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Abstract

Liver fibrosis is defined as excessive extracellular matrix deposition and is based on complex interactions between
matrix-producing hepatic stellate cells and an abundance of liver-resident and infiltrating cells. Investigation of
these processes requires in vitro and in vivo experimental work in animals. However, the use of animals in
translational research will be increasingly challenged, at least in countries of the European Union, because of the
adoption of new animal welfare rules in 2013. These rules will create an urgent need for optimized standard
operating procedures regarding animal experimentation and improved international communication in the liver
fibrosis community. This review gives an update on current animal models, techniques and underlying
pathomechanisms with the aim of fostering a critical discussion of the limitations and potential of up-to-date
animal experimentation. We discuss potential complications in experimental liver fibrosis and provide examples of
how the findings of studies in which these models are used can be translated to human disease and therapy. In
this review, we want to motivate the international community to design more standardized animal models which
might help to address the legally requested replacement, refinement and reduction of animals in fibrosis research.

Keywords: Animal models, Animal welfare, Cholestasis, Cirrhosis, EU-Directive 2010/63, Fibrosis, Hepatic stellate
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Review

Current concepts in liver fibrosis research

Fibrosis and cirrhosis are both strictly defined patho-
logical entities that were broadly defined by pathologists
and hepatologists several decades ago [1,2]. Cirrhosis is a
diffuse process characterised by fibrosis and the conver-
sion of normal liver architecture into structurally abnor-
mal nodules that affect the whole organ [1]. Fibrosis is
defined as the presence of excess collagen due to new
fibre formation that causes only minor clinical symp-
toms or disturbance of liver cell function [1]. However,
disease-associated abnormalities, including portal hyper-
tension, might be caused by fibrosis alone, depending on
its location within the liver [1]. Although hepatic fibrosis
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in humans can be caused by various stimuli (congenital,
metabolic, inflammatory, parasitic, vascular, toxins or
drugs), the molecular mechanisms underlying fibrosis
are basically the same [3]. Following liver injury of any
kind, a defined program of molecular changes occurs
that is highly orchestrated at the cellular and molecular
levels [4]. This process is characterized mainly by cellu-
lar activation of hepatic stellate cells (HSCs) which ac-
quire a myofibroblast (MFB) phenotype and are able to
express and deposit large quantities of extracellular
matrix (ECM) components within the liver [5,6]. If the
insult is temporarily, these changes are transient and
liver fibrosis may resolve. If the injury is sustained, how-
ever, chronic inflammation and accumulation of the ECM
persist, leading to progressive substitution of normal liver
parenchyma by scar tissue. In this scenario, the pool of
matrix-producing cells is further enlarged by other precur-
sors of MFBs that are recruited from portal fibroblasts
and circulating bone marrow—derived, fibroblast-like cells,
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termed fibrocytes. These cells are attracted by soluble me-
diators within the injured organ, and all contribute to the
massive ECM within the affected organ (Figure 1). As a
consequence, the composition of the ECM in the injured
tissue is altered in regard to quantity and quality from the
physiological matrix [4]. In the pathogenesis of chronic
liver disease, ECM homeostasis is further disturbed by an
unbalanced activity of matrix metalloproteinases (MMPs)
and their tissue inhibitors (TIMPs). MMPs represent a
large family of zinc- and calcium-dependent enzymes that
are responsible for the degradation of ECM proteins. Acti-
vated HSCs and MFBs have been identified as prominent
cellular sources of MMPs and TIMPs [7]. The combin-
ation of various MMPs and TIMPs depends on the disease
phases and results at later stages of liver injury in an ex-
pression pattern in which MFBs express a combination of
MMPs that have the ability to degrade normal liver matrix
while inhibiting degradation of the fibrillar collagens that
accumulate in liver fibrosis [8].

Moreover, investigators have shown that epithelial cells
(that is, hepatocytes, cholangiocytes or other hepatic pro-
genitors) can transition into mesenchymal cells in a process
termed epithelial-to-mesenchymal transition (EMT) [9]. Al-
though the hypotheses regarding the underlying mecha-
nisms of this process are presently controversial [10-12],
the mechanisms might reflect clear differences in cellular
behaviour in vitro and in vivo [13]. Although this exciting
discussion of EMT is ongoing, a recent study proposed
that mesothelial cells also have the potential to transition
into mesenchymal fibrogenic cells via a mechanism called
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mesothelial-to-mesenchymal transition (MMT) [14]. Al-
though this concept is extremely challenging and adds a
good explanation of the occurrence of cellular hetero-
geneity, deeper insights into the precise mechanisms lead-
ing to MMT are mandatory to estimate their impact on
hepatic fibrogenesis. Diseased organs that undergo fibro-
genesis are marked by the simultaneous existence of in-
flammation, apoptosis, necrosis, pyroptosis and wound-
healing. Fibrogenesis results in clinical symptoms, changes
in physical features of the liver and release of biomarkers
that are directly or indirectly linked to the inflammatory
or fibrotic activity within the liver (Figure 1).

