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Preface to ”Cellular and Molecular Mechanisms

Underlying the Pathogenesis of Hepatic Fibrosis”

Liver fibrosis is an important chronic disease considered one of the leading causes of death 
worldwide. It is characterized by progressive accumulation of extracellular matrix in the liver which 
destroys the physiological architecture and results in functional impairments. Based on the high 
medical and economic burden associated with hepatic fibrosis and associated complications, there is 
an urgent need to understand the pathogenetic mechanisms of this disease and to improve present 
diagnostic and therapeutic options. Undoubtedly, the evolution of understanding the functional role 
of cells and mediators contributing to the progression and outcome of liver fibrogenesis has been 
remarkable during the last years. Nevertheless, well-accepted anti-fibrotic therapies are still missing.

Key issues, current perspectives, and novel experimental findings in liver fibrosis research were 
recently summarized by over 300 leading experts from 25 countries in a Special Issue of Cells 
entitled “Cellular and Molecular Mechanisms Underlying the Pathogenesis of Hepatic Fibrosis”. 
The respective collection of articles covers general mechanistic concepts of liver fibrosis, provide 
information about disease mediators, highlight important aspects relevant in disease progression and 
discuss therapeutic and diagnostic consequences resulting thereof.

The present book contains a small selection of 12 articles of the mentioned Special Issue. These 
reports  highlight different aspects of liver fibrosis research and exemplarily show how this 
fascinating discipline has made conceptual advances during the last years. They further document 
how basic researchers and clinicians work together in understanding the pathogenesis of hepatic 
fibrosis and how this knowledge can be used to establish novel therapeutic or diagnostic options.

I would like to thank all authors again for providing excellent and stimulating contributions 
to the mentioned Special Issue and this book project. Moreover, I would like to acknowledge the 
excellent and efficient work of the expert reviewers that helped in realizing this project by reviewing 
submissions in a timely, fair, and constructive manner.

I am grateful to the Multidisciplinary Digital Publishing Institute (MDPI), which enabled the 
Special issue and the production of this book.

At the end, I wish the reader of this book pleasant reading and hope that she/he will 
be inspired to download additional articles of the Special Issue that are freely available at: 
https://www.mdpi.com/journal/cells/special issues/hepatic fibrosis.

Ralf Weiskirchen

Special Issue Editor
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Abstract: Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in
Western countries with almost 25% affected adults worldwide. The growing public health burden is
getting evident when considering that NAFLD-related liver transplantations are predicted to almost
double within the next 20 years. Typically, hepatic alterations start with simple steatosis, which
easily progresses to more advanced stages such as nonalcoholic steatohepatitis (NASH), fibrosis
and cirrhosis. This course of disease finally leads to end-stage liver disease such as hepatocellular
carcinoma, which is associated with increased morbidity and mortality. Although clinical trials show
promising results, there is actually no pharmacological agent approved to treat NASH. Another
important problem associated with NASH is that presently the liver biopsy is still the gold standard
in diagnosis and for disease staging and grading. Because of its invasiveness, this technique is not
well accepted by patients and the method is prone to sampling error. Therefore, an urgent need exists
to find reliable, accurate and noninvasive biomarkers discriminating between different disease stages
or to develop innovative imaging techniques to quantify steatosis.

Keywords: nonalcoholic steatohepatitis; fibrosis; grading; staging; imaging; algorithms; scores;
biomarkers

1. Introduction

In the 1990s, nonalcoholic steatohepatitis (NASH) was considered to be a relatively uncommon
disease, only occurring in obese women with type 2 diabetes. Things changed quickly after a study
came up in 1996 describing NASH the second most commonly occurring liver disease in patients after
acute and chronic viral hepatitis infection [1]. Even more important for the field of NASH was a review
in 1998 highlighting that fibrosis and cirrhosis are complications associated with NASH in more than
15–50% of all cases [2]. In the same article, Day and James postulated the two-hit hypothesis according
to which the pathogenesis of NASH is initiated by a first hit predominantly caused by accumulating
lipids in hepatocytes leading to apoptosis of these cells and excessive oxidative stress. Steatosis then
sensitizes the liver to develop advanced NASH by a potential second hit driven by infiltrating immune
cells, which release inflammatory mediators such as cytokines. This shift to an inflammatory milieu
can finally lead to fibrotic tissue remodeling which can easily progress to end stage liver disease
such as cirrhosis and the development of hepatocellular carcinoma (HCC). Today, this hypothesis is
considered to be inadequate to explain the multiple and complex disease drivers to nonalcoholic fatty
liver disease (NAFLD). Lately the multiple-hit hypothesis is better framing the variable circumstances
implicating disease development and progression [3]. However, studies show that disease progression
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is not always linear and it is not fully clear who is more likely to progress to more advanced stages [4].
Considered as the hepatic manifestation of metabolic syndrome, NAFLD is in most cases associated
with type 2 diabetes and dyslipidemia (Figure 1) [5].

 

 

Figure 1. Risk factors, symptoms, diagnosis, and treatment of nonalcoholic liver disease. Predisposition
and disease progression in NAFLD/NASH is influenced by comorbidities [6], genetic determinants [7],
and environmental factors including drugs and toxins [8]. The range of resulting symptoms and
complication of NAFLD/NASH can vary from very mild to life-threating. Diagnosis and monitoring of
disease can be done by blood tests [9], liver function tests [10] and imaging [11]. However, a liver biopsy
should be performed based on an individualized decision and is still the gold standard in scoring and
grading of steatosis, inflammation, and fibrosis [12]. Although an ultimate therapy is still missing,
beneficial effects on NAFLD/NASH progression are energy restriction, lifestyle changes, improved
diets, and elevated physical activity [13]. In addition, in biopsy-proven NASH and fibrosis, medication
with antiglycemic drugs, insulin sensitizers, synbiotics, or compounds interfering with fat metabolism
or preventing oxidative stress have favorable effects on disease outcome [13,14]. Surgical procedures,
including bariatric surgery, to treat obesity and liver transplant after liver failure are extreme forms in
NAFLD/NASH treatment [15].

Taking the direct association with insulin resistance and obesity into account, NAFLD is a global
health burden with rising impact [16,17]. It is known that almost 25% of the global population is
affected by NAFLD and/or its complications, making it the most common chronic and progressive
liver disease especially in industrialized countries [18]. Models even predict a prevalence of NAFLD
in adults of more than 30% of the total population with around 20% being diagnosed as NASH.
Looking at these developments, calculations show that the incidence of HCC and NASH-related liver
transplantation will be doubled until 2030 [19–21].

Up-to-date weight loss and lifestyle changes are still the only possible ways to overcome NAFLD.
Regrettably, very few patients successfully achieve long term weight reduction. Therefore, there is an
urgent need for the development of a pharmacological treatment for patients with NASH and fibrosis.
NASH and fibrosis typically develop asymptomatic till they progress to end-stage liver disease at
which liver transplantation is the only cure available. At present, first guidelines consent to the use of
pioglitazone, vitamin E and pentoxifylline in patients with NASH to reduce steatosis, but they still
have many potential side-effects or have low efficiency [22–25]. Other agents such as obeticholic acid,
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cenicriviroc, elafibranor and selonsertib are actually in clinical trial phase III (Figure 2) [26]. Although
these various clinical trials show promising results to target NAFLD and NASH therapeutically, there
is no approved pharmacological treatment available yet [27–31].

Figure 2. Established compounds and drug candidates evaluated for the treatment of NAFLD/NASH
in clinical trial phase III. Pioglitazone (PPARγ agonist), vitamin E (antioxidant), pentoxifylline
(anti-tumor-necrosis factor-α (TNF-α) agent), Obeticholic acid (farnesoid X receptor antagonist),
cenicriviroc (CCR2/CCR5 inhibitor), elafibranor (PPARα/δ agonist), and selonsertib (ASK1 inhibitor)
have different molecular targets. The different biological activities of the drugs point to the complexity
of NAFLD/NASH, having a large variety of potential therapeutic drug targets. The depicted structures
were generated with the open source molecule viewer Jmol using data deposited in the PubChem
compound database with CIDs: 4829, 14985, 4740, 447715, 11285792, 9864881, and 71245288). For more
details about the biological activity of each drug refer to [32].

On the basis of different imaging techniques and the combination of clinical factors the presence
of NASH in an individual can be strongly suspected. However, the gold standard to diagnose NASH
is still an invasive liver biopsy [4]. This is not only less accepted and harmful to the patient, but also
often leading to late diagnoses at the point of end-stage liver disease due to the fact that NAFLD is in
most cases asymptomatic prior to the transition to NASH. In addition, not all researchers agree with
the view that there exists a necessity of differentiating by histology the so-called simply or benign fatty
liver from NASH. This is due to the fact that NAFLD may be less benign than it is currently thought to
be and that there exists a high degree of heterogeneity of NAFLD [33].
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Twenty to thirty percent of all NAFLD patients progress to NASH-fibrosis. Therefore, there is an
urgent need to find reliable noninvasive biomarkers and screening techniques to diagnose NAFLD
and NASH and monitor patients at an earlier time point at which lifestyle changes and potential newly
developed drugs can be used purposefully.

In addition, other less common conditions can cause similar clinical and histological
phenotypes like NAFLD and NASH [34]. There is common sense that the primary causes
for the development of NAFLD are obesity, type II diabetes, dyslipidemia, insulin resistance
and some genetic disorders [34]. However, there are other less common conditions in which
NAFLD is the consequence of secondary causes, including specific disorders of lipid metabolism
(abetalipoproteinemia, hypobetalipoproteinemia, familial combined hyperlipidemia, glycogen storage
disease, Weber–Christian syndrome, lipodystrophy), total parenteral nutrition, hepatitis C infection,
severe surgical weight loss, medications (amiodarone, tamoxifen, methotrexate, corticosteroids,
highly active antiretroviral therapy), starvation, Wilson’s disease, environmental toxicity, and celiac
disease [34].

Some other conditions associated with metabolic syndrome that can lead to NAFLD are the
obstructive sleep apnea syndrome (OSAS), polycystic ovary syndrome (PCOS), and non-obese NAFLD.
OSAS is a common sleep disorder, which is associated with chronic intermittent hypoxia and increased
proinflammatory cytokine production [35]. OSAS and obesity often coexist and the chronic hypoxia
induces hyperglycemia, insulin resistance, and hepatic lipid peroxidation, which are hallmarks of
the metabolic syndrome [35]. Similarly, PCOS is a frequent endocrine disease in women associated
with a number of metabolic consequences, including obesity, dyslipidemia, insulin resistance, type
2 diabetes, and low-grade inflammation [36]. Therefore, it is not surprising that PCOS patients are
prone to develop NAFLD. Interestingly, NAFLD can also occur in non-obese individuals. Although
these patients have a normal body mass index (BMI), they have metabolic abnormalities similar
to those characteristically associated with obesity [37]. Consequently, these normal weight or lean
individuals displaying obesity-related features are called metabolically obese but normal weight
(MONW) patients [37]. Although the pathways and pathophysiological mechanisms driving NAFLD
and NASH in non-obese persons are not completely understood, it is speculated that major risk factors
are dysfunctional fat, decreased muscle mass, genetic factors, different patterns of the gut microbiota,
and epigenetic changes occurring early in life [38].

To avoid diagnostic pitfalls in the distinction of NAFLD provoked by traditional risk factors of
metabolic disease and secondary causes of NAFLD, it is essential that clinicians comprehensively
evaluate the patient, because both conditions vary considerably and will require different therapeutic
regimens [34,39].

This review summarizes the current screening methods used to complement the overall appearance
of NAFLD/NASH and provides an outlook on potential upcoming candidates to replace the need of
taking liver biopsies.

2. Blood and Serum Tests

Liver biopsy is still the standard procedure to diagnose NASH. Besides the risk of complications
during surgery, it involves a lot of bias because only a little specimen of the liver is taken, which not
always represent the actual status of the entire liver [40]. This runs the risk to underestimate disease
severity in many cases [41]. Finding reliable biomarkers which can be measured with less or even
noninvasive techniques is therefore of urgent need.

However, NAFLD and NASH are complex multi factorial diseases and therefore no single
surrogate marker is likely to be omniscient to predict clinical outcome or benefits of a therapy. Despite
the fact that all biomarkers and scores have their limitations, interest is increasing rapidly in the use
of these markers to predict information about progression and outcome of the disease. Therefore,
respective surrogate biomarker and scores offered by the market should be used with much care
and limited to situations where it has been demonstrated robust ability in disease management.
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In addition, there is an urgent need to improve standardization in the usage of these operations.
On the other site, it is obvious that the surrogate markers can be extremely helpful when handled
correctly. This was very recently demonstrated in a study using telemedicine-based comprehensive,
continuous care intervention (CCl) together with carbohydrate restriction-induced ketosis and behavior
changes. The respective study showed that a NAFLD liver fat score (i.e., N-LFS) was reduced in
the CCl group, whereas it was not changed in a group of patients receiving usual care [42]. This
exemplarily demonstrates that surrogate markers can provide good measurement for the efficacy of a
specific therapy.

Here we will summarize blood and serum biomarkers, which are already available and discuss
their benefits and shortcomings in the diagnosis and management of NASH and NAFLD.

2.1. Steatosis

Hepatic steatosis is the key feature of NAFLD. Steatosis is diagnosed when more than 5% of
hepatocytes contain fat or when the total amount of intrahepatic triglycerides is bigger than 5.5%
without having any other liver disease in the patient’s history [23,24]. Today there is no specific serum
marker to assess hepatic steatosis available. However, several reproducible blood biomarker panels
and scores were developed to help diagnose NAFLD (Table 1).

Table 1. Blood biomarker panels to identify inflammatory liver disease.

Panel Parameters Included Reference

NAFLD ridge score ALT, HDL, cholesterol, triglycerides, HbA1c,
leukocyte count, hypertension [43,44]

NAFLD Liver Fat Score (NLFS) Liver fat content, metabolic syndrome, type 2
diabetes, AST, AST:ALT, fasting insulin level [45]

Hepatic Steatosis Index (HIS) AST:ALT, BMI, diabetes, sex [46]

Fatty liver index (FLI) BMI, waist circumference, triglycerides, γ-GT [47,48]

Lipid accumulation product (LAP)
index sex, triglycerides, weight circumference [49]

Fatty Liver Inhibition of
Progression (FLIP) algorithm histological steatosis, disease activity, fibrosis score [50]

CHeK score age, HbA1c, γ-GT, adiponectin, M30 [51]

NAFLD Fibrosis Score (NFS) AST:ALT, albumin, platelet count, age, BMI,
hyperglycemia (impaired fasting glucose) [52]

Fibrosis-4 Score (FIB-4) AST, ALT, platelet count, age [53]

AST to Platelet Ratio Index (APRI) AST:platelet count [54]

BARD Score BMI, AST:ALT, diabetes [55]

Enhanced Liver Fibrosis panel
(ELF) Age, TIMP-1, PIIINP, HA [56]

Hepascore bilirubin, γ-GT, HA, α2M, age, gender [57]

FibroTest-FibroSURE/ActiTest α2M, haptoglobin, γ-GT, total bilirubin,
apolipoprotein A1, ALT, age, gender [58]

FibroMeter NAFLD index
(FibroMeterVCTE)

platelet count, prothrombin index, ferritin, AST,
ALT, body weight, age, liver stiffness determined

by vibration controlled transient elastography
(VCTE)

[59,60]

Abbreviations used are: α2M, α2-macroglobulin; γ-GT, γ-glutamyltransferase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BMI, body mass index; HA, hyaluronic acid; HbA1c, glycated hemoglobin; HDL,
high-density lipoprotein; M30, antigen of the serum cytokeratin 18; PIIINP, amino-terminal propeptide of type III
procollagen; TIMP-1, tissue inhibitor of metalloproteinases 1.

Most of these multiparametric panels include biochemical markers indicating liver damage or
dysfunction (AST, ALT, bilirubin, γ-GT, platelet count, haptoglobin), lipid metabolism disorders
(cholesterol, triglycerides), diabetes (HbA1c, fasting insulin level), inflammation (α2M, ferritin), or
provide information about matrix expression and turnover (TIMP-1, PIIINP, HA) (Figure 3).
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Figure 3. Significance of laboratory parameters in the diagnosis NAFLD and NASH. In the scheme, the
biological source and alteration of individual biochemical markers during progression of NAFLD/NASH
are indicated. High caloric intake and elevated quantities of fat result in hepatic steatosis, triggering
steatohepatitis. The inflammatory response is triggered by infiltrating immune cells and liver-resident
Kupffer cells releasing a plenitude of inflammatory triggers. As a consequence, the expression
of acute phase response proteins (α2 macroglobulin (α2M) and ferritin) is increased in hepatocytes.
In addition, the increase of cholesterol and triglycerides provokes cellular fat accumulation, damage, and
cellular leakage of hepatocytes. This is indicated by elevated quantities of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), bilirubin, and γ-glutamyltransferase (γ-GT). Subsequently,
the overall capacity of these cells to synthesize typical liver proteins (haptoglobuin, thrombopoietin)
decreases. Lower quantities of thrombopoietin results in reduced formation of platelets within the bones.
Dysfunction of synovial lining cells (reduced capacity to degrade hyaluronic acid (HA)) and ongoing
fibrogenesis lead to elevated levels of HA. In addition, the transdifferentiation of hepatic stellate cells
(HSC) to myofibroblast (MFB) is associated with the occurrence of typical biomarkers (tissue inhibitor
of matrix metalloproteinase-1 (TIMP-1), amino-terminal propeptide of type III procollagen (PIIINP)),
which correlate to extracellular matrix formation and/or turnover. The metabolic syndrome associated
with NAFLD/NASH results in higher quantities of fasting insulin and basal glucose triggering the
non-enzymatic formation of glycated hemoglobin (HbA1c). All these parameters are diagnostically
relevant in the diagnosis or scoring of NAFLD/NASH and are the basis of various blood biomarker
panels to identify inflammatory liver disease.

With an AUROC (area under the receiver-operating characteristic curve) accuracy value of 0.87,
the NAFLD ridge score is currently one of the most efficient panel based on laboratory parameters.
The NAFLD ridge score was developed as a machine learning algorithm facilitating registry research.
It includes serum levels of alanine aminotransferase (ALT), high-density lipoprotein (HDL) cholesterol,
triglycerides, hemoglobin A1c (HbA1c), leukocyte count, and the presence of hypertension [43,44].
With proton magnetic resonance spectroscopy (H-MRS) as reference, the NAFLD ridge score has a
negative predictive value of 96%. However, this score is good to detect NAFLD but yet limited to the
research setting and does not give the opportunity to distinguish between different steatosis grades or
to assess changes during the development of steatosis over time.

A quantitative and by this more sensitive score to be calculated is the NAFLD Liver Fat Score
(NLFS). This score includes the measurement of the liver fat content as determined by H-MRS, the
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presence or absence of the metabolic syndrome together with type 2 diabetes mellitus, aspartate
aminotransferase (AST) levels, the AST:ALT ratio, and the fasting insulin serum level. With a sensitivity
of 86% and a specificity of 71% the NLFS defines a liver fat content of more than 5.56% [45]. A recent
study from Ruiz-Tovar and colleagues tested the accuracy of the NLFS in patients one year after
bariatric surgery and considered it to be the most accurate biochemical score to assess liver steatosis at
the moment [61]. The Hepatic Steatosis Index (HIS) also considers the AST/ALT ratio, BMI, diabetes
and sex and has a sensitivity of 66% and a specificity of 69% [46].

The fatty liver index (FLI) includes BMI, waist circumference and serum levels of triglycerides and
the γ-glutamyltransferase (γ-GT). It could be shown that the FLI significantly correlates with insulin
resistance [47,48]. The major drawback when rating HIS and FLI is that ultrasonography is used as the
reference standard to diagnose fatty liver. This technique is in general dependent on the operator and
thereby to some extent biased and insensitive if only mild steatosis is present. The lipid accumulation
product index (LAP) first established by Bedogni et al. takes into account sex, serum triglyceride levels
and weight circumference to evaluate lipid overaccumulation [49].

A comparison of the accuracy in predicting NAFLD in a cross-sectional NAFLD cohort showed
that NLFS is the best score to reliably predict NAFLD with an AUC of 0.771 [62]. Although the
presented scores are capable to indicate the presence of hepatic steatosis, there are several limitations
given. To be critically considered are the facts that using these indices it is not possible to distinguish
between different steatosis grades and detect and trace changes over time is not possible.

2.2. Steatohepatitis

The transition from simple hepatic steatosis to NASH is the most crucial step during the
development of severe liver disease with poor prognosis and the higher risk to get fibrosis and progress
to end-stage liver disease. Thus, the assessment of NASH and the possibility to distinguish between
the dynamic changes from NAFLD to NASH are ongoing challenges. Precise diagnosis still depends
on liver biopsy with huge variability between pathologists. For that reason, Bedossa et al. developed
the Fatty Liver Inhibition of Progression (FLIP) algorithm, which requires pathologists to follow
generalized criteria for scoring. The FLIP algorithm considers histologically steatosis, disease activity
and fibrosis scores [50]. Very recently, Canbay and colleagues established a novel machine learning
approach to assess the severity of NAFLD and distinguish between NAFLD and NASH. In this study
NAFLD was defined as the NAFLD activity score (NAS) ≤ 4 and NASH as NAS ≥ 4. With the help
of an ensemble feature selection approach (EFS) they identified age, HbA1c, γ-GT, adiponectin and
the apoptosis marker M30 to be the biomarkers highly associated with the prediction of NAFLD. The
developed CHeK score, which is available at http://CHek.heiderlab.de is not only able to detect NASH,
but also to monitor the development from NAFLD to NASH and can be used to screen patients in a
long-term follow up during disease progression or therapy [51].

Besides histological scoring, the development from NAFLD to NASH involves a variety of
different molecular, cellular and hormonal changes. Numerous blood biomarker and panels were
investigated and developed trying to detect and reflect disease severity and underlying pathways.
The apoptosis marker cytokeratin 18 (CK18) is a very well-studied individual blood biomarker so
far. NASH patients show a significant increase of plasma CK18 indicating hepatocyte death through
apoptosis and necroptosis compared to NAFLD patients [63]. CK18 is the main intermediate filament
protein in hepatocytes and is released upon the initiation of cell death [64]. While the whole length
CK18 is predominantly released upon hepatic necrosis, caspase cleaved CK18 (M30) is mainly produced
by apoptotic cells [65]. Although CK18 is considered to be one of the most promising biomarkers,
several studies showed that the sensitivity to predict NASH is 66%, while the specificity is 82% [66,67].
In addition, the ability of M30 to predict NASH and distinguish between NAFLD and NASH was
calculated as 0.82 [68]. To increase the reliability of CK18 as a noninvasive biomarker for NASH a
study shows that the combination with serum levels of the apoptosis-mediating surface antigen FAS
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(sFAS) further increases the accuracy [69]. However, the optimal cut-off serum concentrations still vary
between different studies and require further investigation.

NASH is predominantly characterized by pathological alterations in glucose and lipid metabolism.
These alterations include modifications in adipokines (such as leptin, adiponectin and resistin) and
liver-derived lipid hormones like the fibroblast growth factor 21 (FGF21), which is secreted upon
peroxisome proliferator-activated receptor-α (PPARα) activation [70,71]. FGF21 was found to be
significantly elevated in patients with mild to moderate hepatic steatosis. Serum levels were directly
linked to increased intrahepatic triglyceride accumulation and liver damage [72,73]. However, FGF21
is known to also increase in sepsis and systemic inflammation [74]. Further, adipokines were shown
also to reflect visceral adiposity leading to a moderate specificity value of 62% with a specificity of
78% [68]. Further studies even show a drop of FGF21 levels with increasing liver inflammation [75].

The most evident difference between simple steatosis and advanced steatohepatitis is the absence
of an inflammatory infiltrate. As a hallmark of NASH, a variety of inflammatory markers are elevated
in patients with NASH, while disease is progressing. Increasing serum levels of C-reactive protein
(CRP), tumor necrosis factor-α (TNF-α) and several interleukins such as, IL-6 and IL-8 were proposed as
clinical markers. Although, they all correlate with the observed inflammatory status in NASH, none of
them reached statistically significant values adjusted by the FDR on univariable analysis to be approved
as a diagnostic marker yet because of their insensitivity to NASH specific inflammatory changes.

Recently, the transcription factor forkhead box protein A (FOXA1), also known as hepatocyte
nuclear factor 3-α, was described as a potential new biomarker as it is involved in mediating homeostasis
and metabolism by targeting genes in liver, adipose tissue and pancreas [76]. Moya et al. could show
that FOXA1 acts anti-steatotic by lowering fatty acid uptake and is suppressed in patients with NAFLD
and insulin resistance [77]. Therefore, the authors proposed this protein as sensitive noninvasive
biomarker of liver fat accumulation, mitochondrial membrane potential and the production of reactive
oxygen species (ROS). The limitation coming along with using a transcription factor as biomarker is,
that FOXA1 is not secreted into the serum.

Oxidative stress, which is indicated by excessive ROS production, is one of the most important
mechanisms underlying the disease pathogenesis of NASH finally leading to lipid oxidation and
inflammation [78]. Based on changes in lipid catabolism and de novo lipogenesis the oxNASH score
was calculated including the linoleic acid:13-hydroxyoctadecadienoic acid (13-HODA) ratio together
with the patient characteristics age, BMI and AST level. This score reached diagnostic accuracy with
an AUROC 0.74–0.83 [79]. Because mass spectroscopy is needed for the measurement of the described
parameters, the oxNASH score is not commonly used today. In line with biomarkers targeting products,
which are secreted due to an altered lipid metabolism, insulin-like growth factor binding protein 1
(IGFBP-1) was recently suggested as a potential serum marker for NAFLD and NAFLD-related fibrosis.
It is exclusively upregulated in the liver in response to hepatic inflammation and oxidative stress
and regulated by insulin [80]. On this basis, Regué et al. could show that the global deletion of the
insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2 or IGF2 mRNA-binding protein 2,
IMP-2) lead to a resistance to obesity and fatty liver in mice treated with a high fat diet (HFD) due to
reduced adiposity [81]. A limitation of those markers is that elevations might be not exclusively related
to NAFLD-induced conditions, but also the metabolic syndrome and insulin resistance in general.
Anyhow this is an interesting starting point for future investigations also in regard to therapeutic
interventions and the understanding of the mechanisms that lead to steatosis.

The expression of ferritin is generally known to be increased in patients with NAFLD and
metabolic syndrome. It was further shown to be independently associated with increased steatosis
grades, NASH and NASH fibrosis with an AUROC of 0.62 [82,83]. This accuracy can be increased to
an AUROC of 0.81 when including AST, BMI, type 2 diabetes, presence or absence of hypertension
and platelet count to ferritin levels [84]. The broad and long-lasting search for novel biomarkers to
diagnose NASH, which are modestly accurate, show the multiple factors involved in NAFLD and
the complexity of disease mechanisms. To date the combination of several biomarkers drastically

8



Cells 2019, 8, 845

increases diagnostic preciseness. Especially for NASH, panels like the Nash Test (NT) include baseline
patient characteristics such as age, gender, height, weight and serum levels of triglycerides, cholesterol,
transaminases, total bilirubin, α2-macroglobulin, haptoglobin, apolipoprotein A1, γ-GT [85].

Overall, most of the actual biomarkers and panels need further validation on cohorts with patients,
including several different ethnicities and various starting points and outcomes. Up to now most
validation studies work with patients undergoing bariatric surgery. Also choosing the best cut-off
value for the specific serum markers is still not optimal. This points to the urgent need of basic research
studies to help better understanding the underlying mechanisms and key molecules involved in the
development of NAFLD and progression to NASH and end-stage liver disease.

2.3. Fibrosis

Studies show that the F2 stage of fibrosis is one of the most critical points in the progression
from NASH and NASH fibrosis to end-stage liver disease, making it a crucial step for therapeutic
intervention [86,87]. The risk of liver-specific mortality at stages F3 and F4 fibrosis is shown to increase
by 50–80%. Thus, diagnosis and monitoring patients with noninvasive strategies is a major focus of
actual research. Effective clinical NASH treatment is achieved when fibrosis progression is prevented
and/or fibrosis is improved.

Most biomarkers do not measure fibrogenesis or fibrinolysis directly. Thus, those indirect surrogate
markers show a low accuracy leading to the necessity of biomarker panels to improve their reliability
on the discrimination between different fibrosis stages. The most common scores that combine several
clinical parameters are the NAFLD Fibrosis Score (NFS), the Fibrosis-4 Score (FIB-4), the AST to Platelet
Ratio Index (APRI) and the BARD Score, which includes BMI, AST:ALT ratio and diabetes.

The NFS includes several generally measured parameters and is well-studied in regards to
its accuracy [45]. Simple online calculation of the respective score can be done free of charge at
http://www.nafldscore.com/. Taking into account the AST:ALT ratio, albumin, platelet count, age, BMI
and hyperglycemia, the NFS has a high predictive value, thereby avoiding the need of liver biopsy in
many patients [45]. Nevertheless, there are two different cutoff level described to either exclude or
diagnose advanced fibrosis. This is leading to the problem that patients who end up with scores in
between the two cutoff levels are not classified properly.

The FIB-4 index described in 2010 by McPherson et al. has an accuracy of AUROC 0.86 for
advanced fibrosis and relies on the AST, ALT, platelet count and age [53]. With a high negative
predictive value of more than 90% and a positive predictive value of 82% the FIB-4 index is one of
the reliable fibrosis scores to avoid liver fibrosis for diagnosis. Also, for the FIB-4 index there are two
different cutoff level, i.e., a score <1.45 for moderate and >3.25 for advanced fibrosis [88]. Both, the NFS
and FIB-4 scores have been shown to be capable to predict decompensation in patients with NAFLD
and NASH [89,90].

Modified by the diagnosis of chronic hepatitis C is the APRI index calculating the AST/platelet
ratio. Based on its simplicity to be calculated the APRI index has a comparably low accuracy with
AUROC 0.788 to predict advanced fibrosis but is highly feasible as few and very common markers are
used [54]. An online tool for calculating and interpretation of APRI index results can be found at: https:
//www.hepatitisc.uw.edu/go/evaluation-staging-monitoring/evaluation-staging/calculating-apri.

The BARD score, including the presence of type II diabetes, BMI and the AST:ALT ratio, comes
with an AUROC of 0.81 to detect F3 fibrosis. Developed by Harrison et al. in 2008, this score has a high
negative predictive value of 96% whereas the positive predictive value is modest [55].

Very recently the MACK-3 was proposed as a marker for fibrotic NASH. MACK-3 includes
the HOMA insulin resistance, AST and CK18 serum level. With an AUROC of 0.80 and a negative
predictive value of 100% for fibrotic NASH and 74% for active NASH MACK-3 seems to be a promising
score for future investigation and validation [91].

Taken together, the scores that are actually available still have only moderate sensitivity and
further investigation on noninvasive markers is urgently needed. Although all scores have comparable
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high negative predictive values and use common parameters measured during the general blood
work so that they are easy to calculate and are definitely useful to screen patients, which are at risk to
develop NAFLD related fibrosis and end-stage liver disease.

The measurement of specific fibrosis biomarkers in serum such as hyaluronic acid [92],
procollagen III amino-terminal peptide (PIIINP) type IV collagen [93], TIMP-1 (tissue inhibitor
of metalloproteinase 1) [94] or laminin [95] did not reach clinical routine, although they correlate with
NASH and fibrosis with AUROC ranging from 0.87 (for hyaluronic acid) to 0.97 (for TIMP-1) [96]. The
reason for that is most likely that measurement is cost-intensive and technically complex.

Further developments in the field combine different serum parameters in complex algorithms
such as the Enhanced Liver Fibrosis panel (ELF) [56], FibroTest/FibroSURE/ActiTest [58], FibroMeter
NAFLD index [59,60], Hepascore [57], and many others show very promising results to diagnose
and distinguish patients with F0-F2 fibrosis from those with F3-F4 fibrosis. Those algorithms have to
be validated in the clinics and have to be further developed and simplified to be able to make them
widely applicable.

For the validation of a new diagnostic test method, the STARD checklist (Standards of Reporting
of Diagnostic Accuracy Studies) was established and published by 13 journals in 2003 and modified
to also meet the criteria needed for the evaluation of liver fibrosis in 2015. This Liver-FibroSTARD
checklist should help to reach consent on the requirements for new noninvasive fibrosis markers [97,98].

However, it is obvious that the prediction of NASH severity by a noninvasive fibrosis marker,
score, a diagnostic test, or an algorithm incorporating a panel of biomarkers is not necessarily capable
of making a comprehensive statement of the disease outcome. Confounding factors, comorbidities, or
simple blood parameters can significantly impact the progression or overall outcome of NASH. This
was recently documented in a cross-sectional study in which 100 obese patients suffering from hepatic
steatosis were analyzed for the occurrence of atherosclerosis [99]. Interestingly, the authors found that
a lowered copper bioavailability is linked to atherosclerosis, which is the main complication of NAFLD.
In line, reduced hepatic copper concentrations were found in human NAFLD patients and associated
with higher degrees of hepatic steatosis in rats fed with low dietary copper [100].

3. Imaging

Although histological evaluation of liver biopsies and calculation of values that are based on
the determination of serum markers and measurement of body features are extremely helpful to get
information on inflammation and fibrosis, these methods have also some limitation. In particular, liver
biopsy is invasive, relative costly and associated with relevant biopsy-related complications including
bleeding, pain and infections. Moreover, it has been known for decades that the procedure has a high
inter-observer variability and may not be representative for the whole organ [101]. In addition, it
is impossible to apply liver biopsy to monitor changes in fibrosis stages because this would require
multiple repetition of the procedure. Similarly, single or combination of biomarker measurements,
which meet all the diagnostic criteria required for widespread, cost-effective, and reliable use are not
available. A major pitfall in all these measurements is that the evaluation of any new biomarker is
hindered by the lack of reference tests and the inter-technique analytical variability and performance
of individual parameters. Therefore, individual biomarkers or multiparametic panels of biomarkers
have reached only limited clinical application. Imaging techniques, providing direct information
about the health status of the liver, have therefore emerged as attractive alternatives to assess steatosis,
steatohepatitis, fibrosis, cirrhosis or hepatic cancer. In the following we will briefly summarize of
imaging-based methods for diagnosing NASH and NAFLD.

3.1. Ultrasound

Historically, the first report on using ultrasonography as a diagnostic tool in hepatic steatosis and
steatohepatitis was published in 1981, in which patients suffering from alcohol-related disease were
analyzed for parenchymal alterations, fatty infiltration, dilatation of hepatic veins and ascites [102].
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Later studies have shown that the sensitivity of this radiologic modality is somewhat limited when
the content of hepatic steatosis is below a certain threshold [103]. However, by use of this imaging
technique, it was demonstrated in a prospective study investigating a cohort of 400 patients that the
overall prevalence of NAFLD and NASH is significantly higher than originally estimated [104]. Based
on these findings, the method is a significant diagnostic add-on for screening of patients at risk for
NAFLD and NASH, in particular when liver enzymes are elevated. In line with this assumption, a very
recent descriptive, cross-sectional study categorizing 109 patients into different grades of NAFLD by
ultrasonography showed that ultrasound is still an important, cheap, and easy-to-use imaging tool for
the diagnosis and grading of fatty liver diseases [105]. In addition, the authors could demonstrate that
ultrasound is ideally suited to manage patients with fatty liver in follow-ups, because of its significant
association with deranged lipid profiles and the lack of any side effects.

Contrast-enhanced ultrasound (CEUS) allowing to monitor not only qualitatively, but also
quantitative analysis of lesion microcirculation has helped to establish diagnostic procedures for
detection of focal and diffuse liver pathologies and to assess a differential diagnosis between benign
and malignant liver lesions [106].

3.2. Ultrasound-Based Elastography Techniques

In 2005, it was demonstrated that the propagation and velocity of low-frequency pulsed shear
waves in real time in biological tissue is directly correlated to the amount of extracellular matrix [107].
Respective methods relying on the velocity of shear waves, introduced as “transient elastography”,
“vibration-controlled transient elastography (VCTE)” or “real-time shear wave elastography (SWE)”
are particularly suited to detect liver cirrhosis by high stiffness in which it has a diagnostic specificity
of 99% [108]. It is noteworthy, that a VCTE device such as the FibroScan introduced by Echosens
SA can be performed as a point-of-care (POCT) test at the place of patient care enabling test results
to be immediately shared instantly with care providers or patients. Unfortunately, the device has
potential technical limitations in patients suffering from ascites, high quantities of chest wall fat, and in
individuals who are morbidly obese [109].

In acoustic radiation force impulse elastography (ARFI) measuring beam passes over a
standardized region of interest of the liver, obesity as defined by a BMI of larger 30 kg/m2 or
ascites are not considered obstacles [110]. However, ARFI imaging was found to have a poor diagnostic
performance in patients with BMI larger than 35 kg/m2 [111]. Other ultrasound real-time imaging
modalities for soft tissue elasticity mapping are SWE or supersonic shear imaging (SSI) [104]. In these
measurements, the propagation of the waves is stored in small video clips from which the elasticity
of the analyzed tissue can be mapped quantitatively [112]. Although, these methods have good to
excellent performance for the noninvasive staging of fibrosis in hepatitis B infected patients, data on
other liver disease cohorts are still needs to be established [113].

However, in some disease conditions, the combination of elastography techniques with special
NAFLD scores composed of simple measures of patient characteristics and clinical chemistry parameters
increase the overall accuracy in assessment of clinically significant liver fibrosis in NAFLD [114]. The
combination of various methods is therefore potentially relevant to better identify patients in which a
liver biopsy is appropriately indicated.

3.3. Controlled Attenuation Parameter

The controlled attenuation parameter (CAP) was developed specifically for the FibroScan device
to allow detection of hepatic steatosis in patients with about 10% of fatty hepatocyte degeneration
without being influenced by liver fibrosis or cirrhosis. This threshold is clinically highly relevant
because the diagnosis of steatosis is generally made when hepatic lipid content exceeds 5–10% by
weight [115]. A significant correlation of the CAP signal and steatosis was first demonstrated in
2010 [116]. This study showed that CAP can efficiently separate grades of steatosis with AUROC
values of 0.91 and 0.95 for the detection of more than 10% and 33% of steatosis. However, although
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these characteristics are diagnostically promising, it should be critically mentioned that CAP increases
after a meal across all stages of fibrosis, potentially leading to misclassification of patients when the
operator does not adhere to preanalytical necessities [117].

3.4. Magnetic Resonance Imaging in NASH and NAFLD

Magnetic resonance imaging (MRI) provides another possibility to quantify hepatic fat content
with high spatial resolution. Like the other imaging techniques mentioned before, MRI scans do
not require or emit ionizing radiation. However, the generation of meaningful MRI images in
high resolution requires long imaging times that can be shortened by intravenous administration of
gadolinium(III)-based contrast agents [11]. Advanced MRI techniques such as MRI proton density fat
fraction (MRI-PDFF) were developed to specifically detect the presence of hepatic steatosis and to assess
liver fat over the entire liver [118]. In this analysis, the PDFF is given as an absolute percentage ranging
from 0% to 100% and defined as the ratio of density of mobile protons from fat (i.e., triglycerides)
and the total density of protons from mobile triglycerides and mobile water [119]. Based on its
robustness, practicability, reproducibility PDFF was proposed as the best-suited quantitative MR-based
quantitative MR-based biomarker of tissue fat concentration for large-scale research endeavors and
widespread clinical implementation [120]. Several independent studies analyzing NAFLD patients
showed that MRP-PDFF performed better than CAP for diagnosing all stages of steatosis and had an
overall better diagnostic accuracy [121–123].

3.5. Magnetic Resonance Elastography

A meta-analysis including retrospective studies showed that magnetic resonance elastography
(MRE) is particularly useful to determine liver stiffness and has high accuracy for the diagnosis of
significant or advanced fibrosis and cirrhosis [124]. Therefore, this imaging modality may be highly
suitable to detect progression and treatment response in patients with chronic liver disease. This
imaging technique is complementary to ultrasound-based elastography techniques and is highly
accurate in diagnosing advances fibrosis in patients suffering from NAFLD [125]. This was documented
in a prospective study in which the accuracy of 3D-MRE and 2D-MRE was compared in a cohort of
100 consecutive patients with biopsy-proven NAFLD [126]. This study further revealed that 3D-MRE
is significantly more accurate than 2D-MRE for diagnosis of advanced fibrosis in NAFLD patients.

MRE was also found to be more accurate than ultrasound-based transient elastography in a
cross-sectional study of more than 100 NAFLD patients in which fibrosis were detected with an
AUROC of 0.82 (95% confidence interval, 0.74–0.91) [122]. Also, for classification of steatosis and
necroinflammtory activity, MRE showed higher diagnostic performance than transient elastography in
patients with NAFLD [121,127].

4. Genetic Tests

Genome wide association studies increased our knowledge and understanding of genetic and
genomic alterations and components during NASH development and progression leading to the
identification of several potential target genes, not only for therapeutic intervention, but also for
the prediction of risk patients. The most abundant alterations are genetic variations in form of
single nucleotide polymorphisms (SNPs). As very common alterations in NASH variants of the
genes encoding patatin-like phospholipase domain-containing protein 2 (PNPLA3), transmembrane 6
superfamily member 2 (TM6SF2), membrane-bound O-acetyltransferase domain-containing protein 7
(MBOAT7) and glucokinase regulatory protein (GCKR) were identified. These genes are spread across
the human genome (Figure 4).
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Figure 4. Gene alterations in NASH. Gene alterations/modifications associated with the pathogenesis of
NASH affect the GCKR, TM6SF2, PNPLA3, and MBOAT7 genes. The chromosomal location of respective
genes is depicted in the ideogram. Gene annotations were done with the Genome Decoration Page
(https://www.ncbi.nlm.nih.gov/genome/tools/gdp) and genomic coordinates deposited in the Online
Mendelian Inheritance in Man (OMIM) database under accession no. 609567 (PNPLA3, 22q13.31),
606563 (TM6SF2, 19p13.11), 606048 (MBOAT7, 19q13.42), and 600842 (GCKR, 2p23.3).

The patatine-like phospholipase domain-containing protein 3 gene (PNPLA3) encodes for the
triacylglycerol lipase adiponutrin that mediates the hydrolysis of triacylglycerol in adipocytes and
hepatocytes. One of the most abundant DNA sequence variations associated with NAFLD and NASH
is the isoleucine to methionine substitution in the PNPLA3 gene at position 148 (PNPLA3-148M
variant) [128,129]. This leads to a loss-of-function ending up in the accumulation of mutated 148M in
hepatocytes and hepatic stellate cells where it further leads to the malignant storage of triglycerides [130].
Respective patients that are homozygous and carrying this variant have a tenfold increased risk to
develop NAFLD-related HCC.

Transmembrane 6 superfamily member 2 (TM6SF2) is generally expressed in the liver and in
the small intestine. It regulates the secretion of triglycerides and the content of lipid droplets as it is
involved in VLDL (very low-density lipoprotein) secretion. The most frequent SNP is known in the
TM6SF2 gene is the E167K variant. This polymorphism is a loss-of-function mutation triggered by the
replacement of glutamic acid by lysine at position 167. This mutation leads to the accumulation of
triglycerides in hepatocytes and at the same time lowers the systemic lipoprotein levels [131].

A mutation leading to the replacement of cysteine by threonine is a common variant within the
membrane bound O-acyltransferase domain-containing 7 (MBOAT7) gene. Recent investigations
link this variant with a decrease in systemic and intrahepatic phosphatidyl-inositol containing
arachidonic acid, thereby leading to an increased risk of getting NAFLD, NASH, and related end-stage
liver diseases [132]. Another genetic variant, which was shown to be directly associated with the
development of NAFLD by influencing the regulation of de novo lipogenesis and hepatic glucose
uptake is the P446L mutation in the GCKR gene encoding for the glucokinase regulatory protein [133].

Besides those mentioned above, further genome-wide analysis show other gene variants associated
with a higher risk of developing NAFLD and progress to related end-stage diseases. In this context,
genetic polymorphisms of ethanol metabolizing enzymes (e.g., alcohol dehydrogenase) and cytochrome
p450 2E1 (CYP2E1) activation triggering oxidative biotransformation and ROS formation, which is
relevant in generating lipid peroxides, and their interference with the outcome of alcohol-induced liver
disease and NASH has been discussed [134]. In particular, there are several clinical studies showing
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that alterations in CYP2E1 activity are observed under various conditions, including obesity rendering
respective persons more susceptible to liver injury [134,135]. Getting more knowledge about the exact
effects influenced by those gene variations can be beneficial in the development of new therapeutic
options and drug targets to treat NASH in the future.

More recently, several exploratory studies conducted in preclinical models identified circulating
levels of non-coding RNA (ncRNA) such as microRNA and long ncRNA (lncRNA) to be associated
with the pathogenesis and progression of various liver diseases [136]. In particular, several microRNAs
representing a new class of highly conserved small non-coding RNA were shown to be critically
involved in the regulation of complex gene networks in almost all acute and chronic liver disease [137].
As an example, profiling in diet-induced NASH progression and regression models identified the
upregulation of a signature composed of six defined microRNA in NASH mice that allowed accurate
distinguishing of NASH from lean mice [138]. However, in view of the large number of reported
preclinical studies on miRNA, only a few have entered clinical trials and precise information about
their diagnostic and prognostic value for human liver disease is still missing.

5. Screening for NAFLD and NASH

Identification of pre-symptomatic individuals or patients at risk would be the best to enable earlier
disease intervention and management. There is a large number of early signs or symptoms indicating
the onset of NAFLD, including central obesity, elevated serum triglyceride, and impaired fasting
glucose. In addition, anorexia, nausea, vomiting, malaise, headache, or even epigastric and right
upper quadrant abdominal pain, mild jaundice, and thrombocytopenia can already hint to initiation
of NAFLD. Therefore, it was proposed that the potential of simple steatosis to progress into severe
NAFLD necessitates timely detection of risk stratification in community-based healthcare settings [139].
However, despite multiple research reports demonstrating amazing promises, most of the proposed
early protein or nucleic acid biomarkers are presently characterized by low sensitivity, low stability, and
limited specificity [139]. In addition, screening programs, analyzing diagnostic panels are costly. Last
but not least, NAFLD may be less benign than currently thought [33]. Therefore, there are limitations
in defining diagnostic starting points for the management of prodomic phases of NAFLD. This is
potentially the reason, why Scientific Societies such as the American Association for the Study of Liver
Diseases (AASLD), the European Association for the Study of Liver Diseases (EASL), the National
Institute for Health and Care Excellence (NICE), and the Asia-Pacific Working Party do not support a
NAFLD screening program or only recommend screening programs in high-risk groups [140].

6. Other Factors in NAFLD and NASH

Most recently, first reports described that exosomes carrying a variety of cargoes, including
proteins, fats, and various kinds of nucleic acids (mRNAs, microRNAs, other noncoding RNAs) have
fundamental implications in liver pathobiology [141–144]. Although the precise mechanisms by which
they contribute to NAFLD and NASH are still somewhat enigmatic, there are first reports proposing
defined exosomal microRNAs such as miR-192 released from injured hepatocytes as potential new
biomarkers to evaluate the progression from simple steatosis to NASH [145]. First encouraging studies
have generated significant interest in exosomes as targets for biomarkers development [144].

Other researchers focus on potential roles of the adipose tissue in NAFLD. In particular, adipose
tissue macrophages were proposed as key players in NAFLD [146]. There is a general consensus
that a large set of signaling molecules such as lipids, microRNAs, adipokines and immune-related
compounds are released from adipose tissue into the portal vein triggering hepatic inflammation [146].
In particular, the release of fatty acids from dysfunctional adipocytes results in liver parenchymal cell
toxicity, which causes the ectopic accumulation of triglyceride-derived toxic metabolites increasing the
activity of inflammatory pathways [147]. However, all these mechanisms are presently only partially
understood and the impact of different macrophage phenotypes on the formation of NAFLD and
NASH needs additional studies.
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Another recent focus discussed in NAFLD and NASH research is the occurrence of quantitative
and qualitative changes of the intestinal flora. Such a dysbiosis can result from altered food
metabolism, intoxication, or increased permeability of the intestinal barrier. There is nowadays
increasing evidence suggesting a critical role for the gut microbiome in the pathogenesis of obesity
and metabolic syndrome [148]. The gut microbiota contributes to liver steatosis by modulating the
uptake, bio-processing, fermentation, and synthesis of several effector molecules such as short-chain
fatty acids, bile acids, cholines, and many other substances [149]. Moreover, it is intensively discussed
at present if the microbiome composition can be used as a biomarker to differentiate between NAFLD
and NASH [148]. However, standardized test systems or microbiota-targeted personalized treatment
approaches for NAFLD and NASH are still not available.

7. Conclusions

Worldwide, NAFLD and NASH as well as NAFLD-related diseases (OSAS, PCOS, non-obese
NAFLD), have emerged as leading causes of chronic liver disease in the last decades. The pathogenesis
of respective diseases is complex and influenced by genetic factors, patients’ characteristics, and
a variety of risk factors. Although the factors and involved pathways triggering initiating and
progression of NAFLD and NASH are reasonably well known, there is an urgent clinical need to
establish reliable, noninvasive biomarkers, tests or algorithms that avoid the need of liver biopsy and
allow to differentiate between disease stages. During the last decades, a great variety of multiparametric
panels and parameter combinations (NFLS, HIS, FLI, LAP index, FLIP, CHeK, NFS, APRI, BARD,
ELF, Hepascore) taking into account serum markers (e.g., ALT, AST, bilirubin, Hb1Ac, HDL, α2M,
platelet counts), patient characteristics (sex, gender, BMI), or comorbidities (diabetes) were established.
However, all these diagnostic panels have limitations and alone are not suitable to replace liver biopsy.
Nowadays, high-resolution imaging modalities such as ultrasound, MRI, elastography, and CAP have
been established. Several of these techniques, such as MRI-PDFF, which can specifically detect the
presence of hepatic steatosis and assess liver fat over the entire liver, might be useful to substitute
biopsies and greatly assist the objective follow-up of therapeutic trials. Finally, liver-derived exosomes
released into the systemic circulation and toxic lipids are in focus as targets for biomarkers development
in liquid liver biopsies.
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Abstract: During chronic liver injury, hepatic stellate cells (HSC) undergo activation and are the
principal cellular source of collagenous scar. In this study, we found that activation of mouse HSC
(mHSC) was associated with a 4.5-fold increase in extracellular vesicle (EV) production and that
fibrogenic gene expression (CCN2, Col1a1) was suppressed in Passage 1 (P1; activated) mHSC exposed
to EVs from Day 4 (D4; relatively quiescent) mHSC but not to EVs from P1 mHSC. Conversely, gene
expression (CCN2, Col1a1, αSMA) in D4 mHSC was stimulated by EVs from P1 mHSC but not by
EVs from D4 mHSC. EVs from Day 4 mHSC contained only 46 proteins in which histones and keratins
predominated, while EVs from P1 mHSC contained 337 proteins and these were principally associated
with extracellular spaces or matrix, proteasome, collagens, vesicular transport, metabolic enzymes,
ribosomes and chaperones. EVs from the activated LX-2 human HSC (hHSC) line also promoted
fibrogenic gene expression in D4 mHSC in vitro and contained 524 proteins, many of which shared
identity or had functional overlap with those in P1 mHSC EVs. The activation-associated changes in
production, function and protein content of EVs from HSC likely contribute to the regulation of HSC
function in vivo and to the fine-tuning of fibrogenic pathways in the liver.

Keywords: extracellular vesicle; hepatic stellate cell; hepatic fibrosis; exosome; microvesicle; liver

1. Introduction

Hepatic fibrosis is the result of chronic liver injury and is characterized by the deposition of
collagen and other insoluble extracellular matrix components [1]. The major fibrosis-causing cells
in the liver are hepatic stellate cells (HSC) that reside in the Space of Disse [1–3]. Under normal
conditions, HSC are quiescent pericyte-like cells that store large amounts of vitamin A in cytoplasmic
lipid droplets. However, in response to liver injury. HSC undergo a phenotypic activation whereby
they become contractile collagen-producing myofibroblasts that function either transiently in acute
injury to produce a provisional matrix that supports hepatocyte repopulation or persistently in chronic
injury to unrelentingly produce fibrotic material that causes scarring and exacerbates impaired liver
function. These properties arise due to increased production and/or response by HSC of molecules
involved in fibrogenesis, survival and inflammation [4]. The central role of HSC in fibrosis has spawned
intense effort to target either key molecular mediators of fibrosis or the activated cells themselves
(e.g., using cytotoxic agents) in a quest to develop new therapies for liver fibrosis [5,6]. While hepatic
fibrosis is a major cause of morbidity and mortality and is a significant contributing factor to cirrhosis,
which accounts for 32,000 deaths in the US and more than 1 million deaths globally each year [7], there
is a severe lack of approved anti-fibrotics for improving patient outcomes [8,9]. Rational therapeutic
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strategies are being developed by leveraging our knowledge of the molecular mechanisms that regulate
fibrosis and this has already led to the identification of a considerable number and variety of targets
that are at various stages of pre-clinical or clinical testing [10,11]. Success in this area may most likely
be achieved by combining anti-fibrotic strategies with other modalities that target hepatocyte injury or
inflammation [10,12], but even so will require diligent design of clinical trials that have historically
been vexed with difficulties and setbacks for reasons that include differences in fibrosis reversibility
between humans and animal models, role of genetic background on fibrosis penetrance, protracted
time-course of fibrosis development and influence of disease etiology on drug effectiveness [10,13,14].
Continued research of HSC biology is necessary to improve our understanding of the cellular and
molecular aspects of fibrosis and to optimize development of new therapeutic options.

The biological activities of HSC occur as a result of their orchestrated interactions with other cells
in the liver [12,15]. Recently, a new hepatic signaling network has been identified that involves the
shuttling of molecular information between different liver cells by extracellular vesicles (EVs) [16–20].
EVs are membranous nanovesicles (50–500 nm) that comprise principally exosomes and microvesicles
which are liberated from cells by, respectively, fusion of multivesicular bodies with the plasma
membrane or budding off from the plasma membrane [21,22]. Despite many early reports that
exosomes and microvesicles can be distinguished by size and/or the presence of marker proteins, it has
recently been emphasized [23] that these features do not allow such discrimination. Thus, the use of
the terms “exosome” or “microvesicle” firstly infers knowledge of specific EV biogenetic pathways
that are extremely difficult to ascertain given current tools and technical limitations and, secondly, fails
to take into account the innate heterogeneity of EVs in biological samples. Accordingly, since current
recommendations for operationally defining EVs include reference to the cell of origin [23], in this report
we have used “EVs from HSC” or ‘HSC EVs” to describe the population of EVs that we recovered from
HSC-conditioned culture medium using the stated enrichment methods. Irrespective of the precise EV
subtypes involved, accumulating data suggest that a complex EV network exists in the liver whereby
quiescent or activated HSC exchange EV cargo molecules (proteins, mRNAs, microRNAs) with one
another or with cells such as hepatocytes or liver sinusoidal endothelial cells [24–32]. This bi-directional
molecular transfer ensures that normal homeostatic functions or injury-associated responses in the
liver are fine-tuned and synchronized at the cellular level.

An area of growing interest is the manner in which the EV cargo content varies according to
the phenotypic status of their cells of origin. In view of the highly distinct functions of quiescent
versus activated HSC, we hypothesized that the EVs from these cells exhibit fundamental differences
in their biological properties and/or molecular payload. In this report we provide evidence for such
differences in terms of their respective actions on cultured HSC and their protein cargo as assessed
by mass spectrometry and proteomic analysis. We also provide a comparative proteomic analysis of
EVs from activated mouse and human HSC and show substantial overlap in their constituent protein
content and their predicted functional roles.

2. Material and Methods

2.1. Animals and Primary Mouse HSC (mHSC) Culture

Animal procedures were conducted using protocol 04504AR approved by the Institutional Animal
Care and use Committee of the Research Institute at Nationwide Children’s Hospital (Columbus, OH,
USA). Mouse HSC (mHSC) isolation was accomplished using standard procedures. Briefly, wild-type
male Swiss Webster mice (4–5 wks old; n = 5) underwent systemic perfusion with 20–30 mL HBSS
under deep anesthesia followed by two steps of perfusion with 15 mL Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 2 mg/mL pronase or 0.5 mg/mL collagenase I, respectively. After this
40 min perfusion technique, livers were removed, diced with scissors and digested in 0.33 mg/mL
pronase and 166 U/mL DNase I in DMEM at 37 ◦C for 10 min. mHSC were collected by Optiprep
density centrifugation, counted using a hemocytometer, and plated at 106 cells/mL in DMEM/F12
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medium containing 20% fetal bovine serum for 1 h. For short-term culture, primary mHSC were
switched to serum-free HycloneTM SFM4MegaVir medium (Thermo Fisher Scientific, Waltham, MA,
USA) one day after initial seeding and the medium was collected 3 days later (i.e., on Day 4) for
EV isolation. For long-term culture, the medium on Day 1 primary mHSC was replaced with fresh
DMEM/F12/fetal bovine serum (FBS) and the cells were cultured until Day 10 whereupon they were
split 1:5 and the resulting passage 1 (P1) cells were grown in DMEM/F12/FBS cells for 5 days. On Day
15, the medium was removed and replaced with SFM4MegaVir medium which was then collected 2
days later (i.e., on Day 17) for EV isolation.

2.2. Mouse HSC Characterization

D4 or P1 mHSC cultures were analyzed for auto-fluorescence upon excitation at 405 nm and
emission at 450 nm to detect vitamin A-positive oil droplets using a LSM 510 confocal microscope
(Carl Zeiss Microscopy Inc., Thornwood, NY, USA) and the incidence of positive cells was established
by comparison to the number of cells observed with the same instrument by bright field microscopy.
mHSC were fixed with 4% paraformaldehyde for 15 min at room temperature and incubated with
anti-αSMA (1:500; Invitrogen, Waltham MA) or anti-reelin (1:200; R&D Systems, Minneapolis, MN,
USA) for 1 h and developed with, respectively, Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) or
Alexa Fluor 568 donkey anti-goat IgG (Invitrogen). The frequency of αSMA- or reelin positive cells
was determined by comparison to the number of cells that were positive for DAPI nuclear staining
Quantitative real time polymerase chain reaction (qRT-PCR) was used to evaluate gene expression in
primary mHSC within 4 days of plating or after passage to P1 as described below.

2.3. Human LX-2 CELLS

The human HSC (hHSC) line, LX-2, (a kind gift from Dr Scott Friedman, Icahn School of Medicine
at Mount Sinai, New York, NY, USA) was cultured in DMEM/10% FBS. Cells were seeded at 107

cells/mL and allowed to grow to 90% confluency. For harvesting of EVs, spent medium was removed
and replaced with serum-free DMEM which was then collected 2 days later.

2.4. EV Isolation

EVs from primary mHSC or human LX-2 hHSC were enriched from their respective serum-free
conditioned media by sequential centrifugation of the supernatant obtained after 300× g for 15 min,
2000× g for 20 min, 10,000× g for 30 min and ultracentrifugation at 100,000× g for 70 min at 4 ◦C (T-70 i
fixed-angle rotor; Beckman Coulter, Brea, CA, US, USA). The pellet from the latter step was dispersed
in phosphate-buffered saline (PBS) and underwent a repeat round of ultracentrifugation. The use of
differential ultracentrifugation is consistent with current recommendations for EV enrichment and is
the technique most commonly used by researchers for primary EV separation and concentration [23].
The resulting pellet was dispersed in PBS and the constituent EVs were characterized as described below.

2.5. Nanoparticle Tracking Analysis (NTA)

A Nanosight 300 instrument (Malvern Instruments, Westborough, MA) was calibrated with 100
nm polystyrene latex microspheres (Magsphere Inc., Pasadena, CA, USA) and used to analyze HSC EVs
that were diluted to 107–108 particles/mL in PBS. Each EV sample was analyzed in duplicate and mean
particle concentration and size were estimated with v3.2 analytical software (Malvern Instruments).
Recordings were performed at room temperature with a camera gain of 15 and a shutter speed of
4.13 ms. The detection threshold was set to 6.

2.6. Western Blotting

Proteins were detergent-extracted from EVs and subjected to sodium dodecyl polyacrylamide
gel electrophoresis (SDS-PAGE; 10 μg/lane) and transferred to nitrocellulose membrane for Western
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blot detection using antibodies to CD9 (1:500; Abcam, Cambridge, MA, USA), flotillin-1 (1:200; BD
Biosciences, San Jose, CA, USA), Tsg101 (1:500; Thermo Fisher Scientific), fibronectin (FN1) (1:1000;
Abcam), FN1 EDA domain (1:250; Sirius Biotech, Genoa, Italy), FN1 EDB domain (1:100; Sirius Biotech),
pan-keratin (1:500; Cell Signaling Technology, Danvers, MA, USA), proteasome subunit alpha type-6
(PSMA6, 1:500; ABclonal Inc, Woburn, MA, USA) or ribosomal protein S27a (RPS27A, 1:500; ABclonal).
Blots were developed using IRDye 800 CW secondary antibodies (LI-COR Biosciences, Lincoln, NE,
USA) in conjunction with Odyssey CLx Imaging (LI-COR Biosciences).

2.7. Gene Expression in HSC

Gene expression was evaluated in primary mHSC on Day 4 or after passage to P1. To assess EV
bioactivity, D4 or P1 mHSC were switched overnight to medium containing 2% exosome-depleted
serum and then treated for 48 h with 8 μg/mL EV from D4 mHSC, P4 mHSC, or LX-2 hHSC. Total
RNA was extracted from the cells using a miRNeasy mini kit (Qiagen) and reverse transcribed using
a miScript II RT kit (Qiagen) according to the manufacturer’s protocols. Transcripts for common
fibrosis-related molecules (e.g., collagen 1a1, cellular communication network factor 2 (CCN2), αSMA)
or that corresponded to proteins which were determined by MS to be differentially expressed in EVs
from D4 versus P1 mHSC (see below) were evaluated by qRT-PCR using an Eppendorf Mastercycler
System and SYBR Green Master Mix (Eppendorf, Hauppauge, NY). Each reaction was run in duplicate,
and samples were normalized to 18S ribosomal RNA. Negative controls were a non-reverse transcriptase
reaction and a non-sample reaction. Primers are shown in Supplemental Table S1.

2.8. EV Protein Extraction and Digestion

EV pellets were resuspended in 100 μL 50 mM ammonium bicarbonate containing 0.1% Rapigest
(Waters Corp., Milford, MA, USA), sonicated twice for 10 s and incubated with shaking for 1 h at room
temperature. Extracts were clarified at 13,000 rpm in a microcentrifuge and protein concentration
was determined using a Qubit assay kit (Thermo Fisher Scientific). Dithiothreitol was added to a
final concentration of 5 mM and the sample was incubated at 65 ◦C for 30 min. Iodoacetamide was
then added to a final concentration of 15 mM and the sample was incubated in the dark, at room
temperature for 30 min. Sequencing grade trypsin (Promega Corp, Madison, WI, USA) was added
at a 1:30 ratio and the sample was digested overnight at 37 ◦C. Trifluoroacetic acid was then added
to a final concentration of 0.5% and sample was incubated at 37 ◦C for 30 min to precipitate the
Rapigest. The sample was clarified at 13,000 rpm for 5 min in a microcentrifuge, dried in a vacufuge
and resuspended in 20 μL 50 mM acetic acid. Peptide concentration was determined at 280 nm using a
nanodrop spectrophotometer (Thermo Fisher). Five separate D4 EV preparations and three separate
P1 EV preparations, all from different mHSC isolations, were individually prepared in this manner for
mass spectrometry.

2.9. Mass Spectrometry (MS)

EV protein identification was performed using nano-liquid chromatography-nanospray tandem
mass spectrometry (LC/MS/MS) on a Thermo Scientific Q Exactive mass spectrometer equipped with
an EASY-Spray™ Sources operated in positive ion mode. Each sample was injected into a μ-Precolumn
Cartridge (Thermo Scientific) and desalted with 0.1% formic acid in water for 5 min. Samples were
then separated on an easy spray nano column (PepmapTM RSLC, C18 3μ 100 A, 75 μm × 150 mm,
Thermo Scientific) using a two-dimensional (2D) RSLC high-performance liquid chromatography
system (Thermo Scientific). Mobile phase A was 0.1% formic acid in water and mobile phase B was
acetonitrile/0.1% formic acid. Peptide elution was achieved with a multi-linear gradient comprising
2–35% B over 225 min, 35–55% B over 35 min, 55–90% B over 10 min and then 90% B isocratic for 5 min.
After each run, the column was equilibrated in 2% B for 20 min before the next sample injection.

The MS/MS method was a Top10 method: the analysis was programmed for a full scan recorded
between m/z 400–1600 and an MS/MS scan to generate product ion spectra to determine amino acid
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sequence in consecutive scans starting from the most abundant peaks in the spectrum, and then
selecting the next nine most abundant peaks. To achieve high mass accuracy MS determination, the
full scan was performed at a resolution setting of 70,000. The AGC target ion number for full scan
was set at 3 × 106 ions, maximum ion injection time was set at 100 ms. MS/MS was performed using
a stepped normalized CE of 25, 30, and 35, acquired at a resolution of 17,500 with an AGC target of
1 × 105 ions and a maximum injection time of 50 ms. Dynamic exclusion was enabled with a repeat
count of 1 within 30 s.

Sequence information from the MS/MS data was processed by converting the raw files into a
merged file (.mgf) using MS convert (ProteoWizard). The resulting mgf files were searched using
Mascot Daemon by Matrix Science version 2.6.0 (Boston, MA, USA) and the database searched against
Uniprot Mouse database. The mass accuracy of the precursor ions was set to 10 ppm, and accidental
inclusion of 1 13C peaks was also included into the search. The fragment mass tolerance was set to
0.05 Da. Four missed cleavages for the enzyme were permitted. A decoy database was also searched
to determine the false discovery rate (FDR) and peptides were filtered according to the FDR. Proteins
with less than 1% FDR as well as a minimal of two significant peptides detected were considered as
valid proteins. Proteomics data was summarized in scaffold to allow for spectral counting analysis.
Complete MS datasets are available in the Supplemental Data section as Tables S2–S4.

2.10. Gene Ontology, Pathway Enrichment, and Protein-Protein Interaction Networks

Grouping of EV proteins into cellular components was accomplished using Gene Ontology
(GO) analysis (http://geneontology.org/) and the Funrich database (https://FunRich.org). EV protein
functions and utilities were determined using DAVID ((https://david.ncifcrf.gov/) analysis of The
Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.genome.jp/kegg/). Search Tool for the
Retrieval of Interacting Genes (STRING, https://string-db.org/) was employed to determine interactions
among EV proteins using a minimum interaction score of 0.4 for the D4 mHSC EV dataset, and 0.9 for
the P1 mHSC or LX-2 EV datasets. The Markov Cluster Algorithm method with an inflation parameter
of 2 was applied for clustering. These analyses were each performed with a criterion FDR < 0.05.

2.11. Statistical Analysis

Experiments were performed at least twice in duplicate, with data expressed as mean ± S.E.M.
qRT-PCR data were analyzed by student’s t-test using Sigma plot 11.0 software (SPSS Inc., Chicago, IL,
USA). A p value < 0.05 was considered statistically significant.

3. Results

3.1. Characterization of Primary mHSC

Autofluorescence for vitamin A, which is stored in cytoplasmic oil droplets in HSC and is useful
for identifying or characterizing HSC, was detected in 91.3 ± 3.4% of D4 mouse cells and 85.4 ± 8.0% of
P1 mouse cells (Figure 1A). Staining for αSMA, a marker of HSC activation, was detectable in only
3.3 ± 0.7% of D4 cells but in 93.3 ± 5.0% of P1 cells demonstrating the high degree of activation of
P1 cells as compared to D4 cells (Figure 1B). Staining for reelin, which is preferentially expressed in
quiescent HSC but not in other hepatic cell types [33], was detected in 98.4 ± 1.6% of D4 mHSC and
13.1 ± 1.2% of P1 mHSC (Figure 1C). This is consistent with previous findings showing that reelin
expression declines during HSC activation [33] and also argues that our early (and hence later) primary
HSC cultures were essentially devoid of contaminating cells that might otherwise confound analysis.
Since absolute quiescence is not feasible because HSC start to autonomously activate after isolation,
the above staining data nonetheless led us to conclude that D4 (the earliest time point at which we
could reproducibly harvest sufficient numbers of EVs for detailed analysis) represented a relatively
quiescent state as compared to P1 cells which were highly activated, thus validating our subsequent
comparative EV analysis.

29



Cells 2020, 9, 290

Figure 1. Characterization of primary mouse HSC. (A) Primary D4 or P1 mHSC were evaluated
for vitamin A autofluorescence (left) or examined by phase contrast (right), and imaged by confocal
microscopy. Based on six fields, Vitamin A was positive in 91.3 ± 3.4% of D4 mHSC and 85.4 ± 8.0% of
P1 mHSC. (B) D4 or P1 mHSC were stained with anti-αSMA (left) which was then merged with DAPI
(right). Based on three fields, α SMA was positive in 3.3 ± 0.7% of D4 mHSC and 93.3 ± 5.0% of P1
mHSC. (C) D4 or P1 mHSC were stained with anti-reelin (left) which was then merged with DAP1
(right). Based on two fields, the frequency of reelin-positive cells was 98.4 ± 1.6% for D4 mHSC and
13.1 ± 1.2% for P1 mHSC. Bars: 50 μm for A and C; 100 μm for B.

