathways. Clinical Science, 136(18), 1347-1366. https://doi.
org/10.1042/CS20220572

Bao, S., Zhao, Q, Zheng, J,, Li, N,, Huang, C,, Chen, M., Cheng, Q., Zhu, M., Yu, K,, Liu, C,, &
Shi, G. (2017). Interleukin-23 mediates the pathogenesis of LPS/GalN-induced liver
injury in mice. International Inmunopharmacology, 46, 97-104. https://doi.org/10.1
016/j.intimp.2017.03.001

Bao, Y.L, Wang, L., Pan, H. T, Zhang, T. R, Chen, Y. H,, Xu, S. J., Mao, X. L., & Li, S. W. (2021).
Animal and organoid models of liver fibrosis. Frontiers in Physiology, 12, Article
666138. https://doi.org/10.3389/fphys.2021.666138

Barbisan, L. F., Miyamoto, M., Scolastici, C., Salvadori, D. M. F,, Ribeiro, L. R,, Eira, A. F, &
de Camargo, J. L. V. (2002). Influence of aqueous extract of agaricus Blazei on
rat liver toxicity induced by different doses of diethylnitrosamine. Journal of
Ethnopharmacology, 83 (1-2), 25-32. https://doi.org/10.1016/S0378-8741(02)
00171-X

Bhushan, Bharat, Chad Walesky, Michael Manley, Tara Gallagher, Prachi Borude, Genea
Edwards, Satdarshan P. S. Monga, and Udayan Apte. 2014. “Pro-Regenerative
Signaling after Acetaminophen-Induced Acute Liver Injury in Mice Identified Using a
Novel Incremental Dose Model” American Journal of Pathology 184(11):3013-25. doi:
10.1016/j.ajpath.2014.07.019.

Bingiil, I., Basaran-Kiiciikgergin, C., Tekkesin, M. S., Olgac, V., Dogru-Abbasoglu, S., & Uysal,
M. (2013). Effect of blueberry pretreatment on diethylnitrosamine-induced oxidative
stress and liver injury in rats. Environmental Toxicology and Pharmacology, 36(2),
529-538. https://doi.org/10.1016/j.etap.2013.05.014

Brandon-Warner, E., Schrum, L. W,, Schmidt, C. M., & McKillop, I. H. (2012). Rodent models
of alcoholic liver disease: Of mice and men. Alcohol, 46(8), 715-725. https://
doi.org/10.1016/j.alcohol.2012.08.004

Cao, J, Mi, Y, Shi, C, Bian, Y., Huang, C, Ye, Z, Liu, L, & Miao, L. (2018). First-line
anti-tuberculosis drugs induce hepatotoxicity: A novel mechanism based onaurinary
metabolomics platform. Biochemical and Biophysical Research Communications,
497(2), 485-491. https://doi.org/10.1016/j.bbrc.2018.02.030

Carmiel-Haggai, M., Cederbaum, A. I, & Nieto, N. (2003). Binge ethanol exposure
increases liver injury in obese rats. Gastroenterology, 125(6), 1818-1833. https://doi.
org/10.1053/j.gastro.2003.09.019

Cengiz, M., Kutlu, H. M., Burukoglu, D. D., & Ayhanci, A. (2015). A comparative study on
the therapeutic effects of silymarin and silymarin-loaded solid lipid nanoparticles on
D-GaIN/TNF-a-Induced liver damage in BALB/c mice. Food and Chemical Toxicology,
77,93-100. https://doi.org/10.1016/j.fct.2014.12.011

Chen, H. W, Lin, A. H,, Chu, H. C, Li, C. C, Tsai, C. W,, Chao, C. Y., Wang, C. J,, Lii, C. K, &
Liu, K. L. (2011). Inhibition of TNF-a-induced inflammation by andrographolide via
down-regulation of the PI3K/Akt signaling pathway. Journal of Natural Products,
74(11), 2408-2413. https://doi.org/10.1021/np200631v

Chen, X., Xu, J,, Zhang, C,, Yu, T., Wang, H., Zhao, M., Duan, Z. H., Zhang, Y., Xu, J. M., & Xu, D.
X. (2011). The protective effects of ursodeoxycholic acid on isoniazid plus rifampicin
induced liver injury in mice. European Journal of Pharmacology, 659(1), 53-60.
https://doi.org/10.1016/j.ejphar.2011.03.007

Cheng, D., Xu, Q, Wang, Y., Li, G,, Sun, W., Ma, D., Zhou, S, Liu, Y., Han, L., & Ni, C. (2021).
Metformin attenuates silica-induced pulmonary fibrosis via AMPK signaling. Journal
of Translational Medicine, 19(1), Article 349. https://doi.org/10.1186/s12967-021-
03036-5

821



Ravikumar, et al.: Circular Maze for Anxiety and Herbal Anxiolytic Assessment

Choi, Y. J,, Lee, C. H, Lee, K.Y, Jung, S. H., & Lee, B. H. (2015). Increased hepatic fatty acid
uptake and esterification contribute to tetracycline-induced steatosis in mice.
Toxicological Sciences, 145(2), 273-282. https://doi.org/10.1093/toxsci/kfv049

Chowdhury, A., Santra, A., Bhattacharjee, K., Ghatak, S., Saha, D. R., & Dhali, G. K. (2006).
Mitochondrial oxidative stress and permeability transition in isoniazid and
rifampicin induced liver injury in mice. Journal of Hepatology, 45(1), 117-126. https:
//doi.org/10.1016/j.jhep.2006.01.027

Chung, S., Yao, H., Caito, S., Hwang, J.-W. Arunachalam, G, & Rahman, I. (2010).
Regulation of SIRT1 in cellular functions: Role of polyphenols. Archives of
Biochemistry and Biophysics, 501(1), 79-90. https://doi.org/10.1016/j.abb.2010.05.
003

Colakoglu, N., Kuloglu, T., Ozan, E., Kocaman, N., Dabak, D. O., & Parlak, G. (2016). Protective
effects of vitamin D3 against D-galactosamine-induced liver injury in rats. Tissue and
Cell, 48(4), 356-360. https://doi.org/10.1016/j.tice.2016.05.003

Covian, C., Fernandez-Fierro, A., Retamal-Diaz, A., Diaz, F. E.,, Vasquez, A. E., Lay, M. K.,
Riedel, C. A., Gonzalez, P. A, Bueno, S. M., & Kalergis, A. M. (2019). BCG-induced
cross-protection and development of trained immunity: Implication for vaccine
design. Frontiers in Immunology, 10, Article 2806. https://doi.org/10.3389/fimmu.2
019.02806

Crabb, D. W,, Im, G. Y., Szabo, G., Mellinger, J. L., & Lucey, M. R. (2020). Diagnosis and
treatment of alcohol-associated liver diseases: 2019 practice guidance from the
American Association for the Study of Liver Diseases. Hepatology, 71(1), 306-333. ht
tps://doi.org/10.1002/hep.30866

Damm, T. W., & Kramer, D. J. (2016). The liver in critical illness. Critical Care Clinics, 32(3),
425-438. https://doi.org/10.1016/j.ccc.2016.02.002