Experimental studies that were conducted in isolated
primary hepatic cells and experimental animal models
led to the identification of general pathogenetic media-
tors——signalling pathways that are involved in the
fibrogenic response. Aberrant activity of transforming
growth factor f1 (TGF-f1) or members of the platelet-
derived growth factor family are the most prominent
drivers of cellular activation and transdifferentiation of
HSCs into MFBs [4]. In addition, several chemokines that
are released by diverse infiltrating cell populations modu-
late the inflammatory reaction and contribute to the pro-
gression of HSC activation and the fibrotic insult [15],
demonstrating the complexity of the disease process.
Some of the temporal sequences of molecular events asso-
ciated with HSC activation can be appropriately repro-
duced in primary HSC cultures or even in immortalized
cell lines [16]. Cell lines are prone to genotypic and
phenotypic drift at high passage numbers, however, and
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Figure 1 Pathogenetic concepts in hepatic fibrogenesis. Hepatic fibrogenesis is a complex reaction that is triggered by many different noxa,
including viruses, alcohol and drugs. At the cellular level, liver residential cells (hepatic stellate cells (HSCs) and portal fibroblasts) and infiltrating
profibrogenic cells (PCs; circulating fibrocytes and marrow-derived stem cells) cause the formation of excess production and deposition of
extracellular matrix (ECM) components. The pool of fibrogenic cells is further increased by epithelial-to-mesenchymal transition (EMT), in which
nonparenchymal epithelial cells transition into mesenchymal cells, and further by mesothelial-to-mesenchymal transition (MMT), in which
mesothelial cells from the organ surface migrate into the inner part of the liver and acquire a mesenchymal phenotype. In the fibrotic liver tissue,
the turnover of the ECM is changed, several biomarkers are released, physical features (stiffness) are altered and clinical symptoms that are
characteristic of liver insult develop. MFB, myofibroblast; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase.
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are definitely not suitable for mimicking the complex
cellular dynamics of HSCs in primary culture. On the
basis of this fact, it is obvious that all experimental find-
ings have to be critically evaluated in suitable models
that reflect the pathogenetic mechanisms of human
hepatic disorders before they can be translated into rou-
tine clinical treatments. Therefore, meaningful findings
with biological relevance can only be determined in pri-
mary cells or, even better, in the in vivo context with ac-
ceptance of an ethical framework.

In fibrosis research, experimental work in rodents
is presently the gold standard to confirm a proposed
disease-associated mechanism and specialized proto-
cols that should closely mimic one or the other clinical
situation (Figure 2). Moreover, readout systems for
liver insults are similar, and sometimes even identical,
in humans and animals and include blood tests, biopsy
and noninvasive imaging techniques. However, the
findings obtained by using these methods may vary be-
tween different laboratories and are influenced by the
institutional or country-specific stipulations under which
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respective experiments are performed. Therefore, a Gold
Standard Publication Checklist (GSPC) for animal studies
was recently proposed that should reduce the number of
animals used, lead to more reliable outcomes of animal
studies, improve the overall quality of scientific papers
based on animal experimentation and follow the idea of
evidence-based medicine in science [17]. In addition, it is
self-evident that more precise international standards and
guidelines that would reduce the overall experimental
variation and increase the methodological quality of ani-
mal research would further contribute to refinement and
reduction of animal experimentation and better translate
the findings observed in respective models to the clinic.
These intentions were started in 1959, when Russell and
Burch proposed an ethical framework for conducting sci-
entific experiments with animals that is based primarily
on the replacement, refinement and reduction (3R)
principle [18]. This ethical framework has been the subject
of intensive debate in which viewpoints shifted signifi-
cantly during the 20th century [19-21]. As a consequence
of all these debates, all member states of the European
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Figure 2 Translational aspects of fibrosis research. In hepatology research, diverse cholestatic, toxic, immunogenic and knockout/transgene
models, as well as models for portal hypertension, hepatocellular carcinoma (HCC) and fatty liver disease, are presently used. In all of these
models, disease progression is associated with hepatic fibrogenesis. These models are suitable to reflect human liver disease of any aetiology. In
both the experimental setting (animals) and the clinical setting (humans), the readout systems used to assess hepatic fibrosis are based on blood
analysis, histocytochemical analysis and noninvasive imaging techniques. AST, aspartate aminotransferase; ALT, alanine aminotransferase; BDL, bile
duct ligation; CCl,, Carbon tetrachloride; DMN, DimethylInitrosamine; NASH, Nonalcoholic steatohepatitis; TAA, Thioacetamide.
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Union (EU), for example, have to implement EU-Directive
2010/63 regarding the protection of animals used for sci-
entific purposes in 2013.