3.2. Physico-Chemical and Biological Properties of EVs from mHSC or hHSC

Serial low speed centrifugation and ultracentrifugation of serum-free medium from each cell type
resulted in a significantly greater yield (4.5-fold) of EVs from P1-P2 mHSC than D4 mHSC showing
that EV production was positively correlated with mHSC activation (Figure 2A). EVs from D4 mHSC
or P1 mHSC were very similar in terms of mean size (144.3 ± 3.2 nm and 133.5 ± 20.61 nm, respectively)
and size range (approx. 50–500 nm) (Figure 2B). Western blot revealed that EVs from either D4 or P1
mHSC were positive for proteins such as CD9, Tsg101 and flotillin-1 that are commonly associated with
or enriched in EVs from other systems (Figure 2C). Thus, EVs from D4 or P1 mHSC exhibited shared
physical properties and expression of key EV proteins. Additional characterization of mHSC EVs
including conventional or cryogenic transmission electron microscopy and dynamic light scattering
have been reported by us previously [25].

We have previously demonstrated and characterized the binding interactions between target
HSC and EVs from mHSC or hHSC, including functional delivery of specific EV payload
components [24,25,27,28,34]. When added to P1 mHSC, EVs from D4 mHSC caused expression
of CCN2 or Col1a1 to be suppressed in the cells (Figure 2D), an observation that is consistent with
our earlier reports that EVs from quiescent mHSC suppress fibrogenic gene expression as well as
levels of proteins such as αSMA [25,27,28]. We extended these findings by showing that EVs from P1
mHSC did not alter expression of these genes in P1 mHSC (Figure 2D), yet they stimulated expression
of CCN2, Col1a1 or αSMA in D4 mHSC (Figure 2E), the latter of which is consistent with our prior
demonstration that αSMA mRNA or protein in HSC is stimulated by EVs from activated HSC or by
EVs carrying an enriched CCN2 payload [24]. By contrast, EVs from D4 mHSC had no significant
effect on gene expression in D4 mHSC (Figure 2E). We previously conducted transmission electron
microscopy and cell binding assays of EVs purified from LX-2 hHSC [24,25] and expanded those data
in this study by using NTA to show that they were of similar size as those from mHSC (151.9 ± 5.8 nm;
size range 50–500 nm), contained EV-associated proteins such as flotillin-1 and CD63 (Figure 2F), and,
like EVs from P1 mHSC, were able to stimulate gene expression in D4 mHSC (Figure 2E).
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Figure 2. Characterization of EVs from mouse HSC. NTA was performed on EVs that had been purified
by differential centrifugation of 2-day serum-free conditioned medium from D4 HSC or P1-P2 HSC,
with particle number expressed as a function of (A) cell number or (B) particle size (mean ± S.E.M. for
particle diameter (nm) is indicated). (C) Western blot analysis of D4 or P1 EVs (25 μg EV protein per
lane) showing the presence of common EV proteins. (D) P1 HSC or (E) D4 HSC were treated for 48 h
with 8 μg/mL EVs from D4 mHSC, P1 mHSC or LX-2 hHSC after which expression for the indicated
transcripts was determined by qRT-PCR. (F) EVs purified from LX-2 hHSC under serum-free conditions
were analyzed by NTA or Western blot (inset). *, p < 0.05; **, p < 0.01; ***, p < 0.005; n.s., not significant.

3.3. Proteomic Analysis of EVs from mHSC

Mass spectrometry for mHSC EVs revealed striking qualitative and quantitative differences of
proteins in EVs from D4 mHSC versus EVs from P1 mHSC (Supplemental Tables S2 and S3). Analysis
of five separate EV samples from D4 mHSC or three separate EV samples from P1 mHSC resulted
in the identification of between, respectively, 31 and 58 proteins or 426 and 504 proteins (Figure 3A).
Subsequent analysis of these data was focused on 46 proteins that were present in at least three EV
samples from D4 mHSC and on 337 proteins that were common to all 3 EV samples from P1 mHSC. Of
these, 19 proteins were unique to D4 mHSC EVs, 310 proteins were unique to P1 mHSC EVs and 27
proteins were shared between D4 and P1 mHSC EVs (Figure 3B). With respect to the 19 D4-specific
proteins, the most abundant (quantitative value ~100) included three histones (H15, H10, H11) and
ezrin (EZR1), a membrane-bound cytoskeleton linker protein (Figure 3C). Of the shared proteins, 11
proteins were present at significantly higher levels in EVs from D4 mHSC compared to EVs from
P1 mHSC and six of these (H4, H13, H2B1F, H14, K2C1, H2A1B) were the most abundant proteins
(quantitative value ~100–1000) in EVs from D4 mHSC (Figure 3D). No D4 mHSC-specific EV protein
had this level of abundance (Figure 3C) but three proteins (FN1 (also termed FINC), FBLN2, PGBM)
reached a comparable abundance level among the proteins specific to P1 mHSC EVs (Figure 3E).
Western blot analysis was used to confirm the high abundance of keratin in EVs from D4 mHSC and of
FN1 in EVs from P1 mHSC (Figure 4A). Western blot and MS analysis demonstrated the presence of
EDA and EDB sequences in the FN1 protein showing that it was the cell-associated form as opposed
to the plasma form which lacks these domains (Supplemental Figure S1). For the 21 proteins that
were differentially expressed in EVs from D4 versus P1 cells, analysis of the producer cells by RT-PCR
showed that their corresponding cellular transcripts were comparably differentially expressed for only
eight candidates (H10, K2C8, K2C1, ACTG, EZR1, TSPAN8, RAI3, AQP1) with the rest showing no
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significant difference in expression except H2B1F which showed inverse cellular mRNA expression (P1
> D4) as compared to EV protein level (D4 > P1) (Figure 4B).

Figure 3. Proteomic composition of mHSC EVs. (A) Summary of quantitative features of EV proteins
analyzed from five D4 mHSC EV samples or three P1 mHSC EV samples. (B) Venn diagram showing
distribution of proteins between EVs from D4 versus P1 mHSC. The figure also shows the identities
and quantifications of (C) the 19 proteins specific for D4 mHSC EVs; (D) the 27 proteins shared by both
groups for which 11 proteins were significantly enriched in EVs from D4 mHSC (*, p < 0.05, **, p < 0.01)
and (E) the 20 most abundant proteins specific for EVs from P1 mHSC.

When all D4 mHSC EV proteins or all P1 mHSC EV proteins were analyzed using GO/Funrich,
the 20 most highly represented components were generally differentially expressed, with proteasome
complex and collagen trimer being unique to P1 mHSC EVs (Figure 5A). The 27 proteins common
to EVs from both D4 and P1 mHSC shared enrichment for components that included exosomes,
membranes, cytoplasm, extracellular space, focal adhesion, ECM, microparticles, vesicles, cytoskeleton
and cell-cell adherins (Figure 5B), many of which were shared with proteins that were P1-specific
(Figure 5C). Proteins in D4-specific EVs included some of the same components (exosomes, vesicles)
but in there was an absence of extracellular or adhesion components and instead a concentration of
membraneous (apical, aipicolateral or microvillus membrane, sarcolemma), nuclear (chromosome,
euchromatin) and structural-functional (dystrophin glycoprotein complex, costamere) components
(Figure 5D).
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Figure 4. EV Western blot and cellular transcript levels for differentially expressed EV proteins. (A)
Western blots of EVs from D4 mHSC or P1 mHSC to verify differential levels of representative proteins
identified by MS. (B) qRT-PCR was performed on RNA from D4 or P1 mHSC using primers designed
to amplify mRNA corresponding to proteins that were more highly expressed in EVs from D4 mHSC
than in EVs from P1 mHSC (see Figure 3C,D). Data are mean ± S.E.M. for duplicate determinations
performed twice individually. **, p < 0.01, ***, p < 0.005.

Figure 5. Cellular component analysis of proteins in EVs from D4 and/or P1 mHSC. GO analysis was
performed using the Funrich database to identify EV proteins with significant enrichment versus the
Uniprot database. The figure shows the 20 most highly ranked cellular components for proteins that
were (A) in the entire mHSC EV proteome from D4 cells compared to those from P1 cells; (B) shared
between EVs from D4 and P1 mHSC; (C) specific to P1 mHSC EVs. (D) Components specific to D4
mHSC EVs. Only cellular components with significant enrichment (* p < 0.05) are shown.
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KEGG pathway analysis of all 46 proteins in D4 mHSC EVs and all 337 proteins in P1 mHSC
EVs revealed one unique pathway for D4 mHSC EVs (alcoholism, involving 8% of the proteins), four
shared pathways for D4 and P1 mHSC EVs (regulation of actin cytoskeleton, leucocyte transendothelial
migration, systemic lupus erythematosus, and proteoglycans in cancer, each involving 3–11% of
the proteins) and 33 unique pathways for P1 mHSC EVs (for which focal adhesion, PI3K-Akt
signaling, proteasome, ECM-receptor interaction and pathways in cancer each involved the highest
proportion (8–10%) of the proteins) (Figure 6A). While no KEGG pathway was identified for the 19 D4
mHSC-specific EV proteins, most of the these pathways were, respectively, prominent for either the 27
proteins that were shared between D4 and P1 mHSC EVs (regulation of actin cytoskeleton, leucocyte
transendothelial migration, systemic lupus erythematosus, alcoholism) (Figure 6B) or the P1 mHSC
EV-specific proteins (focal adhesion, PI3K-Akt signaling, proteasome, ECM-interactions, pathways in
cancer) (Figure 6C).

Figure 6. KEGG pathway analysis of proteins in EVs from D4 and/or P1 mHSC. EV proteins were
analyzed online using DAVID v6.8 software for KEGG pathway analysis. The figure shows pathways
that were (A) in the entire mHSC EV proteome from D4 mHSC versus P1 mHSC; (B) shared between
EVs from D4 and P1 mHSC; or (C) specific to P1 mHSC EVs (top 20 pathways shown). Only pathways
with significant enrichment (p < 0.05) are shown.

STRING analysis of the proteomic data to identify principal protein interactions and functions
revealed striking differences between each type of EV. Whereas the proteins in D4 mHSC EVs were
organized into a simple network comprising nodes that included keratins and histones (Supplemental
Figure S2), those in P1 mHSC EVs demonstrated much more complex interactions with principal
nodes containing proteins associated with collagens, ECM, vesicular transport, metabolic enzymes,
proteasomes, ribosomes, chaperones and tRNA ligase (Supplemental Figure S3). Representative
proteins from key nodes in each network were verified by Western blot as being specific for D4 mHSC
EVs (keratin) or P1 mHSC EVs (PSMA6, RPS27A) (Figure 4A).

3.4. Proteomic Analysis of EVs from hHSC

We next used MS to investigate the protein components in EVs from LX-2 hHSC (Supplemental
Table S4). Analysis of three separate LX-2 hHSC EV samples resulted in the identification of between
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567 and 762 proteins, 524 of which were common to all three samples (Figure 7A). In light of the
profibrogenic actions of EVs from activated mHSC or hHSC (Figure 2E), it was interesting that of the
524 LX-2 hHSC EV proteins, 206 were shared with the 337 proteins in EVs from P1 mHSC (Figure 7B).
Only 26 LX-2 hHSC proteins were shared with EVs from D4 mHSC, (Figure 7B). All three types of EVs
had 21 proteins in common with one another (Figure 7B). Quantitative analysis (Figure 7C–F) showed
that when proteins in each group were ranked based on expression levels in LX-2 EVs, those shared
with EVs from D4 mHSC but not P1 mHSC had the lowest expression (five proteins; quantitative value
range = 8–80), while those shared with EVs from P1 mHSC but not with EVs from D4 mHSC had the
highest expression (185 proteins; quantitative range = 100–1000 for the top 20) (Figure 7C,F). The most
abundant protein was FN1 (Figure 7F), the presence of which was confirmed in LX-2 hHSC EVs by
Western blot analysis (Figure 2F). Top-ranked proteins specific to LX-2 hHSC EVs had an intermediate
level of expression (313 proteins; quantitative value 50–200 for the top 20) while the proteins in LX-2
hHSC EVs that were shared with EVs from both D4 and P1 mHSC were very variably expressed
(21 proteins; quantitative range 5–500) (Figure 7D,E).

Figure 7. Proteomic composition of EVs from LX-2 hHSC and/or D4 or P1 mHSC. (A) Summary of
quantitative features of EV proteins analyzed from LX-2 hHSC EV samples. (B) Venn diagram showing
distribution of proteins between EVs from LX-2 hHSC, D4 mHSC and P1 mHSC. Also shown are the
identities and quantifications of (C) the five proteins shared between LX-2 hHSC EVs and D4 mHSC
EVs; (D) the 20 most abundant proteins specific to EVs from LX-2 hHSC; (E) the 21 proteins shared by
EVs from all three cell types; and (F) the 20 most abundant proteins shared by EVs from LX-2 hHSC
and P1 mHSC.

GO analysis was performed on the total proteins identified in EVs from activated human or
mouse HSC, as well as those that were shared or not shared between them (Figure 8). For the
entire EV proteome from LX-2 cells, the principal components were related to exosome, cytoplasm,
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cytosol, membrane, nucleus, ECM, focal adhesion, extracellular space, cell surface, cell-cell adherins,
perinuclear region of cytoplasm, mitochondrion, nucleoplasm and myelin sheath (Figure 8A). Many of
these components were shared with P1 mHSC EVs but additional components in this shared group
included melansome, actin cytoskeleton and proteosome complex (Figure 8B). The same or highly
similar components were represented by the proteins that were unique to EVs from either LX-2 cells
(Figure 8C) or P1 mHSC (Figure 8D). The outcome of this component analysis was largely reflected
in the KEGG analysis of the respective EV protein groups (Figure 9). For example, the top 20 KEGG
pathways for the complete LX-2 hHSC EV proteome (Figure 9A) showed substantial overlap with
the pathways for the P1 mHSC EV proteome (Figure 6A) and included focal adhesion, PI3K-Akt
signaling, regulation of actin cytoskeleton, pathways in cancer, proteoglycans in cancer, ribosome,
phagosome, leukocyte transendothelial migration, protein processing in the ER and carbon metabolism.
These pathways were also predominant for the 206 proteins shared between LX-2 hHSC EVs and
P1 mHSC EVs (Figure 9B). Some of the same or related components were evident for LX-2 hHSC
EV-specific proteins (regulation of cytoskeleton, pathways in cancer, ribosome, PI3k-AKT signaling,
proteoglycans in cancer, phagosome, focal adhesion, cell adhesion molecules, alcoholism) (Figure 9C)
or for P1 mHSC EV-specific proteins (proteasome, ECM-receptor interactions) (Figure 9D) but the
remaining components in these groups were quite dissimilar and diverged from those typically noted
above. Finally, STRING analysis of the entire LX-2 hHSC EV proteome (Supplemental Figure S4) or of
the EV proteins shared between LX-2 cells and P1 mHSC (Supplemental Figure S5) revealed major
interactions between nodes associated with collagens, ECM, metabolic enzymes, vesicular transport,
chaperones or ribosomes and these were very similar to those for the entire P1 mHSC EV proteome
(Supplemental Figure S3).

Figure 8. Cellular component analysis of proteins in EVs from LX-2 hHSC and/or P1 mHSC. GO
analysis was performed on proteins in EVs from LX-2 hHSC as in Figure 5. The figure shows the 20
most highly ranked cellular components for proteins that were (A) in the entire LX-2 HSC EV proteome;
(B) shared between EVs from LX-2 hHSC and P1 mHSC; (C) specific to LX-2 hHSC EVs; or (D) specific
to P1 mHSC EVs. Only cellular components with significant enrichment (p < 0.05) are shown.
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Figure 9. KEGG pathway analysis of proteins in EVs from LX-2 hHSC and/or P1 mHSC. EV proteins
were analyzed as in Figure 6. The figure shows the top 20 pathways identified for (A) the entire LX-2
hHSC EV proteome; (B) proteins shared between LX-2 hHSC EVs and P1 mHSC EVs; or (C) proteins
unique to LX-2 hHSC EVs. (D) Pathways identified for EV proteins that were specific to P1 mHSC.
Only pathways with significant enrichment (p < 0.05) are shown.

4. Discussion

EVs have attracted considerable attention for the role they likely play in mediating cell-cell
communication throughout the body. In the liver, EVs are proposed to regulate hepatic homeostasis or
to contribute to pathophysiogical processes such as viral spread, non-alcoholic steatohepatitis, alcoholic
liver disease, and cancer [16,17]. A large body of research has shown that hepatocytes infected with
hepatitis B or C viruses or that have been exposed to agents such as alcohol, carbon tetrachloride
or palmitate produce EVs that stimulate macrophage activation and immune function which are
common features of numerous liver diseases and often associated with fibrotic pathology [30,35–40].
HSC fibrogenesis is stimulated by these types of hepatocyte-derived EVs [29,32,41], while other
phenotypic features of activated HSC such as migration and AKT phosphorylation have been shown
to be enhanced by EVs from liver sinusoidal endothelial cells [42]. On the other hand, EVs from
healthy hepatocytes [43], various stem cells [44–51] or the serum of healthy mice [52] have the ability
to inhibit experimental liver fibrosis, largely by suppressing inflammatory responses and/or pathways
of activation or fibrogenesis in HSC. The recognition that HSC are EV targets has highlighted an
important new mechanism by which fibrogenic pathways in the liver are modulated and has given
a new lead for novel anti-fibrotic therapies based on suppressing the action of pro-fibrotic EVs or
harnessing the actions of EVs that are intrinsically anti-fibrotic.

As shown in this report, HSC themselves are also EV producers but relatively little is known about
this phenomenon. Whereas the physico-chemical properties of HSC EVs were quite consistent whether
their producer cells were activated or not, we found that the HSC EV production rate, biological
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properties and protein composition were highly dependent on HSC activation status. Specifically, our
results showed, firstly, that fibrogenic gene expression was suppressed upon exposure of activated
HSC to EVs from relatively quiescent HSC but not to EVs from activated HSC and, secondly, that
gene expression in relatively quiescent HSC was stimulated upon exposure of the cells to EVs from
activated HSC but not to EVs from relatively quiescent cells. Thus, pathways of EV communication
between HSC may be either stimulatory or inhibitory and are manifest principally when the activation
status of the EV producer HSC is different to that of the EV recipient HSC. We also showed that HSC
activation is associated with a 4.5-fold increase in EV release and that EVs from activated HSC contained
considerably more proteomic information than their quiescent counterparts: there were 337 proteins
in EVs from P1 mHSC but only 46 proteins in EVs from D4 mHSC. Generally, EVs from D4 mHSC
exhibited a high abundance and high proportion of histones and keratins, while EVs from P1 mHSC
contained proteins principally associated with extracellular spaces, ECM, proteasome complexes,
collagens, ECM, vesicular transport, metabolic enzymes, ribosomes and chaperones. These differences
reflected the distinct phenotypes and functions of their respective EV producer cells: quiescent HSC
are resting vitamin-A storing cells whereas activated HSC are contractile myofibroblasts that interact
with various immune cells, are highly proliferative and migratory, are metabolically very active, have
high energy requirements and produce numerous cytokines, chemokines and extracellular matrix
components. Even so, it will be important in future studies to evaluate the molecular payload of EVs
from HSC that have been activated in vitro by cytokines (e.g., TGF-β) or in vivo due to liver injury as
there may be qualitative or quantitative differences that have functional impact as compared to the
EVs in this study that were from HSC that had autonomously activated in culture.

It is interesting that FN1 was expressed exclusively in EVs from P1 HSC and was the most abundant
protein overall in EVs from activated or quiescent HSC. FN1 exists either as a soluble plasma form
that lacks EDA and EDB domains and is produced principally by hepatocytes or as a cell-associated
form which contains the EDA and EDB domains and is produced by numerous cell types. Analysis
of the FN1 protein in P1 mHSC EVs showed it to be the cell-associated form because sequencing
identified a near-complete EDA domain as well as a partial N-terminal EDB domain, consistent with
its detection using FN1 antibodies directed to the EDA or EDB regions. We have previously reported
that HSC EVs use cell surface integrins as receptors, including integrin α5β1, which is a receptor for
FN1 [34]. In activated HSC, FN1-integrin α5β1 interactions are important for the regulation of cell
adhesion, survival, cytoskeletal rearrangements or expression of matrix metalloproteases or collagen
I [53–57], but this interaction may also underlie the binding of EVs to target HSC, the extent of which
will be dependent on activation-associated changes in cellular integrin expression and EV FN1 levels.
Importantly, EV FN1 may also directly participate in downstream pro-fibrogenic actions of HSC EVs
in light of recent studies showing, firstly, that FN1 in cancer cell microvesicles mediates their ability
to confer transformation characteristics on fibroblasts and epithelial cells [58] and, secondly, that
exosomal FN1 mediates the mitogenic activity of exosomes from mesenchymal stem cells [59]. Such
functions may also be conserved in EVs from hHSC, since we showed FN1 to be the most abundant
component of EVs from LX-2 cells in these studies. Indeed, an important feature that emerged from the
current investigation was the recognition that EVs from activated hHSC have the same pro-fibrogenic
properties and share many of the same proteins as their mouse counterparts resulting in considerable
overlap in the components and pathways in which they are involved. The 206 proteins that were
common to both species represented approximately 40% of all 524 proteins in EVs from activated
hHSC and 61% of all 337 proteins in EVs from activated mHSC. The incorporation of these shared
proteins into EVs from activated HSC of mice and humans suggests that their functional roles were
under strong selective pressure during evolution.

It remains to be determined what other constituents (protein, RNA or miRNA or combinations
thereof) in the EV molecular payload might be relevant to the relative suppressive or stimulatory
actions of EVs from, respectively, quiescent or activated HSC. Even so, it is striking that the proteomic
payloads of EVs from activated human or mouse HSC correspond to cellular components that are
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well characterized for their involvement in HSC activation and/or fibrogenesis (i.e., ECM, proteasome
complexes, collagens, metabolic enzymes, ribosomes, chaperones) and it is tempting to speculate that
the EV counterparts have similar functions. Although we have previously used a transfection approach
to show that HSC-derived EVs can shuttle GFP-CCN2 intercellularly [24], this overexpression system
may not have faithfully mimicked native mechanisms because CCN2 was not detected in EVs from
P1 mHSC in this study. With respect to the anti-fibrogenic actions of EVs from D4 mHSC, the high
prevalence of keratins or histones in the relatively small proteome suggests that structural elements or
nucleosomal regulation may underlie the suppressive activities. However, preliminary transfection
studies in which activated HSC were transfected with cDNAs encoding single D4 mHSC-specific
or -enriched EV histones (H4, H10, H11, H13, H14, H15, H2B1F) did not result in an attenuation
of fibrogenic markers even though each over-expressed protein was detected by Western blot (X.L.
and D.R.B., unpublished data), suggesting that these proteins are not anti-fibrogenic at least when
tested individually, but additional combinatorial testing of these and other candidates (e.g., keratins)
must be undertaken in the future. For a variety of differentially expressed mHSC EV proteins, we
found that the levels of their corresponding cellular transcripts were quite variable, ranging from
concordant to discordant with their respective EV protein levels, suggesting that there is selectivity in
the post-transcriptional or post-translational mechanisms by which a given protein is incorporated
into the EVs.

Apart from proteins, the EV molecular payload contains miRs and mRNAs that may also contribute
to EV-mediated regulation of fibrogenesis. For example, we previously showed that inhibition of
pro-fibrogenic CCN2 in quiescent HSC is achieved by targeting of the CCN2 3′ untranslated region
by Twist-1-miR-199a-miR-214 and that all three components of this axis can be delivered in EVs to
activated HSC in which CCN2 expression is then suppressed [25,27,28]. Even so, one must recognize
that while these types of reductionist strategies to understand EV bioactivity have been widely pursued
in the EV research field in general, they do not take account of EV heterogeneity at the single vesicle
and systems level and the importance of adopting a more global view of EV cargo as it relates to
functional aspects of EV biology has recently been emphasized [60]. Thus, a holistic approach may
be preferable for understanding the combinatorial actions of EV cargo constituents in mediating EV
biological actions [60]. We expect that detailed comparative studies between EVs from quiescent
versus activated HSC of their respective miRnomes and RNAnomes, together with their proteomes as
accomplished in this study, will provide a foundation for the identification of EV components and
their corresponding cellular targets that accounts for their distinct biological actions. Whatever the
factors involved, it is interesting to speculate that the suppressive actions of EVs from quiescent HSC
may help to protect the liver from overt HSC activation, especially in cases of mild or acute injury.

In conclusion, mHSC activation is associated with an increase in EV production, a switch in
EV bioactivity whereby EV-mediated suppression of mHSC fibrogenic gene expression gives way to
EV-mediated stimulation of the same, and a dramatic increase in the complexity of the EV proteome.
Activated hHSC produce EVs that exhibit profibrogenic activities and have similar protein components
and functions as EVs from activated mHSC. We thus propose that activation-associated changes in
production, function and protein content of EVs from HSC may contribute to the regulation of HSC
function in vivo and to the fine-tuning of fibrogenic pathways in the liver.
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Abstract: Bone marrow-derived fibrocytes (FC) represent a unique cell type, sharing features of both
mesenchymal and hematopoietic cells. FC were shown to specifically infiltrate the injured liver
and participate in fibrogenesis. Moreover, FC exert a variety of paracrine functions, thus possibly
influencing the disease progression. However, the overall contribution of FC to liver fibrosis remains
unclear. We aimed to study the effect of a specific FC depletion, utilizing a herpes simplex virus
thymidine kinase (HSV-TK)/Valganciclovir suicide gene strategy. Fibrosis was induced by oral
thioacetamide (TAA) administration in C57BL/6J mice. Hepatic hydroxyproline content was assessed
for the primary readout. The HSV-TK model enabled the specific depletion of fibrocytes. Hepatic
hydroxyproline content was significantly reduced as a result of the fibrocyte ablation (−7.8%; 95%
CI: 0.7–14.8%; p = 0.033), denoting a reduced deposition of fibrillar collagens. Lower serum alanine
transaminase levels (−20.9%; 95% CI: 0.4–36.9%; p = 0.049) indicate a mitigation of liver-specific
cellular damage. A detailed mode of action, however, remains yet to be identified. The present
study demonstrates a relevant functional contribution of fibrocytes to chronic toxic liver fibrosis,
contradicting recent reports. Our results emphasize the need to thoroughly study the biology of
fibrocytes in order to understand their importance for hepatic fibrogenesis.

Keywords: fibrocytes; liver fibrosis; bone marrow; myofibroblasts; thioacetamide (TAA); HSV-TK
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1. Introduction

Liver fibrosis is denoted by the excess deposition of extracellular matrix (ECM) components in
response to chronic liver injury, such as viral hepatitis, cholestatic disorders, alcoholic liver disease
or non-alcoholic fatty liver disease (NAFLD). With perpetuated injury, liver fibrosis might progress
to cirrhosis and facilitate hepatocellular carcinoma (HCC) formation [1]. Fibrosis accounts for severe
morbidity and mortality and has been shown to determine the outcome of patients with NAFLD [2].

Bone marrow-derived fibrocytes (FC) represent a unique cell type, sharing features of both
hematopoietic and mesenchymal cells. While their secretion of collagens and other ECM components
resembles fibroblasts, they express various leucocyte markers (e.g., CD34, CD45, CD11b, Ly6C, and
F4/80) [3,4] and are hence commonly identified by the simultaneous expression of CD45 and collagen
I [5]. Fibrocytes comprise ∼0.5% of peripheral blood leucocytes and rapidly enter the site of injury
in physiological and pathological wound healing processes [3,6]. Since they had been explicitly
described by Bucala et al. in 1994 [3], FC have been shown to participate in fibrotic diseases of the
lung [7], kidney [8], heart [9], and colon [10,11]. Moreover, they are implicated in the pathogenesis of
asthma [12], inflammatory bowel disease [10,13], and ocular disorders [14].

In recent years, the mechanisms of hepatic fibrogenesis have been studied extensively. Activated
hepatic stellate cells (HSCs) and, to a lesser extent, portal fibroblasts were identified as the main source
of contractile, α-SMA+ myofibroblasts in the liver, which, being absent under healthy conditions,
drive scar tissue formation during hepatic fibrogenesis [15–17]. HSCs are therefore commonly
considered the key to understanding and treating liver fibrosis [15,18,19]. However, there is compelling
evidence that FC, in fact, contribute to liver fibrosis. Fate-tracing studies demonstrated that fibrocytes
specifically infiltrate the liver upon injury [20] and participate in fibrogenesis by the secretion of
ECM components [21,22]. Furthermore, FC constitute a potential source of myofibroblasts. Although
the transdifferentiation into myofibroblasts has been shown both in vitro [7,23] and in vivo [12],
its relevance remains controversial.

Besides their direct contribution to fibrogenesis, FC exert a variety of paracrine functions (reviewed
in references [24,25]), thus possibly influencing liver fibrosis. FC, on the one hand, express the
fibrogenic mediators TGF-β and PDGF [24,26], which are essential for the activation and proliferation
of myofibroblasts [1,27]. FC can acquire an inflammatory phenotype, characterized by the production
of cytokines (e.g., TNF-α, IL-1β, and CCL2,-3,-4) and eicosanoids [26,28], and their capability of antigen
presentation [29]. On the other hand, FC are able to promote the degradation of ECM components via
the secretion of matrix metalloproteinases (MMPs) [30,31], regulate angiogenesis [32,33], and exert
antimicrobial defense mechanisms [34].

Given the complex interplay of the aforementioned factors in the pathogenesis of liver fibrosis, the
overall contribution of FC remains highly speculative. We therefore seek to characterize the role of FC
on experimental liver fibrosis in vivo by specific depletion of these cells. Utilizing the well-established
herpes simplex virus thymidine kinase (HSV-TK)/Valganciclovir (VCV) model, driven by a collagen I
promotor, we depleted collagen I-expressing cells of bone marrow (BM) origin [35–38] in C57BL/6J
mice. All collagen-producing cells herein co-express the HSV-TK, making them susceptible to killing
by Valganciclovir. BM of such mice was transplanted into non-transgenic mice in order to limit the
effect to cells of BM origin. Introducing the HSV-TK via bone marrow transplantation circumnavigates
the issue of an unstable expression of the widely used markers CD34 and, as shown recently, CD45 in
fibrocytes [5]. Additionally, the collagen-promotor driven expression of HSV-TK enables the killing of
fibrocytes in various stages of their development or differentiation. Although a CD14+ cell population,
located in the bone marrow, is assumed to be the origin of fibrocytes [23], the exact differentiation
pathways remain poorly understood. Thus, the results and possible side effects of an approach that
interferes with alleged monocyte precursors in order to deplete fibrocytes, as reported recently [39],
seem hardly predictable to us.

While different animal models of murine liver fibrosis have been described [40], with CCl4-induced
liver injury certainly being the most popular, we chose to induce fibrosis with thioacetamide (TAA).
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TAA, administered via drinking water, causes a chronic-toxic, more slowly progressing fibrosis
with only moderately increased serum transaminase levels, thus closely mimicking alcoholic liver
fibrosis in humans [41,42]. The aim of the present study was two-fold: To determine whether the
depletion of fibrocytes (1) ameliorates fibrosis, as indicated by decreased hepatic hydroxyproline
content, and (2) attenuates liver cell damage, denoted by reduced serum alanine transaminase levels.

2. Materials and Methods

2.1. Animal Experiments

The present study was performed with permission of the State of Hesse, Regierungspraesidium
Giessen, according to section 8 of the German Law for the protection of animals and conforms to the
NIH guide for the care and use of laboratory animals. All experiments were approved by the committee
on the ethics of animal experiments of the Regierungspraesidium Giessen, Germany (permit number:
V54-19c 20 15c GI20/10 Nr. G21_2016 and JLU Nr. 532_M). Col-HSV-TK mice were generated at the Max
Planck Institute for Heart and Lung Research animal facility (Bad Nauheim, Germany), as described
previously [38]. In brief, purified Col1-HSV-TK-IRES-EGFP plasmids (Supplementary Figure S1a)
were microinjected into the pronucleus of a fertilized ovum obtained from super-ovulated female mice.
Subsequently, groups of injected embryos were re-implanted into the oviducts of pseudo-pregnant
female mice. The litters were bred with wild-type C57BL/6J mice. Female, positively genotyped mice
were paired again with wild-type mice to create a heterozygous Col-HSV-TK colony. After genotyping,
offspring were used for the experiments. All mice were housed in a pathogen-free environment under a
constant 12-hour light-dark cycle at 22 ◦C temperature and 50% humidity. The mice were fed standard
chow (ALTROMIN, Lage, Germany) and water ad libitum.

5 × 106 bone marrow (BM) cells were transplanted from male Col-HSV-TK (FC-Ablation) or
C57BL/6J wild-type mice (Control) into 12 weeks old lethally irradiated (11 Gy, 60Co) female C57BL/6J
mice via tail vein injection (n = 16 for each group). For FC depletion during fibrogenesis after 4 weeks
of reconstitution 300 mg/l TAA (Sigma-Aldrich, Munich, Germany) and 8.3 mg/l VCV (Roche, Basel,
Switzerland) were administered orally via drinking water for 18 weeks. Mice were sacrificed at the age
of 34 weeks. A summary of the animal experiment is depicted schematically in Figure 1a.

Figure 1. Suicide gene strategy enabled fibrocyte depletion. (a) Schematic representation of the
animal experiments including lethal irradiation, bone marrow transplantation (BM-Tx), and treatment
with valganciclovir (VCV) and thioacetamide (TAA). While TAA induces hepatic fibrosis, VCV is
metabolized into toxic compounds by all cells expressing herpes simplex virus thymidine kinase
(HSV-TK). (b) Successful depletion was confirmed by RNA in situ hybridization. Fibrocytes (FC,
black arrows) were identified by the simultaneous expression of Col1a1 (red) and Ptprc (CD45, blue)
transcripts. The details in boxes were enlarged in individual panels in the lower right part of the
micrograph. Note that individual and possibly Col1a1/Ptprc co-expressing cells were detected in the
fibrocyte-ablated group. Magnification 1000×, bars 10 μm.
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For FC ablation during regeneration, TAA but not VCV was given until the age of 34 weeks.
Thereafter, the TAA-administration was stopped and VCV was added during a 4-week regeneration
period. Untreated female C57BL/6J mice, sacrificed at the age of 34 and 38 weeks, served as supercontrols
(SC). Liver samples were shock frosted and stored at −80 ◦C or preserved for histology as indicated
below. Serum samples were stored at −80 ◦C until analysis of alanine aminotransferases (ALT) by
routine clinical chemistry on a Reflotron Plus Analyzer (Roche, Mannheim, Germany).

2.2. RNA in Situ Hybridization Assay

Liver samples were fixed in 1% paraformaldehyde for 12 h, embedded in paraffin and cut into 5
μm sections. RNAscope® 2.5 HD Duplex RNA in situ hybridization assay (Advanced Cell Diagnostics,
Newark, CA, USA) was performed according to the manufacturer’s instructions, applying standard
pretreatment conditions [43]. The ethanol incubation following target retrieval was performed for ten
minutes and the ninth amplification step was extended to one hour. Specific probes were used for the
detection of type I collagen- (Mm-Col1a1, #319379) and CD45- (Mm-Ptprc, #318651) gene expression.
Positive- and negative-controls were carried out using probes specific to murine housekeeping-genes
(Mm-Ppib/Mm-Polr2a, #321651) and a bacterial gene (dapB, #320751).

2.3. Histology and Immunohistochemistry

Paraffin-embedded liver samples were cut into 3–6 μm sections and routine hematoxylin/eosin
and Masson’s trichrome staining were performed. For Sirius Red/Fast Green staining, sections were
deparaffinized, hydrated, incubated in a staining solution consisting of 0.1% Sirius Red (Polysciences,
Inc., Warrington, PA, USA) and 0.1% Fast Green (Roth, Karlsruhe, Germany) in saturated picric acid
(Chroma, Münster, Germany) for one hour and differentiated in 1% acetic acid for 45 seconds.

To perform immunohistochemical stainings, peroxidase activity was blocked with 3% hydrogen
peroxide. Afterwards, sections were boiled for 10 minutes either in citrate buffer (pH 6.0, Collagen I),
Tris-EDTA buffer (pH 9.0, CD45) or no target retrieval was performed (α-SMA). Sections were then
blocked with 10% BSA (PAA, Pasching, Austria) and 2.5% normal horse serum (Vector Laboratories,
Inc., Burlingame, CA, USA) and incubated with specific antibodies (Rabbit anti Collagen I polyclonal
antibody, ab34710, Abcam, Cambridge, UK; Rabbit anti CD45 polyclonal antibody, 20103-1-AP,
Proteintech, Rosemont, IL, USA; Mouse anti α-SMA monoclonal antibody, 61001, Progen, Heidelberg,
Germany), diluted 1:200 in 10% BSA in PBS. Secondary antibodies coupled with horseradish
peroxidase (MP-7401/MP-7452) or alkaline phosphatase (MP-5401) and corresponding substrates
(SK-4100) were used for detection (all purchased from Vector Laboratories, Inc., Burlingame, CA, USA).
Unspecific isotype IgGs were used to control the specificity of the secondary antibodies. Sections were
counterstained with hematoxylin to visualize nuclei.

All sections were eventually dehydrated and mounted with Pertex® (Medite, Burgdorf, Germany).
Photographs were taken using a Leica DMRB microscope (Leica, Wetzlar, Germany) equipped with a
Canon EOS 600D with Canon EOS Utility 2 software, version 2.14 (Canon, Tokyo, Japan).

2.4. Pathological Staging and Grading

Hepatic staging and grading were performed by a trained pathologist (K.K.) in a blinded fashion.
Hematoxylin/eosin and Masson’s trichrome-stained sections were evaluated, utilizing the scoring
system suggested by Ishak et al. [44].

2.5. Morphometric Analysis

As many liver lobules as possible were photographed in two Sirius Red/Fast Green-stained sections
of each mouse (magnification 200×, blinded for groups). Images suitable for analysis were identified
following predefined exclusions criteria and the red stained area was quantified using the color
threshold tool in ImageJ, version 1.51 [45]. To quantify the stained area in CD45 immunohistochemical
sections, as many non-overlapping high-power fields as possible were photographed using a Biozero
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BZ-8000 microscope (magnification 200×, Keyence, Osaka, Japan). Suitable images were converted to
8-bit grey scale and the threshold tool in ImageJ was used to quantify the stained area.

2.6. Hydroxyproline Assay

Total hepatic hydroxyproline content was quantified as described previously [41].

2.7. Quantitative Real-Time PCR

RNA extraction from full liver lysates and elimination of genomic DNA was performed using
the RNeasy Mini- (QIAGEN, Hilden, Germany) and TURBO DNAfree-Kit (Thermo Fisher Scientific,
Waltham, MA, USA), each following the manufacturer’s instructions. RNA integrity and purity were
assessed by gel electrophoresis and spectrophotometry, equal amounts of RNA were then subjected
to cDNA synthesis, using the iScript cDNA Synthesis-Kit (Bio-Rad, Hercules, CA, USA). qPCR was
carried out, including one of the primer pairs listed in Supplementary Table S2 and SYBR-Green/ROX
dye. Hprt was validated and used as a reference gene. Statistical tests and computation of confidence
intervals were performed on ΔCT-values, calculated as

ΔCT = CT(reference gene) − CT(gene of interest). (1)

Fold-changes were calculated as

fold-change = 2ΔCT(FC − Abl.) − ΔCT(Ctrl). (2)

2.8. Gene Expression Array

84 fibrosis-related genes were analyzed using the RT2 Profiler™ PCR Array Mouse Fibrosis
(PAMM-120ZC, QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. RNA was
prepared as described above and cDNA synthesis was performed with RT2 First Strand Kit (QIAGEN,
Hilden, Germany) on pooled samples (fibrocyte-ablated and control group, n = 15 per group). Data
analysis was conducted utilizing the QIAGEN data analysis web portal.

2.9. Western Blot Analysis

Western blot experiments were performed as described previously [46] using 1:1.000 diluted
antibodies against α-SMA (Mouse anti α-SMA monoclonal antibody, 61001, Progen, Heidelberg,
Germany), Bax (Rabbit anti Bax polyclonal antibody, #2772), and Bcl-2 (Rabbit anti Bcl-2 polyclonal
antibody, #2876). Rabbit anti α-Tubulin polyclonal antibodies (#2144, all purchased from Cell Signaling
Technology, Inc., Danvers, MA, USA) or Mouse anti ß-Actin monoclonal antibodies (sc-47778, Santa
Cruz Biotechnology, Inc., Dallas, TX, USA) were used for loading controls.

2.10. Multiplex ELISA

Mouse Magnetic Luminex Assay (LXSAMSM, R&D Systems, Minneapolis, MN, USA) was
performed according to the manufacturer’s protocol to quantify hepatic protein levels of fibrosis- and
inflammation-relevant factors. Luminex® 200 flow-cytometer and xPONENT® software, version 3.1
(Luminex Corp., Austin, TX, USA), were used for measurements and data analysis.

2.11. Proteome Profiling

Mouse XL Cytokine Array Kit (ARY028, R&D Systems, Minneapolis, MN, USA) was used to test
pooled samples (n ≥ 15 per group) of native liver lysates according to the manufacturer’s instructions.
Regions of interest (ROIs) were defined on high resolution scans of the membranes in ImageJ and the
mean grey values (OD) were retrieved. After subtraction of the lowest OD (ODbackground), every pair
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of ROIs was assigned a relative OD-value relative to the pair of ROIs with the highest OD (ODreference)
using the equation

Relative ODROI [%] =
ODROI − ODbackground

ODreference
×100. (3)

Linear regression was performed to calculate expected values for the fibrocyte ablated group.

2.12. Eicosanoid Profiling

The concentrations of eicosanoids were assessed in pooled liver lysates (fibrocyte-ablated-, control-,
and supercontrol-group, n ≥ 8 per group) via LC-MS/MS as described before [47].

2.13. Statistical Analysis

Statistical analysis was performed using GraphPad Prism, version 8.20 for Mac (GraphPad
software, La Jolla, CA, USA). Unpaired t-test (two-tailed) was applied for hypothesis testing, if normal
distribution of data was not negated after evaluating histograms and QQ-plots. If normal distribution
of data was rejected, then the Mann-Whitney U test was applied. The significance level α was set
to 0.05; p-values < 0.05 were labeled with an asterisk (*). For explorative analyses, unpaired t-tests
(two-tailed) were performed where appropriate. No correction for multiple comparisons was applied.
Data are depicted as means or median ± 95% confidence intervals or SEM.

3. Results

3.1. Suicide Gene Strategy Enabled the Depletion of Bone Marrow-Derived Fibrocytes

TAA- and VCV-treatment was well tolerated during the animal experiments. After reconstitution
from bone marrow transplantation, mice gained weight steadily, regardless of group affiliation. Basic
observational data are provided in Supplementary Figure S1. Due to drastic weight loss, one out of
the 32 mice was euthanized ahead of schedule. A subsequently performed autopsy of the euthanized
mouse remained inconclusive, yet confirmed the successful reconstitution of bone marrow.

RNA in situ hybridization was performed on liver sections to visualize the suicide gene strategy’s
success. Bone marrow-derived fibrocytes were identified by the simultaneous expression of Ptprc
(CD45) and Col1a1 mRNA (collagen type I α-1 chain, Figure 1b). A considerable amount of fibrocytes,
most frequently located in the periportal area and interportal septi, was detected in mice of the control
group. While single cells remained, a marked reduction of the number of fibrocytes was observed in
mice which received Col-HSV-TK bone marrow (Figure 1b, bottom).

3.2. Depletion of Fibrocytes Attenuated Hepatic Fibrogenesis

TAA-administration induced a marked perilobular fibrosis in mice of the control (Ctrl)- and
fibrocyte-ablated group (FC-Abl., Figure 2a,b). Irregular liver architecture and regenerative nodules
indicated beginning cirrhosis in some mice. Total liver hydroxyproline content was reduced by 7.8%
(95% CI: 0.7%–14.8%; Figure 2c) in fibrocyte-ablated mice, denoting a reduced deposition of fibrillar
collagens. The difference is considered statistically significant (p = 0.033). Neither the pathologist’s
staging depicted in Table 1, nor the morphometric analysis of histological samples (Figure 2d) showed
differences between the control- and fibrocyte-ablated group.

Table 1. Staging according to Ishak et al.

Stage 0 1 2 3 4 5 6 Median

Supercontrol 3 5 0 0 0 0 0 1
Control 0 0 0 8 6 2 0 3.5 1

FC-Ablation 0 0 0 6 5 4 0 4 1

1 p = 0.476; Mann-Whitney U test was applied.
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Figure 2. Fibrocyte ablation attenuated hepatic fibrogenesis. Fibrillar collagen distribution was
visualized by (a) Sirius Red/Fast Green staining and (b) immunohistochemical staining of collagen I on
formalin fixed, paraffin-embedded liver sections. TAA-treatment caused pronounced periportal and
bridging fibrosis as well as faint chicken wire sinusoidal fibrosis in the control- and fibrocyte-ablated
group. Dotted boxes are shown in enlarged panels on the right side. Magnification 200×, bars 100
and 25 μm. (c) Quantitative assessment of hepatic hydroxyproline content revealed a reduction of
fibrillar collagens in mice lacking fibrocytes. The assay was performed three times. Mean values of each
individual mouse are depicted by black triangles (control) or blue dots (fibrocyte ablation). The solid
line depicts the group mean, the dotted line the mean hydroxyproline level in untreated supercontrols
(SC). (d) Morphometric analysis of Sirius Red/Fast Green-stained sections displayed a comparable
extent of red-stained areas in TAA-treated mice with and without fibrocyte ablation. A total of 1361
images were analyzed (2–134 per mouse). (e) The transcriptional levels of Col1a1 were equal throughout
both groups. (f) Relative protein levels of MMP-2, MMP-8, MMP-9, MMP-12, TIMP-1, TIMP-4, and
Serpin E1 were assessed utilizing a multiplex ELISA and remained constant as a result of fibrocyte
ablation. Absolute concentrations and individual p-values are provided in Figure S4.
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Next, a high-throughput analysis of 84 fibrosis-related genes was conducted; a table of the
strongest regulated genes can be found in Figure S3. The gene expression of Col1a2 (fold-change
0.88) and Col3a1 (fold-change 0.88) was not relevantly altered in this array. Quantitative real-time
PCR, moreover, demonstrated an unchanged expression of Col1a1 in result of the fibrocyte ablation
(fold-change 0.97; 95% CI: 0.74–1.26; p = 0.803; Figure 2e).

The extent of fibrosis is largely influenced by the degradation of ECM components. Quantitative
analysis of the protein levels of several MMPs and TIMPs showed an about equal expression throughout
both groups (Figure 2f). The mean group difference of all but one analyte (MMP-9) yielded 95%
confidence intervals whose border values were considered irrelevant in the context of this study. For
MMP-9, the high scatter in the data, possibly due to the short half-life of MMP-9, impeded a conclusive
interpretation. While there is a negligible mean difference, the 95% confidence interval ranges from a
considerable increase (40.0%) to a noteworthy decrease (50.4%) in the mean concentration. Absolute
concentrations and individual p-values are provided in Figure S4. The gene expression of selected
MMPs and TIMPs was not relevantly altered in the gene expression array either.

3.3. The Antifibrotic Effect was Not Accompanied by A Reduction of Myofibroblasts

Despite interindividual differences within the control- and fibrocyte-ablated group, the overall
hepatic expression of α-SMA was comparable both on protein- (Figure 3a,b) and transcriptional level
(fold-change 1.08; 95% CI: 0.80–1.44; p = 0.614; Figure 3c). Immunohistochemical staining (Figure 3b),
furthermore, revealed a similar staining intensity and distribution pattern of α-SMA. Additionally, we
investigated the gene expression of the most potent myofibroblast activators TGF-β and PDGF. Both
were expressed about equally in the control and the fibrocyte-ablated group (fold-change 1.16 and 0.99;
p = 0.165 and 0.951; Figure 3c, full data in Figure S5a–c).

Figure 3. The antifibrotic effect was not accompanied by a reduction of myofibroblasts. (a) Western
blot analysis and optical densitometry thereof revealed that the hepatic α-SMA levels were increased
following TAA-treatment but unchanged by fibrocyte ablation. Two individual western blots were
included in the analysis, a representative blot is shown. Arbitrary unit. SC n = 2; Ctrl, FC-Abl. n = 6.
Mean + SEM is depicted. (b) Immunohistochemical staining of α-SMA (brown) demonstrated the
periportal accumulation of myofibroblasts in TAA-treated animals and an unchanged expression
pattern in result of the fibrocyte ablation. Representative stainings are shown. Magnification 40× and
200×, bars 400 and 50 μm. (c) Hepatic gene expression levels of Acta2, Tgfb, and Pdgfb were comparable
at the end of the experiment (full data in Figure S5a–c).
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3.4. Fibrocyte Ablation Lead to A Reduction of Hepatic IL-1β Levels

Next, we evaluated the hepatic infiltration and proliferation of inflammatory cells. While
histological grading, performed on routine hematoxylin/eosin-staining, did not retrieve significant
differences in result of fibrocyte-ablation (Table S6), immunohistochemical staining and subsequent
morphometric analysis of the pan-leucocyte marker CD45 hinted at a decreased number of
CD45-positive cells in the liver (p = 0.054; Figure 4a,b).

Figure 4. Fibrocyte ablation lead to a reduction of hepatic IL-1β levels. (a) Immunohistochemical staining
of CD45 (grey) and (b) subsequent morphometric analysis revealed a tendentially reduced number
of leukocytes in the liver of fibrocyte-ablated mice. Magnification 200×, bar 50μm. Mann-Whitney U
test was applied. (c) Multiplex ELISA demonstrated a reduction of IL-1β protein levels while none
of the other cytokines were significantly regulated. Absolute concentrations and individual p-values
are provided in Figure S8. (d) qRT-PCR showed no regulations in a panel of inflammatory genes (full
data in Figure S5d–i). (e–g) In comparison to healthy supercontrols (n = 8, dotted bars), absolute
quantification of hepatic eicosanoids revealed a notable decrease of all but one analyte (5,6-EET+DHET)
in consequence of the TAA-treatment. The level of LTB4 is considerably lower in FC-ablated mice
(n = 15, blue), compared to controls (n = 15, black). Mean of three measurements + SEM are depicted.
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In order to assess paracrine inflammatory functions of fibrocytes, we evaluated various cytokines
on a transcriptional and protein level. Proteome Profiling of 111 cytokines was performed, yet
none of the suspected mediators were strongly regulated (Figure S7). Multiplex ELISA-data of
common inflammatory cytokines (Figure 4c, full data in Figure S8) revealed that the level of IL-1β
was significantly decreased in fibrocyte-ablated mice (13.7 ± 0.98 vs. 12.9 ± 1.12 ng/g liver; p = 0.044).
Moreover, genes encoding inflammatory markers (Tnf, Ccl3, and Ccl12) were among the strongest
regulated analytes in the gene expression array (Figure S3). Significantly regulated- and further
genes of interest were therefore assessed using quantitative real-time PCR (Figure 4d), yielding no
significant regulations.

Since FC are known to express cysteinyl leukotrienes (CysLTs), we also sought to determine
the hepatic levels of several eicosanoids (Figure 4e–g). While CysLTs were not detectable in our
experimental setup, other changes in the eicosanoid profile occurred in response to the fibrogenic
stimulus. The concentration of leukotriene B4 (LTB4), several isomers of epoxyeicosatrienoic acid
(EETs), 15-deoxy-delta-12,14-prostaglandin J2 (15-d.-PGJ2), and prostaglandin E2 (PGE2) decreased in
TAA-treated groups. FC ablation lead to a subtle attenuation of the EETs and a notable decrease of
LTB4 (Figure 4e).

3.5. Liver Integrity was Ameliorated by Fibrocyte Depletion

Cell death is a key event in the pathogenesis of liver fibrosis. Significantly reduced serum levels
of alanine amino transferase (ALT) demonstrated a mitigation of liver-specific cellular damage in the
fibrocyte-ablated group (−20.9%; 95% CI: 0.4–36.9%; p = 0.049; Figure 5a). High-throughput gene
expression analysis indicated a decrease of the extracellular death ligand FAS (Figure S3), providing a
possible explanation in the differential regulation of apoptosis. Subsequently performed quantitative
real-time PCR, however, did not support a regulation of Fasl (fold-change 1.04; 95% CI: 0.83–1.34; p =
0.666; Figure 5b). Even more, further analyses displayed a subtle downregulation of the antiapoptotic
factor Bcl-2 as a consequence of the depletion of fibrocytes (Figure 5c). Neither the transcriptional
analysis of Bcl2 (fold-change 0.97; 95% CI: 0.83–1.13; p = 0.661; Figure 5d), nor western blotting
(Figure 5e) and quantitative real-time PCR of the Bcl-2 associated factor Bax (fold-change 0.99; 95% CI:
0.86–1.15; p = 0.921; Figure 5f) corroborated a general regulation regarding the Bcl-2 family.

3.6. A Four-Week Period is Not Sufficient to Provoke Regression of TAA-Induced Liver Fibrosis

Lastly, we aimed to study the effects of a fibrocyte depletion on hepatic fibrolysis and regeneration.
FC were depleted during a 4-week regeneration period after 18 weeks of fibrosis induction (Figure 6a).
As the TAA-model induced a favorable, marked fibrosis, representing typical pathological features
known from human liver fibrosis as expected (Figure 2), we anticipated a considerable regeneration
after 4 weeks. Serum ALT levels, in fact, suggest an ameliorated disease state (Figure 4b). Surprisingly,
fibrosis was not reduced by a 4-week regeneration period after cessation of the noxe: Total liver
hydroxyproline levels remained constant in the control group after the regeneration period (409.8 ± 35.5
vs. 413.4 ± 38.2 μg/g liver; Figure 6c). FC depletion during the regeneration period did not significantly
alter either hydroxyproline content (Figure 6c) or serum ALT levels (Figure 6b). We chose to not
further investigate the role of FC in fibrolysis and regeneration until a protocol leading to marked liver
regeneration could be established for the TAA-model.
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Figure 5. Liver integrity was preserved by fibrocyte ablation. (a) Fibrocyte ablation caused a considerable
reduction in serum levels of alanine amino transferase (ALT). Median is depicted, Mann-Whitney U test
was applied. (b) Quantitative real-time PCR showed an unchanged expression of Fasl. (c) Bcl-2 western
blot and optical densitometry thereof hinted at a reduced expression of Bcl-2 in the fibrocyte-ablated
group. Arbitrary unit. SC n = 5; Ctrl, FC-Abl. n = 6. (d) qPCR displayed an unchanged Bcl2
expression. (e,f) Bax is expressed comparably on a protein and transcriptional level in the control-
and fibrocyte-ablated group. Arbitrary unit; SC n = 4; Ctrl n = 10; FC-Abl. n = 9; All western blot
experiments were performed ≥2 times, representative blots are shown. Columns and error bars depict
Mean + SEM.

Figure 6. A four-week period was not sufficient to provoke regression of fibrosis. (a) Schematic
representation of the animal experiments. Fibrocytes were depleted in mice of the respective group
via the administration of VCV during a four-week regeneration period. (b) The direct comparison
of serum ALT levels of mice sacrificed during fibrogenesis (see Section 3.5) and after regeneration
shows an ameliorated disease state four weeks after the last TAA-administration. FC depletion during
regeneration did not alter ALT levels. Median is depicted, Mann-Whitney U test was applied. (c) The
direct comparison of hepatic hydroxyproline content indicates that a resolution of fibrosis cannot be
observed after a regeneration period as short as four weeks. FC depletion during regeneration did not
influence hydroxyproline levels. Mean is depicted, an unpaired t-test (two-tailed) was applied.
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4. Discussion

In light of recent translational approaches in the field of liver fibrosis, a thorough understanding
of fibrocyte biology is urgently needed. Bone marrow transplantation, for instance, proved beneficial
in murine cholestatic fibrosis but remains controversial as a treatment option for chronic liver
diseases [48]; Cenicriviroc (CVC), a dual CCR2/CCR5-inhibitor impeding the infiltration of monocytes,
is a promising drug candidate for NAFLD patients with fibrosis [49,50]. Fibrocytes potentially
contribute to the targeted monocyte population and are known to be recruited via CCR2, -3, -5,
and -7 signaling [8,20,23,51,52]. CVC just recently provided promising results reducing fibrosis but
surprisingly not reducing inflammation in NAFLD-patients, and is currently tested in a phase III trial
(NCT03028740) [53].

We herein present a novel approach to investigate the role of bone marrow-derived fibrocytes
in liver fibrosis. Our model enabled the specific depletion of fibrocytes, avoiding the dependence on
particular surface markers or differentiation pathways. RNA in situ hybridization, however, implies
that it did not entirely deplete bone marrow-derived fibrocytes (Figure 1b). This result appears in
line with evidence from a study Puche et al. conducted: utilizing the HSV-TK model, about 65% of
HSCs could be depleted in a CCl4-model of hepatic fibrosis [54]. Even though our analyses suggest
a superior depletion-rate, it should be a concern of future studies to closely monitor the depletion
effectiveness to not underestimate the role of bone marrow-derived fibrocytes.

Our results show a functional contribution of fibrocytes to hepatic fibrogenesis. The determination
of hydroxyproline content revealed a reduced deposition of fibrillar collagens as a result of the depletion
of fibrocytes (Figure 2c). The present data allow a range of interpretations regarding the extent of the
mitigation: While the common prediction, mainly based on fate-tracing studies and evidence from
other organs, that the depletion of fibrocytes yields minor effects on hepatic fibrogenesis [15,17,55]
is compatible with our data, the 95% confidence interval also spans a reduction of up to ∼15%.
An attenuation of that magnitude is considered highly clinically significant and would challenge our
understanding of the contribution of fibrocytes. Significantly reduced serum ALT levels (Figure 5a),
despite the generally moderate level of hepatocyte damage, support this notion. It appears noteworthy
that (1) the reduction of hydroxyproline was not accompanied by a changed gene expression of collagen
I in our study and (2) contradicting results were obtained in studies, investigating the contribution of
fibrocytes to fibrosis of the liver [39] and lung [56].

The unchanged gene expression of Col1a1, Col1a2, and Col3a1 (Figures 2e and S3) implies that a
reduced secretion of collagens at the time of analysis is not the cause of the reduced hydroxyproline
content. The development of fibrosis is highly dependent upon the balance of deposition and
degradation of ECM-material [57]. Although fibrocytes are known to express several MMPs [30,31],
the overall hepatic expression of these was unchanged in result of the fibrocyte ablation (Figure 2f),
too. We therefore hypothesize that the mitigation of fibrosis is the result of a transient regulation
of fibrogenesis during the disease progression. Given their properties as hematopoietic, circulating
cells, fibrocytes can be found early at the site of injury [3,20]. Investigations regarding the influx of
fibrocytes into the injured liver show a peak two weeks after onset of the fibrogenic stimulus [20]. It
has to be considered, however, that fibrosis was induced via CCl4 in this experiment, which provokes
an accelerated disease progression, compared to the TAA model [41,42]. Taken together, these results
suggest that our timepoint of analysis missed the greatest contribution of fibrocytes yet displayed a
lasting effect and provide encouragement to more closely focus on the role of fibrocytes in different
stages of disease progression in future research.

Ozono et al. just recently published their findings as a clodronate liposome-mediated depletion of
fibrocytes »had little contribution on liver fibrosis« in a murine model of CCl4-induced fibrosis [39].
Although the authors concluded differently, we argue that the results they present are not necessarily
contradictory to ours. Morphometric analysis displays a reduction of stained fibrillar collagens
by tendency (see Figure 3b in reference [39]). Smaller sample sizes (n = 8) might provide an
explanation of why the level of statistical significance postulated by the authors was not reached.
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Furthermore, semiquantitative means like histology with subsequent pathological evaluation (staging)
or morphometric analysis perhaps lack the accuracy to detect subtle changes in the deposition of ECM
components. Consistent with this claim, semiquantitative methods failed to detect the mitigation
of fibrosis in our study (Table 1, Figure 2d). Solely relying on those techniques might under some
circumstances therefore be inadequate to elaborate the biology of fibrocytes. Even though it will be
inevitable to study the contribution of fibrocytes in different models of fibrosis, the use of distinct
models and readout parameters impedes the comparability of results obtained with such.

A specific knockout of the Col1a1 gene in fibrocytes, furthermore, yielded no significant impact on
pulmonary fibrosis, even though up to 30% of collagen producing cells are assumed to be fibrocytes,
suggesting a crucial role of paracrine functions [56]. We herein sought to investigate effects on
the activation and proliferation of myofibroblasts, hepatic inflammation, and cell death. Since
there is compelling evidence for activated HSCs being the main contributors to hepatic collagen
deposition [15–17], and fibrocytes, in fact, can facilitate the activation of myofibroblast via the secretion
of TGF-β and PDGF in vitro [26], a decreased activation of myofibroblasts might provide a plausible
explanation for the observed attenuation of fibrosis. Even though a transient process cannot be
excluded, our results, showing an unchanged expression of α-SMA, Tgfb, and Pdgfb in result of
the fibrocyte depletion (Figure 3), tend to refute this hypothesis. The reduced CD45-stained area
(Figure 4a,b) and the decreased hepatic concentration of IL-1β (Figure 4c) might imply an ameliorated
inflammatory response in consequence of the fibrocyte depletion. Nevertheless, the evaluation of
inflammatory cytokines (Figures 4c,d and S7) emphasized that bone marrow-derived fibrocytes are not
a major source of inflammatory mediators at the time of analysis. These results are noteworthy, given
the fact that previous research provided evidence for a participation of fibrocytes in inflammatory
processes [26,34,58] and entities like scleroderma, rheumatoid diseases, and asthma are associated
with fibrocytes (reviewed in reference [24]). Our findings call for careful considerations, especially
regarding the interpretation of cultivation and stimulation experiments performed with fibrocytes.
Lastly, the decreased levels of serum ALT (Figure 5a) can be interpreted as a result of ameliorated
fibrosis. They might, however, also display an attenuation of hepatic cell death, caused by the depletion
of fibrocytes, leading to reduced profibrogenic stimuli. Serum amyloid P, which is known to inhibit the
differentiation of fibrocytes [59], prevented hepatic cell damage in CCl4-induced acute liver injury [60].
While multiple forms of hepatic cell death are known [61], we found subtle regulations regarding
apoptosis. Contradictory and partly not reproducible results herein forbid a conclusive interpretation.

In summary, we herein demonstrate a functional contribution of bone marrow-derived fibrocytes
to hepatic fibrogenesis. However, a definitive mode of action could not be identified. It has to be
considered that neither our analyses of paracrine fibrocyte functions, despite covering the crucial
mediators of hepatic fibrogenesis, were exhaustive nor the previous cultivation and fate-tracing studies
necessarily elucidated the entire range of fibrocyte functions in a complex in vivo setting. Since it is,
due to the high plasticity and little number of cells, often troublesome to study fibrocytes in vivo, it
is noteworthy that properly planned animal experiments with a rigorous statistically substantiated
design according to the 3R principles enabled the generation of robust results. Fibrocytes should be
considered in future research to acquire a thorough understanding of the biology of hepatic fibrosis.
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et al., Figure S7: Proteome Profiling of inflammatory cytokines, Figure S8: Hepatic protein concentrations of
inflammatory cytokines.
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Abstract: TGR5 (Gpbar1) is a G protein-coupled receptor responsive to bile acids (BAs), which is
expressed in different non-parenchymal cells of the liver, including biliary epithelial cells, liver-resident
macrophages, sinusoidal endothelial cells (LSECs), and activated hepatic stellate cells (HSCs). Mice
with targeted deletion of TGR5 are more susceptible towards cholestatic liver injury induced by
cholic acid-feeding and bile duct ligation, resulting in a reduced proliferative response and increased
liver injury. Conjugated lithocholic acid (LCA) represents the most potent TGR5 BA ligand and
LCA-feeding has been used as a model to rapidly induce severe cholestatic liver injury in mice.
Thus, TGR5 knockout (KO) mice and wildtype (WT) littermates were fed a diet supplemented with
1% LCA for 84 h. Liver injury and gene expression changes induced by the LCA diet revealed
an enrichment of pathways associated with inflammation, proliferation, and matrix remodeling.
Knockout of TGR5 in mice caused upregulation of endothelin-1 (ET-1) expression in the livers.
Analysis of TGR5-dependent ET-1 signaling in isolated LSECs and HSCs demonstrated that TGR5
activation reduces ET-1 expression and secretion from LSECs and triggers internalization of the ET-1
receptor in HSCs, dampening ET-1 responsiveness. Thus, we identified two independent mechanisms
by which TGR5 inhibits ET-1 signaling and modulates portal pressure.

Keywords: bile acids; endothelin-1; sinusoidal endothelial cells; hepatic stellate cells;
portal hypertension

1. Introduction

TGR5 (Gpbar1) is a G protein-coupled bile acid receptor expressed in various cell types, including
macrophages, as well as non-parenchymal liver cells such as activated hepatic stellate cells (HSCs)
and liver sinusoidal endothelial cells (LSECs) [1–5]. Activation of TGR5 occurs after binding of bile
acids (BAs), leading to an intracellular increase of cyclic AMP (cAMP) as second messenger and to the
activation of further downstream signaling [6–8]. TGR5 is known to play an important role in biliary
epithelial cell function and has anti-inflammatory as well as cytoprotective properties [2,4,6,9–14].
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TGR5 knockout mice (TGR5 KO) have a very mild phenotype without any signs of overt liver
disease [15,16]. However, TGR5 KO are more susceptible towards cholestatic and inflammatory liver
injury [17–19]. While TGR5 is responsive to all human primary and secondary BAs, irrespective of
conjugation state, the secondary BA taurolithocholic acid (TLC) represents the most potent TGR5 BA
agonist [6,20]. Interestingly, feeding wildtype (WT) mice a diet enriched in 1% (w/w) LCA triggers
within a few days segmental bile duct obstruction by crystal precipitation leading to the development
of focal areas of necrosis (bile infarcts) with subsequent recruitment and accumulation of neutrophils,
as well as to the induction of periportal fibrosis [21,22]. Using mice deficient for either the intercellular
adhesion molecule-1 (ICAM-1 KO mice) or the catalytic subunit of NADPH oxidase (gp91phox KO
mice), it was demonstrated that the contribution of neutrophils to liver injury following LCA feeding
is negligible. Thus, the hepatotoxicity stems from LCA and its metabolites directly, and this model can
be used to rapidly induce severe cholestatic liver injury, which also shows characteristics of sclerosing
cholangitis [21,22].

The burden of liver diseases continues to rise in European countries and accounts for approximately
150,000 deaths per year attributed to liver disease, of which about two-thirds of patients die before
the age of 65 years [23]. The most important non-malignant complication of chronic liver disease in
humans is the development of portal hypertension (PH). PH results from increased intrahepatic vascular
resistance, which is due to structural changes within the sinusoids during fibrosis development, to
dysfunction of HSCs and LSECs as well as to microvascular thrombosis and platelet dysfunction [24,25].
Nitric oxide (NO) is an essential regulator of portal pressure. However, NO release from LSECs is
decreased in cirrhotic livers, contributing to LSEC dysfunction [24]. We have previously demonstrated
that TGR5 is expressed in LSECs, where activation of the receptor induced expression and activation of
endothelial NO synthase (eNOS) and subsequent generation of NO [1].

While TGR5 was not expressed in quiescent HSCs in vitro and in vivo, cultivation of isolated
HSCs on plastic dishes, which triggers differentiation into a myofibroblast-like phenotype (activated
HSCs), led to an upregulation of TGR5 mRNA and protein levels [4,26]. These findings suggest that BA
signaling via TGR5 may play a role in the regulation of hepatic vascular tone and portal pressure under
physiological but also disease conditions. Since LCA feeding not only resulted in severe cholestatic liver
injury and recruitment of inflammatory cells, but also rapid development of periductal fibrosis [21],
we studied the impact of short-term LCA diet supplementation in TGR5 WT and KO mice.

2. Materials and Methods

2.1. Materials

Dulbecco’s modified Eagle Medium (DMEM) was from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). FCS was acquired from Perbio Science (Bonn, Germany). Pencillin, streptomycin,
and amphotericin B were purchased from Gibco (Thermo Fisher). Taurolithocholic acid (TLC)
and forskolin were purchased from Sigma-Aldrich (St. Louis, MO, USA). DMSO (Dimethyl
sulfoxide) was acquired from Carl Roth (Karlsruhe, Germany). The TGR5 agonist RO5527239((R,E)-
1-(4-(3-(hydroxyimino)-3-(2-methylpyridin-4-yl)-1-o-tolylpropyl)phenyl)piperi-dine-4-carboxylic acid)
was kindly provided by F. Hoffmann-La Roche, (Basel, Switzerland) [27]. Pronase P and Dnase I for
isolation of murine HSCs were also from F. Hoffmann-La Roche. Pronase E for isolation of HSCs
was purchased from Sigma-Aldrich and collagenase type I from Worthington (Lakewood, WA, USA).
Collagenase type I for isolation of LSECs was from Sigma-Aldrich.

