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Liver fibrosis is a shared pathology of various liver disease and the major cause of liver-related 
mortality [1]. Liver fibrosis is characterized by excessive deposition of extracellular matrix 
(ECM) proteins and is considered a serious complication associated with chronic liver injury 
including viral, alcoholic and non-alcoholic fatty liver diseases [2]. These persistent injuries 
induce a wound healing process which, if not controlled, can lead to imbalance between ECM 
deposition and degradation, finally leading to liver fibrosis or even cirrhosis [3]. 	
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Figure 1. Collagen deposition in human liver tissue. Collagen deposition in the human healthy 
and cirrhotic liver tissue is shown with Picro Sirius Red staining. Cirrhotic livers are 
characterized by excessive collagen deposition and fibrotic tissue that bridges between portal 
veins. 
 
Liver fibrosis results in structural and functional organ deterioration and ultimately loss of 
function [4]. Although the molecular mechanisms leading to fibrosis in the liver are still poorly 
understood, activation of quiescent hepatic stellate cells (HSCs) to a-smooth muscle actin (a-
SMA) expressing myofibroblasts is one of the well-accepted hallmarks of fibrosis initiation. 
The factors that activate HSCs include fibrogenic pathways: transforming growth factor-b 
(TGF-b) and platelet derived growth factor (PDGF); cytokines that produced by macrophages 
sensing pathogen associated molecular patterns (PAMPs); reactive oxygen species (ROS) 
produced by macrophages stimulated with PAMPs and damaged hepatocytes [5]. Activated 
HSCs produce abnormal amounts of collagens (especially type I collagen), contributing to 
excessive liver deposition of ECM proteins [6] (Fig.1). Despite all the rigorous studies that 
were carried out to unravel the mechanism of fibrosis in order to control liver disease 
progression, so far, no valuable anti-fibrotic drug is available [7]. Large-scale studies of 
antiviral treatment of hepatitis C and B provided convincing evidence for reversibility of liver 
fibrosis [8]. Considering the crucial role of HSCs activation in fibrosis, one could expect that 
by elucidating the pathways involved in HSCs activation and fibrosis development, new anti-
fibrotic strategies will emerge.  
 
The mechanism of fibrosis is commonly studied in in vitro and in vivo animal models. In vitro 
models make use of cells isolated from normal or fibrotic tissues and existing cell lines, both 
of human and animal origin. However, these cells are not representative for the in vivo milieu, 
which is a result of a complex interplay between different types of resident cells within an 
organ. In addition, there is a clear species-specific efficacy of some anti-fibrotic drugs, 
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challenging the reliability of anti-fibrotic drug efficacy found in rodents [9]. Precision-cut 
tissue slices (PCTS) represent an ex vivo tissue culture technique that can be applied to both 
human and animal tissue, and to both healthy and diseased tissue. Moreover, it replicates most 
of the multicellular characteristics of the whole organs in vivo [10]. PCTS have been used as a 
model to study the induction of drug metabolism, drug transport, xenobiotic interactions and 
drug toxicity and efficacy [9-17]. In addition, PCLS has been shown to be a suitable model to 
study HSCs activation in a better physiological milieu than in vitro HSCs [18] and have been 
used as a promising model to test anti-fibrotic drugs both in rodent and human liver [9, 19, 20].  
 
Recently, the gut microbiota has been identified as a major player in different diseases, 
including liver fibrosis [21]. The components of the gut microbiota or even some bacteria can 
reach the liver through the circulation via the portal vein. This interaction between the gut and 
the liver is called the gut-liver axis [22]. Through this interaction, the gut microbiota influences 
liver physiology and pathology (e.g. liver inflammation and fibrosis). Exogenous ligands, 
present on both gram-positive and gram-negative bacteria in the microbiota (e.g. 
lipopolysaccharide (LPS), lipoteichoic acid and peptidoglycan), named pathogen-associated 
molecular patterns (PAMPs), are possible inducers of liver fibrosis through the gut-liver axis. 
PAMPs can activate the innate immune system through pattern recognition receptors (PRRs). 
Toll-like receptors (TLRs) are members of PRRs and are expressed in various types of liver 
cells, including hepatocytes, HSCs and Kupffer cells (KCs). Among them, KCs are the major 
cells for sensing PAMPs [23]. After detecting PAMPs from the gut-liver axis, Kupffer cells 
secrete cytokines and chemokines that promote inflammation and among others TGF-b, which 
contributes to the initiation of fibrosis. Moreover, LPS sensitizes HSCs to become more 
reactive to the TGF-b or other Kupffer cell signals [24].  
 
In this thesis, the role of the gut microbiota in liver inflammation and fibrosis as well as the 
anti-fibrotic efficacy of small molecules on liver fibrosis were studied in the ex vivo (rodent 
and human) model of precision-cut liver slices (PCLS), in order to provide more insights into 
the mechanism of liver fibrosis development as well as the possibilities of anti-fibrotic 
treatment using small molecules. 
 
In Chapter 2 we aimed to study the influence of gut microbiota on the inflammatory response 
of the liver to LPS by comparing the response to LPS of PCLS of germ free mice that 
encountered limited amount of LPS versus PCLS of specific pathogen free mice that have an 
abundant history of LPS exposure.  
 
Understanding the effect of the PAMPs derived from the gut microbiota on liver disease 
development in human is critical for disease treatment. Intestinal wall permeability is increased 
in cirrhosis patients [25]. Elevated serum LPS is common in patients with chronic liver disease 
or cirrhosis and is related to the severity of the liver disease [26-28]. This suggests that 
throughout the development of liver disease, the liver encounters a continuous LPS stimulus, 
which may lead to continuous immune cell activation and ECM deposition. However, the effect 
of LPS at the different stages of liver disease is not known. In Chapter 3, we investigated the 
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effect of LPS on healthy and cirrhotic human liver in terms of inflammation and fibrosis, to 
investigate whether the responses of liver tissue to a stimulus by LPS are different in different 
pathological stages.   
 
Besides the gut microbiota, TGF-b1 is a well-known pivotal player in fibrosis via activating 
HSCs. Activation of the TGF-b1 pathway in HSCs promotes ECM deposition and inhibits 
degradation through regulating metalloproteinases (MMPs) and tissue inhibitor of 
metalloproteinases (TIMPs). One of the downstream signaling molecules phosphorylated-
smad2 (pSMAD2) is essential in the effect of TGF-b1 on progression of fibrosis [29, 30]. Due 
to its pivotal role in the fibrosis development, TGF-b1 pathway could be a good target for anti-
fibrotic drugs [20, 31]. Therefore, we studied the anti-fibrotic efficacy of two small molecules 
that are TGF-b1 signaling pathway antagonists: galunisertib (Chapter 4) and LY2109761 
(Chapter 5) using both in vitro cell models as well as precision-cut human and rodent liver 
slices. 
 
Oxidative stress induced by TLR signaling pathway stimuli can activate the TGF-b1 signaling 
pathway. Therefore, targeting oxidative stress might be a possible way of inhibiting TGF-b1 
signaling pathway activation, thus inhibiting fibrosis. The possibilities and challenges of 
inhibiting oxidative stress to improve liver fibrosis are reviewed in Chapter 6. 
 
In Chapter 7, a general discussion is provided to discuss and summarize the possibilities and 
challenges in elucidating pro-fibrotic mechanisms including the role of the microbiota, as well 
as exploring the effect and mechanisms of anti-fibrotic agents in the liver from different 
species. 
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Abstract 
 
Gut microbiota can impact liver disease development via the gut-liver axis. Liver inflammation 
is a shared pathological event in various liver diseases and gut microbiota might influence this 
pathological process. In this study, we studied the influence of gut microbiota on the 
inflammatory response of the liver to lipopolysaccharide (LPS). The inflammatory response to 
LPS (1-10 µg/ml) of livers of specific-pathogen-free (SPF) or germ-free (GF) mice was 
evaluated ex vivo, using precision-cut liver slices (PCLS). LPS induced a more pronounced 
inflammatory response in GF PCLS than in SPF PCLS. Baseline Tnf-a gene expression was 
significantly higher in GF slices as compared to SPF slices. LPS treatment induced Tnf-a, Il-
1b, Il-6 and iNos expression in both SPF and GF PCLS, but the increase was more intense in 
GF slices. The anti-inflammatory response (Il-10, Socs3 and Irak-M) was also stronger in GF 
PCLS as compared to SPF PCLS after LPS challenge. In addition, Tlr-4 mRNA, but not 
protein, at basal level was higher in GF slices than in SPF slices. Taken together, this study 
shows that, in mice, the host microbiota attenuates the pro-inflammatory impact of LPS in the 
liver, indicating a positive role of the gut microbiota on the immune homeostasis of the liver. 
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Introduction 
 
Inflammation of the liver, can be caused by alcohol abuse, viral infections and the metabolic 
syndrome, and the gut-liver axis is widely implicated in disease progression [1]. Blood from 
the gut can reach the liver via the hepatic portal vein carrying with it microbiota-derived 
exogenous molecules (for example, lipopolysaccharide and lipoteichoic acid), also known as 
pathogen-associated molecular patterns (PAMPs) [2]. PAMPs are recognized by pattern 
recognition receptors (PRRs), which are responsible for sensing invading pathogens and 
orchestrating the innate immune response [3, 4]. 

Toll like receptors (TLRs) are members of the PRR family. Until now, 10 have been identified 
in human and 13 in mouse [5]. Among these TLRs, TLR-4 has attracted particular interest in 
terms of hepatic inflammation and fibrogenesis due to its ligand, LPS, which is involved in the 
development of various liver diseases [6]. TLR-4 is expressed in almost every type of liver 
cell, including hepatocytes, Kupffer cells, hepatic stellate cells, biliary epithelial cells and 
sinusoidal endothelial cells [7].  

Both in healthy and pathological conditions, the liver is involved in the detoxification of LPS 
[8]. In the healthy state, LPS from gut microbiota penetrates the intestinal wall only in trace 
amounts and is then cleared by Kupffer cells and hepatocytes, without inducing significant 
liver inflammation [9]. In both alcoholic and non-alcoholic liver disease patients, gut 
permeability is often increased [10, 11], thus accelerating bacterial translocation to the liver 
[10]. This facilitates an increased hepatic LPS translocation, which may act as a second hit 
promoting disease progression. Binding of LPS to TLR-4 stimulates the production of 
cytokines, such as tumor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b). These 
cytokines have been suggested to drive the pathogenesis of alcoholic liver disease, 
nonalcoholic steatohepatitis and nonalcoholic fatty liver disease [12-14]. 
 
Germ free (GF) rodent is a popular model to study the gut-liver axis. In GF mice, the liver has 
limited history of LPS exposure, while in colonized (specific-pathogen-free, SPF) mice the 
liver is subjected to LPS [15]. The aim of this study is to investigate the influence of the gut 
microbiota on the inflammatory response of the liver to LPS. We hypothesize that the liver of 
SPF mice will respond less severe to LPS than the liver of GF mice. As a model, we used 
precision-cut liver slices (PCLS). Previously, we have shown that PCLS can be used as a 
multicellular model to study LPS-induced inflammation of the liver since hepatocytes, Kupffer 
cells and other (non)-parenchymal cells are still present in their original tissue environment 
[16]. This makes PCLS a unique model to study the innate immunity in the liver. To investigate 
the role of gut microbiota in facilitating tolerance of the liver to LPS, we compared the effect 
of LPS in PCLS from SPF and GF mice. These experiments will provide additional insight into 
the interaction between the liver and gut microbiota. 
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Results 
 
Viability of liver slices from GF and SPF mice  
The ATP content of PCLS, as a measure of viability, was determined after culturing. As shown, 
slices remained viable for 48h (Fig. 1A&B). Exposure of SPF liver to LPS for 48h slightly 
lowered the ATP content (Fig. 1A) and caused the appearance of apoptotic cells (Fig. 1B). In 
contrast, treatment of GF liver slices with LPS for 48h markedly reduced ATP levels (Fig. 1A) 
and resulted in the presence of necrotic areas (Fig. 1B). These data show that PCLS from SPF 
mice are more tolerant to LPS challenge than those from GF mice. 
 

Expression of cytokines in GF and SPF mouse liver slices upon LPS challenge 
To evaluate the inflammatory response of the liver after LPS challenge, gene expression of 
Tnf-a, Il-1b, Il-6 and iNos was determined (Fig. 2). Prior to culturing, Tnf-a gene expression 
was 1.75-fold higher in GF compared to SPF PCLS; whereas the expression of Il-1b, Il-6 and 
iNos did not differ. During incubation without LPS for 48h, an inflammatory response was 
induced in PCLS, as illustrated by an increase in the gene expression of Tnf-a, Il-1b, Il-6 and 
iNos in both GF and SPF PCLS (Fig. 2).  
 
Upon LPS treatment, Tnf-a gene expression increased in both GF and SPF mouse PCLS up to 
24h; this phenomenon was much stronger in GF PCLS than SPF PCLS. At 48h, LPS did not 
significantly increase Tnf-a gene expression in SPF PCLS, while in GF PCLS, LPS did induce 
Tnf-a gene expression (Fig. 2). iNos expression was higher in GF PCLS than SPF PCLS at 24h 
and 48h, while the expression of Il-1b and Il-6 was higher in GF PCLS than SPF PCLS at 48h. 
 
After 24h of incubation of both SPF and GF PCLS, Tnf-a  and Il-1b cytokine release was 
markedly elevated in LPS challenged groups (Fig. 3). LPS evoked bigger extent of Tnf-a  
secretion in the GF than SPF PCLS, but the Il-1b  response was similar in both groups. Between 
24 and 48h, we did not detect any increase in cytokine release following LPS challenge in both 
GF and SPF slices. LPS significantly increased NOx production in GF PCLS both after 0-24 
and 24-48h incubation, while in SPF slices we observed a small but non-significant increase 
(Fig. 4). Taken together, these data indicate that LPS treatment evokes a stronger inflammatory 
response in GF liver slices than in SPF liver slices. 
 

LPS receptor Tlr-4 mRNA but not protein expression was lower in SPF mice 
To elucidate why SPF PCLS are more tolerant to LPS challenge, we examined the expression 
of the LPS receptor Tlr-4. At baseline, Tlr-4 gene expression in SPF PCLS was significantly 
lower as compared to GF PCLS (Fig. 5), but this difference disappeared after 24h of culturing. 
In SPF mice, both 1 and 10 µg/mL LPS reduced the expression of Tlr-4 at 24h, but not in GF 
mice. At 48h, LPS did not impact Tlr-4 mRNA levels. The baseline expression of Tlr-4 protein 
was not different between SPF versus GF slices, and also not different during incubation with 
or without LPS challenge (Fig. 6). Taken together, the divergent responses to LPS cannot be 
explained by differences in Tlr-4 mRNA expression.  
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Anti-inflammatory status in GF and SPF mouse liver slices upon LPS challenge 
The expression of the anti-inflammatory mediators Il-10, Irak-M and Socs3 was determined by 
qRT-PCR to elucidate whether these factors cause the different responses to LPS observed in 
SPF and GF PCLS (Fig. 7). Il-10, Irak-M and Socs3 were not differently expressed at baseline 
in GF versus SPF PCLS. During incubation, there was no significant change in the expression 
of these markers up to 48h. In contrast, LPS increased the expression of Il-10, Irak-M and 
Socs3 both in GF and SPF PCLS. For Il-10 this increase was much higher after 48h than after 
24h, whereas for SOCS3 and IRAK-M the opposite was true. Nevertheless, Socs3 and Irak-M 
gene expression was higher in GF PCLS than SPF PCLS at 24h, and Il-10 was higher expressed 
in GF PCLS than SPF PCLS at 48h. Surprisingly, SPF PCLS did not express more anti-
inflammatory mediators than GF PCLS in response to LPS stimuli. 
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Figure 1. Viability and morphology 
of PCLS. (A) Viability of PCLS was 
determined by ATP/protein (pmol/ 
µg) content. Data are shown as 
means ± SEM; three PCLS were used 
for each group in both GF mice (n=3-
5) and SPF mice (n=3-5). ** p<0.01 
and *** p<0.001. (B) H&E staining 
of PCLS after 48h incubation with or 
without LPS; arrows: necrotic area. 
GF mice (n=3) and SPF mice (n=3), 
scale bar= 50 µm. 
 
 
 
 
 
 
 
 

B. 

 

 

Figure 2.  
The effect of LPS on mRNA levels 
of Tnf-a, Il-1b, Il-6 and iNos in 
PCLS from GF and SPF mice. 
mRNA levels of the above-
mentioned genes were measured 
with qRT-PCR. Data are shown as 
means ± SEM; three PCLS for each 
condition were pooled for RNA 
isolation. After slicing: GF (n=6), 
SPF (n=6); 24h and 48h: GF (n=3), 
SPF (n=3). * p<0.05, ** p<0.01, *** 
p<0.001 and **** p<0.0001. 
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Figure 3.  
The effect of LPS on protein release of Tnf-a  and Il-1b  of PCLS from GF and SPF mice. 
Protein levels of Tnf-a and Il-1b were measured in the culture medium from 0-24h and from 
24-48h using ELISA. Cytokine release from LPS treated groups are expressed as relative 
value to the control group of GF or SPF mice after 24h incubation. Data are shown as means 
± SEM; culture medium from three PCLS was pooled to represent each condition in GF mice 
(n=3), SPF mice (n=4-5). *p<0.05, **p<0.01.  

    

 

 

Figure 4.  
The effect of LPS on nitrite/nitrate (NOx) production of PCLS from GF and SPF mice. 
Nitrite/nitrate (NOx) content in the culture medium from 0- 24h and from 24-48h was 
determined using the NOx colorimetric assay. Data are shown as means ± SEM; culture 
medium from three PCLS was pooled to represent each condition in GF mice (n=5), SPF mice 
(n=9). * p<0.05, ** p<0.01. 
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Figure 5.  
The effect of LPS on mRNA levels of Tlr-4 in PCLS from GF and SPF mice. mRNA level of 
Tlr-4 was measured with qRT-PCR. Data are shown as means ± SEM; three PCLS for each 
condition were pooled for RNA isolation. After slicing: GF (n=6), SPF (n=6); 24h and 48h: 
GF (n=3), SPF (n=3). * p<0.05, ** p<0.01. 
 
 
 
 
 
A 
SPF   
GF   

     After Ctrl  1 10  Ctrl 1 10  
   slicing  LPS   LPS   
  24h  48h  
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Figure 6.  
The effect of LPS on protein level of Tlr-4 in PCLS from GF and SPF mice. Tlr-4 protein in 
PCLS from GF or SPF mice was measured by Western blotting. (A) Representative Western 
blots of Tlr-4 expression at baseline and during incubation. (B) Average protein expression 
normalized to total protein loaded (Supporting figure I.). Data are shown as means ± SEM; 
three PCLS for each condition were pooled for protein isolation. After slicing: GF (n=6), SPF 
(n=6); 24h and 48h: GF (n=3), SPF (n=3). * p<0.05. 
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Figure 7.  
The effect of LPS on mRNA levels of Il-10, Socs3, Irak-M in PCLS from GF and SPF mice. 
Expression of the above-mentioned genes was measured with qRT-PCR. Data are shown as 
means ± SEM; three PCLS for each condition were pooled for RNA isolation. After slicing: 
GF (n=6), SPF (n=6); 24h and 48h: GF (n=3), SPF (n=3). * p<0.05. 
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Discussion 
 
Liver inflammation is an underlying pathology in various liver diseases. Interaction between 
the liver and gut microbiota (the gut-liver axis) is an emerging but not fully understood topic. 
In this study, the relationship between liver inflammation and gut microbiota was investigated 
using an ex vivo model of liver inflammation in GF and SPF mice. The data revealed that the 
presence of host microbiota attenuates the pro-inflammatory impact of LPS in the liver, by 
decreasing pro-inflammatory responses and improving cell survival even in the absence of 
circulating immune cells. 
 
Our results demonstrated that PCLS from SPF mice are less vulnerable to an LPS challenge 
than PCLS from GF mice (Fig. 1). Previously, it has been shown that LPS leads to moderate 
tissue damage in SPF rat liver slices [16], proposed to be mediated exclusively by TNF-a [20]. 
Since LPS evoked a more robust Tnf-a in GF slices compared to SPF slices (Fig. 3), this might 
explain the worse survival of GF PCLS after LPS treatment. 
 
The LPS-induced inflammatory response was more pronounced in GF PCLS as compared to 
SPF PCLS (Fig. 2-4). In SPF mice, LPS elevated Tnf-a and Il-1b cytokine release during the 
first 24h, however the slices did not produce any cytokines in the subsequent period, even 
though gene levels remained elevated. A similar observation was made in GF slices; however, 
it cannot be excluded that the reduction in cytokine production is due to changes in viability. 
The lack of Tnf-a protein production between 24 and 48h indicates a transient expression [21], 
and this observation may be explained via the mechanism of endotoxin tolerance. Pena et al. 
found that restimulation of human mononuclear cells by LPS 24h after the initial stimulation 
did not increase Tnf-a gene expression and cytokine release [22]. Similarly, Sun et al. showed 
in a human monocyte cell line (THP-1 cells) that restimulation with LPS did not enhance TNF-
a and IL-1b cytokine production [23]. 
 
Already in 1980, Kiyono et al. demonstrated in vivo that LPS administration in GF mice 
induces a higher and prolonged anti-LPS hemagglutinin titer than in conventional mice [24]; 
and suggested that GF mice might lack a population of T lymphocytes that suppress the LPS 
response. In the PCLS model, circulating T lymphocytes are absent; therefore, it is likely that 
other cell types contribute to the resistance against LPS. Mitsuyama et al. suggested that the 
microbiota may play a role in regulating macrophage functionality [25], thus macrophages in 
GF PCLS may not be fully developed and therefore cannot execute the complex tasks needed 
to control the response to LPS. 
 
TLR-4 is tightly regulated to avoid uncontrolled inflammation and extensive tissue damage. In 
this study, LPS had the tendency to lower the gene expression of Tlr-4 in both GF and SPF 
liver slices (Fig. 5). This is in agreement with Poltorak et al’s finding that LPS strongly and 
transiently suppressed Tlr-4 mRNA expression [26]. Recent in vivo lung and in vitro 
macrophage studies argued that LPS shortens the half-life of TLR-4 mRNA [27]. Decreased 
TLR-4 expression was reported to be associated with a tolerance towards LPS in neutrophils 
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[28]. Takahashi et al showed that commensal microbiota is essential for epigenetic repression 
(via high methylation of the promoter) of TLR-4 mRNA expression in large intestinal epithelial 
cells, which was associated with a reduced inflammatory response of the intestine to LPS 
challenge [29]. They also suggested that the responsiveness of intestinal epithelial cells to LPS 
is mainly regulated at the transcriptional level for TLR-4, although there might be additional 
post-transcriptional regulation present [30]. The present study showed that Tlr-4 mRNA 
expression was higher in GF than SPF mice, which might correlate with the observed 
responsiveness to LPS. However, protein expression of Tlr-4 was not different between SPF 
and GF PCLS at baseline and during incubation, thus Tlr-4 expression cannot fully explain the 
hyper-responsiveness of GF to LPS.  
 
Divergent response to LPS was seen in GF and SPF slices. Based on the presented data we 
found no indication that anti-inflammatory reaction is responsible for the different LPS 
response between GF and SPF PCLS. IL-10 is an anti-inflammatory cytokine that regulates 
LPS tolerance [31]. Interleukin-1 receptor-associated kinase-M (IRAK-M) is a 
serine/threonine kinase that negatively regulates TLR signaling [32]. Suppressor of cytokine 
signaling-3 (SOCS3) negatively regulates cytokine signaling through blocking Janus kinases 
(JAK) activity [33]. Previously it has been shown that higher expression of IL-10, SOCS3 and 
IRAK-M is associated with LPS tolerance [34]. Thus, IL-10, IRAK-M and SOCS3 can be used 
as anti-inflammatory markers that regulate LPS responsiveness. In vivo IL-10 expression is 
upregulated following LPS administration, and functions to prevent excessive inflammation 
and protect against lethal amount of LPS stimulus [35-37]. This process is potentially mediated 
by SOCS3 [34, 36]. IRAK- M is a negative regulator of the downstream signaling of TLR-4 
after LPS stimuli. IRAK- M expression is increased by LPS and in LPS tolerant status [38]. 
Their upregulation in liver might be necessary to survive upon LPS challenge and parallel to 
the levels of the pro-inflammatory signals, as was shown for the GF liver slices in this study. 
Although these markers are generally suggested to be negative regulators of the TLR pathway, 
the regulation of these genes and their induction kinetics are not completely understood.  
 
It is well-known that the gut microbiota influences host development and physiology, although 
it is unclear which signaling pathways are involved [39]. The negative impact of gut microbiota 
on the development of different liver diseases is an emerging topic [40-42]. However, it has 
also been described that the absence of gut microbiota contributes to liver pathology [43-45]. 
The microbiota can be a double-edged sword. To illustrate, germ-free mice are resistant to diet-
induced obesity [46], but they are also more susceptible to chemical-induced liver fibrosis [43], 
alcohol-induced liver injury [44] and biliary injury [45], suggesting that the microbiota elicits 
hepatoprotective effects of microbiota. In accordance with these observations, we have shown 
in this study that LPS evokes a stronger pro-inflammatory response in GF PCLS than in SPF 
PCLS. The inflammatory response in GF PCLS was accompanied by a loss of viability, while 
SPF slices were less prone to LPS-induced damage, which may indicate that SPF PCLS 
develop tolerance against LPS when compared to GF PCLS. Since PCLS lack circulating 
immune cells the divergent response to LPS in GF and SPF slices is mediated by resident cells, 
this indicates that there is a close interaction between the gut and the hepatic innate immune 
system. 
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Whilst LPS is considered the main microbiota-derived PAMP, it would be of additional value 
to test other PAMPs to elucidate the organization and interaction of the liver’s innate 
inflammatory response. Additionally, this study is based on an ex vivo model lacking 
circulating immune cells; adding immune cells to PCLS during incubation would aid in 
revealing the potential involvement of circulating immune cells in the inflammatory response 
of the liver. Lastly, in vivo studies could be designed to implant specific gram-negative or 
gram-positive bacteria in GF mice, to explore the contribution of these microbes on the 
inflammatory response in PCLS.  
 
 

Conclusion 
 
This study reveals that the presence of host microbiota mitigates the inflammatory response to 
LPS in the liver, by decreasing inflammatory processes and preventing cell death, even in the 
absence of circulating immune cells. Still, more research is needed to further unravel the 
relationship between the gut microbiota and the hepatic innate immune system.  
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Materials and methods 
 
Animals  
Use of murine tissue for the preparation of PCLS was approved by the Animal Ethical 
Committee of University of Groningen (DEC 6416AA-001). Germ free C57BL/6 mice were 
housed in isolators at the Central Animal Facility of the University Medical Center Groningen 
and provided with sterile rodent chow diet and water ad libitum. Specific-pathogen-free 
C57BL/6 mice were purchased from Harlan (Zeist, The Netherlands) and were provided 
standard rodent chow diet and water. All mice were allowed to acclimatize at least 1 week prior 
to the experiments. Mice were sacrificed under 2% isofluorane/O2 (Nicholas Piramal, London, 
UK) anesthesia, at the age of 8-10 weeks. Livers of the mice were resected immediately after 
sacrificing and stored in ice-cold University of Wisconsin (UW) organ preservation solution 
(DuPont Critical care, Waukegab, IL, USA.).  
 

Preparation of mouse liver slices 
Cylindrical cores of liver tissue were obtained using a 6 mm diameter biopsy punch and 
preserved in ice-cold UW solution. Precision-cut liver slices (PCLS) were prepared in Krebs-
Henseleit buffer supplemented with 25 mM D-glucose (Merck, Darmstadt, Germany), 25 mM 
NaHCO3 (Merck) and 10 mM 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (MP 
Biomedicals, Ohio, USA), oxygenated with 95% O2 and 5% CO2 using a Krumdieck tissue 
slicer as previously described [17]. Liver slices had a wet weight of 4-5 mg, with a thickness 
of approximately 250 µm. 
 

Incubation of mouse liver slices 
After slicing, PCLS were incubated individually in 12 well plates containing William’s E 
medium with GlutaMAX (Life Technologies, Carlsbad, USA) supplemented with 2.75 g/ml 
D-glucose monohydrate (Merck, Darmstadt, Germany) and 50 µg/mL gentamicin (Invitrogen, 
Paislely, UK). PCLS were incubated for 1h to restore viability and ATP content. To assess the 
full phenomena of LPS stimulation, slices were incubated for 48h with 0, 1 or 10 µg/ml 
ultrapure LPS from Escherichia coli O111:B4 (InvivoGen, Toulouse, France) [16]. Medium 
was refreshed every 24h. The plates were incubated in a shaking incubator (90 cycles/min) 
with continuous 5% CO2 and 80% O2 supply.  
 

Viability of mouse liver slices 
For ATP analysis, slices were kept in 1 ml sonification solution (70% (vol/vol) ethanol (VWR, 
Paris, France), 2 mM EDTA (Merck), pH 10.9) [17], snap-frozen, and stored at -80 ˚C. The 
samples were homogenized using a Mini-Beadbeater (BioSpec Products, Bartlesville, USA) 
and centrifuged. Clear supernatant was used for ATP analysis and the remaining pellet for 
protein determination. ATP content of each slice was determined using the ATP 
bioluminescence assay kit class II (Roche Diagnostics GmbH, Mannheim, Germany) as 
previously described [17]. Protein content of each slice was determined using the DCTM Protein 
Assay (Biorad, Veenendaal, the Netherlands) according to the manufacturer’s instruction.  



Chapter 2	

 26 

Quantitative real-time polymerase chain reaction 
Total RNA, from pooled (n=3) slices, was extracted using the FavorPrep tissue total RNA mini 
kit (FAVORGEN Biotech Corp, Vienna, Austria) according to the manufacturer’s instructions 
and stored at -80 ˚C. RNA concentration was determined using the Synergy HT (Biotek, 
Swindon, UK) at a wavelength of 260/280. Total RNA (1 µg) was transcribed into cDNA using 
the Reverse Transcription Kit (Promega, Leiden, the Netherlands) following the 
manufacturer’s instructions and stored at -20 ̊ C. Gene expression was determined by either the 
SYBR Green or Taqman method (Roche Diagnostics GmbH, Mannheim, Germany) using gene 
specific primers (Supplementary Table I). Expression of each gene was normalized using the 
reference gene GAPDH (DCt) and expressed as percentage ((2-DCt) * 100).  
 

ELISA and NOx colorimetric assay 
Culture medium from 3 PCLS was pooled together after 0-24h and 24-48h incubation and 
stored at -20 ˚C. Concentrations of TNF-a and IL-1b  were measured using the DuoSet® 
ELISA Development Systems (R&D Systems, Abingdon, UK) according to the manufacturer’s 
protocol. Nitrate/nitrite (NOx) was determined by a colorimetric assay according to Moshage 
et al. [18].   
 

Western blotting 
TLR-4 protein expression was determined by immunoblotting. PCLS (n=3) were lysed in RIPA 
Lysis and Extraction Buffer (Thermo Fisher Scientific, Waltham, USA). Membranes were 
incubated with a TLR-4 antibody at 4 ˚C overnight, followed by incubation with a secondary 
antibody at room temperature for 1h (Supplementary Table II for details for the antibodies). 
The protein signal was visualized with VisiGloTM Prime HRP Chemiluminescent Substrate Kit 
(Amresco, Ohio, USA) and quantified with Image Lab software (Biorad, Veenendaal, the 
Netherlands).  
 

Morphology 
PCLS were incubated with or without LPS for 48h. Slices, processed directly after slicing for 
morphological analysis, PCLS were fixed in 4% formaldehyde overnight and stored at 4 ˚C in 
70% ethanol. Fixed slices were dehydrated, embedded in paraffin, sectioned (4 µm) and stained 
with hematoxylin and eosin as previously described [19]. 
 