In this review, we summarize current animal models
that are in use and describe the mechanisms that under-
lie the formation of hepatic fibrogenesis. We discuss
basic necessities that will affect fibrosis research in ac-
cordance with the new European Animal Welfare Rules
that will be implemented at the end of 2013.

Current animal models in liver fibrosis research
Cholestatic models of liver injury

Cholestatic liver injury is one of the major causes of liver
fibrosis and cirrhosis in patients with acute or chronic
liver disease. Damage to the biliary epithelium and bile
duct injury can lead to end-stage liver disease, liver fail-
ure, organ transplantation or death. The clinical charac-
teristics of this condition are cholestasis, inflammation
and liver fibrosis. Multiple causes of bile duct injury
have been described. These include autoimmune dis-
eases (that is, primary biliary cirrhosis (PBC) and pri-
mary sclerosing cirrhosis (PSC)), obstructive conditions
(cholelithiasis and tumour compression of bile ducts)
and toxic injury (drugs, chemicals and detergents). To
analyse the pathophysiologic processes leading to chole-
static liver injury, animal models mimicking these mul-
tiple specific conditions have been generated in the past.
These mouse models often focus on specific causes of
cholestatic liver disease, such as bile duct obstruction
and autoimmune or direct toxic injury.

Surgical bile duct ligation (BDL) is the most common
model used to induce obstructive cholestatic injury in
mice and rats. Typically, a midsection laparotomy is
performed while the animals are under deep anaesthesia,
and the common extrahepatic bile duct is ligated twice
and dissected. After 21 to 28 days, mice and rats develop
jaundice and a strong fibrotic reaction originating from
the periportal fields [22]. Different operation techniques
have been described for special study settings. Special oper-
ating procedures allow reconnection or reanastomosis after
bile duct ligation [23]. Other techniques have been de-
scribed, such as partial BDL [24] or microsurgical methods
[25]. This model allows a fast and reproducible way to in-
flict cholestatic liver injury. Furthermore, this model can be
used in transgenic mice easily, allowing the investigation of
cholestatic injury in many different study designs.

In recent years, many genetically modified mouse models
used to study chronic cholestasis and/or autoimmune liver
fibrosis have been described. Genes altered in these mice
include the multi-drug-resistant gene 2 (MDR2), trans-
forming growth factor  receptor type Ila (Zgfbr2), inter-
leukin 2Ra (I2ra), Ae2,;, and NOD.c3c4. MDR2 in mice
and MDR3 in humans are class III multi-drug-resistant
P-glycoproteins which act as canalicular phospholipid
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translocators and are involved in biliary phospholipid
(phosphatidylcholine) excretion. In humans, mutations in
the ABCB4 gene encoding MDR3 are usually associated
with the loss of canalicular MDR3 protein and/or the
loss of protein function. These mutations are associated
with low biliary phospholipid levels, resulting in a high
biliary cholesterol saturation index. Accordingly, several
human diseases are linked to mutations of the ABCB4 gene
(progressive familial intrahepatic cholestasis, low phospho-
lipid—associated cholelithiasis syndrome, intrahepatic chole-
stasis of pregnancy, drug-induced liver injury, transient
neonatal cholestasis and adult biliary fibrosis) [26].

Likewise, an MDR2 (Abcb4) gene knockout in mice
results in a deficiency in excretion of phosphatidyl-
choline into bile. Low biliary phospholipid levels trigger
nonpurulent inflammatory cholangitis with portal in-
flammation and ductular proliferation beginning shortly
after birth and progressing to end-stage disease in the
course of 3 to 6 months. The animals develop a pheno-
type resembling sclerosing cholangitis with biliary fibro-
sis and hepatocellular carcinoma [27].

Transgenic mice overexpressing a dominant-negative
TGE-P receptor restricted to T cells (dnTGFSRII mice)
develop an inflammatory biliary ductular disease that
strongly resembles human PBC [28]. Next to a spontan-
eous production of antimitochondrial antibodies (AMAs)
directed to the same mitochondrial autoantigens as in hu-
man disease (for example, the E2 component of the pyru-
vate dehydrogenase complex (PDC-E2), the E2 subunit of
the branched chain 2-oxo-acid dehydrogenase complex
(BCOADC-E2) and the E2 subunit of the 2-oxo-glutarate
dehydrogenase complex (OGDC-E2)), these mice show a
lymphocytic liver infiltration with periportal inflammation
similar to histological changes in human PBC.

Another murine model for human PBC is a knockout
mouse strain lacking the interleukin 2 receptor, a chain
(IL2Rax) gene. These mice spontaneously develop portal
inflammation and biliary ductular injury similar to that of
human patients. Portal cell infiltrates show many CD4"
and CD8" T cells and increased levels of interferon y
(IFN-y), tumour necrosis factor a (TNF-a), IL-2 and IL-
12p40, indicating a type 1 T helper (Th1) cytokine—domi-
nated immune response. Again, these mice not only de-
velop significantly increased serum levels of IgG and IgA
but also show AMAs specific for PDC-E2, typically found
in human PBC [29].