Das, A, Salloum, F. N., Durrant, D., Ockaili, R., & Kukreja, R. C. (2012). Rapamycin protects
against myocardial ischemia-reperfusion injury through JAK2-STAT3 signaling
pathway. Journal of Molecular and Cellular Cardiology, 53(6), 858-869. htt
ps://doi.org/10.1016/j.yjmcc.2012.09.007

Das, J., Ghosh, J., Roy, A., & Sil, P. C. (2012). Mangiferin exerts hepatoprotective activity
against D-galactosamine induced acute toxicity and oxidative/nitrosative stress via
Nrf2-NFkB pathways. Toxicology and Applied Pharmacology, 260(1), 35-47. https://d
0i.0rg/10.1016/j.taap.2012.01.015

DeCarli, L. M., & Lieber, C. S. (1967). Fatty liver in the rat after prolonged intake of ethanol
with a nutritionally adequate new liquid diet. The Journal of Nutrition, 91(3), 331-
336. https://doi.org/10.1093/jn/91.3_suppl.331

Deng, X., Zhang, X,, Li, W,, Feng, R. X,, Li, L., Yi, G. R,, Zhang, X. N., Yin, C,, Yu, H.-Y,, Zhang, J.
P, Lu, B, Hui, L., & Xie, W. F. (2018). Chronic liver injury induces conversion of biliary
epithelial cells into hepatocytes. Cell Stem Cell, 23(1), 114-122.e3. https://doi.
org/10.1016/j.stem.2018.05.022

Devarbhavi, H., & Andrade, R. J. (2014). Drug-induced liver injury due to antimicrobials,
central nervous system agents, and nonsteroidal anti-inflammatory drugs. Seminars
in Liver Disease, 34(2), 145-161. https://doi.org/10.1055/5-0034-1375956

Didamoony, M. A., Atwa, A. M., & Ahmed, L. A. (2023). A novel mechanistic approach for the
anti-fibrotic potential of Rupatadine in rat liver via amendment of PAF/NF-kB P65/
TGF-B1 and hedgehog/HIF-1a/VEGF trajectories. Inflammopharmacology, 31(2),
845-858. https://doi.org/10.1007/5s10787-023-01147-7

Ding, L. L, Zhang, B. F, Dou, W., Yang, L., Zhan, C. S., & Wang, Z. T. (2012). Protective
effect of Danning tablet on acute livery injury with cholestasis induced by
a-naphthylisothiocyanate in rats. Journal of Ethnopharmacology, 140(2), 222-229. h
ttps://doi.org/10.1016/j.jep.2011.12.047

Duarte, S., Baber, J., Fujii, T, & Coito, A. J. (2015). Matrix metalloproteinases in liver
injury, repair and fibrosis. Matrix Biology, 44-46, 147-156. https://doi.org/10.1016/
j.matbio.2015.01.004

Enriquez-Cortina, C., Almonte-Becerril, M., Clavijo-Cornejo, D., Palestino-Dominguez,
M., Bello-Monroy, O., Nufio, N., Lépez, A., Bucio, L., Souza, V., Hernandez-Pando, R.,
Mufoz, L., Gutiérrez-Ruiz, M. C., & Gémez-Quiroz, L. E. (2013). Hepatocyte growth
factor protects against isoniazid/rifampicin-induced oxidative liver damage.
Toxicological Sciences, 135(1), 26-36. https://doi.org/10.1093/toxsci/kft134

Ezhilarasan, D., & Mani, U. (2022). Valproic acid induced liver injury: An insight into
molecular toxicological mechanism. Environmental Toxicology and Pharmacology,
95, Article 103967. https://doi.org/10.1016/j.etap.2022.103967

Free, R. B, Hazelwood, L. A, & Sibley, D. R. (2009). Identifying novel protein-protein
interactions using co-immunoprecipitation and mass spectroscopy. Current
Protocols in Neuroscience (SUPPL. 46), Chapter(5), Article Unit 5.28. https://doi.org
/10.1002/0471142301.ns0528546

Fuchs, B. C,, Hoshida, Y., Fujii, T, Wei, L., Yamada, S., Lauwers, G.Y., Mcginn, C. M., Deperalta,
D. K., Chen, X,, Kuroda, T., Lanuti, M., Schmitt, A. D., Gupta, S., Crenshaw, A., Onofrio,
R., Taylor, B., Winckler, W., Bardeesy, N., Caravan, P, (2014). Epidermal growth factor
receptor inhibition attenuates liver fibrosis and development of hepatocellular
carcinoma. Hepatology, 59(4), 1577-1590. https://doi.org/10.1002/hep.26898

Fullgrabe, M. W.,, Vengeliene, V., & Spanagel, R. (2007). Influence of age at drinking
onset on the alcohol deprivation effect and stress-induced drinking in female rats.
Pharmacology, Biochemistry, and Behavior, 86(2), 320-326. https://doi.org/10.1016
/j.pbb.2006.10.004

Gama, J. F. G, Cardoso, L. M. D. F, Lagrota-Candido, J. M., & Alves, L. A. (2022). Animal
models applied to acute-on-chronic liver failure: Are new models required to
understand the human condition? World Journal of Clinical Cases, 10(9), 2687-2699.
https://doi.org/10.12998/wjcc.v10.i9.2687

822

Gao, S., Li, A, Liu, F, Chen, F, Williams, M., Zhang, C,, Kelley, Z., Wu, C. L., Luo, R., & Xiao,
H. (2013). NCOA5 haploinsufficiency results in glucose intolerance and subsequent
hepatocellular carcinoma. Cancer Cell, 24(6), 725-737. https://doi.org/10.1016/j.ccr.
2013.11.005

Gao, Y, Jiang, D., Wang, C, An, G., Zhu, L., & Cui, C. (2022). Comprehensive analysis of
metabolic changes in male mice exposed to sodium valproate based on GC-MS
analysis. Drug Design, Development and Therapy, 16, 1915-1930. https://doi.org/1
0.2147/DDDT.5357530

Gheena, S., Ezhilarasan, D., Shree Harini, K., & Rajeshkumar, S. (2022). Syringic acid and
silymarin concurrent administration inhibits sodium valproate-induced liver
injury in rats. Environmental Toxicology, 37(9), 2143-2152. https://doi.org/10.1002
/tox.23557

Ghufran, H., Azam, M., Mehmood, A., Butt, H., & Riazuddin, S. (2021). Standardization of
diethylnitrosamine-induced hepatocellular carcinoma rat model with time based
molecular assessment. Experimental and Molecular Pathology, 123, Article 104715.
https://doi.org/10.1016/j.yexmp.2021.104715

Gijbels, E., Pieters, A,, De Muynck, K., Vinken, M., & Devisscher, L. (2021). Rodent models
of cholestatic liver disease: A practical guide for translational research. Liver
International, 41(4), 656-682. https://doi.org/10.1111/liv.14800