Statistics 
Results are expressed as means ± standard error of the mean (SEM). Student’s t-test or 
ANOVA followed by Fisher’s LSD multiple comparisons test were performed using Graphpad 
Prism 6.0 (La Jolla, CA, USA). A p-value of < 0.05 was considered significant when comparing 
differences between groups. 
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Supplementary information 
 
Supplementary Table I. List of mouse primers used in qRT-PCR 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

GAPDH (Taqman) Mm99999915_g1  

IL-1β Mm00434228_m1  

TNF-α Mm00443258_m1  

IL-6 Mm04207460_m1  

TLR-4 Mm00445273_m1  

GAPDH (SYBR green) ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG 

iNOS GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC 

IL-10 CAGAGCCACATGCTCCTAGA TGTCCAGCTGGTCCTTTGTT 

IRAK-M TGTCTACAGCTTCGGAATCG GCAGCTGAACGTGTTTCG 

SOCS3 GGGATTGGCACACAAGGA CTGGGTGAATCCCTCAACTC 

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL, interleukin; TNF, 
tumor necrosis factor; TLR, toll like receptor; iNOS, inducible nitric oxide synthase; IRAK-
M, Interleukin-1 receptor-associated kinase type m; SOCS3, suppressor of cytokine signaling 
3. 

 

 

Supplementary Table II. Antibodies used in Western blotting 

Protein Dilution Manufacturer 

Anti-TLR-4 Rabbit polyclonal antibody 1:125 Thermo Fisher Scientific, Waltham, USA  

Polyclonal goat anti-rabbit 
immunoglobulins/HRP 

1:2000 Dako, Glostrup, Denmark 
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Supporting figure I. 
Representative images of total protein load from GF and SPF PCLS samples. 

 

 
  

Lane No. Sample Name 
1 After slicing 
2 24h  
3 24h + LPS (1 µg/ml) 
4 24h + LPS (10 µg/ml) 
5 48h  
6 48h + LPS (1 µg/ml) 
7 48h + LPS (10 µg/ml) 
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Abstract 
 
Human healthy and cirrhotic liver tissue were obtained from excess surgical waste, and 
processed as precision-cut liver slices (PCLS). These PCLS were incubated up to 48h in the 
presence or absence of LPS. Liver inflammation and fibrosis are determined by qPCR and low-
density array of genes known to be involved in liver fibrosis. In addition, ELISA/Luminex, 
Western blotting and immunohistochemistry were performed to determine cytokines and 
proteins involved in collagen deposition. LPS at the concentration applied did not affect the 
viability and morphology of both healthy and cirrhotic PCLS. The gene expression of LPS 
receptors was not different between fresh healthy slices and cirrhotic slices. The addition of 
LPS changed the expression of LPS receptors only in the healthy slices. The incubation of 
healthy and cirrhotic PCLS for 48h induced a spontaneous onset of inflammation, based on 
increased levels of IL-1b, IL-6, and IL-8 and TNF-a. LPS further increased the gene expression 
of these pro-inflammatory markers except for TNF-a, and the secretion of all these pro-
inflammatory cytokines in both healthy and cirrhotic PCLS. Spontaneous fibrogenesis was 
observed in both healthy and cirrhotic PCLS during incubation, indicated by the increase in 
expression of the various fibrosis markers. Onset of fibrosis was augmented with LPS only in 
healthy but not in fibrotic PCLS. In conclusion, LPS exacerbates inflammation in both healthy 
and cirrhotic human liver slices, however promotes fibrosis only in healthy liver slices. Our 
data suggests that human PCLS can be a suitable model to unravel the unknown mechanism of 
human liver fibrosis progression. 
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Introduction 
 
Liver fibrosis is a pathological event in a variety of liver diseases, including viral, alcoholic 
and non-alcoholic liver diseases, and if not controlled may lead to cirrhosis and liver failure 
[1]. Fibrosis is a dynamic wound-healing process against liver injury and when the injury is 
persistent it is characterized by excessive accumulation of extracellular matrix that will further 
deteriorate the function of the liver [2]. The pathology of liver fibrosis involves multiple 
pathways and molecules, and due to its inherent complexity, the mechanisms underlying 
fibrosis still remain to be elucidated. As of yet, there are no effective drugs available. It is 
suggested that persistent hepatic inflammation stimulates and amplifies fibrogenesis [3]. 
Pathogen associated molecular patterns (PAMPs) are possible drivers of liver inflammation 
and fibrosis via the gut-liver axis [4]. PAMPs, such as bacterial lipopolysaccharide (LPS), 
peptidoglycans, flagellin and bacterial DNA, are recognized by toll like receptors (TLRs), and 
transduce signals promoting inflammation, thereby exacerbating fibrosis in alcoholic liver 
diseases and non-alcoholic liver diseases [1, 4, 5].  
 
Elevated serum concentrations of LPS in serum are common in patients with chronic liver 
disease or cirrhosis and are related to the severity of the disease [6-8]. This suggests that 
throughout the development of liver disease, the liver encounters a continuous LPS stimulus 
[9], which may lead to constant immune cell activation and ECM deposition. TLR-4 is the 
major receptor for LPS and is expressed in many different cell types in the liver, including 
Kupffer cells, hepatocytes and hepatic stellate cells (HSCs) [10]. Co-receptors, such as 
lymphocyte antigen 96 (MD-2), CD180 (RP105), lymphocyte antigen 86 (MD-1) and TLR-2, 
participate in LPS sensing in a still poorly understood mechanism [11, 12]. LPS triggers the 
TLR-4 signaling pathway and induces the expression of the pro-inflammatory cytokines 
interleukin (IL)-1b, IL-6, IL-8 and tumor necrosis factor (TNF)-a [13], which further promote 
fibrosis [3]. In addition, LPS mediates HSCs activation by increasing both the exposure and 
sensitivity of HSCs to Kupffer cell-derived transforming growth factor (TGF)-b in mice [14]. 
Activated HSCs acquire an a-smooth muscle actin (a-SMA)-expressing phenotype and 
produce excessive amounts of extracellular matrix proteins, (particularly collagens I and III), 
thus beginning the fibrotic process in rodent liver disease models [15].   
 
The mechanism of LPS-induced inflammation and fibrosis in the liver is commonly studied in 
in vitro cell cultures and in vivo animal models, but studies in human in vivo on initial fibrosis 
onset as well as end-stage fibrosis are lacking. In addition to the induction of inflammation and 
fibrosis by LPS, exposure to LPS leads to tolerance in immune cells such as monocytes and 
macrophages including Kupffer cells in the liver and these cells become refractory to future 
LPS stimulus [16, 17]. However, whether and how a human cirrhotic liver responds to LPS is 
yet unclear, and difficult to study in man in vivo.  
 
Precision-cut liver slices (PCLS) represent an ex vivo tissue culture technique that replicates 
most of the multicellular characteristics, including the pathophysiological state, of a whole 
liver in vivo. Previously, we showed that human PCLS are a suitable model to study 
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inflammation and fibrosis of the liver [18-21]. Therefore, in this study, precision-cut human 
liver slices are used as a tool to investigate if LPS induces liver inflammation and fibrosis in 
both healthy and cirrhotic human liver, bridging the gap between animal and human studies.   
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Results 
 
Characterization of human liver tissue 
Pieces of healthy and cirrhotic livers used in this study were investigated by histochemistry to 
confirm the healthy and cirrhotic status respectively. The cirrhotic livers were characterized by 
fibrotic connective tissue that bridges between portal veins as indicated by strong Picro Sirius 
Red (Fig. 1A) and collagen type I staining (Fig. 1B). Expression of a-SMA was enhanced in 
the cirrhotic livers compared to the healthy ones, indicating the presence of activated HSCs in 
the cirrhotic livers (Fig. 1C). The cirrhotic phenotype was also confirmed via enhanced mRNA 
expression of the fibrosis markers pro-collagen 1a1 (PCOL1A1), a-SMA, heat shock protein 
47 (HSP47) and TGF-b1 (Fig. 1D). Elevated IL-8 gene expression was also observed in the 
cirrhotic livers as compared to healthy livers (Fig. 1E).  
 
Viability of the human precision-cut liver slices  
Both healthy and cirrhotic human liver slices were viable during incubation up to 48h, showing 
an average of 9.8 and 6.0 pmol ATP/µg protein, respectively (Fig. 2A). LPS (5 µg/ml, 
corresponding to 5000 EU/ml) did not significantly influence the viability of the healthy and 
cirrhotic slices up to 48h (Fig. 2B). Histomorphology of the healthy PCLS showed intact 
hepatocyte morphology and presence of other cell types with no sign of cell death during 48h 
incubation; LPS did not impair the morphology; also, the morphology of cirrhotic PCLS stayed 
the same during incubation with or without LPS stimulus (Fig. 3).  
 
LPS receptors in the human precision-cut liver slices 
The gene expression of LPS receptors was not different in freshly prepared healthy slices as 
compared to cirrhotic slices. In healthy liver slices, TLR-4 gene expression was augmented 
(2.7-fold) during incubation; but was downregulated (0.65-fold) by LPS challenge at 48h; the 
latter was also the case for RP105 and MD-1 gene expression (Fig. 4A-B (i) (iii) (iv)). Although 
the same trend was apparent in cirrhotic PCLS, it did not reach significance. In both healthy 
and cirrhotic liver slices, there was an upregulation of MD-2 expression during incubation, 
which was not further changed by LPS stimulus (Fig. 4 A-B (ii)). Furthermore, TLR-2 
expression in healthy liver slices was not stimulated during incubation but was induced by LPS 
treatment (Fig. 4A-B (v)).  
 
Inflammation in the human precision-cut liver slices 
At basal level, IL-8 mRNA was expressed higher in cirrhotic than healthy liver slices, which 
was not the case for IL-6, IL1-b and TNF-a (Fig. 5A). During 48h incubation there was a 
spontaneous onset of inflammation in both healthy and cirrhotic liver slices, indicated by 
mRNA upregulation of the pro-inflammatory genes IL-8, IL-6, IL-1b and TNF-a, among which 
IL-8, IL-6 and IL-1b were upregulated to a higher level in cirrhotic liver slices than in healthy 
(Fig. 5A). Similarly, during incubation, various cytokines were spontaneously secreted, among 
which IL-8, TNF-a, IFN-g, MCP-1, IL-2, IL-4 and IL-15 were higher in the medium of the 
cirrhotic than of the healthy PCLS (Fig. 5C, Fig. 6, Table 2). Granulocyte Macrophage-Colony 
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Stimulating Factor (GM-CSF) was neither detected in healthy nor in cirrhotic PCLS. Taken 
together, these data show that spontaneous inflammation in the cirrhotic PCLS is stronger than 
in the healthy PCLS during incubation. 
 
LPS upregulated IL-8, IL-6 and IL-1b mRNA expression both in healthy and cirrhotic livers; 
TNF-a mRNA expression was not affected by LPS treatment neither at 24 nor at 48h (Fig. 
5B). Secretion of these cytokines was elevated by LPS both in healthy and cirrhotic PCLS at 
24h and 48h except from TNF-a at 48h (Fig. 5C, Fig. 6). LPS-induced cytokine release of IL-
8, IL-6 and VEGF at 24h and of granulocyte colony-stimulating factor (G-CSF) at 48h was 
higher in cirrhotic than in healthy PCLS. The LPS-induced release of IL-1Ra at 24h, MIP-1a, 
MIP-1b, IL-7 and IL-9 at 48h was higher in healthy than cirrhotic PCLS. (Fig. 6, Table 2). 
Collectively, LPS induced the expression of cytokines both in healthy and cirrhotic PCLS, 
however, with a different pattern. 
 
Fibrosis in the human precision-cut liver slices 
During incubation, spontaneous onset of fibrosis was observed in healthy slices and a further 
increase of fibrosis was seen in cirrhotic liver slices, as indicated by upregulation of fibrosis 
markers PCOL1A1, HSP47 and TGF-b1 at 48h compared with 0h (Fig. 7A). When compared 
to healthy liver slices, the increase of the levels of PCOL1A1, a-SMA, HSP47 and TGF-b1 
mRNA during incubation was higher in cirrhotic slices (Fig. 7A). Cirrhotic PCLS secreted 
20.5- and 14.0-fold higher amounts of pro-collagen 1a1 (PCOL1A1) protein than healthy 
PCLS at 24h and 48h respectively (Fig. 7C)  
 
LPS treatment elevated gene expression of a wide range of fibrosis related genes in healthy 
PCLS, including genes involved in collagen processing and ECM remodelling as well as 
different types of collagens, ECM components, ECM receptors (Fig. 7B, Fig. 8, Table 3.). 
Moreover, LPS treatment resulted in elevated protein secretion of pro-collagen 1a1 in healthy 
PCLS by 2.3- fold between 24 and 48 h (Fig. 7C). Picro Sirius Red and collagen type I staining 
in healthy slices suggest thickened collagen fibers as well as stronger deposition around the 
vascular area in the LPS treated PCLS (Fig. 9). No significant increase in gene and protein 
expression of fibrosis markers was observed in cirrhotic liver slices after a LPS challenge (Fig. 
7-9, Table 3). 
 
TGF-b1 signaling pathway and a-SMA protein expression  
LPS elevated the gene expression of TGF-b1 in healthy, but not in cirrhotic PCLS (Fig. 7B 
(iv)). LPS elevated phosphorylation of SMAD2 strongly at 6h and mildly at 24h in healthy 
PCLS, but not in cirrhotic slices (Fig. 10A). These data suggest that the TGF-b1 signalling 
pathway was activated by LPS, facilitating early-onset of fibrosis in healthy PCLS only. 
Although the gene expression of a-SMA was not altered by LPS (Fig. 7B), protein expression 
of a-SMA was elevated by LPS at 48h in healthy PCLS, indicating myofibroblast activation 
in healthy PCLS (Fig. 10B), which seems was not observed in cirrhotic PCLS (data from 1 
cirrhotic liver).  



LPS aggravates fibrosis in early-onset but not end-stage human liver fibrosis 
	

	 37 

C
ha

pt
er

 3
 

                 Healthy liver               Cirrhotic liver 
A   

PS
R

 

  
B 

C
ol

la
ge

n 
Ι

 

  
C 

a
-S

M
A

 

  
 
D                                                                        E 

 
  



Chapter 3 

 38 

Figure 1. Characterization of human liver tissue. Representative pictures of human healthy 
and cirrhotic liver tissue stained with Picro Sirius Red (A), collagen type I (B) a-smooth muscle 
actin (a-SMA) (C, arrows). Baseline mRNA expression of liver fibrosis markers (D: pro-
collagen 1a1, PCOL1a1; a-SMA; Heat shock protein 47, HSP47 and transforming growth 
factor-b1, TGF-b1) and pro-inflammatory markers (E: interleukins (IL) 8, 6 and 1b, tumour 
necrosis factor-a, TNF-a) in healthy versus cirrhotic PCLS before incubation. Scale bars from 
(A-C) are 100 µM; insets, 25 µm. Data from (D) and (E) are means ± SEM; relative expression 
values were expressed as percentage compared with housekeeping genes (100%); n=5. * p< 
0.05; ** p< 0.01. 
 
 
 
 
 
 
 
 
 
 
A                                                               B                                                 

 
 
Figure 2. Viability of human healthy and cirrhotic precision-cut liver slices. Viability of 
healthy and cirrhotic PCLS (ATP/protein ratio) (A) during 48 h incubation; (B) with the 
treatment of LPS. Data are means ± SEM; healthy: n=5, cirrhotic: n=4-5. * p< 0.05. 
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Figure 3. Morphology of human healthy and cirrhotic precision-cut liver slices H&E 
staining of PCLS after incubation for 48h with or without LPS (5 µg/ml) treatment. 
Representative image of healthy n=3; cirrhotic n=3 livers. Scale bars: 100 µM. 
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Figure 4. Expression of LPS receptors in human healthy and cirrhotic precision-cut liver 
slices. mRNA expression of the LPS receptors Toll-like receptor 4 (TLR-4), Lymphocyte 
antigen 96 (MD-2), CD180 (RP105), Lymphocyte antigen 86 (MD-1) and Toll-like receptor 2 
(TLR-2) at 0 h, 24h and 48 h (A) and with LPS for 24 or 48h (B). Data are presented as the 
means ± SEM; relative expression values were expressed as percentage compared with 
housekeeping genes (100%); healthy: n=5, cirrhotic: n=4-5.  * p< 0.05; ** p< 0.01; *** p< 
0.001. 
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Figure 5. Inflammation in human healthy and cirrhotic precision-cut liver slices. A: 
spontaneous onset of inflammation in human healthy and cirrhotic PCLS during 48h 
incubation. B: effect of LPS on mRNA expression of PCLS inflammation markers in PCLS 
during incubation. C: amount of cytokines excreted into the medium during 0-24 and 24-48 h 
of incubation in presence and absence of LPS. Abbreviations: interleukin, IL; tumour necrosis 
factor-a, TNF-a. Data are presented as the means ± SEM; healthy: n=5, cirrhotic: n=4-5. * p< 
0.05; ** p< 0.01; *** p< 0.001; **** p< 0.0001. 
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Figure 6. Bio-Plex multiplex immunoassay of human PCLS supernatant-heatmap. 
Cytokines in the culture medium of the healthy (hlf) or cirrhotic (clf) PCLS after incubation of 
0-24 and 24-48h with or without LPS treatment were tested. Average-linkage hierarchical 
clustering was performed using Pearson correlation. Healthy: n=5, cirrhotic: n=4. 
 
 
Table 2. Overview of results of the Bio-Plex multiplex immunoassay of cytokines released 
by human PCLS, based on the data presented in Supplementary Figure II. 

 
Experimental 
condition 

Status Cytokines 

a. Without LPS Higher in cirrhotic at 24h IL-8, TNF-a, IFN-g, MCP-1, IL-2, IL-4, IL-15, 
b. With LPS  Higher in cirrhotic at 24h IL-8, IL-6, VEGF 

Higher in cirrhotic at 48h g-CSF 
Higher in healthy at 24h IL-1Ra 
Higher in healthy at 48h MIP-1a, MIP-1b, IL-7, IL-9 

c. Not expressed GM-CSF 
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Figure 7. Fibrosis in human healthy and cirrhotic precision-cut liver slices 
Spontaneous onset of fibrosis in human healthy and cirrhotic PCLS during 48h incubation. 
Gene expression of fibrosis markers represented by pro-collagen 1a1 (PCOL1A1), a-smooth 
muscle actin (a-SMA), heat shock protein 47 (HSP47) and transforming growth factor-b1 
(TGF-b1) during incubation (A) or with LPS treatment (B). C: Pro-collagen 1a1 protein in the 
culture medium of PCLS. Data are presented as the means ± SEM; healthy: n=5, cirrhotic: n=4-
5. * p< 0.05; ** p< 0.01. 
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Figure 8. Low density array (LDA) of human PCLS- heatmap.  
LDA- heatmap of the genes encoding collagens, noncollagenous ECM componets, ECM 
remodeling, collagen processing, ECM receptors and a-SMA.  Healthy (hlf) or cirrhotic (clf) 
PCLS after slicing (0h) and after incubation of 48h with or without LPS treatment were tested. 
Average-linkage hierarchical clustering was performed using Pearson correlation. Healthy: 
n=4, cirrhotic: n=4. 
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Table 3. Low density array (LDA) of human PCLS. Relative expression of genes that 
encoding collagens, collagen processing, noncollagenous ECM components, ECM 
remodeling, ECM receptors and HSCs activation marker, in healthy and cirrhotic PCLS treated 
with 5 µg/ml LPS for 48h. Data of LPS treated groups are presented as fold induction ± SEM 
compared to respective 48h control of healthy (n=4) and cirrhotic (n=4). 
 

Gene and assay ID Healthy Cirrhotic 

Type of collagen  

   COL1A1 2.23± 0.33 ** 1.33± 0.22 

   COL1A2 1.19± 0.08 1.05± 0.17 

   COL3A1 1.29± 0.11 * 1.11± 0.17 

   COL4A1 1.88± 0.23 * 1.29± 0.20 

   COL5A1 2.01± 0.34 * 1.00± 0.18 

   COL6A1 1.48± 0.13 * 1.11± 0.19 

Collagen processing  

   PLOD1 0.65± 0.05 0.83± 0.07 

   PLOD2 3.10± 0.55 * 1.49± 0.39 

   PLOD3 0.64± 035 * 0.95± 0.23 

   P4HA1 0.93± 0.32 0.62± 0.16 

   P4HA2 0.56± 0.20 2.07± 0.74 * 

   P4HA3 1.76± 0.60 1.36± 0.13 

   P4HB 0.98± 0.19 0.96± 0.10 

   P3H1   1.15± 0.10 * 0.94± 0.09 

   P3H2  1.94± 0.47 1.05± 0.21 

   P3H3 2.14± 0.31 1.10± 0.24 

   LOX 1.59± 0.37 0.86± 0.07 

   LOXL1 0.56± 0.11 1.35± 0.29 

   LOXL2 2.53± 0.08 *** 1.70± 0.25 

   LOXL3 0.54± 0.36 0.16± 0.05 

   LOXL4 8.71± 1.95 * 2.77± 0.75 

   SERPINH1 1.60± 0.06 ** 1.46± 0.08 

   ADAMTS2 0.90± 0.07 0.80± 0.02 

   ADAMTS3 4.62± 0.36 ** 1.27± 0.27 

   ADAMTS14 0.27± 0.16 2.05± 0.32 

   BMP1 1.36± 0.12 1.28± 0.18 

   PCOLCE 1.22± 0.13 1.54± 0.26 



LPS aggravates fibrosis in early-onset but not end-stage human liver fibrosis 
	

	 47 

C
ha

pt
er

 3
 

Table 3 (continued)   

Gene and assay ID Healthy Cirrhotic 

   PCOLCE2 1.01± 0.29 1.21± 0.43 

   FKBP10 1.45± 0.18 * 1.07± 0.07 

   SLC39A13 1.29± 0.10 * 0.90± 0.09 

   COLGALT1 1.09± 0.08 0.91± 0.08 

Extracellular matrix component 

   FN1 1.03± 0.32 1.74± 0.62 

   ELN 0.31± 0.31 0.61± 0.25 

   DCN 0.66± 0.10 0.99± 0.24 

   BGN 1.42± 0.13 * 1.14± 0.09 

   FMOD 2.36± 0.86 1.01± 0.29 

Extracellular matrix remodeling 

   MMP1 4.98± 0.26 ** 3.28± 1.21 

   MMP13 Not expressed Not expressed 

   MMP14 2.38± 0.12 ** 1.33± 0.20 * 

   TIMP1 4.19± 0.74 * 1.87± 0.30 * 

   CTSK 1.49± 0.38 * 0.55± 0.07 

Extracellular matrix protein receptor 

   DDR1 2.39± 0.26 * 1.14± 0.19 * 

   DDR2 1.63± 0.12 * 1.35± 0.20 * 

   MRC2 1.68± 0.12 * 1.35± 0.22 * 

Hepatic stellate cell activation  

   a-SMA 1.01± 0.08 1.07± 0.10 

 
      indicates significant down-regulation (fold induction< 0.9),       indicates significant up-
regulation (fold induction>1.1). Others are with no significant difference (0.9 ≤ fold 
induction≤1.1). * p< 0.05; ** p< 0.01; *** p< 0.001. 
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Figure 9. Fibrosis in human healthy and cirrhotic precision-cut liver slices Picro Sirius 
Red staining (A); immunohistochemical staining of Collagen I (B) at 48h. Representative 
image of PCLS of healthy (n=3) and cirrhotic (n=3) livers. Scale bars: 100 µM.  
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Figure 10. TGF-b1 signaling pathway and a-SMA activation in healthy PCLS. 
Representative images of Western blots of healthy and cirrhotic PCLS blots of phosphorylated-
SMAD2 (pSMAD2) (A) or a-SMA (B). Bar graphs: band intensity of each lane was 
normalized by total protein amount of respective blots using Image Lab software. Data are 
presented as the means ± SEM, healthy (n=3), cirrhotic (n=1). * p< 0.05; ** p< 0.01. 
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Discussion 
 
Liver fibrosis is a pathological event in many chronic liver diseases, but is yet without a specific 
therapeutic treatment. Adding to the in vitro and in vivo animal model-derived information on 
LPS-induced fibrosis, this study used an ex vivo human model of both early-onset and end-
stage fibrosis to investigate the role of LPS during liver fibrosis development, in order to mimic 
the human in vivo situation. Our data revealed that LPS exacerbates inflammation in both 
healthy and cirrhotic livers, but promotes fibrosis only in healthy livers.  
 
The liver has an extraordinary capacity of detoxifying LPS in vivo [22]. However, in vitro, the 
viability of primary human hepatocytes or HepG2 cells was affected within 8-24 hours by 1 
µg/ml LPS [23, 24], while in the present study, 5 µg/ml LPS did not significantly alter the 
viability of the PCLS, as was also seen previously in rat [25] and human PCLS [21]. The reason 
of this might be that the multicellular nature of PCLS (containing HSCs and Kupffer cells) 
helps to maintain the viability. In a study by Dangi et al. rat HSCs stimulated with LPS 
produced soluble mediators which remained unidentified, but the authors hypothesized that 
these could be IFN-b, IL-6 or IL-10. These soluble mediators may act as survival signals to 
overcome LPS-induced liver injury in hepatocytes [26]. After LPS stimulus, rat Kupffer cells 
secreted a potent mediator of the inflammatory response to control hepatic inflammation and 
which modulates hepatocyte metabolic rates through interactions with phase I and II enzymes 
[27]. Thus, anti-inflammatory cytokines such as IL-10, IL-6 and IL-1Ra secreted by the PCLS 
may help to survive the LPS stimulus [22] (Supplementary figure II). 
 
The innate immune system is activated by LPS through TLR-4 and its co-receptors [28]. Both 
healthy and cirrhotic PCLS expressed the critical receptors involved in LPS signaling, TLR-4 
and MD-2, as well as other co-receptors, RP105, MD-1 and TLR-2. Notably, LPS 
downregulated TLR-4, RP105 and MD-1 but upregulated TLR-2 solely in healthy PCLS but 
not in cirrhotic PCLS. This is in line with the finding that LPS transiently downregulates TLR-
4 in the mouse macrophage cell line (RAW264.7) within 24h, which might contribute to LPS 
tolerance- a mechanism to control excessive inflammation [29]. RP105 is a TLR-like LPS 
receptor that, in association with MD-1, it negatively regulates TLR-4 responses to LPS 
through direct interaction with TLR-4/MD-2 complex in dendritic cells and macrophages [30, 
31]. TLR-2 is the major receptor for lipopeptides and peptidoglycan [32]. However, the exact 
role of TLR-2 in sensing LPS is not fully understood, the hypothesis is that TLR-2 might act 
as a signal transductor of TLR-4 signaling or as independent LPS receptor [32]. In an in vitro 
study in hepatocytes in monoculture, LPS alone was discovered to be not enough to induce 
TLR-2 transcription, but IL-1b and TNF-a promoted TLR-2 transcription [33]. In the PCLS, 
LPS stimulated the production of IL-1b and TNF-a (Fig. 5 B iii-iv), which might explain the 
upregulation of TLR-2 observed in PCLS following LPS treatment. In addition, Vodovotz et 
al. hypothesized that multiple cell types (e.g. Kupffer cells and hepatocytes) are involved in 
the mechanism of TLR-2 transcription as a response to LPS [33]. The multicellular nature of 
the PCLS model lends further credence to the theory that TLR-2 regulation is orchestrated by 
different cell types. In cirrhotic PCLS, these receptors were expressed, but not significantly 
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influenced by LPS challenge, which might due to the low number of experiments or the large 
variations of the data obtained (Fig. 4).  
 
Healthy and cirrhotic PCLS showed different patterns of cytokine release both during control 
incubation and by LPS stimulus. The inflammatory status of the cirrhotic liver was higher than 
that of a normal liver, which is likely due to the persistent stimulus of injury, and/or because 
of the higher presence of PAMPs within the cirrhotic liver [34]. In addition, in the present 
study, even though inter personal differences exist in the extent of spontaneous inflammation 
during incubation (Fig. 6, Table 2), the data showed stronger spontaneous increase of 
inflammation during incubation in the cirrhotic PCLS as compared to healthy PCLS. 
Accordingly, incubation of slices with LPS resulted in an increase in the expression of most of 
the pro-inflammatory cytokines in cirrhotic PCLS, indicating the cirrhotic liver still responds 
actively rather than developing tolerance to the LPS stimuli (Fig. 5-6). The reason that cirrhotic 
PCLS are not tolerant to LPS might be due to the fact that LPS tolerance is associated with 
down-regulation of TLR-4 expression [29], which is not observed in our study: the baseline 
expression of TLR-4 expression was not lower in cirrhotic than in healthy PCLS (Fig. 4). 
Downregulation of TLR-4 expression in RAW cells by LPS was transient according to Poltorak 
et al., and this might explain the lack of difference in the expression of TLR-4 between healthy 
and cirrhotic PCLS even though cirrhotic liver encounter continuous LPS stimuli in vivo [35].  
 
Cirrhotic PCLS secreted more of the pro-inflammatory cytokines such as IL-6 and IL-8 than 
healthy PCLS after LPS treatment. Serum levels of IL-8 are significantly elevated in chronic 
liver disease patients, and this cytokine is associated with neutrophil or macrophage infiltration 
to promote liver inflammation [36]. IL-6, produced mainly in monocytes and macrophages, is 
involved in inflammation and tumorigenesis of the liver [37]. One reason why a cirrhotic liver 
has a higher pro-inflammatory status following LPS treatment could be that diseased liver 
contains more activated myofibroblasts, which possibly produce more cytokines upon LPS 
stimulus [38]. Another reason could be that IL-1Ra, an anti-inflammatory protein that blocks 
IL-1a and IL-1b signaling [39], was expressed lower in the LPS-treated cirrhotic PCLS as 
compared to healthy PCLS. IL-1Ra reduces inflammation (IL-1b, TNF-a and MCP-1) in 
alcoholic steatohepatitis in mice [40], which might explain the higher inflammatory status of 
the cirrhotic PCLS in the present study.  
 
The LPS-stimulated regenerative force might be higher in cirrhotic PCLS, as shown by higher 
increased expression of VEGF and G-CSF than in healthy PCLS. VEGF is the main driver for 
physiological and pathological angiogenesis [41]. In the liver, VEGF is mainly expressed by 
hepatocytes and endothelial cells, but not by HSCs [42]. G-CSF modulates a wide variety of 
cells (neutrophils, stem cells, dendritic cells, T cells); these cells aid in improving liver function 
in patients by modulating sterile inflammation and liver regeneration [43] [44] [45]. Although 
there are no or limited blood-derived immune cells in PCLS, one could predict that in patients, 
LPS-induced G-CSF could promote tissue regeneration during cirrhosis. 
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It seems that LPS induced more profibrotic cytokines/chemokines in healthy than in cirrhotic 
PCLS, since more MIP-1a, MIP-1b, IL-9 was excreted in healthy compared to cirrhotic PCLS. 
LPS stimulation of isolated rat Kupffer cells led to a huge increase of MIP-1a gene expression 
[46]. Inhibiting MIP-1b attenuated bleomycin-induced skin fibrosis in mice [47]. And in a 
CCl4-induced mouse model of hepatic fibrosis, neutralization of IL-9 attenuated the activation 
of hepatic stellate cells, and suppressed the expression of TGF-b1 as well as inflammation, 
leading to reduced hepatic fibrosis [48]. In the same mouse model, over-expression of IL-9 
enhanced hepatic fibrosis [49]. Collectively, this may explain why LPS only enhances 
fibrogenesis in the healthy PCLS, since LPS solely induced the production of profibrotic 
cytokines in these slices.  
 