2.2. Animal Experiments

TGR5 transgenic mice were a generous gift from K. Schoonjans and J. Auwerx and have been
shown to overexpress TGR5 in different tissues, including liver [28]. TGR5 knockout (KO) mice were
kept on a C57BL/6 background and were kindly provided by the Schering-Plough Research-Institute
(Kenilworth, NJ, USA) [15,29]. Heterozygous animals were used for breeding to obtain littermate TGR5
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knockout and wildtype animals. Mice were bred and kept in the central animal facility of Düsseldorf
University (ZETT) and had access to water and food ad libitum. A 12 h light/dark cycle was maintained.
TGR5 KO and WT male mice aged 8–12 weeks were fed a diet containing 1% (w/w) lithocholic acid
(LCA, ssniff, Soest, Germany) for 84 h or standard chow diet ad libitum. After 84 h of feeding, mice
were anesthetized by intraperitoneal injection of ketamine/sodium pentobarbital solution. Blood was
collected and anesthetized animals were subjected to portal vein perfusion prior to collection of liver
tissue. All animal experiments were approved by the local authorities (LANUV).

2.3. Serum Analysis

Serum samples of WT and TGR5 KO mice were taken at the end of the experiment. Serum was
analyzed for AST and ALT using the Spotchem Analyzer (Axon Lab AG, Reichenbach, Germany).

2.4. Determination of Hepatic Hydroxyproline Content

Hydroxyproline content was determined from liver tissue (TGR5 KO and WT) according to I.S.
Jamall [30].

2.5. Isolation of Hepatic Stellate Cells

HSCs were isolated from 4–6 month-old female WT C57BL/6 mice. Mice were kept under the
same conditions as described above. Mice were anesthetized and placed under a heating lamp.
After cannulation of the portal vein, the liver was perfused using HBSS buffer (37 ◦C). Following
a perfusion with pronase E (0.2% in HBSS buffer) and collagenase type I (0.025% in HBSS buffer),
that led to digestion of collagen and lysis of hepatocytes, the liver was removed and mechanically
diced. The liver cell solution was filtered and resuspended in a pronase/Dnase solution (0.125%) for
further digestion. After filtration through a 70 μm cell strainer, the solution was diluted in HBSS
and centrifuged at 500× g for 7 min. The supernatant containing cell debris was removed. The cell
pellet was resuspended in HBSS containing 0.25% BSA and then mixed with 28.7% Nycodenz gradient
solution (Cosmo bio USA, Carlsbad, CA, USA) to obtain a final concentration of 18% Nycodenz
(w/v). This preparation was covered with 8 mL 0.25% BSA/HBSS before centrifugation for 30 min at
1400× g without brake. After centrifugation, the layer between the two buffers was harvested and
centrifuged at 450× g for 10 min. The supernatant was discarded and the pellet was resuspended in
DMEM supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin/amphotericin
B. The medium was exchanged every other day. Cells were kept on cell culture plates covered with
collagen type 1 in a density of 2.5–3 × 106 cells/well in a 6-well plate. Cells were used for experiments
on the next day or after seven days for experiments with activated HSCs (Supplemental Figure S1).
During experiments, cells were kept in DMEM without FCS or antibiotics.

2.6. Isolation and Cultivation of LSECs

The protocol for magnetic-activated cell isolation of LSECs was adapted from [31]. After induction
of anesthesia, a cannula was inserted into the portal vein for perfusion with HBSS containing collagenase
type 1, leading to removal of blood and dissociation of liver cells from connective tissue. Afterwards,
livers were removed, diced, and incubated in the collagenase solution for 20 min for further digestion.
The cell suspension was filtered through 100 μm cell strainers and centrifuged several times for
removal of collagen and cell debris. To clear the cell suspension of CD45-positive immune cells, the cell
suspension was preincubated with anti-CD45 magnetic beads for 15 min at 4 ◦C and transferred onto
LD columns in the QuadroMACS separator (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). The
flow-through was centrifuged for 10 min at 500× g and 4 ◦C. The supernatant was discarded and the
pellet was resuspended in ice-cold MACS-buffer, according to the manufacturer’s protocol. For positive
selection of LSECs the cell suspension was incubated with anti-CD146 MicroBeads (Miltenyi Biotec).
Then the cell suspension was put on cell columns in the OctoMACS separator (Miltenyi Biotec),
according to protocol provided by the company. The flow-through was discarded and the columns
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were flushed with MACS-buffer containing 0.05% BSA after removal of columns from the magnetic
field. The cell suspension was centrifuged and the pellet was resuspended in cell culture medium
(DMEM, supplemented with 10% FCS and 1% antibiotics). Cells were cultured in cell culture dishes
covered with collagen type I with the following densities: 24-well: 800,000–900,000 cells/well; and
6-well: 3–3.5 × 106 cells/well. Culture medium was removed and cells were washed in PBS after 24 h
in culture. Cells were treated with serum-free medium containing DMSO, 10 μM TGR5 agonist, 25 μM
taurolithocholic acid, or 10 μM forskolin for 24 h.

2.7. Gene Expression Assay

RNA from liver samples of the above-mentioned mice or of LSECs was extracted using the
Maxwell 16 LEV simply RNA Tissue Kit (Promega, Madison, WI, USA) and the Maxwell 16 Instrument
(Promega, Madison, WI, USA), according to the manufacturer’s instructions.

A DNA microarray platform (Affymetrix) was used for global gene expression analysis.
Total RNA preparations were checked for RNA integrity by Agilent 2100 Bioanalyzer quality

control. Mean RNA integrity number (RIN) was 7.3 ± 0.4 (range 6.5 to 8.1) for liver tissue from
chow-fed animals and 7.8 ± 0.3 (range 6.5 to 8.8) for liver tissue from LCA-fed animals. RNA was
further analyzed by photometric Nanodrop measurement and quantified by fluorometric Qubit RNA
assays (Life Technologies).

Synthesis of biotin-labeled cDNA was performed according to the manufacturers’ protocol (WT
Plus Reagent Kit; Affymetrix, Inc., Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 100 ng
of total RNA was converted to cDNA. After amplification by in vitro transcription and 2nd cycle
synthesis, cDNA was fragmented and biotin labeled by terminal transferase. Finally, end-labeled
cDNA was hybridized to Affymetrix Mouse Gene 2.0 ST Gene Expression Microarrays for 16 h at 45 ◦C,
stained by strepatavidin/phycoerythrin conjugate and scanned as described in the manufacturers´
protocol. Data analyses on Affymetrix CEL files are described in Section 2.14—Statistical Analysis
of Expression Data. The gene expression data can be downloaded from the NCBI GEO database
(https://www.ncbi.nlm.nih.gov/geo/, accession number GSE139075).

For real-time PCR, 1 μg of this RNA was used to generate cDNA utilizing the QuantiTect Reverse
Transcription Kit (Qiagen, Hilden, Germany). Gene expression was quantified using Taqman Gene
Expression Assays (Thermo Fisher Scientific, Waltham, MA, USA, assay order information can be
obtained upon request) and the Lightcycler 480 II (Roche Diagnostics, Rotkreuz, Switzerland). Data
were produced in duplicates for each gene. Mean values of cycle numbers of the target gene were
subtracted from the mean of cycle numbers of the house-keeping gene succinatdehydrogenase (SDHA)
for the respective sample. These values taken to the power of 2 are the mRNA expression of the target
genes in relation to SDHA expression. The number of independent experiments performed are given in
the text/figure legends. At least three independent experiments were performed. In order to rule out a
regulation of the chosen house-keeping gene SDHA in response to LCA feeding, we initially analyzed
expression of selected genes in relation to SDHA, hypoxanthine phosphoriosyltransferase-1 (HPRT-1),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Since no difference in regulation was
observed between these house-keeping genes, we continued the experiments with SDHA, as shown in
Table 1 and Figure 3.

2.8. ET-1 ELISA

For analysis of ET-1 secretion from LSECs, cells were kept in culture after isolation as described for
24 h. After washing of cells with PBS, they were treated with serum-free medium containing DMSO,
10 μM TGR5 agonist, 25 μM TLC, or 10 μM forskolin for 24 h. Then, the supernatant was collected
and transferred onto amicon ultra-10 centrifugal filters (Merck Millipore, Burlington, NJ, USA) to
concentrate the supernatant (1:10). The concentrated supernatant was analyzed for ET-1 levels using
the Quantikine kit system for murine ET-1 (Research and Diagnostic Systems Inc, Minneapolis, MN,
USA), according to the provided protocol. LSECs were washed and incubated with a fixed amount of
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50 μL lysis buffer for protein isolation. Measurement of protein concentration in lysate was performed
in the Multiskan Spectrum (Thermo Fisher) and ET-1 concentration in the supernatant was normalized
relative to protein concentration.

2.9. HSC Contraction Assay

For quantification of activated HSC contraction, 6-well plates were covered with a thick layer of
1 mL/well rat tail collagen. Rat HSCs were isolated as described before [32]. Cells were put on 6-well
plates at a density of 6 × 105 cells/well. Cells were kept in DMEM supplemented with 10% FCS and 1%
antibiotics for 7 days. Medium was exchanged every 48 h starting the day after isolation. At day 7 after
isolation, cells were treated with serum-free medium containing DMSO, 10 μM TGR5 agonist, or 10 μM
forskolin for 30 min. After detachment of collagen lattices from the 6-well surface, cells were treated
with ET-1 (Sigma-Aldrich) at a concentration of 1nM to induce contraction for 2 h and 24 h. Photos of
cell/collagen lattice areas were taken at the time of ET-1 addition and after 2 h and 24 h (Supplementary
Figure S2). Surface area was measured using the ImageJ distribution Fiji V.2.0.0 [33,34]. The lattice area
used as control treated with DMSO and vehicle for the respective time points was set to 1.0.

2.10. Measurement of Portal Pressure

TGR5 KO and WT mice on chow or LCA diet (1%, 84 h) were anesthetized and the portal vein was
cannulated. Invasive blood pressure measurement was performed using the pressure transducer P75
and amplifier from Hugo Sachs Electronics (Harvard Apparatus GmbH, March, USA). Additionally,
6-week-old WT mice were anesthetized and cannulation of portal vein for blood pressure measurement
was done. Mice livers were then perfused with either control HBSS solution or a solution containing
10 μM TGR5 agonist for 15 min. Subsequently, increasing concentrations of ET-1 (5, 10, and 15 nM)
were added to the perfusion media for 15 min each. Perfusion pressure in the portal vein was measured
constantly over the whole time course. Mean portal pressure was taken for each condition of each
mouse. Portal pressure under control conditions (t = 0) of HBSS buffer perfusion supplemented with
DMSO (=vehicle) were set to 1.0.

2.11. Hematoxylin Eosin- and Picro-Sirius Red Staining

Liver samples were fixed in 4% paraformaldehyde, embedded in paraffin, and sliced into sections
of 5 μm. Following rehydration, liver slides were stained in hematoxylin (Hematoxylin Solution Gill
No.3, Sigma Aldrich) for 1 min and in eosin for 3 min. Alternatively, slides were treated with the
Picro-Sirius Red staining kit according to the manufacturer’s instructions (Polysciences, Warrington,
FL, USA). After dehydration, slides were mounted with VectaMount (Vectorlabs, Burlingame, CA,
USA). Images were acquired on a Zeiss AxioLab A1 Microscope (Carl Zeiss, Jena, Germany) with 63×,
40×, 20×, and 10× objectives.

2.12. Immunofluorescence of Cells in Culture

HSCs were isolated and kept in culture as described above. Seven days after isolation, cells
were incubated with serum-free medium containing either DMSO, 10 μM TGR5 agonist, or 10 μM
forskolin. After 24 h, cells were washed with PBS and incubated with 5 μg/mL wheat germ agglutinin
(WGA) (Thermo Fisher) labeled with AlexaFluor-594 in PBS for 10 min at 37 ◦C to stain glycoproteins
or glycolipids within the outer leaflet of the plasma membrane [35]. Cells were fixed with ice-cold
methanol for 3 min after removal of the WGA-solution. After washing of cells, unspecific binding was
blocked using a solution of 5% FCS in PBS for 30 min. Activated HSCs were treated with either primary
antibodies for Endothelin-A receptor (Abcam, Cambridge, UK) (1:500) or just blocking solution as
negative control for 1 h. A secondary antibody labeled with AlexaFluor-488 (Dianova, Hamburg,
Germany) (1:100) was used for detection of the primary antibody and incubated for 1 h. LSECs were
fixed with methanol and incubated with antibodies directed against vascular endothelial Cadherine
(Santa Cruz Biotechnology, Dallas, USA) (1:100) and TGR5 (Gpbar1 8/50, Roche) (1:20). Secondary
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antibodies labeled with Cyanine-3 (Dianova) (1:500) or fluorescein (Dianova) (1:100) were used at
dilutions of 1:500 and 1:100, respectively. Intranuclear DNA was labeled by Hoechst 34580 (Thermo
Fisher) (1:20,000). Pictures of LSECs were taken using the confocal microscope LSM 510 (Carl Zeiss,
Jena, Germany). HSCs were imaged using a LSM 810 confocal laser microscope (Carl Zeiss, Jena,
Germany). Colocalization analysis of murine hepatic stellate cells was carried out using Pearson’s
correlation coefficient calculated by the coloc2 plugin for ImageJ after selection of representative regions
of interest ROIs in cell surface areas [33,34].

2.13. Statistical Evaluation

The data are presented as means and the standard error of the mean (SEM). Statistical significance
was tested using the two-sided Student’s t-test or the Wilcoxon signed-ranked test as appropriate.
A p-value < 0.05 was considered a significant result and a p-value < 0.01 was considered a highly
significant result.

2.14. Statistical Analysis of Expression Data

Data preprocessing and all subsequent analyses were performed using the statistical programming
language R, version 3.5.0 (R Development Core Team 2018). Normalization of the raw microarray data
(CEL files) was done using RMA as implemented in the R package oligo. Normalization was performed
on a set of, in total, 18 CEL files. To determine differentially expressed genes, the R package limma
was used [36]. Adjustment for multiple testing was conducted with the method of Benjamini and
Hochberg (FDR, false discovery rate) [37]. A gene was called differentially expressed if the adjusted
p-value was <0.05 and log2 fold change was <−1.5 (downregulated) or >1.5 (upregulated). A volcano
plot was generated that plots log2 fold change on the x-axis and statistical significance on the y-axis
(-log10 of the FDR-adjusted p-value). Heatmaps were used to visualize z-scores (expression values
standardized per gene to mean 0 and standard deviation 1), ordered according to average linkage
hierarchical clustering of genes and experiments, respectively. Gene ontology enrichment analysis
was performed based on probe set IDs with the topGO package [38], using Fisher’s exact test and the
elim method. Only results from the biological process ontology were considered. The cutoff for the
enrichment p-value was set to 0.05.

3. Results

3.1. LCA Feeding Results in a Significant Upregulation of Genes Associated with Cholestasis, Inflammation,
and Extracellular Matrix Remodeling

Feeding of a chow diet supplemented with 1% LCA over 3.5 days (84 h) resulted in a severe
cholestatic liver injury in wildtype (WT) mice, as described previously [21]. Liver tissue of LCA-fed
WT mice was compared to chow-fed WT littermates by gene array analysis. In total, 332 and 263 genes
were significantly up- or downregulated, respectively (p < 0.05; FDR-adjusted, and log2 fold change
<−1.5 or >1.5; Supplementary Tables S1 and S2). Overrepresented Gene Ontology (GO) groups among
the upregulated genes were associated with proliferation, inflammation, and extracellular matrix
organization (Supplementary Tables S1 and S3, Figure 1). The four upregulated genes with the lowest
p-values were the acute phase proteins serum amyloid A3 (Saa3) (46.2-fold up) and orosomucoid 2
(Orm2) (42.4-fold up), the bacterial siderophore binding protein lipocalin 2 (Lcn2) (32.4-fold up) that is
expressed in neutrophils, and the pattern recognition receptor MARCO (macrophage receptor with
collagenous structure, 17.4-fold up), which is found on macrophages and dendritic cells (Supplementary
Table S1). The most significantly overrepresented GO groups among the downregulated genes were
associated with oxidation-reduction processes, sodium-independent organic anion transport, and
bile acid biosynthesis. The rate-limiting enzyme of bile acid synthesis, Cyp7a1 (89.0-fold down),
was among the strongest downregulated genes (Supplementary Tables S2 and S4). Therefore, gene
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expression profiling of the livers of mice under LCA diet revealed a profile of an inflamed, cholestatic
organ undergoing extracellular matrix reorganization [21,22].

Figure 1. Influence of a chow diet supplemented with 1% lithocholic acid (LCA) over 3.5 days on gene
expression in liver tissue of mice. (A) Heatmaps of z-scores (expression values standardized per gene
to mean 0 and standard deviation 1) of the strongest differentially-regulated genes (p < 0.05 and log2
fold change >3 (upregulated) or <−3 (downregulated)). Each row corresponds to a gene, each column
to a mouse. Rows and columns were ordered according to average linkage hierarchical clustering.
(B) Volcano plot: On the x-axis, the log2 fold change is plotted, and on the y-axis, -log10 of the false
discovery rate (FDR)-adjusted p-value is plotted.
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We have previously reported that cholestatic liver injury in response to bile duct ligation is more
severe in TGR5 knockout (KO) mice as compared to WT littermates [19]. Therefore, we analyzed liver
damage following LCA feeding in TGR5 WT and TGR5 KO littermates.

3.2. Liver Damage in Response to LCA Feeding is Aggravated in TGR5 KO Mice and Results in Increased
Portal Pressure

Liver damage in response to LCA feeding was more pronounced in TGR5 KO mice as compared to
WT mice, as demonstrated by significantly higher serum levels of AST (WT LCA (n= 12) 6586± 898 IU/L
vs. KO LCA (n = 10) 10,629 ± 1422 IU/L (1.6-fold increase), p < 0.05) and more extensive bile infarcts
on liver histology (Figure 2A–C). Furthermore, a significant increase in portal venous pressure was
observed in LCA-fed TGR5 KO mice as compared to LCA-fed WT or chow-fed TGR5 KO mice,
respectively (WT LCA (n = 7) 3.9 ± 0.4 cmH20 vs. KO LCA (n = 6) 5.7 ± 0.6 cmH20 (1.4-fold
increase), p < 0.05) (Figure 2D). There was no difference in portal pressure between chow-fed mice of
both genotypes.

Figure 2. LCA feeding induces a more pronounced liver injury in TGR5 knockout mice as compared to
littermate controls. (A) Hematoxylin and eosin staining of representative liver sections from wildtype
mice fed with either a chow or LCA-enriched diet (1% wt/wt) for 84 h. (B) H&E staining of liver sections
from TGR5 knockout (KO) mice. LCA feeding results in a more severe liver injury in TGR5 KO mice as
compared to controls. Bars = 50 μm. (C) Serum AST and ALT-levels (in IU/l) increase significantly in
mice of both genotypes following LCA feeding (n = 10–12 for LCA-fed and n = 4 for chow-fed mice of
each genotype). (D) Measurement of portal vein perfusion pressure (in cm H20) of wildtype (WT) and
TGR5 KO mice fed with either chow or LCA diet (n = 5–7). All data are shown as mean ± standard
error of the mean (SEM). * Statistically significant difference between the LCA- and chow-fed mice of
the same genotype (p < 0.05); # statistically significant difference between WT and TGR5 KO mice fed
the same diet (p < 0.05).
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3.3. Genes Associated with HSC Activation are Significantly Upregulated in TGR5 KO Mice as Compared to
WT Littermates

Gene expression analysis by semi-quantitative real-time PCR revealed a similar pattern of gene
regulation in both genotypes after LCA feeding. As expected, induction of cholestasis by LCA feeding
resulted in a significant downregulation of Cyp7a1 and Cyp8b1, the rate limiting enzymes of bile acid
synthesis. In line with the increase in liver damage, a significant upregulation of the genes encoding
receptor-interacting serine/threonine-protein kinases 1 and 3 (RIPK1 and RIPK3), as well as caspase-3,
was observed (Table 1). Furthermore, we found a significant induction of pro-inflammatory genes
such as tumor necrosis factor-α (TNF-α), CCL2, interleukin-1β (IL-1β) and pro-fibrogenic chemokine
receptors CCR1, CCR5 (Table 1) [21,22,39]. Interestingly, genes related to sinusoidal endothelial
dysfunction, activation of HSCs, and fibrosis development, such as platelet-derived growth factor
receptor-α (PDGFRα), PDGFRβ, transforming growth factor-β1 (TGF-β1), and endothelin-1 (ET-1),
were upregulated in both WT and TGR5 KO mice following LCA feeding. However, the observed
increase was significantly higher in TGR5 KO mice (PDGFRα: WT LCA (n = 7) 3.52 ± 0.8 vs. KO LCA
(n = 10) 7.30 ± 1.4, 2.1-fold increase in TGR5 KO, p < 0.05; PDGFRβ: WT LCA (n = 12) 4.0 ± 0.6 vs. KO
LCA (n = 12) 6.23 ± 0.75, 1.6-fold increase, p < 0.05; TGF-β1: WT LCA (n = 7) 7.81 ± 0.8 vs. KO LCA
(n = 9) 11.8 ± 1.4, 1.5-fold increase, p < 0.05; ET-1: WT LCA (n = 14) 8.58 ± 1.1 vs. KO LCA (n = 11)
13.9 ± 2.4, 1.6-fold increase, p < 0.05) (Figure 3A–D). Sirius red staining of liver tissue after 3.5 days of
LCA feeding revealed a slight increase in periportal collagen deposition, but no overt hepatic fibrosis
in both genotypes, which was in line with measurements of hydroxyproline content in liver tissue
(Figure 4A,B). Expression of genes encoding collagen-1α1, collagen-1α2 were upregulated in both
genotypes following LCA feeding for 3.5 days, indicating initiation of extracellular matrix synthesis, as
described earlier (Figure 4B) [21,22].

Table 1. Selection of genes significantly regulated in livers of TGR5 wildtype (WT) and TGR5 knockout
(KO) after LCA feeding for 84 h as compared to chow-fed animals of the same genotypes. Data were
generated by real-time PCR, as described in Section 2—Materials and Methods. Gene expression is
presented in relation to the house-keeping gene SDHA. Values for WT mice on chow diet were set
to 1.0. * Significantly different as compared to chow-fed animals of the same genotype (p < 0.05); **
significantly different as compared to chow-fed animals of the same genotype (p < 0.01); # significantly
different as compared to WT animals of the same treatment group (p < 0.05). All data are expressed as
mean ± SEM. Green and red boxes indicate a statistically significant downregulation or upregulation,
respectively, of a gene in TGR5 KO as compared to WT littermates receiving the same treatment.

WT Chow WT LCA WT LCA KO LCA

Mean SEM MW SEM MW SEM MW SEM

Col1α1 1.00 0.57 1.71 0.81 65.77 ** 18.57 68.82 ** 13.78
Col1α2 1.00 0.35 1.69 0.39 25.59 ** 6.53 21.67 ** 3.39
PAI-1 1.00 0.27 0.92 0.31 120.21 ** 24.53 160.23 ** 29.05

TIMP-1 1.00 0.44 4.03 2.74 492.23 * 159.09 456.28 ** 93.63
VEGF-C 1.00 0.21 2.00 0.50 5.26 * 1.69 7.23 * 1.64

eNOS 1.00 0.26 1.43 0.46 10.07 ** 1.39 10.19 ** 1.46
VAP-1 1.00 0.70 0.40 0.12 5.78 * 1.98 4.92 ** 1.03
CD163 1.00 0.23 1.50 0.13 16.23 ** 4.64 16.53 ** 3.12
CCR1 1.00 0.55 1.89 0.50 134.81 ** 32.27 111.67 ** 21.33
CCR5 1.00 0.37 3.16 # 0.26 35.52 ** 8.26 17.20 **# 3.18

CXCR3 1.00 0.20 1.57 0.42 3.11 ** 0.67 5.35 **# 0.67
CXCR4 1.00 0.37 0.83 0.22 14.53 ** 3.53 13.41 ** 2.68
CXCR7 1.00 0.45 1.32 0.38 28.23 ** 7.24 26.56 ** 5.45
CCL2 1.00 0.50 1.40 0.80 293.80 ** 30.39 384.99 ** 71.68
CCL3 1.00 0.50 3.46 1.58 98.31 ** 18.18 95.45 ** 15.64
CCL4 1.00 0.76 1.26 0.37 55.92 ** 12.79 38.48 ** 6.40
CCL25 1.00 0.28 2.14 0.20 3.16 ** 0.34 3.13 ** 0.34
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Table 1. Cont.

WT Chow WT LCA WT LCA KO LCA

Mean SEM MW SEM MW SEM MW SEM

CXCL1 1.00 0.76 0.35 0.07 14.48 ** 1.64 9.38 **# 1.00
CXCL10 1.00 0.17 1.22 0.42 9.69 ** 1.95 5.03 **# 0.68

IL1β 1.00 0.20 1.91 0.44 16.34 ** 2.91 17.07 ** 2.41
IL10 1.00 0.08 1.24 0.32 26.43 ** 4.13 48.14 ** 12.76

TNFα 1.00 0.59 2.19 0.94 19.78 ** 3.49 21.39 ** 3.35
TGF-β2 1.00 0.50 1.00 0.32 16.55 ** 2.86 16.95 ** 2.71
TGFβR1 1.00 0.06 1.66 0.50 7.99 ** 0.94 8.84 ** 0.92
CyclinD1 1.00 0.31 1.36 0.35 17.57 ** 2.81 8.95 **# 0.98

SOX9 1.00 0.17 1.24 0.06 16.03 ** 2.89 16.02 ** 1.00
Caspase3 1.00 0.20 1.65 0.20 10.92 ** 1.98 10.46 ** 1.38

RIPK1 1.00 0.14 1.28 0.12 4.00 ** 0.49 4.32 ** 0.50
RIPK3 1.00 0.27 1.89 0.45 21.74 ** 2.72 28.57 ** 3.27
MT-1 1.00 0.48 1.15 0.36 140.44 ** 40.83 104.00 ** 28.48
MT-2 1.00 0.38 1.21 0.59 293.15 * 97.95 186.38 ** 46.39

CYP7A1 1.00 0.22 2.23 0.57 0.01 ** 0.00 0.01 ** 0.00
CYP8B1 1.00 0.28 1.20 0.26 0.01 * 0.00 0.01 * 0.00

Figure 3. Expression of genes related to portal hypertension and fibrosis development are significantly
higher in liver tissue of TGR5 KO mice as compared to WT littermates in response to LCA feeding.
(A–D) Semi-quantitative real-time PCR analysis of liver tissue revealed an upregulation of mRNA
expression PDGFRα, PDGRFβ, endothelin-1, and TGF-β1 following LCA feeding. The increase
was more pronounced in mice deficient for TGR5. Data are presented as mean ± SEM (n = 4–12).
* Statistically significant difference between the LCA- and chow-fed mice of the same genotype (p < 0.05);
# statistically significant difference between WT and TGR5 KO mice fed the same diet (p < 0.05; using
the two-sided Student’s t-test).
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Figure 4. LCA-feeding triggers an increase in extracellular matrix production in both genotypes.
(A) Representative Sirius red staining from one chow-fed and two LCA-fed animals of each genotype
demonstrates a slight increase in fibrous tissue in both genotypes. Bars = 200 μm. (B) Measurement
of hydroxyproline content in liver tissue showed a slight increase following LCA feeding, which did
not reach significance (n = 8–10 animals per genotype LCA group, n = 3 animals per genotype for
chow group). However, expression of collagen-1α1 and collagen-1α2 increased significantly after LCA
feeding in both genotypes (qPCR: n = 12–14 LCA-fed animals per genotype, n = 4 chow-fed animals
per genotype). Liver tissue from WT animals is shown in grey, while tissue from TGR5 KO mice is
represented by black bars. All data are shown as mean ± SEM. * Statistically significant difference
between the LCA- and chow-fed mice of the same genotype (p < 0.05) (n = 8–10).

3.4. Activation of TGR5 in LSECs Lowers ET-1 Expression and Secretion

ET-1 in liver is mainly secreted by LSECs under physiological conditions [24]. We have previously
demonstrated that rat and human LSECs express TGR5 [1,4]. To determine whether secretion of ET-1
from LSECs was modulated by TGR5, LSECs were isolated from WT mice. Expression and localization
of TGR5 in these primary cells was confirmed by immunofluorescence staining with an antibody
against TGR5 and an antibody against vascular endothelial cadherin (Ve-Cad). TGR5 was localized
in the plasma membrane, as well as in intracellular vesicular structures (Figure 5A). Treatment of
primary murine LSECs with vehicle (DMSO), taurolithocholic acid (TLC, 25 μM), a non-bile acid TGR5
agonist (RO5527239, 10 μM) [27], and forskolin (10 μM) for 24 h resulted in a significant decrease in
ET-1 mRNA expression (DMSO vs. TLC (n = 10) 1.0 vs. 0.76 ± 0.06 (1.3-fold reduction, p < 0.01);
DMSO vs. TGR5 Ago (n = 7) 1.0 vs. 0.73 ± 0.08 (1.4-fold reduction, p < 0.05); DMSO vs. forskolin
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(n = 6) 1.0 vs. 0.58 ± 0.12 (1.7-fold reduction, p < 0.05)) (Figure 5B). We have previously demonstrated
that stimulation of TGR5 in LSECs through coupling to a stimulatory G protein triggered an increase
in intracellular cAMP [1]. Therefore, forskolin, a direct activator of adenylate cyclase, was used as
TGR5-independent positive control [1]. Furthermore, detection of ET-1 in the cell culture supernatant
of these cells demonstrated a reduction in ET-1 protein levels in response to TLC, the TGR5 Ago, and
forskolin (Figure 5C) (DMSO vs. TLC (n = 10) 1.0 vs. 0.80 ± 0.05 (1.3-fold reduction, p < 0.01); DMSO
vs. TGR5 Ago (n = 9) 1.0 vs. 0.67 ± 0.12 (1.5-fold reduction, p < 0.05); DMSO vs. forskolin (n = 5) 1.0
vs. 0.54 ± 0.11 (1.9-fold reduction, p < 0.05)). Thus, stimulation of TGR5 not only reduces ET-1 mRNA
expression, but also ET-1 secretion from LSECs.

Figure 5. Stimulation of TGR5 in isolated liver sinusoidal endothelial cells (LSECs) reduces endothelin-1
(ET-1) mRNA expression and secretion. (A) Immunofluorescence staining of TGR5 in isolated LSECs (in
red) demonstrates localization of the receptor within the plasma membrane, as well as in intracellular
vesicular structures. An antibody against vascular endothelial cadherin (VE-cad, shown in green) was
used to visualize cell junctions near the plasma membrane. Nuclei were stained with Hoechst (shown
in blue). Bar = 10 μm. (B) ET-1 mRNA levels in isolated murine LSECs in response to a 24-h incubation
with DMSO (=control), TLC (25 μM), a TGR5 agonist (10 μM), or forskolin (10 μM). The mRNA level
after DMSO treatment was set to 100%. (C) Detection of ET-1 protein amounts by ELISA in the cell
supernatant of LSECs incubated for 24 h with DMSO (=control), TLC (25 μM), a TGR5 agonist (10 μM),
or forskolin (10 μM). ET-1 protein levels after stimulation with DMSO were set to 100%. Data are
presented as mean ± SEM (n = 6–9). * Statistically significant difference as compared to DMSO-treated
controls (p < 0.05).
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3.5. Activation of TGR5 in HSCs Attenuates ET-1-Mediated Contractility

Activated HSCs are able to contract, leading to an increase in portal pressure due to their
perivascular location in the space of Disse [40]. ET-1 has been identified as one of the key mediators
regulating HSC contractility [24,41]. Since we observed an increase in portal pressure solely in TGR5
KO mice after LCA feeding, we hypothesized that activation and contraction of HSCs may contribute
to this phenotype. To determine whether ET-1-dependent HSC contraction is modulated by TGR5,
HSC contraction in response to ET-1 was analyzed. Rat HSCs were cultivated on collagen lattices
for 7 days [40]. After this interval, DMSO, a TGR5 agonist (10 μM), or forskolin (10 μM) were added
to the culture medium 30 min prior to stimulation with ET-1 (1 nM). Measurement of the collagen
lattice surface area 2 h and 24 h after addition of ET-1 revealed a significantly smaller reduction in
relative surface area in TGR5 agonist- or forskolin-treated cells, indicating an attenuation of HSC
contractility (Figure 6A); 2 h: DMSO/ET-1 vs. TGR5 Ago/ET-1 1.0 vs. 1.64 ± 0.11 pixels2; DMSO/ET-1
vs. forskolin/ET-1 1.0 vs. 2.85 ± 0.36 pixels2, n = 12, p < 0.01; 24 h: DMSO/ET-1 vs. TGR5 Ago/ET-1
1.0 vs. 1.89 ± 0.27 pixels2; DMSO/ET-1 vs. forskolin/ET-1 1.0 vs. 3.96 ± 0.51, n = 12, p < 0.01.
It was previously shown that cAMP may desensitize the ET-1 receptor-A (ETAR) towards its ligand
on activated HSCs through internalization. Thus, the ETAR’s responsiveness is being shifted from
picomolar to nanomolar concentrations [42]. Since TGR5 is coupled to a stimulatory G protein [6,8],
we hypothesized that ligand binding to TGR5 could result in increased intracellular cAMP levels
and internalization of the ETAR. Immunofluorescence staining localized the ETAR within the plasma
membrane of HSCs, as demonstrated by colocalization with the plasma membrane marker wheat germ
agglutinin (WGA) (Figure 6B). Treatment with the TGR5 agonist reduced the amount of ETAR within
the plasma membrane, indicating internalization of the receptor (Figure 6C) (DMSO vs. TGR5 Ago
(n = 8–9) 0.37 ± 0.06 Pearson’s correlation coefficient vs. 0.11 ± 0.04, 3.4-fold decrease, p < 0.01).

3.6. Activation of TGR5 Inhibits the ET-1-Mediated Increase in Portal Pressure

Perfusion of mouse livers with buffer containing only DMSO as vehicle did not cause any significant
changes in portal perfusion pressure. A challenge of these mice with increasing concentrations of
ET-1 led to a dose-dependent increase in portal perfusion pressure. Addition of a TGR5 agonist to
the ET-1-enriched perfusion buffer significantly reduced the ET-1-mediated rise in portal pressure
as compared to vehicle containing perfusion buffer, indicating that TGR5 activation rapidly reduces
ET-1-mediated portal hypertension (DMSO vs. TGR5 Ago/+1 nM ET-1 2.41 ± 0.26 cmH20 vs. 1.42± 0.18
cmH20 (1.7-fold decrease); DMSO vs. TGR5 Ago/+5 nM ET-1 2.9 ± 0.18 cmH20 vs. 1.89 ± 0.28 cmH20
(1.5-fold decrease), DMSO vs. TGR5 Ago/+15 nM ET-1 3.14 ± 0.15 cmH20 vs. 2.20 ± 0.3 cmH20
(1.4-fold decrease), (n = 5–6), p < 0.05) (Figure 7A).
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Figure 6. Stimulation of TGR5 in isolated HSCs triggers internalization of the endothelin A receptor
(ETAR), thus reducing the contractile response towards ET-1. (A) Contraction of rat HSCs on collagen
lattices was measured in response to ET-1 after pre-incubation with DMSO, a TGR5 agonist (10 μM), or
forskolin (10 μM), which was used as TGR5-independent positive control. Surface area of collagen
lattices served as indirect measure of contractile activity 2 h and 24 h after ET-1 addition. Surface area
of cells/collagen lattices treated with DMSO and ET-1 was set to 1.0. Data are shown as mean ± SEM
(n = 12); * statistically significant from DMSO/ET-1-treated cells (p < 0.01). (B) Immunofluorescence
staining of murine HSCs using an antibody directed against the ETAR (in green) and Alexa-543 coupled
wheat germ agglutinin (WGA, shown in red) to stain the cell surface. HSCs were incubated with
either DMSO or a TGR5 agonist (10 μM) for 24 h prior to fixation and immunofluorescence staining.
Colocalization of ETAR and WGA was determined using the coloc2 plugin for ImageJ. Colocalized
pixels are shown in white in the merge images. (C) Colocalization was quantified using Pearson’s
correlation coefficient for colocalization, as determined by the coloc2 plugin for ImageJ for each selected
region of interest (ROI). Data are shown as mean ± SEM; * statistically significant from DMSO-treated
cells (n = 8–9; 2–3 different ROIs per condition of three different cell isolations) (p < 0.05).
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Figure 7. TGR5-dependent regulation of portal perfusion pressure. (A) Portal perfusion pressure of
TGR5 transgenic mice (TGR5tg) was continuously measured in the presence of DMSO or a TGR5 agonist
and increasing concentrations of ET-1. Perfusion was performed with either DMSO or a TGR5 agonist
(10 μM) and increasing concentrations of endothelin-1 (ET-1, 5–15nM). Data are shown relative to
controls, where the perfusion pressure in the presence of DMSO-containing perfusion buffer following
an equilibrium phase of 15 min at the starting point was set to 1.0. All data are shown as mean ± SEM;
* statistically significant from DMSO-treated cells (p < 0.05) (n = 6–9). (B) Cartoon depicting the
mechanisms of TGR5-dependent inhibition of ET-1 signaling within the sinusoid. Activation of TGR5
through cAMP inhibits transcription and subsequent secretion of ET-1 from LSECs. ET-1, produced
by LSECs, is known to induce contraction of activated HSCs cells by binding to the ETAR, leading to
an increase of intrahepatic vascular resistance and, hence, the development of portal hypertension.
Activation of TGR5 in HSCs promotes internalization of the ETAR, reducing ligand binding at the cell
surface and thus contractile activity. In conclusion, ligand binding to TGR5 activates two mechanisms
that act synergistically to reduce intrahepatic vascular resistance and, thus, portal hypertension.
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4. Discussion

Liver injury of various etiologies triggers morphological and functional changes within hepatic
sinusoids, resulting in development of fibrosis and portal hypertension [24,43,44]. Disturbances of
the intercellular crosstalk within the sinusoids, especially between LSECs and HSCs, contribute to
fibrosis development and microvascular dysfunction [24,43,44]. Multiple paracrine signals, such as
NO, ET-1, TGF-β, PDGF, and VEGF, as well as various cytokines and chemokines that are being
secreted not only from LSECs, hepatocytes, cholangiocytes, immune cells, but also from platelets,
modulate LSEC and HSC phenotype under physiological and pathophysiological conditions [44,45].
Gene expression analysis of liver tissue following LCA feeding for 84 h revealed an enrichment in
signaling pathways related to inflammation, proliferation, and matrix remodeling, which was in line
with histological analysis of the livers. Interestingly, mice deficient for the G protein-coupled BA
receptor TGR5 were more susceptible towards LCA-induced liver injury, resulting in elevated AST
serum levels, more pronounced bile infarcts, and an elevated portal perfusion pressure. TGR5 is highly
expressed in cholangiocytes, where activation of the receptor triggers formation of the bicarbonate
umbrella, promotes tight junction integrity, and inhibits apoptosis, thus protecting cholangiocytes
from bile acid toxicity [9,11,46,47]. Lack of TGR5 therefore renders mice more susceptible towards
bile acid-induced biliary injury, as observed previously, in response to common bile duct ligation
(CBDL) [19] and now in the LCA model. Furthermore, TGR5 exerts anti-inflammatory functions in
monocytes and macrophages [4,6,13,14,18]. Absence of TGR5 resulted in elevated expression and
secretion of chemokines and cytokines in response to lipopolysaccharide injection or common bile
duct ligation [18,19]. Following LCA feeding, we observed a significant induction of hepatic mRNA
expression of various cytokines, chemokines, and pro-fibrogenic chemokine receptors such as CCR1
and CCR5 [39]. Interestingly, expression of the chemokine receptor CCR5 was already induced 3-fold
in TGR5 KO mice under chow-fed conditions, which has been previously reported for white adipose
tissue in TGR5-deficient animals [13]. CXCL10 and its receptor CXCR3 have been implicated in
fibrosis development in models of congenital hepatic fibrosis and carbon tetrachloride (CCl4)-mediated
fibrosis [48,49]. While upregulation in comparison to chow-fed WT animals of CXCL10 was 9-fold
in WT and 5-fold in TGR5 KO, respectively, CXCR3 mRNA expression was induced 3-fold in WT
and 5-fold in TGR5 KO following LCA feeding. Interestingly, in patients with chronic liver disease,
serum CXCL10 levels, but not hepatic CXCL10 mRNA levels, were positively correlated with portal
hypertension, fibrosis stage, and disease progression [50,51]. To which extent the CXCL10–CXCR3
signaling pathway contributes to the phenotypes of our LCA-fed mice is unclear. CXCL1, which is
secreted from LSECs following mechanical stretching, triggers formation of sinusoidal microthrombi,
thereby increasing portal pressure independent of cirrhosis [52]. Hepatic CXCL1 mRNA expression
was significantly induced in LCA-fed mice. In comparison to chow-fed WT mice, CXCL1 levels were
14.5- and 9.4-fold higher in LCA-fed WT and TGR5 KO mice, respectively. However, in TGR5 KO mice,
CXCL1 levels were low under chow-fed conditions and increased 27-fold in response to LCA. Thus,
microthrombosis may also contribute to portal hypertension in LCA-fed TGR5 KO animals.

Moreover, expression of PDGFRα/β, TGF-β1 and ET-1, which are related to HSC activation,
development of fibrosis, and portal hypertension, were upregulated in both genotypes in response to
LCA. However, mRNA levels were significantly higher in livers of TGR5 KO mice as compared to
liver tissue from WT littermates. While periportal fibrosis, as measured by Sirius red staining and
hydroxyproline content, was not significantly increased in either genotype as early as 3.5 days after
starting the LCA feeding, expression of collagen was significantly upregulated in both genotypes,
suggesting initiation of fibrogenesis in line with previous data [21]. Since TGR5 is expressed both in
LSECs and activated HSCs, we further explored TGR5-mediated effects in these cell types. Stimulation
of TGR5 on LSECs reduced ET-1 expression, as well as its secretion, and reduced the responsiveness
of activated HSCs towards ET-1 through internalization of the ETAR. These two mechanisms may
act synergistically to reduce ET-1 signaling within the sinusoid (Figure 7B). In rats, treatment with
a TGR5 agonist (BAR501) for 6 days prior to cannulation of the portal vein lowered the rise in
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portal perfusion pressure in response to norepinephrine [53]. Furthermore, administration of the
TGR5 agonist inhibited portal hypertension in mice treated for 9 weeks with CCl4, while it did not
affect fibrosis development [53], suggesting an effect on the hepatic microvasculature independent
of extracellular matrix deposition. As underlying molecular mechanisms, the authors demonstrated
that TGR5 activation induces expression and also non-genomically promotes activation of cystathione-
γ-lyase (CSE), resulting in increased production of hydrogen sulfide (H2S), a potent vasodilator [53,54].
Amongst others, we have previously shown that TGR5 may also trigger serine phosphorylation of
eNOS, thereby promoting NO generation, which again leads to vasodilation of hepatic sinusoids [1,53].
Taken together, TGR5 agonists promote generation and secretion of vasodilatory agents (H2S and
NO) and inhibit expression and secretion of the potent vasoconstrictor ET-1 from LSECs [1,7,46,53,54].
While the function of TGR5 in LSECs has been previously studied, the role of TGR5 for HSC activation
and function remained elusive. Interestingly, the rise in hepatic PDGFRα/β expression was more
pronounced in TGR5 KO mice as compared to WT littermates after LCA-feeding. PDGF-β, which
may be derived from either LSECs or platelets, can signal to activated HSCs through its receptor
PDGFRβ and promote cell proliferation, migration, and development of a pro-angiogenic HSC
phenotype [55,56]. Furthermore, it was recently demonstrated that PDGF-β plays a role in the
trans-differentiation processes of HSCs into an activated phenotype, and that administration of an
anti-PDGF-β antibody (MPR8457) inhibits development and progression of biliary fibrosis in Abcb4
KO mice, which serve as a chronic model for sclerosing cholangitis [56,57]. Moreover, cAMP may
desensitize activated HSCs towards ET-1 through internalization of the ETAR [42]. Using a non-BA
TGR5 ligand, we could demonstrate that activation of the receptor promotes retrieval of ETAR from
the plasma membrane, explaining the reduced ET-1-dependent contractility of activated HSCs in
the presence of a TGR5 agonist in vitro. In summary, TGR5 activation reduces hepatic vascular
resistance through several mechanisms, both in LSECs and in HSCs, that act synergistically. Through
modulation of PDGFRβ expression, it may also contribute to the response of HSCs to microvascular
thrombosis and platelet-derived signals. A recent study explored the effect of the non-bile acid TGR5
ligand oleanolic acid in a rat model of liver fibrosis development [58]. Treatment with oleanolic
acid significantly reduced fibrogenesis in vivo; however, a direct effect on HSCs in vitro was not
observed, since the cell lines used did not express TGR5 [58]. It was previously reported that TGR5
expression, which is very low in quiescent HSCs, is upregulated during the activation of HSCs into a
myofibroblast-like phenotype [4,26]. Thus, stimulation of TGR5 on activated HSCs may contribute to
the beneficial effects of oleanolic acid on fibrosis development in the above model [58]. Furthermore,
mice deficient in both TGR5 and the nuclear bile acid receptor FXR were generated and showed an
enrichment in gene expression pathways associated with liver fibrosis and inflammation in line with
our study [59]. Since FXR agonists convey beneficial effects in preclinical models of liver fibrosis and
portal hypertension [60], it is highly anticipated that TGR5/FXR double-KO mice will also develop
LSEC and HSC dysfunction and portal hypertension. Thus, targeting of BA signaling becomes an
interesting strategy to reverse morphological changes and dysfunction of cell types residing in the
hepatic sinusoids, thereby attenuating portal hypertension and fibrosis development.
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Abstract: Activation of hepatic stellate cells (HSCs) and their trans-differentiation towards
collagen-secreting myofibroblasts (MFB) promote liver fibrosis progression. During chronic liver
disease, resting HSCs become activated by inflammatory and injury signals. However, HSCs/MFB not
only produce collagen, but also secrete cytokines, participate in metabolism, and have biomechanical
properties. We herein aimed to characterize the heterogeneity of these liver mesenchymal cells by
single cell RNA sequencing. In vivo resting HSCs or activated MFB were isolated from C57BL6/J
mice challenged by carbon tetrachloride (CCl4) intraperitoneally for 3 weeks to induce liver fibrosis
and compared to in vitro cultivated MFB. While resting HSCs formed a homogenous population
characterized by high platelet derived growth factor receptor β (PDGFRβ) expression, in vivo and
in vitro activated MFB split into heterogeneous populations, characterized by α-smooth muscle actin
(α-SMA), collagens, or immunological markers. S100 calcium binding protein A6 (S100A6) was a
universal marker of activated MFB on both the gene and protein expression level. Compared to the
heterogeneity of in vivo MFB, MFB in vitro sequentially and only transiently expressed marker genes,
such as chemokines, during culture activation. Taken together, our data demonstrate the heterogeneity
of HSCs and MFB, indicating the existence of functionally relevant subsets in hepatic fibrosis.

Keywords: hepatic stellate cells; myofibroblasts; liver fibrosis; scRNASeq

1. Introduction

Hepatic stellate cell (HSC) activation and their trans-differentiation to myofibroblasts (MFB) due
to chronic hepatic inflammation is a major hallmark feature of liver fibrosis [1]. Preventing or reversing
excessive hepatic scarring is a major therapeutic target in treating chronic liver diseases, such as viral
hepatitis and alcoholic and non-alcoholic steatohepatitis [2]. Resting HSC store lipids, such as retinol,
can become activated following triggering signals released by damaged hepatocytes or activated local
immune cells, such as e.g., Kupffer cells. Activating signals include transforming growth factor-β
(TGF-β), platelet derived growth factors as well as various cytokines, such as interleukin-1β (IL-1β),
and tumor necrosis factor-α (TNF-α) [3]. Activated MFB alter the composition and density of the
extracellular matrix, by secreting collagens, and release inflammatory mediators, including chemokines
and cytokines, thereby aggravating local inflammation. Interestingly, a variety of different functions
have been assigned to HSCs and/or MFB, ranging from extracellular matrix production, mechanical
properties (e.g., contraction and vascular resistance regulation in the liver), and lipid metabolism to
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immune regulation [4], raising the question about yet unrecognized, functionally diverse subsets of
HSCs/MFB. The aim of this study was therefore the evaluation of the heterogeneity of resting HSCs
and activated MFB, both in vivo and in vitro, by single cell RNA sequencing (scRNASeq) analysis. We
found that resting platelet derived growth factor receptor β- (PDGFR-β) positive HSCs show a high
homogeneity, while activated α-smooth muscle actin- (α-SMA) positive MFB split into four different
subpopulations, characterized by uniquely expressed gene patterns related to collagen synthesis or
immunologic functions. We could identify S100 calcium binding protein A6 (S100A6) as a key marker
of activated MFB. Furthermore, we found that in vitro activated MFB lack key functions of in vivo
activated MFB as the production of various chemokines, such as CC-chemokine ligand 2 (CCL2) and
CXC-chemokine ligand 1 (CCL1).

Taken together, our data demonstrate the heterogeneity of activated MFB in vivo and highlight
the differences of in vivo and in vitro activated MFB, leading to a better understanding of HSCs to
MFB trans0differentation during liver fibrosis.

2. Materials and Methods

2.1. Animal Models and Induction of Liver Fibrosis

C57Bl6/J mice were housed under specific pathogen free conditions in the animal facility of the
University Hospital, Aachen. All experiments that are described were approved by the corresponding
legal authorities (Landesamt für Natur, Umwelt und Verbraucherschutz NRW, LANUV NRW). To
induce hepatic fibrosis, mice received intraperitoneal injections of 0.5 mL per kg bodyweight carbon
tetrachloride (CCl4) three times per week for a total of three weeks. Controls received an equivalent
amount of oil. After three weeks, mice were euthanized and analyzed as detailed below.

2.2. Isolation of Ultrapure Hepatic Stellate Cells by Flow Cytometric Sorting

Ultrapure HSCs were isolated from the liver of healthy C57Bl6/J mice by collagenase digestion and
differential gradient centrifugation, followed by fluorescence activated cell sorting (FACS) purification
for UV autofluorescence as described before [5]. In detail, the liver was perfused via the Vena portae
with a prewarmed perfusion HEPES buffer to remove remaining blood from the tissue. the liver was
then perfused with 0.5 mg/mL pronase E (Merck, Darmstadt, Germany) and 0.75 U/mL collagenase P
(Roche, Basel, Switzerland) for 4.5 min each. The liver was then removed and additionally digested at
37 ◦C in a water bath for another 20 min. After filtering via a 40 μm cell strainer, HSCs were purified
by ultraviolet autofluorescence by using a BD FACS Aria II SORP Cell Sorter (BD Biosciences, Franklin
Lakes, NJ, USA).

2.3. Cultivation of Hepatic Stellate Cells

4 × 105 purified HSCs were seeded on an uncoated 6 well plate in Dulbecco’s Modified Eagle
Medium (DMEM) with 10% heat inactivated fetal calf serum (FCS) and 1% penicillin/streptomycin.
After one, three, seven, or nine days, cells were then detached by accutase treatment for 10 min.
Afterwards, the detached cells were washed once with cold phosphate-buffered saline (PBS) and
pelleted by centrifugation at 570 rcf for 5 min in a cold centrifuge. Cells were then resuspended at 500
cells per μl in cold PBS with 0.1% bovine serum albumin (BSA) and directly subjected to the single cell
RNA sequencing analysis, according to the manufacturers protocol.

2.4. Isolation of Liver Non-Parenchymal Cells

Livers were perfused with cold PBS, followed by digestion for 40 min at 37 ◦C with 100 μg/mL
Collagenase D and 50 μg/mL DNase I (Worthington Biochemicals, Lakewood, NJ, USA). Digestion
was stopped by adding cold HBSS with 0.1 mM EDTA. Single cell suspension was obtained by
using a 40 μm cell strainer. After washing once with cold PBS, liver non-parenchymal cells were
purified by 18% Nycodenz gradient centrifugation. Obtained cells were then stained with CD31-FITC
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and CD45-APC-Cy7 (BD Biosciences, Heidelberg, Germany). Retinol droplets were measured as
autofluorescence by UV-laser excitation. Dead cells were excluded by Hoechst 33342 staining
(Sigma-Aldrich, Taufkirchen, Germany).

2.5. Single-Cell RNA Sequencing

Freshly isolated cells, or in vitro cultivated MFB, were analyzed by using the Chromium Single
Cell 5′ kit (10× Genomics, Pleasanton, CA, USA), according to manufacturer’s protocol. In detail, cells
were resuspended at 500 cells per μL in sterile filtered cold PBS containing 0.1% BSA. The experiment
was conducted for 5000 recovered cells. After, library generation sequencing was performed by
Illumina sequencing on a NextSeq 550 (IZKF genomics facility of the RWTH Aachen University,
Aachen, Germany) as detailed before [6]. Primary analysis was done by using an in-house pipeline
based on “cellranger” (10× Genomics). Additional analysis was then performed by using the “Seurat”
(v2.3.2) [7] package for R (v3.5) (https://www.r-project.org/). Cluster identification was based on the 50
most significant principal components.

2.6. Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed and paraffin-embedded (FFPE) liver
sections for α-smooth muscle actin (α-SMA) (clone ASM-1/1A4; Sigma-Aldrich, Taufkirchen, Germany),
platelet derived growth factor-β (PDGFR-β) (clone 42G12; Abcam, Cambridge, UK), and S100 calcium
binding protein A6 (S100A6) (clone EPNCIR121; Abcam). All primary antibodies were diluted
1:100. For immunofluorescence, secondary goat anti-mouse Cy5 (Abcam) and goat anti-rabbit Al488
(Abcam) were used at a dilution of 1:200. Nuclei were stained with DAPI (Sigma-Aldrich, Taufkirchen,
Germany). Micrographs were taken using an Axio Observer Z1 equipped with an Axio Cam MR
(Zeiss, Oberkochen, Germany)

3. Results

3.1. Single Cell RNA Sequencing Identifies Four Different Clusters of Myofibroblasts

Chronic liver injury involves the activation of HSCs and their subsequent transformation towards
collagen secreting MFB. To assess the heterogeneity of activated MFB, we isolated liver non-leukocytes
non-parenchymal cells from three weeks-CCl4-treated mice and rested HSCs from untreated control
mice. The presence of liver fibrosis after three weeks of CCl4 treatment was confirmed by a hematoxylin
and eosin (H&E) stain as well as α smooth muscle actin (α-SMA) immunohistochemistry on FFPE
tissue sections (Figure 1A). To capture all potential hepatic MFB from fibrotic livers, we excluded
CD31 positive endothelial cells as well as CD45 positive leukocytes, but subjected all remaining double
negative cells to scRNASeq analysis. FACS purified retinol positive HSCs, isolated from livers of
untreated mice, served as a control (Figure 1B). Both HSCs and MFB were identified by their expression
of platelet derived growth factor receptor-β (Pdgfrb), while the expression of alpha smooth muscle
actin (Acta2), collagen, type III, alpha 1 (Col3a1), and transforming growth factor, beta induced (Tgfbi)
allowed the distinction of differently activated states of HSCs and MFB (Figure 1C).
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Figure 1. Identification of four sub-populations of activated myofibroblasts (MFB) by single cell
RNA sequencing (scRNASeq). (A) Representative images of formalin fixed and paraffin-embedded
hematoxylin and eosin (H&E) or anti-α-smooth muscle (α-SMA) stained liver sections of control mice
and mice subjected to repetitive carbon tetrachloride (CCl4) injections for 3 weeks. (B) Treatment scheme
of mice during CCl4 treatment. Gating strategy for the isolation of resting hepatic stellate cells (HSCs)
from healthy mice and activated MFB from CCl4 treated mice by FACS. (C) t-distributed stochastic
neighbor embedding (t-SNE) plots mapping the identity of cells to resting HSCs (blue) and MFB from
CCl4 treated liver (red), and the expression of marker genes used for identifying HSCs and MFB. (D)
Definitive subset clustering of resting HSCs and activated MFB after exclusion of contaminating cells
from scRNASeq data sets. (E) Log fold change (avg-logFC) gene expression of the top five marker genes
for each cluster. For a better comparability, the number of cells in each cluster is aligned. (F) Avg-logFC
gene expression of genes in the corresponding Gene Ontology (GO) categories, with overrepresented
p-value in each cluster. n = 4 with an average of 5000 cells per condition and ~60,000 reads per cell.

In the next step, we excluded contaminating endothelial cells, leukocytes, and hepatocytes from
our dataset to identify clusters of resting HSCs and activated MFB. We found that the HSCs form a
highly homogenous cluster, while the MFB separated into four different sub-clusters, which we termed
MFB I to IV (Figure 1D). Analysis of the most significantly expressed marker genes for each cluster
allowed the further functional differentiation of these subtypes (Figure 1E). Besides common markers,
such as PDGFR-β or various collagens, resting HSCs were uniquely characterized by a high expression
of ficolin A (Fcna), which has been described to trim extracellular collagen as well as being an activator
of a lectin complement pathway, and the hepatokine (Angptl6), an inducer of energy expenditure and
regulator of the expression of fibroblast derived growth factor 21 (Fgf21) in white adipose tissue [8,9].

The major population of activated MFB, termed MFB I, was defined by a high expression of Acta2,
the smooth muscle cell specific cytoskeletal protein, transgelin (Tglna), as well as various types of
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collagens, such as Col1a1, Col3a1, or Col6a3. The second cluster, MFB II, expressed less extracellular
matrix associated genes, but did express the inflammation associated serum leukocyte protease
inhibitor (Slpi), complement factor C3 (C3), serum amyloid A3 (Saa3), and cluster of differentiation
74 (Cd74). These data indicate towards the existence of a distinct subset of immunoregulatory MFB,
characterized by a reduced capacity of modulating the extracellular matrix. The subset, MFB III,
comprised proliferating fibroblasts, indicated by an expression of components of the activator protein
1 (Ap1) transcription factor, such as anti-apoptotic jun D (Jund) and its dimer forming partner FBJ
osteosarcoma oncogene B (FosB). The smallest subset, MFB IV, displayed a mixed phenotype with a
high expression of extracellular matrix modulators, such as the matrix gla protein (Mgp) and fibulin 1
(Fbln1), as well as growth arrest specific 6 (Gas6). Some of these marker genes have been described for
portal fibroblasts [10]. While clusters MFB I, III, and IV showed a high expression of genes associated
with the Gene Ontology (GO) category collagen fibril organization and extracellular matrix buildup
(Figure 1F), cluster MFB II expressed less matrix associated genes, and more genes associated with
the GO category positive regulation of leukocytes and immune regulation (Figure 1F). Due to the
combination of characteristics of myeloid leukocytes, as well as of myofibroblasts, cluster MFB II most
likely includes trans-differentiated myeloid myofibroblasts, which have been described before [11].

3.2. S100A6 Represents a Marker for Activated Myofibroblasts

At present, α-SMA is largely accepted as a marker of activated MFB [12]. However, in our
scRNASeq analysis, this marker only recognized a subset of activated MFB (see Figure 1C). We
therefore wanted to identify markers that are uniquely and uniformly upregulated on all subsets
of activated MFB in vivo (Figure 2A). We found that the S100 calcium binding protein A 6 (S100a6)
is highly upregulated on activated MFB but not on resting HSCs (Figure 2A,B). We first confirmed
the presence of S100A6 positive cells in the periportal (i.e., fibrotic) areas of CCl4-treated livers by
immunohistochemistry (Figure 2C). By using immunofluorescence co-staining for PDGFR-β (red) and
S100A6 (green) we could then confirm the presence of double positive cells, corroborating the MFB
phenotypes observed by our scRNASeq analysis (Figure 2D).
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Figure 2. The S100 calcium binding protein A 6 (S100A6) expression marks activated myofibroblasts.
(A) Differential gene expression analysis of HSCs versus MFB, showing the top five genes upregulated
in both groups. (B) t-SNE plot of relative gene expression of S100A6, based on scRNASeq analyses
from normal and fibrotic mouse livers. (C) Representative image of immunohistochemistry staining for
S100A6 in CCl4-treated fibrotic liver. (D) Representative images of immunofluorescence co-staining for
PDGFR-β (red) and S100A6 (green) on untreated and CCl4-treated fibrotic liver. Nuclei are stained
with DAPI (4′,6-diamidino-2-phenylindole, blue). Scale bar represents 100 μm.

3.3. Differential Expression of Chemokines and Collagens by Activated Myofibroblast Subsets

Upregulated expression of chemokines, such as CCL2, CXCL1, or CXCL12, and collagens,
particularly COL1A2, COL3A1, or COL5A2, are often named attributes for activated MFB [13]. We
herein wanted to analyze whether different subsets of either chemokine or collagen-producing MFB
sub-clusters exist in fibrotic livers in vivo (Figure 3A). By scRNASeq analysis, the expression of collagens
is homogenously upregulated in activated MFB, while chemokines show a more restricted pattern.
While the monocyte recruiting chemokine Ccl2 is expressed by both resting HSCs and MFB, neutrophil
recruiting Cxcl1 is strongly associated with activated MFB only. Cxcl12, on the other hand, is highly
expressed by both HSCs and MFB, except for cluster MFB II, representing myeloid myofibroblasts
(Figure 3A,B and Supplementary Table S1). By correlating the expression of the chemokine Ccl2 with
Col3a1 on a single-cell level, resting HSCs comprised cells that express only Col3a1, cells co-expressing
Col3a1, or cells that only express Ccl2. Interestingly, activated MFB could be differentiated by their
expression of Ccl2, while all cells highly expressed Col3a1 (Figure 3C). These data confirm the universal
importance of an upregulated collagen expression during the activation of HSCs to MFB, while resting
HSCs and selected MFB clusters demonstrate the capacity to secrete chemokines and thereby modulate
the inflammatory environment in their surroundings.
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Figure 3. Differential chemokine and collagen gene expression patterns in hepatic stellate cells and
myofibroblasts. (A) Feature plots showing the relative gene expression strength of selected marker
genes. (B) Violin plots showing the relative gene expression of activation markers. (C) Gene plots for
the normalized gene expression of Col3a1 and Ccl2. n = 4 with an average of 5000 cells per condition
and ~60,000 reads per cell.

3.4. In Vitro Activated MFB Share Key Characteristics of In Vivo MFB

Our scRNASeq analyses revealed a striking heterogeneity of MFB in vivo compared to resting
HSCs, indicating a functional diversity of these cells during fibrogenesis in vivo. This prompted us to
investigate to which extent in vitro activated MFB would reflect this heterogeneity as well. Ultrapure
FACS-sorted mouse HSCs were therefore cultivated for up to 9 days on uncoated plastic dishes, the
standard model of HSCs to MFB trans-differentiation in vitro [14]. HSCs and MFB were harvested at
baseline, day 1, day 3, and days 7 and 9 for scRNASeq analysis (Figure 4A). On the one hand, scRNASeq
analysis revealed that in vitro activated MFB clustered dependent on the time of cultivation and could
be differentiated into early (day 1), intermediate (day 3), and late (day 7 and day 9) MFB (Figure 4B,C).
On the other hand, in vitro activation induced a remarkable MFB heterogeneity over time, which
became apparent at the intermediate (day 3) and the late (days 7 and 9) time-point. A more granular
analysis of the scRNASeq data generated from the culture-activated HSCs/MFB revealed sub-clusters
at all time-points (Figure 4C), for which the marker gene expression patterns varied (Figure 4D and
Supplementary Table S2).
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Figure 4. Single-cell RNA sequencing analysis of in vitro activated myofibroblasts. (A) Schematic
overview of the experimental setup. (B) t-SNE plot showing all in vitro activated MFB and resting
HSCs dependent on their origin. (C) t-SNE plot showing all in vitro activated MFB and resting HSCs
dependent on cluster. (D) Violin plots showing the relative expression of selected marker genes for
each cluster. n = 4 with an average of 1000 cells per condition.

We then particularly looked at some markers that we had identified from the in vivo data sets
(compare to Figures 2 and 3). The expression of α-SMA (Acta2) and S100a6 was found to be upregulated
from early to late MFB in vitro, indicating the relevance of S100a6 expression as a marker of activated
MFB and revealing a high concordance with the in vivo data. For collagens, we observed a clear
upregulation of Col1a2 or Col5a2 over time during MFB maturation in vitro (Figure 4D). On the
contrary, chemokine expression tended to decrease in sequential samples during culture-induced MFB
activation. The production of the chemokines Ccl2 and Cxcl1 was only found in early MFB, while
late MFB populations from day 3 to day 9 did not show any expression of these chemokines. Cxcl12
displayed the highest expression in resting HSCs and early MFB (Figure 4D). While in vivo, MFB from
fibrotic livers consisting of heterogeneous subsets, in which either collagens or chemokines were highly
expressed, in vitro activated MFB only expressed these marker genes in a time-dependent manner
and not simultaneously, indicating in vitro activation reflected important aspects of MFB biology only
transiently during cultivation.

4. Discussion

HSCs trans-differentiation to MFB is a key event in the progression from chronic liver injury
to liver fibrosis, which occurs as a consequence of chronic hepatic inflammation e.g., following
alcoholic or non-alcoholic steatohepatitis. Liver fibrosis is also considered as a cornerstone event in the
progression toward liver cirrhosis or hepatocellular carcinoma [15]. Given the wide range of functional
contributions of HSCs and MFB for liver physiology and for fibrogenesis [4], a better understanding
of the heterogeneity and subpopulations of HSC and MFB may help to identify novel therapeutic
targets to treat liver fibrosis. The upregulation of collagens and α-SMA in MFB is a well-established
finding [16] and was confirmed by our single-cell based data for MFB in vivo as well as in vitro. While
almost all was MFB upregulated collagen production, only half of the cells expressed chemokines. This
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was even more striking in vitro, in which chemokine expression appeared early after HSC activation
and was down-regulated during later maturation. Activated MFB secrete chemokines capable of
recruiting myeloid cells from the circulation, such as e.g., neutrophils via CXCL1 and monocytes via
CCL2, which has been linked to exacerbated hepatic inflammation [3]. In fact, HSCs had been reported
to induce monocyte chemotaxis via CCL2 upon recognizing danger signals via toll-like receptor 4 [17].
Our scRNASeq data support that this is a feature of HSCs and early activated MFB in vitro, while
the existence of MFB sub-populations in fibrotic livers in vivo allows to maintain the production of
inflammatory chemokines and cytokines during fibrogenesis. On the other hand, as this feature was
missing in our in vitro MFB dataset for the late MFB, we conclude that the use of plastic adherence
cultivated MFB may not be a useful tool for analyzing chemokine production by MFB when the cells
are being studied after 7 days of culture. However, it needs to be noted that we did not further
evaluate other stimuli or cultivation methods as TGF-β or platelet derived growth factor subunit beta
(PDGF-β) for the in vitro culture, which could potentially give different results regarding collagen and
chemokine expression.

The scRNASeq data sets generated in this work may help to guide future studies on the functional
relevance and interactions of HSC/MFB subsets. For instance, we identified S100A6 as a novel
marker of activated MFB, following liver fibrosis, which could be confirmed in vitro. The functional
involvement of S100A6 for HSCs/MFB signaling, however, requires further evaluation. Data from
mouse models of fibrosis indicated that recombinant S100A6 would aggravate fibrogenesis via inducing
HSCs proliferation [18]. While S100A6 was consistently found across HSCs/MFB in vivo and in vitro,
some MFB properties appear restricted to distinct clusters and/or differentiation states. Cluster MFB II
showed characteristics of both leukocytes by expressing CD74, C3 or SLPI but also expressed various
collagens. These cells might represent macrophages that have trans-differentiated into myofibroblasts,
which has been described for renal fibrosis previously [11] and could potentially explain parts of the
immunologic properties that have often been assigned to HSCs and/or trans-differentiated MFB [4].

Importantly, more work is needed to get a better spatial resolution on the MFB populations in
fibrosis. The cluster MFB IV showed some features that had been previously reported for portal
fibroblasts [19]. It will be important to confirm the scRNASeq data in other models of liver fibrosis,
such as bile duct ligation leading to a preferential expansion of the portal fibroblasts, and to define
the exact localization of the MFB sub-clusters in fibrotic livers in vivo. Last, but not least, it will be
important to identify HSC and MFB populations in human liver. scRNASeq data from healthy human
liver already indicated the existence of HSC clusters [20], and similar analyses from cirrhotic human
livers are currently ongoing.