Giordano, C. M., & Zervos, X. B. (2013). Clinical manifestations and treatment of
drug-induced hepatotoxicity. Clinics in Liver Disease, 17(4), Article . https://doi.org
/10.1016/j.cld.2013.07.003

Guicciardi, M. E., & Gores, G. J. (2005). Apoptosis: A mechanism of acute and chronic liver
injury. Gut, 54(7), 1024-1033. https://doi.org/10.1136/gut.2004.053850

Guo, H., Sun, J., He, H,, Yu, G.-C,, & Du, J. (2009). Antihepatotoxic effect of corn peptides
against bacillus Calmette-Guerin/lipopolysaccharide-induced liver injury in
mice. Food and Chemical Toxicology, 47(10), 2431-2435. https://doi.org/10.1016
/j.fct.2009.06.041

Gupta, S., Pinky, Vishal, Sharma, H., Soni, N., Rao, E. P, Dalela, M., Yadav, A., Nautiyal, N.,
Kumar, A., Nayak, B., Banerjee, A, Dinda, A. K., & Mohanty, S. (2022). Comparative
evaluation of anti-fibrotic effect of tissue specific mesenchymal stem cells derived
extracellular vesicles for the amelioration of CCl, induced chronic liver injury. Stem
Cell Reviews and Reports, 18(3), 1097-1112. https://doi.org/10.1007/s12015-021-
10313-9

Hadzagic-Catibusic, F.,, Hasanbegovic, E., Melunovic, M., Zubcevic, S., & Uzicanin, S. (2017).
Effects of carbamazepine and valproate on serum aspartate aminotransferase,
alanine aminotransferase and gamma-Glutamyltransferase in children. Medical
Archives, 71(4), 239-242. https://doi.org/10.5455/medarh.2017.71.239-242

Hao, J., Sun, W.,, & Xu, H. (2022). Pathogenesis of concanavalin A induced autoimmune
hepatitis in mice. International Immunopharmacology, 102, Article 108411. https://d
0i.0rg/10.1016/j.intimp.2021.108411

Hassan, H. M., Guo, H.-L., Yousef, B. A., Luyong, Z., & Zhenzhou, J. (2015). Hepatotoxicity
mechanisms of isoniazid: A mini-review. Journal of Applied Toxicology, 35(12), 1427~
1432. https://doi.org/10.1002/jat.3175

He, G. L, Feng, L., Cai, L., Zhou, C. J,, Cheng, Y., Jiang, Z. S., Pan, M. X,, & Gao, Y. (2017).
Artificial liver support in pigs with acetaminophen-induced acute liver failure. World
Journal of Gastroenterology, 23(18), 3262-3268. https://doi.org/10.3748/wjg.v23.i1
8.3262

Hegarty, R, Deheragoda, M., Fitzpatrick, E.,, & Dhawan, A. (2018). Paediatric fatty liver
disease (PeFLD): All is not NAFLD—Pathophysiological insights and approach to
management. Journal of Hepatology, 68(6), 1286-1299. https://doi.org/10.1016/j.j
hep.2018.02.006

Heidari, R., Niknahad, H. Jamshidzadeh, A, & Abdoli, N. (2014). Factors affecting
drug-induced liver injury: Antithyroid drugs as instances. Clinical and Molecular
Hepatology, 20(3), 237-248. https://doi.org/10.3350/cmh.2014.20.3.237

Hessien, M. H., El-Sharkawi, I. M., El-Barbary, A. A., El-Beltagy, D. M., & Snyder, N. (2010).
Non-invasive index of liver fibrosis induced by alcohol, thioacetamide and
schistosomal infection in mice. BMC Gastroenterology, 10, 53. https://doi.org/10.11
86/1471-230X-10-53

Hoek, J. B, & Pastorino, J. G. (2002). Ethanol, oxidative stress, and cytokine-induced
liver cell injury. In Alcohol, 27(1), 63-68. https://doi.org/10.1016/S0741-8329(02)
00215-X

Hu, N,, Liu, J., Xue, X., & Li, Y. (2020). The effect of emodin on liver disease—Comprehensive
advances in molecular mechanisms. European Journal of Pharmacology, 882, Article
173269. https://doi.org/10.1016/j.ejphar.2020.173269

Hunt, C. M., & Washington, K. (1994). Tetracycline-induced bile duct paucity and
prolonged cholestasis. Gastroenterology, 107(6), 1844-1847. https://doi.org/10.101
6/0016-5085(94)90830-3

Hussaini, S. H., & Farrington, E. A. (2007). Idiosyncratic drug-induced liver injury: An
overview. Expert Opinion on Drug Safety, 6(6), 673-684. https://doi.org/10.1517/14
740338.6.6.673

Hyun, J., Han, J., Lee, C, Yoon, M., & Jung, Y. (2021). Pathophysiological aspects of alcohol
metabolism in the liver. International Journal of Molecular Sciences, 22(11), Article
5717. https://doi.org/10.3390/ijms22115717

lkewuchi, C. C., lkewuchi, J. C,, Ifeanacho, M. O,, Jack, D. P, Ikpe, C. N., Ehiosun, S., & Ajayi,
T. B. (2021). Protective effect of aqueous leaf extracts of Chromolaena odorata and
Tridax procumbens on doxorubicin-induced hepatotoxicity in Wistar rats. Porto
Biomedical Journal, 6(6), Article e143. https://doi.org/10.1097/j.pbj.0000000000000
143

International Journal of Pharmaceutical Investigation, Vol 16, Issue 3, Jul-Sep, 2026



Ravikumar, et al.: Circular Maze for Anxiety and Herbal Anxiolytic Assessment

Igbal, M. O., Manzoor, M., Mumtaz, A, Riaz, R., Arshad, S., Khan, I. A, Javaid, U., Manzoor,
Z., Munawar, S. H., Andleeb, S., Ahmed, M. M., & Aslam, A. (2022). Evaluation of the
hepatoprotective activity of hydroalcoholic extract of Alhagi camelorum against
valproic acid-induced hepatotoxicity in rats. Biomedicine and Pharmacotherapy,
150, Article 112953. https://doi.org/10.1016/j.biopha.2022.112953

Jadeja, R. N., Upadhyay, K. K., Devkar, R. V., & Khurana, S. (2016). Naturally occurring Nrf2
activators: Potential in treatment of liver injury. Oxidative Medicine and Cellular
Longevity, 2016, Article 3453926. https://doi.org/10.1155/2016/3453926

Jahan, S., Shahjahan, M., Rasna, S. S., Aktar, M., Sultana, S., Ahmed, S. M., Sabrin, F.,, & Nahar,
S. (2022). Antibacterial effect of Moringa (Moringa Oleifera) Leaf ethanolic extract
against Staphylococcus aureus and Escherichia coli. Mymensingh Medical Journal:
MMJ, 31(4), 976-982.