Expression of AMAs, paired with immunological and
pathological findings similar to human PBC, is also
found in mice with a disrupted Ae2,, gene. Apart from
an enlarged spleen, increased production of IL-12p70
and IFN-y, an expanded CD8" T-cell population and low
numbers of CD4"FoxP3"/regulatory T cells, these mice
show an extensive portal inflammation with infiltrating
CD8" and CD4" T lymphocytes surrounding damaged
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bile ducts. Cholangiocytes isolated from these mice show
gene expression changes compatible with oxidative stress
and increased antigen presentation [30].

Another model for PBC are NOD.c3c4 mice con-
genically derived from the nonobese diabetic strain that
develop an autoimmune biliary disease resembling hu-
man PBC. These mice are completely protected from
diabetes by B6/B10 regions on chromosomes 3 and 4
that contain B6/B10 insulin-dependent diabetes (ldd)
loci. Furthermore, they develop AMAs to PDC-E2 that,
as in human PBC, are specific for the inner lipoyl do-
main. Biliary duct inflammation shows infiltration with
CD3", CD4" and CD8" T cells. NOD.c3c4 mice treated
with monoclonal antibodies to CD3 are protected against
biliary injury. In this model, the central role of T cells in
developing characteristic symptoms of PBC can be shown.
After performing an adoptive transfer of splenocytes or
CD4" T cells, NOD.c3c4-scid mice develop bile duct injury
characterized by destructive cholangitis, granuloma forma-
tion and eosinophilic infiltration as seen in human PBC.
However, NOD.c3c4 mice also develop injury of the extra-
hepatic biliary ducts [31].

Bile duct injury is also inducible by immunization with
different agents. Obviously, in most animal models mim-
icking human PBC, AMAs against PDC-E2 play a cru-
cial role. Therefore, another mouse model was generated
by the immunization of mice with 2-octynoic acid
coupled to bovine serum albumin (2-OA-BSA), an anti-
gen selected following quantitative structure—activity re-
lationship analysis of PDC-E2. The immunization with
and without the addition of a-galactosylceramide (a-
GalCer), an invariant natural T-cell activator, leads to a
profound exacerbation of autoimmune cholangitis, in-
cluding significant increases in CD8" T-cell infiltrates,
portal inflammation, granuloma formation and bile duct
damage [32]. This suggests a primary role of the innate
immune system in the exacerbation of autoimmune
cholangitis.

In addition to the above-mentioned models, several dietary
models leading to cholestatic liver injury have been intro-
duced. These agents include 3,5-diethoxycarbonyl-1,4-dihy-
drocollidine (DDC) or a-naphthylisothiocyanate (ANIT).

DDC feeding is widely used to study Mallory body
formation (as seen in alcoholic liver disease) or oval cell
activation and proliferation in murine models of liver in-
jury. Moreover, cholestatic serum markers are significantly
induced in these mice. Feeding mice a diet supplemented
with 0.1% DDC for 8 weeks leads to increased biliary por-
phyrin secretion. A strong ductular reaction can be ob-
served after one week. In epithelial biliary cells, the
expression of cytokines such as vascular cell adhesion
molecule, osteopontin and TNF-a is upregulated. Histo-
pathologically, oral DDC uptake leads to pericholangitis
with infiltration of inflammatory mononuclear cells and

Page 5 of 24

activation of periductal myofibroblasts, causing biliary
liver fibrosis that resembles sclerosing cholangitis in
humans [33].

Feeding mice ANIT is another xenobiotic model to in-
duce cholestatic liver injury. In general, chronic biliary
injury and increase in the number of bile canaliculi can
be induced in mice by feeding them a diet supplemented
with ANIT in low doses (0.025%), which results in cho-
lestasis several days after feeding [34]. ANIT is conju-
gated with glutathione in hepatocytes and is transported
into the bile by the Mrp2 transporter [35]. Because
glutathione-conjugated ANIT is unstable in bile, it
undergoes recycling rounds of absorption and metabol-
ism, resulting in bile concentrations that cause direct bil-
iary epithelial cell injury. This injury causes reactive
expansion of the biliary epithelium, mild hepatocellular
injury and periportal inflammation, which lead to biliary
liver fibrosis [36]. Administration of a single large dose
of ANIT (300 mg/kg body weight) to mice leads to rapid
(15 to 24 hours) cholestasis induced by severe des-
truction of biliary epithelial cells and periportal hepato-
cellular necrosis [37]. Interestingly, similar intracellular
signalling pathways are involved in the mediation of ob-
structive cholestatic injury (that is, BDL) and ANIT-
induced injury. These pathways include the activation of
TGEF-PB and oy integrins [38,39].