IL-7 was induced by LPS both in healthy and in cirrhotic PCLS. IL-7 can be induced in 
hepatocytes by TLR ligands including LPS through an indirect way [50]. The function of IL-7 
produced in the liver is to increase T cell number by promoting survival or cell division [50]. 
In the current study, LPS induced a higher amount of IL-7 in healthy than cirrhotic PCLS, 
which might indicate that the indirect pathway to produce IL-7 is more active in healthy than 
cirrhotic PCLS. However, there is a negligible amount of T cells present in the slices 
(unpublished observation), therefore the effect of IL-7 in the PCLS remains unknown. 
 
As expected, current data, as expected, demonstrated a higher baseline level of fibrosis markers 
in the cirrhotic slices. The expression of PCOL1A1, a-SMA, HSP47 and TGF-b1 was 
significantly higher at baseline (0h) in cirrhotic than in healthy PCLS. This corresponds to the 
status of a fibrotic liver in the clinical setting [51]. Even though there is continuous release of 
pro-collagen 1a1 during 48h incubation (Fig. 7C) from healthy PCLS, no clear indication was 
found that collagen deposition in the tissue increased (Fig. 1 & Fig. 9 A-B). 
 
LPS induced a strong onset of fibrosis in healthy PCLS, including an increased mRNA, protein 
level of pro-collagen 1a1 and collagen deposition in the slices. This might be due to activation 
of the TGF-b1 signaling pathway, which is a well-known master enhancer of fibrosis [52]. In 
cystic fibrosis, a-SMA protein and pro-collagen 1a1 mRNA are co-localized in activated 
HSCs which are activated by TGF-b1 [53]. Here we showed that LPS clearly activated the 
downstream-to-TGF-b signaling protein pSMAD2 as well as elevated a-SMA in healthy 
PCLS, indicating activated TGF-b1 signaling pathway and activated HSCs, which probably 
are the main source of the pro-collagen 1a1 secretion observed in PCLS following LPS 
challenge. 
 
In addition to pro-collagen 1a1, LPS elevated the expression of COL3A1, COL4A1, COL5A1 
and COL6A1 in healthy PCLS. Furthermore, LPS increased a wide range of genes that encode 
for collagen maturation and fibril assembling enzymes including BGN, PLOD2, P3H1, LOXL2, 
LOXL4, SERPINH1, ADAMTS3, FKBP10 and SLC39A13 in healthy PCLS, only slightly 
downregulated PLOD3, this is well in line with the increased Picro Sirius Red staining and 
Collagen I staining in the LPS treated PCLS (Fig. 9 A-B). Moreover, LPS induced the gene 
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expression of collagen receptors DDR1, DDR2 and MRC2 in healthy PCLS. These data 
indicate that LPS has a profound effect on collagen homeostasis.  
 
Disturbance of the accumulation and degradation of collagen is characteristic in fibrotic liver 
disease [54]. LPS increased the expression of ECM turnover enzymes such as MMP1, MMP14 
and CTSK in healthy PCLS; meanwhile also increasing TIMP1 which is an inhibitor of MMPs. 
In cirrhotic PCLS, LPS only elevated MMP14 and TIMP1. These results indicate that ECM 
degradation capacity of healthy PCLS might be better than that of cirrhotic PCLS when 
stimulated with LPS. Nevertheless, the net result is the onset of fibrosis.  
 
It was previously reported that the gene and protein expression of a-SMA were not up or 
downregulated to the same extend in human PCLS [18]. Similarly, we showed that LPS failed 
to increase the gene expression of a-SMA in healthy PCLS while protein expression was 
elevated. The reason of this post-translation effect is not known. Nevertheless, TGF-b1 
stimulated HSCs activation, which might drive the LPS induced fibrogenesis observed in 
healthy PCLS (Table 3). Unlike in healthy PCLS, LPS neither activated a-SMA nor pSMAD2 
in cirrhotic PCLS, explaining the lack of influence on the expression of all the above-
mentioned fibrosis markers, except the upregulation of the collagen-processing enzyme P4HA2 
and collagen receptors DDR1, DDR2 and MRC2. (Fig. 7, Fig. 8, Table 3). It remains to be 
explained why, even though LPS increased many of the inflammatory cytokines that normally 
can enhance the fibrosis, neither activation of the TGF-b signaling pathway nor increase of 
fibrosis was observed in the cirrhotic PCLS.  
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Conclusion 
 
Collectively, our data indicate that LPS exacerbated inflammation in both healthy and cirrhotic 
human PCLS, and apparently the cirrhotic liver does not develop tolerance to LPS. LPS 
induced a higher pro-inflammatory and regenerative status in cirrhotic PCLS than in healthy 
PCLS, while it induced a more pro-fibrotic status in healthy PCLS through activation of the 
TGF-b1 signaling pathway, which was not seen in cirrhotic PCLS. Our data contribute to the 
growing evidence that human PCLS can not only serve as a unique model to test anti-fibrotic 
drug efficacy ([55]), but can also be a suitable model to unravel the mechanism of human liver 
disease progression.  
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Materials and methods 
 
Ethical consideration and obtaining of human liver tissue  
Use of human tissue was approved by the Medical Ethical Committee of the University 
Medical Centre Groningen (UMCG), according to Dutch legislation and the Code of Conduct 
for dealing responsibly with human tissue in the context of health research (www.federa.org), 
refraining the need of written consent for ‘further use’ of coded-anonymous human tissue. The 
procedures were carried out in accordance with the experimental protocols approved by the 
Medical Ethical Committee of the UMCG. Surgical excess material of donor livers was 
characterized as clinically healthy liver (n=7). Explanted cirrhotic livers of clinically diagnosed 
end-stage liver disease patients undergoing liver transplantation was characterized as cirrhotic 
liver (n=5). Patient demographics is shown as Table 1.  
 
Table 1. Patient demographics 

 Healthy (n=7) Cirrhotic (n=5) 
Gender (% female) 100 60 
Age (y) 48.4± 12.8 52.6± 11.3 

 
 
Preparation of the precision-cut liver slices 
Precision-cut human liver slices were prepared as previously described [56]. In brief, surgically 
excess human liver was obtained, cylindrical cores were made using 6 mm biopsy punch and 
preserved in ice-cold University of Wisconsin (UW) tissue preservation solution (DuPont 
Critical Care, Waukegab, IL, USA) until slicing. Krebs-Henseleit buffer was supplemented 
with 25 mM D-glucose (Merck, Darmstadt, Germany), 25 mM NaHCO3 (Merck), 10 mM 4-
(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (MP Biomedicals, Aurora, Ohio), saturated 
with carbogen (95% O2 and 5% CO2) and used as slicing solution. The size of the slices was 
adjusted by the weight (4-5 mg) to a thickness around 250 µm. 
 
Incubation of the precision-cut liver slices 
Before incubation the PCLS were collected as 0h samples. Precision-cut human liver slices 
were incubated as previously described [56]. William’s E medium with GlutaMAX (Life 
Technologies, Carlsbad) 2.75g/ml D-glucose monohydrate (Merck, Darmstadt, Germany), 50 
µg/mL gentamicin (Invitrogen, Paislely, UK) was prepared as 1.3 ml/well in 12 wells plates, 
preheated and oxygenized in the incubator at 37 ˚C with a continuous 5% CO2, 80% O2 supply 
for at least 30 min before plating the slices. The slices were incubated individually for 1 hour 
as preincubation in the culture medium. After preincubation, slices were changed to preheated 
and oxygenized fresh medium or medium supplemented with 5 µg/ml (5000 EU/ml) ultrapure 
LPS from Escherichia coli O111:B4 (InvivoGen, Toulouse, France) and medium was refreshed 
at 24 hours. Slices were further incubated with or without LPS until 48 hours and collected for 
further analysis. Three slices were incubated for each condition. 
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Assessment of viability of the precision-cut liver slices 
After incubation, slices were collected individually in 1.5 ml eppendorf safe-lock tube with 
minibeads and 1 ml sonification solution, snap frozen in liquid nitrogen and stored at -80 ˚C. 
ATP content of each slice was determined using ATP bioluminescence assay kit class II (Roche 
Diagnostics GmbH, Mannheim, Germany) according to manufacturer’s instruction and 
previous description [56]. 
 
Quantitative real-time polymerase chain reaction and low-density array 
After incubation, the triplicate slices were collected together in 1.5 ml eppendorf safe-lock tube 
with minibeads, snap frozen in liquid nitrogen and stored at -80 ˚C (0h samples were collected 
before pre-incubation). Total RNA was extracted using FavorPrep tissue total RNA mini kit 
(FAVORGEN Biotech Corp, Vienna, Austria), according to the manufacture’s instruction. 
Concentration and purity of the RNA was determined using Synergy HT (Biotek, Swindon, 
UK) at wavelength of 260/280, a value between 1.9-2.1 was considered of good quality of 
RNA and stored in -80 ˚C. cDNA was reverse transcripted from 1 µg total RNA using Reverse 
Transcription Kit (Promega, Leiden, the Netherlands) at 22 ˚C for 10 minutes, 42 ˚C for 15 
minutes, 95 ˚C for 5 minutes and stored in -20 ˚C. Gene expression level was assessed by 
quantitative real-time polymerase chain reaction in ViiATM 7 Real-Time PCR System with a 
reaction mix of SYBR or Taqman mix (Roche Diagnostics GmbH, Mannheim, Germany) plus 
primer pairs (Supplementary table I). Experimental condition of SYBR and Taqman mix is 
shown in Supplementary table II. Relative expression values were expressed as percentage 
compared with housekeeping genes (100%): glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (SYBR) and 18S (Taqman). LDA or Custom-made Taqman Array Microfluidic 
Cards (Applied Biosystems) with preloaded primers in 384-wells plates were used to elucidate 
the effects of LPS on 46 genes-related to fibrosis (Supplementary table III). 10 ng/µL cDNA 
was mixed with 2X Taqman PCR mastermix (Applied Biosystems). Thermal cycling and 
fluorescence detection were performed on a ViiATM 7 Real-Time PCR system (Applied 
Biosystems) with a cycle of 50 ̊ C for 2 minutes and 95 ̊ C for 10 minutes followed by 40 cycles 
of 90 ̊ C for 15 seconds and 60 ̊ C for 1 minute. Expression levels were corrected using GAPDH 
as reference gene (DCt) and compared with the control group (DDCt). Results are displayed as 
fold induction (2-DDCt). 
 
ELISA and Bio-Plex ProTM Human Inflammation Assay 
Culture medium was pooled together from 3 wells of same treatment, stored in -80 ˚C for 
further analysis. Protein of pro-collagen 1a1 in the culture medium was tested using Human 
Pro-collagen 1a1 DuoSet ELISA kit according to manufacturer’s protocol (R&D Systems, 
Abingdon, UK). Cytokines in the culture medium were tested with Bio-Plex ProTM Human 
Cytokine Grp I panel (27-Plex, Supplementary figure II) according to the manufacturer’s 
protocol (Biorad, Winninglaan, Belgium). Culture medium was centrifuged at 13000 rpm for 
5 min, the supernatant was diluted 4x with new culture medium prior to the test. MAGPIX 
multiplexing instrument (Luminex, Austin, USA) was used to detect the mean fluorescent 
intensity (MFI) of each sample. Concentration of cytokines was calculated from the respective 
standard curve.  
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Morphology and immunohistochemistry 
Slices were fixed in 4% formalin for 24h, transferred to 70% ethanol, dehydrated, embedded 
in paraffin and sectioned (4 µm). Hematoxylin and eosin (H&E) staining, Picro Sirius Red 
(PSR) staining and immunohistochemistry staining were performed after deparaffinizing and 
rehydrating the sections. The antibodies used in the immunohistochemistry staining are shown 
in Supplementary table IV.  
 
Western blotting 
After incubation, slices were collected in triple in 1.5 ml eppendorf safe-lock tube with 
minibeads, snap frozen in liquid nitrogen and stored at -80 ˚C. Total protein was extracted 
using RIPA buffer (Supplementary table V). Membranes were incubated with first antibodies 
overnight at 4 ˚C, followed by secondary antibodies 1h at room temperature. The protein band 
signal was visualized with VisiGloTM Prime HRP Chemiluminescent Substrate Kit (Amresco, 
Ohio, USA) and quantified with Image Lab software (Biorad, Veenendall, the Netherlands), 
using the total protein load for equal loading (Supplementary figure I).   
 
Statistical analysis 
The data was shown as means ± SEM. Difference between healthy versus cirrhotic was 
compared using Mann-Whitney test; difference within the healthy or cirrhotic groups was 
compared using ANOVA followed by Fisher’s LSD test with Graphpad Prism 6.0. A p-value 
of <0.05 was considered to be significant.  
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Supplementary information 
 
Supplementary table I  
Primers used in qRT-PCR 

Gene (Human) Forward primer (5’-3’) Reverse primer (5’-3’) 

GAPDH (Taqman) Hs02758991_g1  

IL-1β Hs01555410_m1  

TNF-α Hs00174128_m1  

IL-6 Hs00985639_m1  

IL-8 Hs00174103_m1  

18s (SYBR green) CGGCTACCCACATCCAAGGA CCAATTACAGGGCCTCGAAA 

Col1a1 CAATCACCTGCGTACAGAACGCC CGGCAGGGCTCGGGTTTC 

α-SMA AGGGGGTGATGGTGGGAA ATGATGCCATGTTCTATCGG 

HSP47 GCCCACCGTGGTGCCGCA GCCAGGGCCGCCTCCAGGAG 

TGF-β1 TGGCGATACCTCAGCAACC CTCGTGGATCCACTTCCAG 

PAI-1 CACGAGTCTTTCAGACCAAG AGGCAAATGTCTTCTCTTCC 

TLR-2 CCATAAGGTTCTCCACCCAGTAGG ATGCATTTGTTTCTTACAGTGAGCG 

TLR-4 GGAAGTGGGATGACCTCAGGAG GTTATCAGCCCATATGTTTCTGGA 

MD-1 CCTCTTGGCAGTCCTTAAGCA GCAGGTGAGTCTGGTGGGAG 

MD-2 CTTCCAAAGCGCAAAGAAGTTATT TGTATTCACAGTCTCTCCCTTCAGA 

RP105 CCCCACAATTTGTCAGAGCTG GCTACATTTACTGAGAACCCAGACC 
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Supplementary table II 
Taqman mix reaction condition 

 Temp Time Number of cycle 

Enzyme activation 95 ˚C 10 min 1 cycle 

Denaturation 95 ˚C 15 sec 
40 cycles 

Annealing 60 ˚C 60 sec 

 
SYBR mix reaction condition 

 Temp Time Number of cycle 

Enzyme activation 95 ˚C 10 min 1 cycle 

Denaturation 95 ˚C 15 sec 

40 cycles Annealing 60 ˚C 30 sec 

Extension 72 ˚C 30 sec 

Melting curve 95 ˚C 15 sec 1 cycle 

60 ˚C 60 sec 1 cycle 

95 ˚C 15 sec 1 cycle  

 
Supplementary table III 
List of genes- encoding collagens, collagen processing, noncollagenous ECM components, 
ECM remodeling, ECM receptors and hepatic stellate cell activation marker, tested in Low-
Density Array (LDA).  

Gene and assay ID Gene 

Type of collagen  

   COL1A1-Hs00164004_m1 Collagen, Type I, Alpha 1 

   COL1A2-Hs00164099_m1 Collagen, Type II, Alpha 2 

   COL3A1-Hs00943809_m1 Collagen, Type III, Alpha 1 

   COL4A1-Hs00266237_m1 Collagen, Type IV, Alpha 1 

   COL5A1-Hs00609088_m1 Collagen, Type V, Alpha 1 

   COL6A1-Hs01095585_m1 Collagen, Type VI, Alpha 1  

Collagen processing  

   PLOD1-Hs00609368_m1 Pro-collagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 1 

   PLOD2-Hs00168688_m1 Pro-collagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 2 

   PLOD3-Hs00153670_m1 Pro-collagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 3 

   P4HA1-Hs00914594_m1 Prolyl 4-Hydroxylase, Alpha Polypeptide I 

   P4HA2-Hs00188349_m1 Prolyl 4-Hydroxylase, Alpha Polypeptide II 

   P4HA3-Hs00420085_m1 Prolyl 4-Hydroxylase, Alpha Polypeptide III 
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   P4HB-Hs00168586_m1 Prolyl 4-hydroxylase subunit beta 

   P3H1- Hs00961722_m1   Prolyl 3-hydroxylase 1 

   P3H2- Hs00216998_m1   Prolyl 3-hydroxylase 2 

   P3H3- Hs00204607_m1 Prolyl 3-hydroxylase 3 

   LOX-Hs00942480_m1 Lysyl Oxidase 

   LOXL1-Hs00935937_m1 Lysyl Oxidase-Like Protein 1 

   LOXL2-Hs00158757_m1 Lysyl Oxidase-Like Protein 2 

   LOXL3-Hs01046945_m1 Lysyl Oxidase-Like Protein 3 

   LOXL4-Hs00260059_m1 Lysyl Oxidase-Like Protein 4 

   SERPINH1-Hs00241844_m1 Serpin Peptidase Inhibitor, Clade H; HSP47 

   ADAMTS2-Hs00247973_m1 ADAM Metallopeptidase with Thrombospondin Type 1 Motif, 2 

   ADAMTS3-Hs00610744_m1 ADAM Metallopeptidase with Thrombospondin Type 1 Motif, 3 

   ADAMTS14-Hs00365506_m1 ADAM Metallopeptidase with Thrombospondin Type 1 Motif, 14 

   BMP1-Hs00241807_m1 Bone Morphogenetic Protein 1 

   PCOLCE-Hs00170179_m1 Pro-collagen C-Endopeptidase Enhancer 

   PCOLCE2-Hs00203477_m1 Pro-collagen C-Endopeptidase Enhancer 2 

   FKBP10-Hs00222557_m1 FK506 Binding Protein 10 

   SLC39A13-Hs00378317_m1 Solute Carrier Family 39 (Zinc Transporter), Member 13 

   COLGALT1-Hs00430696_m1 Collagen Beta (1-O) Galactosyltransferase 1 

Extracellular matrix component 

   FN1-Hs00365052_m1 Fibronectin Type 1 

   ELN-Hs00355783_m1 Elastin 

   DCN-Hs00370385_m1 Decorin 

   BGN-Hs00959143_m1 Biglycan 

   FMOD-Hs00157619_m1 Fibromodulin 

Extracellular matrix remodeling 

   MMP1-Hs00899658_m1 Matrix Metalloproteinase 1 

   MMP13-Hs00233992_m1 Matrix Metalloproteinase 13 

   MMP14-Hs00237119_m1 Matrix Metalloproteinase 14 

   TIMP1-Hs99999139_m1 Tissue Inhibitor of Metalloproteinases 1 

   CTSK-Hs00166156_m1 Cathepsin K 

Extracellular matrix protein receptor 

   DDR1-Hs00233612_m1 

   DDR2-Hs00178815_m1 

Discoidin Domain Receptor Tyrosine Kinase 1 

Discoidin Domain Receptor Tyrosine Kinase 2 

   MRC2-Hs00195862_m1 Mannose Receptor, C Type 2 

Hepatic stellate cell activation marker 
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   ΑCTA2-Hs00426835_g1 Smooth muscle actin- alpha 2 

Housekeeping protein  

   GAPDH-Hs99999905_m1 Glyceraldehyde-3-Phosphate Dehydrogenase 

   B2M-Hs00187842_m1 Beta-2-Microglobulin 

   YWHAZ-Hs03044281_g1 Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase 
Activation Protein, Zeta 

   ACTB-Hs01060665_g1 Actin, Beta 

 
Supplementary table IV  
Immunohistochemistry reagents 

Antibody and dilution Manufacturer 

Anti-collagen type I, 1:1000  Rockland, Limerick, USA 

Polyclonal goat anti-rabbit immunoglobulins/HRP, 1:200 Dako, Glostrup, Denmark 

 
Supplementary table V  
Western blotting reagents (buffer and antibodies) 

Antibody and dilution Manufacturer 

Anti-α-smooth muscle actin (α-SMA), 1:5000 Sigma, Saint Louis, USA 

Anti-phospho-SMAD2 (Ser465/467), 1:1000  Cell Signaling, Danvers, USA 

Polyclonal goat anti-rabbit immunoglobulins/HRP, 1:2000 Dako, Glostrup, Denmark 

Polyclonal rabbit anti-mouse immunoglobulins/HRP, 1: 2000 Dako, Glostrup, Denmark 

Buffer solution  

Lysis buffer: RIPA buffer (ThermoFisher Scientific, Waltham, USA); a tablet/10 ml of PhosSTOPTM 
(Roche Diagnostics, Mannheim, Germany).  
4x Laemmli Sample buffer (Biorad, Winninglaan, Belgium), 1% b-mercaptoethonal. 
Blocking buffer: 50 mM Tris-HCL pH 7.6; 150 nM NaCl, 5% non-fat dry milk (Blocking Grade 
Powder, Biorad, Winninglaan, Belgium); 0.1% Tween-20. 
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Supplementary figure I 
Total protein load in Western blots  

                                                     
Representative images of Western blots of healthy or cirrhotic PCLS blots showing total 
protein load in each lane. Healthy (n=3), cirrhotic (n=1). * p< 0.05; ** p< 0.01. 
 
Supplementary figure II 
Bio-Plex multiplex immunoassay of human PCLS supernatant-bar graph. Cytokines in 
the culture medium of the healthy or cirrhotic PCLS after incubation of 0-24 and 24-48h with 
or without LPS treatment. Healthy: n=5, cirrhotic: n=4. * P < 0.05; ** P < 0.01; *** P < 0.001; 
**** P < 0.0001. 
 
A 
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Abstract 
 
Liver fibrosis is a major cause of liver-related mortality. Yet, to date, no effective anti-fibrotic 
drug is available. Galunisertib, a TGF-β receptor type I kinase inhibitor, is a potential candidate 
for the treatment of liver fibrosis. Here, we evaluated the potency of galunisertib in a human 
ex vivo model of liver fibrosis. Anti-fibrotic potency and associated mechanisms were studied 
ex vivo, using both healthy and cirrhotic human precision-cut liver slices. Fibrosis related 
parameters, both transcriptional and translational level, were assessed after treatment with 
galunisertib. Galunisertib showed a prominent anti-fibrotic potency. Phosphorylation of 
SMAD2 was inhibited, while that of SMAD1 remained unchanged. In healthy and cirrhotic 
human livers, spontaneous transcription of numerous gene-encoding collagens including pro-
collagen 1a1, collagen maturation, non-collagenous extracellular matrix (ECM) components, 
ECM remodeling, and selected ECM receptors, was significantly decreased. The reduction of 
fibrosis related transcription was paralleled by a significant inhibition of pro-collagen I C-
peptide released by both healthy and cirrhotic human liver slices. Moreover, galunisertib 
showed similar anti-fibrotic potency in humans and rats. Galunisertib is an attractive drug to 
be further investigated for the treatment of liver fibrosis. Inhibition of SMAD2 phosphorylation 
is probably a central mechanism of action. In addition, blocking the production and maturation 
of collagens, as well as promoting their degradation are related to the anti-fibrotic action of 
galunisertib.  
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Introduction 
 
Advanced liver fibrosis, and its end-stage condition cirrhosis, is characterized by aberrant and 
excessive accumulation of extracellular matrix (ECM) components, with architectural and 
vascular distortion, and an excessive risk for mortality due to functional liver failure, variceal 
bleeding, infection and emerging liver cancer [4-6]. Liver fibrosis is mainly caused by viral 
infections, chronic alcohol abuse, non-alcoholic steatohepatitis, and biliary/autoimmune 
diseases [6]. To date, liver transplantation remains the sole therapeutic option for advanced 
cirrhosis. Yet, transplantation is an invasive and high-risk surgical procedure, and limited to 
only few patients at need [7]. Thus, there is an urgent and unmet need for effective anti-fibrotic 
drugs. 
 
Among the spectrum of mediators possessing profibrotic properties, transforming growth 
factor-beta 1 (TGF-β1) has always been recognized as a key profibrogenic cytokine in liver 
fibrosis [8-10]. TGF-β1 affects various liver-specific cells, including fibrogenic stimulation of 
hepatic stellate cells (HSCs) and portal fibroblasts towards excessive ECM producing 
myofibroblasts, the major effector cells of fibrosis [10-12]. In hepatocytes, TGF-β1 can induce 
apoptosis or mitogenic pathways leading to various pathological conditions [10, 13]. It is well 
established that TGF-β1 signaling in liver fibrosis is mediated by the transcription factor 
SMAD2 via activin receptor-like kinase (ALK) 5 [9, 10, 14]. Recently, it was discovered that 
TGF-β1 might also activate transcription factor SMAD1 via ALK1 signaling in certain cell 
types; however, the role of this pathway in liver fibrosis remains unclear [15, 16].  
 
Even though inhibition of TGF-β1 signaling has been studied as a potential therapeutic target 
for fibrosis in the past [8, 9], there is currently no specific inhibitor in clinical studies for 
fibrosis. However, galunisertib, a TGF-β receptor type I kinase inhibitor, is presently studied 
for the treatment of different cancers, including hepatocellular carcinoma [8, 17-20]. Due to its 
mode of action and attractive pharmacokinetic/pharmacodynamic properties [17], galunisertib 
may also qualify as a potential candidate for the treatment of liver fibrosis. 
 
Previously, rodent and human ex vivo model of liver fibrosis, precision-cut liver slices (PCLS), 
have been successfully used to test the potency of a variety of putative anti-fibrotic compounds 
[21-23]. The main advantages of PCLS pertain to the fact that all cell types are preserved in 
their original environment and the possibility for studying in human tissues. Therefore, our 
study aimed to evaluate the anti-fibrotic potency of galunisertib in both early-onset and end-
stage of fibrosis in human PCLS, as an immediate translation towards further studies. The use 
of human PCLS therefore permitted to study potency and possibly divergent molecular 
mechanism of action of galunisertib between rodents and human livers.  
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Results 
 
Spontaneous fibrosis in cultured PCLS 
ATP content of the PCLS increased at the start of culture and remained constant for 48h 
(hPCLS and chPCLS) and 72h (rPCLS) (Figure 1A-C) indicating that the viability of the PCLS 
was maintained during culture.  
 
Quantitative PCR revealed that, at the start of culture (0h), the basal expression of COL1A1, 
a-SMA and PAI-1 in hPCLS and chPCLS was significantly higher than those of rPCLS. 
Furthermore, the expression of COL1A1 and TGF-b1 was significantly higher in chPCLS as 
compared to hPCLS (Supporting Information Figure S1). 
 
Nonetheless, we observed a spontaneous onset of fibrogenesis during culture, as revealed by 
an increase in a multitude of fibrosis markers. In rPCLS, Pai-1 levels were markedly elevated 
at 24h up till 72h. At the latter time point, gene expression of Col1a1, Hsp47 and a-Sma was 
also significantly increased (Figure 1D). In hPCLS, TGF-b1 levels increased at 24h up till 48h, 
at which time COL1A1 and FN2 expression was also upregulated (Figure 1E). In contrast, none 
of the fibrosis markers were modulated in chPCLS (Figure 1F).  
 
On a protein level, expression of HSP47 and a-SMA was markedly increased up to 48h in both 
hPCLS and chPCLS (Figure 1H-I). Moreover, TGF-b1 signaling was active in these PCLS, as 
illustrated by the presence of phosphorylated SMAD1 and SMAD2. Conversely, no changes 
were observed in rPCLS (Figure 1G). Taken together, it is clear that fibrosis can be induced in 
different types of PCLS by culture activation. 
    
Effect of galunisertib on spontaneous fibrosis 
The impact of galunisertib on the fibrotic response in cultured PCLS was subsequently 
investigated. None of the tested concentrations of galunisertib affected PCLS viability (Figure 
2).  
 
In rPCLS, galunisertib appeared to concentration-dependently inhibit gene expressions of 
Col1a1, Hsp47, and a-Sma, up to 92%, 50%, and 83%, respectively, whereas Pai-1, Fn2, and 
Tgf-b1 levels remained unchanged. However, statistically significant differences were found 
at the highest tested concentration (10 µM; Figure 3A). In hPCLS, COL1A1 and TGF-b1 gene 
expression were concentration-dependently inhibited, up to 78% and 40%, respectively (Figure 
3B). Moreover, galunisertib significantly inhibited COL1A1 (81%), HSP47 (34%), PAI-1 
(54%), and TGF-b1 (47%), gene expression in chPCLS (Figure 3C). 
 
Effect of galunisertib on TGF-b1-induced fibrosis  
Next, we studied whether the anti-fibrotic effect of galunisertib could also be observed in the 
presence of exogenous TGF-b1. Exposure to TGF-b1 significantly upregulated the expression 
of Col1a1, Hsp47, and a-Sma, at least 2-fold in rPCLS, and these upregulations were 
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significantly mitigated by galunisertib treatment (Figure 4A). Conversely, TGF-b1 did not 
increase the expression of the fibrosis markers in hPCLS (Figure 4B) and chPCLS (Figure 4C). 
Nonetheless, in the presence TGF-b1, galunisertib still reduced the gene expression of 
COL1A1, HSP47, a-SMA and TGF-b1 in both hPCLS and chPCLS (Figure 4B-C). 
 
Furthermore, Western blotting revealed that treatment with TGF-b1 upregulated Hsp47 and a-
Sma protein expression in rPCLS, which was significantly antagonized by galunisertib (Figure 
5A). This anti-fibrotic effect was not generally observed in hPCLS (Figure 5B) and chPCLS 
(Figure 5C); however, the effect of TGF-b1 and galunisertib in human PCLS was extremely 
variable (Supporting Information Figure S2).    
 
Activation of TGF-b1 signaling in rPCLS by TGF-b1 was illustrated by a marked increase of 
SMAD2 phosphorylation (Figure 5A). Again, this downstream activation was not clearly seen 
in hPCLS (Figure 5B) and chPCLS (Figure 5C). Still, galunisertib clearly inhibited SMAD2 
phosphorylation in the presence and absence of TGF-b1 in rat and human PCLS (Figure 5).  
 
TGF-b1 did not impact SMAD1 phosphorylation in rPCLS, hPCLS, and chPCLS (Figure 5). 
Yet, galunisertib concentration-dependently activated SMAD1 phosphorylation in rPCLS 
(Supporting Information Figure S3), in disparity to hPCLS and chPCLS, in which galunisertib 
had no effect on SMAD1 activation (Figure 5B-C). 
 
Effect of galunisertib on collagens and ECM 
To further determine the effect of galunisertib on collagens and ECM in human PCLS, a LDA 
was performed. Galunisertib significantly inhibited the expression of almost all collagen 
subtypes (collagen I, III, IV, V, and VI), as well as numerous genes associated with collagen 
maturation and homeostasis. The expression levels of noncollagenous ECM components 
commonly found in fibrosis were also decreased (Table 1). These anti-fibrotic effects of 
galunisertib were observed in both hPCLS and chPCLS, although the impact was more 
profound in chPCLS. Noteworthy, in chPCLS, galunisertib increased the expression of matrix 
metalloproteinase 13 (MMP13), which is involved in ECM degradation (Table 1).  
 
In addition, galunisertib significantly decreased the release of pro-collagen I C-peptide (PICP) 
by both hPCLS and chPCLS, indicating a reduction in collagen type I production (Figure 6). 
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Figure 1. General features of PCLS during incubation. (A-C) ATP level/protein, (D-F) gene, 
and (G-I) protein expression of r(rat)PCLS (A, D, G; n=5-6 per group), h(human)PCLS (B, E, 
H; n=4-8 per group), and ch(cirrhotic human)PCLS (C,F,I; n=3-6 per group), respectively. * 
p<0.05 compared to 0h. Representative sets of Western blots, and average protein expression 
(means ± SEM) of all experimental groups shown as bar graphs after normalization to GAPDH 
protein.  
 