Jin, L, Wang, G., Zhao, X., Wang, Z,, Yang, L., Yu, A,, Xu, Y., & Li, W. (2010). Characterization
and immune effect of the hepatitis B-BCG combined vaccine for using a
needle innoculation. Vaccine, 28(37), 6041-6051. https://doi.org/10.1016/j.
vaccine.2010.06.081

Keegan, A., Martini, R, & Batey, R. (1995). Ethanol-related liver injury in the rat: A model of
steatosis, inflammation and pericentral fibrosis. Journal of Hepatology, 23(5), 591-
600. https://doi.org/10.1016/0168-8278(95)80067-0

Klaassen, C. D., & Reisman, S. A. (2010). Nrf2 the rescue: Effects of the antioxidative/
electrophilic response on the liver. Toxicology and Applied Pharmacology, 244(1),
57-65. https://doi.org/10.1016/j.taap.2010.01.013

Kobayashi, M., Higuchi, S., Ide, M., Nishikawa, S., Fukami, T., Nakajima, M., & Yokoi, T. (2012).
Th2 cytokine-mediated methimazole-induced acute liver injury in mice. Journal of
Applied Toxicology, 32(10), 823-833. https://doi.org/10.1002/jat.2731

Korolova, D. Gryshchenko, V. Chernyshenko, T, Platonov, O, Hornytska, O.,
Chernyshenko, V., Klymenko, P, Reshetnik, Y, & Platonova, T. (2023). Blood
coagulation factors and platelet response to drug-induced hepatitis and hepatosis
in rats. Animal Models and Experimental Medicine, 6(1), 66-73. https://doi.org/10.
1002/ame2.12301

Lamas-Paz, A, Hao, F, Nelson, L. J.,, Vazquez, M. T, Canals, S., Gomez del Moral, M.,
Martinez-Naves, E., Nevzorova, Y. A,, & Cubero, F. J. (2018). Alcoholic liver disease:
Utility of animal models. World Journal of Gastroenterology, 24(45), 5063-5075. http
s://doi.org/10.3748/wjg.v24.i45.5063

Larsen, F. S, & Wendon, J. (2014). Understanding paracetamol-induced liver failure.
Intensive Care Medicine, 40(6), 888-890. https://doi.org/10.1007/500134-014-3293-9

Lee, H. J, Lee, E. K, Seo, Y. E,, Shin, Y. H., Kim, H. S., Chun, Y. H., Yoon, J. S., Kim, H. H., Han,
M. Y, Kim, C. K., Kim, K. E., Koh, Y. Y., & Kim, J. T. (2017). Roles of Bcl-2 and caspase-9
and -3 in CD30-induced human eosinophil apoptosis. Journal of Microbiology,
Immunology, and Infection, 50(2), 145-152. https://doi.org/10.1016/j.jmii.2015.05.
017

Lee, M. H., Kim, M., Lee, B. H., Kim, J. H., Kang, K. S., Kim, H. L., Il Yoon, B.-l., Chung, H., Kong,
G., & Lee, M. 0. (2008). Subchronic effects of valproic acid on gene expression profiles
for lipid metabolism in mouse liver. Toxicology and Applied Pharmacology, 226(3),
271-284. https://doi.org/10.1016/j.taap.2007.09.014

Lei, Y., Chen, Q, Chen, J, & Liu, D. (2017). Potential ameliorative effects of grape
seed-derived polyphenols against cadmium induced prostatic deficits. Biomedicine
and Pharmacotherapy, 91, 707-713. https://doi.org/10.1016/j.biopha.2017.05.006

Lelubre, C,, & Vincent, J. L. (2018). Mechanisms and treatment of organ failure in
sepsis. Nature Reviews. Nephrology, 14(7), 417-427. https://doi.org/10.1038/
s41581-018-0005-7

Li, J., & Fan, J. G. (2020). Characteristics and mechanism of liver injury in 2019 coronavirus
disease. Journal of Clinical and Translational Hepatology, 8(1), 13-17. htt
ps://doi.org/10.14218/JCTH.2020.00019

Li, P, Wu, Y.-H., Zhu, Y.-T., Li, M.-X., & Pei, H.-H. (2019). Requirement of Rab21 in LPS-induced
TLR4 signaling and pro-inflammatory responses in macrophages and monocytes.
Biochemical and Biophysical Research Communications, 508(1), 169-176. https://
doi.org/10.1016/j.bbrc.2018.11.074

Li, Y., Luo, W-W.,, Cheng, X., Xiang, H-R., He, B, Zhang, Q-Z.,, & Peng, W.-X. (2022).
Curcumin attenuates isoniazid-induced hepatotoxicity by upregulating the SIRT1/
PGC-1a/NRF1 pathway. Journal of Applied Toxicology, 42(7), 1192-1204. https://do
i.org/10.1002/jat.4288

Liu, H., Zhang, W,, Dong, S., Song, L., Zhao, S., Wu, C,, Wang, X, Liu, F, Xie, J, Wang, J., &
Wang, Y. (2015). Protective effects of sea buckthorn polysaccharide extracts against
LPS/d-GalN-Induced acute liver failure in mice via suppressing TLR4-NF-KB signaling.
Journal of Ethnopharmacology, 176, 69-78. https://doi.org/10.1016/j.jep.2015.10.0
29

Liu, S. X, Dy, Y. C,, & Zeng, T. (2021). A mini-review of the rodent models for alcoholic liver
disease: Shortcomings, application, and future prospects. Toxicology Research, 10(3),
523-530. https://doi.org/10.1093/toxres/tfab042

Liu, X., Dai, R., Ke, M., Suheryani, I, Meng, W., & Deng, Y. (2017). Differential proteomic
analysis of dimethylnitrosamine (DMN)-induced liver fibrosis. Proteomics, 17(22). htt
ps://doi.org/10.1002/pmic.201700267

Liu, Z, Hou, P, Ji, M., Guan, H., Studeman, K, Jensen, K, Vasko, V., El-Naggar, A. K.,
& Xing, M. M. (2008). Highly prevalent genetic alterations in receptor tyrosine
kinases and phosphatidylinositol 3-kinase/Akt and mitogen-activated protein
kinase pathways in anaplastic and follicular thyroid cancers. The Journal of Clinical
Endocrinology and Metabolism, 93(8), 3106-3116. https://doi.org/10.1210/jc.
2008-0273

International Journal of Pharmaceutical Investigation, Vol 16, Issue 3, Jul-Sep, 2026

Lu, R-J, Zhang, Y, Tang, F-L,, Zheng, Z.-W., Fan, Z.-D., Zhu, S.-M., Qian, X.-F,, & Liu, N.-N.
(2016). Clinical characteristics of drug-induced liver injury and related risk factors.
Experimental and Therapeutic Medicine, 12(4), 2606-2616. https://doi.org/10.3892/
etm.2016.3627

Lu, Y, Hu, D. M., Ma, S. B,, Zhao, X., Wang, S., Wei, G., Wang, X. F, Wen, A. D., & Wang, J.
W. (2016). Protective effect of wedelolactone against CCl,-induced acute liver injury
in mice. International Immunopharmacology, 34, 44-52. https://doi.org/10.1016/j.i
ntimp.2016.02.003

Macek lJilkova, Z., Kurma, K., & Decaens, T. (2019). Animal models of hepatocellular
carcinoma: The role of immune system and tumor microenvironment. Cancers,
11(10), Article 1487. https://doi.org/10.3390/cancers11101487