Taken together, our scRNASeq analyses from healthy and fibrotic mouse livers demonstrated a yet
unrecognized heterogeneity of HSCs and MFB in vivo, suggesting a concerted interplay of functionally
diverse MFB subsets during liver fibrogenesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/5/503/s1,
Table S1: Mean gene expression of HSC and MFB I-IV, Table S2: Mean gene expression of HSC I-V and early,
intermediate and late MFB.
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Abstract: Little is known about how liver fibrosis influences lobular zonation. To address this
question, we used three mouse models of liver fibrosis, repeated CCl4 administration for 2, 6 and
12 months to induce pericentral damage, as well as bile duct ligation (21 days) and mdr2−/− mice to
study periportal fibrosis. Analyses were performed by RNA-sequencing, immunostaining of zonated
proteins and image analysis. RNA-sequencing demonstrated a significant enrichment of pericentral
genes among genes downregulated by CCl4; vice versa, periportal genes were enriched among the
upregulated genes. Immunostaining showed an almost complete loss of pericentral proteins, such
as cytochrome P450 enzymes and glutamine synthetase, while periportal proteins, such as arginase
1 and CPS1 became expressed also in pericentral hepatocytes. This pattern of fibrosis-associated
‘periportalization’ was consistently observed in all three mouse models and led to complete resistance
to hepatotoxic doses of acetaminophen (200 mg/kg). Characterization of the expression response
identified the inflammatory pathways TGFβ, NFκB, TNFα, and transcription factors NFKb1, Stat1,
Hif1a, Trp53, and Atf1 among those activated, while estrogen-associated pathways, Hnf4a and Hnf1a,
were decreased. In conclusion, liver fibrosis leads to strong alterations of lobular zonation, where
the pericentral region adopts periportal features. Beside adverse consequences, periportalization
supports adaptation to repeated doses of hepatotoxic compounds.

Keywords: zonation; liver lobule; chronic liver disease; cytochrome P450; inflammation; bile duct
ligation; acetaminophen
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1. Introduction

Prevalence and mortality of liver diseases, including fibrosis and cirrhosis, continue to grow
in Europe [1]. The increase in alcohol consumption and obesity-associated non-alcoholic fatty liver
disease (NAFLD) in recent years has contributed to this development. Liver fibrosis is a complex
wound-healing process that leads to inflammation and scarring [2,3]. It occurs as a consequence of
chronic liver damage, caused by different etiologies, including chronic intoxication, viral infections,
genetic diseases, or metabolic disorders due to super-nutrition [2]. Liver fibrosis requires the interaction
of several cell types, myofibroblasts, macrophages, hepatocytes and immune cells that are orchestrated
by a spectrum of cytokines, chemokines and mediators such as lipids, hormones and reactive oxygen
species [3–5]. Progressive fibrosis is characterized by the excessive accumulation of the extracellular
matrix which compromises the functional architecture of the organ [3,6].

Liver zonation is the spatial separation of a large spectrum of different metabolic pathways
along the porto-central axis of the liver lobule, which is essential for liver function [7,8]. For example,
xenobiotic metabolism by cytochrome P450 enzymes (CYP) is located in the approximately 50% of
hepatocytes in the center of the liver lobule [9,10]. This serves to detoxify xenobiotics before they
are drained into the central vein [2,11]. However, for compounds metabolically activated by CYPs,
such as CCl4 or acetaminophen, the zonated expression causes a pericentral pattern of necrosis [12,13].
A zonated metabolic pattern is also known for ammonia metabolism [14]. While urea-cycle enzymes
detoxify ammonia by high capacity and low affinity mechanism in the periportal and midzonal regions,
low remaining ammonia concentrations are removed from the sinusoidal blood by a pericentral ring of
glutamine synthetase positive hepatocytes that act by a low capacity, high affinity mechanism [15–17].
Further zonated functions include glycolysis, gluconeogenesis, glycogenesis, the TCA-cycle, glutamine
metabolism and lipogenesis [2,7].

While liver fibrosis and the mechanisms of zonation have already been intensively studied [18–21],
little is known about how liver fibrosis influences lobular zonation. In the present study, we used three
different mouse models of liver fibrosis, chronic CCl4 intoxication, bile duct ligation (BDL) and the
knockout of mdr2. For all three fibrosis models, we observed a loss of pericentral factors, while the
entire lobule adapts periportal features. Besides of several adverse consequences, ‘periportalization’ is
responsible for adaptation to toxic stress during the pathogenesis of liver fibrosis and leads to resistance
to the hepatotoxic compound acetaminophen (APAP).

2. Materials and Methods

2.1. Experimental Animals

Eight to 10 week-old male C57BL/6N mice (Janvier Labs, France) and 8- to 64-week-old Mdr2−/−
mice and age-matched controls were used. The mice were housed under 12 h light/dark cycles at a
controlled ambient temperature of 25 ◦C and fed ad libitum on a standard diet (Ssniff, Soest, Germany)
with free access to water. Three to 5 mice were used for each time point and condition given in the
result section. All experiments were approved by the local animal protection authorities (application
number: 84-02.04.2017.A177).

2.2. Induction of Chronic Liver Injury by CCl4 and Bile Duct Ligation (BDL)

For induction of progressive pericentral fibrosis, carbon tetrachloride (CCl4, 1 g/kg b.w. in olive
oil) was repeatedly injected intraperitoneally (i.p.) twice a week for 2, 6 and 12 months. The vehicle
controls received only olive oil in the same way as the CCl4 groups. Samples were collected on day 6
after the last CCl4 or oil injection. In order to induce periportal fibrosis, the extrahepatic common bile
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duct was ligated under anaesthesia as previously described [22]. Liver tissue samples were collected
on day 21 post-BDL or sham operation.

2.3. Induction of Acute Liver Injury by Acetaminophen (APAP)

In order to induce acute liver injury, a dose of 200 mg/kg b.w. APAP was dissolved in warm
phosphate-buffered saline (PBS) and i.p. injected. The mice were fasted overnight before APAP injection.

2.4. Sample Collection

At the time points indicated in the result section, the mice were anaesthetised by an i.p. injection
of ketamine (100 mg/kg b.w.) and xylazine (10 mg/kg b.w.). After the loss of reflexes, blood as well as
liver tissue samples were collected. The blood samples were collected from the portal vein, the hepatic
vein, and the right heart chamber in EDTA-coated syringes as previously described [15]. The samples
were centrifuged at 13,000 rpm for 10 min in order to separate plasma. The collected plasma was
stored at −80 ◦C until used for analyses. After blood collection, the remaining blood was removed by
perfusion trans-cardially with 40 mL PBS. Subsequently, the whole liver was excised and specimens
were collected from defined anatomical positions as follow: (i) a specimen of approximately 1 cm size
was taken from the left liver lobe, fixed in 4% paraformaldehyde (PFA) for 2 days and then embedded
in paraffin for 2D staining; (ii) a specimen of approximately 0.5 cm size was taken from the left liver
lobe and immediately embedded in Tissue-Tek®cryomold in Neg-50 media (ThermoFisher Scientific,
Oberhausen, Germany), frozen in 2-methylbutane and stored at −80 ◦C until used for cryosection
preparation; (iii) a specimen of approximately 0.5 cm size was taken from the median liver lobe, fixed in
4% PFA for 2 days, incubated in 30% sucrose for 2 days, and then embedded in Tissue-Tek®cryomold
in Neg-50 media, frozen in 2-methylbutane and stored at −80 ◦C until used for preparation of liver
slices; (iv) a specimen of approximately 20 mg weight was taken from the left liver lobe, snap-frozen in
liquid nitrogen and stored at −80 ◦C until used for RNA isolation.

2.5. Histopathology

Haematoxylin and eosin staining was performed in 5 μm-thick paraffin embedded tissue sections
using a standard protocol. In order to visualize collagen accumulation during chronic liver disease
progression, picrosirius red staining was performed in 5 μm-thick paraffin embedded tissue sections
using a commercially available kit (Polyscience Europe GmbH, Eppelheim, Germany), according to
the manufacturer’s instructions.

2.6. Gene Expression Analyses

Quantitative real-time polymerase chain reaction (qRT-PCR). Total RNA was isolated from
frozen liver tissue using QIAzol Lysis Reagent (Qiagen, Hilden, Germany). cDNA synthesis was
performed from 2 μg of isolated RNA using a commercially available kit (High-Capacity cDNA Reverse
Transcription Kit, Applied Biosystems, Schwerte, Germany). qRT-PCR analyses were performed using
TaqMan 7500 Real-Time PCR, TaqMan universal PCR Master Mix (Applied Biosystems, Schwerte,
Germany), and TaqMan gene expression assays (ThermoFisher Scientifics, Oberhausen, Germany).
Gene expression values were normalized to GAPDH, calculated using the ΔΔCt method, and are
expressed as fold changes over untreated control samples.

2.7. RNA-Seq Analysis

Pre-processing and normalization. The count matrix was derived from FASTQ files of wild-type,
CCl4 plus olive oil and pure olive oil samples using the web application BioJupies [23]. The samples
were normalized using the R package edgeR (version 3.25.8) [24].

Differential gene expression analysis. Differential gene expression analysis was performed with
the R package limma (version 3.39.18) [25]. To extract the effect of chronic CCl4 intoxication, we
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computed contrasts comparing the treated samples (CCl4 plus olive oil) versus matched olive oil
samples. While there are matched oil samples for month 2 and 12, there were no oil samples for month
6 available. As the oil effect was relatively constant across time we imputed oil expression values
for month 6 by taking the arithmetic mean of month 2 and month 12. A gene was considered as
differentially expressed with abs(logFC) ≥ 1.5 and FDR ≤ 0.05.

2.8. Functional Genomics Analysis of the CCl4 Signature

Pathway analysis with PROGENy. Pathway activity scores were calculated with the functional
genomics tools PROGENy [26,27]. While classical pathway analysis methods (e.g., Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis) rely on gene sets containing genes of pathway
members PROGENy exploits so called “footprint gene sets” containing not the pathway members but
the most responsive genes upon corresponding pathway perturbation. PROGENy was applied on
contrast using the moderated t-value as a gene-level statistic.

Transcription factor (TF) analysis with DoRothEA. DoRothEA is a high-quality data resource
of TF-target interactions (regulons) [26,28]. Coupling DoRothEA regulons with a statistical method
allows to infer TF activity from the expression of its transcriptional targets. We used as statistical
method the function viper from the R package viper (version: 1.17.0) [29] that computes for each TF a
normalized enrichment score that we consider as TF activity. DoRothEA in combination with viper
was applied on contrasts using moderated t-values as a gene-level statistic.

Gene Ontology (GO) term enrichment. We used the R package msigdf (https://github.com/
ToledoEM/msigdf) to query GO terms (biological process and molecular functions) from MsigDB. Gene
set enrichment analysis was performed on contrasts using the R package fgsea (version 1.10.0) [30]
with 100,000 permutations. The moderated t-value was used as a gene-level statistic.

Construction of consensus pericentral and periportal gene sets. Consensus pericentral and
periportal gene sets were constructed by integrating pericentral and periportal gene sets from three
independent studies [31–33]. Gene sets reported by Braeuning et al. [31] were extracted from their
corresponding Supplementary Table S1. Saito et al. [33] made their data available for both male and
female mice. Since only male mice were used in the here presented work we focused on common (with
respect to male and female mice) and male specific pericentral and periportal genes. Halpern et al. [32]
do not provide explicit pericentral and periportal gene sets in their supplement; therefore, we generated
them systematically starting from their Supplementary Tables S1 and S2. Supplementary Table S1
contains the UMI counts of 1415 hepatocytes/cells. Supplementary Table S2 reports information about
the spatial organization of the 1415 cells across the 9 lobule layer (layer 1 is the most pericentral and
layer 9 is the most periportal layer). For each cell and lobule layer combination a probability is given
that indicates the likelihood that a cell was originally located in the respective layer. We started our
analysis pipeline by removing genes that were expressed in less than 15 cells (out of 1415). Subsequently,
we normalized the sub-setted count matrix using the R package scran (version 1.11.27) [34]. To assign
cells to a specific lobule layer we selected for each cell the layer with the highest probability yielding in
a zonation table reporting the spatial distribution of all cells across the lobule. Given this zonation
table we identified genes with significant monotonic expression changes across the lobule layer by
applying the exact version of the Jonckheere–Terpstra test from the R package clinfun (version 1.0.15,
https://cran.r-project.org/web/packages/clinfun/index.html). Monotonically increasing genes (from
layer 1–9) were considered as potential periportal and monotonic decreasing as potential pericentral
genes. Only genes with an FDR ≤ 0.001 were considered as pericentral and periportal gene set members.
As the three independent studies were published within more than a decade we updated all MGI gene
symbols to their current alias using the function alias2SymbolTable from the limma package (version:
3.39.18) [25]. The consensus pericentral and periportal gene sets contain only those genes that are
reported in at least two studies.

Characterization of the overlap of pericentral/periportal genes and the most responsive genes of
CCl4 treatment. In this analysis, the overlap of pericentral and periportal genes with the differentially
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expressed genes after CCl4 treatment is characterized with over-representation analysis (ORA).
To ensure a reasonable overlap size we relaxed the condition of differentially expressed genes to
abs(logFC) ≥ 0.8 and FDR ≤ 0.2. We identified the final overlap gene set (for both zonations: pericentral
and periportal) independently of time by taking the union of overlapping genes across all time points
(months 2–12). ORA was performed using Fisher’s exact test. The number of background genes has
been set to 20,000 as this reflects a typical number of genes in a mouse transcriptome experiment. We
tested the following gene sets: GO terms (molecular functions and biological processes), DoRothEA
regulon’s, PROGENy’s footprint gene sets, KEGG gene sets. P-values were corrected using Benjamini
Hochberg correction (false discovery rate, FDR) [35].

2.9. Immunohistochemistry

Immunohistochemistry analysis was performed in five μm-thick frozen or formalin-fixed
paraffin-embedded liver tissue sections using antibodies against CYP3A (Biotrend, Cologne, Germany),
CYP1A, CYP2C (a gift from Dr. R. Wolf, Biochemical Research Centre, University of Dundee,
Dundee, UK), CYP2E1, Arginase1 (Sigma-Aldrich Corp., St. Louis, MO, USA), GS (BD Bioscience,
Heidelberg, Germany), and CPS1 (Abcam, Cambridge, UK) (Table 1). The following horseradish
peroxidase-conjugated secondary antibodies were used: anti-rabbit IgG (Agilent, Santa Clara, CA,
USA), anti-mouse IgG (Sigma-Aldrich Corp., St. Louis, MO, USA), and anti-rat IgG (Linaris GmbH,
Heidelberg, Germany) (Table 1). In order to visualize the target signal, the tissues were stained
with either 3,3′-diaminobenzidine solution (Vector Laboratories, Peterborough, UK) or AEC+ high
sensitivity substrate chromogen (Agilent, Santa Clara, CA, USA). The nuclei were visualized by
counter-staining with Mayer’s haematoxylin.

Table 1. Antibodies and staining conditions.

Target Tissue
Section

Primary Antibody Secondary Antibody

Antibody Dilution Antibody Dilution

CYP3A Frozen Rabbit anti-CYP3A1 1:250 Swine anti-rabbit 1:20
CYP1A Frozen Rat anti-CYP1A2 1:500 Rabbit anti-rat IgG 1:1000
CYP2C Frozen Rat anti-CYP2C6 1:250 Rabbit anti-rat IgG 1:1000

CYP2E1 Frozen/
FFPE Rabbit anti-CYP2E1 1:100 Swine anti-rabbit 1:20

GS FFPE Mouse anti-GS 1:1000 anti-mouse 1:500

Arginase1 FFPE Anti-arginase-1 antibody,
rabbit monoclonal 1:500 Swine anti-rabbit 1:20

CPS1 FFPE Anti-CPS1 antibody—liver
mitochondrial marker 1:500 Swine anti-rabbit 1:20

2.10. Immunostaining of Liver Slices

CYP2E1 immunostaining was done in 200μm-thick liver slices prepared using a cryostat microtome.
After washing, permeabilization and blocking steps the slices were incubated for 3 days with a
primary antibody against CYP2E1 (Sigma-Aldrich Corp., St. Louis, MO, USA, 1:50). Subsequently,
the slices were incubated for 2 days with CyTM3-conjugated AffiniPure; F(ab’)2 fragment donkey
anti-rabbit secondary antibody (Dianova, Hamburg, Germany, 1:100). The nuclei were visualized by
counterstaining with 4,6-diamidino-2-phenylindole. In order to allow 3D imaging of the thick slices,
the tissue was cleared by successive immersion in 50% (v/v), 75% (v/v) and 100% (v/v) tetrahydrofuran,
15 min each, followed by immersion in di-benzyl ether (Sigma-Aldrich Corp., St. Louis, MO, USA)
for at least 10 min. Subsequently, Z-stacks of approximately 120 μm-depth were acquired using a
custom-modified inverted LSM MP7 (Zeiss, Jena, Germany) with an LD C-Apochromat 40 × 1.1 water
immersion objective.
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2.11. Image Analyses and 3D Reconstructions

In order to provide an unbiased and quantitative description of histological slices, a problem-
specific image analysis pipeline was developed. Depending on the utilized staining and after
performing necessary preprocessing, various related features were segmented. These segmentations
were verified by domain knowledge experts, serving as a gold standard. Subsequent measurements
were then performed before producing the final summary statistic. Both ImageJ [36] and Matlab
R2019a were utilized throughout the quantification process. The former was used for exploration
and the later for developing dedicated programs. In the case of bright field scans and after obtaining
satisfactory segmentation of a CYP-positive area as well as the associated corresponding background,
a ratio was recorded. For the 3D reconstruction, individual structures (nuclei, CYP-positive area and
the vessels) were also first segmented and verified. The final reconstruction and visualization were
prepared using Imaris 9.3 software.

2.12. Ammonia Assay

Ammonia concentrations were measured from 20 μL whole blood samples directly after collection.
The analysis was done using the Blood Ammonia Meter PocketChem BA PA-4140 (Arkray.inc,
Amstelveen, The Netherlands).

2.13. Transaminase Activity Assay

Alanine transaminase (ALT) and aspartate transaminase (AST) activities were measured from
plasma samples after dilution 1:10 in PBS. The analysis was done at the Central Laboratory Facility at
University Hospital RWTH Aachen (Aachen, Germany).

2.14. Statistical Analysis

Statistical analysis of the data other than the RNA-seq was done using SPSS software, version 26.
An independent samples t-test was used. p < 0.05 was considered statistically significant.

3. Results

3.1. RNA-Seq Demonstrates Downregulation of Pericentral and Upregulation of Periportal Genes in Fibrosis

Genome-wide expression response caused by CCl4. To study the influence of fibrosis on liver
zonation, we established a mouse model with two intraperitoneal injections of 1 g/kg CCl4 per week
over 12 months (Figure 1A). Only a relatively mild fibrosis was observed up to six months (Figure 1B).
However, between months 6 and 12, the mice progressed into severe fibrosis characterized by wide
Sirius red positive fibrotic streets, regenerative nodules and fibrosis-associated macroscopically visible
tumor nodules (Figure 1B).

For RNA-seq analysis CCl4-treated mice were processed after 0, 2, 6 and 12 months; olive oil
controls were included after 2 and 12 months. Liver tissues of six mice per condition were analyzed
(Figure 2A). A principal component analysis (PCA) of the RNA-seq data showed a good clustering
of each group of six mice (Figure 2B). Treatment with CCl4 caused a shift in the inverse direction of
principal component 1 (PC1) that explains ~30% of the variance in the data (Figure 2B). PC2 represents
the combined effects of olive oil, the solvent of CCl4, and aging (Figure 2B). Differential gene expression
analysis revealed that 80/85, 95/89 and 261/902 genes were significantly [abs(logFC) ≥ 1.5 and FDR
≤ 0.05] up/downregulated after 2, 6 and 12 months of CCl4 treatment compared to olive oil controls,
respectively, with partially very strong, more than 1000-fold expression changes (Figure 2C; lists
of differential genes: Table S1). Strongly and consistently upregulated genes (Figure 2D) comprise
extracellular matrix-associated genes, such as Col28a1, whose role in liver fibrosis is well-known; the
variable domains of immunoglobulin heavy chains, suggesting infiltration of B cells/plasma cells [37],
e.g., Ighv10-3, Ighv1-9, Ighv4-57-1, Ighv1-22, Ighv4-57-1; the liver-derived peptide hormone hepcidin-2

100



Cells 2019, 8, 1556

which supports iron homeostasis [38]; and some factors that so far have not been considered as
primary genes affected by liver damage, such as gliomedin (Gldn), a protein expressed by myelinating
Schwann cells [39] and the leucine-rich repeat and transmembrane domain-containing protein 2 (Lrtm2).
Among the strongest downregulated genes (Figure 2D) are several major urinary proteins (Mups), also
known as α2μ-globulins, such as Mup19, Mup21, Mup15, Mup17, Mup-ps16, Mup-ps14 and Mup12.
Expression of Mup proteins is known to be induced by androgens and they are physiologically relevant,
because they bind small hydrophobic molecules, such as steroid hormones, lipids and retinoids in
plasma [40]; several cytochrome P450 enzymes; the sushi domain-containing protein 4 (SUSD4) which
inhibits complement factors [41]; calpains (e.g., capn11, Capn8) that act as calcium-dependent cysteine
proteases, fatty acid elongase 3 (Elovl3); and roquois homeobox protein 1 (lrx1-6) that is known as a
cardiac transcription factor [42]. The role of many of these differential genes in liver fibrosis remains
unknown. Characterization of the CCl4-induced expression response by pathway analysis using the
functional genomics tools PROGENy identified the inflammatory pathways TGFβ, NFκB, TNFα and
hypoxia-induced signaling as most active (Figure 2E; Table S2), which is in agreement with previous
studies [43]. Estrogen and androgen associated pathways were among the most decreased in the
CCl4-exposed livers for all time points compared to corresponding oil samples. Transcription factor
(TF) activities were inferred with DoRothEA and were dominated by TF with an increased activity that
mediate inflammation (e.g., NFKb1, Stat1) cell stress as well as hypoxia response (Hif1a, Trp53, Atf1)
and support proliferation (e.g., E2f1, Ef3, Egr1). TFs with reduced activities are known to mediate
mature liver functions, such as Hnf4a, Hnf1a, Esr2 and the Fox genes (Figure 2F; Table S3). Enriched
GO-terms such as actin-binding, angiogenesis, cell cycle, death and immune response further round
out the picture of an inflamed, regenerating tissue (Figure 2G; Table S4).

Figure 1. Mouse model of liver fibrosis induced by CCl4 administration. (A) Treatment schedule.
(B) Macroscopical alterations and visualization of fibrosis by Sirius red staining. Scale bars: 200 μm.

The solvent controls with olive oil alone showed expression changes after 2 and 12 months,
respectively, compared to untreated mice at time zero (Table S5). No age-matched untreated
controls were included, because the study was designed to identify CCl4 induced expression changes.
Administration of CCl4 in oil and comparison to oil controls represents a frequently used protocol.
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Figure 2. Bioinformatics of RNA-seq data of mouse liver tissue after exposure to CCl4 for up to one
year. A. Analysis schedule; B. Principal component analysis (PCA). Untreated mice at the time point
zero (0), the day of onset of exposure for the other mouse groups, period of olive oil exposure in blue
(2 and 12 months) and period of CCl4 (solved in olive oil) exposure (2, 6 and 12 months) in red. C.
Visualization of significantly up (green) and downregulated (blue) genes after 2, 6 and 12 months of
CCl4 exposure. D. The 20 most up- and downregulated genes after 2, 6 and 12 months exposure to
CCl4. E. Up- and downregulated pathways via PROGENy. The color legend indicates pathway activity
(z-score). F. Transcription factor (TF) activities computed with DoRothEA. The color legend indicates
TF activity (normalized enrichment score, NES). G. Enriched Gene Ontology (GO) groups. The color
legend indicates the degree of enrichment (NES).

CCl4-induced expression response in relation to zonated genes. To study a possible zonation of
genes up- or downregulated in CCl4-induced fibrosis, a consensus list of pericentral and periportal
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genes was established, containing 136 and 83 genes, respectively (Table S6). To our knowledge, three
previous studies identified genes with zonated expression [31–33], whose overlap was relatively low
(Table S6; Figure S5). Hence, genes were included in the consensus list, when they were identified
as pericentral or periportal by at least two of the three published studies (Table S6). Genes were
ranked by a gene-level statistic (here moderated t-value provided by limma) indicating the strength
of their deregulation in response to CCl4 treatment with upregulated genes at the top ranks (left
side of the x-axis) and downregulated at the bottom of the list (right) (Figure 3A). Each vertical
line on top of the x-axis represents a member of the pericentral or periportal gene set. The y-axis
represents the enrichment score (ES), where values higher than zero indicate enrichment of zonated
genes among upregulated and values smaller than zero among downregulated genes. Pericentral
genes were significantly enriched among downregulated genes at all time points of CCl4 treatment
(Gene Set Enrichment Analysis (GSEA), p-values of 3.99 × 10−4 for month 2, 3.73 × 10−4 for month 6 and
2.77 × 10−4 for month 12). Periportal genes were significantly enriched among upregulated genes only
after two and six but not after 12 months of CCl4 treatment (GSEA, p-values of 1.42 × 10−4 for month 2,
0.013 for month 6). (Figure 3B). P-values were not adjusted for multiple hypothesis testing as we tested
only 2 gene sets per signature. Leading edge analysis identified a set of downregulated pericentral and
upregulated periportal genes across all time points that are mainly driving the significant GSEA results
(Figure 3C, Table S7). We also characterized the overlap of pericentral/periportal genes and the most
responsive genes of CCl4 treatment across all time points using over-representation analysis. Analyzing
the downregulated pericentral genes, biological processes such as monocarboxylic acid metabolism,
epoxygenase P450, and glutamine family catabolic process and the KEGG pathways primary bile acid
biosynthesis as well as arginine and proline metabolism were enriched; the transcription factor small
heterodimer partner (SHP; synonym: Nr0b2), an interaction partner of HNF4α and LXRα, showed
increased activity (Figure 3D). Among the periportal upregulated genes’ GO groups associated with
lipid metabolism, triglyceride lipase, and phospholipid transport were enriched. Some hits are listed
in Figure 3D and the complete list is available in Table S8. Thus, during CCl4-induced liver fibrosis,
a complex conglomerate of inflammatory pathways orchestrate downregulation of pericentral and
upregulation of periportal genes that further will be referred to as ‘periportalized’ lobular zonation.

Expression of several genes with a zonated expression pattern was validated by quantitative
real-time polymerase chain reaction (qRT-PCR, Figure 4). Analysis of pericentrally expressed genes,
solute carrier family 1 member 2 (GLT1), glutamine synthetase (GS), ornithine amino-transferase
(Oat), and the vascular/hepatic-type arginine vasopressin receptor (Avpr1a), confirmed a strong
downregulation during CCl4 treatment, particularly between months 6 and 12 (Figure 4A). In contrast,
the periportal genes glutaminase 2 (Gls2), the urea cycle enzyme carbamoyl phosphate synthetase 1
(CPS1) and the gluconeogenesis enzyme phosphoenolpyruvate carboxykinase 1 (PCK1) showed an
increase until month 6, followed by a decrease at month 12 (Figure 4B). The urea cycle enzyme arginase
1 (Arg1) showed little change until month six followed by a moderate decrease at month twelve
(Figure 4B). Thus, qRT-PCR of selected genes confirmed a strong decrease of the pericentral genes,
while the changes of periportal genes are weaker and more complex, characterized by an increase until
month 6 and a decrease between months 6 and 12, an observation that will be interpreted in the context
of the immunostaining data described below.
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Figure 3. Periportalization of CCl4 exposed liver tissue. A. Enrichment of pericentral and periportal
genes among genes up or downregulated by CCl4 exposure. B. Summarized results of Gene Set
Enrichment Analysis (GSEA) showing normalized enrichment score (NES) and p-values. C. Leading
edge of periportal and pericentral gene set that mainly accounts for the enrichment score of the gene set.
The color scheme indicates the logFC. D. Selection of GO-terms and TFs that characterize the overlap
of CCl4 signature and pericentral/periportal gene sets.
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Figure 4. Quantitative real-time polymerase chain reaction (qRT-PCR) confirmation of selected
pericentral (A) and (B) periportal genes. The x-axis represents the time of CCl4 treatment, while
the y-axis depicts relative RNA expression normalized to controls (0 months). Glt1: glutamate
transporter 1; GS: glutamine synthetase; Oat: ornithine aminotransferase; Avpr1a: arginine vasopressin
receptor 1A; Gls2: glutaminase 2; Cps1: carbamoyl phosphate synthetase I; Arg1: arginase 1; Pck1:
phosphoenolpyruvate carboxykinase 1. The data are means ± standard errors of 6 mice per time point.
* p < 0.05; ** p < 0.01; *** p <0.001 compared to the untreated controls (0).

Spatio-temporal analysis of periportalization. Further insight into spatio-temporal changes
of zonation was obtained by immunostaining. Similar results were observed for the pericentrally
expressed enzymes, cytochrome P450 (CYP) 3A, 1A, 2C, 2E1 and GS (Figure 5A). Compared to
controls, the CYP positive areas around central veins became narrower after 2 and 6 months of CCl4
administration. However, contacts between CYP2E1 positive areas present in controls (Figure 5B,
control; Supplementary Video 1) were maintained even after 6 months of repeated CCl4 treatment,
giving the impression of central-to-central bridging (Figure 5B, CCl4; Supplementary Video 2). Until
month 12, CYP immunostaining decreased massively. Similarly, GS showed central-to-central bridging
at month two and six, followed by an almost complete loss of expression at month 12 (Figure 5A). Image
analysis confirmed the decrease of the immunostained CYP1A1-positive area (Figure 5C). In controls,
the periportally expressed urea cycle enzymes, arginase 1 and CPS1 showed a periportal to midzonal
staining pattern with a relatively narrow negative pericentral zone (Figure 5A). The vessels in the center
of arginase 1 or CPS1 positive regions are portal veins, while the vessels in negative regions represent
central veins. During the one-year-period of CCl4 administration, fibrotic streets formed between the

105



Cells 2019, 8, 1556

central veins, which were particularly obvious between months 6 and 12 (Figure 5A). No expression of
arginase 1 or CPS1 occurred in the fibrotic streets, while these enzymes were expressed in hepatocytes
at similar levels as in control mice, even in the regenerative nodules at month 12. Whole slide scans
immunostained for CYP1A and arginase 1 illustrated the narrowing of the pericentral region expressing
CYP1A (months 2 and 4), followed by an almost complete loss at month 12 (Figure 5D). Vice versa,
arginase1 expression extended into the pericentral region at months 2, 6 and 12 (Figure 5D).

3.2. Confirmation of Periportalization in Further Mouse Models of Liver Fibrosis

Bile duct ligation (BDL). This mouse model was investigated because it represents a periportal
fibrosis model, in contrast to the CCl4 model described above, where pericentral fibrosis is induced.
Ligation of the common bile duct leads to the formation of bile infarcts due to the rupture of the apical
hepatocyte membrane in the acute phase up to day three [22]. In the chronic phase after approximately
seven days, the liver adapts to the obstruction of the bile duct, bile infarcts do no longer occur and the
infarct regions regenerate. However, a slowly progressing periportal fibrosis occurs in the chronic
phase. In the present study, mice at day 21 after BDL were compared to sham-operated controls
(Figure 6A). Macroscopically, BDL mice showed a strongly distended gallbladder with transparent,
so-called ‘white bile’ (Figure 6B). Histologically, a strong ductular response was observed accompanied
by periportal fibrosis (Figure 6B).

Figure 5. Cont.
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Figure 5. Spatio-temporal analysis of periportalization of selected pericentral and periportal enzymes.
(A) Immunostaining of the pericentral proteins cytochrome P450 3A, 1A, 2C, 2E and glutamine synthetase
(GS) as well as the periportal proteins arginase 1 and carbamoyl phosphate synthetase 1 (CPS1). The left
margin indicates the time of treatment with CCl4. Scale bars: 200 μm. (B) 3D-Reconstructions of CYP1A
immunostained liver tissue showing normal pericentral zonation in control (left), and central-to-central
bridging at month six of CCl4 intoxication. (C) Whole slide scans of CYP1A-immunostained liver
lobules at 2, 6 and 12 months after CCl4 treatment with segmentation (green) and quantification of the
fraction of the CYP1A positive area. The data are means ± standard errors of 3 mice per time point.
* p < 0.05; *** p < 0.001 compared to the untreated controls (0). (D) Whole slide scans of CYP1A and
arginase1 positive liver tissue.

Figure 6. Periportal fibrosis after bile duct ligation (BDL). (A) Experimental schedule. (B) Macroscopic
appearance and visualization of fibrosis by Sirius red staining. Scale bars: 100 μm.
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Immunostaining for CYP2E1 and GS showed a massive decrease 21 days after BDL (Figure 7A).
While the CYP2E1 positive area amounted to approximately 50% of the total tissue area in controls,
this value fell to only approximately 14% after BDL (Figure 7C,D). Corresponding analysis of the
periportal enzymes arginase 1 and CPS1 showed that the negative pericentral regions in controls
become positive (‘periportalized’) after BDL (Figure 7B). Whole slide scans immunostained for CYP2E1
and CPS1 confirmed the results shown in Figure 7 (Figure S1). Therefore, BDL associated fibrosis was
accompanied by similar changes in zonation as fibrosis induced by chronic administration of CCl4.
Mdr2−/− mice represent a further model of periportal fibrosis. Similar to the CCl4 model and BDL, also
eight- and 64-week-old knockout mice showed reduced expression of CYP2E1 (Figure S2).

Figure 7. Periportalization of lobular zonation after BDL. (A) Immunostaining of the pericentral
proteins CYP2E1 and GS. Scale bars: 100 μm. (B) Immunostaining of the periportal proteins arginase1
and CPS1. Scale bars: 200 μm. (C) CYP2E1-immunostained whole slide scans of liver lobules of BDL
mice, and segmentation of the positive area (green). (D) Quantification of the fraction of CYP2E1
positive tissue 21 days after BDL and in controls. The data are means ± standard errors of 3 mice per
group. *** p < 0.001 compared to the sham controls (0).

3.3. Functional Consequences of Compromised Zonation: Adaptation to Hepatotoxicants

Fibrosis associated disturbed lobular zonation causes several adverse functional consequences.
An example is compromised ammonia detoxification. The loss of the fine-tuned interaction of the
periportal high capacity (urea cycle) and the pericentral high-affinity (GS) compartments leads to
increased ammonia blood concentrations. We compared ammonia concentrations in the portal vein,
liver vein and heart blood of mice after 1 year of treatment with CCl4 and untreated controls. The much
higher concentrations in the hepatic vein of CCl4 mice demonstrate the loss of the capacity of the
fibrotic liver to reduce ammonia to very low concentrations of <30 μg/dL (Figure 8).
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Figure 8. Increased ammonia blood concentrations after 1 year CCl4 treatment. The data are means ±
standard errors of 6 mice per group. ** p < 0.01; *** p < 0.001 compared to the corresponding controls (0).

Moreover, we wondered if the loss of the pericentrally located cytochrome P450 enzymes may
lead to resistance against hepatotoxicants that require metabolic activation by these enzymes. To test
this hypothesis, we exposed one year CCl4-treated fibrotic mice and olive oil controls to a hepatotoxic
dose of APAP (200 mg/kg) (Figure 9A). In oil controls, APAP macroscopically caused the characteristic
dotted pattern, indicating pericentral necrosis (Figure 9B) that was confirmed histologically (Figure 9D).
Interestingly, APAP-induced no visible necrosis in the fibrotic livers after one year of chronic CCl4
intoxication (Figure 9B,D, Figure S4). These results were confirmed by analysis of the liver enzymes
ALT and AST that increased after APAP administration in oil controls but not in fibrotic livers
(Figure 9C). Immunostaining for CYP2E1 illustrated that the CYP2E1 positive pericentral regions were
destroyed by APAP (Figure 9E). In contrast, the periportalized fibrotic livers without detectable CYP2E1
expression did not show any necrotic hepatocytes around central veins (Figure 9E). The corresponding
H&E-stained whole slide scans are available in Figure S4).

Figure 9. Acetaminophen (APAP) resistance of mice after one year of treatment with CCl4.
(A) Experimental schedule. (B) Macroscopic appearance. (C) The concentration of liver enzymes in
the blood. The data are means ± standard errors of 5 mice per time point. *** p < 0.001 compared to
the corresponding controls without APAP intoxication. (D) H&E-stained tissue. Scale bars: 100 μm.
(E) CYP2E1 immunostaining. Scale bars: 100 μm.

To analyze whether fibrosis-associated resistance to APAP is a generalizable phenomenon, a similar
experiment was performed in mice with BDL-associated fibrosis. For this purpose, BDL mice and
sham controls were overnight fasted from the evening of day 20 after surgery and 200 mg/kg APAP
were administered on the morning of day 21 to be analyzed 24 h later (Figure 10A). Interestingly,
BDL mice were resistant to APAP (Figure 10C,D; Figure S5), similar to the observation made in
CCl4-induced fibrosis.
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Figure 10. APAP resistance of mice 21 days after BDL. (A) Experimental schedule. (B) Macroscopic
appearance. (C) H&E staining. Scale bars: 100 μm. (D) CYP2E1 immunostaining. Scale bars: 100 μm.

4. Discussion

Little is known about how liver fibrosis influences hepatic zonation. Here, we show that fibrosis
of different etiologies causes ‘periportalization’, which means that the entire liver lobule including
the pericentral region adopts a periportal pattern of gene expression (graphical abstract). We first
observed this phenomenon in the mouse model of CCl4 established here, where severe fibrosis was
induced by repeated induction of pericentral liver necrosis over a period of one year. Recently,
several genome-wide studies have identified genes that show a preferentially pericentral or periportal
expression pattern [31–33]. We established a consensus list of periportal and pericentral genes that
overlapped in at least two of the three studies. The genome-wide analysis showed that pericentral
genes are enriched among the genes downregulated by CCl4, while the periportal genes are enriched
among the upregulated genes. This phenomenon occurred already at the earliest analyzed time point
of two months.

Analysis of selected pericentral genes by immunostaining and qRT-PCR showed that the
downregulation of pericentral genes occurred in two phases. Phase 1 until month 6 is characterized by
‘central-to-central bridging’. In this period, the pericentral area with positive immunostaining of e.g.,
cytochrome P450 enzymes becomes narrower but areas of contact between neighboring pericentral
regions are maintained. In this first phase, RNA levels of the analyzed pericentral genes show a
statistically significant but moderate, less than 2-fold decrease. Phase 2 occurs between months six and
twelve and is characterized by a massive formation of fibrotic streets. In this period, immunostaining
of cytochrome P450s and glutamine synthetase is almost completely lost and RNA levels decrease by
more than 10-fold.

Immunostaining of the periportal genes arginase 1 and CPS1 shows that they begin to be newly
expressed in the pericentral region during CCl4 treatment. In controls, they are expressed in periportal
and midzonal hepatocytes but not in a narrow region around the central vein. While pericentral
proteins retreat, arginase 1 and CPS1 advance towards the central vein until finally all hepatocytes
express these periportal genes. The extension of periportal enzymes into the pericentral region is
accompanied by a moderate but statistically significant increase in RNA levels (e.g., of CPS1) at months
2 and 6. However, between months 6 and 12, expression of several periportal genes decreases again.
This is most likely explained by the massive formation of fibrotic streets that contain myofibroblasts,
macrophages and further inflammation-associated cells that do not express (periportal) liver genes.
Therefore, periportal liver genes will be diluted by the RNA of the cells forming fibrotic streets.
Nevertheless, immunostaining suggests that expression levels, e.g., of arginase 1 and CPS1, do not
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decrease in the remaining hepatocytes of the regenerative nodules at month 12. Rather, the hepatocyte
fraction of total liver mass decreases.

The loss of pericentrally expressed metabolizing enzymes has different consequences. One of them
is an increase of ammonia concentrations in the liver vein blood and the systemic circulation. During
the passage through the fibrotic, 1-year CCl4-treated liver, ammonia concentrations still decrease
from ~600 μg/dL concentrations in the portal vein to ~180 μg/dL in the liver vein. However, the
destruction of the pericentral high affinity detoxification system by glutamine synthetase [15,16]
prevents further reduction of ammonia concentrations to normal levels (<30 μg/dL). The reason for the
strongly increased ammonia concentrations in portal vein blood (~600 μg/dL) may be due to increased
intestinal ammonia production from urea. Because of chronic liver damage mice develop secondary
kidney damage [22] with increased blood concentrations of urea. Because of the leaky gut-blood barrier
in chronic liver damage, urea reaches bacterial ureases in the intestinal lumen that generate ammonia,
which is absorbed into intestinal capillaries and drains into the portal vein [44–46]. However, the latter
mechanism still requires experimental validation. The data clearly show that ‘periportalization’ of
liver lobules causes loss of detoxifying functions. The increase in ammonia or urea concentrations
to the observed levels will lead to long-term consequences but is not immediately life-threatening.
This is in contrast to acute intoxication by hepatotoxicants that may be lethal. In this context, the loss
of pericentrally expressed metabolizing enzymes can be interpreted as an adaptive response to chronic
CCl4 exposure. CCl4 is metabolically activated by cytochrome P450 2E1 and further CYPs to form
the reactive trichloromethyl free radical and the trichloromethyl peroxyl radical [2]. Therefore, the
downregulation of cytochrome P450 enzymes is an efficient strategy to survive repeated exposure
to toxins that require metabolic activation. This leads to the question as to why also mouse models
of periportal fibrosis cause downregulation of pericentral genes. In the present study, we used BDL
that is known to preferentially cause periportal liver damage and fibrosis [47,48]. Also, mdr2−/− mice
are a model of periportal fibrosis [49]. At first glance, it may be difficult to understand why the
downregulation of pericentral genes should offer a survival advantage to BDL and mdr2−/− mice. In
this context, co-evolution between plants and herbivores should be considered [50]. Plants responded
to herbivory by formation of plant toxins, many of them metabolically activated by pericentral liver
enzymes, such as pyrrolizidine alkaloids and mycotoxins [51]. Herbivores responded by several
evolutionary strategies, particularly by novel detoxifying enzymes. Also the periportalization of
liver lobules under toxic stress could be interpreted as an adaptive process in animal–plant warfare.
Periportalization seems to represent a stereotypical response to different types of inflammatory
stress, possibly because the liver lacks the ability to activate distinct adaptive zonation programs
for pericentral and periportal damage. This corresponds to previous studies, demonstrating that
different types of acute and chronic inflammatory stimuli activate the same gene regulatory networks,
whereby upregulation of inflammatory genes occurs simultaneously to the downregulation of metabolic
genes [52]; interestingly, both inflammatory and metabolic genes are controlled by the same upstream
mechanisms [52]. A strength of the present study is that six individual mice were included for each
condition of the time-resolved analysis. This allowed sufficient statistical power to demonstrate the
significance of the process of periportalization identified here.

In conclusion, liver fibrosis leads to periportalization of liver lobules. Periportalization occurs
as a common response to pericentral and also periportal damage. It allows the liver to adapt to
the repeated exposure to hepatotoxic compounds that require metabolic activation by pericentrally
expressed enzymes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/12/1556/s1:
Supplemental figures. Figure S1. Immunostaining of CYP2E1 and CPS1 in whole slide scans after BDL. Figure
S2. Sirius red and CYP2E1 staining of 8 and 64 week-old mdr2−/− mice and 64 week-old wild type (WT) mice.
Figure S3. H&E staining of livers (whole slide scans) after 1-year exposure to olive oil and CCl4. Figure S4. H&E
staining of livers (whole slide scans) 21 days after BDL compared to sham-operated controls. Figure S5. Overlap
of pericentral and periportal genes between three different studies. Supplemental tables. Table S1. Significantly
(abs(logFC) ≥ 1.5 and FDR ≤ 0.05) up and downregulated genes after 2, 6 and 12 months of treatment of the
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mice with 1 g/kg CCl4. Table S2. Characterization of CCl4 induced expression response by PROGENy pathway
analysis. Table S3. Transcription factor activities of genes differentially expressed after CCl4 exposure. The
column confidence is an empirical classification indicating how confident we are about the TF activity prediction
based on the confidence of its regulon. The confidence class range from A–E with being A the highest confident
class. Table S4. Analysis of GO group enrichment based on genes differentially expressed after CCl4 exposure.
Only those GO terms are shown that were significantly enriched (FDR ≤ 0.05) in at least one-time point. Table
S5. Significantly (abs(logFC) ≥ 1.5 and FDR ≤ 0.05) up and downregulated genes after 2, 6 and 12 months of
treatment of the mice with olive oil. Table S6. List of zonated pericentral and periportal genes. A. Consensus
list including genes that were identified as zonated in at least two of the three studies Braeuning et al., 2006;
Saito et al., 2013; Halpern et al., 2017. B. Zonated genes in Braeuning et al., 2006; C. Zonated genes in Saito et
al., 2013; D. Zonated genes in Halpern et al., 2017. Table S7. Table of leading-edge genes for pericentral and
periportal gene set members that mainly account for the corresponding gene set enrichment score. Table S8.
Significantly over-represented gene sets (p-value ≤ 0.05) that characterize the overlap of the CCl4 signature and
pericentral/periportal gene set, respectively. Supplemental Videos. Supplemental video 1. 3D reconstructions of
control mouse liver immunostained for CYP2E1. Supplemental video 2. 3D reconstructions of fibrotic mouse liver
on month 6 of repeated CCl4 intoxication immunostained for CYP2E1.
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Abstract: Liver fibrosis is characterized by the excessive deposition of extracellular matrix proteins
including collagen that occurs in most types of chronic liver disease. Even though our knowledge of the
cellular and molecular mechanisms of liver fibrosis has deeply improved in the last years, therapeutic
approaches for liver fibrosis remain limited. Profiling and characterization of the post-translational
modifications (PTMs) of proteins, and more specifically NEDDylation and SUMOylation ubiquitin-like
(Ubls) modifications, can provide a better understanding of the liver fibrosis pathology as well as
novel and more effective therapeutic approaches. On this basis, in the last years, several studies
have described how changes in the intermediates of the Ubl cascades are altered during liver fibrosis
and how specific targeting of particular enzymes mediating these ubiquitin-like modifications can
improve liver fibrosis, mainly in in vitro models of hepatic stellate cells, the main fibrogenic cell type,
and in pre-clinical mouse models of liver fibrosis. The development of novel inhibitors of the Ubl
modifications as well as novel strategies to assess the modified proteome can provide new insights
into the overall role of Ubl modifications in liver fibrosis.

Keywords: Ubiquitination; NEDDylation; SUMOylation; HCC; chronic liver disease; NAFLD; NASH

1. Chronic Liver Disease (CLD)

Liver injury induces inflammation, necrosis of hepatocytes, angiogenesis, the wound-healing
response and the accumulation of extracellular matrix (ECM) proteins; followed by a process of
hepatocyte regeneration to replace dead hepatocytes and restore the physiological liver mass [1,2].
Liver fibrosis typically reverts after elimination of the causative injury. However, if the damage persists
and a chronic response is established, liver fibrosis can progress to cirrhosis, which is characterized by
the distortion of the hepatic parenchyma and vascular structures that can eventually lead to hepatic loss
of function and potential loss of reversibility [3]. At this stage, if the injury is not withdrawn, patients
are at risk of end-stage liver disease and complications such as portal hypertension, hepatocellular
carcinoma (HCC), and liver failure [3,4].
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1.1. Etiology and Pathophysiology of Chronic Liver Disease (CLD)

Chronic liver disease (CLD) affects 800 million people worldwide and accounts for approximately
2 million deaths worldwide annually, representing a global major public health issue [4–6]. Alcohol
abuse and associated alcoholic liver disease (ALD), viral hepatitis, and non-alcoholic fatty liver disease
(NAFLD) are the most common causes of CLD. However, inherited disorders (such as alpha antitrypsin
deficiency, hemochromatosis, and cystic fibrosis), drugs, cholestatic disease (such as primary biliary
cholangitis (PBC), and primary sclerosing cholangitis (PSC)), and immune disorders also contribute to
this common pathology [4].

Alcoholic liver disease (ALD) and NAFLD share a similar pathological progression, ranging
from simple steatosis to alcoholic steatohepatitis (ASH) or non-alcoholic steatohepatitis (NASH).
fibrosis, cirrhosis, and HCC [7]. Whereas excessive alcohol consumption is the main cause of ALD,
the pathogenesis of NAFLD is related with obesity, insulin resistance and/or the metabolic syndrome,
gut microbiota dysbiosis, environmental or nutritional factors, and genetic and epigenetic factors
(reviewed by [8]). On the other hand, cholestatic disease [such as primary biliary cholangitis (PBC)
and primary sclerosing cholangitis (PSC)] are associated with chronic damage to the cholangiocytes of
the biliary tree, leading to reductions in the bile flow, persistent injury to the biliary epithelium and
hepatocytes, inflammation, fibrogenesis and potentially carcinogenesis [4,9].

1.2. Liver Fibrosis and Cell Types

Liver damage leads to death of hepatocytes and cholangiocytes, which induces the release of
pro-inflammatory mediators and stimulates phagocytosis of dead cell bodies by liver macrophages,
mainly Kupffer cells and bone marrow-derived recruited monocytes [10]. Macrophages in the liver
can also produce pro-inflammatory factors, such as reactive oxygen species (ROS), CC-chemokine
ligand 2 (CCL2), tumor necrosis factor (TNF), interleukin-6 (IL-6), and 1β (IL-1β), thus triggering
the wound-healing response, and stimulating the production of extracellular matrix components by
myofibroblasts [11].

In ALD, the hepatocyte injury is mainly related to the oxidative metabolism of ethanol, whereas in
NAFLD it depends on the lipotoxicity that induces cell death and lipo-apoptosis. When liver fibrosis
is developed in an onset of ALD or NAFLD, the excessive deposition of ECM proteins is principally
observed around the sinusoids (peri-sinusoidal fibrosis) and around groups of hepatocytes (peri-cellular
fibrosis), and is mainly due to hepatic stellate cells (HSC) [4,12]. When fibrosis is developed in an onset
of cholestasis, in addition to chronic damage to cholangiocytes, bile acids elicit hepatocyte injury and
death [4,13,14]. In chronic diseases of the biliary tract, the excessive deposition of ECM proteins is
principally observed around the injured bile ducts (biliary fibrosis pattern) and is mainly characterized
by the proliferation of reactive ductular cells and myofibroblasts originated from portal fibroblast and
HSC [4,15,16]. However, the contribution of portal fibroblasts to the development of fibrosis after
cholestatic damage, compared to that of the HSC, is controversial [17].

As mentioned before, despite other minor cell sources (reviewed by [4]), HSC are the main sources
of myofibroblasts in response to toxic liver injury [18,19]. In a healthy liver, HSC are in a quiescent state
in which they accumulate retinoids. In response to toxic liver injury, HSC suffer a transdifferentiation
process from a quiescent into an activated phenotype known as myofibroblasts [20]. These activated
HSCs have a higher degree of proliferation and migration, hence repopulating the damaged liver,
acquiring contractility by expressing alpha smooth muscle actin (α-SMA), expressing pro-inflammatory
[(monocyte chemoattractant protein-1 (MCP-1), platelet-derived growth factor (PDGF), mouse stem
cell factor (mSCF), CCL2, and CCL21, as well as IL-1β) and pro-fibrogenic markers (TGF-β)], and as
well as increasing the synthesis of ECM proteins [collagen I (COL1A1) and III (COL1A3), fibronectin
and tissue inhibitor of metalloproteinase (TIMP)], and of pro-angiogenic mediators [like vascular
endothelial growth factor A (VEGFA), angiopoietin-1 or -2, and the homodimer (PDGF-BB)] [21,22].
One of the principal factors involved in HSC-induced proliferation is PDGF, which is upregulated in
the fibrotic liver, whereas transforming growth factor (TGF-β) is the main profibrogenic factor and
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contributes positively to the transdifferentiation process of HSCs into myofibroblasts. Briefly, TGF-β
binds and activates TGF-β receptors (TβR), of which there are three different forms (TβRI, TβRII, and
TβRIII). Smads are the effector proteins of the TGF superfamily ligands. There are 8 Smad proteins
which include: receptor-regulated R-Smads (Smads 1, 2, 3, 5, and 8), common-mediator Co-Smads
(Smad4), and inhibitory I-Smads (Smads 6, 7). When TβRI is activated, Smads are recruited to the
receptor and phosphorylated, resulting in their activation and increased affinity for Smad4. Then the
Smad2/3/4 heteromeric complex translocates to the nucleus, where it has an immediate effect on the
gene expression of several hundred of genes. TGF-β signaling is terminated when the activated Smads
are either dephosphorylated or degraded [23,24].

1.3. Overview of the Current Treatment Options for Chronic Liver Disease and Liver Fibrosis

Current therapeutic interventions targeting CLD are etiology-dependent. Whereas in the last years,
a quantum leap has been made in the therapy of hepatitis-induced CLD thanks to the development
of novel and effective anti-viral drugs [25,26], therapeutic interventions in the case of ALD remain
abstinence, treating the alcohol withdrawal syndrome, nutritional support, glucocorticosteroids or
Pentoxifylline, anti-TNF therapy, antioxidants, or liver transplantation. On the other hand, treatment
options for NAFLD and NASH are mainly directed toward lifestyle changes and weight loss,
in combination with drugs such as insulin sensitizers, lipid lowering agents, hepatoprotective agents,
antioxidants, incretin analogues, and anti-inflammatory agents (reviewed by [7]). First-line treatment
for PBC involves the ursodeoxycholic acid (UDCA), which is able to prevent the progression of the
disease in approximately two thirds of the patients [27–29]. For those PBC patients with insufficient
response or intolerance to UDCA, second-line therapy is obeticholic acid [30,31]. There is currently no
effective pharmacological therapy for PSC being liver transplantation the most definitive treatment [32].

Importantly, current clinical guidelines reinforce that, independently of the etiology of CLD, liver
fibrosis should be the pharmaceutical target stage, once liver fibrosis reversibility is a reality. Taking into
consideration that liver fibrosis is a multi-step disease characterized by pan-cellular and pan-pathway
mechanisms, post-translational modifications (PTMs) of proteins can provide a better understanding
of the liver fibrosis pathology as well as novel and more effective therapeutic approaches.

2. Post-Translational Modifications (PTMs) by Ubiquitin-Like (Ubl) Proteins

Post-translational modifications (PTMs) of proteins play a relevant role in the functional diversity
of the proteome. In most eukaryotes, PTMs refer to the covalent and reversible addition of small
chemical entities into target proteins following protein biosynthesis in order to exert a dynamic control
over protein function in diverse cell biological contexts. The recent advances in the fields of systems
biology and proteomics, have pushed forward the interest in deciphering protein modifications and
their impact on the cellular microenvironment and disease pathophysiology. The most common PTMs
include phosphorylation, acetylation, glycosylation, ubiquitination, acetylation, and hydroxylation,
among others.

Ubiquitination is implicated in the pathogenesis of certain human diseases, including liver fibrosis.
Ubiquitin has shown to be a marker of non-alcoholic liver fibrosis and it is frequently detected
at the border or within the fibrous matrix [33,34]. Under these circumstances, overall changes in
the ubiquitinated proteome may reflect either modifications in the ubiquitination cascade or in the
proteasomal activity. For example, Cai et al. detected, in a rat model of liver fibrosis, a reduced SMAD
specific E3 ubiquitin protein ligase 2 (Smurf-2) mRNA expression, which is a HECT domain E3 Ub
ligase that ubiquitinates nuclear Smads and targets them for proteasomal degradation, resulting in
an increased Smad2 expression [35]. Gp78, an endoplasmic reticulum (ER)-associated E3 Ub ligase,
is also a key player in the ER-associated degradation (ERAD) and responsible for ubiquitination of
lipid metabolism mediators, among others. Loss of Gp78 in aged mice caused NASH with fibrosis as
a result of spontaneous and random ER stress [36]. On the other hand, Wilson and colleagues have
shown that the Ub C-terminal hydrolase L1 (UCHL1) is an absent DUB in quiescent HSCs but its
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expression is increased and positively correlates with HSC transdifferentiation, in pre-clinical mouse
models and in human livers from NASH and ALD patients. Pharmacological inhibition of UCHL1 in
CCl4 and bile-duct ligated (BDL) mice or ablation of UCHL1 in vitro in cultured HSC cells reduces
liver fibrogenesis [37]. Likewise, an increase in mRNA expression and immunoreactivity of synoviolin
which is an E3 Ub ligase has been observed in myofibroblasts. Fibrotic human livers also showed
co-localization of synoviolin and the main fibrotic marker, α-SMA [38]. This compelling evidence
implicating ubiquitination in liver fibrosis led several authors to evaluate the impact of ubiquitin-like
proteins (Ubls)-mediated PTMs in liver fibrosis, the topic of this Review.

Ubiquitin-like proteins (Ubls) are a family of small proteins involved in PTMs, whose name is
derived from ubiquitin, the first discovered member of the family. Besides ubiquitin, the human genome
encodes at least eight families of Ubls, that are considered type I Ubls: (SUMO) small ubiquitin-related
modifier, NEDD8 (neural precursor cell expressed developmentally downregulated protein 8),
ATG8 (autophagy-related protein 8), ATG12 (autophagy-related protein 8), URM1 (ubiquitin-related
modifier 1), UFM1 (ubiquitin-fold modifier 1), FAT10 (human leukocyte antigen-F adjacent transcript
10 or ubiquitin D), and ISG15 (interferon-stimulated gene 15) [39]. Even though, sparse studies have
shown alteration of the levels of some Ubls in liver fibrosis, namely ATG12 related to autophagy [40],
Fat10 and UFM1 [41], and ISG15 specifically in hepatitis C [42], in this Review, we will specially focus
on the relevance of NEDD8 and SUMO proteins in liver fibrosis, whose therapeutic role has been
addressed in liver fibrosis. The main characteristics of these proteins in comparison to ubiquitin can be
found in Table 1.
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2.1. NEDDylation in Liver Fibrosis

NEDDylation is a reversible ubiquitin-like PTM, characterized by the covalent conjugation of
NEDD8. The pathway of the NEDDylation process involves NEDD8 specific enzymes, such as E1
activating enzymes (NAE1 and UBA3); E2 conjugating enzymes (UBE2M/UBC12 and UBE2F); E3 ligase
enzymes, which catalyze NEDD8 transference to the target protein (MDM2, RBX1, FBXO11, RNF7,
CBL, DCUN1D1, and DECUN1D2); and deneddylase enzymes (SENP8/NEDP1, ATXN3, USP21, CPS5,
UCHL1, and UCHL3) [47,48]. Noteworthy, NEDD8 is synthetized as a precursor and must be activated
at the C-terminal Gly76 mainly by NEDP1 [49] in order to be integrated inside the NEDDylation
cycle and conjugated to the lysine residue of target proteins [50]. The conjugation of NEDD8 can
modify its target protein in different ways, such as inducing conformational changes, changing its
subcellular localization, enzymatic activation, or inhibition, competing with other Ubls or inducing its
stability [51,52].

The mechanisms that trigger the deregulation of NEDDylation are not well understood, but it
has been reported that the levels of NEDD8 are increased under stress conditions in vitro [53]. In fact,
alterations in the NEDDylated protein levels have been described in different pathological conditions,
such as neurodegenerative disorders [54] and cancer [48,55,56]. Focusing on the liver context, patients
with HCC and intrahepatic cholangiocarcinoma, as well as mouse models of HCC, showed a significant
increase in the global NEDDylation proteome and NEDDylation intermediates [55–59]. In addition,
under diverse stress conditions, the canonical pathway of NEDDylation via NAE1 changes, being
NEDD8 conjugation predominantly mediated by the Ube1 E1 ubiquitin enzyme [53]. Likewise, in HCC,
where NEDDylation levels are enriched, NEDP1 protein levels disappear promoting the inhibition of
ATPase activity of HSP70 and, thus the apoptosis resistance of cancer cells. Hence, these result shows
how the tight regulation of the NEDD8 cycle can modulate vital cellular functions like apoptosis [60].

Regarding liver fibrosis and NEDDylation, Zubiete-Franco et al. described for the first time an
increase in the global NEDDylated proteome in patients with liver fibrosis as well as in mouse models
of CCl4- and BDL-induced liver fibrosis [61]. Importantly, NAE1-specific inhibition in these mouse
models showed a reduction in the liver damage associated with decreased apoptosis, inflammation,
and fibrosis. These results were explained by the effect of NEDDylation inhibition in the different
hepatic cell subtypes. The decrease in inflammation after NEDDylation inhibition can be explained
in part by the incapacity of Cullin-1 and SCFβTrCP (E3 Ligase) to ubiquitinate and degrade IKBα,
promoting NF-kB stabilization in the cytoplasm [47,48]. Interestingly, in this work the authors describe
how NEDD8 levels increase in activated HSCs, and consequently neddylation inhibition could directly
block its activation. Indeed, after NAE1 inhibition, HSCs show an increase of cell death partly mediated
by c-Jun accumulation, a target of cullin degradation. On the other hand, it has been described
that Casitas B-lineage lymphoma (c-Cbl) acts as a NEDD8 Ligase promoting TGF-β signaling and
stabilization of the type II receptor (TβRII) in blood cells [62]. In agreement with this line of evidence,
other authors have shown very recently that the in vivo inhibition of the transcription factor SRSF3
NEDDylation, associated with its prevention of degradation, protects mice from fibrosis [63].

In conclusion, the NEDDylation inhibition is a key mechanism to down-regulating the
inflammatory response, further reducing cell damage and subsequent liver fibrosis, in addition
to specifically targeting HSC death.

2.2. SUMOylation in Liver Fibrosis

SUMOylation is another ubiquitin-like PTM that consists in the covalent addition of one or
multiple SUMO subunits to Lys residues usually located on the SUMO consensus motifs of target
proteins. SUMOylation occurs as a hierarchically organized process catalyzed by the E1 activating
enzyme, the E2 conjugating enzyme, and an E3 SUMO ligase [64]. The extension of the SUMO chain is
possible thanks to a specialized type of E3 ligase family of enzymes known as E4 SUMO elongases [65].

To date, five SUMO isoforms have been described in humans, being SUMO 1, 2, and 3 the most
ubiquitous. SUMO modifiers are similar in size and structure to ubiquitin, but show little sequence
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homology compared to ubiquitin. SUMO 2 and 3 share approximately 97% identity, whereas SUMO 1
is only 50% identical in sequence. SUMO isoforms differ in several aspects, such as in the E3 ligase
preference or the ability to form SUMO chains on the substrate proteins. Moreover, different functions
and mechanisms of regulation within the cell would be expected since SUMO2/3 conjugation becomes
more relevant under stress conditions [64]. The SUMO E1 activating enzyme is composed by the
SAE1 and UBA2 heterodimer, while Ubc9 is the only E2 SUMO conjugating enzyme recognized.
Conversely, a huge range of E3 SUMO ligases exist, which are grouped in the canonical PIAS family
and non-canonical E3 ligases such as RanBP2 or Cbx4, thus conferring specificity to the process [64].
SUMO-mediated modification can be reversed by the action of deSUMOylating enzymes, which are
also involved in the maturation of the SUMO precursor protein. SENPs belong to the most common
family of protein deSUMOylases but, unrelated DESI1, DESI2, and USPL1 SUMO proteases exist as
well [66]. Since SUMOylation is mostly restricted to the nucleus, it is not a surprising fact that SUMO
is involved in many nuclear processes such as DNA damage response, genome integrity, transcription
regulation, as well as preservation of protein stability and modulation of subcellular localization of the
substrate proteins [67,68].

SUMOylation is a highly dynamic process enabling fast global changes in the SUMO status of the
proteome in response to internal and external stimuli, often stress such as heat shock, nutrient depletion,
genotoxic or oxidative stress [69–72]. This rapid adaptation is possible thanks to several mechanisms
of regulation that can control SUMOylation levels. In addition to deSUMOylases, the SUMO-targeted
ubiquitin ligase (STUbl) enzymes can modify global SUMOylation levels by binding to SUMO
chains on proteins and poly-ubiquitinating them, eventually leading to their proteasome-mediated
degradation. Moreover, a crosstalk between SUMOylation and other PTMs, such as ubiquitination or
phosphorylation, has also been reported to affect the SUMOylation status [73,74]. The localization
of the SUMO enzymatic machinery constitutes an additional critical factor for the modulation of the
SUMOylation levels [64].

Hence, controlled SUMOylation is required for normal cell behavior. According to proteomics
studies, between 1000 and 3000 human proteins are modified by SUMO. The identified SUMOylated
proteins are implicated in almost all cellular processes [66]. A deregulation in SUMOylation dynamics
has been associated with fibrotic disorders occurring in the heart, lung, and kidney, amongst other
diseases [75–77]. And there is increasing evidence that SUMOylation might play a regulatory role in
liver fibrosis too [78–80].

A recent study referred to Ubc9, the only existing SUMO E2 conjugating enzyme, as a potential
therapeutic target for the prevention and treatment of liver fibrosis. Protein and mRNA expression
levels of Ubc9 were described to be significantly upregulated in the LX-2 liver fibrosis in vitro model,
and in the HepG2 and SMMC-7721 HCC cell lines. Interestingly, shRNA-mediated silencing of Ubc9
expression in activated LX-2 cells resulted in a decreased expression of α-SMA and type I collagen
fibrosis markers, as well as a diminished secretion of IL-6 and TNF profibrotic cytokines. Additionally,
downregulation of Ubc9 blocked cell cycle progression and promoted activated LX-2 cell cycle arrest
in G2 phase. Importantly, an induction of apoptosis in activated LX-2 cells was detected after Ubc9
expression knockdown, mainly attributed to the abrogation of the canonical NF-κB signaling pathway,
which is also a known target of SUMOylation [78].

Another piece of work placed the deSUMOylating enzyme SENP2 as a critical protein to
attenuate CCl4-induced liver fibrosis in mice by inducing activated HSC apoptosis via suppression
of Wnt/β-catenin signaling program. SENP2 protein and mRNA expression levels were found to be
decreased both in vitro and in vivo in activated hepatic stellate cells (HSCs) during the CCl4-induced
liver fibrosis mouse model, being those levels restored after removal of the damage stimulus. On the one
hand, in vitro SENP2 overexpression resulted in a decreased α-SMA and COL1A1 protein expression
in a TGF-β-activated hepatic stellate cell line. Moreover, increased expression of SENP2 reduced cell
viability, favored cell cycle arrest in G0/G1 phase and induced apoptosis of the in vitro TGF-β-activated
HSCs. On the other hand, siRNA-mediated silencing of SENP2 in TGF-β-activated HSCs induced
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α-SMA and COL1A1 protein expression, stimulated cell proliferation, and reduced apoptosis. Finally,
the expression of the Wnt/β-catenin pathway members was downregulated upon SENP2 overexpression
in TGF-β-activated HSCs, thus suggesting a therapeutic role of SENP2 in liver fibrosis [79].

Although it has not been specifically studied in the context of liver, various members of the
TGF-β/Smad canonical pathway, which is common to fibrotic processes, have been found to be
SUMOylated [66]. TGF-β type I receptor (TRβI/ALK5), whose phosphorylation and activation
are mediated by TGF-β, is SUMOylated further enhancing the activation and modulation of the
downstream Smad signaling cascade [73]. Furthermore, TGF-β signal transducers Smad proteins
are also postranslationally modified by SUMOylation. For example, Smad4 SUMOylation protects it
from its ubiquitination and subsequent proteasomal degradation [81]. Interestingly, Smad nuclear
interacting protein 1 (SNIP1), a transcription repressor for both TGF-β and NF-κB signaling pathways,
is a SUMO substrate. SNIP1 inhibits the TGF-β signaling by hampering the recruitment of p300
coactivator to the Smad complex, whereas SNIP1 SUMOylation attenuates its inhibitory effect on the
TGF-β response further facilitating the expression of PAI-1 and MMP2 [82]. In summary, it is suggested
that interfering in the SUMOylation of these proteins could be a potential strategy for the treatment of
diseases induced by aberrant TGF-β signaling, which not only includes liver fibrosis but also HCC.
Nevertheless, more focused research is needed regarding the impact of the TGF-β/Smad pathway
SUMOylation in the particular context of liver fibrosis.

Conversely, a study highlights the importance of SUMOylation for liver fibrosis regression.
Reduced glutathione (GSH) is implicated in many cellular processes including fibrogenesis. GSH
protects against oxidative stress, which activates HSCs. Thus, high levels of GSH would maintain HSC in
a quiescent state, and this requires SUMOylation of Nrf2 and MafG, which facilitate heterodimerization
and activation of the antioxidant response element (ARE) located in the promoter region of many
genes involved in the antioxidant defense, such as the GSH synthetic enzymes [80].

Finally, it has also been demonstrated that SUMO 1 and SUMO2/3 could play a role as autoantigens
during PBC, since autoantibodies to these proteins have been detected in the sera of patients suffering
from this autoimmune disease. Nonetheless, further research is needed in order to understand how
the development of SUMO autoantibodies can lead to autoimmunity in PBC [83].

Overall, SUMOylation is a highly dynamic process which can have both beneficial and pathological
consequences in the cellular physiology depending on the protein substrate, cell type, or context.
Therefore, inhibition of global SUMOylation might not always be an ideal therapeutic strategy due
to potential unforeseeable secondary effects. Alternatively, a more realistic rationale would involve
the discovery and development of small molecules or peptidomimetics that block the protein–protein
interactions between specific E3 SUMO ligases or SENPs and their substrates that are known to be
altered in a diseased state.

2.3. Therapeutic Strategies Targeting Ubls Modifications in Liver Fibrosis

As a result of several studies in the last decades about the role of PTMs, specifically Ubl-mediated
protein modifications, and their implication in disease, many therapeutic agents targeting these
modifications have been developed lately (see Reviews [84–87]). Nevertheless, only a small fraction of
these agents was tested in liver fibrosis.