All murine models of cholestatic liver fibrosis show
several characteristics leading to liver injury: direct dam-
age of the biliary epithelial cells induced by obstruction,
autoimmune processes or xenobiotic-triggered immune
responses leading to infiltration of mononuclear cells
and periductular inflammation. Depending on the study
aims, investigators should choose an injury model with
characteristics most suitable for the study objective. For
example, a BDL model can be used to study the effect of
cholestatic injury in transgenic mice. Models with genet-
ically induced biliary injury and strong autoimmune ef-
fects can give valuable information about inflammatory
cell migration and recruitment. Therefore, in addition to
carefully selecting the most suitable model for the study,
the interpretation of overlapping effects of cell injury in
those models is very important.

Toxic models

Several well-established chemical substances have been
identified that induce liver inflammation and fibrogenesis.
The most commonly used approach to induce toxin-
mediated experimental liver fibrosis is the periodic admin-
istration of carbon tetrachloride (CCl,) in mice or rats. In
mice, typically 0.5 to 2 ml/kg body weight CCl, (diluted in
corn oil) is injected intraperitoneally (ip.) two to three
times per week, resulting in robust and highly reprodu-
cible liver fibrosis between 4 and 6 weeks of treatment.
Long-term intoxication using inhalation is the standard



Liedtke et al. Fibrogenesis & Tissue Repair 2013, 6:19
http://www fibrogenesis.com/content/6/1/19

method for the induction of cirrhosis with portal hyper-
tension. Oral gavage is an alternative application route
[40]. However, it was observed 40 years ago that oral CCl,
application is associated with frequent early mortality [41].
The susceptibility to CCly-induced liver fibrosis in mice
depends largely on genetic background. BALB/c inbred
mice are most sensitive to fibrosis induction, whereas
FVB/N mice respond significantly less to CCl, [42]. Al-
though C57BL/6 inbred mice develop only intermediate
liver fibrosis, this strain is frequently used for fibrosis stud-
ies in the CCl, model because of the ready availability of
respective knockout mutants or other gene modifications.
CCl, is metabolized by hepatocytes, giving rise to toxic
trichloromethyl (CCl;) radicals, which mediate cytotoxic
effects and eventually lead to massive centrilobular liver
necrosis [43]. In addition, some evidence exists that CCl,
may induce apoptotic cell death of hepatocytes [44], al-
though this might be a secondary effect and has not been
investigated in more detail to date.

The kinetics of fibrosis development can be roughly di-
vided into three phases: (1) acute injury, (2) initiation of
fibre formation and (3) advanced fibrosis. The phase of
acute CCly-mediated liver fibrosis is characterized by acti-
vation of Kupffer cells and induction of an inflammatory
response, resulting in secretion of cytokines, chemokines
and other proinflammatory factors. This in turn attracts
and activates monocytes, neutrophils and lymphocytes,
which further contributes to liver necrosis [45] followed
by a strong regenerative response that results in substan-
tial proliferation of hepatocytes and nonparenchymal liver
cells at around 48 hours after the first CCl, application
[46]. Thus, a single CCl, injection in mice can also be used
as an attractive and highly reproducible model of liver re-
generation after toxic injury. The first appearance of histo-
logical fibrosis and scarring fibres is usually observed after
2 to 3 weeks of CCl, treatment, depending on the dosage
and mouse strains used. Molecular fibrosis markers are
also easily detectable at this time. Accordingly, mouse mu-
tants that are expected to display accelerated onset of liver
fibrosis can be analysed after 2 weeks of continuous treat-
ment. True bridging fibrosis can be observed after 4 to 6
weeks of continuous treatment, corresponding to approxi-
mately 8 to 18 injections. Of note, CCly-induced liver fi-
brosis in mice can be completely resolved within several
weeks after withdrawal of the toxic treatment [47,48].
Thus, the CCl, model resembles all important properties
of human liver fibrosis, including inflammation, regener-
ation, fibre formation and potentially fibrosis regression.

Likewise, continuous administration of thioacetamide
(TAA) is another well-established model of experimental
liver fibrosis in rodents. It was originally established in rats
[49-51], but it is also frequently applied in mice and often
serves as a second, independent approach to confirm data
obtained from, for example, CCly-treated animals. Although
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known as a potent inducer of liver injury for decades, the
molecular mechanism of TAA-induced liver fibrosis is still
not completely understood. TAA is bioactivated in the
liver via oxidation processes leading to its S-oxide and the
highly reactive S,S-dioxide, which is presumably respon-
sible for TAA hepatotoxicity [52]. Earlier studies suggested
that TAA bioactivation involves the hepatic cytochrome
P450 enzyme CYP2E2 [53,54].