  

Figure 1 

(A) rPCLS (B) hPCLS (C) chPCLS 

(D) rPCLS (E) hPCLS (F) chPCLS 

(H) hPCLS (G) rPCLS (I) chPCLS 

General features of PCLS during incubation. (A-C) ATP level/protein, (D-F) gene, and 
(G-I) protein expression of r(rat)PCLS (A,D,G; n=5-6 per group), h(human)PCLS 
(B,E,H; n=4-8 per group), and ch(cirrhotic human)PCLS (C,F,I; n=3-6 per group), 
respectively. *p<0.05 compared to 0h. Representative sets of Western blots, and average 
protein expression (means±SEM) of all experimental groups shown as bar graphs after 
normalization to GAPDH protein. 
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Figure 2. ATP level/protein of PCLS after treatment with galunisertib. (A; n=5) 72h in rPCLS, 
48h in (B, n=8-9) hPCLS and (C, n=6) chPCLS.  
 
 
 
 
 
 

 
Figure 3. Fibrosis related gene expression after treatment with galunisertib. (A; n=5) for 72h 
in rPCLS, 48h in (B; n=5-8) hPCLS and (C; n=4-6) ChPCLS. * p<0.05 compared to control.  

 
  

Figure 2 

(A) rPCLS (B) hPCLS (C) chPCLS 

ATP level/protein of PCLS after treatment with galunisertib. (A; n=5) 72h in rPCLS, 48h 
in (B, n=8-9) hPCLS and (C, n=6) chPCLS.  

Figure 3 

(A) rPCLS 

(B) hPCLS (C) chPCLS 

Fibrosis related gene expression after treatment with galunisertib. (A; n=5) for 72h in 
rPCLS, 48h in (B; n=5-8) hPCLS and (C; n=4-6) ChPCLS. *p<0.05 compared to control. 
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Figure 4. Fibrosis related gene expression after treatment with 10 µM galunisertib in the 
presence or absence of 1 ng/mL TGF-b1. (A; n=5) 72h in rPCLS, 48h in (B; n=5-6) hPCLS 
and (C; n=4) chPCLS. * and # p<0.05 compared to control and the TGF-b1-treated group, 
respectively.  
 

Figure 4 

(A) rPCLS 

(B) hPCLS (C) chPCLS 

Fibrosis related gene expression after treatment with 10 PM galunisertib in the presence 
or absence of 1 ng/mL TGF-E1. (A; n=5) 72h in rPCLS, 48h in (B; n=5-6) hPCLS and 
(C; n=4) chPCLS. * and #p<0.05 compared to control and the TGF-E1-treated group, 
respectively. 
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Figure 5. Phosphorylated SMADs and fibrogenic protein expression after treatment with 10 
µM galunisertib in the presence or absence of 1 ng/mL TGF-b1. (A; n=6) 72h in rPCLS, 48h 
in (B; n=4) hPCLS and (C; n=4) chPCLS. * and # p<0.05 compared to control and the TGF-
b1- treated group, respectively. Representative sets of Western blots, and average protein 
expression (means ± SEM) of all experimental groups shown as bar graphs after normalization 
to GAPDH protein.  
 
 
 
 
 

 
Figure 6. Pro-collagen I C-peptide (PICP) released after treatment with galunisertib for 24h. 
(A; n=5) hPCLS and (B; n=3) chPCLS. * p<0.05 compared to control. Representative sets of 
Western blots, and average protein expression (means ± SEM) of all experimental groups 
shown as bar graphs.  

  

Figure 5 

(A) rPCLS (B) hPCLS (C) chPCLS 

Phosphorylated SMADs and fibrogenic protein expression after treatment with 10 PM 
galunisertib in the presence or absence of 1 ng/mL TGF-E1. (A; n=6) 72h in rPCLS, 48h in 
(B; n=4) hPCLS and (C; n=4) chPCLS. * and #p<0.05 compared to control and the TGF-
E1-treated group, respectively. Representative sets of Western blots, and average protein 
expression (means±SEM) of all experimental groups shown as bar graphs after 
normalization to GAPDH protein. 

Figure 6 

(A) hPCLS (B) chPCLS 

Procollagen I C-peptide (PICP) released after treatment with galunisertib for 24h. (A; 
n=5) hPCLS and (B; n=3) chPCLS. *p<0.05 compared to control. Representative sets of 
Western blots, and average protein expression (means±SEM) of all experimental groups 
shown as bar graphs. 
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Table 1 
Expression of transcriptions related to different collagens, collagen maturation, 
noncollagenous ECM components, ECM remodeling, and select ECM receptors, by hPCLS 
and chPCLS after treatment with 10 µM galunisertib for 48h. Low Density Array (LDA), 
results are expressed as average fold induction ± SEM relative to GAPDH (n = 4). 

Gene hPCLS chPCLS 

Type of collagen   

COL1A1 

COL1A2 

COL3A1 

COL4A1 

COL5A1 

COL6A1 

¯ 0.13 ± 0.03* 

¯ 0.40 ± 0.12* 

¯ 0.46 ± 0.01* 

¯ 0.31 ± 0.04* 

¯ 0.37 ± 0.10* 

¯ 0.67 ± 0.07* 

¯ 0.13 ± 0.02* 

¯ 0.26 ± 0.09* 

¯ 0.33 ± 0.06* 

¯ 0.28 ± 0.03* 

¯ 0.20 ± 0.03* 

¯ 0.63 ± 0.14 

Collagen maturation   

PLOD1 

PLOD2 

PLOD3 

P4HA1 

P4HA2 

P4HA3 

P4HB 

LEPRE1 

LEPREL1 

LEPREL2 

LOX 

LOXL1 

LOXL2 

LOXL3 

LOXL4 

SERPINH 

ADAMTS2 

ADAMTS3 

ADAMTS14 

¯ 0.54 ± 0.07* 

¯ 0.54 ± 0.22 

¯ 0.87 ± 0.17 

 1.16 ± 0.26 

« 1.02 ± 0.37 

¯ 0.47 ± 0.13 

¯ 0.78 ± 0.08 

¯ 0.75 ± 0.09 

¯ 0.71 ± 0.13 

¯ 0.60 ± 0.15 

« 0.91 ± 0.58 

¯ 0.42 ± 0.13* 

¯ 0.49 ± 0.06* 

¯ 0.81 ± 0.32 

¯ 0.40 ± 0.16 

¯ 0.59 ± 0.12 

¯ 0.70 ± 0.14 

 1.97 ± 1.44 

No expression 

¯ 0.75 ± 0.15 

¯ 0.49 ± 0.15 

 1.12 ± 0.31 

« 0.95 ± 0.43 

 1.45 ± 0.18 

¯ 0.22 ± 0.04* 

 1.17 ± 0.34 

¯ 0.55 ± 0.12 

¯ 0.51 ± 0.10* 

¯ 0.82 ± 0.32 

¯ 0.51 ± 0.15 

¯ 0.62 ± 0.19 

¯ 0.34 ± 0.05* 

¯ 0.55 ± 0.16 

¯ 0.31 ± 0.09* 

¯ 0.43 ± 0.04* 

¯ 0.47 ± 0.16 

¯ 0.42 ± 0.09* 

¯ 0.43 ± 0.17 
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Table 1 (continued)   

Collagen maturation   

BMP1 

PCOLCE 

PCOLCE2 

FKBP10 

SLC39A13 

COLGALT1 

¯ 0.71 ± 0.07* 

¯ 0.75 ± 0.06* 

¯ 0.83 ± 0.15 

¯ 0.47 ± 0.04* 

« 0.91 ± 0.08 

¯ 0.78 ± 0.12 

¯ 0.40 ± 0.07* 

¯ 0.30 ± 0.04* 

¯ 0.84 ± 0.44 

¯ 0.38 ± 0.05* 

¯ 0.79 ± 0.10 

¯ 0.67 ± 0.14 

Extracellular matrix component   

Fibronectin 1 

Elastin 

Decorin 

Biglycan 

Fibromodulin 

¯ 0.13 ± 0.03* 

¯ 0.40 ± 0.12* 

¯ 0.46 ± 0.01* 

¯ 0.31 ± 0.04* 

¯ 0.37 ± 0.10* 

¯ 0.13 ± 0.02* 

¯ 0.26 ± 0.09* 

¯ 0.33 ± 0.06* 

¯ 0.28 ± 0.03* 

¯ 0.20 ± 0.03* 

Extracellular matrix remodelling   

MMP1 

MMP13 

MMP14 

TIMP1 

CTSK 

 1.31 ± 0.44 

No expression 

¯ 0.42 ± 0.02* 

¯ 0.47 ± 0.03* 

¯ 0.70 ± 0.10 

 1.95 ± 0.72 

 6.37 ± 1.47* 

¯ 0.38 ± 0.05* 

¯ 0.40 ± 0.10* 

¯ 0.62 ± 0.15 

Extracellular matrix protein receptor   

DDR1 

DDR2 

MRC2 

¯ 0.65 ± 0.05* 

« 1.00 ± 0.21 

¯ 0.24 ± 0.07* 

¯ 0.55 ± 0.07* 

¯ 0.42 ± 0.07* 

¯ 0.15 ± 0.02* 
 
¯ indicates downregulation (fold induction <0.9). 
 indicates upregulation (fold induction >0.9). 
« indicates no difference (0.9≤ fold induction ≤1.1). 
* indicates p<0.05 compared to control. 
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Discussion 
 
Precision-cut liver slices (PCLS) are an effective ex-vivo model to study the potency and 
mechanism of action of putative anti-fibrotic compounds [22, 23]. As shown here, PCLS 
prepared from human and rat tissues are viable up to 48h and 72h, respectively. Furthermore, 
key fibrotic genes and proteins are spontaneously upregulated during culture. Therefore, the 
potency of anti-fibrotic compounds can be explored on both transcriptional and translational 
level. In addition, PCLS represent a model for the early-onset and end-stage of fibrosis, since 
they can be prepared from both healthy and diseased human livers. Results obtained with 
human PCLS would reasonably to be interpreted without concerns regarding species 
differences, a major caveat of the usual animal studies [22, 26].  
 
Toxicity of galunisertib 
Systemic inhibition of TGF-β signaling in vivo might interfere with various beneficial 
biological processes, which is an important concern for drug development. A severe adverse 
effect in animals treated with small molecule ALK5 inhibitors was hemorrhagic, degenerative, 
and inflammatory lesions in heart valve [27]. Nevertheless, based on impressive toxicity 
profiles in animal [17] and pharmacokinetic/pharmacodynamic relationship study [28], 
galunisertib was selected for clinical investigation.     
 
A human pharmacokinetic study showed that, at steady state on day 14, the average maximum 
plasma concentration of galunisertib following 300 mg/day was 990 ng/mL or 2.68 µM [18]. 
This therapeutic dosage was deemed safe and is currently used in several clinical studies for 
the treatment of cancers. To date, these studies are ongoing without premature termination due 
to galunisertib-related toxicities [19, 20]. And also in our study, galunisertib appeared to be 
non-toxic to the liver as shown by stable ATP levels during experiments. Although the ex vivo 
concentrations cannot be compared to physiologic portal drug concentrations, the effective 
concentrations of galunisertib used in our study seem to be in line with the actual therapeutic 
concentrations attainable in patients.  
 
Galunisertib mode of action in fibrosis 
Our results demonstrated that galunisertib significantly inhibited TGF-β1 gene expression in 
the absence and especially in the presence of exogenous TGF-b1 in both hPCLS and chPCLS. 
In rat PCLS, the inhibitory effect was solely observed in the presence of TGF-b1. Due to the 
important role of TGF-β1 in fibrosis development and progression [9-12], our findings 
suggested that galunisertib which pharmacologically inhibits the actions of TGF-b1 should 
possess the potency for the treatment of liver fibrosis.  
 
Galunisertib acts via inhibition of TGF-β receptor type I kinase activation. Therefore, the 
phosphorylation status of downstream signaling proteins, mainly SMAD1 and SMAD2, was 
used in our study to indicate the activation state of the TGF-β receptor. Galunisertib inhibited 
SMAD2 phosphorylation in rat and human PCLS, and these results are in line with previous 
studies targeting cancer cells [29, 30]. The important role of TGF-β1-meditated ALK5/SMAD2 
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phosphorylation in liver fibrosis and HSCs activation has been acknowledged by others [11, 
12]. Thus, as observed in our study, the decrease in SMAD2 phosphorylation further underlines 
the anti-fibrotic potency of galunisertib. In contrast, after the treatment with galunisertib, 
SMAD1 phosphorylation was not inhibited in human PCLS; while significant upregulation of 
phosphorylated SMAD1 was observed in rat PCLS. Even though the role of TGF-β1-meditated 
ALK1/SMAD1 activation in liver fibrosis is poorly understood [15], the upregulation of 
SMAD1 phosphorylation in rats, but not in human, may be a compensatory pathway for the 
inhibition of ALK5/SMAD2. Nevertheless, the activation of ALK1/SMAD1 seems to be less 
significant for fibrogenesis compared to the net decrease of the fibrosis markers.  
 
As galunisertib clearly showed anti-fibrotic efficacy in presence of exogenous TGF-β1 in 
rPCLS, interestingly, the anti-fibrotic potency of galunisertib was still displayed in human 
PCLS although the exogenous TGF-β1 could not further stimulate the expression levels of 
fibrosis related markers. In fact, it was anticipated because of previous studies that a further 
increase of the fibrosis related markers would not be observed in human PCLS in the presence 
of TGF-β1 [22]. Nevertheless, in our study, we aimed to show that galunisertib might exhibit 
anti-fibrotic potency via the inhibition of profibrotic spontaneous SMAD2 expression 
regardless of augmentative stimuli. On the other hand, galunisertib may possibly possess other 
mechanisms, irrespective of TGF-β1-related actions. 
 
Effect of galunisertib on fibrosis markers 
a-SMA is a well-known marker of activated HSCs. A previous study showed that the 
transcription level of a-SMA did not change during incubation in human PCLS [22]. Here, we 
show for the first time that, in contrast, a-SMA protein levels are increased during culture of 
PCLS. This controversy needs to be further investigated. Nevertheless, post-transcriptionally 
regulation of a-SMA in activated HSCs of human PCLS as observed in Dupuytren's nodular 
cells might be possible [31]. Interestingly, TGF-β1 did not further increase gene and protein 
expression of a-SMA in human PCLS, nor was the expression affected by galunisertib. On the 
other hand, in rat PCLS, a-Sma gene and protein expression were increased by TGF-β1 
treatment, and galunisertib reduced the expression both in the absence and presence of TGF-
β1. This discrepancy might indicate that the activation status of HSCs differs in human and rat 
PCLS at the start of experiments. This difference might arise due to partial activation of HSCs 
before or during surgery by stress and injury [32]. Importantly, this finding highlights the 
notion that observations in animal models may not be readily translatable to the human liver. 
 
Our results further demonstrated that the expression of HSP47, a chaperone protein involved 
in intracellular collagen maturation [33, 34], was also affected by galunisertib. In rat PCLS, 
galunisertib clearly reduced both the gene and protein levels of HSP47, while only its gene 
expression was lowered in human PCLS. This discrepancy might again be caused by species 
differences, but also by a variant exposure to perioperative stress, injury, or constitutive 
expression, of the human samples [35]. It is also possible that longer incubation times are 
needed to see an impact of galunisertib on HSP47 protein levels in human PCLS.  
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Most importantly, the anti-fibrotic efficacy of galunisertib was clearly illustrated by the 
reduced collagen type I production in human hPCLS and chPCLS both on a transcriptional and 
translational level. Our results indicated that secretion of PICP, a by-product of collagen type 
I production, could be used as a marker of collagen production and fibrosis [35]. Although 
there are many types of collagen present in fibrotic lesions, collagen type I is the main ECM 
protein produced in liver fibrosis [36, 37].  
 
We demonstrated that galunisertib not only downregulated collagen type I, but also collagen 
type III, IV, V, and VI. In addition, the expression of genes that encode enzymes associated 
with collagen maturation and fibril formation such as LOXL2, FKBP10, BMP1, and PCOLCE, 
was inhibited by galunisertib. These results suggest a unique effect of galunisertib on 
production, maturation, and formation of collagen fibrils. Moreover, galunisertib decreased the 
expression of fibronectin, which is recognized as an important ECM protein involved in liver 
fibrosis [38] as well as the levels of noncollagenous ECM proteins, i.e. elastin, decorin, 
biglycan, and fibromodulin. In addition, collagen and fibronectin receptors, DDR1 and MRC2, 
were also decreased by galunisertib. These results highlight the uniquely broad effect of 
galunisertib on ECM formation.  
 
The imbalance between ECM production and degradation is an important determinant in liver 
fibrosis progression [6]. Following treatment with galunisertib, a marked increase in the 
expression of matrix metalloproteinase-13 (MMP13), an enzyme that promotes collagen 
cleavage [39], was observed in chPCLS. Thus, galunisertib might also accelerate the 
degradation of ECM components in an ECM-rich environment as found in cirrhotic livers, 
which can be beneficial as well as detrimental. On the other hand, proteins that are normally 
increased during liver fibrosis, i.e. tissue inhibitor of metalloproteinases-1 (TIMP1) and 
MMP14 [40, 41], were decreased by the action of galunisertib, supporting the beneficial 
property of this compound in the resolution of excessive ECM.  
 

 
Conclusion 
 
As illustrated in our human ex vivo study, galunisertib is a promising drug to be further 
investigated for the treatment of human liver fibrosis. Although, species-specific biological 
activity of compounds is widespread and a major hurdle in the development of effective 
therapeutics [22, 42], encouragingly, galunisertib exhibited its anti-fibrotic potency not only in 
rodent but also in humans PCLS. The inhibition of SMAD2 phosphorylation is probably the 
main mechanism underlying the anti-fibrotic effect of galunisertib. Moreover, the unique anti-
fibrotic efficacy of galunisertib seems to be related to the production, maturation, formation, 
and degradation, of ECM.  
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Materials and methods 
 
Human livers 
Early-onset fibrosis was studied in PCLS prepared from surgical excess material of donor livers 
which were regarded as clinically healthy (hPCLS). End-stage fibrosis was studied in PCLS 
prepared from explanted cirrhotic livers of clinically diagnosed end-stage liver disease patients 
undergoing liver transplantation (chPCLS). The experimental protocols were approved by the 
Medical Ethical Committee of the University Medical Center Groningen. 
 
Animal livers 
Rat precision-cut liver slices (rPCLS) were prepared from adult male, 12-16 weeks old, Wistar 
rats, purchased from Charles River (Sulzfeld, Germany). The experiments were approved by 
the Animal Ethical Committee of the University of Groningen. 
 
Precision-cut liver slices (PCLS) 
PCLS were made as previously described [23]. The slices, with an estimated thickness of 250-
300 µm, were exposed to galunisertib (Selleckchem, Munich, Germany) or solvent control 
(dimethyl sulfoxide; final concentration <0.4%) for 48h (human) and 72h (rat). The selected 
incubation periods correspond to the timeframe in which slices remain viable during culture 
[22]. Galunisertib was first tested at 0.625, 2.5, and 10 µM in rPCLS and hPCLS to identify 
the most effective concentration. Preliminary results indicated that 10 µM of galunisertib 
elicited a maximal effect whilst not influencing slice viability. Therefore, 10 µM, was used in 
subsequent experiments including chPCLS. For testing the potency of galunisertib in TGF-b1-
induced fibrosis, the human recombinant TGF-b1 (Roche Diagnostics, Mannheim, Germany) 
was added in culture medium, containing 1 µg/mL bovine serum albumin, to yield 1 ng/mL 
TGF-b1. Every 24h, PCLS were transferred into new plates containing fresh culture medium. 
 
ATP determination 
Viability of PCLS was evaluated by assessing ATP content [24] using a bioluminescence kit 
(Roche Diagnostics). ATP values were corrected for the total protein content, estimated by the 
Lowry assay (Bio-Rad DC Protein Assay, Hercules, US), of each PCLS. Values for the treated 
groups are expressed as relative value as compared to the control group. 
 
Quantitative real-time PCR and Low-Density Array (LDA) 
Gene expression of multiple fibrosis related markers was assessed by quantitative real-time 
PCR and Low-Density Array (LDA). Total RNA was isolated from pooled snap-frozen PCLS 
(rPCLS and hPCLS: 3; chPCLS: 6) using the RNeasy Mini Kit (Qiagen, Venlo, the 
Netherlands). Reverse transcription was performed with 1 µg total RNA using the Reverse 
Transcription System (Promega, Leiden, the Netherlands) at 25 ˚C for 10 minutes, 45 ˚C for 
60 minutes, and 95 ˚C for 5 minutes.  
 
Gene expression was determined using specific primers (Supporting Information Table S1) and 
the SensiMixTM SYBR Hi-ROX kit (Bioline, Luckenwalde, Germany) on a 7900HT qPCR 
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system (Applied Biosystems) with a cycle at 95 ˚C for 10 minutes followed by 45 cycles of 95 
˚C for 15 seconds and 60 ˚C for 25 seconds. Expression levels were corrected using GAPDH 
as reference gene (DCt) and compared with the control group (DDCt). Results are displayed as 
fold induction (2-DDCt). 
 
LDA or Custom-made Taqman Array Microfluidic Cards (Applied Biosystems) with 
preloaded primers in 384-wells plates were used to elucidate the effects of galunisertib on 40 
genes-related to fibrosis [25] (Supporting Information Table S2). 10 ng/µL cDNA was mixed 
with 2X Taqman PCR mastermix (Applied Biosystems). Thermal cycling and fluorescence 
detection were performed on a ViiATM 7 Real-Time PCR system (Applied Biosystems) with a 
cycle of 50 ˚C for 2 minutes and 95 ˚C for 10 minutes followed by 40 cycles of 90 ˚C for 15 
seconds and 60 ˚C for 1 minute. Expression levels were corrected using GAPDH as reference 
gene (DCt) and compared with the control group (DDCt). Results are displayed as fold 
induction (2-DDCt). 
 
Western blotting 
TGF-β1 signaling proteins, i.e. phosphorylated SMAD1 and SMAD2, and protein expression 
of key fibrosis markers were quantified by Western blotting. Three PCLS were pooled, snap 
frozen, and lysed. Total protein (100 µg) of PCLS lysates was separated on a 10% sodium 
dodecyl sulfate polyacrylamide gel and transferred to a polyvinylidene fluoride membrane. 
Immunodetection was performed by incubating the membranes with specific antibodies 
(Supporting Information Table S3). Targeted proteins were visualized with VisiGloTM Prime 
HRP Chemiluminescent Substrate Kit (Amresco, Ohio, US). Equal protein loading was 
confirmed by using GAPDH as internal control protein. Signal intensity was measured using 
ImageJ software (US National Institutes of Health). The data are expressed as relative value 
compared to the intensity of the control group. 
 
Western blotting of pro-collagen I C-peptide (PICP) was performed under non-reduced 
conditions by precipitation of culture medium using 90% methanol. The total precipitated 
protein was redissolved and separated on a 7.5% sodium dodecyl sulfate polyacrylamide gel. 
 
Statistics 
Three to five livers were individually used for each experiment, using triplicate slices from 
each liver. The results are expressed as means ± SEM and compared to the control group using 
either Student’s T-test or ANOVA followed by either Dunnett’s or Tukey’s post hoc analysis. 
A p-value less than 0.05 was considered significant. Statistical differences were determined on 
relative value of ATP, DCt for mRNA expression, and relative signal intensity of the proteins. 
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Supporting information 
 
Table S1 
Primers used in quantitative real-time PCR 

Gene Primer 
sequence 

Human Rat 

a-SMA Forward  AGGGGGTGATGGTGGGAA AGCTCTGGTGTGTGACAATGG 
 Reverse  ATGATGCCATGTTCTATCGG GGAGCATCATCACCAGCAAAG 
FN2 Forward  AGGCTTGAACCAACCTACGGATGA TCTTCTGATGTCACCGCCAACTCA 
 Reverse  GCCTAAGCACTGGCACAACAGTTT TGATAGAATTCCTTGAGGGCGGCA 
GAPDH Forward ACCAGGGCTGCTTTTAACTCT GAACATCATCCCTGCATCCA 
 Reverse GGTGCCATGGAATTTGCC CCAGTGAGCTTCCCGTTCA 
HSP47 Forward GCCCACCGTGGTGCCGCA AGACGAGTTGTAGAGTCCAAGAGT 
 Reverse  GCCAGGGCCGCCTCCAGGAG ACCCATGTGTCTCAGGAACCT 
COL1A1 Forward  CAATCACCTGCGTACAGAACGCC CCCACCGGCCCTACTG 
 Reverse  CGGCAGGGCTCGGGTTTC GACCAGCTTCACCCTTAGCA 
PAI-1 Forward  CACGAGTCTTTCAGACCAAG AACCCAGGCCGACTTCA 
 Reverse  AGGCAAATGTCTTCTCTTCC CATGCGGGCTGAGACTAGAAT 
TGF-b1 Forward GCAGCACGTGGAGCTGTA CCTGGAAAGGGCTCAACAC 

Reverse CAGCCCGGTTGCTGAGGTA CAGTTCTTCTCTGTGGAGCTGA 
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Table S2 
Specifications of genes encoding collagens, collagen maturation, noncollagenous ECM 
components, ECM remodeling, and select ECM receptors, in Low-Density Array (LDA). 

Gene and assay ID Gene name 
Type of collagen  

COL1A1-Hs00164004_m1 
COL1A2-Hs00164099_m1 
COL3A1-Hs00943809_m1 
COL4A1-Hs00266237_m1 
COL5A1-Hs00609088_m1 
COL6A1-Hs01095585_m1 

Collagen, Type I, Alpha 1 
Collagen, Type II, Alpha 2 
Collagen, Type III, Alpha 1 
Collagen, Type IV, Alpha 1 
Collagen, Type V, Alpha 1 
Collagen, Type VI, Alpha 1 

Collagen maturation  
PLOD1-Hs00609368_m1 
PLOD2-Hs00168688_m1 
PLOD3-Hs00153670_m1 
P4HA1-Hs00914594_m1 
P4HA2-Hs00188349_m1 
P4HA3-Hs00420085_m1 
P4HB-Hs00168586_m1 
LEPRE1-Hs00223565_m1 
LEPREL1-Hs00216998_m1 
LEPREL2-Hs00204607_m1 

Pro-collagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 1 
Pro-collagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 2 
Pro-collagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 3 
Prolyl 4-Hydroxylase, Alpha Polypeptide I 
Prolyl 4-Hydroxylase, Alpha Polypeptide II 
Prolyl 4-Hydroxylase, Alpha Polypeptide III 
Prolyl 4-hydroxylase subunit beta 
Leucine Proline-Enriched Proteoglycan (Leprecan) 1 
Leprecan-Like Protein 1 
Leprecan-Like Protein 2 

LOX-Hs00942480_m1 
LOXL1-Hs00935937_m1 
LOXL2-Hs00158757_m1 
LOXL3-Hs01046945_m1 
LOXL4-Hs00260059_m1 
SERPINH1-Hs00241844_m1 
ADAMTS2-Hs00247973_m1 
ADAMTS3-Hs00610744_m1 
ADAMTS14-Hs00365506_m1 
BMP1-Hs00241807_m1 
PCOLCE-Hs00170179_m1 
PCOLCE2-Hs00203477_m1 

Lysyl Oxidase 
Lysyl Oxidase-Like Protein 1 
Lysyl Oxidase-Like Protein 2 
Lysyl Oxidase-Like Protein 3 
Lysyl Oxidase-Like Protein 4 
Serpin Peptidase Inhibitor, Clade H; HSP47 
ADAM Metallopeptidase with Thrombospondin Type 1 Motif, 2 
ADAM Metallopeptidase with Thrombospondin Type 1 Motif, 3 
ADAM Metallopeptidase with Thrombospondin Type 1 Motif, 14 
Bone Morphogenetic Protein 1 
Pro-collagen C-Endopeptidase Enhancer 
Pro-collagen C-Endopeptidase Enhancer 2 

FKBP10-Hs00222557_m1 
SLC39A13-Hs00378317_m1 

FK506 Binding Protein 10 
Solute Carrier Family 39 (Zinc Transporter), Member 13 

COLGALT1-Hs00430696_m1 Collagen Beta (1-O) Galactosyltransferase 1 
Extracellular matrix component 

FN1-Hs00365052_m1 
ELN-Hs00355783_m1 

Fibronectin Type 1 
Elastin 

DCN-Hs00370385_m1 
BGN-Hs00959143_m1 
FMOD-Hs00157619_m1 

Decorin 
Biglycan 
Fibromodulin 

Extracellular matrix remodeling  
MMP1-Hs00899658_m1 
MMP13-Hs00233992_m1 
MMP14-Hs00237119_m1 
TIMP1-Hs99999139_m1 
CTSK-Hs00166156_m1 

Matrix Metalloproteinase 1  
Matrix Metalloproteinase 13 
Matrix Metalloproteinase 14 
Tissue Inhibitor of Metalloproteinases 1 
Cathepsin K 

Extracellular matrix protein receptor 
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DDR1-Hs00233612_m1 
DDR2-Hs00178815_m1 

Discoidin Domain Receptor Tyrosine Kinase 1 
Discoidin Domain Receptor Tyrosine Kinase 2 

MRC2-Hs00195862_m1 Mannose Receptor, C Type 2 
Housekeeping protein  

GAPDH-Hs99999905_m1 
B2M-Hs00187842_m1 

Glyceraldehyde-3-Phosphate Dehydrogenase 
Beta-2-Microglobulin 

YWHAZ-Hs03044281_g1 
 
ACTB-Hs01060665_g1 

Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase 
Activation Protein, Zeta 
Actin, Beta 
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Table S3 
Buffer and antibodies used in Western blotting 

Buffer ingredient  
Lysis buffer: 30 mM Tris-HCl pH 7.4; 150 mM NaCl; 1 µM EDTA; 5.4 mg/mL Triton X-100; 1% SDS; 

15 mM sodium orthovanadate; 15 mM sodium fluoride; a tablet/50 ml of PhosSTOPTM (Roche 
Diagnostics, Mannheim, Germany).  

SDS sample buffer: 50 mM Tris-HCl pH 6.8; 2% SDS; 10% glycerol; 1% beta-mercaptoethanol; 0.0125% 
bromophenol blue. 

Blocking buffer: 50 mM Tris-HCL pH 7.6; 150 nM NaCl, 5% non-fat dry milk (Blocking Grade Powder, 
Biorad); 0.1% Tween-20. 

Antibody and dilution Manufacturer 
Anti-α-smooth muscle actin (α-SMA), 1:5000 Sigma, Saint Louis, US 
Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 1:5000 Sigma, Saint Louis, US 
Anti-heat shock protein 47 (HSP47), 1:2000 Abcam, Cambridge, UK 
Anti-pro-collagen I C-peptide antibody (PICP), 1: 1000  Thermo Fisher, Rockford, US 
Anti-phospho-SMAD1/5 (Ser463/465), 1:1000 Cell Signaling, Danvers, US 
Anti-phospho-SMAD2 (Ser465/467), 1:1000  Cell Signaling, Danvers, US 
Polyclonal goat anti-rabbit immunoglobulins/HRP, 1:2000 
Polyclonal rabbit anti-mouse immunoglobulins/HRP, 1: 2000 

Dako, Glostrup, Denmark 
Dako, Glostrup, Denmark 
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(A) rPCLS/hPCLS/chPCLS  (B) hPCLS/chPCLS 
 
 
 
 
 
 
 
Figure S1 
Comparison of fibrosis related gene expression at 0h. (A; n=4-8) among rPCLS, hPCLS and 
chPCLS, and (B; n=4-8) between hPCLS and chPCLS. *p<0.05 compared to (A) rPCLS or 
(B) hPCLS. 
 