Regarding ubiquitination, the role of the pharmacological inhibitor LDN 57444, an inhibitor
of the deubiquitinase ubiquitin C-terminal hydrolase1 (UCHL1), was also evaluated and shown
to block the progression of established fibrosis in the carbon tetrachloride (CCl4) injured mice [37].
In addition, Indole-3-carbinol (I3C), a naturally occurring compound generated from the hydrolysis of
glucobrassicin and found in high concentrations in Brassica vegetables, was shown to induce apoptosis
of HSC through RIP1 K63 de-ubiquitination by upregulating deubiquitinase CYLD [88].

Therapeutic strategies targeting NEDDylation in liver fibrosis have also been evaluated. As it was
previously mentioned, pre-clinical studies in mouse models have shown that the small pharmacological
inhibitor of NEDDylation, Pevonedistat, or MLN4924 [89], is able to revert liver fibrosis [61].
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Pevonedistat (MLN4924) is a potent and selective NAE1 inhibitor that is currently undergoing
several clinical trials to treat some leukemias and some types of solid organ cancer pathologies. Taking
this into account, translation of Pevonedistat from pre-clinical mouse models to clinical trials for liver
fibrosis treatment should be a fast process. Finally, to our knowledge, the role of the inhibition of the
SUMOylation pathway or specific enzymes of this pathway in liver fibrosis has not been assessed
to date.

3. Concluding Remarks

In the last years, a big effort has been made on the study of the role of PTMs mediated by Ubl
in liver fibrosis (Figure 1). In spite of the improved knowledge obtained on this highly dynamic
and pan-cellular process of liver fibrosis and its regulation by Ubl PTMs, it is clear that novel tools
need to be developed. As an example, in the last years, both tandem ubiquitin-binding entities
(TUBEs) and SUMO-binding entities (SUBEs), were developed [90,91]. Briefly, TUBEs and SUBEs are
recombinant proteins that comprise tandem repeats of either ubiquitin-associated (UBA) domains or
SUMO-interacting motifs (SIMs) thereby recognizing with high affinity ubiquitin and SUMO molecules
on modified proteins, respectively. In the liver context, the use of SUBEs has been used very recently
to demonstrate the relevance of Liver Kinase B1 (LKB1) SUMOylation during the progression to
Hepatocellular Carcinoma (HCC) highlighting its potential for the assessment of ubiquitinated and
SUMOylated proteins in liver fibrosis [92]. Other option is to combine the use of transgenic mice
with tagged Ubl PTMs where fibrosis is experimentally induced followed by isolation of the different
hepatic populations playing a role on the progression of liver fibrosis. For instance, transgenic mouse
models, specially dedicated to the study of the ubiquitin-proteasome system have been developed.
This is the case of the mouse strains transgenic for a green fluorescent protein (GFP) reporter carrying
a constitutively active degradation signal [93]. Moreover, Mayor and colleagues have developed
a transgenic mouse expressing biotinylated ubiquitin and demonstrated its use for the isolation
of ubiquitinated proteins from the liver by taking advantage of the specificity and strength of the
biotin-avidin interaction [94]. Even though similar approaches for other Ubl modifications, such
as NEDD8 and SUMO, have been used in cultured cells [95], novel in vivo approaches should be
investigated. Importantly, studies to analyze the intermediates on the multiple types of hepatic cells
participating in liver fibrosis and not only on HSC, as occurs in the majority of the studies found in
literature, should be performed. And the reason for that is that to cure fibrosis is important not only
to promote the apoptosis and the reversal of the activation of HSCs, but also to take out the injury
insult mainly acting on liver hepatocytes, that is in fact driving the liver fibrosis cascade. Finally,
regarding potential therapeutic approaches targeting Ubl PTMs, compelling evidence indicates that
whereas NEDDylation inhibition provides a global mechanism for reversing liver fibrosis, with respect
to ubiquitination and SUMOylation, we believe that potential therapeutic approaches in liver fibrosis
should be more specific aiming at specific ligases with targets playing an important role in the fibrosis
pathogenic processes.
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Figure 1. Schematic representation of the post-translational modifications (PTMs) described to date
occurring in the main hepatic cell types involved during liver fibrosis, hepatocytes, Kupffer cells (KCs),
and hepatic stellate cells (HSCs). Damage causing the transition from a normal healthy liver to a fibrotic
liver are also referred, as well as the small-molecule inhibitors of PTMs that have resulted effective in
the reversion of liver fibrosis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/12/1575/s1,
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Abstract: Mast cells (MCs) are immune cells of the myeloid lineage that are present in the connective
tissue throughout the body and in mucosa tissue. They originate from hematopoietic stem cells in
the bone marrow and circulate as MC progenitors in the blood. After migration to various tissues,
they differentiate into their mature form, which is characterized by a phenotype containing large
granules enriched in a variety of bioactive compounds, including histamine and heparin. These cells
can be activated in a receptor-dependent and -independent manner. Particularly, the activation of the
high-affinity immunoglobulin E (IgE) receptor, also known as FcεRI, that is expressed on the surface
of MCs provoke specific signaling cascades that leads to intracellular calcium influx, activation of
different transcription factors, degranulation, and cytokine production. Therefore, MCs modulate
many aspects in physiological and pathological conditions, including wound healing, defense against
pathogens, immune tolerance, allergy, anaphylaxis, autoimmune defects, inflammation, and infectious
and other disorders. In the liver, MCs are mainly associated with connective tissue located in the
surrounding of the hepatic arteries, veins, and bile ducts. Recent work has demonstrated a significant
increase in MC number during hepatic injury, suggesting an important role of these cells in liver
disease and progression. In the present review, we summarize aspects of MC function and mediators
in experimental liver injury, their interaction with other hepatic cell types, and their contribution to
the pathogenesis of fibrosis.

Keywords: liver; inflammation; fibrosis; mast cell; degranulation; TGF-β; animal models; translational
medicine; chymase; tryptase

1. Introduction

1.1. Mast Cell Development

Mast cells (MCs) are hematopoietic cells of the myeloid lineage [1]. They can be found
particularly in tissues with close contact to the environment, such as skin, gastrointestinal tract,
upper airways, and lung [2]. However, MCs are also located in other vascularized organs (e.g.,
liver and kidney [3,4]). Correlating with their presence in various locations, MCs present as a highly
heterogeneous cell population with subtype-dependent differences in cell morphology, histochemical
properties, expression of granular proteases, and function, amongst others [5]. This intriguing plasticity
and heterogeneity also have their origin in the differentiation process of MCs [6].

MCs originate from hematopoietic stem cells, which differentiate into MC precursors (MCps) in
the bone marrow. MCps then leave the bone marrow and distribute via the blood and transendothelial
migration into target tissues, where they eventually phenotypically mature in the presence of
tissue-specific factors, such as cytokines, growth factors, and extracellular matrix (ECM) components.
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Different maturation conditions lead to functionally diverse MCs, which can be subdivided in
mice in chymase-expressing mucosa-type MCs (MMCs) and tryptase/chymase-expressing connective
tissue-type MCs (CTMCs).

From a signaling perspective, MC development in vivo is strictly dependent on the expression of
the receptor tyrosine kinase KIT, also known as CD117 [7]. Likewise, expression of the KIT ligand stem
cell factor (SCF) is mandatory for MC development in vivo [8]. Another prominent MC receptor is
the high-affinity receptor for IgE (FcεRI) [9], which is important, amongst other factors, for defense
against helminths, but also for the induction of allergic reactions. The co-expression of both KIT and
FcεRI, in addition to distinct cytoplasmic metachromatic granules (also termed secretory lysosomes),
characterizes mature MCs [2].

With respect to the distribution of MCps through the blood to respective target tissues, productive
interactions between surface molecules of MCps and endothelial cells are required for transendothelial
migration [10]. As an example, the homing of MCps to the small intestine is dependent on the
α4β7 integrin on the MCps, and MAdCAM-1 and VCAM1 as counterligands on the endothelial
cells [11]. For α4β7 integrin activation by inside-out signaling, ligand-induced activation of CXCR2 on
MCps is required [12]. After migration to the different tissues, MCps differentiate into tissue-specific
mature MCs, which can belong to either of the two major subclasses of MCs, MMCs or CTMCs. In
addition to the subtype- and tissue-specific changes in secretory potential (e.g., differential content of
secretory lysosomes and configuration of signaling systems), mature MCs downregulate cell-surface
adhesion molecules and chemokine receptors [13,14]. Intriguingly, by using a new fate mapping mouse
model, Gentek et al. recently demonstrated that MCs have dual developmental origins [15]. Whereas
most skin MCs are of primitive origin during embryogenesis (i.e., yolk sac derived), adult definitive
MCs originate from definitive hematopoietic stem cells of the aorta-gonad-mesonephros vascular
endothelium. Moreover, in this study it was demonstrated that replenishment of adult tissue MCs
predominantly occurs via the proliferation/differentiation of long-lived tissue-resident precursors [15].
These data were in principle verified by Li et al. [16]. However, by applying two different fate mapping
mouse models, they could demonstrate that most CTMCs even derive from late erythro-myeloid
progenitors generated at the hemogenic endothelium of the yolk sac.

1.2. Different Roles of Mast Cells in Physiology and Pathophysiology

MCs take part in processes of innate and adaptive immunity, alerting the body to invasion by
bacteria and parasites, and regulating lymphocyte reactions [17,18]. Moreover, through the release of
different proteases, MCs are able to attenuate snake-venom-induced and honeybee-venom-induced
pathology by degrading the proteinaceous venom components [19]. They also promote homeostasis
by limiting endothelin-1-induced toxicity in a carboxypeptidase-A3-dependent manner [20,21]. Also,
on the beneficial side, MCs have a positive impact on bone repair, most likely by recruiting vascular
endothelial cells during the inflammatory phase, and by coordinating anabolic and catabolic activities
during tissue remodeling [22]. Moreover, myocardial MCs regulate heart function after a myocardial
infarction [23], and mucosal MCs in the intestinal epithelium execute anti-helminth immunity [24].

In addition to these beneficial functions, MCs play detrimental roles as well, e.g., as central
effector cells in acute allergic disorders (such as rhinitis, asthma, and anaphylactic reactions) [25].
Moreover, MCs promote T cell-driven collagen-induced arthritis. However, they are dispensable
for antibody-induced arthritis in which T cells are bypassed [26]. MCs are also known to modulate
the growth/metastasis of certain solid tumors [27] and can contribute to the development of various
fibrotic diseases [28]. In septic peritonitis, MCs have been demonstrated to suppress the phagocytosis
of bacteria by peritoneal macrophages in an IL-4-dependent manner. Thus, MCs can aggravate the
outcome of severe bacterial infections [29]. Neither the number of positive nor the number of negative
functions of MCs mentioned above are exhaustive; nevertheless, they provide an idea about the variety
of the biological functions of MCs.
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In addition, detrimental outcomes are known for patients suffering from mastocytosis, which
is a rare and heterogeneous disease characterized by the expansion and accumulation of clonal
(neoplastic) tissue MCs in one or more organ systems [30,31]. Mastocytosis can be divided into
subvariants of cutaneous mastocytosis, different types of systemic mastocytosis (SM), and localized
MC tumors. SM is further divided into several subtypes (i.e., indolent SM, smoldering SM, SM with an
associated hematologic neoplasm, aggressive SM, and MC leukemia [30,31]). The different subtypes
of mastocytosis exert highly variable clinical courses, ranging from asymptomatic with a normal
life expectancy to fatal with high mortality within months or weeks [30,31]. Additionally, clinical
conditions related to MC activation, where symptoms are recurrent, are accompanied by an increase
in MC-derived mediators in biological fluids, and are responsive to treatment with MC-stabilizing
or mediator-targeting drugs, can/might be diagnosed as MC activation syndrome (MCAS) [32] (for a
proposed diagnostic algorithm for MCAS we refer to Valent et al. [33]). In conclusion, MCs can be
regarded as a versatile cell type with differential functions in physiological and pathophysiological
settings, and hence, MCs are very attractive drug targets.

1.3. Mast Cell Mediators

The most eye-catching feature of MCs visualized using electron microscopy is the multitude
of electron-dense vesicles/granula. These organelles are secretory lysosomes that store preformed
pro-inflammatory mediators (e.g., histamine; proteoglycans, such as heparin and chondroitin-sulfate;
various proteases, such as tryptase, chymase, carboxypeptidase A3, granzyme B, and active caspase-3;
and certain cytokines) that are released immediately upon antigen-triggered activation of the IgE-bound
FcεRI in a process called degranulation [34–37]. Another important MC-selective receptor able to induce
the process of degranulation upon recognition of its ligand(s) is the Mas-related G protein-coupled
receptor X2 (MRGPRX2; in mice: MRGPRB2), which can trigger the secretory response upon binding to
antimicrobial peptides, neuropeptides, eosinophil peroxidase, and various peptidergic drugs, amongst
others [38]. Before the identification of this receptor, many detrimental reactions in patients were
referred to as “drug-induced pseudoallergies” without having the notion that it is only one receptor
that recognizes this variety of different molecules [39].

A further immediate response of MCs is the generation and release of arachidonic acid
metabolites, particularly the leukotrienes LTB4 and LTC4, and prostaglandin PGD2. These
mediators, in a situation-dependent context, are able to initiate, amplify, or attenuate inflammatory
responses. Furthermore, they can influence the magnitude, duration, and nature of subsequent
immune responses [40]. In addition, MCs are capable of producing and secreting numerous
cytokines, chemokines, growth factors, and angiogenic factors mediating multiple pro-inflammatory,
anti-inflammatory, and/or immunoregulatory effects in a situation-dependent manner [2,41]. Amongst
others, MCs are able to synthesize and secrete TNF-α, IL-1β, IL-3, IL-5, IL-6, IL-8, IL-9, IL-13, CCL5,
TGF-β1, and FGF.

The composition of MC responses is largely dependent on the activated receptor(s). In response
to an antigen, MCs degranulate and produce arachidonic acid metabolites, as well as cytokines
and chemokines. In contrast, the stimulation of MCs via cytokines or pattern recognition receptors
(e.g., toll-like receptors (TLRs)) only induces the generation of arachidonic acid metabolites and
cytokines/chemokines. With respect to TLR4 activation by lipopolysaccharide (LPS), MCs are markedly
different compared to macrophages concerning their receptor composition and organization of signaling
pathways. MCs do not express the GPI-anchored protein mCD14, which affects the chemotype of
recognized LPS molecules (R-LPS >> S-LPS) [42]. Moreover, upon LPS recognition, MCs do not
activate the TRIF pathway, and thus, MCs do not produce IFN-β [43,44].

1.4. Murine Models to Study Mast Cell Involvement

To study the role of MCs in different disease situations, mostly mouse models are used, though
models in rats, hamsters, dogs, and rabbits have also been used for the investigation of certain
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diseases. Most mouse studies have made use of animals that do not express KIT and thus are
devoid, though not completely, of MCs (“Kit mutant MC-deficient mice”). Different mutant mice
carrying mutations in the Kit gene/locus have been frequently used (e.g., WBB6F1-KitW/W-v and
C57BL/6-KitW-sh/W-sh mice [7,45]) to study disease development in the absence of MCs. Moreover,
in vitro differentiated bone-marrow-derived MCs (BMMCs) have been used to engraft an MC population
in these genetically MC-deficient mice (“MC knock-in mice”) and disease development has been
studied [46]. If changes in MC-deficient mice, compared to the respective wild-type mice, could
be reverted via the re-establishment of MC populations, then this was taken as a proof of MC
involvement in the particular disease process. However, it should be noted that KIT is also expressed
on hematopoietic stem cells and almost all myeloid progenitor cells, allowing for altered adaptive
and innate immune reactions in KIT-deficient mice, which cannot only be attributed to missing
MCs. Not unexpected, using a Kit-independent mouse model of MC deficiency (Cpa3Cre/+ mice
(Cre-Master mice) carrying a targeted insertion of Cre recombinase in the carboxypeptidase A3 locus),
Feyerabend et al. could not verify all results from studies that used Kit-dependent MC-deficient mouse
models [47]. Examples of such MC-independent diseases were antibody-induced autoimmune arthritis
and experimental autoimmune encephalomyelitis. Additional mutant mice with constitutive MC
deficiency unrelated to Kit abnormalities are the Mcpt5-Cre; R-DTA mice and the Cpa3-Cre; Mcl1fl/fl

mice. For the generation of Mcpt5-Cre; R-DTA mice, Mcpt5-Cre transgenic mice [48] were crossed
with R-DTAfl/fl mice [49] to yield a mouse strain in which CTMCs are ablated by the expression of the
diphtheria toxin α chain [50]. For the generation of transgenic Cpa3-Cre; Mcl1fl/fl mice (also known as
“Hello Kitty” mice), mice expressing Cre under the control of a Cpa3 promoter fragment were crossed
with Mcl1fl/fl mice [51], allowing for the deletion of the gene of the anti-apoptotic factor MCL1 [52]. The
different mouse models of MC deficiency have been comprehensively reviewed by Galli et al. [53].

2. Fibrosis: Some General Aspects

The term fibrosis describes a pathological situation defined by the overgrowth, hardening, and
excessive scarring that can affect nearly all tissues [54]. The scarring process is mainly characterized
by the replacement of normal parenchymal tissue by connective tissue. The process is initiated by
neutrophilic inflammation, which can result from various stimuli, such as mechanical injury, infections,
autoimmune attacks, toxins, or radiation. Mechanistically, this process aims to eliminate the initial
cause of injury and preserve the function of the affected organ [55].

The primary inflammatory response is well-orchestrated and requires engagement of the local
vascular system and components of the immune system, as well as the systemic coordination of
endocrine and neurological mediators [54]. This interconnection is driven by a variety of soluble
factors (chemokines, cytokines). During acute inflammation, resident immune cells (e.g., macrophages,
dendritic cells, MCs) are the most important in the initial phase. These cells are equipped with pattern
recognition receptors (PRRs) playing a crucial role in the detection of pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) [54,55]. These receptors differ
in their ligand recognition and defined subsets can identify a broad range of proteins, nucleic acids, or
glycans [56,57]. After ligand recognition, these receptors induce various cellular responses resulting in
the release of different inflammatory mediators that in turn provoke the typical five cardinal clinical
signs of inflammation, namely rubor (redness), calor (heat), tumor (swelling), dolor (pain), and functio
laesa (loss of function).

If this first-line defense is insufficient to eliminate the disease-causing agent and inflammation
persists, various immune cells, such as macrophages and T-lymphocytes, are triggered to produce
high quantities of cytokines and enzymes, which subsequently provoke more lasting damage. As
a consequence, parenchymal cell death occurs, which is associated with an uncontrolled release of
pro-fibrogenic mediators that in turn lead to activation of a pro-fibrogenic cell population with the
capacity to synthesize large quantities of ECM components [58]. In this regard, members of the TGF-β
family of cytokines are of fundamental importance, acting as a common master switch. TGF-β strongly
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promotes the synthesis of collagen and fibronectin in both epithelial and mesenchymal cells and further
suppresses the process of inflammation [58]. Other important soluble mediators triggering the process
of fibrogenesis are members of the platelet-derived growth factor (PDGF) family and connective
tissue growth factor (CTGF). While PDGFs are highly competent mitogens and chemoattractants
for fibrogenic cells, CTGF contains structural features serving as TGF-β binding domains, thereby
enhancing its biological activity or sequestering other members of the TGF-β gene family, such as
bone-morphogenetic proteins (BMPs), which usually act as opposing factors for TGF-β [59]. In concert
with TGF-β, these mediators increase the number and activity of myofibroblasts (MFBs) and their
progenitors, thereby promoting fibrogenesis in a variety of organs including skin, heart, kidney,
pancreas, lung, liver, and others. Strikingly, the population of cells capable of synthesizing ECM
consists of resident pro-fibrogenic cells, such as hepatic stellate cells (HSCs) and portal myofibroblasts,
progenitors invading the inflamed tissue, and cells that become activated and acquire fibrogenic
features [55]. These cells are preserved between different organs. The final ECM-producing cell
type, the myofibroblast, can originate from cellular subsets including resident fibroblasts, mesothelial
cells, circulating fibrocytes, epithelial cells, endothelial cells, pericytes, vascular smooth muscle
cells, Gli1+ perivascular mesenchymal stem cell-like cells, and other more specialized cells that are
present within different organs or tissue. In kidney, these are, for example, podocytes found in the
lining of the Bowman’s capsules in the nephrons or tubular epithelial cells that might also acquire
migratory properties and transit into a myofibroblast-like phenotype capable of synthesizing ECM
components [55].

2.1. Common Mediators in Inflammation and Fibrogenesis

Both inflammation and fibrogenesis are complex processes in which numerous pro-inflammatory
and pro-fibrogenic mediators can be involved. On one hand, there are chemokines considered to
regulate immune cell entry into the inflamed tissue. On the other hand, there is a convolute of cytokines
that modulate important functions in the inflammatory response and in the progression of inflammation
to fibrosis. In addition, enhanced production of non-peptidic factors, such as reactive oxygen species
(ROS), oxidized lipid mediators, and acetaldehyde, contribute to endothelial dysfunction and tissue
injury during inflammation [60].

Chemokines are a group of small, mostly basic, structurally-related molecules that modulate
the trafficking of leukocytes and have critical immunological functions [61]. In the last few decades,
different chemokines have emerged as important molecules whose importance extends far beyond
their most famous function as inflammatory mediators [61]. For several chemokines, the exact
functions in different organs were identified, while others can act in an organ-independent manner [55].
Prototypically, the C-C motif chemokine 2 (CCL2), also known as monocyte chemoattractant protein-1
(MCP-1), can activate tissue macrophages and fibroblasts during the inflammatory response in many
organs. Chemokines are produced by a broad range of cells and can act in an autocrine and paracrine
manner. They bind to surface-exposed receptors and transmit their signals via specific intracellular
signaling pathways that modulate the expression or activity of downstream targets. Besides TGF-β and
PDGF that were already discussed above, different interleukins (ILs) possessing pleiotropic activities
in the innate and adaptive immune response critically contribute to the onset and progression of
inflammatory responses. However, their biological activity and impact in different disease settings
is more variable than the effects mediated by TGF-β and PDGF. In addition, individual members
of the IL family can have overlapping, but also distinct, biological activities and may exert pro- or
anti-inflammatory activities [62]. Another important cytokine in the process of inflammation and
fibrosis is the tumor necrosis factor-α (TNF-α), which belongs to the TNF family composed of about 20
different proteins and is produced by macrophages, amongst others [63]. The activation of its cognate
receptors (TNFR1 and TNFR2) stimulates two different signaling pathways. While TNFR1 activates
NF-κB and is associated with apoptosis, TNFR2 mainly triggers cell survival pathways [64]. Therefore,
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it is obvious that this dual activity makes TNF-α one of the key switches that determines the outcome
of an inflammatory response.

Some of the biological activities of ROS are directly linked to its potential to induce TGF-β
expression and activity [65]. Under physiological conditions, NADPH oxidase-derived ROS are
essential modulators of signal transduction pathways that control cell growth, proliferation, migration,
differentiation, apoptosis, diverse biochemical pathways, and immune responses [66]. However,
elevated ROS quantities cause direct irreversible oxidative damage of all kinds of biomolecules, thereby
contributing to various pathological alterations, including inflammation [66]. In particular, ROS is
known to induce parenchymal cell necrosis and apoptosis and stimulate the production and release of
pro-fibrogenic signaling molecules [55].

Similarly, oxidized (phospho-)lipids, such as oxidized phosphatidylcholine, can be formed and
accumulate in macrophages during fibrogenesis [67]. The oxidized products promote M2 polarization
of macrophages and the enhanced production of TGF-β, thereby critically contributing to fibrogenic
signaling cascades. A direct effect of acetaldehyde on type I collagen expression in HSCs is mediated
through acetaldehyde-responsive elements (AcRE), which are co-localized with the TGF-β-responsive
element [68]. Although the mechanisms leading to an increase of collagen expression by TGF-β
and acetaldehyde rely on the formation of H2O2, the kinetics of these mediators in triggering
collagen expression are different. Therefore, it was assumed that early acetaldehyde-dependent events
induce TGF-β expression and create an H2O2-dependent autocrine loop that amplifies the fibrogenic
process [68].

More recently, it was realized that parenchymal cells under inflammatory conditions can form
extracellular membranous vesicles (exosomes) that are generated by inward budding of the plasma
membrane into early endosomes and multivesicular endosomes [69]. The cargo of these particles
can contain diverse molecules (proteins, mRNA, microRNA, DNA, lipids), which can be transferred
to distant recipient cells. Although their precise function in the transmission of signals between
the different cells is not fully understood, first reports have demonstrated that in alcoholic hepatitis,
hepatocyte-derived exosomes contain different microRNAs that induce a hyperinflammatory phenotype
in monocytes/macrophages [70]. Similarly, a high-fat diet in rats increased the number of circulating
extracellular vesicles that promote inflammation [71]. These pilot studies confirm the assumption that
exosomes can mediate the communication between donor and target cells and reprogram the cells
involved in inflammation. Intriguingly, recent data by Metcalfe et al. [72] showed the generation of
extracellular vesicles (EVs) with an MC signature in patients with SM, which could transfer KIT to an
HSC line eliciting proliferation, cytokine production, and differentiation.

2.2. Liver Fibrogenesis: A Number of Different Cell Types Contributing to the Initiation and Progression of
Fibrosis

In the liver, viral infections (hepatitis), metabolic diseases, cholestasis, parasites, drugs, alcohol,
genetic determinants, and a variety of environmental factors can lead to the initiation and progression
of fibrogenesis. Like in many other organs, the pathogenic sequence begins with parenchymal cell
destruction and inflammation. Hepatocytes, building 70–85% of the main parenchymal tissue, can
metabolize, detoxify, and inactivate exogenous compounds. However, if the acute or chronic exposure
to a toxicant is too high, the cellular phenotype of these cells becomes detrimentally altered. Cell necrosis
occurs, causing many factors to leak out of injured cells, resulting in the activation of liver-resident
macrophages, designated as Kupffer cells. In addition, the damaged tissue is infiltrated by various
kinds of lymphocytes, which further increase the concentration of pro-inflammatory and pro-fibrotic
mediators. In particular, the concentrations of TGF-β and PDGF increase. This, in turn, leads to the
activation and propagation of HSCs that lose their quiescent phenotype and transdifferentiate into
proliferative and extracellular matrix-producing MFBs [73]. In addition, portal fibroblasts, comprising
a small population of the fibroblast cell lineage surrounding the portal vein to maintain the integrity of
the portal tract, acquire a myofibroblast-like phenotype, start to proliferate, and synthesize extracellular
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matrix. Moreover, mesenchymal progenitor cells and fibrocytes recruited from the bone marrow
are other sources of cells contributing to the generation of excessive scar formation [73]. Also, liver
sinusoidal endothelial cells (LSEC) forming the wall of the hepatic sinusoids lose their fenestrae
during hepatic fibrosis and form a basement membrane, preventing the physiological bidirectional
exchange of molecules between hepatocytes and hepatic blood sinusoids. This corroborates with a
significant synthesis and release of soluble factors, such as TGF-β and PDGF, again triggering the
fibrogenic response.

However, it should be mentioned that fibrogenesis is not a unidirectional path. Regression or
even full resolution can be achieved by the withdrawal of the injurious agent and is regularly seen in
patients undergoing successful causative treatment of their underlying disease [74].

2.3. Mouse Models of Liver Fibrosis: What Can be Learned for Human Disease?

In hepatology research, preclinical mouse models are still essential for analyzing complex
disease-associated changes to unravel cellular reactions, signaling pathways, and networks, as well
as for the preclinical testing of novel therapeutic useful anti-inflammatory or anti-fibrotic drugs [62].
The usage of mice is majorly attributable to the fact that mice are inexpensive, can be bred in large
quantities on an inbred genetic background helping to establish reproducible results, and having
general features in anatomy and biology that are similar to humans [62]. Nowadays, a large number of
well-established injury models are commonly used in experimental and molecular hepatology. For
most of these models, we have recently published standard operating protocols (SOPs) that provide
information about the scientific background, treatment, duration, and burden [75–84].

In Table 1, we exclusively list relevant experimental models that have been the focus of liver-related
MC research.

Table 1. Established mouse injury models that have been the focus of liver-related mast cell research.

Model
Procedure and Typical Time of

Sacrifice
Outcome

Model for Human
Liver Disease

Reference

CCl4

Single or repeated i.p.
application (1 h–6 wks), regular

inhalation or application by
gavage (11–15 wks)

Early: inflammation; late:
centrilobular liver damage,

fibrosis/cirrhosis induced by
forming radicals

Intoxication, acute
liver damage,

fibrosis
[75]

LPS
LPS/D-GalN

LPS/BCG

I.p. injection or application of
LPS in drinking water alone or

in combination with D-GalN; i.p.
injection of LPS/BCG (2–8 h)

Inflammation (LPS), acute
hepatic failure

(LPS/D-GalN), lethal
hepatitis (LPS/BCG)

Acute systemic and
hepatic

inflammation;
lethal hepatitis

[79]

DEN
DMN

I.p., oral (drinking water, diet,
gavage), inhalation,

intratracheal, or intragastric
instillation (6–50 wks)

Time-dependent liver
damage (neutrophilic
infiltration, extensive

centrilobular hemorrhagic
necrosis, bile duct

proliferation, fibrosis, and
bridging necrosis ending in

hepatocarcinogenesis)

Early: intoxication,
late: fibrosis,

cirrhosis, HCC
[81]

BDL Surgical ligation of the common
biliary duct (5 days–4 wks)

Early: liver cell injury, severe
inflammation; late:

advanced hepatic fibrosis

Early: liver injury
and jaundice, late:

cholestatic liver
diseases

[82,83]

Mdr2−/− Homozygous disruption of the
multidrug resistance 2 gene

Significant increase of
bilirubin, alkaline

phosphatase, aspartate
aminotransferase already at

age of 6–14 wks

Cholestatic liver
injury [85]

Abbreviations used are: BCG: bacillus Calmette–Guérin, BDL: bile duct ligation, CCl4: carbon tetrachloride D-GalN:
D-galactosamine, DEN: diethylnitrosamine, DMN: dimethylnitrosamine, h: hour(s), HCC: hepatocellular carcinoma;
i.p.: intraperitoneal, LPS: lipopolysaccharide, wks: weeks.
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2.3.1. Chemical-Based Injury Models

Most common are models in which a toxic chemical substance (hepatotoxin), such as carbon
tetrachloride (CCl4) or thioacetamide (TAA), is repeatedly administrated over a longer period [75,77].
At early time points, the applied toxins induce acute inflammation, while long-term intoxication results
in robust and highly reproducible fibrosis, cirrhosis, or even HCC. During the acute phase, Kupffer
cells induce an inflammatory response associated with secretion of chemokines, cytokines, and many
other pro-inflammatory factors. This milieu attracts phagocytic active white blood cells (monocytes,
neutrophils, and lymphocytes), stimulating parenchymal necrosis. While short-term injections of
toxins are often used to study liver regeneration after toxic injury, the prolonged application of these
compounds are the most widespread models for analyzing hepatic fibrogenesis. Toxic drugs much
less frequently used in liver fibrosis research are dialkyl nitrosamines, such as dimethylnitrosamine
(DMN) and diethylnitrosamine (DEN). These are hepatocarcinogens that provoke severe liver damage
in mice when given parenterally or orally [81]. In the acute phase, these compounds provoke intense
neutrophilic infiltration and extensive centrilobular haemorrhagic necrosis. When applied for longer
periods, both DMN and DEN induce massive bile duct proliferation, ending in fibrosis, bridging
necrosis, and in liver cancer [81]. Based on their mutagenic and carcinogenic properties, DMN and
DEN are frequently used in translational research by investigators interested in recapitulating the
multi-stage process of human liver carcinogenesis or the formation of HCC.

The application of LPS alone or in combination with other substances such as D-galactosamine
(D-GalN), Mycobacterium bovis bacille Calmette–Guérin (BCG), or the diptheroid Corynebacterium parvum
is frequently used to induce severe hepatic inflammation or lethal hepatitis [79]. LPS is composed of
lipid- and polysaccharide-containing moieties found in the outer membrane of Gram-negative bacteria.
It acts as a PAMP that is recognized by TLR4 after binding to a special LPS-binding protein in the serum.
Among others, the NF-κB pathway is activated and provokes the strong activation of Kupffer cells [79].
The simultaneous application of substances, such as the amino sugar D-GalN, that inhibits synthesis of
different macromolecules and induces hepatocyte damage and formation of intracellular ROS leads
to a several-thousand-fold increased susceptibility toward LPS. Single injection of this endotoxin is
the most commonly used toxemia model and is suitable for inducing a shock-like state. However,
compared with mice, humans are more sensitive to LPS. In humans, small traces of gut-derived LPS
resulting from leakages in the gut epithelium entering the portal circulation are already adequate to
establish severe hepatic inflammation.

2.3.2. Surgery-Based Injury Models

In mice, ligation of the common bile duct causes obstructive cholestatic injury and periportal
fibrosis [82,83]. This procedure, known as bile duct ligation (BDL), provokes time-dependent
morphological and structural changes, which is combined with elevated serum activities of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), γ-glutamyltransferase (γ-GT), alkaline
phosphatase (AP), and lactate dehydrogenase (LDH) [82]. Over time, ongoing liver damage is
reflected in jaundice. Besides the typical markers that reflect inflammation and fibrogenesis, the large
subset of cytokeratins that can be detected by immunohistochemistry reflects the occurrence of the
ductular reaction. This model is often taken to recapitulate diverse forms of human congenital and
acquired cholestasis.

2.3.3. Genetic Models

A plenitude of genetically-modified models in which genes are overexpressed or silenced, or in
which special transgenes allow sophisticated cell fate tracing experiments, are frequently used [86,87].
Prototypically, mice carrying a homozygous disruption of the Mdr2 gene encoding the multidrug
resistance 2 protein (a drug-transporting P-glycoprotein) develop a liver disease that appears to be
caused by the complete inability of the liver to secrete phospholipids into the bile [85]. This results
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in an accumulation of toxic bile acids in the biliary canaliculus, which damages hepatocytes and
cholangiocytes, subsequently inducing liver inflammation. This model is therefore ideally suited to
analyze human diseases that are associated with alterations in bile acid flow or synthesis, such as
primary sclerosing cholangitis (PSC) or primary biliary cholangitis (PBC).

2.3.4. Mouse Models in Translational Research of Human Liver Diseases

The above-mentioned animal models have become increasingly popular in recent years. In
particular, each model is taken by investigators to analyze different aspects of human liver disease
ranging from intoxication, inflammation, liver damage, liver failure, NAFLD/NASH, ASH, fibrosis,
cirrhosis, hepatocellular carcinoma, cholestatic liver disease, to liver regeneration (Figure 1).

 

Figure 1. Mouse models mimicking human liver disease. The application of different hepatotoxins,
feeding of special diets, and the execution of surgical procedures in mice are extensively used
to explore basic pathophysiological mechanisms of human hepatic disease. In addition to these
treatments, transgenic, knockout, and knock-in mice serve as tools to gain insight into human liver
disease. Abbreviations used are: APAP, N-acetyl-p-aminophenol (acetaminophen); ASH, alcoholic
steatohepatitis; BCG, bacillus Calmette–Guérin; BDL, bile duct ligation; CCl4, carbon tetrachloride; CD,
choline-deficient; Con A, Concanavalin A; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; D-GalN,
D-galactosamine; DEN, diethylnitrosamine; DMN, dimethylnitrosamine; LDC, Lieber-DeCarli; LPS,
lipopolysaccharide; MCD, methionine- and choline-deficient; NAFLD, non-alcoholic fatty liver disease;
NASH, non-alcoholic steatohepatitis; TAA, thioacetamide.

A study comparing mouse models of inflammation with the corresponding human disease
demonstrated that studying disease in patients is generally much more complex than studying
experimental model systems, suggesting that the extrapolation of preclinical data to the human
situation must be critically questioned [88]. However, despite this partly justified criticism, animal
models in hepatology research are still invaluable tools in understanding molecular pathological
aspects in the initiation and progression of liver disease.

3. Functional Interaction of Mast Cells and Other Cell Types Relevant for Fibrosis

MCs have been realized as modulators of fibrotic processes in different organ systems. In line
with a potential role of MCs in liver fibrosis is the finding that portal fibrosis is a frequent complication
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in SM. In this setting, MC numbers are highly increased in the liver [89,90]. It is a common feature that
MC numbers increase in tissues during the process of fibrogenesis and the expansion of the MC pool
in the liver is a common characteristic of liver fibrosis in humans and animal models due to damage by
chemical toxins, viral infections, and cholestasis [91–94]. In fact, the physiological number of MCs in
the liver is sparse and MC numbers strongly increase upon different pathological conditions [4,95–97].
According to Gentek et al., such an increase in MC numbers might occur via proliferation/differentiation
of long-lived tissue-resident precursors [15].

The localization of MCs in the liver is mostly restricted to portal tracts and MCs are recruited
to these areas under pathological conditions [98]. They are most likely absent from sinusoids and
liver parenchyma [95,96]. However, in human liver, ≈10% of MCs have a perisinusoidal location [92].
Because of the prominent appearance in the portal tracts, most studies have been performed in the
setting of cholangiopathies [99]. In those models, the inflammatory and fibrotic responses emanate
from the portal fields based on a biliary reaction [82,83]. Due to this, the focus has been put on
the interaction of MCs with cholangiocytes and to the pathways driving fibrogenic responses in
HSCs/portal (myo)fibroblasts (see below). Nevertheless, there are a few reports addressing the crosstalk
of MCs with other immune cells, i.e., Kupffer cells (see below) and the main cell type in the liver, i.e.,
the hepatocytes. For the latter, it was shown in vitro that syngenic BMMCs co-cultured with primary
hepatocytes increases hepatocyte proliferation [100].

The infiltration (of myeloid lineage-derived cells from the bone marrow) and accumulation
(differentiation of liver resident precursor cells, which can be differentiated in the presence of SCF) of
MCs in the insulted liver has been shown in several studies and is unquestionable [101]. Even more,
the isolation of MCs from liver of BDL-treated animals has been established [102]. It should be noted
that not only the presence of MCs itself is of vital importance, but also the type of MCs within the
liver (i.e., CTMCs or MMCs), when the functional interplay of cells is considered. General responses
regulated by FcεRI or KIT are common to all MCs, whereas the contribution of effector enzymes for
crosstalk with other cells varies in between different MC types [103]. A study in human liver tissue
demonstrated that the amount of tryptase/chymase-positive MCs is higher than tryptase-positive cells
in healthy and chronically diseased livers [104]. The cells isolated from BDL rats were chymase- and
tryptase-positive, reflecting that these cells most likely represent CTMCs [102].

3.1. SCF–KIT Axis as Chemotactic Guidance

Initial work aimed to identify the factor(s) governing MC infiltration (chemotaxis). There have
been several factors identified that govern MC migration [105]. Those include two key factors that act
as a chemoattractant for MCs and that are important in the process of liver fibrosis. The first one and the
most potent is TGF-β1, which is increasingly expressed in the liver under fibrogenic conditions [106,107].
However, aside migration/chemotaxis, TGF-β1 has an impact on several critical functions of MC
biology, including proliferation, apoptosis, effector synthesis, and degranulation (see below). In the
second line, stem cell factor (SCF), which is an essential factor for MC proliferation, survival, and
differentiation is also a potent chemoattractant for MCs and circulating MC progenitors [108–110].
The SCF transcript can be differentially spliced, resulting in alternative transcripts, which differ in
the presence or absence of exon 6. Both encoded proteins are membrane-bound but the longer one,
including exon 6, can be more easily proteolytically cleaved to generate soluble SCF [111]. SCF is
produced by fibroblasts and endothelial cells, and both the membrane-bound and soluble SCF bind to
the surface tyrosine kinase membrane receptor KIT (CD117), which leads to the recruitment of MC
progenitors and activation of MCs in the tissue.

Recruitment of MCs to the liver requires the liberation of progenitors into the circulation and
entry into the tissue at the destination site. In this scenario, extravasation of circulating MC progenitors
is facilitated by the interaction of MC progenitors with endothelial cells [11]. This contact can be
mediated by the α4β7 integrin, as has been shown for murine MC homing/recruitment to the small
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intestine [11]. For human MCs, attachment to endothelial cells was shown to rely on the α4β1 integrin
subunits [112]. As mentioned above, endothelial cells express the MC chemoattractant SCF.

In order to substantiate SCF as the basis for MC recruitment during liver disease, the expression
of SCF in normal as well as diseased livers from patients suffering from PBC or PSC was analyzed
using RT-qPCR and ELISA showing that SCF was increased. The corresponding SCF mRNA could
be detected in human and rat primary HSCs. The expression of SCF increased during the culture,
activation, and transdifferentiation of primary rat HSCs. In turn, isolated human skin MCs adhered in
co-culture to HSC monolayer cells, most likely via membrane-bound SCF, since this interaction could
be blocked by anti-SCF antibodies [110]. HSCs do not constitutively express SCF, but it can be induced
by MCs in a TNF-α-dependent fashion [113]. In addition to HSCs, SCF is produced by keratinocytes,
airway epithelial cells, and endothelial cells. In a recent paper, another critical player in fibrosis,
i.e., cholangiocytes, have been shown to express and secrete SCF, in contrast to hepatocytes, which
do not express SCF [114]. Inhibition of SCF expression in Mdr2−/− mice decreases MC recruitment
in vivo. In vitro deprivation of SCF in cholangiocytes reduces MC migration and HSC activation. As
a consequence, histamine levels, biliary reaction, and fibrosis were reduced in Mdr2−/− mice [115].
Moreover, it has been shown that the SCF-mediated migration of MCs depends on the activity of the
sheddase/metallproteinase ADAM10 [115].

In addition to migration/recruitment, recombinant human SCF, as well as NIH3T3 fibroblasts (in
co-culture), have the capability to induce the differentiation of MC precursors isolated from human fetal
liver [116–118]. Indeed, mouse NIH3T3 fibroblast cells express SCF constitutively [119]. Analysis of
glucocorticoids (dexamethasone) on a co-culture of MCs with NIH3T3 fibroblasts or HSCs showed that
dexamethasone blocks NIH3T3-mediated MC proliferation, while it has no effect on HSC-mediated
MC proliferation, because the latter induces SCF expression in HSC at a post-translational level [119].

In a recent work, Kim and colleagues analyzed extracellular vesicles (EVs) of patients suffering
from SM. They found that EVs show an MC signature, including the proteins tryptase, FcεRI, and
KIT [72]. Incubation of HSCs in vitro with these purified EVs led to the transfer of functional KIT
to stellate cells. This transfer caused an increase in HSC proliferation, cytokine production, and
differentiation. These effects were blocked by KIT inhibition, while in in vivo experiments, the
application of EVs to mice increased α-smooth muscle actin (α-SMA) production and the presence
of human KIT in mouse HSCs. These results suggest that KIT expression/presence on HSCs causes
activation of these cells [72]. A mutual involvement of Kupffer cells in the recruitment of MCs to
the liver was demonstrated in an endotoxin liver injury model that causes hepatocyte damage, an
inflammatory reaction, and MC infiltration. Treatment of those animals with an agonist for the liver
X receptor (LXR; GW3965), highly expressed in Kupffer cells, leads to reduced liver affection and
reduction in MC count [120]. If this effect is mediated by Kupffer cells, or if the agonist has a direct
impact on MCs is questionable since the LXR agonist GW3965 directly blocks at least inflammatory
cytokine production of BMMC [121].

3.2. Impact of Mast Cells and Mediators on Liver Disease and Individual Cells

Once MCs have infiltrated into the interstitial tissue of the portal tracts, MCs most likely get
activated by environmental factors. Through the process of hyperplasia and degranulation (Figure 2),
effector molecules are liberated, which in turn act on surrounding cells, including bile duct epithelial
cells, HSCs, portal fibroblasts, and resident Kupffer cells. In addition, these mediators are further
triggers that recruit circulating immune cells to the site of injury. On the other hand, it has been
described that the contents liberated after degranulation of MCs can act in an endocrine fashion via
the bile ductules/bile showing long-range effects [122]. In addition to the “classical” degranulation,
a cell-to-cell interaction has been described and termed transgranulation. This interaction occurs
with MCs and fibroblasts/vascular endothelial cells and describes the direct transfer of granules from
MCs via pseudopodia to the communicating cell. This process has been observed in vitro as well as
in vivo [123].
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Figure 2. Regulation of mast cell (MC) effector functions. Upon liver damage, MCs increase
in the liver tissue and degranulation is triggered by environmental factors. The released MC
effectors modulate target cell functions in receptive cells, such as hepatic stellate cells, portal
myofibroblasts, and cholangiocytes. There are several possible ways to interfere with MC
effector functions: (1) MC stabilizers like cromolyn block the general release of MC granula, and
inhibitors can inactivate liberated (2) proteases, (3) block different types of histamine receptors,
or (4) can modulate downstream signaling in target cells. Abbreviations used are: APC366,
N-(1-hydroxy-2-naphthoyl)-L-arginyl-L-prolinamide; G-Prot., G protein; HR, histamine receptor;
H1R, histamine receptor H1; H2R, histamine receptor H2; PAR-2, protease-activator receptor-2;
PZ-235, P2pal-18S cell-penetrating pepducin targeting the intracellular i3 loop of PAR-2; TY-51469,
2-[4-[(5-fluoro-3-methyl-1-benzothiophen-2-yl)sulfonylamino]-3-methylsulfonylphenyl]-1,3-thiazole-
4-carboxylic acid.

In kinetic experiments using CCl4 intoxication, MC infiltration was associated with individual
stages of fibrosis. At the time points with significant MC infiltration, HSCs were not yet activated.
Therefore, the authors concluded that MCs are indicators of acute inflammation [124]. Work contributed
by Takeshita [125] implied that after BDL surgery in rats, MC amounts increase in the liver but not
that much in the portal fields. In contrast, there is a strong but transient increase in MC number after
recanalization of the bile duct [125]. The authors concluded that MCs are not involved in the early
phase of fibrosis, but rather in the apoptosis of biliary epithelial cells and removal of bile ductules after
recanalization [125]. However, further data from the time-resolved analysis of BDL or DMN-treated rats
imply that MCs do play a role in the fibrotic phase of liver disease [95,126]. Results from CCl4-treated rats
revealed that myofibroblasts and macrophages increase in number during the first ten weeks, whereas
MCs increase constantly over the period peeking in number at week 14 [127]. Nevertheless, although the
function of MCs in the process of fibrosis is not completely resolved, it is common sense that most of the
studies performed so far showed that MCs fulfill profibrogenic functions in diseased liver (see below).

Only one of the early works performed by Sugihara et al. implied that MCs have no consequence
in the development of liver fibrosis in wild-type or MC-deprived KitWs/Ws rats and in wild-type or
MC-deprived KitW/Wv mice [128]. The animals were subjected to BDL and treated with CCl4 or porcine
serum (rats) and CCl4 or BDL (mice) to induce portal tract (BDL, serum) or parenchymal fibrosis (CCl4).
The treatments lasted 21 days and were evaluated using a hydroxyproline measurement for collagen
deposition and Alcian blue stain to detect MCs. Since the early time points (less than 21 days) were not
taken into account, the reaction of the biliary tree and infiltration of MCs during the early events of
fibrosis were not evaluated. All treatments caused fibrosis and increased quantities of MCs. However,
although the overall MC quantities were approximately 20-fold higher in wild-type than in KitWs/Ws

animals, the degree of fibrosis was equal in both groups. Therefore, the authors concluded that MCs
have no role in fibrosis [128]. On the other hand, a recent paper analyzing the influence of MCs on
fibrosis in a direct co-culture system or an indirect co-culture system composed of a human MC line and
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primary MCs with the human HSC line LX2 showed that soluble factor(s) derived from MCs caused
a decrease in ECM/collagen I abundance in the presence or absence of TGF-β, IFN-α, or IL-10 [129].
They could show by using the APC366 tryptase inhibitor and the broad range inhibitor Chymostatin,
that the key MC proteases tryptase and chymase are most likely involved in collagen I degradation.
In addition, the human leukocyte antigen G (HLA-G), representing a histocompatibility antigen, is
increasingly expressed in MCs when co-cultured with HSCs. This is accompanied by a significant
decrease in collagen production, irrespectively of whether cells were stimulated with TGF-β, IL-10, or
IFN-α, or left untreated [129]. In their study, the authors proposed MC proteases as critical mediators
of collagen degradation. HLA-G has been studied by the same authors before in the setting of chronic
HCV infection. They could show that HLA-G in situ is produced by MCs and is up-regulated upon
stimulation with IL-10 and IFN-α, leading to the recruitment of T-lymphocytes and NK cells [130].

Nevertheless, taking into account data of MC involvement in fibrosis in lung, kidney and heart,
there is a great body of evidence that MCs play a pro-fibrogenic role in liver fibrosis [131–135].

3.3. BDL-Induced Cholestasis in Mast Cell-Depleted KitW-sh/W-sh Mice

In order to delineate pro-fibrogenic effects of MCs in more detail, the crosstalk of MCs with other
liver resident and infiltrating cells has been analyzed in murine models of cholestatic liver injury. Due
to the localization of MCs in the portal tracts of the liver, different animal models and human biopsies
have been analyzed (BDL, Mdr2−/− mice, porcine serum injection, PBC and PSC samples) [97,136]. The
animal models develop portal fibrosis and a bile duct reaction encompassing bile duct proliferation
(cholangiocyte proliferation), bile duct hyperplasia, and angiogenesis as critical features [137].

In order to delineate the effects of MC absence in vivo on processes induced by cholestasis,
wild-type and MC-depleted mice (KitW-sh/W-sh) underwent BDL surgery. Wild-type mice subjected to
BDL displayed increased focal necrosis (infarct) and portal inflammatory changes that are consistent
with obstruction. In BDL KitW-sh/W-sh mice, the degree of focal necrosis (infarct) was reduced. Liver
enzymes were significantly upregulated in wild-type mice after BDL, but this was completely ablated
in BDL KitW-sh/W-sh mice, suggesting diminished hepatocyte damage in the absence of MCs. Biliary
and cholangiocyte proliferation was reduced in BDL KitW-sh/W-sh mice. With respect to HSC function,
the collagen deposition was dramatically reduced in BDL KitW-sh/W-sh mice, as monitored by Fast
Green/Sirius Red staining. In agreement, the expression of α-SMA, fibronectin-1, collagen I type 1α,
and SYP-9 as activation markers of HSCs were decreased in BDL KitW-sh/W-sh mice. In addition, there
was a significant reduction in both TGF-β1 expression and secretion in BDL KitW-sh/W-sh mice, while
TGF-β1 levels were increased in KitW-sh/W-sh mice injected with cultured MCs, supporting the concept
that MCs are an important source of TGF-β1 during fibrosis progression [138]. TGF-β1 expression
and secretion by antigen-stimulated MCs has been shown to induce proliferation, collagen Iα1, and
monocyte chemoattractant protein-1 (MCP-1) expression in fibroblasts [139–141].

As a confirmation of the aforementioned findings, HSCs were cultured in vitro with conditioned
supernatants derived from cholangiocytes isolated from BDL treated KitW-sh/W-sh animals. Only when
the cholangiocytes were isolated from KitW-sh/W-sh animals supplemented with MCs, the corresponding
supernatants have the potential to activate HSCs, as displayed by higher α-SMA expression. Those
results imply that the presence of MCs triggers cholangiocytes to secrete factors that are able to cause
HSC activation in vitro [138].

3.4. Tryptase/Protease-Activated Receptor-2 Axis

One of the prominent effectors secreted by MCs upon degranulation is the protease tryptase.
In contrast to chymase, tryptase is found in both human MCs (MCTC and MCT) [142]. On the other
hand, in the mouse, tryptase is only expressed in CTMCs but not in MMCs [143]. Tryptase, in
addition to trypsin and coagulation factors, activates the protease-activated receptor (PAR)-2 via
limited proteolysis of its N-terminus. Protease-activator receptor-2 (PAR-2) is expressed in hepatic
endothelial cells, Kupffer cells, hepatocytes, bile duct epithelial cells, and HSCs. The expression of
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PAR-2 in HSCs is increased during liver fibrosis [144]. In agreement, the analysis of PAR-1 and PAR-2
expression in isolated rat HSCs showed that mRNA expression increases during the transdifferentiation
of HSCs to MFBs in culture [145].

In vivo, a PAR-2 knockout had no impact on initial liver fibrosis after 5 weeks of CCl4 treatment
but prevented the progression of fibrosis with sustained CCl4 treatment after 8 weeks, as reflected by
lower hydroxyproline content. A similar behavior was seen in the expression of α-SMA, TGF-β1, matrix
metalloproteinase (MMP)-2 (gelatinase A), and tissue inhibitor of metalloproteinase (TIMP)-1. The
expression of PAR-1 compensates for PAR-2 deficiency, but only in the early phase (5 weeks) and not in
the late phase (8 weeks). Since activation of PAR-2 leads to the recruitment and activation of macrophages,
their presence at the different time points were quantified. F4/80+ macrophages are reduced after 5 and 8
weeks of treatment, whereas CD68+ macrophages were only reduced at 8 weeks. These observations are
consistent with a role for PAR-2 in the recruitment and later activation of macrophages in CCl4-induced
hepatic fibrosis. Therefore, these in vivo data implicate that PAR-2 is involved in the activation of HSCs,
TGF-β1 synthesis, and ECM deposition, as well as macrophage recruitment.

To substantiate these findings with in vitro data, human HSC LX2 cells were induced for 48 h
with the peptidic PAR-2 agonist SLIGKV. This stimulation induced proliferation of HSCs similar to
that of PDGF, representing the most potent inducer of HSC proliferation. The PAR-2 agonist also led
to an increase in collagen I and TGF-β1 production. Those effects were also observed when using
a PAR-1 agonist, but the induction achieved with the PAR-1 and PAR-2 agonists on collagen I and
TGF-β1 protein content were not additive [144]. Agonists for PAR-1, such as thrombin and SFFLRN, or
agonists for PAR-2, such as tryptase and SLIGRL, induced a proliferative response in rat HSCs. Due to
the sensitivity of this response to PD98059, it is most likely that the observed effects are mediated by
ERK1/2 activation. In addition, tryptase and SLIGRL increased the collagen I secretion by HSCs [145].
In a more recent study, MC tryptase induced the activity of PAR-2 and increased HSC activation and
proliferation, thus promoting hepatic fibrosis and implying that MCs interact directly with HSCs to
drive fibrosis. The application of the MC tryptase inhibitor APC366 in BDL-induced hepatic fibrosis in
rats showed that APC366 reduced hepatic fibrosis scores, collagen content, and serum biochemical
parameters. Moreover, the reduced fibrosis was associated with a decreased expression of PAR-2
and α-SMA. Therefore, it was suggested that MC tryptase induces PAR-2 activation to augment HSC
proliferation and promote hepatic fibrosis in rats [146].

3.5. Chymase as an Interface for the Activation of Several Pro-fibrogenic Pathways

The MC chymase activity is increased in the livers of patients with fibrosis or cirrhosis and there is a
significant correlation between the chymase level and the degree of fibrosis [147]. Chymase can cleave
the Phe8–His9 bond of the non-bioactive peptide angiotensin I (Ang I), forming its bioactive peptide
angiotensin II (Ang II) in mammalian tissues including humans [148]. Ang II also induced hepatic fibrosis
via the induction of α-SMA in HSCs [149]. Ang II and its angiotensin receptor 1 (AT1) are involved
in the fibrotic process. In human fibrosis, MC chymase expression is increased, which is coupled with
an increased expression of myofibroblast Ang II receptor, AT1. The receptor is expressed on vascular
smooth muscle cells, HSCs, portal myofibroblasts, and hepatocytes. During cirrhosis, the expression
of AT1 is increased in fibrotic septa and vessels. Ang II and chymase can bind to AT1 on HSCs and
MFBs in fibrotic septa and promote fibrosis [150]. The effect of chymase on isolated HSCs reveals that the
protease enhances HSC proliferation, TGF-β1/α-SMA protein expression, and collagen I formation [151].
In addition to the activation of Ang II, chymase was shown to enzymatically cleave the precursors of
MMP-9 (pro-gelatinase B), TGF-β, and collagen I, leading to their biologically active forms [152–154].
Furthermore, the enzymatic function of MC-released chymase can produce soluble SCF via enzymatic
cleavage of the membrane-bound form of SCF on stromal cells, which induces the formation of mature
MCs from immature MCs via the stimulation of KIT [155]. Due to the multiple roles of chymase, which
may promote organ fibrosis, this enzyme is a promising target for anti-fibrotic agents [156].
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3.6. The Histamine/Histamin Receptor Axis

In the setting of cholangiocarcinoma (CCA), MCs within the tumor environment release histamine,
which increases CCA progression and angiogenesis. Conversely, cholangiocytes secrete SCF, which binds
and activates the MC growth factor receptor KIT. Cholangiocytes express histidine decarboxylase and
its inhibition reduces CCA growth [157]. In the study by Johnson et al., MCs were detected in human
CCA biopsies and their recruitment is mediated via SCF in the tumor microenvironment stimulating
CCA growth. In xenograft tumor mice treated with the MC stabilizer cromolyn sodium, MC infiltration
and tumor growth decreased. Inhibition of SCF in CCA blocked MC migration and MC/EMT/ECM
in CCA [157]. MCs migrate into the CCA tumor microenvironment via KIT/SCF and increase tumor
progression, angiogenesis, and ECM degradation [157]. In a further study analyzing histamine function,
Mdr2−/− mice (PSC model) were treated with cromolyn. This treatment reduced MC protease mMCPT-1,
as well as serum histamine. In agreement, human PSC samples also showed a robust expression of
MC markers. Necrosis, lobular damage, and bile duct reactions, such as intrahepatic biliary mass and
cholangiocyte proliferation, were also reduced via MC silencing using cromolyn in Mdr2−/− mice.

As a confirmation of the in vivo analysis, co-culture experiments of cholangiocytes with MCs induced
cholangiocyte proliferation, α-SMA, fibronectin-1, and TGF-β1 production, functions that are blocked in
MC depleted using an siRNA approach targeting histidine decarboxylase. In a similar experiment, MCs
induced PCNA, α-SMA, and fibronectin-1 in human HSC, and these effects were also blocked by the
knockdown of HDC in MCs. These in vitro results imply that cholangiocyte and HSC responses to MCs
are dependent on the histamine secreted by MCs [158]. Nevertheless, the in vivo results using cromolyn
have to be handled with caution because this substance directly affects HSCs and hepatocytes. Cromolyn
was originally developed as an MC stabilizer. However, the activation and collagen accumulation for the
HSC cell lines LX2 and HSC-T6 were reduced by 50% after cromolyn treatment at a low concentration
without signs of apoptosis. Furthermore, cromolyn treatment compromised the TGF-β-induced epithelial
to mesenchymal transition and replicative senescence rate of hepatocytes, which are generally associated
with fibrogenesis. Taken together, cromolyn may be the basis for an effective cure for fibrosis and cirrhosis
because it targets both HSCs and hepatocytes [159].

In a more reliable/specific setting to analyze the function of MC histamine, Kennedy et al. used
histamine receptor antagonists. These reduced the lobular damage, necrosis, and inflammation in
Mdr2−/− mice. The histamine receptors H1 (H1R) and H2 (H2HR) are upregulated in cholangiocytes
of Mdr2−/− mice, as well as in human PSC and CCA. Blocking of the histamine receptor leads to
decreased activation of MCs as evaluated via the detection of MC markers in Mdr2−/− mice and in
the CCA model [160]. Histamine serum levels decrease in Mdr2−/− and CCA mice in the presence
of respective blockers. Bile duct reaction, i.e., biliary proliferation and intrahepatic bile duct mass,
were reduced. Treated Mdr2−/− mice had a lower collagen deposition and lower expression of
the HSC activation marker synaptophysin-9 (Syp-9). Histamine receptor blockers do not affect
activation of HSCs directly [160]. The tumor growth is blocked in the CCA model and Ki67-positive
proliferating cholangiocytes were reduced. In a co-culture/conditioned medium model, MCs increased
the proliferation of cholangiocytes and progression of CCA, and this effect was reduced in the presence
of inhibitors. In summary, histamine receptor blockers reduce PSC and CCA progression [160]. As a
general feature, MCs stimulate fibroblast proliferation [161,162] and collagen synthesis [163,164] via
histamine secretion. Moreover, it has been shown that MCs themselves are competent at expressing
basement membrane components, including collagen IV and laminin [165].

An early study by Akiyoshi et al. reported that MCs, portal myofibroblasts, and cholinergic
nerve terminals work synergistically to promote liver fibrosis [137], demonstrating that the paracrine
influence from MCs is not limited to altered HSCs and cholangiocyte function.

3.7. TGF-β1

It has been stressed before that one of the main drivers of fibrosis is TGF-β1, which is strongly
upregulated in the process of fibrosis and leads to activation and ECM production by HSCs and portal
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fibroblasts [166]. In addition to liver resident cells, e.g., HSCs and Kupffer cells, MCs also express and
secrete TGF-β1 to promote fibrosis (see above). The pro-fibrogenic master cytokine, TGF-β1, regulates
the expression of proteases and their release [167]. In contrast, MC-specific receptors controlling cellular
degranulation, including KIT (ligand SCF) and FcεRI (ligand IgE), are down-regulated in vitro and
in vivo by TGF-β1 in a SMAD-dependent fashion [168]. In addition, TGF-β1 suppresses IL-33-induced
cytokine production and MC activation by interfering with MAP kinase phosphorylation [169]. Aside
from the expression and liberation of effectors, a broad spectrum of MC functions is modulated by
TGF-β1, including proliferation, cell cycle control, and apoptosis [170]. Another vital function of MC
biology modulated by TGF-β is migration/chemotaxis. Interestingly, chemotaxis is not mediated by
the classical SMAD pathway, but by MEK1/2 signaling [171]. Moreover, the SRC family kinase FYN
plays a critical role in TGF-β1-mediated MC migration in vitro and in vivo [172]. Those observations
show that in the environment of fibrosis MCs may contribute to the progression of the disease by
releasing TGF-β1, affecting HSCs and portal fibroblasts. In turn, MCs also express TGF-β receptors
and are targets for this ligand [107]. Nevertheless, the effects are somewhat counterbalanced, leading
on one hand to chemotaxis and increased effector synthesis [107,173], and on the other hand apoptosis,
blocking late stage maturation and sensor suppression [173–175]. Therefore, the TGF-β1 response in
MCs is a double-edged sword, which largely depends on the molecular context.

In summary, there are many mediators released by activated MCs that contribute to liver disease
by directly interfering with the recruitment and activation of inflammatory blood cells, stimulating
proliferation of pro-fibrogenic cells, promoting ECM synthesis, or inhibiting its degradation (Figure 3).

 

Figure 3. Schematic overview of known functional interactions between mast cells and liver cells
in hepatic fibrogenesis. Mast cells (MCs) activation and degranulation leads to a production/release
of many biological active compounds including TGF-β1, tryptase, chymase, histamine, TNF-α, and
human leukocyte antigen G (HLA-G). These soluble mediators trigger the recruitment/activation of
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inflammatory blood cells and synthesis of an extracellular matrix (ECM) by stimulating the propagation
of pro-fibrogenic cells (hepatic stellate cells, portal myofibroblasts) and inhibiting its ECM degradation.
Furthermore, the compounds lead to the activation of liver-resident Kupffer cells and cholangiocyte
proliferation. It is further discussed that MCs modulate parenchymal cell proliferation and biological
features of endothelial cells. In addition, the cargos present in extracellular vesicles (EV) that are
released from MCs into the extracellular milieu facilitate pro-fibrogenic signaling pathways in recipient
cells. Abbreviations used are: α-SMA, α-smooth muscle actin; Col I, collagen type I; HLA-G, human
leukocyte antigen G; HR, histamine receptor; HSC, hepatic stellate cell; IL-22, interleukin 22; MCP-1,
monocyte chemoattractant protein-1; MFB, myofibroblast; PAR-2, Protease-activator receptor-2; PSC,
primary sclerosing cholangitis; SCF, stem cell factor; SYP-9, synaptophysin-9; TGF-β1, transforming
growth factor-β1; TNF-α, tumor necrosis factor-α.

4. Mast Cells in Human Liver Disease

Today, there is first evidence demonstrating that MCs are important cellular regulators in human
liver disease. In a normal human liver, MCs are associated with the connective tissue and are mainly
found along the portal tracts [98]. The number of MCs in human liver is significantly increased during
the pathogenesis of PBC, PSC, bile duct obstruction, hepatitis, alcohol-induced liver injury, steatosis,
steatohepatitis, congenital and non-congenital liver fibrosis, liver cancer, liver rejection upon liver
transplant, and liver aging [98,176,177]. Although the cellular and sub-cellular linkages of MCs to
all these diseases remain unresolved, it is most likely that these cells are critically involved in the
liver’s fibrotic response to chronic inflammation. On the other side, MCs can exert immunomodulatory
effects on other immune cells, thereby enhancing or suppressing the initiation, magnitude, and/or
duration of immune cells within the liver, preventing diminished hepatobiliary functions during disease
progression, or by acting as a first effector cell in an innate response to encounter antigens [176,177].
However, the knowledge of MC function in the human liver is still very limited and further fundamental
studies are urgently needed to understand the full biological repertoire and activities mediated by
these important immune cells in human liver homeostasis and disease.

5. Therapeutic Options

5.1. Selective Targeting of Mast Cells in Liver Fibrosis

“Personalized medicine” and “precision medicine” are keywords when it comes to discussions
about successful patient-tailored treatment of diseases; such an endeavor first requires thorough and
sophisticated diagnostic tools. On a different level, this also concerns pharmacological regulation
of cellular activation states depending on the (patho-)physiological tissue niches, as well as patient
comorbidities. The more sensitive cells are to environmental conditions, the more complicated the
choice of beneficial pharmacological substances might be. This applies in particular to MCs, whose
task is to recognize changes in micro-environmental conditions and occurrence of biological mediators
and/or chemical substances. As already indicated in Section 1.2., MCs are endued with enormous
heterogeneity, as well as fascinating plasticity; thus, depending on their localization and prevailing
conditions, MCs as a whole express hundreds of mediators and surface receptors, complicating
the choice of pharmacological treatment in a given pathophysiological setting. Hence, returning to
the keyword of personalized medicine, deciphering the complexity of MC phenotypes in a given
(patho-)physiological situation might enhance the ability to use MCs as “drug targets.”

Two different pharmacological approaches, not necessarily mutually exclusive, could be followed
to address and inhibit MC activity in pathophysiological situations like liver fibrosis: i) MC stabilizers,
such as disodium cromoglycate (cromolyn sodium), Tranilast, ketotifen, or many others (Figure 4);
and/or ii) inhibitors of MC-selective enzymes (e.g., tryptase and chymase), and antagonists for receptors
of typical MC mediators, such as histamine (receptors). These mediators importantly add to the
pleiotropic inflammatory functions of MCs (cf. Figure 2).
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Figure 4. Naturally occurring and synthetic mast cell stabilizers with highly variant structures.
Interestingly, some of these drugs, such as Tranilast, Luteolin, Curcumin, Theanine, Nilotinib, and
others showed highly beneficial effects in experimental hepatic fibrosis [62]. Most of their activities
are attributed to their antioxidant activity, capacity to prevent hepatic infiltration with circulating
blood cells, potential to target pro-inflammatory and/or pro-fibrotic signaling pathways, or to influence
extracellular matrix generation or turnover. However, none of these substances have been tested
systematically regarding the modulation of mast cell stability in models of hepatic fibrogenesis.
All structure images were prepared with Jmol (http://jmol.sourceforge.net/) using the following
PubChem Compound Identification (CID) numbers: Bromoenol lactone (5940264), Curcumin (969516),
disodium cromoglycate (27503), Hypothemicin (9929643), Janex-1 (3794), K1 (25211416), Ketofen
(3827), Lodoxamide (44564), Luteolin (5280445), Nilotinib (644241), Pathenolide (7251185), Pemirolast
(57697), RO 20-1724 (5087), Scopoletin (5280460), Theanine (439378), Tranilast (5282230), Vacuolin-1
(9661141). More details about the structure and functions of representative MC stabilizers can be found
elsewhere [178].
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Already in 1972, results from a controlled study of cromolyn sodium in patients with asthma came
to the conclusion that this drug is a useful adjunct to the pharmacological treatment of asthma [179].
Since it was shown in rat peritoneal MCs that cromolyn sodium is able to attenuate IgE-mediated
histamine release [180], MCs were seen as the cellular targets of this drug, fitting to their well-known
detrimental role in anaphylaxis and asthma. In addition to using cromolyn sodium in patients and
experimental rat models, researchers were increasingly using this drug in mouse models to prove the
contributions of MCs. However, in a previous study by Galli and coworkers, in which MC-related
effects of cromolyn sodium in vitro and in vivo were thoroughly compared in rat and mouse models,
the authors came to the conclusion that cromolyn sodium’s effectiveness and selectivity as a MC
stabilizer in mice is questionable [159,181]. Nevertheless, in an in vitro model, they could demonstrate
the positive effect of histamine secreted from MCs on the proliferation and activation of cholangiocytes,
as well as HSCs [181]. In a model of bleomycin-induced pulmonary fibrosis, another MC stabilizer,
Tranilast, was shown to be effective in suppressing fibrosis in genetically MC-deficient mice [182],
raising doubt about the MC selectivity of this drug, at least in mice.