TAA can be administered i.p. at concentrations ranging
from 150 to 200 mg/kg body weight three times per week
[55,56] or given orally by adding 200 mg/L of TAA to the
drinking water [57]. Lp. application of TAA results in hep-
atic centrolobular necrosis, elevated transaminase activity
and robust liver fibrosis within 6 weeks. Interestingly, oral
administration of TAA does not lead to significant eleva-
tion of transaminases in mice [57], thus contributing to a
lower burden for experimental animals. In addition, this
scenario closely resembles the situation in hepatitis pa-
tients with only mild elevation of aspartate aminotransfer-
ase (AST) and alanine aminotransferase (ALT), but it still
has a high likelihood of leading to liver fibrosis. However,
oral administration of TAA requires a much longer appli-
cation to induce a similar strength of liver fibrosis in com-
parison to 6-week i.p. treatment with CCl, or TAA. In
addition, the impact of oral application of toxins on the
gastrointestinal tract irritation that should be expected
was not analysed in detail in these studies.

Although much less frequently used in fibrosis re-
search, experimental liver fibrosis can also be induced by
regular administration of the hepatocarcinogen dimeth-
ylnitrosamine (DMN) [58]. Its mode of function is very
similar to that of diethylnitrosamine (DEN), which is de-
scribed in detail further below. It has been described that
i.p. injection of 10 mg/kg DMN twice weekly results in
liver fibrosis within 4 weeks, which was associated with
activation of hepatic stellate cells, Kupffer cells and ex-
pression of profibrotic cytokines [59], thereby defining
DMN as a probate drug capable of inducing prototypical
profibrotic mechanism. However, DMN also has strong
mutagenic and carcinogenic properties. Therefore, the
analysis of underlying profibrotic mechanisms in this ex-
perimental model could be more complex because of
overlapping or even mutated signalling pathways.

Most studies still rely on the CCly-model to induce
toxic liver fibrosis in mice due to the good compara-
bility with the abundance of previous publications,
excellent reproducibility and moderate burden for the
animals. When administrating TAA, the application
mode should be carefully considered as i.p. application
results in strong injury (similar to CCly), while oral
feeding mimics mild hepatitis reflecting e.g. alcoholic
liver disease. The DMN model is especially attractive, if
the progression from fibrosis to cancer is within the
focus of interest.
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Animal models of metabolic liver injury

Nonalcoholic fatty liver disease (NAFLD) eventually
leading to nonalcoholic steatohepatitis (NASH) is the
most common chronic liver disease entity worldwide
[60,61]. Although NAFLD describes the accumulation of
simple fat inclusion in liver cells, NASH is characterized
by an additional intralobular inflammation and hepatocel-
lular ballooning. This eventually leads to fibrotic remo-
delling of the liver with the final risk of hepatocellular
carcinoma (HCC) development. Pathogenetically, NASH
can be considered the hepatic manifestation of the meta-
bolic syndrome, which is defined by the appearance of
central obesity, insulin resistance, glucose intolerance and
dyslipidaemia [60,61].

The development of fatty liver diseases is rather com-
plex (Figure 3). Day and colleagues previously stated the
‘two-hit’" hypothesis, which is considered the current
model for NAFLD/NASH pathogenesis [62]. The first hit
describes the development of steatosis in the liver based
on an enhanced production rate of long-chain fatty acids,
its impaired elimination due to impaired hepatic mito-
chondrial B-oxidation, as well as enhanced synthesis and
secretion of triglycerides in hepatocytes. Furthermore, fail-
ure of synthesis of very low-density lipoprotein (VLDL)
accounts for the development of steatosis. Steatotic livers
are more sensitive to the induction of inflammation by a
second pathogenic ‘hit’. This postulated second hit could
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be oxidative stress, TNF-a signalling, apoptosis or mito-
chondrial dysfunction [63,64]. In cases where the capacity
of mitochondrial oxidation is overwhelmed, alternative
pathways in peroxisomes and the endoplasmatic reticulum
obtain a more crucial role in hepatic fatty acid oxidation.
Metabolites of these minor pathways then become sources
of reactive oxygen species (ROS), which, as a result of the
hepatic fatty-acid overload, leads to increased hepatocyte
ROS content. In all cells and species, ROS overproduction
then exceeds the antioxidant capacities (for example, by
glutathione) of the cell, leading to nuclear and mitochon-
drial DNA damage, phospholipid membrane disruption
by lipid peroxidation and eventually the release of pro-
inflammatory cytokines [65,66]. ROS and metabolites of
lipid peroxidation subsequently promote cell death due to
damage of intracellular organelles and increased expres-
sion of the Fas ligand [65], which seems to be crucial for
further NASH pathogenesis. However, the Fas receptor is
usually sequestered by c-Met (the cellular receptor for
hepatocyte growth factor with tyrosine kinase activity);
thus Fas activation and the following induction of apop-
tosis is physiologically prevented. Interestingly, in cases of
NASH, the Fas ligand is produced in excess and the inhib-
ition through c-Met is restrained [67]. This in turn triggers
cell death and inflammation while NASH progresses.