Figure S1 
Comparison of fibrosis related gene expression at 0h. (A; n=4-8) among rPCLS, hPCLS and 
chPCLS, and (B; n=4-8) between hPCLS and chPCLS. * p<0.05 compared to (A) rPCLS or 
(B) hPCLS. 
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(A) hPCLS 

 

(B) chPCLS 

 
Figure S2 
Scatter plots of HSP47 and a-SMA protein expression after treatment with 10 µM galunisertib 
in the presence or absence of 1 ng/mL TGF-b1 for 48h. (A; n=4) hPCLS and (B; n=4) chPCLS. 
Exemplary Western blots, averages of all experimental groups and scatter plots indicating 
individual band intensities after normalization to GAPDH protein. 
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(A) rPCLS 

 

(B) hPCLS 

 
Figure S3 
Phosphorylated SMADs after treatment with 0.625, 2.5, and 10 µM galunisertib. (A; n=3) 72h 
in rPCLS and (B; n=3-4) 48h in hPCLS. * p<0.05 compared to control. Representative sets of 
Western blots, and average protein expression (means ± SEM) of all experimental groups 
shown as bar graphs after normalization to GAPDH protein. 
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Abstract 
 
Fibrosis is a pathophysiological state characterized by the excessive formation/deposition of 
fibrous extracellular matrix. Transforming growth factor-beta (TGF-β) is a central profibrotic 
mediator, and targeting TGF-β is a promising strategy in the development of drugs for the 
treatment of fibrosis. Therefore, the effect of LY2109761, a small molecule inhibitor against 
TGF-β with targets beyond TGF-β signaling, on fibrogenesis was elucidated in vitro (HepG2 
cells and LX-2 cells) and ex vivo (human and rat precision-cut liver slices). Our results 
displayed an anti-fibrotic effect of LY2109761, as it markedly down-regulated gene and 
protein expression of collagen type 1, as well as gene expression of the inhibitor of 
metalloproteinases 1. This effect on fibrosis markers was partially mediated by targeting TGF-
β signaling, seeing that LY2109761 inhibited TGF-β1 gene expression and SMAD2 protein 
phosphorylation. Interestingly, particularly at a high concentration, LY2109761 decreased 
SMAD1 protein phosphorylation and gene expression of the inhibitor of DNA binding 1, which 
appeared to be TGF-β-independent effects. In conclusion, LY2109761 exhibited preclinical 
anti-fibrotic effects via both TGF-β-dependent and -independent pathways. These results 
illustrate that small molecule inhibitors directed against TGF-β could possibly influence 
numerous signaling pathways and thereby mitigate fibrogenesis. 
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Introduction 
 
Persistent scar formation, or fibrosis, is a pathophysiological state characterized by the 
excessive formation and deposition of fibrous extracellular matrix (ECM), particularly 
collagens, and unresolved fibrosis is known as a common pathway to organ dysfunction and 
failure [1]. Since decades, transforming growth factor-beta (TGF-β) has been recognized as a 
central profibrotic mediator [2, 3]. Consequently, TGF-β and the associated signaling pathways 
have been important targets during the development of drugs for the treatment of fibrotic 
diseases [3, 4]; however, none of the identified candidates are eligible for clinical use due to 
the lack of efficacy and/or severe adverse events [5, 6]. The search for effective anti-fibrotic 
compounds is greatly hampered by the complexity of the TGF-β signaling pathway and 
associated networks [7, 8]. 
 
Recently, LY2109761, a small molecule inhibitor (SMI) of TGF-β, was developed to target 
cancer angiogenesis and metastasis in which TGF-β plays an essential role [9]. Even though a 
clinical application of LY2109761 was not continued due to its poor pharmacokinetic 
properties [10], the selectivity on diverse kinase enzymes was screened in vitro. It was 
demonstrated that LY2109761 was relatively selective for the TGF-β receptor (TbR); however, 
at high dosage of 20 µM, LY2109761 exhibited weak activity against lymphocyte-specific 
protein tyrosine kinase (Lck), p38-	mitogen-activated protein kinase (p38-MAPK), mitogen-
activated protein kinase kinase 6 (MKK6), proto-oncogene tyrosine-protein kinase FYN and 
c-Jun N-terminal kinase 3 (JNK3) [11]. In addition, a study in irradiated primary human 
fibroblasts showed that LY2109761 affected multiple mediators of the TGF-β superfamily 
[12]. Because of the impact beyond TGF-β signaling, the effects of LY2109761 on the onset 
of fibrosis are still of interest.  
 
Currently, the pharmacological activity of putative drugs is preliminary screened using in vitro 
and ex vivo models. For instance, HepG2, a human hepatocellular carcinoma cell line which 
constitutionally expresses components of TGF-β signaling, is commonly used to test anti-
cancer properties of drugs [13, 14]. In addition, LX-2, a human hepatic stellate cell line that 
retains key features of primary hepatic stellate cells (HSCs), has been extensively used to study 
fibrogenesis [15]. Nevertheless, these in vitro models fail to capture the intricate cell-cell 
interactions that underlie the fibrotic process in vivo. Recently, precision-cut liver slices 
(PCLS) have been proven as an effective ex vivo model for fibrosis; moreover, it was 
demonstrated that PCLS can be used to test the efficacy of putative anti-fibrotic compounds 
[16, 17]. Here, we used all these models to investigate the impact of LY2109761 on 
fibrogenesis.
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Results  
 
HepG2 
We first investigated the impact of LY2109761 on TGF-β signaling in HepG2 cells in the 
absence and presence of exogenous TGF-β1. Our results demonstrated that none of the 
treatment modalities impacted the viability of HepG2 cells (Supplementary Information Figure 
S1).  
 
Furthermore, on a gene level, the treatment with exogenous TGF-β1, 5 ng/mL, significantly 
increased TGF-β1 (2.46-fold when compared to the control) and PAI-1 (2.18-fold) expression 
(Figure 1A). LY2109761, in particular at the highest tested concentration (20 µM), reduced the 
gene levels of ID1 (82% inhibition when compared to the corresponding control), but increased 
a-SMA (2.80-fold) expression (Figure 1B). When HepG2 cells were exposed to both 
exogenous TGF-β1 and LY2109761, significant decreased mRNA levels of ID1 (81%) and 
PAI-1 (63% at 2.5 µM) were observed (Figure 1C). Again, increased a-SMA (3.07-fold) 
expression was observed at the high concentration of LY2109761 (Figure 1C). 
 
On a protein level, we did not observe clear effects of exogenous TGF-β1 (Figure 2A). In 
contrast, treatment with LY2109761 significantly increased a-SMA expression both in the 
absence (4.79-fold) and presence (2.05-fold) of exogenous TGF-β1 (Figure 2B and 2C). In the 
latter case, pSMAD1 expression was markedly reduced (86%; Figure 2C).      
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Figure 1 
Gene expression of HepG2 cells treated with LY2109761 (LY), compared to the corresponding 
control (n=4). (A) The treatment with exogenous TGF-β1 significantly increased TGF-β1 and 
PAI-1. (B) LY2109761 (20 µM) reduced ID1 but increased a-SMA. (C) In the co-treatment, 
decreased ID1 and PAI-1 were observed. The concentration of exogenous TGF-β1 was 5 
ng/mL. * p<0.05 compared to either control, LY 0 µM, or LY 0 µM + TGF-β1. 
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Figure 2 
Protein expression of HepG2 cells treated with LY2109761 (LY), compared to the 
corresponding control (n=4). (A) The treatment with exogenous TGF-β1 did not significantly 
influence the expression. (B) LY2109761 (20 µM) significantly increased a-SMA in the 
absence exogenous TGF-β1. (C) Increased a-SMA and decreased pSMAD1were observed in 
the co-treatment. Representative Western blots were shown on the left. Average protein 
expression of all experimental groups shown as bar graphs after normalization to GAPDH were 
shown on the right. The concentration of exogenous TGF-β1 was 5 ng/mL. * p<0.05 compared 
to either control, LY 0 µM, or LY 0 µM + TGF-β1.  
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LX-2 
In addition to the impact of LY2109761 on TGF-β signaling, we subsequently studied whether 
this compound could mitigate the expression of fibrosis-related markers in LX-2 cells. As 
assessed by the ATP content, treatment with neither 5 ng/mL TGF-β1, LY2109761, nor a 
combination of both affected the viability of LX-2 cells (Supplementary Information Figure 
S2).  
 
On a gene level, we demonstrated that exogenous TGF-β1 induced a fibrotic response in LX-
2 cells as illustrated by an increased expression of TGF-β1 (3.62-fold), PAI-1 (10.55-fold), a-
SMA (1.50-fold) and COL1A1 (2.53-fold; Figure 3A), while the expression of COL3A1 was 
decreased. Additionally, qPCR revealed that LY2109761 lowered TGF-β1 expression (53%), 
while a-SMA and TIMP1 levels increased (1.85- and 1.60-fold, respectively), particularly at 
20 µM (Figure 3B). Furthermore, our results showed that LY2109761 markedly reduced 
exogenous TGF-β1-induced fibrotic response, as it decreased the expression of TGF-β1 (86 
%), PAI-1 (87 % at 2.5 µM) and COL1A1 (67%; Figure 3C). Interestingly, although neither 
exogenous TGF-β1 nor LY2109761 affected ID1 expression, an obvious down-regulation was 
observed with the co-treatment (Figure 3C). 
 
These findings were corroborated by Western blotting showing that exogenous TGF-β1 
significantly increased phosphorylation of SMAD1 (2.68-fold) and SMAD2 (6.19-fold; Figure 
4A). As a result, the level of those phosphorylated proteins was not clearly detectable without 
the addition of TGF-β1; thus, the quantification of SMADs phosphorylation, which showed a 
large variation, was not displayed (Figure 4B). The co-treatment with LY2109761 significantly 
inhibited phosphorylation of SMAD1 (84%) and SMAD2 (92% at 2.5 µM; Figure 4C). 
Notably, exogenous TGF-β1 markedly increased the expression of COL1 (4.17-fold; Figure 
4A), which was antagonized by LY2109761 in a concentration-dependent manner (up to 91%; 
Figure 4C). 
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Figure 3 
Gene expression of LX-2 cells treated with LY2109761 (LY), compared to the corresponding 
control (n=4-5). (A) Exogenous TGF-β1 increased TGF-β1, PAI-1, a-SMA and COL1A1, while 
decreased COL3A1. (B) LY2109761 lowered TGF-β1, while a-SMA and TIMP1 were 
increased. (C) In the co-treatment, LY2109761 markedly reduced TGF-β1-induced up-
regulation of TGF-β1, PAI-1, COL1A1 and ID1. The concentration of exogenous TGF-β1 was 
5 ng/mL. * p<0.05 compared to either control, LY 0 µM, or LY 0 µM + TGF-β1. 
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Figure 4 
Protein expression of LX-2 cells treated with LY2109761 (LY), compared to the corresponding 
control (n=4-5). (A) Exogenous TGF-β1 significantly increased pSMAD1, pSMAD2 and 
COL1. (B) Effect of LY2109761 was not observed in the absence of exogenous TGF-β1 
(quantification of pSMAD1 and pSMAD2 were not displayed). (C) The co-treatment 
apparently inhibited pSMAD1, pSMAD2 and COL1. Representative Western blots were 
shown on the left. Average protein expression of all experimental groups shown as bar graphs 
after normalization to GAPDH were shown on the right. The concentration of exogenous TGF-
β1 was 5 ng/mL. * p<0.05 compared to either control, LY 0 µM, or LY 0 µM + TGF-β1.  
 
Human precision-cut liver slices (hPCLS) 
Next, we investigated the anti-fibrotic efficacy of LY2109761 in hPCLS, a multicellular human 
ex vivo model of liver fibrosis. Our results demonstrated that neither LY2109761 nor 5 ng/mL 
TGF-β1 treatment had the effect on the viability of hPCLS (Supplementary Information Figure 
S3). 
 
qPCR revealed that, besides significant up-regulation of TGF-β1 (2.11-fold), exogenous TGF-
β1 could not markedly elicit a fibrotic response in hPCLS (Figure 5A), which was in line with 
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previous results [16]. Nevertheless, LY2109761 significantly inhibited the expression of 
COL1A1 both in the absence (86%) and presence (96%) of exogenous TGF-β1 (Figure 5B and 
5C). During co-treatment, significant decreased mRNA levels of TGF-β1 (75% at 2.5 µM), 
HSP47 (57%) and TIMP1 (81% at 2.5 µM) were observed (Figure 5C). 
 
On a protein level, exogenous TGF-β1 significantly increased phosphorylated SMAD2 (1.54-
fold) and phosphorylated SMAD1, although the latter was not statistically significant. It is 
worthwhile to note that the expression of a-SMA was slightly decreased (37%) by exogenous 
TGF-β1 (Figure 6A). LY2109761 treatment resulted in a diminished phosphorylation of both 
SMAD1 (70%) and SMAD2 (84%; Figure 6B), while only SMAD2 phosphorylation was 
obviously antagonized (95%) in the presence of exogenous TGF-β1 (Figure 6C).  
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Figure 5 
Gene expression of human precision-cut liver slices (hPCLS) treated with LY2109761 (LY), 
compared to the corresponding control (n=4-8). (A) Besides up-regulation of TGF-β1, 
exogenous TGF-β1 could not markedly elicit a fibrotic response. (B) LY2109761 significantly 
decreased COL1A1 in the absence of exogenous TGF-β1. (C) During co-treatment, significant 
decreased mRNA levels of TGF-β1, HSP47, COL1A1 and TIMP1 were observed. The 
concentration of exogenous TGF-β1 was 5 ng/mL. * p<0.05 compared to either control, LY 0 
µM, or LY 0 µM + TGF-β1. 
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Figure 6 
Protein expression of human precision-cut liver slices (hPCLS) treated with LY2109761 (LY), 
compared to the corresponding control (n=4-8). (A) Exogenous TGF-β1 significantly 
augmented pSMAD2 and non-significantly raised pSMAD1; however, it slightly decreased a-
SMA. (B) LY2109761 diminished pSMAD1 and pSMAD2. (C) Antagonization of pSMAD2 
by LY2109761 was obvious in the presence of exogenous TGF-β1. Representative Western 
blots were shown on the left. Average protein expression of all experimental groups shown as 
bar graphs after normalization to GAPDH were shown on the right. The concentration of 
exogenous TGF-β1 was 5 ng/mL. * p<0.05 compared to either control, LY 0 µM, or LY 0 µM 
+ TGF-β1. 
 
  



In vitro and ex vivo anti-fibrotic effects of LY2109761, a small molecule inhibitor against TGF-β 

	 105 

C
ha

pt
er

 5
 

Rat precision-cut liver slices (rPCLS) 
Because exogenous TGF-β1 (5 ng/mL) could not markedly increase the expression of fibrosis 
markers in hPCLS, we additionally studied the effects of LY2109761 on fibrogenesis and TGF-
β signaling in rPCLS [17]. It was shown that none of the experimental treatments altered the 
viability of rPCLS (Supplementary Information Figure S4). 
 
In rPCLS, exogenous TGF-β1 significantly increased the expression of Tgf-β1 (1.86-fold), a-
Sma (4.45-fold), Hsp47 (2.43-fold), Col1a1 (3.85-fold) and Timp1 (2.27-fold; Figure 7A). 
Moreover, in the absence of exogenous TGF-β1, LY2109761 significantly decreased the 
expression of Id1 (86%), a-Sma (82%) and Col1a1 (93%; Figure 7B). This inhibitory effect 
persisted in the presence of exogenous TGF-β1 with the treatment of 20 µM LY2109761 only 
(Id1 (65%), a-Sma (83%) and Col1a1 (94%; Figure 7C)). In addition, a down-regulation of 
Tgf-β1 (57%), Hsp47 (76%) and Timp1 (73%) was observed in the co-treatment with 20 µM 
(Figure 7C). 
 
Protein expression in rPCLS treated with exogenous TGF-β1 appeared to be partially in line 
with the gene expression as a-Sma was elevated (1.62-fold); however, Hsp47 expression was 
not increased (Figure 8A). Exogenous TGF-β1 significantly increased Smad2 phosphorylation 
(3.75-fold; Figure 8A), and the up-regulation was concentration-dependently antagonized (up 
to 83%) by LY2109761 (Figure 8C). Inhibition of Smad2 phosphorylation was also observed 
(96%) in the absence of exogenous TGF-β1 (Figure 8B). Although decreased phosphorylation 
of Smad1 was observed (84%) in the absence of exogenous TGF-β1, the effect was not 
statistically significant (Figure 8B). 
 



Chapter 5 

 106 

 

Figure 7 
Gene expression of rat precision-cut liver slices (rPCLS) treated with LY2109761 (LY), 
compared to the corresponding control (n=3-4). (A) Exogenous TGF-β1 significantly increased 
Tgf-β1, a-Sma, Hsp47, Col1a1 and Timp1. (B) In the absence of exogenous TGF-β1, 
LY2109761 significantly decreased Id1, a-Sma and Col1a1. (C) A down-regulation of Tgf-β1, 
Id1, a-Sma, Hsp47, Col1a1 and Timp1was observed in the co-treatment with 20 µM only. The 
concentration of exogenous TGF-β1 was 5 ng/mL. * p<0.05 compared to either control, LY 0 
µM, or LY 0 µM + TGF-β1. 
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Figure 8 
Protein expression of rat precision-cut liver slices (rPCLS) treated with LY2109761 (LY), 
compared to the corresponding control (n=3-4). (A) Exogenous TGF-β1 significantly increased 
pSmad2 and a-Sma. (B) LY2109761 lowered pSmad2. (C) In the co-treatment, the decreased 
pSmad2 was persisted, while a-Sma was not significantly affected. pSMAD1 tended to be 
diminished by LY2109761 in a concentration-dependent manner. Representative Western blots 
were shown on the left. Average protein expression of all experimental groups shown as bar 
graphs after normalization to GAPDH were shown on the right. The concentration of 
exogenous TGF-β1 was 5 ng/mL. * p<0.05 compared to either control, LY 0 µM, or LY 0 µM 
+ TGF-β1.  
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Discussion 
 
TGF-β is a member of the TGF-β superfamily which consists of TGF-β, bone morphogenetic 
proteins (BMPs), growth differentiation factors (GDFs),	 activin and inhibin [21]. The 
multifunctional proteins of this superfamily possess different physiologic roles; however, they 
all elicit their biological activity via similar transmembrane serine/threonine-protein kinase 
receptors and SMADs [8, 22]. Recently, hampering TGF-β-mediated signaling can be achieved 
by either depleting TGF-β itself, blocking the binding between TGF-β and the TbR, or by using 
SMIs [3]. Here, we studied the impact of LY2109761, a SMI against TGF-β with targets 
beyond TGF-β signaling [9], on the expressions of genes and proteins related to TGF-β 
pathway activity and fibrogenesis.  
 
LY2109761 inhibited TGF-β-dependent and –independent pathways  
Our results demonstrated that LY2109761 clearly inhibited activation of the TGF-β pathway, 
as illustrated by a decreased expression of TGF-β1 [4], and reduced phosphorylation of 
SMAD2, the master transcription factor mediating fibrogenic responses of TGF-β [10], in LX-
2, hPCLS and rPCLS. In general, inhibition of TGF-β signaling is associated with decreased 
PAI-1 expression in vitro [23-25]; however, we only observed this interplay in LX-2 and 
HepG2 cells, not in hPCLS and rPCLS. The observed effects of LY2109761 in PCLS were in 
line with a previous study using galunisertib, another SMI against TGF-β which elicited anti-
fibrotic effects via inhibition of SMAD2 phosphorylation, without affecting PAI-1 expression 
[17]. These results imply that PAI-1 is not a surrogate marker for TGF-β activation, and indeed 
it is known that this gene can be regulated by multiple mediators such as thrombin, plasmin 
and pro-inflammatory cytokines during coagulation, fibrinolysis and inflammatory process 
[26].  
 
One distinctive feature observed in PCLS was the inhibitory effect of LY2109761 on 
phosphorylation of SMAD2 in the absence of exogenous TGF-β1. This finding emphasizes 
that the activation of TGF-β signaling, and subsequent fibrogenesis, is	spontaneous in PCLS, 
and in contrast to cell lines, the impact of drugs affecting the TGF-β pathway can be studied in 
PCLS without the addition of exogenous TGF-β [17].  
 
In this study, the expression of TGF-β1 and phosphorylation of SMAD2 were not affected by 
LY2109761 in HepG2 cells. This finding was not consistent with previous studies showing 
that SMAD2 phosphorylation in HepG2 cells was modulated by other TGF-β inhibitors: 
galunisertib and D10, a monoclonal antibody against TβR [14, 27]. Nevertheless, drug 
response inconsistencies have been previously reported in different well-controlled studies 
using cancer cell lines [28]. 
 
Interestingly, LY2109761 also appeared to concentration-dependently inhibit SMAD1 
phosphorylation and the expression of inhibitor of DNA binding 1 (ID1) which are principally 
regulated via BMPs-mediated signaling [8, 21, 29, 30]. Both SMAD1 and ID1 were not 
impacted by exogenous TGF-β1; thus, the decrease in SMAD1 phosphorylation and ID1 
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expression could be considered as a TbR-independent effect of LY2109761 on other members 
of the TGF-β superfamily including BMPs [8, 21]. Noteworthy, this observed inhibition of 
BMPs-related pathways was in line with results obtained using irradiated primary human 
fibroblasts [12]. However, the effect of LY2109761 was contrary to the effects seen with 
galunisertib which up-regulated SMAD1 phosphorylation in rPCLS [17]. In addition, 
galunisertib did not affect the expression of ID1 (Supplementary Information Figure S5). 
Therefore, it is clear that individual SMIs against TGF-β particularly at high concentrations 
may elicit diverse effects beyond inhibition of TGF-β signaling. 
 
The inhibition of SMAD1 protein phosphorylation and ID1 gene expression by LY2109761 
might be involved in the observed decrease in fibrogenesis both in vitro and ex vivo. As shown 
in a previous study using isolated rat HSCs, Id1 was identified as a critical mediator in 
transdifferentiation and in liver fibrogenesis. Moreover, this in vitro study displayed that the 
overexpression of Id1 was due to TGF-β1/SMAD1 pathway activation [31]. The reason why 
exogenous TGF-β1 could not augment SMAD1 phosphorylation and ID1 expression in our 
study (except increased phosphorylated SMAD1 in LX-2 cells) is unknown. However, in 
primary rat HSCs it was shown that the levels of phosphorylated Smad1 and Id1 peaked at one 
hour after TGF-β1 exposure and then decreased to control levels [31]. Thus, timing is critical 
when studying these proteins.  
 
In vitro and ex vivo anti-fibrotic effect of LY2109761 
In our study, LY2109761 inhibited the expression a-SMA, which is a popular marker of 
myofibroblasts (the major ECM-producing cells in fibrosis), in rPCLS and not in hPCLS. This 
is in line with a previous study from our group in which we tested the anti-fibrotic efficacy of 
galunisertib [17]. Furthermore, another study demonstrated that α-SMA protein expression 
decreased in PCLS prepared from cirrhotic liver during culture [32], these results again 
question the validity of a-SMA as a fibrosis marker in human tissues, in particular in PCLS.  
 
Another point of interest was the up-regulation a-SMA mRNA in LX-2 cells treated with 
LY2109761 alone. Nevertheless, this change was observed following neither the treatment 
with exogenous TGF-β1 nor on protein level. Although the reason why this event was seen 
needs to be elucidated further, LY2109761 was previously shown to inhibit SMAD6, 7, and 9 
expression in human fibroblasts [12]. These inhibitory proteins of TGF-β signaling, especially 
SMAD7, could obfuscate the impact of LY2109761 on the expression profile of fibrosis 
markers, including a-SMA [33, 34].  In HepG2 cells, only the highest concentration of 
LY2109761 increased both the gene and protein levels of a-SMA irrespective of the presence 
of exogenous TGF-β1. This finding could also be due to the inhibitory effect of LY2109761 
on SMAD7, which is known to be expressed in HepG2 cells [14, 35].  
 
The effect of LY2109761 on the gene expression of HSP47, a chaperone protein for collagen 
maturation, was solely observed in rPCLS. Note that longer incubation periods may be 
necessary to observe inhibitory effects on protein expression [17, 36]. The fact that the 
inhibitory effect on the expression of HSP47 was not observed in human-derived cells and 
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tissues: hPCLS, LX-2 and HepG2 cells, might be due to species differences in response to 
TGF-β and variation in constitutive expression levels of HSP47 [17, 37].  
 
Importantly, treatment with LY2109761 had a remarkable impact on the expression of collagen 
type I, a principal extracellular matrix component in liver fibrosis [38], in LX-2, hPCLS and 
rPCLS. However, due to the lack of spontaneous fibrogenesis in LX-2 [15], the anti-fibrotic 
potency of LY2109761 was only shown in the presence of exogenous TGF-β1. It should be 
noted that due to technical difficulties, the extraction of ECM components from tissue slices 
was not efficient and therefore highly variable [39]; thus, we solely present the protein 
expression of collagen type I in LX-2 cells. Compared to collagen type I, the expression of 
collagen type III was not markedly affected by exogenous TGF-β1 and LY2109761, even 
though both types of collagen are known to co-express in human liver [38, 40]. This finding 
supports the versatility and sensitivity of collagen type I as a biomarker in the preclinical study 
of liver fibrosis. 
 
Furthermore, the anti-fibrotic efficacy of LY2109761 was underlined by the decreased gene 
expression of tissue inhibitor of metalloproteinases 1 (TIMP1), which plays a vital role in the 
degradation of ECM [41], in both human and rat PCLS. Noteworthy, the up-regulation of 
TIMP1 in LX-2 cells treated with LY2109761 correlated with the increased expression of a-
SMA. Therefore, the impact of LY2109761 on inhibitory SMADs may also affect the 
regulation of TIMP1 in LX-2 cells, as also observed in SMAD7-overexpressing bone 
mesenchymal stem cells [42].   
 
Targeting fibrosis using small molecule inhibitors against TGF-β  
In our study, LY2109761 could interfere with both TGF-β-dependent and -independent 
signaling in vitro and ex vivo. This dual effect may be extremely beneficial for the treatment of 
fibrosis since numerous proteins of the TGF-β superfamily including BMP-2 and BMP-9 are 
known to play a negative role in fibrogenesis [43, 44]. Therefore, the inhibition of the 
SMAD1/ID1 pathway, which regulates the activity of BMPs and HSCs activation, might be 
beneficial [31]. On the other hand, interfering with the beneficial roles of BMPs particularly 
with regard to bone healing/regeneration is a concern [45, 46]. 
 
Lastly, it is worthwhile to note that LY2109761 was the only representative of SMIs that targets 
TGF-β tested in our study. Therefore, the effect of other SMIs on fibrogenesis might be 
different. Furthermore, our study illustrated that LY2109761 elicited TGF-β-independent 
effects. Thus, possible off-target effects of SMIs, which may augment/deteriorate anti-fibrotic 
efficacy or even cause adverse events, should be taken into account during drug development. 
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Conclusion 
 
LY2109761 exhibited anti-fibrotic effects in vitro and ex vivo. In LX-2 cells, a human HSCs 
cell line, the activity of LY2109761 was observed only in the presence of exogenous TGF-β. 
In contrast, the anti-fibrotic effect of LY2109761 can be observed in PCLS without TGF-β co-
treatment. Moreover, in PCLS, cell-cell and cell-matrix interactions are preserved; thus, it is 
likely that the observed anti-fibrotic effect of LY2109761 in slices resembles the in vivo 
efficacy of this compound. Furthermore, besides TGF-β-dependent effects, our results indicate 
that LY2109761 can also affect TGF-β-independent pathways. Therefore, SMIs directed 
against TGF-β might influence numerous signaling pathways thereby mitigating fibrogenesis. 
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Materials and Methods 
 
Cell cultures 
HepG2 (ATCC, Virginia, US) and LX-2 (kindly provided by Prof. Dr. S. L. Friedman, Mount 
Sinai School of Medicine, New York, US) were cultured in Dulbecco's Modified Eagle's 
Medium (Invitrogen, Bleiswijk, the Netherlands). The culture medium was supplemented with 
10% fetal bovine serum, 50 U/mL penicillin and 50 ng/mL streptomycin. The cells were treated 
for 24 hours. 
   
Precision-cut liver slices (PCLS) 
Human PCLS (hPCLS) were prepared from healthy non-fibrotic liver tissue obtained from 
patients following either partial hepatectomy due to metastatic colorectal cancer or from 
donors, remaining as surgical surplus after reduced-size liver transplantation. The study was 
approved by the Medical Ethical Committee of the University Medical Center Groningen, 
according to Dutch legislation and the Code of Conduct for dealing responsibly with human 
tissue in the context of health research (http://www.federa.org), refraining the need of written 
consent for “further use” of coded-anonymous human tissue. 
 
Rat PCLS (rPCLS) were prepared from male, 12-16 weeks old, Wistar rats (Charles River, 
Sulzfeld, Germany). The study was approved by the Animal Ethical Committee of the 
University of Groningen. The study complies with the ARRIVE guidelines and carry out in 
accordance with the EU Directive 2010/63/EU for animal experiments. 
 
hPCLS and rPCLS, with an estimated thickness of 250-300 µm, were cultured for 48 hours in 
Williams’ medium E with Glutamax (Invitrogen) supplemented with glucose and gentamycin 
at 37 °C under continuous supply of 80% O2/5% CO2 as previously described [17, 18].  
 
Experimental treatment  
Stock solutions of LY2109761 (Selleckchem, Munich, Germany) were prepared in dimethyl 
sulfoxide (DMSO). During experiments, stocks were diluted in culture medium with a final 
solvent concentration of ≤0.4%. For co-treatment, PCLS were exposed to 5 ng/mL TGF-b1 
(Roche Diagnostics, Mannheim, Germany) with 1 µg/mL bovine serum albumin 
supplementation. 
 
ATP determination 
Viability was determined by measuring ATP levels as previously described [19]. Briefly, cell 
culture lysates and PCLS were transferred to a solution containing 70% ethanol and 2 mM 
EDTA, snap frozen and stored at -80 °C until analysis. ATP of the cell/tissue was determined 
by using the ATP bioluminescence kit (Roche Diagnostics). ATP values were corrected for 
total protein content of each sample estimated by the Bio-Rad DC Protein Assay (Bio-Rad, 
California, US). Values are expressed as relative values compared to the control group. 
 
Quantitative real-time PCR 
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Gene expression was assessed by real-time quantitative PCR. Cell culture lysates and PCLS 
were snap frozen and stored at -80 °C until analysis. Total RNA was isolated using the RNeasy 
Mini Kit (Qiagen, Venlo, the Netherlands) and reverse transcribed using the Reverse 
Transcription System (Promega, Leiden, the Netherlands) [17, 20]. The mRNA levels of TGF-
β1, ID1, PAI-1, a-SMA, HSP47, COL1A1, COL3A1 and TIMP1 were detected using specific 
primer/probe sets (Applied Biosystems, California, US; Supplementary Information Table S1) 
using a 7900HT Real Time PCR apparatus (Applied Biosystems) with 1 cycle of 10 minutes/95 
°C followed by 40 cycles of 15 seconds/95 °C and 60 seconds/60 °C. GAPDH was used as 
reference gene and relative expression levels were calculated as fold change using the 2-ΔΔCT 
method. 
 
Western blotting 
Phosphorylated SMAD1 (pSMAD1), pSMAD2, a-SMA, HSP47 and COL1 protein levels 
were assessed by Western blotting. Cell culture lysates and PCLS were snap frozen and stored 
at -80 °C until analysis [17]. Following sample preparation, total protein was separated on 10% 
sodium dodecylsulfate polyacrylamide gels and transferred using Trans-Blot Turbo Mini 
PVDF Transfer Packs (Bio-Rad). Afterwards, the membrane was blocked and incubated with 
specific antibodies (Supplementary Information Table S2). Targeted proteins were visualized 
with Clarity Western ECL Substrate (Bio-Rad). In a preliminary study, the protein level of total 
SMADs was not impacted by LY2109761; therefore, GAPDH was used as internal control 
protein in the remainder of the study.  
 