Nowadays, there are many reports testing mast cell stabilizers, such as luteolin and curcumin
in vivo for their efficacy at protecting against inflammation, disease-associated apoptosis, tumorigenesis,
and overshooting oxidative stress in the liver [183–187]. Unfortunately, in all these studies, the impact of
these stabilizers on mast cell activity was not analyzed systematically. With respect to the mitigation of
liver fibrosis, convincing studies have been published with respect to the role of MC proteases, tryptase
and chymase. Tryptase β forms non-covalent ring-like tetramers and has trypsin-like activity [188,189].
Tetramerization appears to be required for proper activity and selectivity. The central pore containing
the active sites of the four tryptase β molecules prohibits the access of large substrates and also
suppresses inhibition by most protease inhibitors [190]. In a model of BDL-induced hepatic fibrosis
in rats, treatment with the tryptase inhibitor APC366 resulted in a reduced hepatic fibrosis score,
attenuated HSC proliferation, collagen content, and serum biochemical parameters [146]. In contrast
to tryptase β, tryptase α is proteolytically inactive; nevertheless, it is conserved throughout evolution
and significantly expressed in MCs. Very recently, Le et al. have reported the in vivo existence of
biologically functional α/β tryptase heterotetramers; however, their contribution to fibrotic diseases
has not been investigated yet [191].

In addition to certain soluble substrates, the G-protein-coupled receptor PAR-2 is cleaved by
tryptase and appears to be its main substrate [192]. The tryptase-mediated, N-terminal cleavage of
PAR-2 generates an intramolecular ligand activating PAR-2. PAR-2 has been shown to be expressed,
amongst others, on fibroblasts and HSCs, and thus, in addition to tryptase inhibitors, PAR-2 antagonists
might be beneficial in the treatment of liver fibrosis. Concerning liver fibrosis, rat HSCs express PAR-2
and the expression increases with the transition of stellate cells to myofibroblasts. The PAR-2 agonists,
tryptase and the peptide SLIGRL, induced proliferation and collagen secretion [145], suggesting that
tryptase as a PAR-2 agonist could sustain liver fibrosis. Indeed, analyzing CCl4-induced liver fibrosis
in PAR-2-deficient compared to wild-type mice, Knight et al. found a reduced progression of liver
fibrosis, hepatic collagen gene expression, hydroxyproline content, TGF-β expression, and matrix
metalloproteinase 2 gene expression in the absence of PAR-2. Additionally, PAR-2 activation stimulated
proliferation, collagen production, and TGF-β production by human HSCs [144]. This indicated the
pro-fibrogenic action of hepatic PAR-2 activation and strongly proposed a role for hepatic MCs in liver
fibrosis. Interestingly, the recently identified α/β tryptase heterotetramer was also shown to cleave and
activate PAR-2 [191].

Pepducins are cell-penetrating peptides acting as intracellular modulators of signal propagation
from receptors of the G-protein-coupled receptor family to the associated G proteins [193]. Intriguingly,
the PAR-2 pepducin PZ-235 significantly suppressed hepatic steatosis and inflammation in the
experimental methionine-choline-deficient diet model in mice [194]. Moreover, PZ-235 repressed
CCl4-induced liver fibrosis, even with delayed treatment. PZ-235 also inhibited production of reactive
oxygen species and hence, enhanced viability of hepatocytes in vitro [194], which might imply a
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reduction of necrosis-driven sterile inflammation in the course of liver fibrosis. Thus, PAR-2 pepducin
inhibitors have the potential to be efficient in the treatment of liver fibrosis.

Whereas tryptase forms heparin-stabilized ring-like tetramers, which restrict the access of
substrates to the active centers of the protease monomers, chymase is active as a monomeric protein,
though in a macromolecular complex with heparin [195]. Accordingly, its structure sterically allows
for activity against a bigger number of substrates. For instance, chymase can generate angiotensin
II by cleaving the non-bioactive peptide angiotensin I [148], and cleave/activate MMP-9 [196] and
TGF-β [197], all of which are associated with liver inflammation and/or fibrosis. Furthermore, human
chymase was found to cleave type I pro-collagen and hence initiate collagen fibril formation [152].
Isolated rat HSCs were treated with chymase and it was shown that the proliferation and expression of
α-smooth muscle actin and TGF-β1 protein were significantly enhanced in a dose-dependent manner.
This implied a potential role of chymase in the development of liver fibrosis [151]. Moreover, the
effect of the chymase inhibitor TY-51469 in hamsters fed a methionine- and choline-deficient (MCD)
diet, which developed a marked hepatic steatosis and fibrosis, was analyzed. Both non-alcoholic
steatohepatitis (NASH) and fibrosis were significantly attenuated by chymase inhibition [198,199].
Likewise, in rats fed a high-fat and high-cholesterol diet, the chymase inhibitor TY-51469 significantly
attenuated all parameters associated with NASH and fibrosis [200]. Furthermore, CCl4-induced
liver fibrosis in hamsters was significantly reduced in TY-51469-treated compared to placebo-treated
animals [201]. Finally, immunohistochemical analysis, as well as enzymatic activity measurements, of
liver biopsies from 49 patients with chronic hepatitis revealed increased chymase levels and activity
correlating with the severity of the disease. This suggested that hepatic chymase is implicated in
liver fibrosis [202]. A correlative investigation of 77 patients with the aim to elucidate the function
of chymase as an angiotensin-converting enzyme for the progression of liver fibrosis suggested an
important role of this MC protease in the hepatic fibrosis of patients with cirrhosis [147].

5.2. Signaling Pathways as Targets for Potential Future Therapies in Liver Fibrosis

Another critical inflammatory mediator within the fibrotic process in the liver is the cytokine
IL-1β [203]. IL-1β is a peculiar cytokine in that it is not translated by ER membrane-bound ribosomes
and not secreted via the classical ER–Golgi route [204]. In contrast, pro-IL-1β is synthesized by
cytoplasmic ribosomes, and for maturation and secretion, the inflammasome, a multiprotein complex
(e.g., the NLRP3 inflammasome), is required for caspase-1 activation and the subsequent cleavage of
pro-IL-1β to yield mature IL-1β, which then is released by the process of pyroptosis [204]. Human
chymase has been demonstrated to convert the 31 kDa pro-form of IL-1β to an 18 kDa biologically
active molecule [205]. This cleavage product differs from the caspase-1-processed molecule in three
amino acids; however, the activity of both cytokines is comparable. Since pro-IL-1β can be released,
amongst others, from necrotic cells in an alarmin-like fashion, MC chymase could contribute to the
generation of IL-1β and hence to the promotion of fibrosis.

So far, the described functions of the MC proteases, tryptase and chymase, for the development of
liver fibrosis and associated hepatic alterations indicated a promoting role for these diseases. However,
chymase was also reported to degrade two alarmins, IL-33 and HMGB1 [206], which have been
shown to play detrimental pro-fibrotic roles in liver disease. An overproduction of the mRNAs for
IL-33 and its receptor ST2 was observed in mouse and human fibrotic livers, and activated HSCs
were identified as the major source of IL-33 [207]. IL-33 expression in liver was sufficient for severe
hepatic fibrosis in vivo by the activation and expansion of liver-resident innate lymphoid cells (ILC2),
which then contribute to fibrosis by producing IL-13 [208–210]. With respect to the second alarmin,
HMGB1, which is produced and released by hepatocytes and Kupffer cells, and signals via the
receptor for advanced glycation end-products (RAGE) in HSCs, activation of MAPK pathways and
the induction of the increased deposition of collagen has been described [211,212]. In conclusion,
chymase is a double-edged sword with regard to the development of liver fibrosis; on the one hand, it
cleaves/activates pro-fibrotic proteins, such as angiotensin I, MMP-9, TGF-β, and type I pro-collagen,
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and on the other hand, it can degrade pro-fibrotic IL-33 and HMGB1. Thus, a thorough analysis of
the respective disease development and regulators involved has to be performed before chymase
inhibition can be recommended.

Another central MC mediator is the biogenic amine, histamine, which also has been reported to
be involved in the regulation of fibrotic diseases. Histamine is synthesized by decarboxylation of the
amino acid histidine via the enzyme L-histidine decarboxylase (HDC) [213]. Degradation of histamine
is catalyzed by the enzyme monoamine oxidase B (MAOB) [213]. As with tryptase and chymase,
histamine as a preformed mediator is stored in secretory lysosomes and is released by the process
of degranulation. The effect(s) of histamine on target cells is dependent on the type of histamine
receptor(s) expressed by these cells. Histamine receptors (H1R, H2R, H3R, and H4R) belong to the
family of G-protein-coupled receptors and exert their differential functions by coupling to different G
proteins, which again regulate differential signaling enzymes/pathways. Whereas H1R via Gq proteins
activates PLC-γ, and thus induces Ca2+- and PKC-regulated signaling enzymes and transcription
factors, H2R via Gs proteins positively couples to adenylyl cyclase, and thus regulates cellular processes
by means of cAMP/PKA-dependent signal transduction and gene transcription. In an opposite fashion,
H3R and H4R via Gi proteins inhibit adenylyl cyclase [214]. Thus, although histamine is only a single
substance, it can trigger multiple cellular reactions and affect diseases in various ways.

In the livers of infants suffering from biliary atresia, histamine levels were significantly increased
and positively correlated with the severity of fibrosis. Infants with severe fibrosis showed an elevated
and reduced expression of HDC and DIO, respectively [213]. The Abcb4 gene (aka Mdr2) encodes for the
multidrug-resistant protein MDR2, and Mdr2−/− mice spontaneously develop severe biliary fibrosis via
gross dysregulation of pro- and anti-fibrotic genes [215]. Interestingly, using H1R and H2R antagonists
(mepyramine and ranitidine, respectively) alone or in combination, liver and biliary damage, as well
as fibrosis in Mdr2−/− mice, was attenuated [160]. Moreover, these H1R and H2R antagonists also
decreased the growth of CCA, angiogenesis, and epithelial–mesenchymal transition [160], clearly
demonstrating the detrimental role for histamine in liver pathology.

Though so far not studied in liver, histamine was shown to affect the biology of fibroblasts in
several ways. Stimulation of normal adult human lung fibroblasts with histamine enhanced the
proliferation of these cells in a dose-dependent manner, mediated through the histamine receptor H2R
and not H1R, which indicated a role for cAMP/PKA signaling [216]. These data were obtained using
the H2R antagonist cimetidine and the H1R antagonist pyrilamine maleate. In normal human dermal
fibroblasts, histamine treatment caused a clear enhancement in α-SMA expression, suggesting a role for
histamine in fibroblast–myofibroblast progression [217]. Moreover, in human skin fibroblasts, histamine
was found to increase proliferation and collagen production [218]. The action of histamine; however,
is not only dependent on the histamine receptor(s) expressed, but also on the microenvironment of
the respective cells. Hence, Lin et al. demonstrated that TGF-β1-induced expression of α-SMA in
human skin fibroblasts was suppressed by histamine. In this situation, H1R activation, but not H2R or
H4R activation, was responsible for the suppressive effect by histamine [219]. These few examples
already clearly indicate that thorough knowledge about histamine receptor expressing cells in tissues
of interest, and in addition, about the type(s) of histamine receptors expressed in these cells, must be
obtained to take advantage of the substantial tool-box of various histamine receptor antagonists.

6. Conclusions

MCs are important immune cells of the myeloid lineage present in healthy liver, and to a larger
degree in diseased liver. In particular, experimental models of hepatic fibrosis have shown that the
overall quantities of MCs significantly increase in all kinds of liver insults. In humans, first evidence has
connected elevated numbers of MCs to the pathogenesis of PBC, PSC, bile duct obstruction, hepatitis,
alcohol-induced liver injury, steatosis, steatohepatitis, congenital and non-congenital liver fibrosis,
liver cancer, liver rejection upon liver transplant, and liver aging. Although the impact of MCs in the
initiation or progression of these disease entities is still poorly understood, it was suggested that they
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contribute to the liver’s fibrotic response to chronic inflammation. However, MCs possess favorable
immunomodulatory properties on other immune cells and act as a first effector cell in the innate
response when encountering antigens. In this regard, the role of MCs in hepatic fibrosis is unclear and
merits particular interest. Potential therapeutic MC-targeted strategies are the blockade of MC activity
by MC stabilizers, inhibition of MC-selective enzymes, and the application of antagonists binding to
receptors associated with an MC function. However, none of these approaches has been systematically
tested in appropriate models and further experimental, translational, and clinical studies are urgently
needed to explore whether the different compounds are beneficial in the therapy of hepatic fibrosis or
its progression to cirrhosis or hepatocellular carcinoma.
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Abstract: Intestinal dysbiosis has recently become known as an important driver of gastrointestinal
and liver disease. It remains poorly understood, however, how gastrointestinal microbes bypass
the intestinal mucosa and enter systemic circulation to enact an inflammatory immune response.
In the context of chronic liver disease (CLD), insults that drive hepatic inflammation and fibrogenesis
(alcohol, fat) can drastically increase intestinal permeability, hence flooding the liver with gut-derived
microbiota. Consequently, this may result in exacerbated liver inflammation and fibrosis through
activation of liver-resident Kupffer and stellate cells by bacterial, viral, and fungal antigens transported
to the liver via the portal vein. This review summarizes the current understanding of microbial
translocation in CLD, the cell-specific hepatic response to intestinal antigens, and how this drives
the development and progression of hepatic inflammation and fibrosis. Further, we reviewed
current and future therapies targeting intestinal permeability and the associated, potentially harmful
anti-microbial immune response with respect to their potential in terms of limiting the development
and progression of liver fibrosis and end-stage cirrhosis.

Keywords: fibrosis; cirrhosis; alcoholic liver disease; NAFLD; NASH; intestinal permeability; bacterial
translocation; innate immunity

1. Introduction

The progressive accumulation of extracellular matrix (ECM) in the liver, termed fibrosis, is the
result of chronic liver damage due to a variety of insults: viral hepatitis (hepatitis B virus (HBV) and
hepatitis C virus (HCV)), alcohol or fatty liver disease, drug-induced liver damage, or autoimmunity.
While the prevalence of HCV- and HBV-mediated fibrosis has been on the decline since the advent
of direct acting antivirals (DAAs) for HCV and improved vaccination/education strategies for HBV,
other etiologies are on the rise [1]. The prevalence of non-alcoholic fatty liver disease (NAFLD) and
its inflammatory form, non-alcoholic steatohepatitis (NASH), have increased in step with the obesity
epidemic and are significant contributors to fibrosis, particularly in Western countries [1]. Indeed,
while the prevalence of viral hepatitis dropped between 2000 and 2017, alcoholic cirrhosis increased by
16% and NASH cirrhosis by 33% [1].

The term gut–liver axis defines a bidirectional interaction between the gastrointestinal tract and
the liver [2]. While the liver contributes bile acids, IgA, and antimicrobial peptides to the gut via
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the biliary tract, the portal vein transports gastrointestinal metabolites from the gut into the liver [2].
In the absence of disease, the mucosal barriers within the intestinal tract remain intact, preventing the
transport of luminal microbes into the liver. In chronic liver disease (CLD) however, the intestinal
barrier is impaired as a result of lifestyle choices (e.g., alcohol or obesity) or portal hypertension
secondary to advanced fibrosis/cirrhosis, resulting in the translocation of microbes and their products
into the blood.

Translocation of gut-derived antigens into the portal circulation enacts a potent inflammatory
response in the liver, which has been well described in alcoholic and fatty liver disease, as well as
liver cirrhosis [2]. These antigens not only drive hepatic inflammation and progressive fibrosis, but
also contribute to mortality in end-stage liver disease due to their role in secondary infections such as
spontaneous bacterial peritonitis (SBP) and hepatic encephalopathy [3]. While intestinal permeability is
not the primary driver of liver inflammation and fibrosis, it has become evident that the inflammatory
response to microbial antigens as a result of increased intestinal permeability strongly influences the
progression of disease.

This review will focus on the multi-systemic nature of the gut–liver axis in health and disease.
We have described (1) the intestinal barriers and mechanisms by which they become impaired in
chronic liver disease, (2) the contribution of microbial antigens to liver inflammation and fibrosis, and
(3), current therapies used to prevent either intestinal permeability or the hepatic inflammatory and
fibrotic response.

2. Gut Microbiota and Bacterial Translocation in Chronic Liver Diseases

2.1. Gut Microbiota in Chronic Liver Diseases

The human gastrointestinal (GI) tract is estimated to contain more than 1014 microorganisms
which collectively form the gut microbiota [4]. High motility and acidity within the esophagus and
stomach limit colonization, however microbial numbers steadily increase throughout the small bowel,
reaching the highest density in the colon where 1012 bacteria can be found in every gram of dry feces [5].

The intestinal microbiota is composed primarily of bacteria (60% of dry fecal mass), but is
also abundant in archaea, eukarya, and viral species [6]. Sequencing of 16S ribosomal DNA from
mucosal and stool samples has shown that Firmicutes and Bacteroidetes are the two most abundant
phyla in human feces, followed by Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia
species [7]. Mucosal and fecal microbiota harbor distinct microbial profiles, characterized by an
abundance of Bacteroidetes in stool, while human colonic crypts are colonized mainly with Firmicutes
and Proteobacteria [8].

The non-bacterial intestinal microbiota contributes significantly to health and disease, but has
been largely unappreciated to date. Eukaryotes account for less than 0.03% of fecal microbes and are
primarily composed of 200–300 fungal species [9]. The study of intestinal viromes has been limited
due to challenges in isolation and culture; however, recent metagenomic analyses have revealed that
bacteriophages comprise ~90% of the gut virome and contribute significantly to bacterial dynamics [10].

The gut microbiota is essential for proper digestion and, furthermore, plays an important role
in facilitating gut immune responses against potential pathogens. Indeed, commensal Bacteroides
and Lactobacillus spp. can stimulate the release and activation of antimicrobial peptides such as
C-type lectins and pro-defensins from intestinal Paneth cells [11,12], activate intestinal B cells to
express secretory IgA [13,14], and stimulate the production of protective mucus from colonic goblet
cells [15]—all mechanisms that prevent bacterial translocation across the mucosa [16]. Bacteriophage
adherence to mucus layers has also been hypothesized to protect against bacterial colonization and
infiltration [17].

Disturbances within the gut microbiota, termed “dysbiosis”, are linked to numerous diseases,
many of which are hepatic in nature [18]. This is likely due to the bidirectional nature of the gut–liver
axis: nutrient rich portal vein blood entering the liver originates from the gut, while hepatic bile
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from gallbladder travels into the intestines to facilitate digestion [19]. Consequently, the insults that
drive CLD, including caloric excess (NAFLD/NASH), alcoholism (ALD), and biliary damage (primary
sclerosing cholangitis, primary biliary cirrhosis), can have significant effects on the gut microbiota,
leading to intestinal permeability and exacerbation of inflammation and fibrosis.

Many studies have suggested an association between gut microbiome alteration and chronic
liver diseases. Both Mouzaki et al. and Silva et al. demonstrated a reduction in Bacteroidetes and
Firmicutes spp. in both NAFLD and NASH patients compared to adult healthy controls [20,21].
In pediatric studies, Zhu et al. measured a decrease in Firmicutes and increased Bacteroidetes in
children with obesity or NASH [22]. A more recent, larger cohort study challenged these findings,
finding a decrease of total Bacteroidetes in both NASH and NALFD pediatric patients, in agreement
with adult studies [23].

In ALD, a reduction of Lactobacillus spp. has been recorded in both alcohol-consuming patients
and mouse models [24,25]. Lactobacilli are beneficial bacteria commonly used in probiotics that have
been shown to inhibit pathogen colonization [26]. Patients with ALD have also been found to have
lower abundance of Bifidobacterium and Enterobacterium, and increased Proteobacteria, Fusobacteria,
and Actinobacteria [27,28].

Changes in patient gut microbiota have also been measured in the context of worsening disease
state. Indeed, significant differences in gut microbiota have been observed in NALFD subjects who had
progressed to steatohepatitis or moderate fibrosis (F ≥ 2) when compared to patients with earlier stages
of the disease. Boursier et al. found that NASH patients possessed a significantly larger abundance
of Bacteroides and a reduction in Prevotella compared to NAFLD patients [29]. Recently, Bastian et al.
also confirmed a significantly higher proportion of Bacteroides in fibrotic (F2–F4) patients compared
to patients with minimal fibrosis (F0–F1). Two large studies by Loomba et al. and Caussy et al.
also found a reduction in Firmicutes spp. and an enrichment of Proteobacteria spp. in patients with
cirrhosis compared to those with minimal fibrosis [30]. In addition, Bajaj et al. recently demonstrated
that periodontal therapy improves gut dysbiosis and systemic inflammation in cirrhotic patients [31].
Cirrhotic patients treated with scaling and root planning followed by oral hygiene showed a reduction
in Enterobacteriaceae and Streptococcaceae, and a decrease of inflammatory markers interleukin (IL)-1β
and IL-6 [31]. Together, these findings suggest that certain bacteria, likely Bacteriodes and Proteobacteria
spp., and other factors such as oral health may play important roles in liver fibrosis progression.

2.2. Physical and Chemical Barriers of the Intestinal Mucosa

To maintain a healthy coexistence with commensal microbes and prevent bacterial dissemination,
the gastrointestinal tract is lined by a cellular epithelium. This physical barrier is composed primarily
of epithelial cells, with the addition of specialized cell types that differ between the small and large
intestine. While all epithelial cells arise from intestinal epithelial stem cells (IESC) at the base of crypts,
they differentiate into a variety of cells, including enterocytes (colonocytes in the large intestine),
goblet cells, Paneth cells, tuft cells, and Microfold cells (M cells) [32]. Apart from hormone-secreting
enteroendocrine cells and nutrient-absorbing enterocytes, the remaining epithelial cells are largely
responsible for defending against microbial invasion (Figure 1).

Goblet cells secret mucin proteins to form a highly glycosylated mucus layer over the vast epithelial
surface, and this layer is significantly thinner in the small intestine compared to the colon due to a
lower goblet cell density and bacterial colonization [33]. IgA secreted across the intestinal epithelium
also comprises a significant component of the chemical defense. IgA is secreted by plasma cells in
lymphoid follicles of the lamina propria, and transported via polymeric immunoglobulin receptors
(pIgR) on the basolateral surface of epithelial cells into the lumen [34].

Epithelial integrity is maintained by junctions between intestinal epithelial cells (IECs) that provide
selective nutrient permeability while preventing microbial translocation. There are three major types
of cell junction that typically form near the apical end of the cells’ side walls: tight junctions (TJs),
gap junctions, and adherens junctions [35]. Among them, TJs form the most rigid and impenetrable
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seal, hence their name. This junction is a complex of more than 50 proteins, most of which are
transmembrane proteins such as occludin, claudin, and the junctional adhesion molecule (JAM) family
proteins such as zonula occludens (ZO)-1, which connect with the cytoskeleton and form fibrils with
adjacent cells [36,37].

 

Figure 1. Intestinal mucosal barriers in health and chronic liver disease. (A) Several physical and
chemical defenses make up the intestinal mucosa, which serves to protect us from luminal microbes.
Intestinal epithelial stem cells (IESCs) located at the base of crypts give rise to all epithelial cells. Goblet
cells secrete mucins to form a thin mucus layer in the small intestine and two thick layers in colon, the
innermost of which is devoid of bacteria. Enterocytes/colonocytes and Paneth cells secrete antimicrobial
peptides (AMPs) primarily in the small intestine, while mast cells secrete IgA, which travels through
the epithelium and is concentrated in the colon. Underlying the epithelium, dendritic cells and
macrophages continuously surveil luminal contents using trans-epithelial dendrites. (B) Disruption
of these physical barriers can lead to intestinal permeability and increased microbial translocation
in chronic liver disease. These include the reduction of secreted mucus, AMPs, and IgA, permitting
microbial access to the epithelial layer. Downregulation, altered localization, or rearrangement of
tight junction components can also significantly impact intestinal permeability, allowing microbial
translocation into the portal circulation where they are transported into the liver.
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2.3. Bacterial Translocation in Chronic Liver Disease

The intestinal mucosa represents the barrier protecting against luminal microbes while allowing the
selective passage of digested nutrients into the circulation. This property, termed intestinal permeability,
allows the intestinal tract to fulfill its absorptive function via two pathways [38]. The transcellular
pathway enables macromolecules such as glucose, amino acids, or bacterial antigens to move
through cells via enterocyte, M cell, and goblet cell transporter-mediated transcytosis or endocytosis.
The paracellular pathway allows water and minerals to diffuse through the interspace between adjacent
epithelial cells [39]. Passive transport in intestinal epithelium is, however, tightly controlled by
the proteins making up the cell TJs [40]. Currently, intestinal permeability can be measured using
in vivo or in vitro functional assays [39]. In vivo assays evaluate urinary or blood non-metabolized
sugar such as lactulose/mannitol, polyethylene glycols (PEGs), Cr-labeled ethylenediaminetetraacetic
acid (51Cr-EDTA), ovalbumin (OVA), or Fluorescein isothiocyanate dextran (FITC-dextran) following
ingestion. In vitro assays indirectly measure intestinal permeability by detecting biomarkers such
as bacteria, lipopolysaccharides (LPS), endotoxin antibodies, or bacterial fermentation products in
lymph/blood or by histologically examining TJ protein localization and expression.

Even in the absence of disease, bacteria can be transported across the intestinal epithelium into
the lamina propria where they can interact with mesenteric lymph nodes (MLN) and extra-intestinal
organs via the blood [41]. This process was termed bacterial translocation by Berg and Garlington in
1979, and has since been expanded to include other luminal microbes such as viruses and fungi [42].
In fact, sequencing and culture methods have detected low levels of viable and non-viable microbes,
microbial DNA, and antigens in the MLN as well as in other “sterile” organs, including the liver [43,44].
Bacteriophages have also been detected in various sites within the human body including the blood,
kidney, and liver [45], however their immunogenicity remains uncertain.

Increased bacterial translocation (BT) is associated with gastrointestinal diseases and the
extra-intestinal conditions of the liver, kidney, and brain, among others [46–48]. As early as 1995, Berg
et al. identified three factors that contribute to BT: bacterial growth or dysbiosis, intestinal permeability,
and immune deficiency [41]. These factors have been identified in various forms of chronic liver
disease, and are outlined below and in Table 1.

2.3.1. Alcoholic Liver Disease

In alcoholic fatty liver disease, viable bacteria, endotoxin, and LPS have been observed in the blood
of both animal models and ALD patients, for which there are many potential mechanisms [49,50]. Small
intestinal bacterial overgrowth (SIBO) in chronic alcoholics is more prevalent than healthy controls [51],
perhaps due to extended orocaecal transit time in alcoholics compared to social drinkers [52]. SIBO has
been suggested to mediate translocation due to differences in mucosal defense in the small intestine,
primarily a reduction in mucus secretion. Increased intestinal permeability has also been reported in
alcoholic cirrhosis, ALD, and even in non-cirrhotic alcoholics using in vivo assays [53–55].

In human studies, a reduction in the number of small intestinal villi, goblet cells, and TJ protein
ZO-1 expression in the colon were observed in chronic alcoholics [56–58]. Furthermore, cell culture and
animal studies suggest that ethanol and its metabolite, acetaldehyde, can alter intestinal barrier function
by (1) inducing epithelial cell apoptosis, (2) disrupting TJs by downregulating ZO-1, occludin, and
claudin and redistributing ZO-1 into cytoplasm, and (3) displacing the cytoplasmic skeleton [59–62].

Lastly, the production of intestinal IgA and the quantity of immune cells have been shown to be
significantly altered in cases of chronic alcohol consumption and in ALD patients. While systematic
IgA is increased in alcoholic liver diseases due to intestinal permeability, fecal IgA and IgA-producing
B cells within the lamina propria are reduced in animal models of ALD [63,64]. Recently, a significant
decrease in the number and activation state of mucosa-associated invariant T (MAIT) cells, a key
component in antibacterial immune defense, was shown in ALD patients [65].
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2.3.2. Non-Alcoholic Fatty Liver Disease

Multiple-pathogen-associated molecular patterns (PAMPs) such as peptidoglycan, LPS, and
bacterial DNA have been detected in NALFD/NASH patient blood, and are linked to metabolic
syndromes and obesity [66–68]. Two key drivers of bacterial translocation in NAFLD are SIBO and
intestinal permeability, having been documented in numerous studies [69]. Increased intestinal
permeability has been documented in both adult [70] and pediatric [71] NAFLD studies, as measured
by 51Cr-EDTA and lactulose–mannitol assays, respectively. Moreover, intestinal permeability was
associated with the severity of inflammation and fibrosis in children [71]. Clinical studies by Miele et
al. and later by Xin et al. revealed that deregulation of TJ proteins may be responsible for intestinal
permeability, demonstrating a reduction of ZO-1 and occludin expression in parallel with increased
intestinal permeability in NAFLD patients [70,72]. Both in vitro and animal model studies of obesity
further suggest that bile acids and leptin can stimulate intestinal permeability [73,74].

There is also an indication that liver damage as a result of NASH can directly contribute to loss
of barrier integrity [67]. A meta-analysis performed by Luther et al. found a higher rate of intestinal
permeability in NASH patients compared to NAFLD alone. A further study using a mouse model of
NASH indicated that intestinal permeability occurs only after initial liver injury and the induction of
pro-inflammatory cytokines [67].

Gut immune alteration is also a factor that can contribute to enhanced bacterial translocation in
NAFLD. Luminal IgA and IgA-positive cells within ileal and colonic tissue are decreased in mouse
models of NASH fed the methionine/choline-deficient diet [75]. Collective studies of innate and
adaptive immunity on animals and patients with obesity have reported an increase in inflammatory
cytokine expression and pro-inflammatory cluster differentiation (CD)4+ and CD8+ T cell, but an
opposite trend in regulatory T cells [76]. These pro-inflammatory cytokines, such as interferon (IFN)-γ,
IFN-α, and IL-6, have been shown to disturb intestinal TJs, allowing the translocation of luminal
antigens across the intestinal barrier [77].

2.3.3. Liver Cirrhosis

Due to clinical associations with bacterial infection, microbial translocation is often examined
in the context of liver cirrhosis. BT in cirrhosis has been identified using such methods as lymph
node homogenate bacterial culture and bacterial DNA sequencing in cirrhotic patient blood [78,79].
Importantly, translocated bacteria, dominated by the Proteobacteria phylum, are abundant in the
portal vein, as well as the hepatic and peripheral blood of decompensated cirrhotic patients [80].
When compared to healthy controls, SIBO is also significantly more common in patients with cirrhosis,
particularly following decompensation [81,82]. Portal hypertension and abnormal small bowel motility
are likely related to prevalent SIBO in decompensated cirrhosis [83].

Intestinal permeability as assessed by dual-sugar ingestion assays has been found to increase
in both the small and large intestine of patients with decompensated/advanced cirrhosis [84–86].
Reduction in the expression of TJ proteins occludin and claudin-1 in cirrhotic patients may provide
a mechanism for this increased permeability [87]. Nonetheless, electron microscopy experiments
performed by Such et al. ten years prior demonstrated intact TJs in the duodenal epithelium of cirrhotic
patients, but enlarged interspace between enterocytes [88]. More recently, an examination of cirrhotic
mice treated with carbon tetrachloride (CCL4) showed a reduction of mucin (MUC)2 expression, mucus
thickness, and goblet cell number, as well as an increase in intestinal permeability associated with
bacterial overgrowth and translocation. The authors also suggested a modulatory role of the bile acid
receptor Farnesoid X receptor (FXR), due to the restoration of TJ protein expression, goblet cell number,
and bacterial translocation following FXR agonist treatment [89].

Although clinical associations have yet to be found, alterations in intestinal humoral and cellular
immunity within gut-associated lymphoid tissues (GALT) have also been observed in cirrhotic models.
An increase in bacterial translocation in cirrhotic rat models can activate monocytes and dendritic
cells in GALT, releasing pro-inflammatory cytokines such as tumour necrosis factor (TNF)-α and
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IL-12 [90,91] that have been shown to increase intestinal permeability by deregulating ZO-1 and
claudin 1 within the TJs [92,93]. While dendritic cells have been shown to open TJs to allow microbial
sampling of the lumen, an increased incidence of DC sampling has been measured in cirrhotic rats,
and is associated with increased translocation of bacterial DNA [91].

Table 1. Intestinal barrier deficiencies in chronic liver disease.

Intestinal Barriers ALD NAFLD/NASH Cirrhosis

Mucus
Reduced mucus production [52],
fewer goblet cells [56,57] N/A N/A

IgA
Increased systemic IgA, reduced
luminal IgA [63,64] Reduced luminal IgA [75] N/A

Tight junctions
Downregulated ZO-1, occludin,
claudin [58,60], redistributed
ZO-1 into cytoplasm [94]

Downregulated ZO-1 and
occludin claudin
switching [70–72]

Reduced occludin and
claudin-1 [87]

IECs Apoptosis [61] N/A N/A

Gut immunity
Mucosal-associated invariant
T-cell depletion and impaired
activation thereof [65]

Fewer IgA-positive cells [75],
increased production of
inflammatory cytokines
(IFN-γ, IFN-α, IL-6) [76],
increase in CD4+ and CD8+

T cells [76]

Release of inflammatory
cytokines (TNF-α, IL-12)
[90], increased DC
sampling [91]

ALD: alcohol liver disease; NAFLD: non-alcoholic fatty liver disease; NASH: non-alcoholic steatohepatitis; TJ: tight
junction; ZO: zonula occludens; IFN: interferon; IL: interleukin; CD: cluster of differentiation; TNF: tumor necrosis
factor; DC: dendritic cell.

Studies in recent years have provided sufficient evidence to suggest that microbial translocation
can drive the development and exacerbation of chronic liver diseases. However, the detailed cellular
and mechanisms implied by this association will need more efforts to elucidate.

3. Hepatic Recognition of Microbial Ligands: The Role of Pattern Recognition Receptors

Pattern recognition receptors (PRRs) are a group of host sensors that recognize antigens derived
from both foreign and endogenous sources. PRRs are essential initiators of the inflammatory and
immune responses that defend against foreign microbial invaders as well as endogenous cellular
debris known as damage-associated molecular patterns (DAMPs). While these sensors are an essential
component of hepatic immunity, they can contribute to chronic inflammation and fibrosis progression
in response to prolonged activation. As outlined in the previous section, the intestinal barrier can
become impaired in CLD, allowing continuous translocation of microbial antigens into the portal
circulation. This section aimed to characterize the hepatic response to these antigens as it relates to
inflammation and fibrosis.

The cellular drivers of liver fibrogenesis are the myofibroblast-like hepatic stellate cells (HSCs).
They are largely responsible for wound healing in their steady state, but drive fibrogenesis through
ECM deposition upon chronic activation [95]. HSC fibrogenesis can be triggered either directly,
via induction of PRRs on HSCs, or indirectly via inflammatory signals produced by neighboring
cells such as hepatocytes and Kupffer cells (KCs) [95]. This section covers PRRs that contribute to
fibrosis development, with in vivo evidence of inflammatory and fibrogenic activity in CLDs, including
toll-like receptor (TLR) 2, TLR3, TLR4, TLR5, TLR7 TLR9, nucleotide-binding and oligomerization
domain (NOD)-like receptors (NLRs), c-type lectin receptors (CLRs), and stimulator of interferon genes
(STING). General information regarding PRRs in CLD is summarized in Table 2.
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Table 2. Pattern recognition receptors (PRRs) that contribute to hepatic inflammation and fibrogenesis.

PRRs Hepatic Cell
Expression

Ligands Human Disease
Involvement

Mouse Model Role in Hepatic Inflammation
and Fibrogenesis

TLR2
Hepatocyte,
KC, HSC
[96,97]

β-glycan,
zymosan, LPS,
HMGB1

↑ in NASH/NAFLD
[98–100], ↓ in ALD [101].

ALD: Binge ethanol
feeding

IL-1β, IL-6, and TNF-α ↑,
hepatic neutrophil ↑ [102,103].

NASH: MCD diet Protective effect against NASH
and inflammation [104].

NASH: CDAA diet KC activation and
proinflammatory cytokine ↑
Activation of HSCs to directly
promote fibrosis [96].

Fibrosis: BDL No effect [105]
Fibrosis: CCl4 CXCL2 ↑, neutrophil ↑ [106].

HSC ↑, α-SMA ↑ via MAPK and
NF-κB pathways [107].

TLR3
Hepatocyte,
KC, HSC, and
LSEC [108–112]

dsRNA N/A
ALD: HFD and binge
drinking

IL-10 ↑ from KC and HSC,
TNF-α, IL-2, CCL2 ↓
(anti-inflammatory) [113].

Fibrosis: DDC/CCl4 HSC killing via NK cell
activation (anti-fibrotic) [114].

Fibrosis: CCl4 HSC activation, upregulated
α-SMA, TGFβ, COL1A1 ↑ [115].

TLR4
Hepatocyte,
KC, HSC, and
LSEC [97,112]

LPS, HMGB1,
and more

↑ in NASH ↑ circulating
LPS [100,116]. PBMCs
from ALD are sensitized
to LPS [117].
NAFLD-associated [118].

ALD: Lieber–deCarli
diet

ROS ↑ inflammation ↑,
pro-inflammatory cytokine ↑
[119,120].

NASH:
HFHC-diet-fed ApoE
KO

ROS ↑, inflammatory cytokine ↑
from KCs and hepatic
macrophages [121,122].

Fibrosis: Bile duct
ligation

TLR4–MyD88–NF-κB pathway
triggered HSC activation,
pro-inflammatory cytokine,
pro-fibrotic gene ↑ [105,123].

Fibrosis: TAK1 KO Directly activated HSC,
pro-inflammatory cytokine,
pro-fibrotic gene ↑ [124].

TLR5
Hepatocyte,
LSEC, HSC
[97,112,125]

Flagellin,
HMGB1

N/A
Inflammation:
Flagellin injection

Inflammatory cytokine ↑,
macrophage and neutrophil
recruitment [126].

NASH: MCD diet Hepatic inflammation ↓
inflammatory cytokines ↓,
deactivating HSC [125].

Fibrosis: CCl4 Activated HSC via NF-κB and
MAPK pathways to stimulate
hepatic inflammation and
collagen deposition [127].

TLR7
Hepatocyte,
KC, and LSEC
[112,128,129]

ssRNA ↑ in ALD [130,131]
ALD: 25% (w/v)
ethanol diet

Inflammatory cytokine, TLR7
agonist let-7b ↑ [131].

NASH: MCD diet TNF-α and IFN-α ↑ in KC and
DC respectively to stimulate
hepatic inflammation [132].

Fibrosis: CCl4 Pro-inflammatory cytokine and
pro-fibrotic gene ↑ [129].

TLR9
LSEC and KC
[97]

Unmethylated
CpG

↑ in NASH [100,133]. ↑
circulating bacterial
DNA in ALD, liver
fibrosis and cirrhosis
[134–136].

NASH: CDAA diet ↑ IL-1β from KCs to ↑ hepatic
inflammation. No direct
fibrogenic effect [137,138].

ALD: Chronic-binge
ethanol feeding

IL-1β, CXCL1/2/5 ↑ from
hepatocytes and HSC to recruit
neutrophils [102,139].

Fibrosis: BDL Directly activated HSC [140].
Fibrosis: Tak1ΔHep
mice

Directly activated HSC [124].

NOD1 Hepatocyte,
HSC, and KC
[141,142].

LPS, flagellin,
bacterial RNA,
HMGB1, ATP

N/A
Mouse model of BDL/
CCl4-induced fibrosis

Recruited neutrophils to drive
acute hepatic inflammation
(CCl4 model) [143]. CXCL1,
CCL5, inflammation, fibrosis ↑
(BDL/ CCl4 models).

NOD2 N/A N/A
NLRP3 NASH: HFD ↑NLRP3 caused ↑ inflammatory

cytokine [144,145].
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Table 2. Cont.

PRRs Hepatic Cell
Expression

Ligands Human Disease
Involvement

Mouse Model Role in Hepatic Inflammation
and Fibrogenesis

Dectin-1
Hepatocyte and
LSEC [146].

β-glucans N/A ALD: Lieber-DeCarli
diet (4.5% ethanol v/v)

Plasma β-glucan ↑ drove ↑ KC
inflammatory cytokine [147].

Fibrosis: TAA/CCl4 Dectin-1 suppressed expression
of TLR4 and CD14,
inflammatory cytokine ↓ and
activation of HSCs [146].

cGAS-
cGAMP-
STING

Hepatocyte,
KC, HSC, and
LSEC [112]

Cytosolic DNA
and CDNs

STING ↑ in NAFLD
[148]

ALD: Lieber–DeCarli
diet (4.5% ethanol v/v)

STING–IRF3 pathway triggered
hepatic pro-inflammatory
cytokine production [149].

NASH: HFD and
MCD diet

mtDNA activated STING in KC
[150].

Fibrosis: CCl4 STING–IRF3 pathway activated
hepatocyte apoptosis, HSC, and
fibrogenesis [151].

PRR: pattern recognition receptor; TLR: Toll-like receptor; KC: Kupffer cell; HSC: hepatic stellate cell; LPS:
lipopolysaccharide; HMGB1: high mobility group box 1 protein; NASH: non-alcoholic steatohepatitis; NAFLD:
non-alcoholic fatty liver disease; ALD: alcoholic liver disease; TNF-α: tumor necrosis factor; MCD diet:
methionine/choline-deficient diet; LSEC: liver sinusoidal endothelial cell; CDAA: choline-deficient L-amino-defined;
CCl4: carbon tetrachloride; α-SMA: α-smooth muscle actin; MAPK: mitogen-activated protein kinase; NF-Kb:
nuclear factor kappa-light-chain-enhancer of activated B cells; dsRNA: double-stranded RNA; HFD: highffat
diet; DDC: 3,5-diethoxycarbonyl-1,4-dihydrocollidine; NK cell: natural killer cell; COL1A1: collagen type 1 A1;
PBMC: peripheral blood mononuclear cell; ROS: reactive oxygen species; HFHC: high-fat, high-cholesterol; KO:
knockout; TAK1: transforming growth factor beta-activated kinase 1; ssRNA: single-stranded RNA; IFN: interferon;
DC: dendritic cell; NLR: NOD-like receptor; NOD: nucleotide-binding and oligomerization domain; NLRP:
nucleotide-binding oligomerization domain, leucine-rich repeat- and pyrin-domain-containing; ATP: adenosine
triphosphate; CLR: C-type lectin receptors; STING: Stimulator of Interferon Genes; cGAS: cyclic GMP-AMP Synthase;
cGAMP: cyclic GMP-AMP; CDNs: cyclic dinucleotides; IRF3: interferon regulatory transcription factor 3; mtDNA:
mitochondrial DNA. ↑: upregulation of expression; ↓: downregulation of expression.

3.1. Toll-Like Receptors

3.1.1. TLR2

Hepatic upregulation of TLR2 has been observed in patients with NAFLD/NASH [98,100] and
fibrosis due to chronic viral infection [152]. In contrast, ALD patients show significantly lower
expression of hepatic TLR2 compared to healthy controls [101].

In murine models of CLD, TLR2 significantly contributes to hepatic inflammation and fibrosis.
In chronic ethanol-binge-fed mice, TLR2 is crucial for hepatic IL-1β, IL-6, and TNF-α-related liver
injury and inflammation, as well as neutrophil-mediated hepatic injury [102,103]. In addition,
using the choline-deficient L-amino-defined (CDAA)-diet-induced NASH model, TLR2 deficiency
improved hepatic inflammation and injury by reducing Kupffer cell inflammasome activation and
pro-inflammatory cytokine production, suggesting a KC-dependent inflammatory pathway mediated
by TLR2 [96]. In contrast, TLR2 was protective in the NASH methionine/choline-deficient (MCD) diet
model, as demonstrated by an increase in ALT and TNF-α in TLR2 KO mice [104].

In mouse models of fibrosis, TLR2 was reported to have limited contribution to fibrogenesis in bile
duct ligation (BDL) mice [105]. In contrast, TLR2−/− mice treated with CCL4, possessed significantly
impaired HSC activation with reduced collagen deposition, pro-inflammatory cytokine and α-smooth
muscle actin (SMA) expression [107]. In addition, they demonstrated attenuated mitogen-activated
protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
activation compared to wild type (WT) fibrotic mice. A neutrophil-driven mechanism of fibrogenesis
in CCL4-induced fibrosis has also been attributed to TLR2-mediated hepatic chemokine C–C motif
ligand (CXCL)2 production [106]. Lastly, TLR2 knockout (KO) in CDAA-diet-induced NASH mice
significantly dampened HSC activation, collagen deposition, α-SMA expression, and transforming
growth factor (TGF)-β expression, thus, ameliorating NASH-associated fibrogenesis [96].
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3.1.2. TLR3

The protective and anti-inflammatory role of TLR3 has been reported in mice fed with high-fat
diet (HFD) followed by binge drinking to induce liver injury. Stimulating TLR3 using poly I:C resulted
in elevated HSC and KC IL-10 expression, as well as reduced hepatic expression of TNF-α, IL-6, CXCL2
and impaired liver injury [113].

TLR3 signaling is well characterized in murine natural killer (NK) cells, where activation of TLR3
results in a potent anti-fibrotic effect in both 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-diet-
and CCl4-induced murine fibrosis models [153,154]. TLR3 has been shown to work synergistically with
IL-18 to activate the p38/PI3K/Akt pathway, thus stimulating NK cells to kill HSCs via TNF-related
apoptosis-inducing ligand (TRAIL)-mediated degranulation [114]. In contrast, TLR3 is pro-fibrotic in
the CCL4 fibrosis model, where TLR3 KO results in downregulation of IL-6, TNF-α, and pro-fibrotic
markers [115]. Interestingly, the authors concluded that CCL4-treated hepatocyte exosomes stimulated
HSC TLR3 signaling to drive γδ T cell IL-17 production and fibrosis progression [115].

3.1.3. TLR4

TLR4 is the most thoroughly studied PRR in the setting of CLD. Hepatic and serum TLR4 is
significantly upregulated in NASH patients, with elevated levels of circulating LPS in peripheral [100,
116] and portal vein blood [155]. High serum levels of TLR4 have also been proposed as a predictive
non-invasive marker for liver fibrosis development in NASH patients [156]. Although hepatic
expression of TLR4 has not been studied in patients with ALD, peripheral blood mononuclear cells
(PBMCs) from patients with ALD showed sensitized responses towards LPS treatment [117].

The role of TLR4 in murine models of liver inflammation has been well studied. TLR4-dependent
ROS production and TLR4-dependent interferon regulatory factor (IRF)3 activation in the liver
are required to drive hepatic inflammation in mice with alcoholic hepatitis [120]. A similar study
showed that hepatic inflammatory cytokines were significantly downregulated in hepatocyte-selective-
TLR4-deficient mice fed with a liquid diet containing 5% ethanol [119]. The importance of TLR4
in NASH development was further emphasized in a murine NASH model using high-fat, high-
cholesterol (HFHC)-diet fed ApoE KO mice, showing a TLR4-mediated ROS production and triggering
pro-inflammatory cytokine expression in KC [122]. Linking TLR4 to NAFLD pathogenesis, fatty acids
such as palmitate can also trigger ROS production in a TLR4-dependent manner, inducing IL-1β and
TNF-α production from liver macrophages [121].

TLR4-mediated fibrosis has been interrogated in a variety of mouse models. In BDL mice, the
TLR4–MyD88–NF-κB pathway in HSCs has been shown to upregulate pro-inflammatory cytokine
production, α-SMA, TIMP1, and TGF-β expression, and ECM deposition [105,123]. In addition,
TLR4-mediated downregulation of Bambi (a TGFβ pseudoreceptor) was shown to sensitize quiescent
HSCs for subsequent activation [105,123]. Using the transforming growth factor beta-activated kinase
1 (TAK1) KO murine model of fibrosis [124], TLR4 and MyD88 double KO mice also demonstrated
reduced α-SMA, TIMP1, and TGFβ expression and collagen deposition, supporting the involvement
of TLR4–MyD88–NF-κB signaling in hepatic fibrogenesis [124].

3.1.4. TLR5

Peritoneal injection with the TLR5 ligand flagellin has been shown to induce significant
TLR5-mediated liver injury in mice, resulting in IL-6, IL-8, and IL-1β production, coupled with
neutrophil and macrophage infiltration into the liver [126]. In the context of NASH, however,
hepatocyte TLR5 may possess a protective effect. In mice fed with MCD diet to induce NASH, selective
hepatocyte deficiency of TLR5 was shown to exacerbate liver inflammation and fibrosis via elevated
expression of TNF-α, monocyte chemoattractant protein (MCP)1, and IL-1β, as well as Timp1, Mmp9,
Col1, and collagen deposition [125]. These conflicting results may, however, be the result of hepatocyte
versus whole-body knockout of TLR5 and require further study.
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Unlike hepatocyte-specific TLR5 KO, whole-body KO ameliorates inflammation and fibrogenesis
in the CCL4 fibrosis model. TLR5 KO mice demonstrated a significant reduction of inflammatory
mediators TNF-α, IL-6, and IL-1β and fibrogenesis, as indicated by downregulation in α-SMA, TGF-β,
TIMP1, and collagen deposition compared to WT mice [127]. A significant reduction in NF-κB
and MAPK signaling activity was measured in activated HSCs, suggesting a mechanism of hepatic
fibrogenesis mediated by the TLR5-activated NF-κB/MAPK signaling pathway in HSCs [127].

3.1.5. TLR7

The role of TLR7 in NASH/NAFLD, liver fibrosis, or liver cirrhosis has been widely overlooked
in the clinical setting; however, recent studies suggest that ALD-mediated inflammation and fibrosis
is linked to hepatic TLR7 overexpression [130,131]. Moreover, TLR7-mediated IFN production is
stimulated by alcohol in primary human hepatocytes and is correlated with patients with more
advanced fibrosis as well as higher expression of fibrotic markers α-SMA, collagen I, and Timp1 [130].

The role of TLR7 in ALD, NASH/NAFLD, and fibrosis development has been established primarily
in mouse models. A recent study using ethanol (25% w/v) feeding to stimulate alcoholic hepatitis
showed that activation of TLR7 significantly upregulated expression of pro-inflammatory cytokines and
the endogenous TLR-7 agonist let-7b from hepatocytes, hence exacerbating hepatic inflammation [131].
Roh et al. recently showed that TLR7 deficiency significantly reduced the degree of hepatic steatosis
and inflammation in a MCD-diet-induced NASH mouse model, examined by H&E staining, as well
as TNF-α and IFN-α production from KC and hepatic dendritic cells, respectively [132]. In contrast,
TLR7 has been identified as a protective factor in hepatic fibrosis development in both CCL4 and BDL
murine fibrosis models. TLR7 KO mice expressed higher levels of hepatic pro-inflammatory cytokine
and fibrosis marker expression as well as exacerbated collagen deposition [129]. Moreover, dendritic
cell expressed type I IFNs upon TLR7 stimulation, triggered KC IL-1 receptor antagonist expression
and ultimately suppressing IL-1-dependent liver injury and inflammation [129].

3.1.6. TLR9

In humans, hepatic TLR9 expression is upregulated in NASH patients [100,133], while high
serum levels of bacterial DNA (TLR9 ligand) have also been linked with liver cirrhosis and liver
fibrosis [134,135]. Indeed, an increase in circulating bacterial DNA has been measured in patients with
alcoholic and fatty liver disease prior to fibrotic development [136]. In addition, acute binge drinking
has been shown to significantly increase serum bacterial DNA and pro-inflammatory cytokines such as
IL-6, TNF-α, and IL-1β to indirectly contribute to liver fibrosis [135,139,157].

The role of TLR9 in chronic liver inflammation has been well established in animal models.
In mouse models of CDAA-induced NASH, activation of TLR9 can stimulate IL-1β expression in KCs,
mediating steatohepatitis and hepatocyte apoptosis driven by lipid accumulation [137,138]. In addition,
the pro-inflammatory role of TLR9 in NASH has been further confirmed in atherogenic diet-fed NASH
and foz mouse models, demonstrating reduced pro-inflammatory cytokine production and attenuated
hepatic neutrophil infiltration in TLR9−/− mice [133]. Similarly, evidence for TLR9-mediated liver injury
and inflammation in chronic-binge-ethanol-fed mice was shown to be driven by IL-1β expression as
well as TLR9/TLR2-dependent hepatic neutrophil infiltration mediated by CXCL1/2/5 expressed from
hepatocytes and HSC [102,139].

Despite the inflammatory role of TLR9 in human NASH, TLR9 KO failed to improve hepatic
fibrosis in murine NASH models [133]. TLR9 does, however, seem to influence fibrosis development
in other models of fibrosis including murine BDL, where TLR9−/− mice demonstrated significantly
alleviated fibrogenesis and HSC activation compared to WT mice [140]. Similar results were found
using the spontaneous fibrosis Tak1ΔHep mouse model, also demonstrating a reduction in liver
inflammation and fibrosis in TLR9 KO mice [124]. Moreover, stimulation of TLR9 using CpG DNA
directly activated the fibrogenic phenotype in primary mouse HSCs and the immortalized human HSC
LX-2 cell line [158].
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3.2. NOD-Like Receptors

The influence of NLRs on liver inflammation and fibrosis was thoroughly reviewed recently by Xu
et al. [145]. NOD1, NOD2, and nucleotide-binding oligomerization domain, leucine-rich repeat- and
pyrin-domain-containing (NLRP)3 are the main NLRs driving hepatic inflammation, liver injury, and
liver fibrogenesis. NOD1-mediated neutrophil recruitment has been described following acute liver
injury and inflammation in a CCL4-treated murine model [159]. In addition, activation of NOD-2 by
muramyl dipeptide, a bacterial peptidoglycan motif, can induce NF-kB-dependent hepatic expression
of pro-inflammatory cytokines to indirectly orchestrate liver inflammation and fibrosis [145,160].
Furthermore, it has been demonstrated that NLRP3–inflammasome pathway is activated in murine
NASH to induce hepatic TNF-a, IL-6, and IL-8 production [144,145].

Hepatocyte stimulation of NOD1 via its ligands can activate the NF-kB and MAPK pathway
to induce CXCL1 and CCL5 production, promoting wound healing and fibrogenesis [161].
NLRP3–inflammasome has been demonstrated to be a direct contributor in hepatic fibrogenesis.
Activation of NLRP3 undoubtedly triggers direct activation of HSC to enhance matrix deposition,
TGF-β expression, and fibrosis progression [142].

3.3. Anti-Fungal PRRs and Liver Fibrosis

The role of the CLR dectin-1 in liver inflammation and fibrosis development has been thoroughly
studied. Ethanol-containing-diet-fed mice were found to have elevated serum β-glucan level and
hepatic injury, which was significantly reduced upon treatment with anti-fungal agent [147]. More
importantly, plasma β-glucans enhanced IL-1β expression in KC to drive hepatic inflammation that
was absent in dectin-1 deficient mice [147]. A further study showed that hepatic expression of dectin-1
was upregulated in a thioacetamide (TAA)/CCL4 fibrosis mouse model, and that dectin-1 negatively
regulated the expression of TLR4 and its co-receptor CD14 to mitigate fibrosis development and
hepatic inflammation [146]. Knocking out dectin-1 exacerbated liver fibrosis and inflammation, as
demonstrated by increased expression of TNF-α, IL-6, and MCP-1, neutrophil and macrophage influx,
and fibrosis progression [146].

3.4. STING

In view of its recent discovery, there have been a limited number of human studies exploring
the role of STING in CLD. Luo et al. reported an overexpression of STING in the non-parenchymal
cells within the liver tissue of NAFLD patients, albeit with no examination of their relationship to
disease activity [148]. By utilizing the alcohol-fed mouse ALD model, Petrasek et al. demonstrated
that activation of the STING–IRF3 pathway stimulates pro-inflammatory cytokine production in the
liver [149]. In the same study, alcohol-induced liver injury was also shown to trigger the STING–IRF3
pathway by endoplasmic reticulum (ER) stress, promoting the mitochondrial apoptotic pathway in
hepatocytes [149]. Knocking out STING in HFD-induced NAFLD and MCD-induced NASH murine
models attenuated hepatic activation of IRF3 and NF-κB pathways, and significantly downregulated
expression of pro-inflammatory cytokines to alleviate NAFLD/NASH severity [148]. Similar findings
were reported by Yu et al. using HFD- and MCD-diet-induced NASH mice; hepatocytes releasing
mitochondrial DNA during NASH development led to the activation of STING–IRF3 pathway on KC
to trigger pro-inflammatory cytokine production and hepatic inflammation in NASH [150].

Taken together, the above studies suggest that STING plays an important role in both
hepatic inflammation and hepatic fibrosis in NASH [148,150]. Similar findings were elucidated
in a CCL4-induced liver fibrosis murine model by Iracheta-Vellve et al. Hepatocytes were
shown to undergo significant ER stress resulting in STING–IRF3 activation and induction of the
mitochondria-dependent apoptosis pathway. Hepatocyte cell death was shown to activate HSC
expression of α-SMA and COL1A2, collagen deposition, and fibrosis progression [151].
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4. Therapies to Prevent Microbe-Driven Liver Inflammation and Fibrosis

The primary interventions for alcoholic and fatty liver disease have focused on lifestyle
modifications: abstaining from alcohol and improving patient diet and exercise regimens. In more
severe cases of obesity, surgical interventions (e.g., bariatric surgery) are required in combination with
significant lifestyle adjustments. Unfortunately, even in the case of surgical interventions, patient
compliance towards dietary and alcohol restrictions is often lacking, rendering the development of
novel therapeutics a top priority.

In cirrhotic patients, dietary interventions and abstinence from alcohol drastically improve
survival [162]. These patients also generally require treatment of portal hypertension, which is the
contributing factor to intestinal permeability. Unfortunately, however, in decompensated cirrhosis,
treatment of portal hypertension using beta-blockers and anti-hypertensives can dangerously reduce
mean arterial pressure [163]. In addition, there is an increased risk of susceptibility to infections
due to poor phagocytic capacity in the liver and increased likelihood of ascites: the accumulation of
fluid in the peritoneal cavity [3]. These aspects further underline the vital need for novel therapies
to prevent the progression of fibrosis, particularly in end-stage liver disease where there is currently
a lack of effective treatment. Limiting the exacerbation of inflammation and fibrosis by microbial
translocation into the liver is therefore an avenue that must be explored. We aimed to summarize
current and potential therapies directed at (1) reducing microbial translocation, and (2) limiting the
harmful response to microbial antigens in the liver.

4.1. Therapies to Reduce Intestinal Permeability

Studies examining intestinal permeability in ALD [24,53,54], NAFLD/NASH [67,70,164], and
fibrotic liver disease/cirrhosis [86,87,165] have focused primarily on the reduction in TJ proteins such
as ZO-1 and Claudin-1 [70,87,94], though the mechanisms by which this loss occurs remains largely
unknown. Loss of intestinal mucus or mucosal IgA production [166] can also significantly increase
intestinal permeability; however, these mechanisms have been largely overlooked in CLD.

Expansion of pathogenic bacterial species both within the colon and into the SIBO have been
documented in CLD [70,167], motivating the examination of antibiotics and prebiotics as potential
therapies. Antibiotic studies commonly use a broad spectrum and poorly absorbed antibiotics such
as neomycin or rifaximin to achieve a gut-targeted intestinal decontamination. In rodent models of
obesity [168], long-term ethanol exposure [169], NASH [170], and fibrosis [105], antibiotic treatment
has been shown to reduce intestinal permeability and subsequent liver injury. In humans, a number of
clinical trials are underway to assess the efficacy of antibiotics for the treatment of AH, NASH, and
cirrhosis (reviewed in [171]). Early data suggests that short-term rifaximin treatment can reduce serum
endotoxin and liver inflammation in NAFLD/NASH patients [172], whereas rifamixin prophylaxis over
24 weeks can significantly reduce hospitalization and mortality among cirrhotic patients [173]. These
data support previous findings that rifaximin can reduce the risk of complications associated with
cirrhosis, including hepatic encephalopathy, variceal bleeding, and SBP [174]. Importantly, antibiotics
such as levofloxacin and metronidazole, but not rifaximin, can significantly increase gut proteases, thus
contributing to intestinal permeability in both humans [175] and rats [176]. An antibiotic-mediated
reduction in anti-proteolytic bacterial richness and abundance in the colon is thought to contribute to
gut permeability.

Significant microbial perturbations caused by broad spectrum antibiotics have stimulated
interest in probiotics (beneficial microbes) and prebiotics (beneficial microbial substrates) for the
improvement of intestinal health. In mouse models of ethanol-induced liver injury, probiotic
Lactobacillus rhamnosus strains have been shown to reduce serum endotoxin, hepatic oxidative
stress, and inflammatory TNFα production [177,178]. While intestinal permeability was not
assessed in these studies, Wang et al. demonstrated that Lactobacillus probiotics could prevent the
alcohol-induced loss of intestinal ZO-1, Caludin-1, and Occludin-1, keeping the intestinal epithelium
intact [179]. In rats, a similar reduction in ZO-1, intestinal permeability, steatosis, and fibrosis was
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observed in the choline-deficient/L-amino-acid-defined NASH diet, and was significantly attenuated
by probiotic treatment with Clostridium butyricum MIYAIRI 588 strain. Interestingly, in mouse
models of CCL4-induced fibrosis, different probiotics achieve improved intestinal permeability
via unique mechanisms: Bifidobacterium probiotics have been shown to increase intestinal TJ
expression [180] whereas Lactobacillus-paracasei-fermented milk reduces intestinal permeability by
increasing antimicrobial β-defensin expression [181].

The study of prebiotics allows researchers to understand the relationship between a substrate,
microbial metabolism, gut health, and permeability. The majority of prebiotics used today are
indigestible carbohydrate polymers (fibers) that become fermented by gut bacteria to produce, among
other things, short chain fatty acids (SCFAs) consisting of acetate, propionate, and butyrate [182].
SCFAs are significant homeostatic and anti-inflammatory signaling molecules in the gut (reviewed
in Reference [183]), but can also significantly alter intestinal permeability. In vitro, butyrate has been
shown to increase ZO-1 expression in Caco-2 cells [184], and stimulate mucous secretion in E12 human
colon cells [185]. In vivo, rats supplemented with oats rich in fermentable β-glucans were significantly
more resistant to alcohol-induced oxidative stress and intestinal permeability [186]. In humans,
increased fiber intake has also been associated with improved permeability (reduced circulating ZO-1)
and reduced ALT/AST in NALFD patients [187]. These data are supported by two recent meta-analyses
finding that both prebiotics and probiotics reduce liver enzymes ALT, AST, and GGT in NAFLD
patients [188], with probiotics also reducing serum ammonia and hepatic encephalopathy in cirrhotic
patients [189].

4.2. Therapies to Dampen the Hepatic Immune Response

Direct inhibition of PRRs for the treatment of chronic liver disease has not been a research
priority due to their peripheral contribution to disease pathogenesis. It is, however, now becoming
evident that PRR activation from both microbial and self-ligands can significantly contribute to liver
inflammation and fibrogenesis. TLR-agonistic therapies are currently being actively pursued for cancer
therapies/adjuvants (reviewed in Reference [190]). TLR inhibitors, on the other hand, have been studied
to a lesser degree in a handful of studies assessing their efficacy in inflammatory and autoimmune
disease. Even fewer therapies are being assessed in the context of chronic liver disease, with TLR2/4/9,
NLRP3, and STING pathway inhibition garnering some interest from pharmaceutical companies [190].

The humanized TLR2 mAb OPN-305 can achieve significant blockade of TLR2 inflammatory
signaling in response to bacterial stimuli in healthy subjects [191], and improved overall response
rate in patients with myelodysplastic syndromes that had previously failed hypomethylating agent
therapy [192]. While TLR2 blockade has not been assessed in human CLD, the pleiotropic nature of
TLR2 suggests that it may benefit inflammatory and fibrotic progression.

Small molecule inhibitors of TLR4, i.e., NI-0101 [193] and Ibudilast [194], are being assessed in
extrahepatic disease, and JKB-121, a weak TLR4 antagonist, is currently being assessed in NASH [195]:
preliminary results do not support a significant therapeutic benefit of JKB-121, though the study was
confounded by a notable improvement in liver inflammation within the placebo group.

TLR9 blockade represents perhaps the most exciting TLR-targeting therapy. The TLR9 inhibitor
hydroxychloroquine is currently used as treatment for autoimmune diseases such as rheumatoid
arthritis and lupus, allowing potential repurposing for CLD. Furthermore, the novel TLR9 antagonist
COV08-0064 has shown promise in animal models of sterile liver inflammation, particularly in the
context of fatty liver where it limits inflammasome activation [196,197]. While TLR9 inhibition has yet
to be assessed in human CLD, its diversity of microbial ligands, including bacterial, fungal, and phage
DNA, will surely make it a candidate for future trials.

Research targeting the NLRP3–inflammasome pathway is undergoing rapid expansion alongside
the number of inflammasome-associated diseases. While the NLRP3 inhibitor CP-456,773 was removed
from phase II trials for rheumatoid arthritis due to supposed liver toxicity, other inhibitors are in
different stages of development for the treatment of gout and Parkinson’s disease, among others [198].
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In 2018, Genentec acquired San Diego-based Jecure Therapeutics and their portfolio of preclinical
NLRP3 inhibitors as a treatment for NASH and hepatic fibrosis [199].

Lastly, the intracellular DNA sensor STING has become a popular target due to its association
with autoimmune disease. STING inhibitors have been recently developed [200], and are being actively
generated by a number of pharmaceutical companies with the aim of targeting STING-related genetic
disease. This compound would have the potential to move towards therapies for CLDs such as NASH
and fibrosis in the future [201].

5. Conclusions and Future Perspectives

In summary, this review has highlighted the strong connection between the liver and gut in the
context of liver disease. Indeed, CLD does not occur in isolation, but is accompanied by disturbances
of the complex balance of gastrointestinal microbiota, architecture, and immunity. Similarly, gut
microbiota can play a significant role in liver health by altering host metabolism and immunity. While
such associations are strong, it is much less certain whether the distinct disease states in CLD and fibrosis
stimulate changes in microbiota, or if gut microbiota exacerbate inflammatory and fibrotic progression.

Host, microbiomic, and lifestyle factors that influence intestinal permeability are beginning to
be understood, but there is still much to be learned. Specifically, there is poor understanding of
the exact mechanisms by which intestinal permeability is altered and the physiological reasons for
it. TJ expression and localization are often examined in isolation, while overlooking the numerous
additional barriers that prevent microbial translocation in the gut. Antimicrobial peptides, IgA, and
mucus abundance and localization are rarely examined in this context, and a better understanding of
their regulation in health and disease is warranted.

Lastly, along with public health initiatives aimed at reducing the causative lifestyle factors of
fibrosis, i.e., alcohol and obesity, we must focus research on the development of novel PRR-antagonizing
therapies. Murine studies have highlighted the contribution of individual PRRs to the development
and progression of liver inflammation and fibrosis (as summarized in Figure 2); however, it remains
unclear how multiple sensors collectively drive disease and may potentiate each signal. Human
trials are pending to examine microbial sensors such as TLR9 and STING as well as inflammasome
components to determine their contribution, whether alone or in concert, to fibrosis progression.

Figure 2. Gastrointestinal microbes and their contribution to liver inflammation and fibrosis. (A) In
chronic liver disease, gut microbes and PAMPs can cross the intestinal barrier due to an increase in
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intestinal permeability, resulting in their transport into the liver through the hepatic portal vein. (B1)
Gut-derived antigens are recognized by, and activate HSCs, KCs, and hepatocytes, resulting in the
secretion of pro-inflammatory cytokines and chemokines. (B2) Pro-inflammatory cytokines produced
from KCs and hepatocytes further activate HSCs to further exacerbate fibrogenesis. (B3) In addition,
activation of STING– and NLRP3–inflammasome pathways in hepatocytes can trigger apoptosis and
release of DAMPs to further activate HSCs. (B4) Chemokines produced by activated KCs, HSCs, and
hepatocytes recruit immune cells such as neutrophils, NK cells, and monocytes to further exacerbate
liver inflammation and injury. PAMP: pathogen associated molecular pattern; KC: Kupffer cell; HSC:
hepatic stellate cell; NK cell: natural killer cell; PRR: pattern recognition receptor; TLR: Toll-like receptor;
NOD: nucleotide-binding oligomerization domain-containing protein 1; NLRP3: nucleotide-binding
oligomerization domain, leucine-rich repeat- and pyrin-domain-containing 3; STING: stimulator of
interferon genes; DAMP: damage associate molecular pattern.
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Abstract: Hepatic fibrosis is the consequence of an unresolved wound healing process in response
to chronic liver injury and involves multiple cell types and molecular mechanisms. The hepatic
endocannabinoid and apelin systems are two signalling pathways with a substantial role in the
liver fibrosis pathophysiology—both are upregulated in patients with advanced liver disease.
Endogenous cannabinoids are lipid-signalling molecules derived from arachidonic acid involved
in the pathogenesis of cardiovascular dysfunction, portal hypertension, liver fibrosis, and other
processes associated with hepatic disease through their interactions with the CB1 and CB2 receptors.
Apelin is a peptide that participates in cardiovascular and renal functions, inflammation, angiogenesis,
and hepatic fibrosis through its interaction with the APJ receptor. The endocannabinoid and apelin
systems are two of the multiple cell-signalling pathways involved in the transformation of quiescent
hepatic stellate cells into myofibroblast like cells, the main matrix-producing cells in liver fibrosis.
The mechanisms underlying the control of hepatic stellate cell activity are coincident despite the
marked dissimilarities between the endocannabinoid and apelin signalling pathways. This review
discusses the current understanding of the molecular and cellular mechanisms by which the hepatic
endocannabinoid and apelin systems play a significant role in the pathophysiology of liver fibrosis.

