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STELLINGEN 

behorende bij het proefschrift 

 

 

1. A new trivial name for tumor necrosis factor receptor superfamily 11B, alias 
osteoprotegerin, may be necessary to emphasize its broader role in tissue repair 
in addition to protecting bone. 

2. Osteoprotegerin plays a significant role in organ fibrosis, especially in the liver 
(this thesis). 

3. Osteoprotegerin expression by organs marks the early phase of fibrosis 
development that may be exploited as a biomarker (this thesis). 

4. Transforming growth factor β is a spider in the web of fibrosis regulation, 
connecting both interleukin 13 and osteoprotegerin with fibrogenesis (this 
thesis). 

5. There is feed-forward loop between transforming growth factor β and 
osteoprotegerin, especially in fibroblasts (this thesis). 

6. MicroRNA 145-5p is a brake in the feed-forward loop between transforming 

growth factor β and osteoprotegerin in myofibroblasts (this thesis). 

7. The dogma that M2 macrophages are profibrotic is not correct (this thesis). 

8. Osteoprotegerin, fibroblasts, and macrophages teach us to avoid blind 
stereotyping and to see things in context. 

9. A PhD is a marker of academic scholarship, just like OPG as a marker of 
fibrosis, and both should be used as more than markers. 

10. The further the distance, the broader the view; it has taken me 11,611 kms to 
experience this. 
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AIM AND SCOPE OF THE THESIS 

 

Clinical studies have reported higher serum level of OPG in cases of fibrosis, 
especially liver fibrosis1-3, but there is limited data available to explain the 
significance of this protein in the biology of the disease. This thesis is aimed to 
give wider insight into this topic. 

In chapter 2, we studied the possible roles OPG could have in liver fibrosis using 
human samples, mouse models of liver fibrosis, murine precision-cut liver slices, 
and relevant cell lines. These studies included upregulation of its production by 
TGFβ and investigation into its role as a decoy receptor of RANKL. In addition, 
we found that OPG itself can upregulate the expression of TGFβ, which 
suggests that OPG and TGFβ are involved in a feed-forward loop. In chapter 3 
we studied whether the role of OPG in liver fibrosis could be extended to a 
more general role in fibrotic processes. We investigated whether induction of 
fibrosis in other organs (lung, kidney, colon) also resulted in increased OPG 
production using precision-cut slices of these organs. Furthermore, we studied 
how OPG responds to antifibrotic treatment in the different organ slices. In 
chapter 4 we further studied regulation of OPG by different cytokines and 
found that in addition to TGFβ, stimulation with IL13 could also induce 
expression of OPG. We further investigated how IL13 can induce OPG 
production and found this is also mediated through TGFβ. Hypothesizing a 
feedback mechanism controlling the TGFb-OPG feed-forward loop, in chapter 
5, we investigated the influence of miR-145-5p in controlling the OPG-TGFβ 
profibrotic loop. 

OPG has an important role in the regulation of bone formation and degradation 
by inhibiting osteoclast activation and function in bone extracellular matrix 
degradation. We hypothesized a similar role for OPG in fibrosis by inhibiting 
antifibrotic macrophages and we therefore in chapter 6 investigated literature 
to see what is known about antifibrotic macrophages and how we could look at 
those in the future studies involving OPG. 

Finally, we discuss and summarize our findings in chapter 7 with future 
perspectives of the potential use of OPG as a new therapeutic target or 
biomarker for (liver) fibrosis. 
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FIBROSIS 

 

Fibrosis is abnormal fibrogenesis characterized by the accumulation of 
extracellular matrix molecules such as collagens and fibronectin produced by 
myofibroblasts that are characterized by increased expression of α-smooth 
muscle actin (αSMA)4,5. The pathology of fibrosis is marked by the unbalanced 
regulation of inflammation, matrix formation, and resolution, resulting in 
maintaining persistent formation of non-functional matrix with no or very slow 
resolution towards functional tissue replacement6,7. The disbalance can be 
caused by several factors, which can be related to each other: (1) continuous 
signalling from the injury or infection that trigger immune responses8, (2) 
irregular cellular functions or differentiation, for examples of macrophages and 
fibroblasts9,10, and (3) homeostatic abnormalities caused by several possible 
factors such as a genetic disorder11,12 or the absence of blood vessels at the site 
of fibrosis13. 