Statistics 
Each experiment was performed at least three times. Results are expressed as means ± standard 
error of the mean (SEM). Statistical analysis was performed via Student’s t-test or ANOVA	
followed by Dunnett’s post hoc analysis on relative ATP, DCt and relative	signal intensity of 
the proteins. A p-value <0.05 was considered significant.  
  



Chapter 5 

 114 

Supplementary Information 
 

Table S1 
Primer/probe sets used in quantitative real-time PCR 

Gene 
Primer/probe set 

Human Rat 

a-SMA (alpha smooth muscle actin) Hs00426835_g1   Rn01759928_g1     

COL1A1 (collagen, type I, alpha 1) Hs00164004_m1 Rn01463848_m1 

COL3A1 (collagen, type III, alpha 1) Hs00943809_m1 Rn01437681_m1 

GAPDH (glyceraldehyde 3-phosphate 
dehydrogenase) 

Hs02786624_g1 Rn01775763_g1 

HSP47 (heat shock protein 47) Hs01060396_g1 Rn00567777_m1 

ID1 (inhibitor of DNA binding 1) Hs03676575_s1 Rn00562985_s1 

PAI-1 (plasminogen activator inhibitor 1) Hs00167155_m1 Rn01400467_m1 

TGF-b1 (transforming growth factor beta 1) Hs00998133_m1 Rn00572010_m1 

TIMP1 (tissue inhibitor of metalloproteinase 1) Hs01092512_g1 Rn01430873_g1 
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Table S2 
Buffer and antibody used in Western blotting 
Buffer ingredient  

Lysis buffer: 30 mM Tris-HCl pH 7.4; 150 mM NaCl; 1 µM EDTA; 5.4 mg/mL Triton X-
100; 1% SDS; 15 mM sodium orthovanadate; 15 mM sodium fluoride; 1 tablet of 
PhosSTOPTM (Roche Diagnostics) in 50 mL of lysis buffer.  

SDS sample buffer: 50 mM Tris-HCl pH 6.8; 2% SDS; 10% glycerol; 1% beta-
mercaptoethanol; 0.0125% bromophenol blue. 

Blocking buffer: 50 mM Tris-HCL pH 7.6; 150 nM NaCl, 5% non-fat dry milk (Blocking 
Grade Powder, Biorad); 0.1% Tween-20. 

Antibody and dilution Manufacturer 
Anti-α-smooth muscle actin (α-SMA), 1:5000 Sigma, Missouri, US 
Anti-collagen type I (COL1), 1:1000  Rockland, Pennsylvania, US 
Anti-glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), 1:5000 

Sigma, Missouri, US 

Anti-heat shock protein 47 (HSP47), 1:2000 Abcam, Cambridge, UK 
Anti-phospho-SMAD1/5 (Ser463/465), 1:1000 Cell Signaling, 

Massachusetts, US 
Anti-phospho-SMAD2 (Ser465/467), 1:1000  Cell Signaling, 

Massachusetts, US 
Polyclonal goat anti-rabbit immunoglobulins/HRP, 1:2000 
Polyclonal rabbit anti-mouse immunoglobulins/HRP, 
1:2000 

Dako, Glostrup, Denmark 
Dako, Glostrup, Denmark 
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Figure S1 
ATP level/protein of HepG2 cells treated with LY2109761 (LY), compared to the 
corresponding control (n=4). (A) Exogenous TGF-β1. (B) LY2109761. (C) Exogenous TGF-
β1 and LY2109761. None of the treatment modalities impacted the viability. The concentration 
of exogenous TGF-β1 was 5 ng/mL.  
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Figure S2 
ATP level/protein of LX-2 cells treated with LY2109761 (LY), compared to the corresponding 
control (n=4-5). (A) Exogenous TGF-β1. (B) LY2109761. (C) Exogenous TGF-β1 and 
LY2109761. None of the treatment modalities impacted the viability. The concentration of 
exogenous TGF-β1 was 5 ng/mL.  
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Figure S3 
ATP level/protein of human precision-cut liver slices (hPCLS) treated with LY2109761 (LY), 
compared to the corresponding control (n=4-8). (A) Exogenous TGF-β1. (B) LY2109761. (C) 
Exogenous TGF-β1 and LY2109761. None of the treatment modalities impacted the viability. 
The concentration of exogenous TGF-β1 was 5 ng/mL.  
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Figure S4 
ATP level/protein of rat precision-cut liver slices (rPCLS) treated with LY2109761 (LY), 
compared to the corresponding control (n=3-4). (A) Exogenous TGF-β1. (B) LY2109761. (C) 
Exogenous TGF-β1 and LY2109761. None of the treatment modalities impacted the viability. 
The concentration of exogenous TGF-β1 was 5 ng/mL.  
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Figure S5 
Effect of galunisertib (10 µM) on the expression of the inhibitor of DNA binding 1 (Id1) in rat 
precision-cut liver slices after cultured for 72 hours in the presence and absence of TGF-β1 (1 
ng/mL; n=3). None of the treatment modalities altered the expression of Id1.  
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Abstract 
 
Oxidative stress is a reflection of the imbalance between the production of reactive oxygen 
species (ROS) and the scavenging capacity of the anti-oxidant system. Excessive ROS, 
generated from various endogenous oxidative biochemical enzymes, interferes with the normal 
function of liver-specific cells and presumably plays a role in the pathogenesis of liver fibrosis. 
Once exposed to harmful stimuli, Kupffer cells (KC) are the main effectors responsible for the 
generation of ROS, which consequently affect hepatic stellate cells (HSCs) and hepatocytes. 
ROS-activated HSCs undergo a phenotypic switch and deposit an excessive amount of 
extracellular matrix that alters the normal liver architecture and negatively affects liver 
function. Additionally, ROS stimulate necrosis and apoptosis of hepatocytes, which causes 
liver injury and leads to the progression of end-stage liver disease. In this review, we overview 
the role of ROS in liver fibrosis and discuss the promising therapeutic interventions related to 
oxidative stress. Most importantly, novel drugs that directly target the molecular pathways 
responsible for ROS generation, namely mitochondrial dysfunction inhibitors, endoplasmic 
reticulum stress inhibitors, NADPH oxidase (NOX) inhibitors and Toll-like receptor (TLR)-
affecting agents, are reviewed in detail. In addition, challenges for targeting oxidative stress in 
the management of liver fibrosis are discussed. 
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1. Reactive oxygen species, oxidative stress and diseases 
	
Reactive oxygen species (ROS) are chemically reactive molecules produced in oxygen-related 
redox reactions during biological processes [1, 2]. ROS play a role in various physiological 
functions, such as signal transduction, cell cycle regulation and the defense against 
microorganisms [2]. However, when the generation of ROS surpasses the overall ROS 
scavenging capacity by anti-oxidant systems, the normal redox state is disturbed resulting in 
oxidative stress [2, 3].  
 
Among various ROS, superoxide anion (O2

•) and non-radical hydrogen peroxide (H2O2), 
generated by specific enzymes or as by-products during miscellaneous molecular processes, 
are important signaling molecules that might contribute to liver disease progression [2, 4, 5]. 
O2

•− is produced by the addition of a single electron to oxygen. Since O2
•− is unstable, it is 

promptly converted to H2O2 by the anti-oxidant enzyme, superoxide dismutase [6]. H2O2 lacks 
ionic charge; therefore, it can freely diffuse and cause damage to intracellular macromolecules 
[4, 6]. H2O2 interacts with transition-metal ions, in particular iron, to generate highly reactive 
hydroxyl radical (HO•) through the Fenton reaction [7]. Toxic effects of HO• include DNA 
base damage and strand breaks, lipid peroxidation and modification of amino acid residues of 
numerous proteins [7, 8]. If not controlled, continuous ROS-induced damage can instigate 
various pathophysiological conditions such as atherosclerosis, diabetes, neurodegenerative 
diseases and cancers [8-11]. In addition, protein-thiol redox modifications by oxidative stress 

can act as secondary messengers that alter cell homeostasis, leading to pathophysiological 
conditions, as evidenced in the pathogenesis of allergic inflammation and asthma [12]. In the 
liver, O2

• − and H2O2 are continuously generated in various physiological processes, and 
changes in the redox state are an integral part of the development of liver fibrosis [13, 14]. 
 
Liver fibrosis is defined as an overproduction and deposition of extracellular matrix (ECM) in 
the liver due to repeated injury, such as chronic viral infections, alcohol addiction and non-
alcoholic steatohepatitis (NASH) [14-16]. To date, eradication of the suspected cause is the 
only way to prevent disease progression leading to liver failure, cirrhosis and hepatocellular 
carcinoma [14-16]. If the injury is not resolved, liver transplantation remains the sole therapy 
for patients with end-stage liver disease [14-16]. In this review, we provide an overview of the 
role of endogenous ROS, especially O2

•− and H2O2, in the pathogenesis of liver fibrosis, as well 
as promising therapeutic interventions related to oxidative stress.  
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2. Effects of oxidative stress on liver fibrogenesis 
 
ROS affect the functionality of several liver-specific cells, and can therefore contribute to the 
development of fibrosis. Figure 1 illustrates the effect of oxidative stress on hepatocytes, 
Kupffer cells (KC) and hepatic stellate cells (HSCs) during fibrogenesis.  
 

 

Figure 1. Fibrogenic effects of ROS (mainly O2
•− and H2O2) on liver-specific cells (HSCs, 

hepatic stellate cells; KC, Kupffer cells; ROS, reactive oxygen species) 
 
2.1 Hepatocytes 
Hepatocytes are the central regulators controlling systemic metabolic demand, electrolyte 
homeostasis and detoxification processes in the liver [17, 18]. In these parenchymal cells, 
organelles and enzymes that produce ROS are abundantly present. Following hepatocytes’ 
death, several mediators such as tumor necrosis factor alpha (TNF-a) and transforming growth 
factor beta (TGF-b) are released to amplify the inflammatory and fibrotic response in adjacent 
hepatocytes, KC and HSCs [13, 17]. The oxidative alterations that induce apoptosis and 
necrosis of hepatocytes have been studied extensively, implicating a role of oxidative stress in 
regulating the cell cycle of hepatocytes [18]. Although hepatocytes are not considered to be the 
major effector cells responsible for the progression of fibrosis, persistent apoptosis of 
hepatocytes is sufficient to induce a fibrotic response. This was demonstrated in Bcl-xL-
deficient mice, an experimental model of spontaneous apoptosis of hepatocytes, in which the 
rate of hepatocyte apoptosis correlated with the progression of liver fibrosis [19]. In addition, 
treatment with a pan-caspase inhibitor IDN-6556, which inhibits apoptosis of hepatocytes, 
attenuated liver injury and fibrosis in bile-duct ligated (BDL) mice [20]. Also in cirrhotic 
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patients, IDN-6556 treatment appeared to reduce the apoptosis of hepatocytes and possibly the 
progression of disease (clinicaltrials.gov: NCT02230670). 
 
2.2 Kupffer cells (KC) 
KC, liver-specific resident macrophages, not only play a central role in the response to injury 
but also act as a ROS-generator, mainly by activity of phagocytic NADPH oxidase (NOX) 2 
in association with Toll-like receptor (TLR) signaling [21]. Upon activation by pro-fibrogenic 
stimuli, such as alcohol and endotoxins, KC release/express biologically active mediators 
(chemokines, cytokines, adhesion molecules and ROS) to adjacent hepatocytes and HSCs to 
mediate injury and fibrogenesis [22]. Intercellular communication via ROS was demonstrated 
in a co-culture model using primary rat KC and HSCs where increased proliferation and 
activation of HSCs was observed in HSCs/KC co-culture, compared to HSCs alone. This 
signaling was mediated by the production of H2O2 by KC [23]. Similarly, in a rabbit NASH 
model, it was found that KC play an important role in the generation of lipid peroxides, leading 
to liver steatosis [24]. Furthermore, measurements of oxidative stress in a rat post-ischemic 
liver model indicated that the paracrine connection between activated KC and hepatocytes was 
the key event in the induction of oxidative stress prior to the development of liver injury [25]. 
Additionally, KC were proven to be the central effector cells responsible for oxidative stress 
induced by various pro-fibrogenic toxins such as iron, copper and dichlorobenzene [26, 27]. 

 
2.3 Hepatic stellate cells (HSCs) 
Activated HSCs are the main producers of ECM during liver fibrogenesis. Although TGF-b, 
produced by KC and hepatocytes, is regarded as the main activator of HSCs [28], ROS also 
significantly contribute to this process. To illustrate, primary rat HSCs proliferation and 
collagen production could be stimulated by treatment with the culture medium of the pro-
oxidant ferric nitrilotriacetate complex-treated hepatocytes [29]. In addition, long-term 
administration of arsenic, which is a metalloid known to induce liver cancer, induced liver 
fibrosis in mice, where oxidative stress was recognized as the key event in HSCs activation 
[30]. In carbon tetrachloride (CCl4)-treated rats, expression of alpha-smooth muscle actin, a 
marker of HSCs activation, was effectively decreased after treatment with the anti-oxidant 
vitamin alpha-tocopherol, while it was increased after treatment with the pro-oxidant ferrous 
sulfate [31]. Moreover, in isolated rat HSCs, prostaglandin F2-like compounds, mediators in 
lipid peroxidation, stimulated HSCs proliferation and ECM production, supporting the role of 
oxidative stress in HSCs activation and fibrogenesis [32]. In addition to the effect of ROS on 
HSCs, it was proposed that HSCs may be responsible for the generation of an excess ROS as 
both the phagocytic NOX (NOX2) and the non-phagocytic NOX (NOX1 and NOX4) isoforms 
are expressed in HSCs [21, 33]. 
 
Since that oxidative stress hampers normal physiological functioning of liver cells, which can 
ultimately lead to fibrogenesis. Therefore, mitigating oxidative stress could be a promising 
therapy of liver fibrosis.  
 

3. Oxidative stress as a therapeutic target of liver fibrosis 
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In order to cease oxidative stress, scavenging of ROS has been a mainstay therapeutic strategy 
for a very long time [34]. Nonetheless, several clinical trials exploring diverse diseases failed 
because conventional anti-oxidant therapy could not optimally regulate the balance between 
harmful and beneficial ROS [1, 35]. Currently, multiple intracellular ROS sources have been 
identified mainly pertaining to specific enzymatic reactions. These ROS generators are 
promising targets for the treatment of oxidative stress-related disorders including liver fibrosis 
because they appear to produce excessive ROS during the progression of chronic liver diseases. 
In this section, the molecular and subcellular generators of ROS that are markedly expressed 
in liver injury and may become a therapeutic target are introduced.  
 
Several organelles, e.g. mitochondria, peroxisomes and endoplasmic reticulum (ER), produce 
ROS during physiological processes, as illustrated in Figure 2. Mitochondria, particularly 
complex I, II and III of the respiratory electron transport chain, are an essential intracellular 
source of O2

•− which is subsequently converted to H2O2 by manganese superoxide dismutase 
within the mitochondrial matrix [36, 37]. O2

•− generated by mitochondria mediate the release 
of cytochrome C and pro-apoptotic proteins to initiate cellular inflammation and apoptosis 
[36]. In addition, mitochondrial b-oxidation of long-chain fatty acids requires oxidative 
enzymes, such as acyl-CoA oxidase, that can generate O2

•− and H2O2, and therefore play a role 
in cellular injury under certain conditions [38, 39]. Peroxisomes, which play a major role in 
the metabolism of fatty acids, contain similar pro-oxidant enzymes as mitochondria; however, 
the contribution of peroxisome-derived H2O2 in liver injury remains unclear [38, 40]. The ER 
contains two key enzymes responsible for oxidative protein maturation: endoplasmic reticulum 
oxidoreductin 1 alpha (Ero1a) and protein disulfide isomerase (PDI). Disruption of these 
enzymes leads to protein misfolding, which contributes to ER stress-associated oxidative stress 
[41, 42]. Increased ROS, mainly H2O2, in the ER is a consequence of the excessive utilization 
of reduced glutathione (GSH), the most abundant anti-oxidative molecule in the ER lumen, for 
reducing oxidized misfolded proteins [42]. In addition, improper configured proteins also 
trigger the release of calcium (Ca2+) from the sarcoplasmic reticulum of the ER thereby 
inducing oxidative stress in mitochondria, causing apoptosis and injury [41, 42].  
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Figure 2. Organelles involved in the generation of ROS (I, II, III, IV, V, mitochondrial 
respiratory complexes I-V; ADP, adenosine diphosphate; CoA, coenzyme A; CytC, 
cytochrome C; Ero1a, endoplasmic reticulum oxidoreductin 1 alpha; FADH2, flavin adenine 
dinucleotide; H2O2, hydrogen peroxide; NADH, nicotinamide adenine dinucleotide; O2, 
oxygen; O2

•-, superoxide anion; PDI; protein disulfide isomerase). 
 
Next to ROS production in organelles, ROS-generating enzymes can also be found in the 
cytosol and plasma membrane. As illustrated in Figure 3, enzymes such as NOX, cytochrome 
P450 (CYP) 2E1, xanthine oxidase, lipoxygenases and cyclooxygenases can generate reactive 
species, especially H2O2, which contribute to injury [2, 3]. For example, it was shown that ROS 
generated by various isoforms of NOX, a membrane-bound enzyme, are deleterious to the liver 
[21]. Additionally, ROS-generating cytosolic and transmembrane enzymes may work in 
concert with other fibrosis-related pathways to induce oxidative stress and enhance 
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fibrogenesis. This is well demonstrated in the crosstalk between NOX and TLR, a group of 
transmembrane receptors responsible for the recognition of microbial components in the innate 
immune response [43, 44]. The cytoplasmic tail of TLR interacts with the carboxyl terminal 
region of NOX to mediate production of O2

• −, which spontaneously forms H2O2 [45]. 
Interestingly, both NOX and TLR are found in the liver, and ROS generation as a result of this 
crosstalk may negatively affect liver cell function and contribute to fibrosis [43, 44].  
 

 
Figure 3. Enzymes possessing O2

• --generating capacity (NADP+, nicotinamide adenine 
dinucleotide (oxidized form); NADPH, nicotinamide adenine dinucleotide phosphate (reduced 
form); O2, oxygen; O2

•-, superoxide anion). 
 
As ROS can be generated from various sources, drugs affecting ROS generators have been 
extensively studied in diseases associated with oxidative stress, in particular liver-related 
disorders. Therefore, the current status of these drugs as well as the preclinical and possible 
clinical therapeutic potency for the management of liver fibrosis is described in the next 
section. 
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4. Drugs targeting ROS generators as possibility for the treatment 
of liver fibrosis 
 
Although the pathogenesis of liver fibrosis has been extensively studied, and new promising 
therapeutic targets have been discovered, to date, none of the potential drugs that target 
signaling pathways in fibrosis have been clinically approved due to a lack of efficacy [16]. 
Therefore, characterization of novel targets for the treatment of liver fibrosis is crucial. As 
oxidative stress plays a significant role in fibrosis progression, inhibiting oxidative stress 
should be further explored as a therapeutic target. Conventionally, unspecific alleviation of 
ROS accumulation can be achieved by using anti-oxidant therapy, such as administration of 
anti-oxidant vitamins; however, their therapeutic efficacy for several pathologies including 
fibrosis remains debatable [1, 34, 35]. Mitochondrial dysfunction, ER stress, and NOX/TLR 
activation, have been shown to be important generators of oxidative stress. In addition, 
mitigation of these contributors showed beneficial effects in the treatment of liver-associated 
disorders. Therefore, as illustrated in Figure 4, inhibition of these targets may directly or 
indirectly alleviate oxidative stress and thereby halt fibrosis progression. In this section, the 
possibility and current status of drugs affecting these targets for the treatment of liver fibrosis 
are discussed. Important features from clinical trials studying these drugs are summarized in 
Table 1.  
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Figure 4. Promising targets for inhibiting oxidative stress in the treatment of liver fibrosis 
(LPS, lipopolysaccharide; NOX, NADPH oxidase; NLRP3, nucleotide-binding domain, 
leucine-rich repeat family, pyrin domain containing 3; PDGF, platelet-derived growth factor; 
ROS, reactive oxygen species; TGF-b, transforming growth factor beta)  
 
4.1 Mitochondrial dysfunction inhibitors 
Besides their well-known function in cellular energy supply, mitochondria are also involved in 
signaling, differentiation and homeostasis [36]. These functions of mitochondria are dependent 
on mitochondrial membrane permeabilization, which is modulated by the concentration of Ca2+ 
[36]. Loss of function of mitochondria, or mitochondrial dysfunction, leads to chronic diseases 
including liver fibrosis [46]. 
 
Because of the high number and density of mitochondria in the liver, oxidative stress as a result 
of mitochondrial dysfunction can lead to the pathogenesis of various chronic liver diseases, 
particularly metabolic disorders that cause non-alcoholic fatty liver disease (NAFLD) and 
NASH [46, 47]. In genetically modified obese-diabetic mice and choline-deficient diet fed rats, 
the generation of mitochondrial H2O2 was significantly increased in the liver, and this reactive 
mediator associated with increased uncoupling protein-2, which is a mitochondrial protein that 
plays a role in ATP depletion and cell necrosis [48, 49]. In addition, CYP2E1 was increased in 
mitochondria of various tissues including the liver of streptozotocin-induced diabetic rats 
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indicating a role of CYP2E1 in the generation of mitochondria-derived oxidative stress in the 
liver [50]. As CYP2E1 is also one of the enzymes responsible for ethanol metabolism, not 
surprisingly, an association between mitochondrial dysfunction and oxidative stress was found 
in alcoholic liver disease (ALD) [51]. In addition, mitochondrial ROS production, both O2

•− 
and H2O2, was activated due to the increased availability of cytosolic NADH, which is a 
product of alcohol metabolism [51]. Furthermore, oxidative stress as a result of mitochondrial 
dysfunction also plays an essential role in fibrogenesis after HBV and HCV infection [52, 53]. 
 
After establishing a role for mitochondrial dysfunction in the pathogenesis of liver diseases, 
treatment strategies were recently developed to directly supplement the endogenous 
components required for proper mitochondrial functioning to prevent oxidative stress. 
Coenzyme Q10 (CoQ10), or ubiquinone, is a major component of the mitochondrial electron 
transport chain and is widely used as an anti-oxidant supplement. Oral administration of CoQ10 
reduced oxidative stress and liver fibrosis in a rat model of poor maternal nutrition [54], and in 
a mice model of dimethylnitrosamine-induced liver fibrosis [55]. In a pilot study, co-treatment 
with CoQ10 and a preparation of anti-oxidant vitamins significantly improved pruritus and 
fatigue in primary biliary cirrhosis patients when compared to patients treated with the 
preparation of anti-oxidant vitamins alone [56]. Furthermore, the effects of CoQ10 were 
evaluated in patients with NAFLD. CoQ10 treatment decreased liver enzymes, lowered 
systemic inflammation and reduced the severity of NAFLD [57, 58]. Since CoQ10 does not 
directly target the mitochondria, mitoquinone mesylate was developed as a mitochondria-
targeted anti-oxidant. Preclinical experiments showed that mitoquinone mesylate attenuated 
oxidative stress and liver fibrosis in CCl4-treated mice and rats, and also in human precision-
cut liver slices, an ex vivo model of liver fibrosis [59, 60]. Additionally, in a phase II study in 
HCV patients, mitoquinone mesylate alleviated liver injury as measured by the decrease in 
serum alanine transaminase (ALT), although a direct parameter indicating mitochondrial 
oxidative damage was not determined in these patients [61].  
 
Mitochondrial function can also be controlled by modulating mitochondrial membrane 
permeabilization and mitochondria-cytosol Ca2+ homeostasis. Minocycline, a member of the 
tetracycline-class anti-microbial drugs, exhibited beneficial effects in rodent hepatic 
ischemia/reperfusion injury model through reducing oxidative stress [62, 63], and the 
protective effect appeared to be related with the modulation of mitochondrial membrane 
potential due to the Ca2+ chelating property of minocycline [64, 65]. However, the observed 
autoimmune hepatotoxicity of minocycline is a concern [66]. Furthermore, the anti-fibrotic 
efficacy of NIM811, a cyclosporin analogue which is an inhibitor of the mitochondrial 
permeability transition pore, was evaluated. It was demonstrated that NIM811 inhibited TGF-
b signaling and the expression of fibrosis markers in HSC-T6 cells and in CCl4-induced liver 
fibrosis in rats [67]. In addition, the treatment with NIM811 in massive hepatectomized mice 
prevented mitochondrial dysfunction, attenuated liver injury and stimulated liver regeneration 
[68]. Due to its in vitro anti-HCV activity, NIM811 was studied in HCV genotype 1-infected 
patients. This study showed that NIM811 could decrease ALT, although the effect on oxidative 
status was unknown [69]. 
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As mitochondrial dysfunction plays a significant role in various liver diseases, modulating 
electron transport chain and/or mitochondrial membrane potential could be promising strategy 
for the treatment of liver fibrosis. Among various drugs affecting mitochondrial dysfunction, 
CoQ10 and particularly its mitochondrial-targeted derivative, mitoquinone mesylate, were 
evaluated in patients with various chronic liver diseases. Also, NIM811 was tested in HCV-
infected patients. Nonetheless the usefulness of these mitochondrial dysfunction inhibitors in 
clinical practice needs to be studied further.   
 
4.2 ER stress inhibitors 
The ER acts as a cellular machinery to facilitate and regulate protein folding, but accumulation 
of unfolded/misfolded proteins in the ER causes stress and activates the unfolded protein 
response (UPR) [70]. UPR activation mainly reduces ER stress by halting protein translation, 
degrading deformed proteins and increasing the repair of unfolded proteins; however, sustained 
UPR activation leads to H2O2 formation, oxidative stress and apoptosis [70]. Ero1a and PDI 
are essential enzymes responsible for the generation of disulfide bonds of proteins in the ER 
[41, 42]. Together with Ero1a and PDI, reduced level of GSH, disruption of mitochondrial 
electron transport chain proteins, which subsequently affect cytoplasmic/mitochondrial/ER 
Ca2+ homeostasis, and also NOX4 play a crucial role in ER stress-induced oxidative stress [41, 
42]. Disruption of these enzymes and corresponding network will contribute to ER stress-
associated signal transduction in various oxidative stress-related diseases including liver 
fibrosis, particularly ALD and NAFLD [71]. In ALD, it was found that the oxidative stress 
markers, GSH utilization and protein glutathionylation, were significantly increased in 
hyperhomocysteinemia, a common manifestation in patients with alcoholic steatohepatitis [72]. 
In NAFLD, the contribution of free fatty acids, a harmful factor in the pathogenesis of NAFLD 
and NASH, to ER stress has been recognized. It was demonstrated in primary rat hepatocytes 
and H4IIEC3 cells, a rat hepatoma cell line, that palmitic acid, the most abundant saturated 
fatty acid in the human body, triggered oxidative stress and Ca2+ release from the sarcoplasmic 
reticulum, thereby depleting Ca2+ storage in the ER. This alteration of Ca2+ homeostasis 
impaired the protein folding function of several enzymes including Ero1a [73, 74]. 
Additionally, it was found that ER stress and the UPR were activated in obese-patients who 
were diagnosed with NAFLD [75].  
 
ER stress-associated oxidative stress and cell death can be mitigated by drugs affecting 
enzymes responsible for ROS production in the ER. A specific small molecule inhibitor against 
Ero1a, EN460, was found in a high throughput activity assay to evaluate potential inhibitors 
of mammalian Ero1a, EN460 inhibited Ero1a, promoted the UPR and exhibited protective 
effects during chemically induced ER stress [76]; however, to the best of our knowledge, no 
further studies on EN460 were published in the scientific literature. Interestingly, inhibiting 
PDI appeared to increase ER stress. This finding is possibly due to the disruption of the 
oxidative networks in the electron transmission of the ER; however, it could also be derived 
from unidentified off-target effect of the tested PDI inhibitors [77, 78].  
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In addition, modulating non-oxidative enzymes via ER stress sensors, which mediate the UPR, 
can be effective targets to reduce ER stress [79]. GSK2606414 and GSK2656157, inhibitors 
of protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), which is an ER stress 
sensor, were found to inhibit the UPR-mediated pathway and reduce ER stress [79, 80]. 
GSK2606414, the first-in-class PERK inhibitor, showed neuroprotective effects against prions 
in mice; however, weight loss and elevated blood glucose levels indicated an adverse effect on 
pancreatic function [81]. Salubrinal, a direct inhibitor of the PERK-eIF2a signaling pathway, 
significantly reduced apoptosis in hepatic cells of brain-death rats [82]. Salubrinal was 
experimentally used to protect against various xenotoxicant-induced cellular damages [83]; 
however, this strategy was questioned, as it aggravated cisplatin-induced oxidative stress and 
nephrotoxicity in mice [84]. 4-phenylbutyrate, an orphan drug, was approved for the 
treatment of urea cycle disorders due to its activity to modulate protein maturation, and it is 
also used for the treatment of cystic fibrosis, a protein misfolding disease [85]. 4-
phenylbutyrate was effective in the prevention of steatohepatitis in mice-fed with dietary trans-
fatty acid plus fructose through amelioration of ER stress [86]. Moreover, 4-phenylbutyrate 
exhibited protective effects in liver ischemia/reperfusion injury models via an ER stress-
dependent mechanism [87, 88]. Glycerol phenylbutyrate, a pro-drug in which three molecules 
of 4-phenylbutyrate are released from the glycerol structure by lipases in the gastrointestinal 
tract, reduced hepatic encephalopathy events and plasma ammonia levels in patients with 
cirrhosis, with satisfactory safety profile. However, this double-blind controlled study of 
glycerol phenylbutyrate did not assess oxidative stress-related parameters in the patients [89].  
 
Although the ER is recognized as a significant source of oxidative stress in chronic liver 
diseases, besides glycerol phenylbutyrate, which showed its benefit in cirrhosis patients with 
hepatic encephalopathy, therapeutic efficacy of other putative drugs designed to mitigate ER 
stress were mostly tested only at the preclinical level.  
 
4.3 NOX-inhibitors 
NADPH oxidases, abbreviated as NOX, are membrane-bound enzymes that generate O2

•− by 
transferring electrons from NADPH to oxygen. Beyond a role in phagocytic cells, 
physiological and pathophysiological roles of NOX have been demonstrated [90]. 
 
The associations between NOX and liver fibrosis have been studied extensively. NOX1-/- and 
NOX4-/- mice exhibited less oxidative stress, inflammation, injury and fibrosis in the liver after 
CCl4-treatment when compared to wild-type mice [33]. In addition, the expression of NOX2 
subunits (P22phox, P40phox and P67phox) was increased in western diet-induced fatty livers 
in mice and correlated with the degree of liver steatosis [91]. After BDL in rats, NOX4 mRNA 
was up-regulated, and furthermore in CCl4-treated or BDL mice, elevated hepatic NOX1 and 
NOX2 mRNA and protein levels were found [92]. Moreover, phagocytosis of apoptotic bodies 
in LX-1 cells, a human HSCs cell line, activated NOX, which in turn is associated with liver 
fibrosis [93]. This association was supported by immunohistochemical analysis showing that 
NOX4 protein expression was dramatically increased in the liver of NASH patients suggesting 
a role of NOX in the pathogenesis of this disease [94]. Thus, the excessive generation of ROS 
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by NOX-mediated oxidative stress appears to play a major role in HSCs activation, and NOX1, 
NOX2 and NOX4 are most likely the main isoforms associated with liver fibrosis [21, 95].  
 