Keywords: endocannabinoids; apelin; liver fibrosis; CB1; CB2; APJ

1. Introduction

Hepatic fibrosis is the excessive accumulation of connective tissue proteins, particularly collagens,
in the liver extracellular matrix [1]. This process is the result of chronic liver injury that may be of
different aetiologies: viruses, ethanol, toxins, drugs, or cholestasis [1]. Non-alcoholic fatty liver disease
(NAFLD) is the most common cause of chronic liver disease worldwide with a prevalence of 20 to
40% in the general population and up to 95% in subjects with obesity and diabetes [2]. NAFLD is
characterized by an abnormal accumulation of fatty acids into hepatocytes and includes a wide
spectrum of liver diseases, ranging from mild to severe steatosis and non-alcoholic steatohepatitis
(NASH) [3]. Both NAFLD and NASH have the potential to evolve into liver fibrosis and cirrhosis.
Liver fibrosis involves multiple cell types and molecular mechanisms and processes. Hepatocellular
injury unleashes a complex inflammatory response and the release of a plethora of cytokines and
growth factors that, on one hand, trigger transformation of quiescent hepatic stellate cells (HSC)
into myofibroblast-like cells and, on the other hand, stimulate inflammation and angiogenesis [4].
Chronic inflammation and the long-term injury and regeneration processes perpetuate liver fibrosis
and eventually results in distortion of lobular architecture, nodular formation, and cirrhosis [5].
Documented reversibility of advanced liver fibrosis in patients [6–8] has encouraged research on
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anti-fibrotic drugs and novel therapeutic strategies [9–15], which are effective in experimental models
of liver fibrosis, but their utility in humans is still unknown. Most strategies aimed at interfering with
liver fibrosis focus on the inhibition of HSC activation, the modulation of inflammatory response, or the
reduction of hepatocyte damage by targeting and modulating multiple cell signalling pathways [4].
Two of these signalling pathways, which have significant impact on the pathophysiology of liver
fibrosis, are the endocannabinoid and apelin systems. Patients with advanced liver disease show
high circulating levels of both endocannabinoids and apelin, and their respective signalling pathways
appear to be upregulated in advanced liver disease [16–18].

This review focuses on recent advances in elucidating the roles of the endocannabinoid and
apelin systems in liver fibrosis and their potential clinical relevance. We emphasize recent findings
regarding the cellular and molecular mechanisms by which these endogenous systems are involved in
liver fibrosis.

2. Overview of the Endogenous Cannabinoid System

Since its discovery in the 80s, the cannabinoid system has been extensively studied and described
as being a relevant modulator of numerous physiological and pathological functions. This system
comprises endogenous cannabinoids (endocannabinoids, EC), their receptors (CB), and the enzymes
responsible for their synthesis and degradation. EC have a multifaceted role: in physiological
conditions as psychoactive, analgesic, antiemetic, anti-inflammatory, vasorelaxant, orexigenic [19–22]
and in a myriad of pathological states such as neurodegenerative disorders [23–25], myocardial
infarction [25], liver fibrosis [26], and cancer [27,28]. Therefore, pharmacologic intervention of the EC
system is a promising strategy for the management of many diseases. In fact, a substantial number of
pharmacological agents that interfere with this system has been developed to date. Herein, we describe
the most recent findings on the EC system, focusing on the pathogenesis of liver disease.

2.1. Endocannabinoids

EC are a class of arachidonic acid (AA) derivatives that interact with CB and were originally
described as targets of Δ9-Tetrahydrocannabinol (THC), the main psychoactive constituent of
Cannabis sativa [29]. EC share a common backbone structure resulting from their synthesis from
membrane phospholipid precursors that contain AA and are conjugated either with ethanolamine
or glycerol [22,26,30]. They are synthetized on demand, often in response to increased intracellular
calcium concentrations [31]. EC amount is tightly regulated by changes in its catabolism rather by
their synthesis. Figure 1 depicts the chemical structure of the main EC. Other less-characterized
CB-interacting peptides and a series of AA derivatives that generate endocannabinoid-like effects such
as N-palmitoylethanolamine (PEA) and Oleoylethanolamine (OEA) have also been described [32].
Most investigations focus on the first discovered and best studied EC: N-arachidonoylethanolamine
(anandamide, AEA) and 2-arachidonoylglycerol (2-AG) [33,34].
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Figure 1. Chemical structures of endogenous cannabinoids: N-arachidonoylethanolamine (AEA,
anandamide), 2-arachidonoylglycerol (2-AG), O-arachidonoyl-ethanolamine (O-AEA, virodhamine),
N-arachidonoyl dopamine (NADA), and 2-arachidonyl-glyceryl ether (2-AGE, noladin ether).

AEA is a N-(polyunsaturated fatty acyl) generated from N-arachidonoyl
phosphatidylethanolamine (NAPE) through multiple different pathways: cleavage by phospholipase D
(PLD), sequential deacylation of NAPE by α,β-hydrolase followed by the cleavage of glycerophosphate,
and phospholipase C-mediated hydrolysis of NAPE, which is then dephosphorylated by
phosphatases [35]. It is a partial agonist of CB1 and CB2, presenting a lower intrinsic activity
for the latter [29]. Fatty acid amino hydrolase (FAAH) is the main enzyme responsible for AEA
degradation. However, it can also be catabolized via oxidation by cyclooxygenase-2 (COX-2) and
by N-acylethanolamine-hydrolysing acid amidase (NAAA) [31]. 2-AG is an ester formed from
AA-containing phospholipids and glycerol [31] via three major pathways: sequential activation of
a phospholipase Cβ and a diacylglycerol lipase, sequential action of phospholipase A1 and a lyso
phospholipase C, and by dephosphorylation of arachidonoyl- lysophosphatidic acid [36–38]. 2-AG is a
full agonist of both CB receptors with moderate-to-low affinity [32]. Monoacylglycerol lipase (MAGL)
is its principal degradation enzyme. 2-AG is also degraded by alpha/beta domain hydrolases 6
and 12 (ABHD6 and 12), oxidized by COX-2 and hydrolysed under some conditions by FAAH [31].
Although AEA and 2-AG are involved in similar processes such as the control of redox homeostasis
and display anti-inflammatory effects, both agents are implicated in a myriad of different activities.
For instance, AEA participates in cell cycle regulation and apoptosis, whereas 2-AG is important in
synaptic signalling.

2.2. EC Canonical Receptors

EC mediate their cellular effects through two canonical CB: CB1 and CB2, numbered in the order
of their discovery [20]. Both CB are seven transmembrane class A metabotropic G-protein-coupled
receptors (GPCRs) but differ in amino acid sequence (48% homology in humans), tissue distribution,
and signalling mechanisms [39]. Some EC actions may be mediated by other non-CB receptors
including: G protein-coupled receptors (GPR3, GPR6, GPR12, GPR18, GPR55, and GPR119), transient
receptor potential channels (TRPV1, TRPV2, TRPA1, TRPM8), ligand-gated ion channels, and nuclear
receptors (for example, the peroxisome proliferator-activated receptor) [24,26,30,32,35,39–41]. Indeed,
non-receptor targets such as cholesterol and cyclooxygenase-2 (COX-2) have been identified as
interacting with them as well [40–43].

The CNR1 gene encodes a 472 amino-acid protein corresponding to CB1 in humans [32].
One canonical and two additional isoforms result from alternative splicing [44,45]. CB1 is the most
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abundant EC receptor and is exclusively responsible of the psychoactive effects of cannabinoids [22].
Its highest expression is found in the nervous system [31,39]. CB1 is also found to a lesser extent in
vessels and peripheral tissues: skeletal muscle, spleen, tonsils, adrenal gland, bone marrow, liver, heart,
lung, prostate, kidney, pancreatic islet, testis, and female reproductive tissues [32,39]. Mice deficient
in CB1 have reduced progeny [46–48], show hypoactivity, hypoalgesia, enhanced spatial working
memory, impaired contextual fear memory [48,49], and decreased insulin and leptin plasma levels [50].

CB2, encoded by the CNR2 gene, is composed of 360 amino acids in humans [32]. Two isoforms
have been identified. CB2 is primarily expressed in the immune system: B cells, natural killer cells,
spleen, bone marrow, tonsils, and pancreatic mast cells [51,52]. Functionally relevant expression has
also been found in brain, myocardium, gut, endothelium, vascular smooth muscle and Kupffer cells,
pancreas, bone, and reproductive organs [53]. CB2 knock-out mice display increased neuropathic
pain, impaired formation of numerous immune cell populations such as splenic memory CD4+,
and exacerbated inflammation as a result of enhanced monocyte and neutrophil recruitment [54–56].

CB can exist in dimers and complexes of higher magnitude [57], but the physiological relevance of
dimerization has not yet been fully established. However, the expression of some heterodimers has been
associated with different pathologies, for instance, cancer [58]. This suggests that EC can interact with
multiple endogenous systems adding a higher level of complexity to the understanding of EC molecular
mechanisms. Nevertheless, more data are needed to identify their specific biological functions.

2.3. Cell Signalling Pathways Activated by CB1 and CB2

Both CB are GPCRs that couple similar transduction systems of heterotrimeric G proteins [59].
Intracellular signalling is complex because it includes both G protein dependent and independent
pathways, as well as ceramide signalling [53]. Figure 2 illustrates the main molecular pathways.
Activation of CB decreases the intracellular accumulation of cyclic adenosine monophosphate (cAMP).
This results in the inhibition of the adenylyl cyclase activity and a reduction in intracellular Ca2+, which
eventually leads to the inhibition of protein kinase A and the dephosphorylation of K+ channel type
A [60,61], a critical process that modulates the responses to ionotropic neurotransmitters in neurons.
Moreover, CB1 negatively binds certain Ca2+ voltage dependent channels, induces G-protein-coupled
modulating K+ channels (GIRK), and subsequently inhibits neurotransmitter release independently of
cAMP [55]. CB also activate mitogen-activated protein kinase (MAPK) pathways, including extracellular
signal-regulated kinase 1 or 2 (ERK1/2), p38, and c-Jun N-terminal kinase (JNK), which are important for
orchestrating cellular functions such as cell growth, cellular transformation, and apoptosis [56]. It has
been proposed that two signal transduction pathways activate MAPK in response to CB activation:
one involves the activation of phosphatidylinositide-3-kinase (PI3K), and the second, sphingomyelin,
hydrolysis and release of ceramide [57]. PI3K has also been reported to induce AKT-mediated cell
survival by inhibiting apoptosis [56]. De novo ceramide synthesis promoted by CB is known to directly
trigger apoptosis in a G protein-independent manner [62]. CB is also associated with β-arrestin, a key
mediator of GPCR desensitization [32]. β-arrestin binds to the phosphorylated receptor and initiates
its internalization process, during which it can mediate different signalling pathways [32].
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Figure 2. Molecular and cell signalling pathways of cannabinoid receptors.

3. The Endocannabinoid System (ECS) in Health and Disease

The ECS is widely distributed in the body and is involved in a wide array of physiological
functions including pain, sleep, arousal, body temperature, feeding, and emotional regulation [63].
Disequilibrium of the ECS results in a myriad of pathological states. In the nervous system,
CB1 activation is anti-emetic, enhances eating, causes changes in short-term and working memory,
inhibits the release of neurotransmitters involved in anxiety and depression, attenuates nociception,
and is protective against excitotoxicity [64–66]. In neurodegenerative diseases and psychiatric disorders,
such as Alzheimer’s disease and schizophrenia, CB1 expression is reduced, whereas CB2 is induced in
an attempt to halt inflammatory response [67,68]. Indeed, upon injury or inflammation, CB2 is highly
induced to dampen inflammatory response [51]. CB2 activation decreases the production of reactive
oxygen species (ROS) and the release of inflammatory mediators such as tumour necrosis factor α
(TNF-α), and nitric oxide (NO) [68]. It activates immune cell apoptosis and suppresses immune cell
activation, proliferation, and migration [69]. In the central nervous system, treatment with CB1 inverse
agonists reduces the behavioural effects associated with drugs of abuse [63] and produces appetite
suppression decreasing food intake, partially due to drug-induced food aversions such as nausea or
vomiting [70]. In contrast, CB2 agonists block defecation, increase urination frequency, and produce
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analgesia [71]. Inhibition of EC catabolic enzymes such as FAAH seems also a good strategy to increase
EC concentration and treat diseases such as anxiety, sleep disorders, and neuropathic pain [72].

In physiological conditions, the modulation of the ECS has a minor impact on the regulation of the
cardiovascular system even though the ECS is widely distributed in the heart and blood vessels [17].
In contrast, ECS dysregulation results in disorders such as hypertension, myocardial infarction (MI),
and chronic heart failure [62]. The activation of CB2 is cardioprotective, reducing cardiac fibrosis and
infarcted areas during ischemia-reperfusion (I/R) and, at the same time, increasing the activation of
cardiac progenitor cells and cardiomyocyte proliferation [73,74].

The ECS also plays a crucial role in lipid and glucose metabolism [63], displays orexigenic
effects, and modulates peripheral energy metabolism [20]. In obese mice, stearoyl-CoA desaturase-1
generates monounsaturated fatty acids, which inhibit FAAH, resulting in increased AEA hepatic levels
promoting excessive energy storage and insulin resistance [26]. In liver, CB1 stimulation increases de
novo lipogenesis [20]. It has been suggested that CB1 has a key role in the development of diet-induced
obesity and fatty liver disease [20]. Treatment with a CB1 inverse agonist SR141716 (rimonabant)
improves glycaemic control, insulin resistance, and dyslipidemia [75]. However, it has no clinical
use due to the significant psychiatric side effects: anxiety, depression, and suicidal ideation [63].
CB2 inverse agonists have also been proposed to modulate the metabolic syndrome, in particular
triglycerides, insulin, adipose tissue, and arterial pressure [76].

The ECS also plays important roles in the gastrointestinal tract [77] and in oncology, not only as
palliative but also as anti-emetic and anti-tumoural agents (due to their effect in controlling cellular
proliferation, angiogenesis, and metastasis in experimental models of cancer [21,41,78]). However,
there is controversy regarding their role as oncogenes or tumour suppressors [79,80].

4. Involvement of the ECS in the Pathogenesis of Liver Fibrosis

The role of ECS in fibrosis is complex and not yet completely understood since EC may mediate
their effects in a CB receptor-dependent and independent manner. In early stages of liver disease,
AEA and 2-AG levels are increased in rodents [81]. Furthermore, their serum and hepatic levels together
with PEA and OEA are augmented in cirrhotic (CH) patients [82,83]. EC display a wide array of
activities including anti-inflammatory, pro-apoptotic, and anti-proliferative [84]. Healthy hepatocytes
have the highest level of expression and activity of FAAH in the body to tightly regulate AEA, PEA,
and OEA levels in order to shield against cell death independently of CB receptors [85]. FAAH is
decreased in murine models of BDL and CCl4, which promotes EC accumulation and, consequently,
increased ROS and hepatocellular injury [86]. Activated HSC do not produce FAAH, and therefore,
they are sensitive to EC-mediated apoptosis, a phenomenon which could be used as a promising
therapeutic approach to attenuate the fibrogenic response [87]. Among all EC, 2-AG is known to be
mainly metabolized by COX-2 to pro-apoptotic prostaglandin glycerol esters, which selectively induce
HSC apoptosis [85,88]. OEA also ameliorates hepatic fibrosis by directly inhibiting tumour growth
factor beta 1 (TGFβ1), signalling through the suppression of SMAD2/3 phosphorylation, a phenomenon
inhibited in peroxisome proliferator-activated receptor alpha (PPAR-α) knock-out mice [89].

During acute and chronic liver injury, the expression of CB1 and CB2 is also augmented [90,91].
CB1 is strongly induced in hepatocytes, HSC, endothelial, inflammatory, and ductular proliferating
cells, whereas CB2 is mainly induced in inflammatory cells and HSC [92]. A large number of studies
have addressed the role of CB in liver pathogenesis elucidating that both exhibit opposite effects.
CB1 activation promotes hepatic steatosis, inflammation, and fibrosis in non- and alcoholic fatty
liver diseases [93,94]. CB1 stimulation also contributes to the progression of cirrhosis by triggering
fibrogenesis. In contrast, genetic and pharmacological inactivation of CB1 with rimonabant enhances
HSC apoptosis and decreases the proliferative response to platelet-derived growth factor (PDGF),
reducing TGFβ1 levels and liver fibrosis [92]. Systemic administration of rimonabant also results
in increased arterial pressure and peripheral resistance and a reduced mesenteric blood flow and
portal pressure in CCl4-exposed rats, an effect not seen in healthy animals [95,96]. In line with these
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results, rimonabant reduces the incidence and accumulation of ascites and also improves sodium
balance, delaying decompensation in CH rats [97]. Rimonabant has also been shown to reduce
the matrix methaloproteinase (MMP) abundance and activity, the expression of the pro-fibrogenic
factors endothelin 1 (ET-1) and TGF-β, and the synthesis of the pro-inflammatory factors TNF-α
and monocyte chemoattractant protein-1 (MCP-1) in CCl4-treated cirrhotic rats [98]. In addition,
CB1 antagonism with rimonabant protects against lipopolysaccharide (LPS)-enhanced liver injury
by interfering with inflammatory response [99]. Circulating LPS, which is common in CH patients,
has been reported to increase de novo AEA and 2-AG production in monocytes and platelets and
activates CB1, suggesting a key role of LPS in triggering the EC synthesis in the fibrotic liver [100].
These EC are also highly synthesized in adventitial cells and detected at a lower concentration in
endothelial cells from CH mesenteric vessels, although they can also be found at lesser amounts in
healthy vessels [101]. Monocytes isolated from CH patients and then injected to control rats promote
CB1-mediated hypotension [90]. CB1 is also involved in other complications associated with liver
cirrhosis, including cardiomyopathy and encephalopathy [102], and at the same time, in the process of
liver regeneration [103].

CB2 exerts anti-fibrogenic and anti-inflammatory effects [104] and protects against liver I/R
injury [105]. CB2 knock-out mice exhibit enhanced fibrosis, inflammation, and steatosis compared to
wild type animals [19]. These mice are more susceptible to hepatic insult, enhancing MMP-2 activity
as a consequence of IL-6 down-regulation [92]. Activation of CB2 by the selective agonist JWH-133
reduces inflammation and fibrosis and increases arterial pressure and non-parenchymal cell apoptosis
in CH rats [106]. JWH-133 administration in CCl4-treated mice reduces liver injury and accelerates
the regenerative response [92]. JWH-133 also reduces liver fibrosis and inflammation by decreasing
IL-17 production via STAT5-dependent signalling in BDL rats [107]. In agreement with these findings,
long-term administration of the CB2 agonist AM-1241 significantly inhibits PDGF signalling, reduces
HSC activation and hepatic fibrosis, and improves hemodynamic function in fibrotic rats [104].

Increased levels of endogenous AEA have also been found in the heart of cirrhotic rats, where
it contributes to the reduced cardiac contractile function that leads to cirrhotic cardiomyopathy [90].
In the brain of mice, 2-AG has also been found to be elevated with thioacetamide-induced hepatic
encephalopathy. Indeed, the administration of a CB2 selective agonist improves the cognitive function
in these mice [108]. These findings point to ECS as a potential target for the treatment of hepatic
encephalopathy secondary to decompensated cirrhosis.

All the investigations and evidence so far suggest that the ECS may be a crucial regulator in
different liver diseases. Both CB1 blockade and CB2 receptor stimulation have been successful in
preventing fibrosis progression in experimental animal models. Figure 3 illustrates the potential
roles of CB1 antagonists and CB2 agonists in the intervention algorithm for the treatment of liver
steatosis, fibrosis, cirrhosis, and its complications. CB1 antagonists additionally ameliorate systemic
haemodynamics. However, since CB1 is highly expressed in the central nervous system, treatment with
antagonists is often associated with undesirable central effects. Therefore, to date, treatment with CB2

agonists seems to be a more feasible approach to treat liver fibrosis and cirrhosis and its complications.
Further studies are required to elucidate the precise mechanism by which EC participate in the

pathophysiology of liver disease and more long-term studies are needed to confirm the absence of
central effects of selective CB1 antagonists. In addition, further efforts should be made in the generation
of specific compounds able to modulate EC anabolism, transport, or catabolism since this could be a
promising strategy to modulate the ECS activation tone. The future of EC therapeutics in fibrosis might
be addressed to combine a CB2 agonist with another efficient anti-fibrotic agent to synergize activities.
In line with this, one study has shown that the CB2 agonist AM-1241 and the apelin receptor antagonist
F13A display similar mechanisms of control of HSC cell activity despite the clear differences between
the CB2 and APJ signalling pathways [104]. The combination of different drugs with anti-fibrotic
activity could be an interesting approach to improve pharmacological therapies in liver fibrosis.
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Figure 3. CB1 antagonists and CB2 agonists as potential drugs for the treatment of liver cirrhosis.

5. Overview of the Apelin System

Apelin is a peptide that was first described in 1998 as the endogenous ligand for an orphan receptor
called angiotensin-like-receptor 1 (AGTRL1, also known as APJ), a G-protein-coupled receptor [109].
During the last two decades, this receptor has been involved in an array of physiologic events, such as
water homeostasis [110], regulation of cardiovascular tone [111], and cardiac contractility [112] as well
as in chronic liver disease [18]. Apelin and its receptor are expressed in the central nervous system
and in peripheral tissues, especially in endothelial cells as well as in HSC, leukocytes, enterocytes,
adipocytes, and cardiomyocytes [113–118]. Since the discovery of the apelin/APJ interaction, numerous
investigations have emerged highlighting new roles for the apelin system in the regulation of different
homeostatic processes or involving apelin/APJ in disease. Here, we briefly review the components of
the apelin/APJ system as well as the molecular mechanisms involved in the diverse cellular effects
observed so far before focusing on the relationship between the apelin system and the pathogenesis of
liver fibrosis.
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5.1. Apelin: Peptide Isoforms

The human apelin gene (APLN) encodes a 77 amino acid prepropeptide that can be cleaved into
different fragments [119]. Endopeptidases cleave the apelin prepropeptide into a 55 amino acid molecule,
which in turn is fragmented by the angiotensin-converting enzyme 2 (ACE2) generating the following
bioactive isoforms: apelin 36, apelin 17, apelin 13, and apelin 12 (Figure 4). This family of apelin peptides
displays a wide array of biological functions in mammals including the neuroendocrine, cardiovascular,
and immune systems [120] that can be explained by their asymmetric tissue distribution, activity and
receptor binding affinity. Indeed, the shortest apelin isoforms (apelin 12 and 13) demonstrate the highest
agonist activity on APJ [117,121]. Apelin 13 can act via autocrine, paracrine, endocrine, and exocrine
signalling and is the main agent responsible for the APJ stimulation and downstream biological
activities of mature apelin [122]. Several investigations have reported that the transcriptional regulation
of apelin expression is modulated by some conditions, hormones, and inflammatory factors. Induction
of apelin expression has been associated with hypoxia [123–125], activity of hormones [118,126–132],
and inflammatory factors [115,133,134] in different cell types and tissues. Apelin knock-out mice show
reduced retinal vascularization and ocular development, denoting its major role in angiogenesis [135],
which is independent of VEGF and FGF receptors [136]. Moreover, a lack of apelin in knock-out mice
increases angiotensin II-induced dysfunction and pathological remodelling [137].
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Figure 4. Apelin peptide isoforms.

5.2. APJ, the Apelin Receptor

APJ is a G-protein-coupled receptor composed of seven transmembrane domains with a 31%
of homology with the receptor 1 of angiotensin [138]. For this reason, it was initially called
angiotensin-like-receptor 1. However, it has been demonstrated that angiotensin II (AII) has no
affinity for APJ. In fact, the activation of vascular APJ displays a counterregulatory effect against
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the activation of the AII receptor [139]. In normal conditions, lung, spleen, and mammary glands
show the highest APJ expression [117,121]. APJ is coupled to an activator G protein (Gq) and
to an inhibitor G protein (Gi), the activation of which results in an array of physiological effects
such as the regulation of hydrosaline equilibrium, vascular tone, cardiac formation and contractility,
angiogenesis, and HSC activation [111,124,132,140,141]. The APJ gene sequence has no introns.
APJ gene expression is modulated by hypoxia [124,142], insulin [143], stress, and glucocorticoids [144].
However, the molecular mechanisms of APJ transcriptional regulation have not been extensively
characterised to date. Mice deficient in APJ do not show any relevant phenotype apart from a higher
vasoconstrictor response to AII [110]. During the last few years, another peptide called Apela/ELABELA
has been described as an APJ activator, displaying similar effects to apelin on the cardiovascular
system [145–147]. The possible interactions of this new APJ agonist and the clinical implications of
Apela in the apelin system are still under investigation.

5.3. Cell Signalling Pathways Activated by the APJ Receptor

On one hand, APJ activation leads to the activation of phospholipase Cβ,
the phosphatidylinositol-3-kinase (PI3K)/Akt pathways and the Na/H exchanger type 1 and,
on the other hand, inhibits adenylyl cyclase and subsequent cyclic adenosine monophosphate
production [111,148–151]. Phospholipase Cβ triggers protein kinase C (PKC) and downstream
Ras/Raf/MEK/Erk, which together with Akt via mTOR are involved in the activation of P70S6K [152]
and the endothelial NO synthase, promoting the release of NO, vascular dilatation, and cell
proliferation [149]. The activation of the Na/H exchanger type 1 via PKC in cardiomyocytes is
responsible for the dose-dependent increase in in vivo and in vitro myocardial contractility [153].
Moreover, some studies associate APJ activation with inflammation [113,115,134]. Actually, APJ induces
the expression of vascular cell adhesion molecule-1 (VCAM-1), MCP-1 and intercellular adhesion
molecule-1 (ICAM-1) via the NF-κB and the Jnk signalling pathway [154] (Figure 5).
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Figure 5. Molecular and cell signalling pathways of APJ.

6. The Apelin System in Health and Disease

The apelin system displays major physiological roles in vascular and lymphatic
development [155,156], in neurology [157], and in the digestive system [158]. The activation of the
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apelin system has demonstrated many beneficial effects in cardiovascular, kidney, skin, and metabolic
diseases [128,142,150,159–164]. Apelin has aroused a special interest in the field of cardiology since it
is one of the most powerful dose-dependent positive inotropic agents known to date, as demonstrated
in perfused hearts [153]. Moreover, apelin is a very-well known vasodilator involved in the stimulation
of NO vascular release [165]. Indeed, APJ agonism shows sustained and preserved local vascular and
systemic hemodynamic responses in patients with stable symptomatic chronic heart failure and standard
medical therapy [166]. However, there are some controversial data on the precise role of the apelin
system in the pathogenesis of human heart failure. Some reports suggest that the apelin/APJ system is
down-regulated in heart failure and upregulated in left ventricular remodelling [167,168]. This might
point to a systemic compensatory effect to recover cardiac contractility. Indeed, acute administration of
apelin restores cardiovascular functions in chronic heart failure [169]. However, the potential utility of
apelin in cardiovascular disease needs further investigation.

The use of apelin as a biomarker in human heart failure has been challenging. Some reports point
out that apelin does not reliably predict acute heart failure in patients presenting dyspnoea, and it is
not a prognostic marker in those with confirmed heart failure or with chronic heart failure secondary to
idiopathic dilated cardiomyopathy [170,171]. In contrast, plasma apelin concentrations add prognostic
value in conjunction with brain natriuretic peptide (BNP) to the risk of mortality at 6 months in patients
with ST-segment elevation myocardial infarction [172].

7. Involvement of the Apelin System in the Pathogenesis of Liver Fibrosis

The apelin system has certain therapeutic abilities, but it may also play a role in disease depending
on the cellular and molecular milieu. A clear example of this is the role of apelin in tissue fibrosis.
Apelin displays anti-fibrotic actions counteracting AII in models of cardiac fibrosis [173,174] and renal
fibrosis [175,176]. In contrast, the scenario and role of the apelin system are completely different
in liver disease. Apelin is a hepatic pro-fibrotic agent, in part by mediating some of the fibrogenic
effects triggered by AII and ET-1 in the activation of HSC occurring in liver fibrosis [118]. These
outcomes highlight the intriguing difference between myofibroblastic-cell types in liver compared to
myofibroblasts in heart, kidney, or skin in which apelin acts by decreasing myofibroblast accumulation
and activity [137,176–178]. In vitro, apelin has also demonstrated a significant potential to promote
liver fibrosis. It acts directly on LX-2 cells (a cell line used as a reliable in vitro model of HSC) through
Erk signalling [179], stimulating cell survival and the synthesis of PDGF-β receptor and collagen-I
in these cells [118]. In turn, PDGF-β and LPS can stimulate the expression of APJ, expanding and
perpetuating HSC activation [180]. Therefore, apelin may, in theory, induce HSC to a pro-fibrogenic
profile and prolong its stimulation autocrinally during all stages of liver fibrosis in chronic liver
disease (Figure 6). In fact, some data have revealed that the inhibition of APJ using F13A (an APJ
antagonist) prevents fibrosis progression in rats under a non-discontinued fibrosis induction program
using CCl4 [104].
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Figure 6. Overview of the roles of the apelin system in liver fibrosis.

Several investigations have uncovered the close and integrated relationship between pathological
angiogenesis and fibrosis [12,181–186]. As mentioned above, apelin is a powerful angiogenic agent
through the activation of endothelial APJ and different downstream signalling pathways. Two reports
have associated the inhibition of APJ with a reduction in angiogenesis and with a concomitant drop in
fibrosis in CH and fibrotic rats [18,104]. Although a direct relationship was not established between the
two phenomena, there are evidence pointing out that APJ activation by apelin stimulates the expression
of a well-known pro-angiogenic factor, angiopoietin-1 (from the angiopoietin family involved in
pathological angiogenesis in chronic liver disease) [185,187] in LX-2 cells [118]. This suggests that
fibrogenic cells such as HSC may participate in hepatic angiogenesis by secreting angiogenic factors
such as angiopoietin 1. Indeed, the inhibition of HSC-secreted angiopietin-1 has shown to drastically
reduce pathological angiogenesis and liver fibrosis induced in mice by either CCl4 or BDL [187].

Aside from HSC, hepatocytes have also been related to contribute to both phenomena, pathological
angiogenesis and liver fibrosis, by releasing pro-angiogenic and pro-fibrogenic factors [186]. There
is a growing belief that local hypoxia is the link interconnecting both pathological angiogenesis and
liver fibrogenesis, orchestrating the harmonic and coordinated activation of HSC, hepatocytes and
other hepatic cells [188]. Detection of hypoxic areas is a common trait at any stage of chronic liver
disease, expanding progressively from early injury to the development of cirrhosis [189]., Through
the action of hypoxia-inducible factors (HIF), hepatic hypoxia up-regulates the expression of a wide
array of growth factors and mediators of liver repair and angiogenesis [189]. However, pathological
angiogenesis can be inefficient due to the immaturity and permeability of vascular endothelial growth
factor (VEGF)-induced new vessels [190] and, consequently, the liver may be unable to reduce hypoxia.
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Hypoxia up-regulates in vitro the expression of APJ in LX-2 (HSC) and in HepG2 (hepatocytes) [124].
Interestingly, the pro-inflammatory and pro-fibrogenic agents TNF-α and AII also induce the expression
of APJ in HepG2 cells [124]. APJ activation in HepG2 cells triggers the expression of VEGF-A and
PDGF-β, factors that in turn may promote angiogenesis and activation of HSC and, consequently,
liver fibrosis [15,191]. According to these data, hypoxia, inflammation and pro-fibrogenic factors
up-regulate APJ in HSC and hepatocytes, which can release different pro-angiogenic and pro-fibrogenic
factors such as apelin (from activated HSC) together to perpetuate fibrosis while injury and these
stimuli remain. In vivo, APJ is upregulated preferentially in hepatocytes and HSC, while apelin levels
are increased and localized in HSC in cirrhotic rats and in patients with liver cirrhosis caused by
hepatitis C virus or ethanol [18,124]. High apelin levels and liver damage have also been observed
in human non-alcoholic fatty liver disease [192]. A contemporary clinical investigation revealed that
circulating apelin levels are associated with histological and hemodynamic features of chronic liver
disease [193], but more clinical studies are needed to confirm the major relevance of apelin system in
human liver fibrosis.

One study suggested that apelin may play a different role in liver fibrosis by being an initiator
of hepatic injury instead of merely a HSC activator following exogenous injury [194]. In this
study, the authors described that the apelin system may stimulate Fas-induced liver injury via the
phosphorylation of Jnk in mice intraperitoneally injected with an agonistic anti-Fas antibody. Similar
results have been obtained when acute liver injury was promoted by hepatectomy. Blockade of the
apelin system resulted in mouse liver regeneration via activation of Kupffer cells and by increasing
TNF-α and IL-6 levels in hepatectomized mice [195]. These results suggest that the apelin system
may interfere with hepatocyte proliferation after partial hepatectomy in mice. However, a recent
study has shown that the administration of a long-acting apelin fusion protein resulted in attenuated
hepatocyte damage, diminished apoptosis and ROS production in a mouse model of LPS-induced
liver injury [196]. Altogether, these findings suggest that the apelin system may be involved in the
processes of hepatic injury and regeneration, but these specific aspects need further investigation.

8. Conclusions

The EC and apelin systems are two of the multiple cell-signalling pathways involved in the
pathogenesis of liver fibrosis. Both systems play a major role in the pathophysiological mechanisms
underlying the control of HSC activity, involving different receptors and molecules, but with a common
significant impact in the development of liver fibrosis.

The ECS is upregulated in liver disease and has been associated with hepatic steatosis, regeneration,
fibrosis, and cirrhosis. In liver fibrosis, the cannabinoid receptors CB1 and CB2 exhibit opposite roles:
CB1 activation accentuates hepatic fibrosis progression whereas CB2 displays anti-fibrogenic and
anti-inflammatory activities. CB1 also contributes significantly to cirrhosis complications including
portal hypertension, splanchnic vasodilation, cardiomyopathy, and encephalopathy. More specific CB1

antagonists and CB2 agonists need to be developed as current CB1 antagonists are able to cross the
blood–brain barrier causing psychotic side effects. Compounds targeting EC synthesis, degradation,
and cellular transport pathways could also be a valuable approach to modulate the ECS. Several efforts
have been devoted to understanding the specific pathways regulated by this system but there is still a
long way to go in the development of drugs targeting the ECS.

Recent studies have reported multiple roles for the apelin/APJ system in liver disease, including
acute liver injury, regeneration, fibrosis progression, and cirrhosis. Apelin/APJ has unique functions as a
regulator of cell proliferation, apoptosis, pro-inflammatory activity, and revascularization. Apelin/APJ
gene expression is temporally increased during liver cirrhotic development and is decreased in
stabilized liver fibrosis. The validation of using apelin/APJ as a biomarker in different liver diseases
would also be a crucial step toward its clinical use. Further experimental or clinical findings will help
to determine the potential of therapeutic strategies targeting the apelin/APJ system for the treatment of
liver disease.
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Future investigations to further define the mechanisms by which the EC and apelin systems
contribute to modulate liver fibrosis will enhance our understanding of their cellular and molecular
mechanisms and possible therapeutic targets. This understanding will eventually help in the
development of novel therapeutic strategies and drug candidates for treating liver fibrosis in patients
with chronic liver disease.
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Abstract: Chronic liver injury can be induced by viruses, toxins, cellular activation, and metabolic
dysregulation and can lead to liver fibrosis. Hepatic fibrosis still remains a major burden on the
global health systems. Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis
(NASH) are considered the main cause of liver fibrosis. Hepatic stellate cells are key targets in
antifibrotic treatment, but selective engagement of these cells is an unresolved issue. Current strategies
for antifibrotic drugs, which are at the critical stage 3 clinical trials, target metabolic regulation,
immune cell activation, and cell death. Here, we report on the critical factors for liver fibrosis,
and on prospective novel drugs, which might soon enter the market. Apart from the current clinical
trials, novel perspectives for anti-fibrotic treatment may arise from magnetic particles and controlled
magnetic forces in various different fields. Magnetic-assisted techniques can, for instance, enable cell
engineering and cell therapy to fight cancer, might enable to control the shape or orientation of single
cells or tissues mechanically. Furthermore, magnetic forces may improve localized drug delivery
mediated by magnetism-induced conformational changes, and they may also enhance non-invasive
imaging applications.

Keywords: liver fibrosis; magnetic fields; nanomedicines; immune cells; macrophages; hepatic
stellate cells; RNA-based medicines; drug delivery; magnetic nanoparticles

1. Introduction

The liver has a unique capability for regeneration, which has been known since Greek mythology.
Strikingly, up to 70% of healthy liver tissue loss can be regenerated by its cells [1]. Regardless of
the part, the liver of Prometheus regenerated overnight [1]. In evolutionary terms, the liver is the
only organ in mammals that has preserved a high potential for regeneration to be replaceable after
injury [2]. Despite this unique role, liver diseases are becoming an increasing burden of the health
system. There are currently three stage 3 clinical trials with promising data. Future developments
may include cell-selective targeting of key cell types of fibrogenesis, such as hepatic stellate cells
(HSC). Here, we discuss magnetic-assisted applications including microfluidics technology, which have
broadly enriched cancer therapy, including for instance in leukocyte engineering, i.e., in generating
chimeric antigen receptor T (CAR T) cells. Microfluidic technologies have enabled the use of magnetic
fields to control cell isolation, motility and directed migration, and modulating mechanical forces may
also improve the methods to manipulate single cells. Medical applications of amplifying the precision
of drug delivery towards tumor or dying cells at inflammatory sites are urgently needed. Directed use
of magnetism may also further improve non-invasive imaging methodologies.
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1.1. Liver Fibrosis

The capacity of the liver for regeneration is unique, but repeated and chronic liver injury frequently
results in liver fibrosis. Fibrosis, which often precedes cancer, is characterized by the continuous
accumulation of extracellular matrix (ECM), which is extremely rich in collagen I and III, leads to the
deposition of scars and progressing on liver fibrosis [3]. This disease is characterized by an excessive
accumulation of extracellular matrix (ECM) in the space of Disse. The accumulation of ECM has a
negative effect on diverse functions of the organ such as detoxification and other liver functions, and it
disturbs the hepatic blood flow. The recruitment of inflammatory immune cells, which can also amplify
tumor development, represents another key event of fibrosis [4,5]. Untreated liver fibrosis can develop
into cirrhosis and is accompanied by portal hypertension, hepatic encephalopathy, liver failure, and also
is associated with an increased risk for the development of hepatocellular carcinoma (HCC) [6,7]. Liver
injury usually is initiated by a noxa, virtually anything which can harm or kill the sensitive hepatocytes.
Disease factors are viral hepatitis, chronic alcohol abuse, cholestatic disorders, genetic heritage,
and autoimmune diseases. Apparently, nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH) represent the major etiology of liver fibrosis. The demographic change caused
by the ageing population and the growing epidemic of obesity lead to increased prevalence of liver
fibrosis [8]. NAFLD is regarded as the main inducer of chronic liver disease in industrialized countries.
It is assumed that NAFLD will be the leading indication for liver transplantation [9]. A significant
number of as much as 20–30% of adults have NAFLD. Additional factors in disease, particularly
immune cell infiltration, can lead to the progression of NAFLD to NASH and fibrosis. Fibrosis severity
has been linked to mortality related to hepatic and other diseases, as evidenced in several longitudinal
clinical studies and correspondingly, the effectiveness for the evaluation of drugs against NAFLD is
their impact on liver fibrosis [9], which may also have a positive outcome on nonhepatic diseases [10].
It was estimated that liver-related mortality will increase dramatically in the next decade [9]. Fibrosis
can be considered a dysregulated wound-healing response which leads to scarring of tissues. Different
disease etiologies exhibit specific hallmarks, but advanced stages are commonly characterized by
bridging fibers between portal fields [11].

1.2. Roles of Different Hepatic Cell Types in Liver Fibrosis

The process of fibrosis development, fibrogenesis, can be analyzed from a cellular perspective.
The regeneration of hepatocytes works in a streaming fashion, as shown in a rat model by Zajicek
and colleagues in 1985. Hepatocytes located at the portal space gradually stream towards the hepatic
vein where they are eliminated by apoptosis. This cellular traveling was estimated to last 201 days in
rats [2]. However, during liver fibrosis, the empty spaces left by the missing hepatocytes are frequently
replenished with ECM by HSC, rather than with fresh hepatocytes. During the course of cell death,
certain molecules are released by hepatocytes, which function as danger signals for other cell types,
for instance for HSC [12]. These “alarm bells” also attract immune cells which themselves secrete
pathogenic factors that can induce apoptosis of hepatocytes. These processes result in an amplification
of the fibrogenic response. Innate immune cells are well known to initiate liver inflammation in
NAFLD and they express pattern recognition receptors (PRR) which can sense danger-associated
and pathogen-associated molecular pattern molecules (DAMP and PAMP), as well as inflammatory
mediators [12].

In recent years, the roles of cholangiocytes, particularly in cholestatic liver injury, started to be
explored. For instance, cholangiocyte proliferation is a substantial driver of liver fibrosis in biliary
atresia. Researchers demonstrated that a long non-coding RNA has a major impact on the proliferation
of cholangiocytes and thus represents a therapeutic target in this regard [13]. Damage of cholangiocytes
in toxic liver injury leads to a hampered production of bile acids. Sato and colleagues further revealed
that extracellular vesicles and microRNAs might be critical factors which regulate cyclic adenosine
monophosphate (cAMP) metabolism in cholangiocytes [14].
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Mast cells are another cell type reported to further amplify hepatic fibrosis and injury.
Particularly, mast cell-deficient mice exhibited less pronounced fibrosis. It was reported that
mast cells regulate the proliferation of cholangiocytes and contribute to the activation of HSC [15].
A means to specific deactivation of mast cells might therefore represent a novel therapeutic strategy.
However, the involvement of mast cells in fibrosis remains controversial since they have been reported
to be both harmful and protective [16].

The hepatic macrophages form a complex mixture of cells of various activation stages and
cellular origin. They can be distinguished as resident macrophages, which were originally defined
as Kupffer cells, as well as monocyte-derived macrophages (MoMF). These cells can be separated
using cell sorting applications [17]. Kupffer cells were first discovered by Karl Wilhelm von Kupffer
in 1876 [18], even before the relevance of phagocytic cells was first published by Metchnikoff in 1888
in Tuberculosis [19]. While cell sorting has unraveled hepatic macrophage subpopulations that were
characterized in RNA bulk sequencing where thousands of cells are analyzed in a single RNA isolate [17],
single cell RNA sequencing has begun to start unraveling the real complexity of hepatic macrophage
subtypes [20]. Single cell RNA sequencing has also enabled identification of subpopulations of
HSC [21]. The so-called resting or quiescent HSC (qHSC) form a homogenous population characterized
by high platelet-derived growth factor receptor β (PDGFRβ) expression. However, the activated HSC,
which are also called myofibroblasts, can further be sub-divided into populations expressing α-smooth
muscle actin (α-SMA), collagens, or immunological markers. The S100 calcium binding protein A6
(S100A6) was identified as a universal marker of activated HSC, myofibroblasts (MFB), for both mRNA
and protein expression [21]. The so-called transdifferentiation of the resting and vitamin A storing
HSC into MFB, which are proliferative and which express huge amounts of collagen, is central for
fibrogenesis [22]. The activation of HSC can be induced through a variety of extracellular signals
from other liver cell types like hepatocytes and macrophages. Further, intracellular processes like
oxidative stress, autophagy, endoplasmatic reticulum stress, or metabolic dysregulations, have been
studied in great detail and are regarded as causative for HSC activation [23]. The fact that fibrosis is a
bidirectional path is evidenced by reports on fibrosis regression [24]. HSC thus represent a valuable
target for fibrosis therapy since they are the source of excessive matrix production. Inhibiting the
construction of different collagens, which in part takes place in the extracellular space by specific
inhibitors, for example, Lysyl oxidase-like 2 (LOXL2), has recently been proposed to be done by small
molecules [25].

It was shown that, if a circumvention of the inflammatory insult is achieved, among other
factors, the anti-inflammatory and restorative activities of macrophages persist and impact the hepatic
microenvironment [26]. During fibrosis regression, MFB are eliminated through cell death induction,
become senescent, or may even revert into cells which resemble quiescent HSC [27]. The excessively
deposited ECM was shown to be degraded, i.e., by matrix metalloproteinases (MMP) that are released
by certain subtypes of macrophages [24] (Figure 1).

221



Cells 2019, 8, 1279

 
Figure 1. Cells, their roles, and potential targets in liver fibrosis. Liver disease is in most cases initiated
by a noxa that leads to hepatocyte cell death. Cytokines secreted by immune and other cell types
promote hepatocyte cell injury, i.e., the tumor necrosis factor (TNF) triggers apoptosis of hepatocytes.
Hepatic collagen deposition by activated hepatic stellate cells is a hallmark of fibrosis and in part is
facilitated by extracellular enzymes.

1.3. Current Clinical Trials on Liver Fibrosis

Nowadays, the treatment options for liver fibrosis remain scarce and the most efficient strategy
remains to overcome the vicious circle of liver injury. This results in an eradication of viruses or weight
reduction and dietary changes in NAFLD, in order to stop disease progression or in the ideal case,
by inducing fibrosis regression [28–30]. Currently, three stage 3 clinical trials are ongoing, which will
be ready in the next years. Importantly, none of these focus on the direct modification of the pathogenic
mechanisms of fibrosis, but on other mechanistic links such as the cause for the underlying liver injury,
signals from other organs, for instance, derived from the intestine (i.e., bile acids), or from immune
cells, metabolic activation, or cell death. The cell death of hepatocytes represents a key mechanism for
liver fibrosis [31]. The inhibition of cell death has emerged as a therapeutic strategy in the treatment
of liver fibrosis [32]. The classical definition of cell death separates necrosis (uncontrolled death of
cells, autolysis) from apoptosis (regulated cell death). However, it has become apparent that many
types of necrosis in fact are specifically regulated, and the terms necroptosis, ferroptosis, or autophagy
have been brought up [33]. However, a general inhibition of cell death might be problematic because
apoptosis of HSC is also required in fibrosis regression [23,31]. Furthermore, cell death induction
is also required to trigger the death of cancer cells. During oncogenesis, cancer cells can overcome
apoptosis to escape from elimination by immune cells. Many candidate drugs have been developed to
interfere with the development or progression of hepatic fibrogenesis (Table 1).
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Table 1. Selected candidate drugs for treatment of hepatic injury and fibrosis.

Molecular Target Compound Effect

Apoptosis signal-regulating kinase
1 (ASK1) Selonsertib (GS-4997) oral bioavailable inhibitor of ASK1, thereby preventing the

production of inflammatory and fibrotic acting cytokines

Hepatic metabolism

Obeticholic acid synthetically modified bile acid and potent agonist of the
farnesoid X nuclear receptor (FXR)

Elafibranor Orally administered drug acting on the 3 sub-types of PPAR
(PPARα, PPARγ, PPARδ)

Tropifexor Investigational drug which acts as an agonist of the
farnesoid X nuclear receptor (FXR)

Cilofexor (GS-9674) agonist of the farnesoid X nuclear receptor (FXR) which
improves cholestasis and liver injury

AKN-083 farnesoid X receptor (FXR) agonist

INT-767 a dual agonist targeting the farnesoid X receptor (FXR) and
the G protein-coupled bile acid receptor 1 (GPBAR1)

Aramchol An orally active fatty acid bile acid conjugate that inhibits
stearoyl coenzyme A desaturase 1 (SCD1)

Saroglitazar Agonist of PPARα (and PPARγ)

Lanifibranor Orally administered drug acting on the 3 sub-types of PPAR
(PPARα, PPARγ, PPARδ)

Firsocostat (GS-0976) Liver-targeted acetyl-CoA carboxylase (ACC) inhibitor

PF-05221304 Liver-targeted acetyl-CoA carboxylase (ACC) inhibitor

Chemokine receptors Cenicriviroc blocks the chemokine receptors CC chemokine receptor 2
(CCR2) and CCR5

Caspases

Emricasan Prevents cells death by inhibition of caspases

VX-166 The drug has anti-apoptotic activity and prevents release of
interleukins

Nivocasan (GS-9450) hepatoprotective activity preventing fibrosis and apoptosis

Fibroblast growth factor 21
(FGF21) Pegbelfermin (BMS-986036) PEGylated FGF21 analogue that improves metabolic

parameters

Fibroblast growth factor 19
(FGF19) Aldafermin (NGM282) Synthetic FGF19 analogue preventing hepatic fat

accumulation and liver damage

Glucagon-like peptide-1 receptor
Liraglutide GLP-1 receptor agonist triggering insulin synthesis

Semaglutide GLP-1 receptor agonist triggering insulin synthesis

An ideal treatment strategy would be cell-type specific, and, in the case of targeting cell death,
should be hepatocyte-specific. In line with these conclusions, the ASK1 inhibitor Selonsertib (GS-4997,
Gilead), which has been studied in NASH patients in a stage 3 clinical trial (STELLAR 4) has
not been successful. Selonsertib exerts its activity by inhibiting an important cell death switch of
Apoptosis-signal-regulating kinase 1 (ASK1). ASK1 is induced by oxidative stress and enhances
hepatocyte death, inflammation, and fibrosis [34]. However, there is still new hope from three other
stage 3 clinical trials on liver fibrosis. Targeting another facet of the disease, two drugs target hepatic
metabolism: the drug obeticholic acid (OCA) and Elafibranor (ELA). OCA is a synthetic lipophilic bile
acid which is already approved for the treatment of primary biliary cholangitis (PBC). OCA acts via
activating the nuclear bile acid receptor Farnesoid X receptor (FXR), and this in turn leads to a reduction
of bile acids (which are produced in the liver and the small intestine. OCA is a semi-synthetic analogue
of natural bile acids and exhibits a more than 100-fold increased stimulation of FXR compared to the
natural bile acids. OCA leads to reduced bile acid production, and also to a reduction in the uptake
of glucose and lipids from food [35]. This drug is currently tested in a huge phase III trial in NASH
patients (REGENERATE). The drug ELA is an Insulin-sensitizer which aims to improve the action of
natural insulin. ELA activates Peroxisome-proliferator-activated receptors (PPAR). The concept of ELA
is to prevent fat deposition in hepatocytes and thereby steatosis, by removing glucose from circulation.
It acts on (PPARα/δ R) via agonism. The phase III trial on NASH patients is performed by the company
Genfit (RESOLVE-IT). There are also attempts to combine both OCA and ELA, which further improve
liver histology in fibrosis models [36].
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While OCA and ELA act on metabolism, Cenicriviroc (CVC), another small molecule, blocks
the two important chemokine receptors CC chemokine receptor 2 (CCR2) and CCR5. The result is
that it blocks recruitment of lymphocytes and monocytes. It exerts anti-fibrotic activity in animal
models [37]. The CENTAUR study was the first clinical study, which employed an orally available
drug in a prospective study [38]. Currently, the AURORA study, which includes a phase III trial,
is running using NASH patients (Tobira Therapeutics, NCT03028740).

There is a growing list of promising phase I and II trials that include potential novel directions.
Similar to Selonsertib, other drugs aim to prevent cell death and it is envisioned that this can be reached
via inhibition of caspases, major regulators of cell death. Examples for this are given by Emricasan
(Conatus, phase II), VX-166 from Vertex, and Nivocasan (GS-9450) by Gilead (phase I/II).

The metabolism is being targeted most intensively. Similar to OCA, Tropifexor (Novartis, phase
II), Cilofexor (GS-9674, Gilead, phase II), AKN-083 (Allergan, phase I/II), and partially, also INT-767
(Intercept, phase I/II) target the FXR metabolism. Aramchol (Galmed, phase II) is a different bile
acid/fatty acid conjugate. Similar to ELA, Saroglitazar (Zydus Cadila, phase II trial) and Lanifibranor
(Inventiva, stage II trial) target PPAR signaling, targeting different ligands than ELA. Saroglitazar is
directed towards PPARα/γ while Lanifibranor to PPARα/γ/δ.

Artificial PEGylated fibroblast growth factor (FGF) 21, BMS-986036 imitates the functions of
the liver-derived hormone FGF21 that regulates the activation of fatty acids [39], which is now in
stage II trials. Insulin signaling is modulated by agonists of the glucagon-like peptide-1 (GLP-1), i.e.,
Liraglutide or Semaglutide (both Novo Nordisk, phase II). These drugs exert their beneficial effects by
improving insulin resistance, inducing weight loss, and ameliorating NASH [40]. The synthesis of
lipids in the liver is blocked by inhibitors of Acetyl-coenzyme A carboxylase such as GS-0976 (Gilead)
or PF-05221304 (Pfizer) (both stage II clinical trials) [41]. Inhibitors of acetyl-coenzyme A carboxylase
(ACC inhibitors), like GS-0976 (Gilead) or PF-05221304 (Pfizer), also reduce hepatic lipogenesis and
reduce hepatic fibrosis [41]. Mimicking signals from the gut represent an additional option to target
the liver. The gut-derived hormone FGF19 in humans (FGF15 in mice), among others, regulates bile
acid synthesis. Therefore, an FGF19 analogue has been generated to treat fibrosis (NGM282, NGMBio),
which reduces the hepatic fat content [42].

2. Theoretical Background of Magnetism

In order to basically understand the potential which controlling magnetic forces might offer for
novel treatment options for liver fibrosis, it is important to comprehensively understand nanoscale
magnetism. Nano-sized particles are often used as tools in this regard since they can specifically
target cells or structures in the body. Magnetic nanoparticles (MNPs) usually refer to ferro- or
ferrimagnetic crystals sized below 100 nm [43–45]. At the nanoscale, many physical properties,
including the short- and long-range magnetic interactions, contribute to the overall functionality
of these nanoparticles [46]. The magnetic material is characterized by a strong response under an
action of the magnetic field. The investigation of a family of 3D nanocrystals has been growing with
impressive speed over the past decades. Among them, the MNPs are an exciting class of material for
biomedical applications [43,47–50]. Magnetism in matter is related to spins − the smallest magnetic
units referred to as atoms are composed of ferro(i-)magnets, which interact via a quantum phenomenon
called the exchange interaction that leads to the formation of long-range ordered areas (magnetic
domains) [44,46]. Owing to the superposition character of the magnetic field, the total magnetic
moment of this area is equal to the sum of individual moments (μ) of each atom. If a magnetic field
with the strength H is applied, the magnetic moments prefer to align along the direction of the magnetic
field to reduce the total energy (by the domain walls movement in the macroscopic body). Thus,
when the magnetic field is strong enough to align all individual magnetic moments, a ferromagnetic
body is saturated, and the magnetic moment of this system equals N·μ, where N is the total number on
the individual magnetic moments of the atoms in the system. For characterization of material mass or
volume-weighted parameters in magnetization saturation, MS =N·μ/m or N·μ/V (Am2/kg and A/m
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in SI, or emu/g and emu/cm3 in CGS). The behavior of magnetization has a hysteretic character for
ferro(i-)magnetic materials because of specialties of the magnetization processes such as domain wall
pinning on defects. Those irreversible processes lead to nonzero magnetization (MR) at the remnant
state when the magnetic field is off. Intrinsic energy, which keeps the spins in a certain direction in the
absence of a magnetic field, is called the magnetic anisotropy energy and it determines the hysteresis
loop width or coercivity field μ0HC (T in SI and Oe in CGS).

Macroscopic magnets tend to reduce their magnetic moments (or, in other words, to reduce
their magnetostatic energy) and split into randomly oriented domains [44,45]. Magnetic domains are
separated by domain walls − intermediate states are required to rotate spins in differently magnetized
domains to reduce exchange interaction with the interface. When the size of MNPs is comparable
with the size of domain walls, the split into domains is no more energetically favorable, and MNPs
transform to the single-domain state. A single particle presents a saturated magnet with magnetization
equal to the saturation magnetization value. In the ideal case, all spins below Curie temperature are
oriented in one direction, and because of exchange interaction, their behavior can be described by the
superposition of all spins. The orientation of this macrospin in the absence of a magnetic field is defined
by easy axis−positions where total energy is minimal. The energy which separates the macrospin at
a certain position is magnetic anisotropic energy (Ea). That means that to change orientation along
the axis, the system needs to overcome the energy barrier equal to Ea = K × V. Thus, particles of
bigger volume (V) have higher anisotropy energy and the second term, K, is an anisotropic constant
defined by material and structural-morphological properties of MNPs. Several sources contribute to
anisotropy with constant K. Among them the more pronounced are the shape anisotropy arising from
magnetostatic interactions of poles and the magnetocrystalline anisotropy coming from spin-orbital
coupling. The behavior in the magnetic field of assembly of randomly oriented single-domain MNPs
with one easy axis was described by Stoner and Wohlfarth in 1948 [51]. Magnetic properties of
single-domain MNPs are different compared to bulk analogs – they may have higher values of remnant
magnetization and coercivity field because the coherent rotation magnetization reversal mechanism is
more difficult than the domain wall moving and additional contributions to anisotropy coming from
the surface.

The range of diameters when MNPs pass in the single-domain state is 20–800 nm, for magnetic
iron oxides (magnetite Fe3O4 or magnetite γ-Fe2O3) it is 80–90 nm [44,52,53]. For MNPs of smaller size,
the magnetic anisotropy energy becomes comparable to the thermal energy K × V ≈ kB × T, where kB

is the Boltzmann constant. In this regime, called superparamagnetic (SPM), the temperature induces
random switching of magnetization of single MNPs, and thus the time-averaged MR and HC of MNPs
assembly are zero [54]. The probability of this fluctuation is described by the Néel relaxation time:

τN = τ0e
KV
kBT (1)

where τ0 is an attempt time ~10−9 s [44]. The temperature at which MNPs act in the SPM regime at a
fixed observation time is the so-called blocking temperature TB. For quasi-static measurements the
typical measuring time is 100 s and the blocking temperature can be evaluated as TB = K × V/25kB.
The fluctuating magnetic moment of MNPs with TB less than the ambient temperature is favorable for
their colloidal stability since it reduces dipolar interactions among them. Moreover, SPM MNPs do not
change their magnetic properties when the viscosity of the medium is changed, for example, if MNPs
are internalized by cells [55].

2.1. Magnetic Nanomedicines

Nanomedicines, nanotechnologically generated drugs, cover a broad range of sizes of a few up to
several hundred nanometers [56]. Depending on the nature of the material, they can be classified into
two major groups, organic or inorganic. Owing to their small size, nanoparticles can easily be dispersed
in aqueous solutions, which is crucial for intravenous administration [57,58]. The nanoscale exhibits

225



Cells 2019, 8, 1279

a high surface to volume ratio, meaning that the comparatively high surface can be functionalized
with ligands. These ligands can change the pharmacokinetics of the particles, i.e., polyethylene glycol
(PEG) can increase the circulation time of nanoparticles [58–60]. Specific ligands for cellular receptors
can enable specific binding to specific cell types. Moreover, this valuable surface can be conjugated
via drugs for their delivery and on-demand release [59,61], or with fluorescence marker and other
molecules for multimodal imaging or therapy [62,63]. The prefix “magnetic” means that MNPs are
sensitive to the magnetic field. This field brings numerous options that are attractive for biomedical
applications since this field can easily penetrate the body and interact with MNPs, for example, for their
detection, visualization, manipulation, or heating.

The magnetite Fe3O4 and magnetite γ-Fe2O3 are the most applicable magnetic materials in the
biomedical field. Bulk magnetite has a cubic inverted spinel structure and exhibits a ferrimagnetic
behavior at room temperature. The nano-sized magnetite oxidizes rapidly into maghemite, which also
has similar ferrimagnetic properties and spinel structures with some valences. The iron oxide-based
MNPs of a diameter (d) below 30 nm act in the SPM regime at room temperature and are abbreviated as
SPIONs (superparamagnetic iron oxide nanoparticles) [53]. Particles sized less than 10 nm are usually
attributed to ultra-small SPIONs (USPIONs [53]) and are characterized by reduced magnetization and
increased anisotropy because of the influence of non-collinear spins at the surface [64,65]. The SPIONs
and USPIONs are in the frame of interest for biomedical applications, especially for magnetic resonance
imaging (MRI) where they are applied as contrast agents for both T1 and T2 relaxation times [66–68].
For specific applications, for instance, magnetic hyperthermia, the adjustable anisotropy of MNPs,
is needed [69,70]. For this reason, magnetic anisotropy can be tuned, for instance, by variation of the
chemical composition of ferrites (Me2+Fe2O4) by doping the spinel structure of ferrite with the ions of
transition metals (Me2+ = Co, Mn, Zn, and others [71].

2.1.1. Methods for Synthesis of Magnetic Nanomedicines

The various types of synthesis strategies for MNP can be separated into two approaches:
top-down and bottom-up. The “bottom-up approach” starts from metal ions in solution via chemical
methods and is probably the most commonly used strategy. The top-down approach starts with bulk
material, which is further processed, i.e., by laser ablation [72–76] or lithography [77–79] including
that of nanospheres [80]. The lithography techniques have broad control on the shape of nano or
microstructures; however, the scaling of this method to large-scale production was reported to be
challenging [81]. The laser ablation method offers the building of quite complicated structures such as
core-shell MNPs and has a lot of degrees of freedom for adjustment by variation of the environment,
material of target, laser regime, as well as external stimulus, for example, magnetic or electrical field
to change the shape and structural properties of MNPs [72,75]. This method beats some drawbacks
of more common chemical methods; for example, it does not require high temperature, pressure,
or organometallic precursors to obtain MNPs with excellent magnetic properties [76,82]. Thus, the laser
ablation method has great potential to set higher standards in nanoparticle production.

However, many methods are combinations of both types of methods. For example, the known ball
milling method of the MNP preparation is popular for permanent magnet fabrication [83]. It allows
one to scale up the synthesis to an industrial scale, although the control of particle shape and size is
difficult. Potential agglomerations of nanoparticles can occur which makes the particles unsuitable for
biomedical applications [83]. Nevertheless, in combination with chemistry, the ball milling equipment
can be used in the so-called mechanochemical process. Here, for instance, a nanocomposite of MNPs
in the benzene-1,3,5-tricarboxylic acid matrix was obtained via a mechanochemical process [84].
The obtained material was porous and defined as a metal-organic framework. This nanocomposite
was tested for a drug delivery application to release doxorubicin as a model drug. The authors noted
that the high surface area of such porous materials favors an increased loading rate, while the magnetic
properties of this material offer novel perspectives for diagnostic systems [84].
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Typical synthesis steps of chemical methods consist of different steps, particularly burst nucleation,
and the following nanocrystal grow, which is called Ostwald ripening [85,86]. Control of reaction
kinetics by varying temperature, solvent or other conditions, and operation with the Ostwald process
by pH control and electrostatic repulsion of nuclei allow us to systematically vary the size of the
particles [86]. It is of utmost importance to obtain nanoparticles with precise and predefined size,
shape, and phase composition [87,88]. It was suggested to evaluate the most commonly used synthesis
strategies by the four-word strengths, weaknesses, opportunities, and threats (SWOT) analysis for
applications in molecular recognition [88]. The research group evaluated the co-precipitation, thermal
decomposition (HTD), microemulsion, and microfluidic synthesis method and studied dual-particles
consisting of several materials. The first one, co-precipitation, is an easy to use technique to obtain
large amounts of MNPs by alkalization of metal salt solutions. First demonstrated in 1981 by Massart,
this method is beneficial and allows us to produce well-crystallized iron oxide or ferrite MNPs in
the size range of 10−30 nm [89–91]. The drawbacks of this method are the poor control of shape and
size distribution; moreover, for smaller particles, less than 10 nm, the quality of crystals decreases
and the number of disordered spins leads to a change in the magnetic properties [64,92]. Advanced
co-precipitation methods are performed at high temperature and pressure, by hydrothermal surface
treatment, or hydrothermal routes [93–95], as well as in non-aqueous medium by solvothermal
methods [96–98]. The polyol process is another interesting method which is a cost-effective and
easily scalable method to produce MNPs of high quality and variety morphology, from simple
pseudo-spherical to multi-core nanoflowers of core-shell MNPs [99–101]. In the polyol process,
solvents also play the role of a reducing agent and a surfactant.

Invented in 2004 for the synthesis of MNPs, the HTD method allows us to obtain MNPs with a
narrow size distribution and high crystallinity [102–104]. MNPs produced with this method have a
high value of magnetization, favoring their use in many biological applications, including sensors
and detection [92,105]. According to the SWOT analysis above described [88], a drawback of this
method is that it is time consuming and expensive. Precise shape control can be achieved by varying
the experimental conditions. For instance, a variation of ligands and surfactants offers advantages for
both magnetic properties and the related behavior in biological environments [87,106,107]. The group
of Jinwoo Cheon [108] demonstrated higher magnetization values of cubic MNPs (165 emu/gFe+Zn)
compared to spherical (145 emu/gFe+Zn) particles. The difference can be attributed to the lower amount
of disordered spins on the surface. It was also reported that cubic shaped MNPs on the sensor‘s surface
exhibit a higher binding ability because of the higher contact area of planar interface compared to
the spherical one [106]. Furthermore, cubic MNPs exhibited stronger signals, as evaluated by giant
magnetoresistive sensing (GMR) and force-induced remnant magnetization spectroscopy (FIRMS).

There are various methods for co-precipitation with different modifications, which, together with
HTD, are the most frequently used methods for MNP synthesis [60,88]. Co-precipitation represents the
most important production method: it is easy, cheap, and enables a rapid synthesis. The generated
particles have hydrophilic surfaces, which can be functionalized in situ. The second most important
method, HTD, allows one to produce MNPs with well-defined shape and narrow size distribution.
However, the low amount of reaction products, high-cost reagents, and hydrophobic surfaces, which
can be functionalized in the multi-step process, make this method currently mostly interesting only for
research activity.

2.1.2. Clinical Use and Further Perspectives Iron Oxide

Currently, Feraheme® (ferumoxytol) which is approved by the U.S. Food and Drug Administration
(FDA) as well as in Europe and Canada is the most successful iron oxide-based drug. It is prescribed
to patients with iron deficiency anemia and chronic kidney disease. It can be considered as a great
advantage that iron is a naturally occurring element of the body which also leaves the body via natural
pathways of iron metabolism [109]. Feraheme is based on non-stoichiometric magnetite MNPs with
diameter (d) ~ 7 nm and hydrodynamic diameter (dH) = 28–33 nm coated with carboxy-dextran [66].
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Feraheme is also an ‘off label’ magnetic resonance angiography (MRA) and magnetic resonance imaging
(MRI) contrast agent [66,110]. In order to study MNP uptake by macrophages in vivo, high-resolution
3D-maps of pancreatic inflammation were generated using MRI and it showed that the MNP uptake by
macrophages was higher in the inflamed pancreatic lesion in T1D-models [111]. Therefore, the special
properties of the inflammatory setting on noninvasive imaging have to be considered. The capability
of iron oxide to produce reactive oxygen species (ROS) was recently discovered to be usable in order
to treat leukaemia [112]. In contrast to intravenously administrated drugs, the oral delivery (OD) is
more popular with patients. Yet, the passage of the gastrointestinal (GI) tract, which has a very low pH
level, [113] is a problem for iron oxides since they degrade at this pH. Thus, to overcome this limitation,
a coating is required which is stable in the wide pH range of 2–8. Coatings such as gold or silica oxide
are applicable for this purpose since these materials are stable in the GI tract.

Mesenchymal stem cells (MSC) have been demonstrated to be a promising tool for the treatment of
many types of human diseases, including liver fibrosis and hepatocellular carcinoma (HCC) [114–118].
Labeling of MCS with MNPs can be used as a supplementary diagnostic approach. Recently, Faidah at
al., proved that application of MNPs have not changed the viability and proliferative capabilities of
MSCs in a rat cirrhosis model based on a carbon tetrachloride (CCl4) model for toxic liver injury [119].
Additionally, similar results by Lai and co-authors have shown that MSCs that overexpress human
hepatocyte growth factor (HGF) promote liver recovery in a rat liver fibrosis model [120]. Further,
labeling of MSC with NP led to an accumulation of the cells in MRI-based imaging [119,120],
which seems to confirm the idea that magnetic NPs in liver fibrosis can be used as a diagnostic agent
for MRI.