In most cases, fibrosis is associated with organ failure as its advanced 
pathological event14, and organ transplantation is then the only option for 
treatment15. Much effort has been put in by researchers in understanding the 
biology and cause of organ fibrosis in order to find a strategy to prevent and to 
cure. However, to date no effective treatment has been found yet16. In some 
specific types of fibrosis such as cystic fibrosis and familial pulmonary fibrosis, 
heredity is the cause of the disease17,18. However, in most other cases of fibrosis, 
the disease develops over a lifetime and the exact cause cannot be determined 
anymore19,20. Although there are some risk factors like chronic infection and 
chemical exposures that are known to increase the occurrence rate, it has not 
been proven yet whether they are the main cause of the disease. 

Fibrosis can occur in many organs, including vital organs like the liver, the lungs, 
the heart, the intestines and the bone marrow. Of those organs, pulmonary and 
liver fibrosis are most prevalent21,22,23 and researchers and clinicians are trying to 
find a way to detect the disease in the earliest phase possible in order to prevent 
or to avoid an incurable stage of the disease. 
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LIVER FIBROSIS 

 

Liver fibrosis is a burden to mankind, contributing to almost 2% of global deaths 
in 201024. The pathology of the disease is characterized by the accumulation of 
extracellular matrix consisting of collagens and other matrix proteins in the liver, 
preventing regeneration of new functional parenchymal cells25. Liver fibrosis is 
thought to be the result of unbalanced wound healing process caused by 
several chronic factors such as hepatitis infection, alcohol abuse, or long-term 
use of hepatotoxic drugs (figure 1)26. 

 

 
Figure 1. Schematic of liver fibrosis progression and resolution as summarized by Pellicoro et al. 
(2014). The disease is hypothesized to start with chronic inflammation followed by loss of function 
and can ultimately end in cirrhosis26. 

 

Fibrotic sites in the liver are dominated by activated hepatic stellate cells instead 
of hepatocytes and these stellate cells produce profibrotic cytokines and growth 
factors to maintain the state of fibrosis25. The early state of liver fibrosis is hard 
to diagnose since symptoms of disturbed liver function only occur when the liver 
is moderately to severely compromised27. Although it is considered possible to 
reverse the fibrotic process towards resolution28, to date there is no effective 
medical treatment available that can do this, especially in cases of full-blown 
cirrhosis29. Therefore, liver transplantation is currently the only option to restore 
organ functionality in time. 
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The pathogenesis of liver fibrosis includes, but is not limited to, three main 
factors: (1) persistent inflammatory and immune responses by macrophages and 
lymphocytes from long-term injury30, (2) hepatocyte death either by apoptosis 
or necrosis and replacement by fibroblasts31, and (3) high oxidative stress that 
triggers stellate cells activation, this is especially the case for fibrosis caused by 
infections and chemical injury32. The process of liver fibrosis is generally thought 
to start with continuous inflammation that activates Kupffer cells, liver resident 
macrophages, to release various proinflammatory and profibrotic cytokines 
such as TNFα, IL1β, TGFβ, and PDGFBB33.  This is followed by activation of 
hepatic stellate cells and transformation of these cells into myofibroblasts that 
are the main producers of the excess extracellular matrix that characterizes 
fibrosis34. The activation of hepatic stellate cells is prominent and therefore is 
the most studied event for drug development purposes35,36. 

 

 

 

LIVER FIBROSIS RESOLUTION 

 

It is a matter of debate among scientists whether the process of liver fibrosis 
can be reversed, especially when the disease has already developed. Current 
liver fibrosis medication is aimed at inhibiting inflammation to stop oxidative 
stress and other inflammatory stimulants and is thereby expected to 
consequently protect the remaining functional hepatocytes. Resolution is then 
expected to occur spontaneously. As inflammation is thought to be important 
in the process of fibrosis, the use of anti-inflammatory drugs, mainly 
corticosteroids, is widely proposed 37,38. However, this approach appears not to 
be effective and casts doubts on the importance of inflammation in the later 
stages of fibrosis39. Recently, there are some other approaches under 
development, including degrading or altering the composition of extracellular 
matrix40, inhibiting further hepatic stellate cells (HSCs) activation41, supporting 
hepatocytes growth using hepatocyte growth factor (HGF)42, and directing 
macrophages differentiation towards antifibrotic phenotypes43. With these 
approaches, some experimental studies showed promising results towards 
resolution of liver fibrosis, marked by the lower expression of some frontline 
markers like collagen and αSMA44. 
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As liver fibrosis is often represented as the activity of HSCs, the progression as 
well as resolution of liver fibrosis can be followed by simply evaluating the 
activation and deactivation or apoptosis of HSCs41. Both directions involve 
communication with lymphocytes and macrophages, mediated by several 
prominent mediators such as IFNγ, TGFβ, IL13, and MMP9. Aforementioned 
markers such as collagen-1 and αSMA can be used to evaluate changes in HSCs 
activation and deactivation/apoptosis (figure 2)26. 