Mao, J,, Tan, L., Tian, C,, Wang, W., Zhang, H., Zhu, Z., & Li, Y. (2024). Research progress on
rodent models and its mechanisms of liver injury. Life Sciences, 337, Article 122343.
https://doi.org/10.1016/j.1fs.2023.122343

Massart, J., Begriche, K., Hartman, J. H., & Fromenty, B. (2022). Role of mitochondrial
cytochrome P450 2E1 in healthy and diseased liver. Cells, 11(2), Article 288. https://d
0i.0rg/10.3390/cells11020288

Mcllwain, D. R, Berger, T,, & Mak, T. W. (2013). Caspase functions in cell death and disease.
Cold Spring Harbor Perspectives in Biology, 5(4), Article a008656. https://do
i.org/10.1101/cshperspect.a008656

Meseguer, E. S., Elizalde, M. U., Borobia, A. M., & Ramirez, E. (2021). Valproic acid-induced
liver injury: A case-control study from a prospective pharmacovigilance program
in a tertiary hospital. Journal of Clinical Medicine, 10(6), Article 1153. https:
//doi.org/10.3390/jcm 10061153

Mossanen, J. C., & Tacke, F. (2015a). Acetaminophen-induced acute liver injury in mice.
Laboratory Animals, 49(1) (Suppl.), 30-36. https://doi.org/10.1177/00236772
15570992

Moyle, G. (2000). Toxicity of antiretroviral nucleoside and nucleotide analogues: Is
mitochondrial toxicity the only mechanism? Drug Safety, 23(6), 467-481. https://doi
.org/10.2165/00002018-200023060-00001

Nasce, A., Gariani, K., Jornayvaz, F. R, & Szanto, |. (2022). NADPH oxidases connecting
fatty liver disease, insulin resistance and type 2 diabetes: Current knowledge and
therapeutic outlook. Antioxidants, 11(6), Article 1131. https://doi.org/10.3390/antio
x11061131

Nazmy, E. A, El-Khouly, O. A., Atef, H., & Said, E. (2017). Sulforaphane protects against
sodium valproate-induced acute liver injury. Canadian Journal of Physiology and
Pharmacology, 95(4), 420-426. https://doi.org/10.1139/cjpp-2016-0447

Ore, A., Ugbaja, R. N., Adeogun, A. I., & Akinloye, O. A. (2020). An albino mouse model of
nonalcoholic fatty liver disease induced using high-fat liquid “Lieber-DeCarli” diet:
A preliminary investigation. Porto Biomedical Journal, 5(4), Article e071. https://doi.
org/10.1097/j.pbj.000000000000007 1

Palmeira, C. M., Ferreira, F. M., Rolo, A. P, Oliveira, P. J., Santos, M. S., Moreno, A. J., Cipriano,
M. A, Martins, M. I, & Seica, R. (2003). Histological changes and impairment of
liver mitochondrial bioenergetics after long-term treatment with a-naphthyl-
isothiocyanate (ANIT). Toxicology, 190(3), 185-196. https://doi.org/10.1016/
$0300-483X(03)00163-X

Palmer, E., Tyacke, R, Sastre, M., Lingford-Hughes, A, Nutt, D, & Ward, R. J. (2019).
Alcohol hangover: Underlying biochemical, inflammatory and neurochemical
mechanisms. Alcohol and Alcoholism, 54(3), 196-203. https://doi.org/10.1093/alca
Ic/agz016

Pan, C. W, Zhou, G. Y., Chen, W. L., Zhuge, L., Jin, L. X,, Zheng, Y., Lin, W., & Pan, Z. Z.
(2015). Protective effect of forsythiaside A on lipopolysaccharide/d-galactosamine-
induced liver injury. International Immunopharmacology, 26(1), 80-85. https://doi.o
rg/10.1016/j.intimp.2015.03.009

Paradies, G., Paradies, V., Ruggiero, F. M., & Petrosillo, G. (2014). Oxidative stress, cardiolipin
and mitochondrial dysfunction in nonalcoholic fatty liver disease. World Journal
of Gastroenterology, 20(39), 14205-14218. https://doi.org/10.3748/wjg.v20.
i39.14205

Patel, S., Kou, X,, Hou, H. (H.), Huang, Y. (B.), Strong, J. C,, Zhang, G. G. Z., & Sun, C.
C. (2017). Mechanical properties and tableting behavior of amorphous solid
dispersions. Journal of Pharmaceutical Sciences, 106(1), 217-223. https://doi.org/1
0.1016/j.xphs.2016.08.021

Pekgdz, S., Asci, H., Erzurumluy, Y., Savran, M., Ilhan, I, Hasseyid, N., & Ciris, M. (2022).
Nebivolol alleviates liver damage caused by methotrexate via AKT1/Hif1a/ENOS
signaling. Drug and Chemical Toxicology, 45(5), 2153-2159. https://doi.org/10.108
0/01480545.2021.1908759

Perwitasari, D. A, Atthobari, J, & Wilffert, B. (2015). Pharmacogenetics of
isoniazid-induced hepatotoxicity. Drug Metabolism Reviews, 47(2), 222-228. https:
//doi.org/10.3109/03602532.2014.984070

Piao, R-L., Brigstock, D. R., Zhu, J., Zhang, M.-L,, & Gao, R.-P. (2012). Clinical significance of
connective tissue growth factor in hepatitis B virus-induced hepatic fibrosis. World
Journal of Gastroenterology, 18(18), 2280-2286. https://doi.org/10.3748/wjg.v18.i1
8.2280

Poulose, N., & Raju, R. (2015). Sirtuin regulation in aging and injury. Biochimica et
Biophysica Acta, 1852(11), 2442-2455. https://doi.org/10.1016/j.bbadis.2015.08.017

Pradeep, K., Mohan, C. V. R, Gobianand, K., & Karthikeyan, S. (2007). Effect of cassia
fistula linn. Leaf extract on diethylnitrosamine induced hepatic injury in rats.
Chemico-Biological Interactions, 167(1), 12-18. https://doi.org/10.1016/j.cbi.2006.1
2,011

823



Ravikumar, et al.: Circular Maze for Anxiety and Herbal Anxiolytic Assessment

Qiao, J. Y, Li, H.W,, Liu, F. G, Li, Y. C, Tian, S., Cao, L. H., Hu, K, Wu, X. X, & Miao, M. S. (2019).
Effects of Portulaca Oleracea extract on acute alcoholic liver injury of rats. Molecules,
24(16), Article 2887. https://doi.org/10.3390/molecules24162887

Qin, S., Du, X., Wang, K., Wang, D., Zheng, J., Xu, H., Wei, X,, & Yuan, Y. (2023). Vitamin
A-modified ZIF-8 lipid nanoparticles for the therapy of liver fibrosis. International
Journal of Pharmaceutics, 642, Article 123167. https://doi.org/10.1016/j.ijpharm.20
23.123167