Crosstalk between NOX and other fibrogenesis-related proteins such as TLR, angiotensin II, 
TGF-b, platelet-derived growth factor (PDGF) and nucleotide-binding domain, leucine-rich 
repeat family, pyrin domain containing 3 (NLRP3) has been demonstrated. Angiotensin II 
activation increased NOX4 protein expression and H2O2-activated epithelial-mesenchymal 
transition in mouse primary hepatocytes and in L02, a human hepatocyte cell line [96]. In 
primary rat HSCs, angiotensin II-induced TGF-b and activation of HSCs appeared to be 
dependent on the activity of NOX [97]. In the HSCs cell line, LI-90, and primary cultured 
HSCs isolated mice, diphenyleneiodonium, an inhibitor of NOX, suppressed PDGF-induced 
NOX-derived ROS production and proliferation of HSCs [98]. In macrophages, NOX4-
mediated fatty acid oxidation promoted the formation of a NLRP3 inflammasome, a 
component of the innate immune system that plays a role in fibrosis [99]. Moreover, in human 
cirrhotic livers, NLRP3 and NOX4 were found to co-localize, implicating an associated role in 
the progression of liver fibrosis [92].  
 
Due to the clear association between NOX and fibrosis, inhibiting NOX has become an 
interesting target to alleviate oxidative stress, and drugs affecting NOX activity have been 
shown to attenuate fibrosis. GKT137831, a dual NOX1/NOX4 inhibitor, suppressed the 
production of chemokines, inhibited HSCs activation and attenuated fibrosis after 
lipopolysaccharide (LPS)-induced injury in primary mouse HSCs [33]. Another study 
confirmed the effect of GKT137831 using multiple in vitro and in vivo models of liver fibrosis, 
demonstrating a decrease in oxidative stress, inflammation and fibrogenesis [100]. Although 
the clinical efficacy of GKT137831 was not impressive in patients with diabetic kidney disease, 
it significantly reduced liver enzymes and inflammatory marker levels, with an attractive safety 
profile (clinicaltrials.gov: NCT02010242). Therefore, a phase 2 study is now started to evaluate 
the therapeutic efficacy of GKT137831 in the treatment of primary biliary cholangitis 
(clinicaltrials.gov: NCT03226067). Also, several natural-derived agents were shown to exhibit 
promising anti-fibrotic potency via the interruption of NOX activity. In Ldlr-/- mice, a 
genetically modified NAFLD model, dietary supplementation of microalgae-derived 
docosahexaenoic acid (DHA) reversed the western diet-induced up-regulation of NOX2 and 
attenuated hepatic fibrosis [91, 101]. In addition, a study in NAFLD patients revealed the 
beneficial effect of purified omega-3 polyunsaturated fatty acids (DHA and eicosapentaenoic 
acid, EPA) in decreasing liver fat, though its association with oxidative stress- or NOX-related 
parameters were not determined [102]. Moreover, therapeutic mechanisms of the omega-3 
polyunsaturated fatty acid in NAFLD might be predominantly due to the positive effect on 
lipid metabolism and inflammatory mediators [103]. Decursin, isolated from roots of Angelica 
gigas Nakai., decreased HSCs activation, attenuated liver fibrosis and ameliorated liver injury 
in CCl4-treated mice via TGF-b- and NOX-dependent inhibition [104]. Chlorogenic acid, a 
phenolic compound found in coffee, fruit and vegetables, inhibited PDGF-induced NOX 
expression and lipid peroxidation in HSC-T6 cells. Moreover, in CCl4-treated rats, chlorogenic 
acid attenuated liver fibrosis via up-regulation of NFE2L2 which is a transcription factor that 
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regulates the expression of anti-oxidant enzymes [105]. In chronic HCV patients treated with 
losartan, an angiotensin II receptor blocker commonly used for management of hypertension 
and congestive heart failure, expression of pro-fibrogenic and NOX genes were decreased 
[106]. Thus, inhibition of the crosstalk between NOX and other pathways might be beneficial 
in the alleviation of oxidative stress and thereby the treatment of fibrosis.  
 
Among known drugs designed to specifically inhibit NOX, GKT137831, named GKT831 
currently, seems to be the furthest drug in development process because a study of GKT831 
for the treatment of primary biliary cholangitis is ongoing. DHA, in combination with EPA, 
exhibited therapeutic efficacy in NAFLD patients, although the association with NOX-related 
pathways needs to be further clarified. Losartan, which is widely used in clinical practice, is 
another drug affecting NOX; however, its therapeutic role in liver-related diseases is not 
apparent. 
 
4.4 Drug affecting TLR 
Toll-like receptors (TLR) are a class of transmembrane proteins recognizing structurally 
conserved molecules derived from microorganisms. TLR are usually expressed in phagocytic 
cells including KC to act as a sensor in physical barriers such as the skin and intestinal mucosa. 
Essential roles of TLR in the innate immune system have been clearly recognized [43]. There 
are many subtypes of TLR found in humans, and their association with oxidative stress has 
been demonstrated [44]. As mentioned earlier, crosstalk between TLR and NOX is associated 
with fibrogenesis.  
 
ROS may directly activate TLR and induce liver injury. For example, it was shown that O2

•− 
acted through TLR-4, which subsequently activates NOX, leading to inflammation and injury 
after liver ischemia/reperfusion in mice [107]. Beyond direct activation by O2

• −, 
lipopolysaccharide (LPS), a membrane component of gram-negative bacteria that is an agonist 
of TLR-4, also induced inflammation and oxidative stress thereby contributing to liver steatosis 
as observed in liver samples obtained from NASH patient after pancreaticoduodenectomy 
[108]. The mechanism of LPS-induced ROS generation is still unknown; however, as found in 
primary human lung cancer cells, it is suggested that miRNA-21 might play a role in LPS-
induced ROS production through a direct interaction with TLR-4 [109]. In addition, high-
mobility group box 1 (HMGB1) released from hepatocytes in response to hypoxia was 
dependent on TLR4-induced ROS production and downstream Ca2+/calmodulin-mediated 
signaling [110, 111]. 
 
Inhibition of TLR-mediated oxidative stress in the mitigation of liver fibrosis was demonstrated 
using various natural-derived agents. Interestingly, the activity of natural-derived agents was 
predominantly on TLR-4 inhibition. Curcumin, the principal phenolic compound of turmeric, 
reduced high-fat diet-induced NASH and oxidative stress in mice possibly via inhibition of 
HMGB1-induced TLR-4 signaling [112]. Recently, therapeutic efficacy and safety of short-
term supplementation of both amorphous and phytosomal curcumin were shown in NAFLD 
patients; however, the association between the efficacy and TLR/oxidative stress was unknown 
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[113, 114]. Pomegranate extract inhibited sepsis-induced oxidative stress and liver injury in 
rats by inhibiting TLR-4 signaling and inflammation [115]. Quercetin, a natural flavonoid, 
ameliorated hepatic oxidative stress in CCl4-treated mice possibly due to inhibition of the TLR-
2/TLR-4 pathway [116]. In another study, it was found that the anti-inflammatory, anti-
oxidative and hepatoprotective properties of quercetin in methionine-choline deficient diet-
induced NASH mice model was due to interference with TLR signaling [117]. Due to anti-
HCV activity of quercetin in vitro, a phase I clinical study of quercetin was performed in 
chronic HCV patients, and the study result showed the promising efficacy and safety. 
Nonetheless, its effect on TLR and oxidative stress in patients is unknown [118]. Via inhibition 
of the TLR-4/NF-kB pathway, hepatoprotective effects of a potential probiotic, Lactobacillus 
plantarum NDC 75017, against LPS-induced oxidative stress and inflammation were shown in 
mice [119]. Due to the positive contribution in the gut-liver axis, supplementation of probiotics 
is an attractive treatment option for treating various liver diseases such as NAFLD and hepatic 
encephalopathy. The effectiveness of various probiotics was shown in several randomized-
controlled trials, despite unknown TLR-related effects [120, 121]. Bicyclol, an anti-hepatitis 
drug available in China, also exhibited hepatoprotective effects and attenuated oxidative stress 
during liver injury in mice via inhibiting the TLR-4/NF-kB pathway [122]. In addition, clinical 
efficacy of bicyclol was shown in patients with drug-induced liver injury and NAFLD [123-
125]. Asiatic acid from Potentilla chinensis attenuated alcohol-induced liver injury in rats by 
reducing oxidative stress and inhibiting KC activation by down-regulating TLR-4 signaling 
[126]. (-)-Epigallocatechin-3-gallate, a polyphenolic compound in green tea, rescued 
concanavalin-A-induced liver injury in mice by inhibiting TLR-2, TLR-4 and TLR-9 signaling 
resulting in reduced oxidative stress and increased anti-oxidant capacity [127]. In Otsuka Long-
Evans Tokushima Fatty (OLETF) rats, alpha-lipoic acid inhibited TLR-4/HMGB1 signaling 
and downstream inflammation, reduced lipid peroxidation and increased anti-oxidant capacity 
of the liver [128]. Clinical efficacy of alpha-lipoic acid was evaluated in pre-cirrhotic alcohol-
related liver disease patients, but its therapeutic potency was not found [129]. Interestingly, 
although TLR-4 signaling was closely related to oxidative stress, this association was likely 
mediated via interleukin-1 receptor associated kinase-1 (IRAK-1) [130].  
 
Besides specific interactions with TLR-4, other natural-derived agents also reduced oxidative 
stress via unidentified TLR-subtypes or various TLR-related pathways. Agrimonia eupatoria 
water extract ameliorated chronic alcohol-induced liver injury in rats probably via down-
regulating TLR-signaling and suppressing oxidative stress [131]. Lonicera caerulea berry 
extract suppressed inflammation via TLR and oxidative stress-associated mitogen-activated 
protein kinase signaling in the liver of LPS-treated rats [132]. Limonin, from citrus fruits, 
exhibited hepatoprotective, anti-oxidative and anti-inflammatory effects by down-regulating 
TLR-signaling after liver ischemia/reperfusion in rats [133]. Aloin, a major anthraquinone 
extracted from Aloe ferox Mill. and Aloe vera L., ameliorated alcoholic liver injury in mice by 
reducing lipid accumulation, oxidative stress and LPS-induced inflammatory responses [134]. 
Polyene phosphatidylcholine, a preparation of essential phospholipids, showed anti-
inflammatory and anti-fibrotic effects in ethanol-fed mice possibly due to inhibition of ROS-
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generating enzymes: NOX4, CYP2E1 and acyl-CoA oxidase and restoration of increased LPS-
mediated signaling [135].  
 
Numerous natural-derived agents can inhibit TLR-4 or associated signaling pathways to 
attenuate oxidative stress, liver inflammation and/or fibrosis in preclinical studies. In addition, 
the clinical efficacy of several compounds affecting TLR, i.e. curcumin, quercetin, probiotics 
and bicyclol, for the treatment of liver fibrosis-related diseases has been revealed. 
Unfortunately, the association between the therapeutic effect and TLR-related pathways of 
these compounds has not been systematically tested in humans.  
 
 
Table 1. Potential drugs affecting ROS generators and their main effects in notable liver 
disease-related clinical trials.  
 

Drug Disease Main feature 
Mitochondrial dysfunction inhibitors 
Coenzyme  
Q10 (CoQ10) 

Primary biliary 
cirrhosis [56] 

• Patients received the anti-oxidant vitamin 
preparation alone or a combination of the anti-
oxidant vitamin preparation and CoQ10 (100 
mg) for 3 months.  

• The drug combination improved pruritus and 
fatigue when compared to the anti-oxidant 
vitamin preparation alone. 

• No change in biochemical parameters in both 
groups. 

• No evaluation on oxidative parameters and 
mitochondrial dysfunction. 

• This study was a pilot unblinded study, and 
further RCT is required. 

Non-alcoholic 
fatty liver disease 
(NAFLD) [58] 

• Patients received CoQ10 (100 mg) or placebo 
for 4 weeks.  

• CoQ10 treatment decreased waist 
circumference, serum AST and TAC levels. 

• No evaluation on NAFLD progression. 
• This RCT showed the association of CoQ10 

therapy with oxidative status (TAC levels) and 
biochemical parameters. 

• Authors suggested longer duration and higher 
dosage of therapy. 

NAFLD [57] • Patients received CoQ10 (100 mg) or placebo 
for 12 weeks.  
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• CoQ10 treatment decreased serum AST, GGT, 
hs-CRP, TNF-a and the grades of NAFLD, 
while adiponectin were increased. 

• No evaluation on oxidative parameters and 
mitochondrial dysfunction. 

• This RCT showed the benefit of CoQ10 on both 
biochemical parameters and progression of 
NAFLD.  

Mitoquinone 
mesylate  

HCV  infection 
(Gane et al. 2010) 

• Patients received mitoquinone mesylate (40 or 
80 mg) or placebo for 28 days.  

• Mitoquinone mesylate treatment improved 
serum AST and ALT. 

• No change in HCV load and serum GGT. 
• No evaluation on oxidative parameters and 

mitochondrial dysfunction. 
• The efficacy of mitoquinone mesylate in 

clinical practice needs to be elucidated further. 
NIM811 HCV-genotype 1 

infection [69] 
• Patients received NIM811 (10-600 mg) alone 

while relapsed patients received a combination 
of NIM811 and PEG-IFN-a for 14 days.  

• NIM811 monotherapy decreased serum ALT. 
• NIM811 treatment did not improve virological 

response. 
• No evaluation on oxidative parameters and 

mitochondrial dysfunction. 
• NIM811 might possibly be used as an add-on 

regimen. 
• Clinical efficacy of NIM811 seemed to be 

dependent on anti-HCV activity. 
ER stress inhibitors 
Glycerol 
phenylbutyrate 

Hepatic 
encephalopathy 
(HE) [89] 

• Cirrhotic patients who experienced HE events 
received glycerol phenylbutyrate (12 mL in 2 
divided doses) or placebo for 16 weeks. 

• Glycerol phenylbutyrate treatment reduced the 
proportion of patients who experienced a HE 
event, time to the first event, total events, 
plasma ammonia level and hospitalization. 

• No evaluation on oxidative parameters and ER 
stress. 

• Therapeutic efficacy of glycerol 
phenylbutyrate seemed to be due to the 
alternative pathway in excreting body nitrogen 
was facilitated. 



Targeting oxidative stress for the treatment of liver fibrosis 
 

	 143 

C
ha

pt
er

 6
 

NOX-inhibitors 
GKT137831 Primary biliary 

cholangitis 
(clinicaltrials.gov: 
NCT03226067) 

• Patients who are taking ursodeoxycholic acid 
and have high levels of ALP received 
GKT137831 (400 or 800 mg) or placebo for 
32 weeks. 

• Primary outcome was the change in serum 
GGT. 

• Other measurements were serum ALP, hs-CRP, 
AST, ALP, bilirubin, bile acid and APRI. 

• Transient elastography and serum levels of 
collagen formation/degradation markers are 
used to assess fibrosis status. 

• No designed evaluation on oxidative 
parameters and NOX activity. 

• This study is ongoing. 
Docosahexaenoic 
acid (DHA) 

NAFLD [102]. • Patients received DHA+EPA (4 g in divided 
doses) or placebo for 15-18 months. 

• DHA+EPA treatment tended to decrease liver 
fat. 

• No improvement on fibrosis scores.  
• No evaluation on oxidative parameters and 

NOX activity. 
• The association between reduced liver fat and 

oxidative stress- or NOX-related parameters 
was unknown. 

Losartan HCV infection 
[106] 

• Patients received losartan (50 mg) for 18 
months. 

• Losartan treatment improved fibrosis and 
inflammatory-related parameters in half of the 
patients. 

• Losartan treatment decreased the expression of 
several pro-fibrogenic and NOX genes. 

• No average improvement in the fibrosis scores, 
liver enzymes and viral load.  

• Improved clinical parameters appeared to be 
associated with NOX inhibition. 

Drugs-affecting TLR 
Curcumin NAFLD [113] • Patients received the amorphous dispersion 

curcumin formulation (500 mg equivalent to 
70 mg curcumin) or placebo for 8 weeks. 

• Curcumin supplementation reduced liver fat 
content, BMI, serum cholesterol, LDL, 
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triglycerides, AST, ALT, glucose and glycated 
hemoglobin. 

• No evaluation on oxidative parameters and 
TLR activity. 

• Although anti-oxidative and anti-inflammatory 
activities of curcumin are widely known, its 
underlying mechanism in NAFLD patients 
need to be further elucidated. 

NALFD [114] • Patients received phytosomal curcumin 
(1000 mg) or placebo for 8 weeks.  

• Curcumin supplementation reduced liver fat, 
BMI, waist circumference, serum AST and 
ALT.  

• No evaluation on oxidative parameters and 
TLR activity. 

• Although anti-oxidative and anti-inflammatory 
activities of curcumin are widely known, its 
underlying mechanism in NAFLD patients 
need to be elucidated further. 

Quercetin HCV infection 
[118] 

• Untreated HCV patients received quercetin 
(2000-5000 mg) for 28 days. 

• Quercetin treatment decreased viral load in 8 
out of 30 patients.  

• No changes in serum AST and ALT. 
• No evaluation on oxidative parameters and 

TLR activity. 
• This phase I RCT aiming to preliminary 

evaluate anti-HCV efficacy, not the association 
with TLR. 

Probiotics NAFLD [136] • Lean NAFLD patients received the synbiotic 
formulation (7 strains of probiotics and a 
prebiotic) or placebo for 28 weeks. 

• Synbiotic supplementation reduced hepatic 
steatosis, fibrosis, fasting plasma glucose, 
serum triglycerides and inflammatory 
mediators. 

• No evaluation on oxidative parameters and 
TLR activity. 

• Authors suggested further studies to address 
mechanism of actions of the synbiotic. 

Bicyclol NAFLD with 
impaired fasting 

• NAFLD patients with impaired fasting plasma 
glucose and taking metformin received 
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plasma glucose 
[125] 

bicyclol (75 mg) or a-tocopherol (100 mg) for 
24 weeks. 

• Both treatments improved BMI, waist-to-hip 
ratio and biochemical parameters. 

• Bicyclol treatment was more effective in 
decreasing serum ALT, inflammatory markers 
and NAS. 

• Although no evaluation in oxidative 
parameters and TLR activity, this study 
compared the effect of bicyclol with the well-
known anti-oxidant vitamin a-tocopherol. 

ALP, alkaline phosphatase; ALT, alanine aminotransferase; APRI, AST to platelet ratio index; 
AST, aspartate aminotransferase; BMI, body mass index; DHA, docosahexaenoic acid; EPA, 
eicosapentaenoic acid; GGT, gamma-glutamyl transpeptidase; HCV, hepatitis C virus; HE, 
hepatic encephalopathy; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density 
lipoprotein; NADPH, nicotinamide adenine dinucleotide phosphate; NAFLD, non-alcoholic 
fatty liver disease; NAS, NAFLD activity scores; NOX, NADPH oxidase; PEG-IFN-a, 
PEGylated interferon alpha; RCT, randomized-controlled trial; TAC, total antioxidant 
capacity; TLR, Toll-like receptor; TNF-a, tumor necrosis factor alpha. 
 

5. Challenges for targeting oxidative stress in the management of 
liver fibrosis 
 
Despite the potential of inhibition of oxidative stress for the treatment of liver fibrosis, clinical 
development of these promising drugs faces several challenges. In this section, two major 
challenges, viz. maintaining physiological ROS levels and monitoring individual redox state, 
are discussed. 
 
5.1 Maintaining ROS needed for physiological processes 
Even though oxidative stress is involved in the pathogenesis of numerous diseases, ROS can 
also be beneficial. In the innate immune system, neutrophils utilize NOX-derived O2

•− for 
eliminating pathogens [137]; therefore, the effect of NOX inhibitors on neutrophil function 
may be of concern and needs to be further elucidated. Additionally, low levels of ROS appear 
to positively affect aging processes by modulating mitochondrial hormesis, also known as 
mitohormesis [138]. In mitohormesis, H2O2 generated during oxidative phosphorylation in the 
mitochondria were found to function as signaling molecules to prevent and delay a number of 
chronic diseases, thereby extending the lifespan of various species including mice [4, 138]. The 
opposing functional roles of ROS complicate the choice of agents to efficiently target oxidative 
stress for the treatment of various diseases including fibrogenesis of the liver. By using 
systemic anti-oxidant therapy for the treatment of liver fibrosis, alleviation of oxidative stress 
in the liver may be accompanied by the inhibition of beneficial effects of ROS in other tissues 
[2, 3, 6]. Furthermore, determining the cellular specificity of anti-oxidative agents is a 
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challenge. As discussed earlier, availability of mitoquinone mesylate tends to be higher in the 
liver due to the high number and density of mitochondria when compared to other tissues where 
mitochondria are less abundant [59-61]. Thus, liver specific anti-oxidants would be a valuable 
therapy when liver-specific molecular or subcellular targets are characterized [139]. 
Additionally, modern drug delivery technologies such as using protein carrier or polymeric 
nanoparticles containing the active drug inhibiting oxidative stress that directly target liver 
cells might be a successful approach [140, 141].  

 
5.2 Monitoring individual redox state 
Due to the duality of ROS function, an accurate determination of an individual's redox state, 
ideally in the liver, is required to correctly administer drugs that target oxidative stress. In order 
to clinically assess the redox status, easy applicable and non-invasive biomarkers are necessary 
[142]. It seemed that using biomarkers of lipid peroxidation such as malondialdehyde (MDA) 
and 4-hydroxynonenal (HNE) were frequently accepted for measurements of oxidative stress 
in clinical practice [143, 144]. Nevertheless, none of these promising candidates are 
acknowledged as a surrogate biomarker [142]. Sensitivity, specificity and reproducibility of 
oxidative stress biomarkers are important issues. For instance, in the colorimetric 
measurements of plasma MDA levels, invalid results may be obtained due to the interference 
with other plasma components [145, 146]. Recently, unreliable results of MDA measurements 
were observed in healthy people and psychiatric disorder patients, illustrating the shortcoming 
of this popular biomarker of oxidative stress [147]. Ideally, identification of biomarkers that 
exclusively reflect the liver redox status would be practical; however, this goal seems difficult 
to achieve since a liver-specific biomarker is unavailable [148]. Therefore, clinical 
manifestations of liver injury should always be simultaneously assessed with biomarkers of 
oxidative stress. This principle was used in the evaluation of the oxidative stress in patients 
with a chronic fascioliasis infection for optimization of an individual’s therapeutic strategy 
[149]. 
 
Finally, although numerous studies have been conducted to explore the role of oxidative stress 
and anti-oxidants in health and disease, proper management for the complicated regulation of 
ROS is still under debate [2, 3, 6]. Therefore, more studies must be performed to elucidate the 
optimal redox status of the liver. Also new strategies to directly target oxidative stress in the 
liver need to be further explored. Such studies will accelerate the development of therapeutic 
modalities to reduce oxidative stress and consequently liver fibrosis.  
 
6. Conclusion 
 
ROS are generated in various molecular processes and organelles. Oxidative stress affects 
several cellular functions of the liver and plays a significant role in the progression of liver 
fibrosis. Today, novel drugs that directly target oxidative pathways, particularly ROS 
generators, that is, inhibitors of mitochondrial dysfunction, endoplasmic reticulum stress and 
NOX, and drugs affecting TLR, are promising new therapies to modulate oxidative stress. 
Nonetheless, the effectiveness of these promising drugs on oxidative stress-related liver 
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diseases is mostly acknowledged in a preclinical stage. Therefore, systematic evaluation 
aiming to determine their efficacy and underlying mechanism of action in patients are needed. 
In addition, it should be noted that numerous challenges need to be overcome before it is 
possible to successfully target the complicated redox status for the treatment of liver fibrosis. 
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Fibrosis, which progressively deteriorates tissue function and eventually organ failure in 
various organs (lung, kidney, liver and skin), contributes to around 45% of deaths in the 
western world [1]. Although the liver has a high capacity for reversing chronic injury, persistent 
injury can develop to liver fibrosis and further to cirrhosis or even hepatocellular carcinoma 
(HCC), leading to liver failure, to which currently only liver transplantation is an effective 
therapy. Although it has long been thought that liver cirrhosis is not reversible, recent antiviral 
(hepatitis C and B) treatment provides evidence for the reversibility of liver fibrosis, even at 
the end-stage of fibrosis (cirrhosis) [2]. We believe that elucidating the mechanism of liver 
fibrosis can contribute to the development of therapies for reversing fibrosis or cirrhosis. 
However, liver fibrosis is a multicellular process that involves complex pathways, making it 
challenging to battle this disease. In this thesis, we used ex-vivo precision-cut liver slices to 
unravel the mechanism of gut-liver axis induced liver inflammation and liver fibrosis as well 
as evaluated two potential small molecules for their anti-fibrotic efficacy in different species.  
 
Liver fibrosis is a multicellular process 
Liver fibrosis is characterized by excessive extracellular matrix (ECM) accumulation due to 
the imbalance in the synthesis and degradation during chronic injury: upregulation of collagen 
synthesis and reduced degradation (downregulation of matrix metalloproteinase (MMPs) and 
increase of tissue inhibitor of matrix metalloproteinase (TIMPs)) [3]. When the liver injury is 
persistent, fibrosis may progress to cirrhosis, which is characterized by bridging fibrosis 
between portal veins, disrupted liver structure and even limiting or loss of vital liver function 
[4]. Activated myofibroblasts are considered to be the main player for ECM deposition [5]. 
Activated myofibroblast can derive from quiescent hepatic stellate cells (HSCs), bone marrow 
derived cells, portal fibroblast or epithelial-to-mesenchymal transition (EMT) [5]. Among 
these, HSCs activation is widely accepted as the key driver of liver fibrosis and a promising 
target cell for medicines to reverse fibrosis [6]. Toxins (e.g. carbon tetrachloride), viruses 
(hepatitis virus B, C), pathogen associate molecular patterns (PAMPs) (e.g. lipopolysaccharide 
(LPS), microbial nucleic acids and peptidoglycan) and oxidative stress or reactive oxygen 
species (ROS) can stimulate various pathways discussed in the next section that activate HSCs. 
In addition, macrophages in the liver, resident Kupffer cells and circulating monocytes 
developed from bone marrow cells, are instrumental in the liver fibrosis development by 
producing cytokines such as interleukin-6 (IL-6) and transforming growth factor-b (TGF-b) to 
activate HSCs [7]. Hepatocytes can sense the cytokines secreted by the macrophages, 
producing TGF-b and ROS to activate HSCs, which in return secrete TGF-b, IL-6 and TNF-a 
to stimulate hepatocytes to go into apoptosis or necrosis [8]. Taken together, liver fibrosis is a 
complex multicellular physiological process with intracellular communication to accomplish 
wound healing, however, an imbalance in this process will lead to a pathological state. The 
multicellular phenomena in liver fibrosis are shown in Figure 1. 
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Figure 1: Simplified illustration of multicellular involvement in liver fibrosis  
HSCs (hepatic stellate cells; a-SMA (a-smooth muscle actin); TGF (transforming growth 
factor); IL (interleukin); TNF (tumor necrosis factor); ROS (reactive oxygen species); KC 
(Kupffer cells); HBV (hepatitis B virus); HCV (hepatitis C virus); PAMPs (pathogen 
associated molecular patterns); TIMPs (tissue inhibitors of metalloproteinases); MMPs (matrix 
metalloproteinases); HCC (hepatocellular carcinoma).  
  
Models used in liver fibrosis research 
Mechanism of fibrosis and antifibrotic drug efficacy are mostly studied in in vivo animal 
models and in vitro in primary cells and cell lines. In table 1 some of the classical models as 
well as novel developing models in liver fibrosis are listed. In vivo animal models for fibrosis 
commonly used in research include: alcohol-induced liver disease; carbon tetrachloride (CCl4) 
induced liver fibrosis; diet induced non-alcoholic fatty liver model; common bile duct ligation 
model and genetically modified fibrosis models [9].  Although in vivo animal models represent 
the best physiology model of a living animal, the limitations are: it takes a long time to develop 
(high cost, low throughput); inter-lab variability; risk of non-relevant results that do not or 
partially reflect the pathophysiology of human liver fibrosis and raises ethical concern for the 
animal welfare.  
 
In addition, the mechanism of fibrosis and the effect of potential anti-fibrotic drugs are also 
studied in in vitro models. HSCs can be studied using primary isolated cells or immortalized 
cell lines (e.g. mouse NIH 3T3, human LX-2) obtained from animal or human tissue [9]. 
Primary isolated cells are superior in representing the HSCs in vivo compared to cell lines, yet 
they are much harder to culture or manipulate in vitro and have only a limited life span [10]. 
In contrast, cell lines are normally easy to keep in long-term culture and can be manipulated 
with genetic tools, they are however poorly correlating with HSCs in their in vivo situation 
[11].  
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To mimic the multicellular aspect of fibrosis, co-cultures of the various cell types involved 
represent another model that is used in fibrosis research. Liver cells can be co-cultured to obtain 
the cell-cell interactions important during progression of fibrosis. Incubating or 3D culturing 
of hepatocytes with HSCs, Kupffer cells, sinusoidal endothelial cells and a mixture of non-
parenchymal cells is possible [12-14].  However, due to the different cellular sources and 
protocols the validation and reproducibility of these co-culturing systems are a concern [14, 
15]. Another possible 3D culture is represented by the hepatic organoids, which are 3D mini 
livers that can be obtained from actively dividing stem cells (Lgr5+) derived from damaged 
mouse liver [16]. In addition, the same group also developed organoids from adult bile duct-
derived bipotent progenitor cells, which could differentiate into in vitro and in vivo functional 
hepatocytes that could engraft into damaged mouse liver [17]. This system provides a 
promising model for screening drugs for efficacy or toxicity or transplantation of patient 
derived organoids to a damaged human liver [18, 19]. However, the relevance of this system 
to the human organ needs to be further explored and validated, since only 33-50% of the cells 
in the organoid differentiate into functional hepatocytes [20]. In addition, the organoids do not 
contain HSCs and other liver cells, making them less suitable for fibrosis research. The Liver-
on a chip is a 3D micro-physiological cell culture system on a microchip that aims to contain 
in vivo tissue components, mimic the functions, and maintain biochemical signals and the 
microenvironment [21-23]. Although it is a promising model to replace animal testing, and can 
be used to study multi-organ interactions or even personalized drug testing, careful validation 
of the protocols and cellular sources and functional characterization needs to be carried out 
before it can be widely applied [23]. In addition, inter laboratory variances exist, as there are 
no standard “chips” available [23].  
 
Compared to all discussed in vitro systems, the multicellular character of precision-cut liver 
slices (PCLS) seem to be more relevant to the in vivo situation as they are maintaining the 
cellular architecture and interactions in their original context. Moreover, human PCLS 
overcome translation between animal species and men and this makes it an appealing model 
for investigating the mechanism of fibrosis, anti-fibrotic drug efficacy or toxicity in a setting 
closer to man.  
 