 

 
Figure 2. Liver fibrosis progression and resolution can be represented by HSCs activation and 
reversion. The process involves T cells and macrophages, communicating via various cytokines 
and growth factors with HSCs, and the process can be evaluated using several markers expressed 
by HSCs. The figure is republished with permission26. 

 

The proposed approaches to stimulate liver fibrosis resolution are generally to 
support antifibrotic machineries and to suppress profibrotic ones. In order to 
interfere within a persistent fibrotic condition and to induce resolution, 
knowledge of how the involved cells communicate with each other during 
normal resolution is essential. Targeting the key mediators involved in this 
cellular communication during fibrosis may solve the question how resolution 
can be brought about by medical effort. In order to reach that goal, better 
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understanding of the roles and activities of the various communication 
mechanisms is important. 

Since liver fibrosis is a chronic process involving immune responses, 
inflammation, and wound healing, many soluble mediators have been reported 
to take part in the biology of the disease. The mediators can be divided into 
functional subgroups: Chemokines such as CCL2, CCL3, CCL17, CCl22, CXCL9, 
and CXCL10 that are responsible for cell recruitment to the site of fibrosis45-47; 
immune and inflammatory cytokines such as IL1β, TNFα, IFNγ, and IL33 that are 
responsible for oxidative stress as well as macrophage and lymphocyte 
activation48; and growth factors, cytokines and enzymes involved in tissue 
remodelling such as TGFβ, PDGF, IL4, IL13, fibronectin, tissue transglutaminase, 
MMP9, and MMP13 that are responsible for the activation of fibroblasts, tissue 
regeneration, and resolution of fibrosis49-54. There are some proteins or 
compounds with the increased expression or production during liver fibrosis but 
not considered as mediators, because these are components of the extracellular 
matrix itself i.e. collagens, glycoproteins, and hyaluronic acid, which are also 
then considered as biomarkers55. TGFβ has been reported to be responsible for 
many profibrotic signals especially in liver fibrosis albeit it also has essential 
functions in homeostasis56. TGFβ signalling through the SMAD pathway 
activates hepatic stellate cells and contributes to lipid accumulation, therefore 
supports inflammation and maintains extracellular matrix54. Moreover, TGFβ 
also contributes to hepatocyte cell death and increasing ROS production to 
induce oxidative stress57. 

Recent reports have also shown that the bone matrix-related protein 
osteoprotegerin (OPG) in blood is increased during liver fibrosis and can serve 
as a biomarker to increase diagnostic accuracy of tests to diagnose liver fibrosis1-

3. Although involved in bone matrix regulation, OPG itself is not an extracellular 
matrix component and its role in liver fibrosis has not been elucidated. 
Interestingly, a recent study has reported that TGFβ can induce OPG production 
in synovial fibroblasts in arthritis58. This information suggests a link between 
OPG and fibroblasts and thereby suggests a potential role in the pathogenesis 
of liver fibrosis. 
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OSTEOPROTEGERIN IN FIBROSIS 

 

Osteoprotegerin (OPG), also known as tumor necrosis factor receptor (TNF) 
superfamily 11B (TNFRS11B), has been widely studied as a decoy receptor of 
RANKL, also known as TNF ligand superfamily 11 (TNFSF11), and TRAIL, also 
known as TNF ligand superfamily 10 (TNFSF10)59. OPG was first discovered to 
be produced by osteoblasts and regulates bone formation and remodelling by 
binding to RANKL thus preventing osteoclast activation60. Osteoprotegerin is 
produced as a 60 kDa-monomer consisting 401 amino acids. The monomers 
may also be assembled at the cys-400 residue to form 120 kDa disulphide-linked 
dimers. Both monomer and dimer proteins have a signal peptide, which is 
cleaved prior to secretion to form active OPG. As a decoy receptor for RANKL 
and TRAIL, the structure of OPG consists of four cysteine-rich pseudo repeats 
located in the N-terminal, responsible for its binding activity to RANKL and 
TRAIL. However, it lacks a trans-membrane domain for attachment to cell 
membranes and is thus biologically available as a soluble protein, which 
increases its effectiveness to catch RANKL and TRAIL available in the 
environment61,62. 

Further studies have shown that OPG is not only produced by osteoblasts, but 
also smooth muscle cells, fibroblasts and cancer cells and is postulated to have 
a significant role in arthritis and cancer59,60,63. In cancer, for instance, OPG is 
produced by cancer cells to intercept TRAIL to avoid TRAIL-receptor mediated 
apoptosis64, while in arthritis OPG was shown to be produced by synovial-like 
fibroblasts to maintain their activated state as well as to avoid apoptosis65. 