Reif, S., Lang, A., Lindquist, J. N., Yata, Y., Gébele, E., Scanga, A., Brenner, D. A., & Rippe,
R. A. (2003). The role of focal adhesion kinase-phosphatidylinositol 3-kinase-Akt
signaling in hepatic stellate cell proliferation and type | collagen expression. Journal
of Biological Chemistry, 278(10), 8083-8090. https://doi.org/10.1074/jbc.M2129272
00

Sakaida, I, Hironaka, K. Terai, S., & Okita, K. (2003). Gadolinium chloride reverses
dimethylnitrosamine (DMN)-induced rat liver fibrosis with increased matrix
metalloproteinases (MMPs) of Kupffer cells. Life Sciences, 72(8), 943-959. https://doi
.org/10.1016/50024-3205(02)02342-1

Sakowicz, A., Bralewska, M., Kamola, P, & Pietrucha, T. (2022). Reliability of rodent and
rabbit models in preeclampsia research. International Journal of Molecular Sciences,
23(22), Article 14344. https://doi.org/10.3390/ijms232214344

Sato, K., Hall, C., Glaser, S., Francis, H., Meng, F., & Alpini, G. (2016). Pathogenesis of Kupffer
cells in cholestatic liver injury. The American Journal of Pathology, 186(9), 2238-
2247. https://doi.org/10.1016/j.ajpath.2016.06.003

Schulien, I, & Hasselblatt, P. (2021). Diethylnitrosamine-induced liver tumorigenesis
in mice. In Methods in Cell Biology, 163, 137-152. https://doi.org/10.1016/
bs.mcb.2020.08.006

Shane, B. S., Smith-Dunn, D. L., De Boer, J. G., Glickman, B. W., & Cunningham, M. L. (2000).
Mutant frequencies and mutation spectra of dimethylnitrosamine (DMN) at the Lacl
and Cll loci in the livers of big Blue® transgenic mice. Mutation Research, 452(2),
197-210. https://doi.org/10.1016/50027-5107(00)00081-6

Shiau, J. P, Chuang, Y.T,, Cheng, Y. B, Tang, J.-Y,, Hou, M. F, Yen, C. Y., & Chang, H. W. (2022).
Impacts of oxidative stress and PI3K/AKT/MTOR on metabolism and the future
direction of investigating fucoidan-modulated metabolism. Antioxidants, 11(5),
Article 911. https://doi.org/10.3390/antiox11050911

Shih, P. H.,, Yeh, C. T,, & Yen, G. C. (2007). Anthocyanins induce the activation of Phase Il
enzymes through the antioxidant response element pathway against oxidative
stress-induced apoptosis. Journal of Agricultural and Food Chemistry, 55(23), 9427-
9435. https://doi.org/10.1021/jf071933i

Shingina, A., Mukhtar, N., Wakim-Fleming, J., Algahtani, S., Wong, R. J., Limketkai, B.
N., Larson, A. M., & Grant, L. (2023). Acute liver failure guidelines. The American
Journal of Gastroenterology, 118(7), 1128-1153. https://doi.org/10.14309/ajg.0000
000000002340

Song, Y., Qu, X, Tao, L, Gao, H., Zhang, Y., Zhai, J., Gong, J., & Hu, T. (2022). Exploration
of the underlying mechanisms of isoniazid/rifampicin-induced liver injury in mice
using an integrated proteomics and metabolomics approach. Journal of Biochemical
and Molecular Toxicology, 36(12), Article e23217. https://doi.org/10.1002/jbt.23217

Sun, Y., Chang, J,, Liu, X., & Liu, C. (2019). Mortality trends of liver diseases in Mainland
China over three decades: An age-period-cohort analysis. BMJ Open, 9(11), Article
€029793. https://doi.org/10.1136/bmjopen-2019-029793

Tacke, F, Luedde, T., & Trautwein, C. (2009). Inflammatory pathways in liver homeostasis
and liver injury. Clinical Reviews in Allergy and Immunology, 36(1), 4-12. https://doi.
org/10.1007/512016-008-8091-0

Tamura, R, Uemoto, S., & Tabata, Y. (2016). Immunosuppressive effect of mesenchymal
stem cell-derived exosomes on a concanavalin A-induced liver injury model.
Inflammation and Regeneration, 36(1), Article 26. https://doi.org/10.1186/
$41232-016-0030-5

Tennakoon, A. Hemamali, Takeshi Izawa, Kavindra Kumara Wijesundera, Hiroshi Murakami,
Chisa Katou-Ichikawa, Miyuu Tanaka, Hossain M. Golbar, Mitsuru Kuwamura, and
Jyoji Yamate. 2015. “Immunohistochemical Characterization of Glial Fibrillary Acidic
Protein (GFAP)-Expressing Cells in a Rat Liver Cirrhosis Model Induced by Repeated
Injections of Thioacetamide (TAA)” Experimental and Toxicologic Pathology
67(1):53-63. doi: 10.1016/j.etp.2014.09.008.

Thomson, J., Hargrove, L., Kennedy, L., Demieville, J, & Francis, H. (2017). Cellular
crosstalk during cholestatic liver injury. Liver Research, 1(1), 26-33. https://doi.org/
10.1016/j.livres.2017.05.002

Tian, L., Cao, W,, Yue, R, Yuan, Y., Guo, X,, Qin, D., Xing, J., & Wang, X. (2019). Pretreatment
with Tilianin improves mitochondrial energy metabolism and oxidative stress in rats
with myocardial ischemia/reperfusion injury via AMPK/SIRT1/PGC-1 alpha signaling
pathway. Journal of Pharmacological Sciences, 139(4), 352-360. https://doi.org/10.1
016/j.jphs.2019.02.008

Tu, C. T, Li, J, Wang, F. P, Li, L, Wang, J. Y., & Jiang, W. (2012). Glycyrrhizin regulates
CD44T cell response during liver fibrogenesis via JNK, ERK and PI3K/AKT pathway.
International Immunopharmacology, 14(4), 410-421. https://doi.org/10.1016/j.intim
p.2012.08.013

Vitins, A. P, Kienhuis, A. S., Speksnijder, E. N., Roodbergen, M., Luijten, M., & Van Der Ven,
L. T. M. (2014). Mechanisms of amiodarone and valproic acid induced liver steatosis
in mouse in vivo act as a template for other hepatotoxicity models. Archives of
Toxicology, 88(8), 1573-1588. https://doi.org/10.1007/s00204-014-1211-0

Voigt, R. M., Forsyth, C. B., Shaikh, M., Zhang, L., Raeisi, S., Aloman, C., Preite, N. Z., Donohue,
T. M., Fogg, L., & Keshavarzian, A. (2018). Diurnal variations in intestinal barrier

824

integrity and liver pathology in mice: Implications for alcohol binge. American
Journal of Physiology. Gastrointestinal and Liver Physiology, 314(1), G131-G141. http
s://doi.org/10.1152/ajpgi.00103.2017

Wang, F, Xue, Y., Yang, J., Lin, F, Sun, Y., Li, T, & Wu, C. (2016). Hepatoprotective effect of
apple polyphenols against concanavalin A-induced immunological liver injury in
mice. Chemico-Biological Interactions, 258, 159-165. https://doi.org/10.1016/j.cbi.2
016.08.018