Even though none of the above-mentioned models are perfect for representing the complex 
human physiology or pathology, they could provide valuable evidence to elucidate the 
mechanism of fibrosis. 
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Table 1: Representative in vitro and in vivo models of liver fibrosis (modified from [9]) 

 Models Advantages Disadvantages 
In vivo    
Chemical induced Alcoholic Clinically relevant Low throughput 
 Carbon tetrachloride (CCl4) High reproducibility; 

Close to human liver 
fibrosis 

Ethical concern 
Low throughput 

Diet induced Methionine-deficient and 
choline-deficient diet 
(MCD); 
High-fat diet; 
Choline-deficient L-amino 
acid defined diet 

Mimics human non-
alcoholic fatty liver 
disease or  

Inter lab variances due 
to differently 
standardized diet 
Low throughput  

 steatohepatitis  
   
Surgery based Common bile duct ligation  Close to human 

cholestatic injury 
Low throughput 

Genetically 
modified 

Mouse multidrug resistance-
associated protein 2 (Mdr2) 
knock-out 

Close to human chronic 
biliary injury 

Partly resembling the 
human pathophysiology  

In vitro    
Primary cells Primary HSCs Relatively good 

representation to HSCs in 
vivo 

Hard to culture & 
manipulate 
Limited life span 
Limited human material 
supply 

Cell lines LX-2 Easy to culture & 
manipulate with genetic 
tools 

Poor correlation with 
HSCs in in vivo 

Co-cultures Hepatocytes with HSCs, 
Kupffer cells or sinusoidal 
endothelial cells 

Presence of cell-cell 
interaction 

Validation and 
reproducibility of the 
system is uncertain 

Liver-on a chip Liver cells with or without 
cells from other organs 

Maintaining in vivo 
microenvironment 
Real time monitoring of 
culture system and 
metabolism 
Multi-organ interaction 

Protocols and platform 
varies between labs 
 

Hepatic organoids Stem cell derived hepatocytes Use of adult cell from 
patients, no genetic 
manipulation needed 

No presence of non-
parenchymal cells  
Relevance of human 
organ needs validation 
 

Precision-cut liver 
slices 

All resident cells the liver  Cell-cell interaction 
Standard protocol 
Physiologically relevant 

Limited life span 
Limited human material 
supply 
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Gut-liver axis and liver fibrosis 
Gut microbiota, considered as “the new virtual metabolic organ”, got rapid and global scientific 
interest because of its undeniable effect on the host physiology and during disease progression 
[24]. In liver diseases, also the quantity and quality of gut-microbiota changes (dysbiosis) [25]. 
Especially in liver fibrosis the gut permeability increases during disease progression, this will 
lead to increase of the pathogen-associated molecular proteins (PAMPs), the components of 
the gut microbiota, reaching the liver via the portal circulation [26]. This interaction between 
the liver and the gut is the so-called gut-liver axis. In alcoholic liver diseases, specifically in 
actively drinking patients with cirrhosis or severe alcoholic hepatitis patients, serum levels of 
LPS, a component of the Gram-negative bacteria, is dramatically increased, which may lead to 
liver injury through gut-liver axis [27]. Not only in alcoholic but also in the non-alcoholic 
steatohepatitis, the inflammation induced by the PAMPs is an important link between the initial 
metabolic stress, death of hepatocytes and fibrosis [25]. Toll like receptors (TLRs), which are 
responsible for sensing PAMPs, are one family of pattern recognition receptors in the innate 
immunity [28]. Most studies that studied TLRs and PAMPs and their effect on liver disease 
progression are described in Table 2. After activation of TLRs by PAMPs, various cytokines 
are produced by macrophages. Including IL-6, which promotes survival and proliferation of 
HSCs, TNF-a responsible for survival of HSCs and IL-1b, which activates HSCs [29-31]. 
Although inhibiting the inflammatory response is necessary to control the liver fibrosis 
progression, targeting of an individual cytokine might not be enough to inhibit fibrosis due to 
the complexity of the inflammatory reaction in liver fibrosis. 
  
Up until now, this discussion has been focusing on the liver side of the gut-liver axis, however 
managing the dysbiosis in the gut may also be a promising way of improving liver fibrosis 
progression. Untargeted approaches like changing diet, using probiotics/antibiotics or faecal 
microbial transplantation are possible to manage the gut microbiota [27]. However, 
personalized, precision bio-engineered bacterial strains or drugs that target specific bacteria 
seem more promising to accurately modulate the gut microbiota [32]. 
 
Although the gut microbiota is considered to be a bad player in liver disease development, our 
finding in Chapter 2 showed a positive role of the gut microbiota of providing a certain level 
of reduced sensitivity to LPS. Similar to our observation, the detrimental effect of the absence 
of the gut microbiota on liver pathology has been described: germ free (GF) mice are more 
responsive to chemical- or alcohol-induced liver injury and biliary tract injury [33-35]. 
Collectively, when using the GF rodents to study liver fibrosis or gut-liver axis, the 
hypersensitivity of them to a certain stimulus must be considered.  
  
The gut-liver axis related liver fibrosis is mainly studied in animal models as abovementioned.  
In Chapter 3, we investigated the effect of gut-liver axis derived LPS on human PCLS. During 
the different stages of liver disease, the LPS derived from the gut-liver axis may play different 
roles as shown in Chapter 3. At the initial state, LPS are promoting both inflammation and 
fibrosis, initiating the whole spectrum of the liver’s wound healing process; at the end-stage 
liver disease, LPS can only promote an elevated inflammatory response but will not lead to 
further progression of fibrosis. The enhanced inflammation might be due to a lower level of 
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anti-inflammatory factor present (such as interleukin 1 receptor antagonist, IL-1Ra) compared 
to the situation in the healthy liver; in addition, the cirrhotic liver shows more regeneration-
related processes (represented by among others vascular endothelial growth factor (VEGF) and 
granulocyte-colony stimulating factor (G-CSF)) instead of further progression into fibrosis, 
unlike what was found for the healthy livers when encountering LPS. Furthermore, LPS 
upregulated a series of cytokines in the cirrhotic PCLS, and some of these cytokines have a 
role in cancer progression [36-40]. Thus, LPS might play a role in the progression from 
cirrhosis to hepatocellular carcinoma (HCC). It remains to be studied whether the above-
mentioned effect is also true for other PAMPs. 
 
Results from Chapter 2 and Chapter 3 from specific pathogen-free mouse and healthy human 
PCLS indicate that interleukin-1b (IL-1b) and IL-6 gene expression patterns were similar in 
mouse and human PCLS treated with LPS; the cytokine expression of IL-1b was similar at 24h 
with LPS, but not at 48h, where human IL-1b cytokine was still upregulated by LPS while this 
was not the case in murine PCLS. Tumor necrosis factor-a (TNF-a) gene expression was not 
upregulated at 24h in human PCLS by LPS, but it was enhanced in mouse PCLS at the same 
time point. However, the protein expressions of TNF-a were similar in mouse and human 
PCLS: upregulated at 24h and back to control level at 48h with LPS treatment. Our previous 
study on both rat and human PCLS showed that LPS induced TNF-a mRNA at 5h but not 24h, 
while the cytokine was upregulated at 24h by LPS [41].  These results suggest that there are 
time differences in the gene and protein expression of cytokines in the liver between rodent 
and human. 
 
Table 2: Representative toll-like receptors (TLRs) that are involved in liver fibrosis 

Receptor Ligands 
TLR-4 Lipopolysaccharide, low-molecular weight hyaluronic acid, heparin sulfate, 

saturated fatty acid, fibrinogen, fibronectin, heat shock proteins 60 and 70, high 
mobility group box-1, degraded matrix [42] 

TLR-9 Unmethylated CpG DNA found in bacteria or mammalian self DNA [43] 

TLR-2 Peptidoglycan [44] 
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Multiple pathways involved in liver fibrosis 
TGF-b signaling pathway is the well-accepted master regulator of liver fibrosis [45]. All the 
identified three isoforms (TGF-b1-3) have been reported to be involved in fibrosis, among 
which TGF-b1 is the most prominent one in liver fibrosis [46-48]. The latent TGF-b complex, 
which is inactive, can be cleaved by proteases (e.g. MMP2&9) to release the active TGF-b; 
only this active TGF-b binds to TGF-b receptor 2 (TbR2) as a homodimer, recruits and 
activates TbR1 to activate the downstream signaling pathway [49]. This TGF-b canonical 
signaling pathway will lead to phosphorylation of SMAD2&3 that in turn binds to SMAD4, 
which is then translocated to the nucleus to initiate transcription of specific genes that are 
responsible for activating myofibroblasts and ECM deposition [45]. In an alternative non-
canonical signaling pathway, TGF-b receptors activate, among others, mitogen-activated 
protein kinases (MAPK), phosphatidylinositol-3-kinase (PI3K)/ protein kinase B (AKT) and 
Ras and Rho-like small GTPases [45]. In this thesis, we characterized the effect of blockade of 
TbR1 (Chapter 4) and TbR1/2 (Chapter 5) on liver fibrosis in order to shed more light on the 
involvement of TGF-b signalling in the mechanism of liver fibrosis and to elucidate species 
differences in this. Galunisertib, studied in Chapter 4 in human and rat PCLS, is a TbR1 
inhibitor that is aimed for treating hepatocellular carcinoma, and it is still in Phase 2 study, 
which is estimated to complete before the 1st May 2019. In vivo experiments in CCl4-treated 
mice showed that galunisertib exhibited an antifibrotic effect: less a-SMA positive cells, 
reduced fibrotic area and hydroxyproline content; but did not reduce gene expression of TIMP1 
[50]. Consistent with this observation, our results showed that galunisertib can reduce TGF-b 
signaling in human PCLS, reducing expression of various collagens and the enzymes involved 
in collagen maturation and fibril formation. On the other hand, not like in the CCl4 mouse 
model, gene expression of TIMP1 was downregulated by galunisertib in human PCLS, 
indicating a different effect of galunisertib on the collagen degradation enzymes in the two 
species. Moreover, according to our observation, the spontaneous onset of fibrosis in healthy 
and cirrhotic PCLS of the rat shares at least one common pathway that is due to TGF-b 
activation. While galunisertib as well as LY2109761 exhibited excellent antifibrotic efficacy, 
LY2109761 had an additional inhibitory effect on another pathway, e.g. bone morphogenetic 
protein (BMP) signaling pathway whose role in the fibrosis development is still controversial 
(either promoting or inhibiting) [51]. In Chapter 5, the overall effect of LY2109761 was anti-
fibrotic. This data suggests that either BMP signalling is pro-fibrotic or that inhibiting its anti-
fibrotic action does not result in increased fibrosis. Even though a broader inhibitory effect 
could lead to better antifibrotic properties, it might also increase the risk of additional toxicity.  
 
Activation of the TGF-b signaling pathway enhances ROS production in various liver cells 
[52], amplifying the liver inflammation and fibrosis. On the other hand, ROS transforms latent 
TGF-b into the active form to initiate the downstream signaling [53]. Thus, scavenging or 
balancing ROS derived oxidative stress is a challenging yet a potential substantial approach to 
combat fibrosis, as discussed extensively in Chapter 6. Future experiments with ROS-
inducing and inhibiting compounds in human PCLS could shed more light on the importance 
of ROS in fibrosis and the potential of anti-oxidants in fibrosis therapy. 
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PCLS in fibrosis research 
PCLS have been used by us (this thesis and [41, 54-61]) and others [62-64] in fibrosis research, 
and the results show that the pathways involved in fibrosis are active in this model. An 
important motivation to use PCLS model is to reduce discomfort in animals by inducing 
inflammation by LPS in PCLS (Chapter 2) thereby avoiding the detrimental effects of LPS in 
vivo. Furthermore, by investigating the effect of LPS in human cirrhotic livers, no diseased 
animal models with high discomfort had to be used and human specific data were obtained 
(Chapter 4). Reduction in the number of animals and refinement were also accomplished by 
preparing and culturing liver slices from one animal and studying different conditions in one 
liver, while in an in vivo model only one condition can be studied per animal (Chapter 2 and 
4). The anti-fibrotic effect of galunisertib in vivo [50] was successfully mimicked in human 
and rat liver slices (Chapter 4). In addition, we showed that there are time differences in the 
gene and protein expression of cytokines by treating PCLS with LPS in the rodent and human 
liver (Chapter 2 and 3). Utilizing human PCLS can contribute to the translation from animal 
results to man (Chapter 3, 4 and 5), however more studies are necessary, when in the end anti-
fibrotic drugs are available, to confirm to what extent PCLS represent the in vivo situation in 
fibrosis research. Limitations of the PCLS model are the relative short life span of the slices 
and the absence of blood-derived immune cells in the PCLS. Extending the life span of human 
PCLS to 5 days has been achieved by choosing an enriched medium [65] and future research 
will show if this life span can be further extended. In addition, it might be interesting to culture 
the slices in the presence of blood-derived immune cells. Currently, we are trying to genetically 
modulate the precision-cut lung slices on gene and protein levels using siRNA [66], yet the 
application of this silencing technique in liver slices remains a challenge. Moreover, the scarce 
availability of vital human liver for preparing slices limits this technique for extensive use in 
laboratories.  
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Conclusion 
Liver fibrosis is a complex process not only involving various cells, but also multiple pathways: 
at least innate immune signaling (as discussed above), proliferative and fibrogenic pathways 
(among others TGF-b) are involved [6]. In addition, reactive oxygen species (ROS) produced 
by TLRs stimulated macrophages and damaged hepatocytes induce paracrine signals (for 
instance ROS and TGF-b) to activate HSCs [67] (Figure 1). Thus, targeting one cell type or 
signaling pathway may not be adequate for fibrosis treatment, multi-target strategy might 
provide more powerful impact on combatting liver fibrosis. The studies described in this thesis 
add to the conviction that human and animal PCLS could be a promising model to study the 
mechanism of fibrosis and exploring antifibrotic agents, and species-difference therein. 
Moreover, they contribute to the reduction and refinement of the use of experimental animals.  
 
Collectively, modulating the gut microbiota, inhibiting TGF-b signaling pathway and 
balancing the oxidative stress in the liver would provide promising strategies to treat fibrosis. 
However, the multi-organ, multicellular and multi-signaling pathway complexity and species 
differences make it challenging for the researchers to translate the knowledge of basic research 
into the clinic. By utilizing appropriate models to study the mechanism of fibrosis and to 
evaluate the drug efficacy of antifibrotic agents would assist the translational process from 
bench to bed-side. 
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Summary 
 

English Summary 
 
Liver fibrosis is a pathological condition that is characterized by excessive deposition of 
extracellular matrix (ECM) proteins; if not controlled, this will finally lead to liver cirrhosis 
and organ failure. Liver fibrosis is considered to be initiated by the activation of hepatic stellate 
cells (HSCs) due to various injuries: viral, alcoholic and non-alcoholic fatty liver diseases. One 
of the important pathways involved in liver fibrosis is signaling through transforming growth 
factor-b (TGF-b). In addition, components from the gut-liver axis and oxidative stress have 
been identified as critical players in the development of liver fibrosis. Currently, neither the 
mechanism of liver fibrosis is fully understood nor has an effective anti-fibrotic strategy been 
developed. The work in this thesis strived to unravel the mechanism of liver fibrosis as well as 
to explore the possibilities of anti-fibrotic strategy using small molecules, from a perspective 
of human and rodent ex vivo model of precision-cut liver slice (PCLS).  
 
The data obtained in this thesis is derived from both rodent and human PCLS. PCLS is a 
multicellular ex vivo model that maintains the cells and the ECM within their original texture, 
approximately mimicking the in vivo milieu. The results described in this thesis and of others 
have characterized the PCLS model as a suitable model to study inflammation and fibrosis in 
the liver. In addition, the human PCLS model can be used to obtain clinically relevant data, 
whereas utilizing rodent PCLS will reduce and refine the animal usage in laboratories.  
 
First of all, in Chapter 2, we explored the effect of the presence of gut-microbiota on the liver 
inflammation induced by lipopolysaccharide (LPS) using PCLS from specific-pathogen-free 
(SPF) and germ-free (GF) mice. The results showed that the presence of gut-microbiota is 
essential for balancing the liver inflammation induced by LPS, by reducing the toxic effects of 
LPS. On the other hand, absence of the gut-microbiota caused a detrimental toxic inflammation 
in the liver by LPS. Although the gut-microbiota has been implicated to promote liver disease 
development in many circumstances, our results show that the positive role of gut-microbiota 
on dictating the liver homeostasis. Furthermore, hypersensitivity of GF rodents to certain 
stimuli must be considered prior to using them to study liver inflammation, fibrosis or gut-liver 
axis. 
 
Subsequently, in Chapter 3, we compared the response of healthy and cirrhotic liver tissue to 
LPS using human PCLS from healthy and cirrhotic patients, aiming to understand the effect of 
gut derived LPS to the different stages of liver fibrosis progression. Both the healthy and 
cirrhotic PCLS showed a high capacity for tolerating LPS toxicity, maintaining their viability 
during 48h of incubation. As expected, cirrhotic livers showed a higher inflammatory and 
fibrotic status than healthy both before incubation and during the incubation-induced 
spontaneous inflammation/fibrosis. LPS induced a stronger inflammation in the cirrhotic PCLS 
than in the healthy. Apparently, the cirrhotic liver does not develop tolerance to LPS. However, 
LPS promoted the onset of fibrosis through activation of TGF-b signaling pathway only in the 
healthy but not in the cirrhotic PCLS. Moreover, LPS induced a higher regenerative status in 
cirrhotic than in healthy PCLS. Thus, LPS affected the healthy and cirrhotic PCLS differently, 
suggesting a divergent role of LPS during the different stages of liver fibrosis development.  
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In Chapter 4, we evaluated the anti-fibrotic potency of galunisertib, a small molecule that 
inhibits TGF-β receptor type I kinase, in rat and human PCLS. Galunisertib showed a 
promising anti-fibrotic potency, similarly in human and rat PCLS. In healthy and cirrhotic 
PCLS, spontaneous onset of fibrosis was inhibited by galunisertib. This small molecule 
modulated a broad spectrum of genes that are associated with fibrosis onset: collagens 
including procollagen 1a1, collagen maturation, non-collagenous extracellular matrix (ECM) 
components, ECM remodeling, and ECM receptors. Most importantly, production of 
procollagen I C-peptide was inhibited by galunisertib both in healthy and cirrhotic PCLS. 
These effects of galunisertib were due to its excellent TGF-β signaling pathway inhibitory 
action, indicated by blocking of phosphorylated SMAD2 (pSMAD2). Thus, galunisertib is an 
appraisable drug to be further evaluated in other models for treatment of liver fibrosis. 
 
We continued to test another TGF-β signaling pathway inhibitor- LY2109761 in Chapter 5 
using in vitro (HepG2 cells and LX-2 cells) and ex vivo (human and rat PCLS) models. 
LY2109761 is a small molecule inhibitor of TGF-β receptor types I and II. LY2109761 
inhibited pSMAD2 and procollagen 1a1 gene expression, blocking the spontaneous onset of 
fibrosis in rat and human PCLS, indicating the involvement of TGF- β signaling during this 
process. In addition, in these preclinical studies, LY2109761 displayed an anti-fibrotic effect: 
it markedly blocked gene and protein expression of collagen type 1, as well as gene expression 
of the inhibitor of metalloproteinases 1 in both human and rat PCLS. The mechanism of action 
of LY2109761 appeared to be due to both TGF-β-dependent and -independent pathways. In 
summary, Chapter 4&5 illustrate that the use of small molecular inhibitors that block TGF-β 
signaling could be a promising strategy to mitigate fibrogenesis.   
 
In addition to the TGF-β signaling pathway, various other signals, including oxidative stress, 
are involved in fibrosis development of the liver. In Chapter 6, we reviewed the possibilities 
and challenges to modulate oxidative stress for treating liver fibrosis. Reactive oxygen species 
(ROS) generated from the injured liver interferes with Kupffer cells, HSCs and hepatocytes to 
accelerate fibrosis. Currently, drugs are under development, targeting to reduce ROS 
generation, namely mitochondrial dysfunction inhibitors, endoplasmic reticulum stress 
inhibitors, NADPH oxidase (NOX) inhibitors and Toll-like receptor (TLR)-affecting agents. It 
is a major challenge to measure the amount of ROS generation in vivo as well as to sustain an 
appropriate amount of ROS to maintain its vital physiological function.  
 
Collectively, this thesis provides new insight into the association of the gut-liver axis with liver 
fibrosis and demonstrates that the development of small molecule inhibitors of the TGF-β 
signaling pathway is an encouraging strategy to extenuate liver fibrosis. In addition, 
modulating oxidative stress, another pro-fibrogenic signal, might provide a bright future for 
combatting liver fibrosis. Moreover, we exhibited here a promising ex-vivo tool, the precision-
cut liver slices, for its application in exploring mechanism of liver fibrosis as well as in anti-
fibrotic drug discovery in a clinically relevant situation, thereby reducing and refining animal 
experiments. 
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Nederlandse Samenvatting  
 
Leverfibrose is een pathologische conditie die gekarakteriseerd wordt door een overmatige 
vorming van littekenweefsel, dat bestaat uit extracellulaire matrix-eiwitten. Als deze vorming 
niet geremd kan worden, kan fibrose uiteindelijk leiden tot levercirrose en orgaanfalen. 
Leverfibrose wordt geïnitieerd door de activatie van hepatische stellaatcellen (HSCs). Dit kan 
veroorzaakt worden door verschillende insulten, zoals virussen of alcoholische en niet-
alcoholische vette leverziekte. Eén van de belangrijke signaalroutes betrokken bij leverfibrose 
is de signalering door transforming growth factor-b (TGF-b). Daarnaast zijn componenten van 
de darm-lever as en oxidatieve stress geïdentificeerd als belangrijke spelers in de ontwikkeling 
van leverfibrose. Op dit moment is het mechanisme dat leidt tot leverfibrose nog niet volledig 
bekend, en is er nog geen effectieve anti-fibrotische behandeling beschikbaar. Het onderzoek 
beschreven in dit proefschrift was gericht op het ontrafelen van het mechanisme van fibrose, 
en op de anti-fibrotische activiteit van potentiele geneesmiddelen. Dit werd gedaan met de ex 
vivo humane en diermodel genaamd precision-cut leverslices (PCLS). 
 
De data in dit proefschrift is dan ook verkregen door PCLS te vervaardigen uit leverweefsel 
afkomstig van knaagdieren en mensen. PCLS is een multicellulair ex vivo model dat de cellen 
behoudt in hun normale omgeving van extracellulaire matrix, waardoor het in vivo milieu van 
de lever wordt nagebootst. De resultaten die beschreven zijn in dit proefschrift, maar ook van 
anderen, hebben het PCLS model gekarakteriseerd als een geschikt model om ontsteking en 
fibrose van de lever te bestuderen. Daarnaast kan het humane PCLS model gebruikt worden 
om klinisch relevante data te vergaren, omdat geen extrapolatie van dier naar mens nodig is, 
en leidt het tot vermindering en verfijning van proefdiergebruik in laboratoria.  
 
In Hoofdstuk 2 werd het effect van de aanwezigheid van de darmflora op de leverontsteking, 
die geïnduceerd werd door lipopolysaccharide (LPS), onderzocht in PCLS van specifieke-
pathogeenvrije (SPF) en bacterie-vrije (GF) muizen. De toxiciteit van LPS was lager in PCLS 
van SPF muizen.  Hieruit kan geconcludeerd worden dat de aanwezigheid van de darmflora 
essentieel is voor het beperken van de leverontsteking geïnduceerd door LPS. De darmflora 
wordt gezien als een belangrijke factor die ontwikkeling van leverziekten stimuleert, echter 
onze resultaten laten de positieve rol van darmflora zien bij het reguleren van leverhomeostase. 
Er moet dus rekening gehouden worden met de hypersensitiviteit van GF knaagdieren voor 
bepaalde stimuli, indien deze dieren gebruikt worden om leverontsteking, fibrose of de darm-
lever as te bestuderen.  
 
In Hoofdstuk 3 werd de respons van gezond en cirrotisch leverweefsel op LPS gemeten, door 
gebruik te maken van PCLS afkomstig van patiënten met gezond dan wel cirrotisch 
leverweefsel. Het doel was om het effect van LPS op de verschillende stadia van leverfibrose 
te bestuderen. Zowel de gezonde als de cirrotische PCLS toonden een hoge tolerantie voor LPS 
toxiciteit, en bleven vitaal gedurende de incubatieperiode van 48 uur. Zoals verwacht lieten de 
cirrotische leverslices een hogere mate van ontsteking en fibrose zien in vergelijking met 
gezonde leverslices. Dit verschil was zichtbaar zowel voor als na de incubatie, daarnaast bleek 
dat incubatie zelf spontane inflammatie en fibrose in de PCLS induceerde. Het toevoegen van 
LPS leidde tot een grotere ontstekingsreactie in cirrotische PCLS ten opzichte van gezonde 
PCLS. Klaarblijkelijk ontwikkelt de cirrotische lever geen LPS-tolerantie. In gezond 
leverweefsel veroorzaakte LPS de inductie van fibrose via de activatie van de TGF-b 
signaaltransductie. Dit gebeurde echter niet in de cirrotische PCLS. Ook zorgde LPS voor een 
toename van de regeneratie in cirrotische PCLS in vergelijking met gezonde PCLS. 
Geconcludeerd kan worden dat LPS verschillende invloeden heeft op gezond en cirrotisch 
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leverweefsel; dit suggereert een verschillende rol voor LPS gedurende de verschillende stadia 
van de ontwikkeling van leverfibrose.  
 
In Hoofdstuk 4 werd de anti-fibrotische potentie van galunisertib geëvalueerd, een klein 
molecuul dat TGF-β receptor type I kinase remt, in humane en ratten PCLS. Galunisertib 
toonde een veelbelovende anti-fibrotische werking, die vergelijkbaar was in beide species. In 
gezonde en cirrotische PCLS remde galunisertib ook de spontane fibrotische reactie. Dit kleine 
molecuul moduleerde een breedspectrum aan genen die geassocieerd zijn met het beginstadium 
van fibrose, collagenen zoals het procollageen 1a1, niet-collageen extracellulaire matrix (ECM) 
componenten, eiwitten betrokken bij ECM hermodelering en ECM receptoren. Het 
belangrijkste resultaat was de remming van de productie van procollagen I C-peptide door 
galunisertib in zowel gezonde als cirrhotische PCLS afkomstig van patiënten. Deze effecten 
werden veroorzaakt door de efficiënte remming van de TGF-β signaalroute door galunisertib, 
zoals werd aangetoond door de verminderde SMAD2 fosforylering (pSMAD2) in PCLS. 
Kortom, galunisertib zou een veelbelovend medicijn voor de behandeling van leverfibrose 
kunnen zijn, maar moet verder geëvalueerd worden in andere modellen om de toepassing als 
geneesmiddel bij de mens mogelijk te maken.  
 
Dit onderzoek werd vervolgd met proeven naar een andere TGF-β signaalroute remmer 
genaamd LY2109761. In Hoofdstuk 5 werden in vitro (HepG2 cellen en LX-2 cellen) en ex 
vivo (PCLS afkomstig van mensen en ratten) modellen gebruikt. LY2109761 is een remmer 
van TGF-β receptoren type I en type II. LY2109761 remde de SMAD2 fosforylering en de 
procollageen 1a1 genexpressie, wat de spontane fibrotische reactie, die normaliter in PCLS 
ontstaat, remde. Dit liet zien dat TGF-β signaaltransductie betrokken is bij dit proces. Ook werd 
er voor LY2109761 een anti-fibrotisch effect in deze preklinische studies aangetoond. 
LY2109761 zorgde daarnaast ook voor een aanzienlijke vermindering van de gen- en 
eiwitexpressie van collageen type 1, en de genexpressie van de remmer van metalloprotease 1 
in PCLS. Het werkingsmechanisme van LY2109761 bleek zowel via de TGF-β-afhankelijke 
als de TGF-β-onafhankelijke routes te verlopen. Samengevat illustreren Hoofdstuk 4 & 5 dat 
het gebruik van remmers die TGF-β signalering afremmen een veelbelovende strategie is om 
fibrose te behandelen.  
 
Naast de TGF-β signaalroute zijn er verschillende andere signalen, zoals oxidatieve stress, die 
betrokken zijn bij de ontwikkeling van leverfibrose. In Hoofdstuk 6 worden de mogelijkheden 
en uitdagingen omtrent het moduleren van oxidatieve stress voor de behandeling van 
leverfibrose besproken. Reactieve zuurstofmoleculen (ROS) die gevormd worden in de 
beschadigde lever interfereren met verschillende soorten levercellen (Kupffer cellen, HSCs en 
hepatocyten), en zorgen voor het versnellen van het fibroseproces. Op dit moment worden er 
medicijnen ontwikkeld die ROS-vorming tegen gaan. Deze medicijnen zijn remmers van 
mitochondriale disfunctie, NADPH oxidase (NOX) remmers, endoplasmatisch reticulum stress 
remmers, en agentia die aangrijpen op de Toll-like receptor (TLR). Het blijft echter een grote 
uitdaging om de hoeveelheid ROS vorming in vivo te meten en daarnaast om ROS niet volledig 
te remmen anders kunnen essentiële fysiologische functies van ROS verloren gaan.    
 
Geconcludeerd kan worden dat de resultaten in dit proefschrift nieuwe inzichten hebben 
opgeleverd over de associatie van de darm-lever as met leverfibrose. Daarnaast lijkt het erop 
dat de ontwikkeling van remmers van de TGF-β signaalroute een veelbelovende strategie zou 
kunnen zijn om leverfibrose te behandelen. Verder zou het moduleren van de oxidatieve stress, 
een ander pro-fibrogeen signaal, een goed aangrijpingspunt kunnen zijn voor de toekomstige 
bestrijding van leverfibrose. Ook werd aangetoond dat het ex vivo model, de precision-cut 
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leverslices, uitermate geschikt is voor het bestuderen van de mechanismen van leverfibrose en 
de ontwikkeling van anti-fibrotische medicijnen in een klinisch relevante setting, wat 
uiteindelijk zal leiden tot een belangrijke vermindering en verfijning van dierexperimenten.  
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Abbreviations 
 
ADP adenosine diphosphate  
ALD alcoholic liver disease 
ALK activin receptor-like kinase 
ALT alanine transaminase 
BDL bile duct-ligated 
BMPs bone morphogenetic proteins 
Ca2+ calcium 
CCl4 carbon tetrachloride 
CoA coenzyme A 
COL1 collagen type I 
COL1A1 collagen type I-alpha 1 
COL3A1 collagen type III-alpha1 
CoQ10 coenzyme Q10 
CYP cytochrome P450 
CytC cytochrome C 
DHA docosahexaenoic acid 
ECM extracellular matrix 
eIF2α eukaryotic translation initiation factor 2 alpha 
EPA eicosapentaenoic acid 
ER endoplasmic reticulum 
Ero1a endoplasmic reticulum oxidoreductin 1 alpha 
FADH2 flavin adenine dinucleotide 
FN2 fibronectin 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GDFs growth differentiation factors 
GF germ-free 
GSH glutathione 
H2O2  hydrogen peroxide 
HBV hepatitis B virus 
HCV hepatitis C virus 
HMGB high-mobility group box 
HNE 4-Hydroxynonenal 
HO• hydroxyl radical  
HSCs hepatic stellate cells 
HSP47 heat shock protein 47 
ID1 inhibitor of DNA binding 1 
IL interleukin 
iNOS inducible nitric oxide synthase 
IRAK-1 interleukin-1 receptor associated kinase-1  
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IRAK-M interleukin-1 receptor-associated kinase type m 
JNK c-Jun N-terminal kinases 
KC Kupffer cells 
Lck lymphocyte-specific protein tyrosine kinases 
LDA low-density array 
Ldlr low density lipoprotein receptor 
LPS lipopolysaccharide 
MAPK mitogen-activated protein kinases 
MD-1 lymphocyte antigen 86 
MD-2 lymphocyte antigen 96 
MDA malondialdehyde 
MKK mitogen-activated protein kinase kinases 
MMP matrix metalloproteinase 
NADH nicotinamide adenine dinucleotide 
NAFLD non-alcoholic fatty liver disease 
NASH non-alcoholic steatohepatitis 
NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells 
NFE2L2 nuclear factor (erythroid-derived 2)-like 2 
NLRP3 nucleotide-binding domain, leucine-rich repeat family, pyrin 

domain containing 3 
NOX NADPH oxidase 
O2 oxygen 
O2

•− superoxide anion 
PAI-1 plasminogen activator inhibitor 1 
PAMPs pathogen associated molecular patterns 
PCLS precision-cut liver slices 
PDGF platelet-derived growth factor 
PDI protein disulfide isomerase 
PERK protein kinase R (PKR)-like endoplasmic reticulum kinase 
PICP procollagen I C-peptide 
ROS reactive oxygen species 
SMIs small molecule inhibitors 
SOCS3 suppressor of cytokine signaling 3 
SPF specific-pathogen-free 
TGF-β1 transforming growth factor beta 1 
TIMP1 tissue inhibitor of metalloproteinases 1 
TLR toll like receptor 
TNF-a tumor necrosis factor alpha 
TbR TGF-b receptor 
UPR unfolded protein response 
α-SMA alpha smooth muscle actin 
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