Recent studies have also reported OPG to be higher in several types of organ 
fibrosis. Garcia-Valdecasas-Campelo (2006) reported higher serum OPG levels 
in patients with liver fibrosis and alcoholic liver disease1, Boorsma et al. (2015) 
in patients with pulmonary fibrosis66, and Sen et al. (2005) in patients with 
postoperative epidural fibrosis67. Including OPG as an additional biomarker to 
a panel of biomarkers to diagnose liver fibrosis has been introduced by Bosselut 
et al. (2013) and proven to increase the diagnostic accuracy of their panel3. 
However, it is not clear what role OPG plays in fibrotic processes in general and 
liver fibrosis in particular. 

In addition to the hypothesis of preventing TRAIL-induced apoptosis of 
activated myofibroblasts, another possible hypothesis is that OPG can interfere 
with break-down of extracellular matrix. Meng et a.l reported that OPG directly 
inhibits the production of matrix metalloproteinase-13 (MMP13)68, an important 
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antifibrotic MMP in liver fibrosis69. Moreover, Corisdeo et al. (2001) suggested 
in their study that RANKL stimulates the production of cathepsin K, a collagen-
degrading protease, in bone marrow cultures and macrophages70. This finding 
suggests that high levels of OPG can prevent expression of MMP13 and 
cathepsin K in other cells like macrophages and thus inhibit ECM degradation. 
Furthermore, Toffoli et al. (2011) showed that OPG could promote vascular 
fibrosis by inducing TGFβ1 production in vitro and in vivo71. 

However, despite the evidence of the possible profibrotic activities of OPG, 
there are no studies explaining how OPG contributes to the development of 
organ fibrosis especially in the liver. As a soluble receptor, there is very limited 
evidence of OPG directly interacting with a membrane receptor, therefore any 
profibrotic activity of OPG is mostly like explained by its abilities to scavenge 
ligands like RANKL and TRAIL. 

 

 

 

MICRORNA AND THEIR ROLES IN FIBROSIS 

 

MicroRNAs (miRNAs) are non-coding small RNA molecules that can degrade or 
block translation of their target messenger RNA (mRNA) sequences. This is done 
in collaboration with the protein Argonaut in a complex called RNA-induced 
silencing complex (RISC)72. miRNAs were first discovered by Lee et al. (1993) 
and Wightman et al. (1993) when studying negative regulation of lin-14 in 
Caenorhabditis elegans through formation of small molecule RNA later 
described as microRNA73,74. From then on, miRNAs have been studied widely as 
feedback mechanisms of many biological mechanisms in various diseases 
especially in cancer and fibrosis75. Particularly during fibrosis, miRNAs can be 
either up- or down-regulated, and thereby contribute to the pathogenesis, 
progression, and resolution of fibrosis (figure 3)76,77. 

The role of OPG in liver fibrosis is very likely to also involve microRNAs in some 
way. Ong et al. have recently reported microRNA expression levels in human 
fibroblasts with or without TGFβ treatment, and found that some of the TGFβ-
upregulated miRNAs can target OPG, one of those being miR145-5p78. 

 



GENERAL INTRODUCTION   |   I 

Adhyatmika 23 

 
Figure 3. The up- and down-regulation of miRNAs in idiopathic pulmonary fibrosis (IPF) as 
summarized by Li et al. (2016). As miRNAs can block cytokine expression, miRNAs can play pro-
and antifibrotic roles in fibrosis. MiRNAs can interfere with the activities of many cells like 
epithelial cells, macrophages, and fibroblasts. Changes in the expression of miRNAs during 
fibrosis can alter homeostasis and therefore, these molecules may be potential targets for 
therapy. Figure is reprinted with permission77. 

 

At least three different recent studies have reported effects of miR-145 on 
expression of OPG. Jia et al. (2017) reported that transfecting human 
osteoblast-like MG-63 cells with miR-145-5p mimics can partially inhibit OPG 
upregulation by estrogen79. In another study, Wang et al. (2017) confirmed OPG 
as a direct target for mir-145 by using a dual-luciferase reporter assay and 
further showed that higher mir-145 expression can suppress OPG expression80. 
Finally, Zhao et al. (2016) showed that OPG expression was significantly lower 
after lentivirus-mediated transfection of rats and THP-1 cells with miR-14581. 