The off-label use of feraheme is continuing to grow. The assessment of the stage of liver fibrosis
remains a key issue in patient diagnostics. Currently, the gold standard is still given by a liver biopsy
while imaging techniques as elastography and relaxometry have not been elaborated in this regard,
particularly, for proving moderate fibrosis [121]. A recent study showed that patients with different
stages of liver fibrosis exhibited MRI-assessible differences. One should, however, be aware that T2
parameters can be quantified via a dual echo turbo-spin echo technique. Besides, these applications
can also help to understand different stages of fibrosis patients [121]. It is noticeable that T2 or negative
contrast agents possess superparamagnetic properties and are represented by nanoparticles with iron
oxide core or other magnetic materials [122]. For this purpose, researchers are using different types
of synthesis, shapes and covering of nanoparticles with magnetic cores. One should, nevertheless,
consider the associated problems from another perspective: Li and coworkers proposed to conjugate
Fe3O4 NPs with immunofluorescence markers (indocyanine green (ICG). Further, a targeting ligand
for integrin avb3, arginine–glycine–aspartic acid (RGD) expressed by HSCs to detect early stages of
liver fibrosis, was used [123]. A similar approach was used by Zhang and coauthors, who investigated
diagnostic of liver fibrosis stages in a rat model induced by CCl4 injection. Although they were using
molecular MRI with RGD peptide, modified ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO) were demonstrated to be a promising tool for noninvasive imaging of the progression of the
liver fibrosis [124].

Furthermore, one should note that together with the advantageous properties of magnetic materials
which makes them usable as MRI contrast agents, the iron overload in tissues can be really harmful.
Thus, Wei and coauthors reported that a single dose of MNP application at a high concentration (5 mg
Fe/kg) induced a septic shock response at 24 h and provoked high levels of serum markers (ALT, AST,
cholesterol and other markers), which was noted within 14 days. Moreover, a high dose of MNPs
activated significant expression changes of a distinct subset of genes in cirrhosis liver compared with a
normal dose of MNP application (0.5 mg Fe/kg) [125]. Furthermore, Lunov et. al. analyzed the impact
of MNPs on macrophages and demonstrated that overload of iron leads to apoptosis in these cells,
which is mediated via activation of the c-Jun N-terminal kinase (JNK) pathway [126]. This investigation
demonstrated that iron overload caused by MNP application may have dramatic effects, particularly
on the liver, which contains a large numbers of macrophages.
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2.1.3. Magnetic Hybrid Nanomaterials

Iron oxides exhibit moderate cytotoxicity; however, for their use in biomedicine, such aspects as
biotransformation, biodistribution and in-blood circulating time should be controlled [60,127]. Because
of this reason, the iron oxide MNPs can be hybridized, i.e., with certain polymers (dextran, chitosan,
PEG) [128], noble metals (Au, Ag) [129,130], non-magnetic oxides (MgO, ZnO) [131,132], or silica
dioxide (SiO2) [133]. Apart from polysaccharides, PEG is more often used for organic coating of MNPs.
By varying the molecular weight of the PEG from 6000 to 50,000, it is possible to prolong the circulation
time (blood half-life) from 30 min to one day [134]. The coating leads to a change in the surface
charge of MNPs and, therefore, also significantly affects the pharmacokinetic behavior [60]. Typically,
the negatively charged MNPs exhibit a longer blood half-life [60]. The coating also makes it easier to
modify the surface for modifications with biomolecules, genes, or drugs. Furthermore, hybrid materials
possess additional functionalities, for instance, nano-dimensional gold exhibits the surface plasmon
resonance phenomenon changing the optical properties of the material, which can be exploited for
the detection in photothermal therapy [129,135,136]. Maria Efremova and her colleagues reported
on nanohybrids of magnetite and gold in the form of Janus-like MNPs [129]. Two district surfaces
established a platform for conjugation with two different molecules, for example, with fluorescent
dyes or drugs. These nanohybrids exhibited enhanced contrast for MRI and allowed tracking delivery
of the attached drug in a real-time fashion via intravital fluorescent microscopy.

Lipid-based nanomedicines represent the nanomedicines with the highest market value. Via a
combination of SPIONs embedded into the lipid membrane of liposomes, the desired properties of both
materials can be combined. One example of an application with magnetoliposomes is the application
of a magnetic field to induce release of nucleic acids, such as DNA, which might be useful in drug
release. Salvatore et al. demonstrated that SPIONs can trigger release of DNA from a multifunctional
hybrid nanomaterial composed of liposome components, double-stranded DNA, and hydrophobic
SPIONs [137].

There is a huge and virtually an endless number of options for hybrid nanomaterials and we only
shed light on these. Their numbers are very likely to further increase in future nanomedicines.

2.2. Magnetic Materials in Drug Delivery

2.2.1. Magnetic-Assisted Medical Applications

The size of nanomaterials is a critical factor for their behavior and distribution in the body. Small
particles in the blood tend to aggregate or to be decorated with a protein corona and, because of
their charge, create an electrical double layer. In this sense, the total size of particles characterized
by the hydrodynamic diameter (dH) can be measured i.e., using dynamic light scattering (DLS) [138].
Both the hydrodynamic and physical size of MNPs determine their magnetic properties. In circulation,
systemically injected MNPs circulate in the lumen of blood vessels, interacting with macrophages
of the reticuloendothelial system (RES). Smaller USPIONs with dH > 10 nm were characterized by
longer blood half-life than SPIONs dH > 50 nm [66,134]. Depending on the hydrodynamic size as
well as the electrical charge and other properties, pharmacokinetics and biodistribution of MNPs are
rendered [60,139]. MNPs with a dH below than 15 nm are filtered by the kidney; MNPs with a dH

less than 100 nm accumulate in the liver in hepatocytes and Disse space; a dH of 100–150 nm leads
to the primary accumulation in liver that is based on the uptake by Kupffer cells and these larger
hydrodynamic particles can also be trapped by splenic macrophages.

Since the liver and spleen are primary targets for MPN accumulation, they can also be targeted
with these particles. The hydrodynamic size of 10–50 nm seems optimal for longer circulation time,
but it should be stressed that not only size matters, but properties of the surface such as zeta-potential
and hydrophilic/hydrophobic properties are critical factors for biodistribution [60,134]. Non-specific
biodistribution of MNPs was used for MRI enhancement of liver disease [139,140]. Ferrucci and Starkre
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reported that 80% of intravenously injected non-specific SPIONs were internalized by Kupffer cells.
Thereby, the MNPs create an MR-contrast that enables us to trace hepatic neoplasms [140].

We would like to highlight four non-exhaustive areas in which magnetic materials are important
(Table 2). The first area includes the biggest success story for using magnetic fields for binding-mediated
cell capturing. The chimeric antigen receptor (CAR) T cells have significantly advanced tumor therapies.
This technology is based on the isolation of T cells from autologous donors and these cells are genetically
engineered to target a specific antigen. The isolation of T cells is currently approved for treatment of B
cell lymphoma, and it is expected that T cell engineering will enrich many other fields as well; clinical
studies are ongoing in liver cancer. The group of Michael Sadelain pioneered T cell engineering and
they have recently shown that macrophages play a key role in mediating the side effects of CAR T
cell therapy [141]. Other groups also attempt to manipulate other immune cells, such as natural killer
cells [142]. Microfluidics that facilitate binding-mediated cell capturing and release is a key technology
for sorting cells in closed systems [143–145]. The microfluidic concept for manufacturing lab-on-a-chip
devices use MNPs and these allow for a quick analysis and an automated composition of an individual
treatment. Currently, the CAR T cell therapies are mainly focused on B cell malignancies, but other
types of cancer are being explored in clinical trials.

Tissue engineering has been given further opportunities by magnetic fields, i.e., by facilitating
the arrangement of different cellular layers [146–148]. Magnetic fields have been used to establish
three-dimenstional cell culture arrays, to enable cell patterning for the evaluation of the effect of
fibroblasts on their capability of infiltration [149–151]. Rieck et al. recently demonstrated that magnetic
nanocarriers can be localized in specific areas of the body using magnetic fields. Their approach
was done using complexes of lentivirus and MNPs in combination with magnetic fields. The group
highlighted that using this method in the murine embryonic stem cell system offers the opportunity to
site-specifically downregulate protein tyrosine phosphatase SHP2 by RNAi technology in selected
areas with the pathogenic vessel formation [152]. Using this principle would allow us to selectively
transmit a specific payload to immune cells based on phagocytic uptake to diseased sites in the liver.
Muthana et al. demonstrated that even magnetic resonance imaging machines might be usable to
control the spatial concentration of MNPs [153].

The second field of application that we would like to emphasize is mechanical cell control.
Here, the aim is to get control over the mechanical properties of cells. In the near future, the
technology may be used to measure the stiffness of biological molecules or cellular organelles in vivo.
Magnetic tweezers are used as a simple tool to study mechanical forces of biological molecules and
cells [154]. Low-frequency magnetic fields are applicable for directed cell destruction and induction of
apoptosis [78,155,156]. The concept of mechanical cell control has already been used to function as a
cellular remote control, to modulate the stem cells differentiation, or to modulate the behavior of single
cells [157–159]. Magnetic micromanipulation based on the application of magnetic tweezers is a potent
biophysical technique that is applicable for single-molecule unfolding, rheology measurements, and
analyses of force-regulated processes in living cells [160,161].

The third type of application is drug delivery. MNPs are a powerful tool for therapy to
target killing of injured or infected cells, which may be achieved by, for example, native toxicity
of the MNPs, thermomagnetic effect in magnetic hyperthermia, or targeted drug delivery and
release [135,162,163]. In particular, the field of drug delivery can potentially be highly enriched by
magnetism-based applications. In addition to the above-mentioned application of MRI scanners to
spatially concentrate magnetic particles, magnetic fluids, meaning magnetic particles in a dispersion,
might be controlled magnetically. The release of drugs, for example, mediated by magnetism-enhanced
thermosensitive polymers, might also be enriched by magnetic actions, for example, to trigger the
release of different drugs from a single carrier from porous materials, remote-controlled drug release
using azo-functionalized iron oxide nanoparticles, or in order to trigger heat and drug release from
magnetically controlled nanocarriers [133,164,165]. In addition to particulate or crystal-based systems,
surface immobilized iron might be controlled using noninvasive magnetic stimulation [166–169].
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The fourth area in which magnetism has been used intensively is applications based on imaging.
For instance, MRI-based imaging of liver fibrosis can be enabled by visualizing fibrosis based on
non-invasive analysis of collagen or elastin. Fibrosis might even be visualized by labeling HSC,
i.e., by monitoring a specific surface marker such as the folate-receptor, that has already been used
for this purpose. Folate receptor-targeted particles have also led to improved specificity of tissue
binding [66,124,170]. In order to enable an early therapy of fibrosis, it is critical that it is also diagnosed
at early stages. However, there is currently no established early stage marker. In the future, improved
early recognition techniques such as circulating collagen fragments, i.e., the N-terminal propeptide of
collagen III (Pro-C3) will very likely enable to perform “liquid biopsies” for early detection of fibrosis.
Screening of Pro-C3 in plasma of patients has already been done in hepatitis C patients and has been
demonstrated to be able to predict fibrosis progression [171]. Other biomarkers might be circulating
micro-RNA, and other types of RNA, such as long non-coding RNA (LncRNA), epigenetic analyses,
and microbiome studies. Usually, biomarkers work best if they are combined to calculate a specific
score such as the NAFLD fibrosis score, the fibrosis 4 (FIB-4) index, or the aspartate aminotransferase
to platelet ratio index (APRI) score.

Non-invasive imaging techniques have high potential to confirm the findings from biomarker
screening. Consequently, there is a high unmet need for the development of improved techniques
for non-invasive diagnosis of liver fibrosis [116]. In ref. [116], the molecular MRI was used for
distinguishing different fibrosis stages in a CCI4-based rat model. Enhanced accuracy of detection
was achieved by using a targeted USPIO-based contrast agent for MRI. The MRI contrast depends on
the time of relaxation of protons that alters in the presence of a magnetic field generated by MNPs
and it depends on the degree of interaction of the MNPs with protons. Furthermore, direct imaging
of the distribution of MNPs is possible by magnetic particle imaging (MPI) introduced in 2005 and
based on measurements of the nonlinear magnetic signal of MNPs [172,173]. Potentially, MPI can
enable an improved spatial and temporal resolution than the resolution of the MRI and because of the
native biodistribution of iron oxide-based MNPs, the use of this technique for liver seems promising.
Improved detection methodologies may also further improve the usage of magnetic particles as
biosensors [174]. Imaging probes such as those monitoring Elastin will very likely also improve
imaging of liver fibrosis at later stages of the disease, as Elastin appears in late-stage fibrosis [175]
(Table 2).

The tripeptide arginine-glycine-aspartic acid (RGD) binds to integrin αvβ3 expressed on
HSCs [124]. Conjugation with RGD significantly improved targeting of administrated USPIONs [124].
This allowed authors of ref. [124] to differentiate various liver fibrosis stages with MRI. The relaxivity
of developed nanoparticles was higher than, for example, the earlier reported collagen-specific contrast
agent based on Gd3+. Further improvement was done by multimodal imaging with nanohybrids [123].
In this study, it was suggested that the conjugation of USPIONs-SiO2 with indocyanine green (ICG) dye
may further improve near-infrared fluorescence imaging and RGD for targeting. This combination of
imaging modalities enables it to perform multimodal imaging (NIR and MRI). To establish theranostic
platforms, an additional drug should be attached [176,177].

In order to further visualize some selected applications of magnetic fields, we have illustrated
these with a sketch. In particular, cell sorting technology which is currently enabling breakthroughs
in cancer therapy is largely based on magnetic forces to sort cells, i.e., the magnetic-assisted cell
sorting technology (MACS). These technologies are based on magnetic fields and enable sorting and
manipulate cells in closed systems. Mechanical cell control is still in its infancy, but may significantly
enrich single cell analysis methods. The field of drug delivery may assumingly expect high potential for
breakthroughs due to the potential localized targeting of tissues or cells in vivo, to reduce side effects
on non-target cells with enhanced specificity. Imaging applications are already profiting from steadily
improved probes, improved methods for signal detection, and better biological targets. In fibrosis
imaging, non-invasive assessment of Collagen and Elastin might in future enable significantly improved
and more specific assessment of liver fibrosis (Figure 2).
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Table 2. Selected areas of applications for magnetic nanoparticles.

Role of MNP1 Area of Biomedical Application Literature

Binding-mediated cell
capturing

Cell isolation and separation [141,143–145]

Cell and tissue engineering [146–148]

Cell patterning and concentration [149–153]

Mechanical cell control

Low-frequency magnetic field for cell destruction and induction of apoptosis [78,155,156]

Differentiation of stem cells, modulation of cell division and motility [157–159]

Fundamental study of macromolecules and cell‘s mechanical properties [160,161]

Drug delivery

Magnetic fluid hyperthermia of cancer [135,162,163]

On-demand release of drugs via thermosensitive polymers or azo molecules from
hybrid nanoplatforms [133,164,165]

Targeting or delivery of drug or genes immobilized on surfaces [166–169]

Imaging applications

Reduction of T1 and T2 relaxation time of the water protons for the MRI-contrast [66,124,170]

Imaging and detection via a non-linear magnetic signal [172,173]

Improved detection of magnetic signals, imaging of liver fibrosis [174,175]
1 MNP: Magnetic nanoparticle(s).

 

Figure 2. Applications of magnetic nanoparticles in medicine and biotechnology. We would like to
highlight four main fields of application for magnetic materials and have chosen some representative
schemes for each field of application.

2.2.2. Selective Targeting of Hepatic Stellate Cells—Mission Impossible?

Cell type-specific treatment of disease was first proposed by Paul Ehrlich, who suggested the
development of magic bullets which aim at the pathogens only [178]. Ehrlich assumed that people
would in the near future be able to specifically target cells or tissues to cure disease with unmet
specificity. However, such directed therapies for cancer have been challenged in the past with
unexpected problems. One example of a company focusing on cell targeting is BIND therapeutics
which went bankrupt in 2016 [179]. Through re-investments, its drug, encapsulated Docetaxel targeting
the prostate-specific membrane antigen (PSA), has entered clinical testing again and is currently
evaluated in a phase 2 trials in patients with metastatic castration-resistant prostate cancer [180]. It can
be assumed that targeting liver fibrosis might face similar difficulties like cancer. However, without
any doubt, HSCs as the key cells for fibrosis, represent an ideal target in this regard since they are the
main source of activated myofibroblasts and portal fibroblasts that control the fibrogenic process [181].

However, reaching HSCs with drugs is intrinsically difficult since they are located in the
perisinusoidal space between hepatocytes and sinusoidal endothelial cells. Under normal physiological
conditions, one major function of qHSCs is a depository for vitamin A [182]. In response to liver
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damage, inflammatory mediators promote HSC activation and their subsequent differentiation into
myofibroblasts [183]. Activated HSCs (aHSC) are the main source of collagen in the liver and can
abundantly secrete ECM proteins, tissue inhibitors of metalloproteinases and matrix metalloproteinases
(MMPs), which cause remodeling of the liver architecture [184]. It is important to note that HSCs
are responsible for 80% of the total fibrillar collagen I in the fibrous liver [185]. Thus, inactivation or
modulation of HSC is a one of the key aspects in the development of innovative fibrosis therapy.

HSC and MFB express/upregulate diverse specific receptors, such as the mannose-6-phosphate/
insulin-like growth factor II receptor (M6P/IGFII) [186,187], PPAR [188], integrins [189], platelet-derived
growth factor receptor (PDGFR) [181], or a peptide receptor of the relaxin 1 family (RXFP1) [182].
Various receptors of HSC have been engaged with specific drugs directed to these. The mannose
6-phosphate/Insulin-like growth factor receptor (M6P/IGFR) is among the most popular targeting
structures for HSC. The strategy of eliminating the HSC was investigated in a study 2006 by
Greupink et al., in which a nanocarrier consisting of human serum albumin (HSA) was used as
a carrier, and functionalized with mannose-6-phosphate (M6P) for this purpose. In order to eliminate
these cells, the authors employed doxorubicin, which is used in cancer therapy to kill tumor cells [190].
However, side effects were noted from using the M6P-directed carriers, and in search for a better target,
researchers have turned towards PDGFβR since it was also observed that it is specifically upregulated
in liver fibrosis [191]. It is known that interferon γ (IFNγ) has exhibited side effects when administered
systemically. The research group of Klaas Poelstra therefore created a fusion protein composed of IFNγ

and PDGFβR bicyclic peptide. These fusion proteins were demonstrated to inhibit liver fibrogenesis
in vivo, based on a significant increase in pSTAT1α activation, compared to the single unit of the
fusion protein [192]. A drawback of these fusion proteins is their limited bioavailability, and therefore,
a strategy to deposit them in the body is desirable. Van Dijk et al. thus developed biodegradable
polymeric microspheres for the sustained release of such protein-based drugs [193].

Integrins have also been explored as potential targeting moieties in this regard. Integrins fulfil
important roles by connecting the intracellular cytoskeleton of cells to the ECM. Many integrins
were reported to activate the transforming growth factor β (TGF-β), which is another critical factor
in fibrogenesis [194]. However, direct inhibition of TGF-β is critical since it is involved in many
anti-inflammatory processes. Thus, integrin targeting is in fact a type of indirect targeting of TGF-β.
This was pioneered by Henderson et al. in 2013, showing that the pharmacological inhibition of αv
integrins by a small molecule (CWHM-12) attenuated both liver and lung fibrosis [195]. Bansal and
colleagues, in 2017, further explored the role of integrins in liver fibrosis. They observed that integrin
α 11 (IαV) is critically involved in the regulation of the myofibroblast phenotype and that is colocalizes
with α-smooth muscle actin-positive myofibroblasts. They further assumed that IαV apparently is
involved in fibrogenic signaling and might act downstream of the hedgehog signaling pathway [196].
However, a drawback of integrin targeting is that integrins are important for many vital functions in
the body. A scheme for several different ligands to target HSC receptors has been generated (Figure 3).

The hormone relaxin represents a potential anti-fibrotic ligand which binds to its receptor on
HSC [197]. One of the important effects of relaxin is the widespread remodeling of the extracellular
matrix, which includes altered secretion and degradation of its components [188]. The role of relaxin
as an anti-fibrotic agent has been demonstrated in experiments on genetically engineered mice that are
deficient in the relaxin gene. These mice spontaneously developed age-related fibrosis of the lungs,
heart, skin, and kidneys [198]. It turned out that relaxin also affects the processes of fibrogenesis in the
liver. Treatment with relaxin in rats caused acute changes in the microcirculation of the liver [198],
and morphological changes were found in non-parenchymal sinusoidal cells [199]. The effects of
relaxin were mediated by activation of the receptor for the peptide 1 family of relaxins (RXFP1), which is
expressed predominantly in HSC in the liver [197]. Finally, using an in vivo model of experimental
liver fibrosis, it was shown that relaxin prevented the content of liver collagen and was effective in
treating established liver fibrosis [200]. Thus, relaxin has established itself as an active therapeutic
agent in the treatment of liver fibrosis. However, free relaxin has a very short half-life due to its small
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size (6 kDa) and rapid renal clearance [201]. Frequent administration of relaxin in chronic fibrosis
increases systemic vasodilation, which adversely affects the general condition of the body [199].

When studying the effects of relaxin on fibrosis, it was shown that relaxin conjugated nanoparticles
significantly inhibited differentiation, TGF-β-induced migration, and contractile ability of human HSC
in contrast to the control, where free relaxin was used; in addition, they drastically reduced collagen
gel contraction with maximum inhibitory effects [176].

The evolving and expanding field of RNA technologies has a huge potential to bring up novel
drugs. Recently, the first siRNA-based drug, Patisiran, was approved [202]. In the area of liver fibrosis
research, Bangen and colleagues demonstrated that inhibiting the cell cycle protein cyclin E1 during
liver fibrosis progression in CCl4-induced fibrosis significantly reduced disease severity [203]. RNA
interference may also make use of nucleic acids to manipulate micro-RNA, which is known to also
regulate the inflammatory processes in liver fibrosis [204]. Local release of therapeutic RNA might
further improve efficiency of RNA interference technology.

 
Figure 3. Ligand-based targeting of hepatic stellate cells. Hepatic stellate cells can be targeted based on
their expression of receptors on their surface, in the cytoplasm, or inside the cell nucleus. The endocytic
route allows the transport of HSC-directed sncRNA, small molecules, or liposomal carriers.

In conclusion, the path towards an efficient treatment of fibrosis remains a rocky road equipped
with many pitfalls. However, the high number of drugs evaluated for novel therapies is encouraging.
Targeted drugs that might be further improved by magnetism may represent anti-fibrotic drugs of the
upcoming generations.
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Abstract: Background: The current diagnosis of early-stage liver fibrosis often relies on a serological
or imaging-based evaluation of the stage of fibrosis, sometimes followed by an invasive liver biopsy
procedure. Novel non-invasive experimental diagnostic tools are often based on markers of hepatocyte
damage, or changes in liver stiffness and architecture, which are late-stage characteristics of fibrosis
progression, making them unsuitable for the diagnosis of early-stage liver fibrosis. miRNAs control
hepatic stellate cell (HSC) activation and are proposed as relevant diagnostic markers. Methods:
We investigated the possibility of circulating miRNAs, which we found to be dysregulated upon
HSC activation, to mark the presence of significant liver fibrosis (F ≥ 2) in patients with chronic
alcohol abuse, chronic viral infection (HBV/HCV), and non-alcoholic fatty liver disease (NAFLD).
Results: miRNA-profiling identified miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p
to be significantly dysregulated upon in vitro HSC activation, and to be highly enriched in their
extracellular vesicles, suggesting their potential use as biomarkers. Analysis of the plasma of patients
with significant liver fibrosis (F ≥ 2) and no or mild fibrosis (F = 0–1), using miRNA-122-5p and
miRNA-29a-3p as positive control, found miRNA-451a, miRNA-142-5p, and Let-7f-5p, but not
miRNA-378a-3p, able to distinguish between the two patient populations. Using logistic regression
analysis, combining all five dysregulated circulating miRNAs, we created the miRFIB-score with a
predictive value superior to the clinical scores Fibrosis-4 (Fib-4), aspartate aminotransferase/alanine
aminotransferase (AST/ALT) ratio, and AST to platelet ratio index (APRI). The combination of
the miRFIB-score with circulating PDGFRβ-levels further increased the predictive capacity for the
diagnosis of significant liver fibrosis. Conclusions: The miRFIB- and miRFIBp-scores are accurate
tools for the diagnosis of significant liver fibrosis in a heterogeneous patient population.

Keywords: biomarker; NAFLD; viral liver disease; alcoholic liver disease; microRNA; hepatic stellate
cell; fibrosis; diagnosis; liquid biopsy

1. Introduction

Liver fibrosis and subsequent cirrhosis result in over one million deaths per year worldwide,
making it the eleventh most common cause of death in adults [1]. The three most important causes
for the development of liver fibrosis are chronic alcohol abuse, chronic infection with the hepatitis B
(HBV) or C (HCV) virus, and metabolic syndrome, which can result in non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) [2]. Upon the chronic presence of such liver
injury-causing circumstances, inflammatory signals within the liver will induce hepatocyte-damage
and the activation of liver-resident hepatic stellate cells (HSCs) towards a myofibroblastic phenotype.

Cells 2019, 8, 1003; doi:10.3390/cells8091003 www.mdpi.com/journal/cells245



Cells 2019, 8, 1003

This activation process is marked by an excessive production and deposition of extracellular matrix [3].
The early development of fibrosis, and its progression towards cirrhosis, can be halted and even
reverted upon suitable treatment, such as the administration of anti-viral drugs, or significant life-style
changes [4]. Importantly, overall disease outcome improves when the treatment is started as early as
possible in the disease process [5].

To date, liver biopsy remains the gold standard for grading and staging liver fibrosis. Unfortunately,
this technique is associated with sampling and interpretation variability [6], doubtable cost–benefit
ratios [7], and a risk of pain and bleeding [8]. These drawbacks limit the use of liver biopsy as a tool
for screening or follow-up. Various non-invasive diagnostic tools have been developed, of which
some have made their way into clinical practice, including serological scoring tools, such as the
enhanced liver fibrosis (ELF) test, aspartate aminotransferase/alanine aminotransferase (AST/ALT)
ratio, Fibrosis-4 (Fib-4) score, and the AST to platelet ratio index (APRI), and imaging-based tools,
such as transient elastography (FibroScan®), shear wave elastography (SWE), and acoustic radiation
force impulse (ARFI) [9]. However, these non-invasive techniques have not yet led to full redundancy
of the liver biopsy, especially due to their limited sensitivity and specificity for the detection of early
stages of liver fibrosis.

MicroRNAs (miRNAs) are non-coding, single-stranded RNA structures of approximately 22
nucleotides long, and function as posttranscriptional gene regulators. More specifically, through
binding to the 3’ untranslated regions of target messenger RNAs (mRNA), they can induce their
cleavage, or prevent their translation into proteins [10]. Some miRNAs are known to be expressed in a
cell- or tissue-specific manner. miRNAs are found in almost all body fluids, where they obtain stability
by packaging into extracellular vesicles, or association to Argonaute2 or high-density lipoproteins [11].
Recent research has identified the potential of miRNAs to be used as diagnostic tools for specific
subsets of liver disease, often focusing on the diagnosis of liver cirrhosis and hepatocellular carcinoma
(HCC) [12,13]. However, the diagnostic value of individual miRNAs, or miRNA-panels, for the
identification of early stages of liver fibrosis in heterogeneous patient populations remains to be proven.

In this study, we aimed to investigate the diagnostic value of miRNAs for the identification
of significant liver fibrosis in a heterogeneous patient cohort suffering from chronic liver disease.
We found that plasma levels of several individual miRNAs associated with HSC activation can
distinguish between no or mild fibrosis (F0–1) and significant liver fibrosis (F ≥ 2). More importantly,
the combination of the plasma levels of five miRNAs and PDGFRβ protein levels into the miRFIBP-score
increased the predictive capacity for the diagnosis of significant liver fibrosis and outperformed clinical
scores, such as Fib-4, the AST/ALT ratio, and APRI.

2. Materials and Methods

2.1. Animal Studies

The use and care of animals was reviewed and approved by the Ethical Committee of Animal
Experimentation of the Vrije Universiteit Brussel (Brussels, Belgium) in project 16-212-2, and was carried
out in accordance with European Guidelines for the Care and Use of Laboratory Animals. All mice
were housed in a controlled environment with free access to water and food. Primary HSCs were
isolated from male Balb/c mice aged 25 to 30 weeks (Charles River Laboratories, L’Arbresle, France),
as described earlier [14,15]. Briefly, murine livers were digested by enzymatic solutions consisting of
collagenase (Roche diagnostics, Mannheim, Germany) and pronase E (Merck, Darmstadt, Germany).
The resulting cell suspension was centrifuged at low speed to remove hepatocytes. Hepatic stellate
cells (HSCs) were purified from the non-parenchymal fraction based on their buoyancy, using an 8%
Nycodenz (Axis-shield PoC AS, Dundee, Scotland) solution. Isolated HSCs were cultured on regular
tissue culture dishes (Greiner Bio-One, Vilvoorde, Belgium), in Dulbecco’s modified Eagle’s medium
(Lonza, Verviers, Belgium) supplemented with 10% foetal bovine serum (Lonza, Verviers, Belgium),
2 mM L-glutamine (Ultraglutamine 1®) (Lonza), 100 U/mL penicillin, and 100 μg/mL streptomycin
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(Pen-Strep®) (Lonza), inducing in vitro myofibroblastic transdifferentiation. Cell purity was confirmed
by the presence of lipid droplets and staining for HSC-specific markers.

For the in vivo induction of liver fibrosis, 10-week old mice received eight intraperitoneal injections
of 15 μL carbon tetrachloride (CCl4) diluted in 85μL mineral oil (Sigma-Aldrich, St. Louis, MO, USA)
per 30 g bodyweight over a period of four weeks. Mice were sacrificed 24 h after the last injection.

2.2. Patient Cohort

Patients with liver fibrosis caused by chronic alcohol abuse and chronic viral hepatitis were
recruited from the Department of Gastroenterology and Hepatology of the University Hospital of
Brussels (UZ Brussel), Belgium. The extent of liver fibrosis in these patients was determined based
on transient elastography (FibroScan®, Echosens, France). Patients with at least 10 valid stiffness
measurements with a success rate of minimum 60% were included in the final analysis. Cut-off values
used to discriminate fibrotic stages equal to or more than F2, F3, and F4 were taken at 7.2 kPa, 9.5 kPa,
and 12.5 kPa [16], respectively. Patients with liver fibrosis suffering from NAFLD were recruited
from the Diabetes Centre of the University Hospital of Brussels (UZ Brussel, Brussels, Belgium)
in collaboration with the Department of Gastroenterology and Hepatology (UZ Brussel, Brussels,
Belgium). In these patients, the extent of fibrosis was determined by use of acoustic radiation force
impulse (ARFI), using cut-off values of 1.25 m/s, 1.54 m/s, and 1.84 m/s to identify a fibrotic stage
equal to, or more than F2, F3, and F4, respectively. All NAFLD-patients had Diabetes Mellitus type 2.
The protocol of this study was approved by the local ethical committee of the UZ Brussel and Vrije
Universiteit Brussel (reference number 2015/297; B.U.N. 143201525482) and was in accordance with the
Declaration of Helsinki. An informed consent was obtained from all participants, prior to inclusion in
the study.

2.3. Blood Collection

Blood samples were collected by venepuncture into evacuated ethylenediaminetetraacetic acid
(EDTA-KE) S-Monovette tubes (Sarstedt AG & Co, Nümbrecht, Germany) on the day of FibroScan or
ARFI. All samples were subjected to haematological and biochemical analyses. Plasma was created
within a maximum timespan of 2 h after collection, using a two-step centrifugation protocol of 1500 g
for 10 min (4 ◦C), followed by 2000 g for 3 min (4 ◦C). Plasma was frozen at −80 ◦C until further use.

2.4. Serological Scoring of Fibrosis

Haematological analyses and subsequent serological scoring algorithms, such as our recently
developed PRTA-score [17] and the clinical algorithms Fib-4, APRI, and the AST/ALT ratio, were used
to validate the elastography-based fibrosis scoring. The PRTA-score, Fib-4, and APRI were calculated
using following formulae:

Fib-4 = age × AST[IU/L]/(thrombocytes[109/L] × (ALT[IU/L])1/2);

APRI = (AST[IU/L]/ULN)/thrombocytes[109/L];

PRTA-score = (sPDGFRβ[pg/mL] × 100)/(albumin[g/L] × (thrombocytes[/mm3]/100)).

2.5. Messenger RNA and microRNA Analysis

miRNAs were extracted from 500 μL human- or 150 μL mouse-plasma by use of the
Nucleospin® miRNA Plasma kit (Macherey-Nagel, Düren, Germany), using the manufacturer’s
protocol. Caenorhabditis elegans miRNA-39 (Cel-miRNA-39) (Qiagen, Hilden, Germany) was
added into the plasma lysate before the start of the extraction protocol and served as an external
processing control. Total RNA from liver tissue and cultured hepatic stellate cells was extracted by
the TRIzol reagent (ThermoFisher scientific, Waltham, USA) and ReliaPrepTM RNA Miniprep system
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(Promega, Madison, WI, USA), using the manufacturers’ protocol. Messenger RNA (mRNA) was
reverse-transcribed into complementary DNA (cDNA) using a mixture of hexamer random primers,
Moloney murine leukemia virus reverse transcriptase (M-MLV RT) Buffer, deoxyribonucleotide
triphosphate (dNTP) mix, M-MLV RT RNase (H-) Point mutant, and RNasin® Plus RNase Inhibitor
(Promega). MicroRNA (miRNA) was reverse transcribed into cDNA using the miScript II RT kit
(Qiagen, Hilden, Germany). The expression profiles of selected mRNA and miRNAs were analyzed
by quantitative real-time polymerase chain reaction (qPCR), using the GoTaq qPCR Master Mix
with BRYT green (Promega) and the miScript SYBR Green PCR kit (Qiagen), respectively, in the
QuantStudio 3 real-time PCR system (ThermoFisher scientific). Obtained results were analyzed using
the QuantStudio 3 Design and Analysis Software (ThermoFisher scientific). Individual gene and
miRNA expression was normalized to Gapdh, RNU6, or Cel-miRNA-39, as appropriate. Relative
expression was calculated using the comparative Ct method (2−ΔΔCT). miRNA- (Supplementary
Table S1) and gene- (Supplementary Table S2) specific primers were produced by Integrated DNA
Technologies (IDT, Leuven, Belgium).

2.6. Histological Evaluation

Four-micrometer paraffin-embedded liver tissue sections were cut, deparaffinized, and rehydrated
before staining with Sirius Red/Fast Green or Hematoxyline/Eosin. The sections were then washed,
dehydrated, and mounted with DPX mounting medium. Whole slide images were taken using the
Aperio CS2 image capture device (Leica, Diegem, Belgium). Collagen staining was quantified using
the Orbit Image Analysis software (Actelion Pharmaceuticals Ltd, Allschwil, Switzerland) [18].

2.7. Immunocytochemistry

After the isolation of primary murine hepatic stellate cells, the cells were cultured on coverslips
for 24 h or 10 days. Cells were washed with PBS and fixed with formalin for 10 min. The cells were
then washed three times with PBS and stored at 4 ◦C until further use. Prior to staining, the cells
were permeabilized using PBS supplemented with 0.1% Triton-X (3 × 5 min). Afterwards, cells were
incubated for 30 min with 0.1% Triton-X PBS containing 2% bovine serum albumin (BSA), to block
non-specific binding sites. The cells were incubated overnight at 4 ◦C with anti-Desmin (1:200, RB-9014-P,
ThermoFisher scientific), or anti-Vimentin (1:200, V5255, Sigma-Aldrich). Three wash-steps using 0.1%
Triton-X PBS were applied, followed by incubation with donkey anti-rabbit Alexa Fluor 488 secondary
antibody (1:200, A21206, ThermoFisher scientific), donkey anti-mouse Alexa Fluor 488 secondary
antibody (1:200, A21202, ThermoFisher scientific), or Cy3-coupled mouse anti-αSMA primary antibody
(1:100, C6198, Sigma-Aldrich) for 1.5 h. Coverslips were mounted with 4′,6-diamidino-2-phenylindole
(DAPI)-containing mounting medium (Dako, Denmark). Images were taken using the EVOS FL
fluorescence microscope (ThermoFisher).

2.8. Statistical Analysis

Data were analyzed using GraphPad Prism 8 (GraphPad, Palo Alto, USA). Quantitative variables
are expressed as means ± standard error of the mean (SEM) or expressed as boxplots using the Tukey
representation. Statistical analyses were performed using the Student’s t-test, Mann–Whitney test,
and One-Way ANOVA with Dunnett post hoc test, as appropriate. Categorical values were analyzed
using the Chi-square test. The diagnostic accuracy and performance of the mentioned miRNAs and
serological scores were determined using receiver operating characteristics (ROC) curves, and the area
under the curve (AUC) was calculated. Sensitivity and specificity were calculated based on the highest
Youden’s index values [19]. Correlation studies were executed using the Spearman’s correlation test.
Logistic regression analyses were performed using MedCalc version 18 (MedCalc Software, Ostend,
Belgium). The sufficiency of the sample size was confirmed by MedCalc version 18 using in house
preliminary results and a type I error rate (α) of 5% and a power (1-β) of 80%. Results were considered
statistically significant when p < 0.05.

248



Cells 2019, 8, 1003

3. Results

3.1. Identification of Candidate HSC-Linked miRNAs

As hepatic stellate cell (HSC) activation is an early event of liver fibrosis initiation and progression,
we hypothesized that HSC-derived circulating miRNAs could be suitable markers for early stage liver
fibrosis. In order to identify candidate miRNAs, NanoString analysis was performed on extracellular
vesicles (EVs), both microvesicles and small extracellular vesicles (sEV), obtained from the conditioned
medium of in vitro activating primary murine HSCs. To this end, primary mouse HSCs were plated on
plastic tissue culture dishes for 10 days. The activation of cultured HSCs was verified on a protein level
by the up-regulation of HSC-activation markers Desmin, α-SMA, and Vimentin (Figure 1A), and on an
mRNA level by Acta2, Col1a1, and Lox (Figure 1B). Although the obtained miRNA counts by NanoString
analysis were insufficient to compare between the quiescent and activated conditions, several miRNAs
were found to be highly enriched in such EVs, as compared to the average expression level of all tested
miRNAs. This list of highly shed miRNAs, and thus potential fibrosis markers, was further restricted
to the miRNAs that are conserved among mouse and human, to ensure translational value, ending
up with a list of nine candidate miRNAs (Supplementary Figure S1). The expression levels of these
miRNAs were analyzed in the in vitro activated primary mouse HSC cultures. Expression analysis
of all nine candidate miRNAs was performed by using qPCR on the cell lysate of activated HSCs,
as compared to freshly isolated HSCs (Figure 1C), and identified the significant dysregulation of four
miRNAs: miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p (Figure 1D).

3.2. Identification of Ankrd52, Clcn5 and Peg10 as Potential Target Genes

To investigate a potential function of miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p
in the HSC-activation process, a bioinformatics-based target prediction was carried out, using four
different predictive algorithms: TargetScan, miRDB, starBase, and miRTarBase. Of all putative
targets, thirteen genes are suggested to have all four miRNAs as post-transcriptional regulators
(Figure 2A). The analysis of mRNA expression in activated HSCs, compared to freshly isolated
quiescent HSCs, identified three genes that remained stable during the activation process (Figure 2B),
three genes that were up-regulated (Figure 2C), and seven genes that were down-regulated (Figure 2D)
upon HSC-activation. The genes that were up-regulated upon HSC activation, Ankrd52, Clcn5,
and Peg10, are of particular interest, as miRNAs are known to regulate gene expression in a dominantly
negative manner.

3.3. miRNA Expression Analysis in the CCl4-Mouse Model

Next, we analyzed the expression of miRNA-451a, miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p
in a well-studied mouse model of liver fibrosis, with repeated injections of carbon tetrachloride
(CCl4) [20]. When mice are exposed to the CCl4-toxin two times a week, for four weeks, significant
hepatocyte-damage and HSC-activation can be seen (Figure 3A,B). An analysis of total liver tissue
from sick mice, compared to healthy controls, revealed significant changing levels for miRNA-451a,
miRNA-142-5p, Let-7f-5p, and miRNA-378a-3p (Figure 3C), with overlapping expression patterns,
as found in activating HSCs. The expression of two miRNAs extensively characterized in chronic liver
diseases, miRNA-122-5p [21] and miRNA-29a-3p [22], was used as positive controls. Plasma obtained
from the CCl4-mouse model identified significant changing expression levels of all analyzed miRNAs
(Figure 3D). Interestingly, all miRNAs had a plasma expression pattern opposite to what was found
in total liver tissue or activating HSCs. Altogether, these results suggest the potential use of these
circulating miRNAs, without the need to distinguish between miRNAs packaged into extracellular
vesicles or bound to (lipo-)proteins, as markers for HSC activation and fibrosis progression.
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Figure 1. miRNA expression in mouse in vitro activated hepatic stellate cells (HSCs). (A) Immunofluorescence
staining of quiescent (24 h of culture) and activated (10 days of culture) primary mouse HSCs for
activation markers Desmin, αSMA, and Vimentin. 4′,6-Diamidino-2-phenylindole (DAPI) was used
as nuclear staining. Representative images are shown. (B) mRNA expression levels determined by
quantitative polymerase chain reaction (qPCR) of HSC-activation markers Acta2, Col1a1, and Lox in
freshly isolated HSCs (0 h), as compared to HSCs activated by 10 days of culture (D10). (C) Heatmap
of relative expression levels, as determined by qPCR, for selected candidate miRNAs in activated
HSCs (D10), as compared to freshly isolated HSCs (0 h). (D) miRNA-451a, miRNA-142-5p, Let-7f-5p,
and miRNA-378a-3p were found to be significantly dysregulated upon HSC activation. One-tailed
unpaired t-test analysis was used to determine statistical significance. Results are shown as mean ±
standard error of the mean (SEM); n = 5.

3.4. Patient Characteristics and Plasma miRNA Alterations During Liver Fibrosis Progression

Next, we investigated whether the plasma levels of these six miRNAs can be correlated to liver
fibrosis severity in patients suffering from different chronic liver diseases. Patient characteristics are
summarized in Table 1. A total of 208 patients were included, of which 92 patients were diagnosed with
no or minimal fibrosis (F0–1) and 116 patients with significant fibrosis (F ≥ 2), as staged by elastography.
Patients with various aetiologies of liver disease were recruited—chronic alcohol abuse (n = 33), chronic
HBV/HCV infection (n = 74), and NAFLD (n = 101). Patients with chronic alcohol abuse or viral
infection underwent transient elastography (FibroScan®) to distinguish significant liver fibrosis (F ≥ 2)
from no or minimal fibrosis (F0–1); (median (25th; 75th percentile)) 12 (9.1; 33.6) kPa versus 5.2 (4.0;
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6.1) kPa, respectively. Patients who presented with NAFLD all suffered from Diabetes Mellitus type
2 and underwent ARFI to distinguish significant liver fibrosis (F ≥ 2) from no or minimal fibrosis
(F0–1); (median (25th; 75th percentile)) 1.525 (1.30; 1.68) m/s versus 1.15 (1.12; 1.20) m/s, respectively.
Various clinical scoring algorithms, such as the AST/ALT ratio, Fib-4 score, APRI, and the recently
developed PRTA-score [17], were calculated. All liver-related laboratory parameters, except for ALT
and Creatinine values, and all fibrosis scoring tools are significantly different between the F0–1 and
F ≥ 2 patient cohorts, validating the early- or late disease character of the included patients (Table 1).

Figure 2. miRNA target prediction. Bioinformatics-based target prediction was carried out, using four
different predictive algorithms: TargetScan, miRDB, starBase, and miRTarBase. (A) Venn diagram
showing putative target genes for the differentially expressed miRNAs in culture activated primary
mouse HSCs. A list of target genes mutual among all four miRNAs is shown. mRNA expression
analysis of the identified mutual target genes in activated (D10) versus quiescent (0 h) HSCs identified
(B) three genes with no significant difference, (C) three genes to be significantly up-regulated, and (D)
seven genes to be significantly down-regulated. One-tailed unpaired t-test analysis was used to
determine statistical significance. Results are shown as mean ± SEM; n = 5.
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Figure 3. miRNA expression analysis in a CCl4-induced mouse model of liver fibrosis. (A) Total liver
tissue of mice that received CCl4-injections two times a week, for a period of four weeks, and healthy
controls, was used to visualize hepatocyte damage and inflammation (H&E), and cross-linked collagen
deposition (Sirius Red). Arrows indicate infiltrated inflammatory cells. Representative images are
shown. (B) The area of Sirius Red positive staining was calculated using Orbit analysis software and is
plotted as percentage of the total area (n = 7 mice per group). (C) miRNA expression analysis of total
liver tissue extracted from CCl4-injected mice, as compared to healthy controls (n = 7 mice per group).
Results are shown as mean ± SEM. (D) Tukey boxplots represent miRNA expression values in plasma
obtained from CCl4-injected mice, as compared to healthy controls (n = 7 mice per group). Obtained Ct
levels were normalized by use of spiked-in Cel-miRNA-39. One-tailed unpaired t-test analysis was
used to determine statistical significance.
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Table 1. Baseline characteristics of the patient cohort.

Patient Cohorts F0–1 F2–4 p Value

Individuals, n 92 116

Disease aetiology: n (%)

Alcoholic liver disease 6 (7%) 27 (23%)
Viral liver disease 46 (50%) 28 (24%)
NAFLD 40 (43%) 61 (53%)

Characteristics

Age (years): median (IQR) 52 (42–63) 57 (51–65) 0.0003
Male, n (%) 52 (57%) 84 (72%) 0.0267
BMI (kg/m2): median (IQR) 27.44 (24.16–32.35) 29.96 (25.18–34.23) ns

Laboratory parameters: median (IQR)

AST (IU/L) 34 (24–48) 40 (28–67) 0.0048
ALT (IU/L) 43 (34–62) 48 (32–71) ns
Alk Phos (IU/L) 68 (54–87) 87 (66–130) <0.0001
GGT (IU/L) 39 (23–83) 71 (40–154) <0.0001
Total bilirubin (mg/dL) 0.60 (0.47–0.79) 0.76 (0.57–1.20) 0.0005
Albumin (g/L) 43 (41–46) 42 (39–45) 0.0035
Thrombocytes (×103/mm3) 231 (202–277) 202 (149–255) 0.0006
Creatinine (mg/dL) 0.85 (0.70–1.02) 0.87 (0.74–1.04) ns

Fibrosis scoring: median (IQR)

AST/ALT ratio 0.76 (0.62–0.87) 0.82 (0.67–1.18) 0.0211
APRI 0.35 (0.24–0.57) 0.56 (0.32–0.88) 0.0005
Fib-4 1.13 (0.83–1.49) 1.67 (1.08–2.80) <0.0001
PRTA-score 7.18 (4.49–9.87) 11.63 (7.95–20.40) <0.0001

n: number; NAFLD: non-alcoholic fatty liver disease; IQR: interquartile range; BMI: body mass index; AST:
aspartate aminotransferase; ALT: alanine aminotransferase; Alk Phos: alkaline phosphatase; GGT: gamma-glutamyl
transferase; AST/ALT ratio: aspartate aminotransferase/alanine aminotransferase ratio; APRI: AST to platelet ratio
index; Fib-4: Fibrosis-4; PRTA-score: PDGFRβ-thrombocytes-albumin score; ns: not significant.

Analysis of the plasma of these patients showed that miRNA-451a and miRNA-142-5p were
significantly up-regulated, while Let-7f-5p was significantly down-regulated, in patients with significant
liver fibrosis (F ≥ 2). miRNA-378a-3p remained stable during fibrosis progression (Figure 4A). Area
under receiver operating characteristic (AUROC) analysis identified comparable diagnostic utility
among miRNA-451a (AUC = 0.6065), miRNA-142-5p (AUC = 0.6220), and Let-7f-5p (AUC = 0.6485)
(Figure 4A and Supplementary Table S3). Late-stage fibrosis markers miRNA-122-5p (AUC = 0.5969)
and miRNA-29a-3p (AUC= 0.5922) (Figure 4B,C and Supplementary Table S3) were found to have lower
diagnostic utility. While APRI (AUC = 0.6481) and AST/ALT (AUC = 0.5956) were comparable to or
were outperformed by the analyzed miRNAs, FIB-4 (AUC= 0.6879) and the PRTA-score (AUC = 0.7732)
remained superior for the diagnosis of significant liver fibrosis (Figure 4D and Supplementary Table S3).

3.5. Association of Circulating miRNAs With Clinical Variables

We next examined the association between miRNA expression levels and clinical-pathological
variables of the patient cohort. The levels of miRNA-451a (r = −0.2118), miRNA-142-5p (r = −0.2074),
Let-7f-5p (r = 0.3426), miRNA-122-5p (r = 0.2193), and miRNA-29a-3p (r = 0.2413) were correlated with
fibrosis severity, as determined by elastography (Supplementary Table S4 and Figure S2). Let-7f-5p
was correlated with various fibrosis-linked parameters, such as decreasing albumin levels (r = −0.2031)
and platelet counts (r = −0.3778), and to the fibrosis-scores Fib-4 (r = 0.3215), APRI (r = 0.2820),
and PRTA-score (r = 0.4332), suggesting its association with hepatic fibrosis severity. As expected,
miRNA-122-5p was strongly associated with AST (r = −0.2625) and ALT (r = −0.4093) levels, and thus
marks hepatocyte damage. miRNA-142-5p (r = −0.1602), Let-7f-5p (r = 0.1416), and miRNA-122-5p
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(r = 0.2628) were associated with age, while Let-7f-5p (r = −0.1563) and miRNA-29a-3p (r = −0.2161)
were associated with body mass index (Table 2).

Figure 4. Evidence of significant liver fibrosis by the plasma levels of individual miRNAs. Expression
analysis of circulating miRNAs in patients (n = 208) with chronic alcohol abuse, viral infection,
and non-alcoholic fatty liver disease (NAFLD), with (F2–4) or without (F0–1) significant liver fibrosis.
p-values were calculated using the Mann–Whitney U-test. Data is presented as Tukey boxplots. Receiver
operating characteristic curve analysis was performed, and area under the curve (AUC) values were
calculated to quantify the diagnostic value. The discriminative capacity of (A) candidate miRNAs was
compared to (B) miRNA-122-5p and (C) miRNA-29a-3p and to (D) the serological scoring algorithms
Fib-4, APRI, AST/ALT, and PRTA.

3.6. Discrimination of Significant Liver Fibrosis by the miRFIB-Score

To investigate whether a combination of the evaluated miRNAs could be used to diagnose
significant (F ≥ 2) liver fibrosis with a higher predictive value than the individual miRNAs, we created
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an miRNA-algorithm using logistic regression analysis. Here, the total patient cohort (n = 208) was
randomly divided (Excel, Microsoft, WA, USA) into a derivation (n = 143) and validation (n = 65)
cohort. Considering the lack of association between miRNA-378a-3p and fibrosis severity (Figure 3
and Supplementary Table S4), we chose to exclude this miRNA from the score. Combination of the
other miRNA-variables generated the miRFIB-score:

miRFIB = 4.3799 + (0.70824 × Let-7f-5p (dCT)) − (0.090912 ×miRNA-122-5p (dCT))
− (0.26149 ×miRNA-142-5p (dCT)) − (0.53602 ×miRNA-29a-3p (dCT))

− (0.041140 ×miRNA-451a (dCT)).

Table 2. Correlations of circulating miRNA expression levels with clinical parameters.

miRNA-451a miRNA-142-5p Let-7f-5p miRNA-378a-3p miRNA-122-5p miRNA-29a-3p

r p r p r p r p r p r p
Age −0.0409 ns −0.1602 0.0234 0.1416 0.0413 0.0905 ns 0.2628 0.0001 0.0096 ns
BMI 0.0280 ns −0.0397 ns −0.1563 0.0287 −0.1037 ns −0.0667 ns −0.2161 0.0025
AST −0.1554 0.0318 0.0076 ns 0.1371 ns −0.1038 ns −0.2625 0.0002 0.1150 ns
ALT −0.0727 ns 0.0207 ns 0.0534 ns −0.1412 0.0484 −0.4093 <0.0001 −0.0166 ns

Alk Phos −0.0022 ns −0.0804 ns 0.2027 0.0050 −0.0047 ns 0.2059 0.0046 0.1600 0.0287
GGT −0.1372 ns −0.1756 0.0174 0.1730 0.0163 −0.0621 ns 0.0060 ns 0.0899 ns

Bilirubin −0.0609 ns −0.0237 ns 0.3194 <0.0001 0.1295 ns 0.1213 ns 0.2790 0.0001
Albumin −0.1064 ns 0.0365 ns −0.2031 0.0067 −0.0148 ns −0.2394 0.0014 −0.1747 0.0207

Platelet count 0.1243 ns −0.1139 ns −0.3778 <0.0001 −0.1629 0.0255 −0.1050 ns −0.3514 <0.0001
Creatinine −0.0419 ns −0.0399 ns 0.0054 ns −0.0094 ns 0.0652 ns −0.0257 ns
AST/ALT −0.1026 ns −0.0126 ns 0.0756 ns 0.0311 ns 0.1920 0.0072 0.1627 0.0234

Fib-4 −0.1223 ns 0.0439 ns 0.3215 <0.0001 0.1400 ns 0.0607 ns 0.2852 0.0001
APRI −0.1551 0.0365 0.1039 ns 0.2820 <0.0001 0.0321 ns −0.1573 0.0321 0.2551 0.0005

PRTA-score −0.0559 ns 0.0266 ns 0.4332 <0.0001 0.1479 ns 0.2401 0.0020 0.3447 <0.0001

Correlations were evaluated by the Pearson’s correlation coefficient (r). ns: not significant; BMI: body mass
index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; Alk Phos: alkaline phosphatase; GGT:
gamma-glutamyl transferase; AST/ALT ratio: aspartate aminotransferase/alanine aminotransferase ratio; APRI: AST
to platelet ratio index; Fib-4: Fibrosis-4; PRTA-score: PDGFRβ-thrombocytes-albumin score.

The diagnostic value of the miRFIB-score to diagnose significant liver fibrosis in the derivation
cohort was superior (AUC = 0.7251) to the clinical scores AST/ALT, APRI, and Fib-4 (AUC of
0.5936, 0.6273, and 0.6773, respectively). The diagnostic value of the miRFIB-score was confirmed
in the validation cohort (AUC = 0.8173) and total cohort (AUC = 0.7558) (Table 3 and Figure 5).
Additionally, the miRFIB-score was found to be significantly correlated with fibrosis severity (r = 0.4365)
(Supplementary Table S4) and was able to differentiate patients with specific stage F2 from patients
with stage F0–1 (p < 0.0001) (Supplementary Figure S2).

3.7. Inclusion of PDGFRβ Improves the Diagnostic Power of the miRFIB-Score

We previously reported the diagnostic utility of circulating PDGFRβ protein levels to detect
significant liver fibrosis [17]. Thus, we performed logistic regression analysis on the derivation cohort,
combining PDGFRβ levels with our five-miRNA panel. This generated the miRFIBp-score, which was
calculated as follows:

miRFIBp-score = (0.97229 ×miRFIB-score) + (0.00021150 × PDGFRβ (pg/mL) − 1.8678.

The score had an increased diagnostic value for the identification of significant liver fibrosis in
the derivation cohort (AUC = 0.7912; sensitivity = 80.82%; specificity = 70.37%), validation cohort
(AUC = 0.8009; sensitivity = 68.75%; sensitivity = 81.48%), and total cohort (AUC = 0.7970; sensitivity
= 79.05%; sensitivity = 69.51%) (Table 3 and Figure 5). The inclusion of PDGFRβ into the miRFIB-score
further improved the correlation with fibrosis severity (r = 0.4847) (Supplementary Table S4), with a
persistent possibility to differentiate patients with specific stage F2 liver fibrosis from patients with
stage F0–1 fibrosis (p < 0.0001) (Supplementary Figure S2).
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Table 3. Performance of the miRFIB- and miRFIBp-score, as compared to the AST/ALT, APRI, Fib-4,
and PRTA scoring algorithms, for the detection of significant liver fibrosis (F ≥ 2).

AUC 95% CI Optimal Cut-Off Sensitivity (%) Specificity (%) PPV NPV

AST/ALT

Derivation 0.5936 0.4986–0.6886 0.6948 73.68 45.16 62.87 58.65
Validation 0.5988 0.4546–0.7430 1.025 38.24 84.00 75.08 51.90
Total 0.5956 0.5166–0.6747 0.8725 41.82 75.86 68.59 50.85

APRI

Derivation 0.6273 0.5313–0.7234 0.4928 59.46 68.97 70.72 57.44
Validation 0.7128 0.5773–0.8482 0.7531 45.45 95.65 92.94 58.18
Total 0.6481 0.5696–0.7267 0.4928 57.01 70.37 70.80 56.49

Fib-4

Derivation 0.6773 0.5847–0.7698 1.505 61.11 73.68 74.53 60.05
Validation 0.7083 0.5692–0.8474 1.520 58.06 86.96 84.88 62.19
Total 0.6879 0.6112–0.7647 1.505 60.19 77.50 77.13 60.70

PRTA-score

Derivation 0.7399 0.6525–0.8272 10.36 59.15 81.63 80.23 61.32
Validation 0.7912 0.6566–0.9258 7.842 86.21 72.22 79.64 80.60
Total 0.7732 0.7033–0.8431 11.59 50.52 89.71 86.09 58.99

miRFIB

Derivation 0.7251 0.6393–0.8110 0.1109 77.33 61.40 71.63 68.24
Validation 0.8173 0.7112–0.9235 0.3412 65.71 92.86 92.06 68.24
Total 0.7558 0.6887–0.8229 0.1404 78.38 62.35 72.41 69.59

miRFIBp

Derivation 0.7912 0.7120–0.8704 0.0673 80.82 70.37 77.47 74.43
Validation 0.8009 0.6844–0.9175 0.3840 68.75 81.48 82.39 67.41
Total 0.7970 0.7329–0.8611 0.1043 79.05 69.51 76.57 72.47

AST/ALT ratio: aspartate aminotransferase/alanine aminotransferase ratio; APRI: AST to platelet ratio index; Fib-4:
Fibrosis-4; PRTA-score: PDGFRβ-thrombocytes-albumin score; AUC: area under the curve; CI: confidence interval;
PPV: positive predictive value; NPV: negative predictive value.

 

Figure 5. Diagnostic performance of the miRFIB- and the miRFIBp-score for significant liver fibrosis.
Performance comparison of the miRFIB-, the miRFIBp-score, and commonly used validated diagnostic
algorithms for the diagnosis of significant liver fibrosis (F2–4) in (A) the derivation, (B) validation,
and (C) total patient cohort.
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4. Discussion

Studies concerning the identification of novel non-invasive diagnostic tools suitable for the
screening and monitoring of liver fibrosis in a general patient population remain limited. However,
they are highly needed, as an accurate diagnosis of liver fibrosis has been shown to be a critical
determinant of patient outcome [23,24]. Serological scoring tools, such as Fib-4, APRI, and AST/ALT,
have been integrated into clinical practice, but lack accuracy for the identification of early stages
of, and minor changes in, liver fibrosis [25–27]. Therefore, they are often only used as an indicator
of the need for liver biopsy. The need for liver biopsy in current clinical practice thus remains.
The identification of an adequate, sensitive, and specific serological marker for liver fibrosis would
be of great value, as it could be used as an efficient first-line diagnostic step in screening at-risk
patients [28], provide an easy tool for monitoring patients with fibrosis, and be of use in clinical trials
evaluating fibrosis.

In the present study, we assessed the diagnostic utility of miRNAs differentially expressed during
the activation of in vitro cultured primary HSCs, to identify significant liver fibrosis in a heterogeneous
patient cohort with chronic viral infection, chronic alcohol abuse, and NAFLD. We identified an
increased expression of miRNA-451a and miRNA-142-5p in the plasma of patients with significant
liver fibrosis versus patients with no or mild fibrosis, whereas Let-7f-5p expression was decreased
(Figure 4A). The observed down-regulation of miRNA-451a in total liver tissue of CCl4-injected mice
(Figure 3C) mimics their down-regulated expression in livers of NASH patients, compared to patients
with simple steatosis [29]. Additionally, its enhanced circulating expression, observed in our patient
cohort with significant liver fibrosis (Figure 4A), was also seen when comparing the serum of NAFLD
patients with healthy controls [30]. In contrast, one study identified a down-regulation of miRNA-451a
in the plasma of cirrhotic HBV patients, compared to healthy controls [31]. These results could not be
confirmed in our patient cohort with chronic viral infection. Differences in miRNA-451a expression
between HBV and HCV patients should further be investigated. Su et al [32] identified the inflammatory
signals IL4 and IL13 to increase miRNA-142-5p expression in macrophages, activating them towards
a pro-fibrogenic character. Furthermore, they identify its up-regulation in liver tissue of six-weeks
CCl4-treated C57BL/6J mice. This is in contrast to the down-regulation we observed in the liver tissue
of four-weeks CCl4-treated Balb/c mice (Figure 3C). Differences in fibrosis progression or in miRNA
expression between mouse strains could be the cause of such discrepancy. Our results concerning liver
miRNA-142-5p expression seem to mimic the down-regulation seen in the liver tissue of cirrhotic HCV
patients [33]. While decreasing levels of circulating Let-7a-5p, Let-7c-5p, and Let-7d-5p are correlated
with fibrosis severity in patients with chronic HCV infection [34], the diagnostic utility of Let-7f-5p was
not investigated in these studies. We show that circulating Let-7f-5p has the highest diagnostic value of
all candidate miRNAs (Figure 4A and Supplementary Table S3) for the identification of significant liver
fibrosis. Additionally, from the candidate miRNA panel, Let-7f-5p was the only miRNA to be correlated
with the Fib-4, APRI, and PRTA-scoring tools (Table 2), what further underlines its diagnostic potential.

In the search for the ideal diagnostic miRNA-based algorithm, we supplemented our candidate
miRNA panel with the well-studied miRNA-122-5p and miRNA-29a-3p. miRNA-122-5p is the
most abundant miRNA in the liver, with dominant expression in the hepatocytes (Supplementary
Figure S3) [35], where it is involved in cholesterol synthesis [36]. The elevated levels of circulating
miRNA-122-5p in patients with early stage fibrosis (F1–2) as compared to healthy controls are suggested
to represent miRNA-release from injured hepatocytes. On the other hand, the decreased circulating
miRNA-122-5p levels during later stages of fibrosis (F3–4) would be caused by the progressive loss of
functional hepatocytes in the injured liver [37]. Its diagnostic utility for late-stage liver fibrosis and
cirrhosis has already been suggested in various liver disease aetiologies [38–43]. Our study shows
that while miRNA-122-5p has little diagnostic value on its own for significant fibrosis (Figure 4B),
its contribution is essential to the miRFIB-score (Figure 5). In contrast to the hepatocyte-specificity
of miRNA-122-5p, miRNA-29a-3p shows the highest expression in HSCs (Supplementary Figure S3),
undergoing down-regulation upon in vitro and in vivo activation [22]. Its potential use as a therapeutic
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target has been elaboratively reported by the group of Y.H. Huang et al. using various mouse models of
liver disease [44–47]. The negative correlation of circulating miRNA-29a-3p levels with fibrosis/cirrhosis
severity has been shown in patients with NAFLD [48], HBV [49], HCV, alcohol abuse, and biliary
disease [22].

Individually, all of the analyzed significantly dysregulated miRNAs had low predictive values for
the diagnosis of significant liver fibrosis, with AUC values ranging from 0.59 to 0.64 (Figure 4A–C
and Supplementary Table S3). However, using logistic regression analysis, we generated an
algorithm, the miRFIB-score, consisting of miRNA-142-5p, miRNA-451a, Let-7f-5p, miRNA-122-5p,
and miRNA-29a-3p, with a predictive value superior to the clinical scoring systems Fib-4, APRI,
and AST/ALT (Figure 5 and Table 3). As we recently reported the highly discriminative potential of
circulating PDGFRβ-levels for significant liver fibrosis in patients with various aetiologies of liver
disease [17], we generated a second diagnostic algorithm combining the miRFIB-score with such
circulating PDGFRβ-levels, the miRFIBp-score. A marked improvement in diagnostic values was
observed for this combinatory algorithm (Figure 5 and Table 3).

An unexpected finding was the discrepancy between the enhanced expression of miRNA-122-5p
and miRNA-29a-3p in the plasma of mice treated with CCl4 (Figure 3D), and their lowered expression
levels in the plasma of patients with significant fibrosis (Figure 4C). All other tested miRNAs seem to
have an overlapping expression pattern between mouse and human subjects. In our experiments, Balb/c
mice underwent only four weeks of CCl4-injections, which is thought to represent early-stage fibrosis.
To induce late-stage fibrosis, or cirrhosis, 8–20 weeks of CCl4-injections should be performed [20].
However, the enhanced expression of miRNA-122-5p in the plasma of CCl4-injected mice is in line with
our previous results comparing the plasma of patients with early-stage fibrosis to healthy subjects [14].
Alternatively, the enhanced expression of miRNA-122-5p in the plasma of mice treated with CCl4
could reflect the hepatocyte damage caused by the last CCl4-injection, since samples were taken only
24 h later. For miRNA-29a-3p, this is likely not the case, since this miRNA has thus far not been
associated with hepatocyte damage. To further investigate this, healthy individuals should be included
in future studies.

miRNA-451a, miRNA-142a-5p, Let-7f-5p, and miRNA-378a-3p were found to be significantly
dysregulated in activated HSCs, as compared to quiescent controls (Figure 1D), which suggests a role
in the HSC activation process. To further investigate this, target prediction was performed, and we
focused on the target genes regulated by all four HSC-activation linked miRNAs. Of the predicted
13 overlapping miRNA targets (Figure 2A), three genes (Ankrd52, Clcn5, and Peg10), were found to
be significantly up-regulated upon HSC activation (Figure 2C). As miRNAs negatively regulate gene
expression by mRNA decay or inhibition of translation [50], and due to the dominantly down-regulated
expression of the selected miRNAs, we hypothesize Ankrd52, Clcn5, and Peg10 to be regulated by the
selected miRNAs. However, to confirm this, further functional studies should be performed. While
the roles of Ankrd52 and Clcn5 in liver disease remain unclear, Peg10 has been widely studied in
hepatocellular carcinoma (HCC) pathology. More specifically, Peg10 expression levels are elevated
in HCC [51], where it is found to inhibit the pro-apoptotic mediator Siah1 [52], and stimulate cell
proliferation by association with c-MYC [53]. Additionally, Peg10 tissue mRNA levels mark HCC
progression and poor survival [54,55]. Due to its high expression in activated HSCs (Figure 2C), and its
important functionality in HCC, it would be of interest to investigate its role in liver fibrogenesis. As it
cannot be excluded that a target gene is dominantly regulated by just one specific miRNA, it is possible
that the increasing Let-7f-5p levels found upon HSC activation lead to the identified down-regulation of
multiple predicted target genes (Figure 2D). Among these, Cpeb3 and Gnai3 have proven functionality
as tumor suppressors in HCC. Both genes are found to undergo negative regulation by miRNAs, Cpeb3
by miRNA-452-3p and miRNA-107 [56,57], and Gnai3 by miRNA-222 [58]. However, their role during
liver fibrosis remains to be determined.

Whether a miRFIB- or miRFIBp-score can be integrated into the clinical practice will depend
on future technical developments. Currently, a combination of protein and miRNA detection from
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the same plasma sample is not standard practice in hospital settings. Due to this more complex
character, we expect the miRFIBp-score to have a more important financial cost, compared to the
miRFIB-score. However, our analysis identified the miRFIBp-score to have superior diagnostic value
for the identification of significant liver fibrosis and an in-depth cost–benefit analysis should determine
if this diagnostic superiority outweighs the additional costs. Furthermore, the manipulation of blood
samples should be performed with great care, since hemolysis of red blood cells may result in the
release of their cytoplasmic miRNAs, such as miRNA-451a [59,60], and thus influence the results of the
miRNA-based diagnostic algorithms. Additionally, the time interval between blood sampling and
plasma storage should be kept as short as possible, as specific miRNAs, including miRNA-122-5p, can
undergo a time-dependent decline in stability when the sample is kept at room temperature [61].

There were a number of limitations with the current study. The patient cohort size was relatively
small and contained an imbalance in the presence of liver disease aetiologies. Although recent research
has reported substantial differences in miRNA expression values in the plasma of patients with
HBV infection versus patients with HCV infection [62], due to insufficient patient numbers we were
unable to make any claims regarding such differences in our patient cohort. Furthermore, due to
the cross-sectional character of the study, we did not possess any clinical follow-up material of the
included patients. We were thus unable to test the prognostic ability of the miRFIB- and miRFIBp-score.
Finally, all included patients were staged for liver fibrosis by use of elastography. Future studies should
focus on the validation of our results using plasma obtained from biopsy-staged patients. Moreover,
the score should be tested during treatment to study if the scores can be used to evaluate early changes
in fibrosis, and possibly predict the outcome.

In conclusion, we have identified five miRNAs that, when combined into the predictive
miRFIB-signature, had high diagnostic values for significant liver fibrosis in a heterogeneous patient
population with chronic alcohol abuse, viral infection, and NAFLD. Combining the miRFIB-score with
circulating PDGFRβ-levels increased its diagnostic utility. Although these proposed scores require
further validation, they may provide crucial information regarding liver fibrosis severity and evolution.
Thanks to their non-invasive character, the scores would allow repeated measures and objective
interpretation, at a relatively low financial cost. Additionally, functional studies could unravel the
importance of the selected miRNAs during fibrogenesis and fibrolysis, and their potential utility as
therapeutic targets.
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