Wang, M., McIntee, E. J,, Cheng, G., Shi, Y., Villalta, P. W.,, & Hecht, S. S. (2000). Identification
of DNA adducts of acetaldehyde. Chemical Research in Toxicology, 13(11), 1149-
1157. https://doi.org/10.1021/tx000118t

Wang, M., Zhang, X. J,, Feng, R, Jiang, Y., Zhang, D. Y., He, C, Li, P, & Wan, J. B. (2017).
Hepatoprotective properties of Penthorum chinense Pursh against carbon
tetrachloride-induced acute liver injury in mice. Chinese Medicine, 12(1), Article 32.
https://doi.org/10.1186/513020-017-0153-x

Wang, P. Y, Xie, S. Y., Hao, Q., Zhang, C., & Jiang, B. F. (2012). NAT2 polymorphisms and
susceptibility to anti-tuberculosis drug-induced liver injury: A meta-analysis. The
International Journal of Tuberculosis and Lung Disease, 16(5), 589-595. https://doi.
org/10.5588/ijtld.11.0377

Wang, R, Tang, R, Li, B, Ma, X,, Schnabl, B., & Tilg, H. (2021). Gut microbiome, liver
immunology, and liver diseases. Cellular and Molecular Immunology, 18(1), 4-17. ht
tps://doi.org/10.1038/541423-020-00592-6

Wang, X., Chang, X., Zhan, H., Zhang, Q, Li, C., Gao, Q, Yang, M., Luo, Z,, Li, S., & Sun, Y.
(2020). Curcumin and baicalin ameliorate ethanol-induced liver oxidative damage
via the Nrf2/HO-1 pathway. Journal of Food Biochemistry, 44(10), Article e13425. htt
ps://doi.org/10.1111/jfbc.13425

Wang, X., Wang, B., Zhou, L., Wang, X., Veeraraghavan, V. P, Mohan, S. K., & Xin, F. (2020).
Ganoderma lucidum Put forth anti-tumor activity against PC-3 prostate cancer cells
via inhibition of Jak-1/STAT-3 activity. Saudi Journal of Biological Sciences, 27(10),
2632-2637. https://doi.org/10.1016/j.5jbs.2020.05.044

Wang, Y., Jiang, X. Y, Liu, L, & Jiang, H. Q. (2008). Phosphatidylinositol 3-kinase/Akt
pathway regulates hepatic stellate cell apoptosis. World Journal of Gastroenterology,
14(33), 5186-5191. https://doi.org/10.3748/wjg.14.5186

Weber, L. W. D., Boll, M., & Stampfl, A. (2003). Hepatotoxicity and mechanism of action
of haloalkanes: Carbon tetrachloride as a toxicological model. Critical Reviews in
Toxicology, 33(2), 105-136. https://doi.org/10.1080/713611034

Weiler-Normann, C.,Herkel, J.,&Lohse, A.W.(2007). Mouse models of liver fibrosis. Zeitschrift
fur Gastroenterologie, 45(1), 43-50. https://doi.org/10.1055/5-2006-927387

Wijesundera, K. K., 1zawa, T., Tennakoon, A. H., Golbar, H. M., Tanaka, M., Kuwamura, M.,
& Yamate, J. (2016). M1-/M2-macrophage polarization in pseudolobules consisting
of adipohilin-rich hepatocytes in thioacetamide (TAA)-induced rat hepatic
cirrhosis. Experimental and Molecular Pathology, 101(1), 133-142. https://doi.org/1
0.1016/j.yexmp.2016.07.005

Woeber, K. A. (2002). Methimazole-induced hepatotoxicity. Endocrine Practice, 8(3), 222-
224. https://doi.org/10.4158/EP.8.3.222

Wu, L-H., Xu, Z-L.,, Dong, D., He, S.-A., & Yu, H. (2011). Protective effect of anthocyanins
extract from blueberry on TNBS-induced IBD model of mice. Evidence-Based
Complementary and Alternative Medicine, 2011, Article 525462. https://doi.org/10
.1093/ecam/neq040

Wu, S. T, Wang, X. X., Xing, W. B, Li, F. Y., Liang, M., Li, K. S., He, Y., & Wang, J. M. (2023). An
update on animal models of liver fibrosis. Frontiers in Medicine, 10, Article 1160053.
https://doi.org/10.3389/fmed.2023.1160053

Xu, J., Lee, G, Wang, H., Vierling, J. M., & Maher, J. J. (2004). Limited role for CXC chemokines
in the pathogenesis of a- naphthylisothiocyanate-induced liver injury. American
Journal of Physiology. Gastrointestinal and Liver Physiology, 287(3), G734-G741.
https://doi.org/10.1152/ajpgi.00300.2003

Xu, X, Poulsen, K. L., Wu, L, Liu, S., Miyata, T, Song, Q., Wei, Q, Zhao, C, Lin, C, & Yang,
J. (2022). Targeted therapeutics and novel signaling pathways in non-alcohol-
associated fatty liver/steatohepatitis (NAFL/NASH). Signal Transduction and Targeted
Therapy, 7(1), Article 287. https://doi.org/10.1038/s41392-022-01119-3

Yamashita, H., Kaneyuki, T., & Tagawa, K. (2001). Production of acetate in the liver and its
utilization in peripheral tissues. Biochimica et Biophysica Acta, 1532 (1-2), 79-87.
https://doi.org/10.1016/51388-1981(01)00117-2

Yao, X. M., Li, Y., Li, H. W,, Cheng, X. Y, Lin, A. B,, & Qu, J. G. (2015). Bicyclol attenuates
tetracycline-induced fatty liver associated with inhibition of hepatic ER stress and
apoptosis in mice. Canadian Journal of Physiology and Pharmacology, 94(1), 1-8. htt
ps://doi.org/10.1139/cjpp-2015-0074

Yin, X. D, Jia, P. J,, Pang, Y., & He, J. H. (2012). Protective effect of FTY720 on several
markers of liver injury induced by concanavalin A in mice. Current Therapeutic
Research, Clinical and Experimental, 73 (4-5), 140-149. https://doi.org/10.1016/j.cu
rtheres.2012.07.001

You, Y., Zhu, F, Li, Z, Zhang, L., Xie, Y., Chinnathambi, A., Alahmadi, T. A,, & Lu, B. (2021).
Phyllanthin prevents diethylnitrosamine (DEN) induced liver carcinogenesis in rats
and induces apoptotic cell death in HepG2 cells. Biomedicine and Pharmacotherapy,
137, Article 111335. https://doi.org/10.1016/j.biopha.2021.111335

Yu, H., Feng, Y., Du, W.,, Zhao, M., Jia, H., Wei, Z, Yan, S. L, Han, Z,, Zhang, L, Li, Z,, &
Han, Z. (2022). Off-the-shelf GMP-grade UC-MSCs as therapeutic drugs for the
amelioration of CCl,-induced acute-on-chronic liver failure in NOD-SCID mice.
International Immunopharmacology, 113(A), Article 109408. https://doi.org/10.101
6/j.intimp.2022.109408