As a consequence of the accumulation of lipid peroxi-
dation metabolites and ROS, as well as of the permanent
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Figure 3 Development of hepatic insulin resistance during nonalcoholic steatohepatitis. Nonalcoholic steatohepatitis (NASH) pathogenesis
and insulin resistance are based on the complex interplay between white fat tissue, hepatocytes and interfering inflammatory cells. A high-calorie
diet induces metabolic and inflammatory stress in white fat tissue cells, which in tumn releases free fatty acids in increasing amounts into the
portal blood flow. In the liver, insulin resistance is then promoted through the release of proinflammatory cytokines provided by infiltrating
inflammatory cells, which sustains the inflammatory response further. ER, endoplasmic reticulum; IL-6, interleukin 6; MCP-1, monocyte
chemoattractant protein 1; NFkB, nuclear factor kB; SOCS3, suppressor of cytokine signalling 3; TNF-a, tumour necrosis factor a.
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inflammatory response involving multiple cytokines
(TNF-a, IL-1p and IL-6) and an increase in TGF-B1 ex-
pression, HSCs become directly activated to produce
scar-forming collagen, and therefore liver fibrogenesis
develops. Additionally, free fatty acids induce the pro-
cessing and activation of caspase 1 in Kupffer cells and
hepatocytes, which promotes cleavage of IL-1 and there-
fore, ultimately, liver injury with a subsequent activation
of HSCs. Further collagen accumulation then maintains
the development of liver fibrosis, which can progress to
cirrhosis and end-stage liver disease, including HCC
development [68,69]. Although no animal model com-
pletely imitates the histology and pathophysiology of
human NASH, several adequate genetic and dietary
mouse models have been developed during the past few
decades. Herein we focus on three different dietary
models and one genetic model of NASH.

In the high-fat diet model of NASH, mice obtain 60%
to 71% of their energy intake from an animal chow with
special high-fat content, which is fed ad libitum. The re-
sults in this model may vary on the basis of the gender
and genetic background of the animals. Feeding male
mice a high-fat diet resulted in stronger hepatic lipid ac-
cumulation in Balb/C mice compared to C57BL/6] mice
[70]. High-fat dietary experiments in rats revealed the
development of steatohepatitis in Sprague-Dawley rats,
but not in Wistar rats [71,72]. Administration of a high-
fat diet results in enhanced plasma insulin levels, indi-
cating the development of insulin resistance, which is an
important attribute of the metabolic syndrome. Besides
panlobular steatosis and strongly enhanced hepatic lipid
content, increased transaminases and finally signs of hep-
atic inflammation and fibrosis were observed in rats after
4 weeks on a high-fat diet [71].

Almost 50 years ago, Lieber and DeCarli developed a
liquid diet containing alcohol in a nutritionally adequate
form for the study of alcohol-induced liver diseases [73].
However, this model induces only mild steatosis, slight
elevation of transaminases and little or no inflammation
in the absence of a secondary insult. Thus questions
remained regarding whether it could truly serve as a
model for the common problem of chronic alcohol in-
take and the subsequent development of liver diseases.
Therefore, the protocol has been modified to better meet
the needs of researchers interested in the investigation
of dietary liver injury [74,75].

Feeding mice with a methionine and choline-deficient
diet (MCD) leads to the development of steatosis and in-
flammation in the second week of treatment, which is
clearly more rapid compared to the high-fat diet model
[76,77]. The MCD diet contains 40% sucrose and 10%
fat. Methionine and choline play a major role in the syn-
thesis of phosphatidylcholine, which arranges the secre-
tion of hepatic triglycerides [78,79] and the transport of
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VLDL out of the liver. With MCD chow, stearoyl-
coenzyme A desaturase 1 (SCD-1), which is a key en-
zyme in the synthesis of triglycerides, is downregulated
[80]. Oxidative stress, as determined by enhanced levels
of enzymes of the P450 cytochrome system, in particular
CYP2E], and the improvement of steatohepatitis due to
increasing antioxidant capacities, as well as alterations in
cytokine and adipocytokine expression, also account for
progressive liver injury [81,82]. Together with depletion
of antioxidant factors such as glutathione, ROS promote
oxidative stress and induce steatohepatitis and enhanced
levels of TNF-a. An MCD diet induces stronger ROS
production, mitochondrial DNA damage and apoptotic
cell death compared to other dietary mouse models and
is therefore one of the best-established model for
NASH-associated inflammation. However, it also has
some disadvantages. The amount of liver injury due to
an MCD diet differs between mice and rats as well as
between strains. A detailed comparative analysis of fe-
male 8- to 10-week-old mice from seven different inbred
strains (A/], AKR/J, Balb/cJ, C57BL/6], DBA/2], C3H/
HeJ and 129X1/SvJwT), for example, revealed that the
different mice showed an overall variation in regard to
ALT, liver weight and liver fibrosis when fed an MCD
diet [83]. Similar results were more recently reported in
a study that compared chemokine (C-C motif) ligand 2
(Ccl2)-deficient mice on two different genetic back-
grounds (that is, Balb/C and C57BL/6]) [84].