International Journal of Pharmaceutical Investigation, Vol 16, Issue 3, Jul-Sep, 2026



Ravikumar, et al.: Circular Maze for Anxiety and Herbal Anxiolytic Assessment

Yuan, R, Tao, X, Liang, S., Pan, Y., He, L., Sun, J., Wenbo, J,, Li, X,, Chen, J., & Wang, C. (2018).
Protective effect of acidic polysaccharide from Schisandra chinensis on acute
ethanol-induced liver injury through reducing CYP2E1-dependent oxidative stress.
Biomedicine and Pharmacotherapy, 99, 537-542. https://doi.org/10.1016/j.biopha.
2018.01.079

Zhai, H., Zhang, J., Shang, D., Zhu, C., & Xiang, X. (2023). The progress to establish optimal
animal models for the study of acute-on-chronic liver failure. Frontiers in Medicine,
10. https://doi.org/10.3389/fmed.2023.1087274

Zhang, F, Zhang, J,, & Li, Y. (2012). Corn oligopeptides protect against early alcoholic
liver injury in rats. Food and Chemical Toxicology, 50(6), 2149-2154. https://doi.org/
10.1016/j.fct.2012.03.083

Zhang, Q. Liu,W., Bulek, K., Wang, H., McMullen, M.R.,Wu, X., Welch, N., Zhang, R, Dasarathy,
J., Dasarathy, S., Nagy, L. E., & Li, X. (2023). Mincle-GSDMD-Mediated release of IL-13
small extracellular vesicles from hepatic macrophages in ethanol-induced liver
injury. Hepatology Communications, 7(5), Article e0114. https://doi.org/10.109
7/HC9.0000000000000114

Zhang, Q. Yang, F, Li, X.,, Wang, L. W,, Chu, X. G., Zhang, H., & Gong, Z. J. (2015). Trichostatin
A protects against experimental acute-on-chronic liver failure in rats through
regulating the acetylation of nuclear factor-KB. Inflammation, 38(3), 1364-1373.
https://doi.org/10.1007/s10753-014-0108-7

Zhang, R, Chae, S, Lee, J. H., & Hyun, J. W. (2012). The cytoprotective effect of Butin
against oxidative stress is mediated by the up-regulation of manganese superoxide
dismutase expression through a PI3K/Akt/Nrf2-dependent pathway. Journal of
Cellular Biochemistry, 113(6), 1987-1997. https://doi.org/10.1002/jcb.24068

Zhang, W.,Yin, L, Tao, X., Xy, L., Zheng, L., Han, X., Xu, Y., Wang, C., & Peng, J. (2016). Dioscin
alleviates dimethylnitrosamine-induced acute liver injury through regulating
apoptosis, oxidative stress and inflammation. Environmental Toxicology and
Pharmacology, 45, 193-201. https://doi.org/10.1016/j.etap.2016.06.002

Zhang, W.,, Zhang, X., Zou, K, Xie, J., Zhao, S., Liu, J., Liu, H., Wang, J., & Wang, Y. (2017).
Seabuckthorn berry polysaccharide protects against carbon tetrachloride-induced
hepatotoxicity in mice: Via anti-oxidative and anti-inflammatory activities. Food and
Function, 8(9), 3130-3138. https://doi.org/10.1039/c7fo00399d

Zhang, Y, Lu, Y, Ji, H, & Li, Y. (2019). Anti-inflammatory, anti-oxidative stress and novel
therapeutic targets for cholestatic liver injury. BioScience Trends, 13(1), 23-31.
https://doi.org/10.5582/bst.2018.01247

Zhang, Y., Zhou, B., Deng, B., Zhang, F, Wu, J,, Wang, Y., Le, Y., & Zhai, Q. (2013). Amyloid-$
induces hepatic insulin resistance in vivo via JAK2. Diabetes, 62(4), 1159-1166.
https://doi.org/10.2337/db12-0670

Zhao, S. Liu, Y, & Pu, Z. (2019). Bone marrow mesenchymal stem cell-derived
exosomes attenuate D-GalN/LPS-induced hepatocyte apoptosis by activating
autophagy in vitro. Drug Design, Development and Therapy, 13, 2887-2897. https:
//doi.org/10.2147/DDDT.5220190

Zhao, X., Tan, M., He, Y., Pan, Y., Fan, X, Ye, L, Liu, L., & Fu, L. (2022). The ethanolic
extract of Lindera aggregata modulates gut microbiota dysbiosis and alleviates
ethanol-induced acute liver inflammation and oxidative stress SIRT1/Nrf2/NF— k B
Pathway. Oxidative Medicine and Cellular Longevity, 2022, Article 6256450. https://d
0i.0rg/10.1155/2022/6256450

Zhao, Y., Zhou, G., Wang, J,, Jia, L, Zhang, P, Li, R, Shan, L, Liu, B, Song, X., Liu, S.,
& Xiao, X. (2013). Paeoniflorin protects against ANIT-induced cholestasis by
ameliorating oxidative stress in rats. Food and Chemical Toxicology, 58, 242-248. htt
ps://doi.org/10.1016/j.fct.2013.04.030

Zheng, P, Ji, G,, Ma, Z,, Liu, T,, Xin, L., Wu, H,, Liang, X., & Liu, J. (2009). Therapeutic effect
of Puerarin on non-alcoholic rat fatty liver by improving leptin signal transduction
through JAK2/STAT3 pathways. The American Journal of Chinese Medicine, 37(1),
69-83. https://doi.org/10.1142/50192415X09006692

Zhong, S., Zhang, Z., Guo, Z., Yang, W,, Dou, G., Lv, X.,, Wang, X., Ge, J., Wu, B, Pan, X., Wang,
H., & Moy, Y. (2022). Identification of novel natural inhibitors targeting AKT serine/
threonine kinase 1 (AKT1) by computational study. Bioengineered, 13(5), 12003-
12020. https://doi.org/10.1080/21655979.2021.2011631

Zhuge, A, Li, B, Yuan, Y, Lv, L., Li, Y., Wu, J,, Yang, L., Bian, X., Wang, K., Wang, Q. Yan, R.,
Zhu, X., & Li, L. (2020). Lactobacillus salivarius LI01 encapsulated in alginate-pectin
microgels ameliorates d-galactosamine-induced acute liver injury in rats. Applied
Microbiology and Biotechnology, 104(17), 7437-7455. https://doi.org/10.1007/
s00253-020-10749-y

Cite this article: Ravikumar L, Velmurugan R, Surendra G, Sivasubramanian P, Reddy KTK, Hanumanthu KD, et al. Preclinical Models of Hepatic Injury: A
Comprehensive Review of Chemically, Immunologically, and Pharmacologically Induced Liver Damage in Rat Models. Int. J. Pharm. Investigation.

2026;16(3):808-25.

International Journal of Pharmaceutical Investigation, Vol 16, Issue 3, Jul-Sep, 2026

825