In addition, it is known that males develop stronger
NASH attributes while showing less steatosis [85]. The
most severe disadvantage is that the metabolic profile of
the MCD model does not completely reflect all proper-
ties of NASH in humans. For instance, an MCD diet
leads to particular weight loss of the animal in line with
decreased plasma triglyceride and cholesterol levels. Be-
sides serum insulin, leptin and glucose levels are reduced
and adiponectin levels are unchanged or increased [81,86].
Strikingly little or no insulin resistance is present in this
model [87].

The administration of a solely choline-deficient (CD)
diet is an alternative for the induction of NASH. Cho-
line, as described above, is important for degradation of
VLDL and the secretion of triglycerides. A CD diet in-
duces steatosis, inflammation and fibrosis over a period
of 10 weeks. These mice exhibit no difference in body
weight compared to the control group, which stands in
clear contrast to mice fed an MCD diet [88]. In contrast,
mice fed a CD diet were insulin-resistant and had higher
plasma lipids compared to the MCD group, which, in
contrast, had stronger steatosis and inflammation [89]. A
CD diet supplemented with ethionine was then introduced
as a model for stronger NASH development (referred to
as the CDE model). The antimetabolite ethionine is a me-
thionine antagonist and is usually provided in drinking
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water. However, this additionally hampers hepatocyte pro-
liferation, making it a useful model for the study of hepatic
progenitor cells [90].

Other alternatives for reproducing NASH in animals
are genetically altered mouse models. One of the most
widely used genetic NASH animal models is the 0b/0b
(ob = obese) mouse lacking functional leptin. Of note,
leptin is an adipose tissue—derived hormone. These mice
become extremely obese, hyperphagic, inactive and
insulin-resistant, and they exhibit hyperglycaemia to-
gether with hyperinsulinemia and eventually develop
hepatic steatosis [91]. Thus, within these mice, charac-
teristic metabolic malfunctions clearly reflect NAFLD.
However, this does not progress to steatohepatitis spon-
taneously. Additional stimuli such as an MCD or high-
fat diet are therefore required [92,93]. Interestingly,
these mice are resistant to fibrosis, even when treated
with CCly or TAA, suggesting a crucial role of leptin in
hepatic fibrogenesis [86,94,95].

Taken together, NASH development is the result of a
complex sequence of metabolic, inflammatory and struc-
tural changes affecting liver physiology and function.
Dietary models and genetic modified animals can be
used to mimic changes appearing in human NAFLD and
NASH, although none of these disease models com-
pletely reflects the disease development in its entire as-
pect. Therefore, the decision for or against a certain
model should always be based on the particular aspect
that is the focus of the study. This implies that different
NASH models should be analysed in parallel to exclude
experimental pitfalls.

General aspects of liver fibrosis in animal models
Immunological mechanisms of fibrosis

Inflammation is found in virtually all types of liver disease,
and it has been recognized that persistent inflammation is
the key driver of progressive liver disease, characterized by
hepatitis, fibrogenesis, cirrhosis and hepatocellular carcin-
oma [96]. The immune reaction in the injured liver is a
highly regulated process involving the activation of resi-
dent hepatic immune cells, such as Kupffer cells, massive
infiltration of a variety of different immune effector cells,
such as monocytes and lymphocytes, as well as direct and
indirect interactions (for example, via cytokines or growth
factors) of parenchymal and nonparenchymal liver cells
with immune cells (Figure 4) [15]. In principle, two types
of initiation of immune responses can be distinguished. In
immune-initiated human liver diseases such as auto-
immune hepatitis, some types of drug-induced injury and
hepatitis B virus infection, activation of the immune sys-
tem, including the adaptive part of immunity, directly pro-
motes hepatotoxicity [97]. In all other cases, such as
nonalcoholic or alcoholic steatohepatitis, classical drug
hepatotoxicity or most cholestatic diseases, the injured
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liver (for example, necrotic or apoptotic hepatocytes) pro-
vokes the inflammatory reaction, largely involving innate
immune mechanisms [96]. Of course, these initiation path-
ways are not mutually exclusive, and, at advanced disease
stages, persistent injury and persistent inflammation are
too closely linked to distinguish cause and consequence.

From an immunological point of view, the classical
mouse models of liver injury mimic quite well the different
immunological aspects of liver disease. For instance,
immune-mediated initiation is responsible for liver dam-
age upon Concanavalin A injection into mice [98], but also
in new models for autoimmune hepatitis, in which
hepatocyte-specific expression of antigens and antigen-
directed T- and B-cell responses are achieved [99,100]. In
contrast, classical murine or rat fibrosis models, such as
CCl, administration, surgical BDL and a steatohepatitis-
inducing MCD diet, reliably provoke a defined inflamma-
tory response within the injured liver [101].

A recent study reporting the lack of analogous gene
array variations between human disease samples and
mouse models of three major inflammatory conditions——
sepsis, burns and trauma——has ra