As miR-145 obviously targets OPG, it may also be involved in regulation of OPG 
production in fibroblasts. Interestingly, Yang et al. (2013) reported upregulation 
of miR-145 in TGFβ1-treated lung fibroblasts as compared to untreated cells82. 
Furthermore, Zhou et al. (2016) reported in their study that miR-145 inhibited 
TGFβ-induced human and rat hepatic stellate cells activation and proliferation 
in vitro and downregulation of this microRNA in vivo in CCl4-induced liver 
fibrosis in mice83. 
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Based on literature reports, we hypothesized that OPG is produced by 
fibroblasts in liver tissue and that OPG is associated with fibrotic processes 
because its expression is controlled by TGFβ. In addition, this expression may 
be further regulated by microRNAs, especially miR-145. 
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ABSTRACT 

 

Serum levels of osteoprotegerin (OPG), the decoy receptor for RANKL (receptor 
activator of nuclear factor kappa-Β ligand), are clinically associated with liver 
fibrogenesis and used as a biomarker for diagnosis. However, the source and 
role of OPG in liver fibrosis are unknown as is the question whether OPG 
expression responds to treatment. Therefore, we aimed to elucidate the 
production and biological activity of OPG in human and mouse livers and to 
study OPG levels in relation to resolution of liver fibrosis. 

OPG levels were significantly higher in lysates of human cirrhotic and mouse 
fibrotic livers compared to healthy livers. Immunohistochemistry confirmed 
hepatic OPG expression and showed localization of OPG in cirrhotic 
collagenous bands in and around myofibroblasts. Human hepatic stellate cells 
(HHSteC) abundantly produced OPG especially after activation. Using mouse 
precision-cut liver slices, we found OPG production particularly induced by 
transforming growth factor β1 (TGFβ1) stimulation. Moreover, OPG itself 
stimulated expression of genes associated with fibrogenesis in liver slices, 
suggesting profibrotic activity of OPG. Incubating liver slices with RANKL 
induced proliferation of (non)parenchymal cells, suggesting stimulation of liver 
regeneration by RANKL that may be inhibited by OPG. Inducing spontaneous 
or drug-induced resolution of fibrosis in mice was associated with significantly 
lower OPG levels in these livers. 

Conclusion: liver fibrosis is accompanied by higher production of OPG in liver 
tissue, in particular in response to TGFβ1. Spontaneous or drug-induced 
resolution of fibrosis is accompanied by lower expression of OPG. Activated 
HHSteC are a source of OPG and OPG itself is profibrotic and may inhibit tissue 
regeneration. OPG may therefore be a novel drug target in addition to being a 
biomarker for liver fibrosis. 
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INTRODUCTION 

 

Various causes of chronic damage to the liver, such as viral infections, drug 
toxicity, biliary problems, and high alcohol and/or fat consumption can lead to 
fibrosis and even cirrhosis. This process is characterized by abundant deposition 
of extracellular matrix (ECM) in liver tissue hampering normal liver functions1,2. 
Transplantation is now the only solution when the disease has fully developed3,4. 
To date, reliable fibrosis biomarkers to diagnose disease stage in patients are 
scarce, especially in the early phase when pharmacological treatment is still a 
possible option. Another consequence of the lack of good biomarkers is the 
difficulty in measuring therapeutic success of antifibrotic drug candidates in 
patients and in vivo in preclinical studies5,6. 

Recent studies point towards osteoprotegerin (OPG) as a novel clinical 
biomarker associated with liver diseases7. Higher serum levels were measured 
in patients with alcoholic liver cirrhosis and primary biliary cirrhosis8. 
Furthermore, OPG was included as an additional parameter in a panel of 
markers in the Coopscore© to increase diagnostic accuracy of this test9. 

OPG, also known as tumor necrosis factor receptor superfamily member 11B, is 
a decoy receptor for RANKL (receptor activator of nuclear factor kappa-Β 
ligand) and TRAIL (TNF-related apoptosis-inducing ligand)10. OPG is known as 
one of the key factors of osteogenesis and is produced by osteoblasts to control 
osteoclast activity11. However, recent studies indicate that its activities are not 
confined to bone homeostasis, but may be more diverse and include a role in 
several organ pathologies especially fibrosis12,13 and tumor development14,15. 
Based on its scavenging activities of RANKL and TRAIL, OPG may be able to 
modulate fibrosis development through these ligands. However, current 
knowledge on the role of OPG in liver fibrosis, especially on a cellular and tissue 
level, is limited. 

High OPG serum levels found in patients with liver fibrosis participating in 
clinical studies can originate from multiple organs and thus do not give any 
information about liver- or cell-specific regulation of OPG. We recently showed 
that fibroblasts are the main source of OPG production in pulmonary fibrosis16 
and Liu and colleagues showed this for cardiac fibrosis17. In addition, epithelial 
and smooth muscle cells can also produce OPG18,19. The cytokines TGFβ1, IL4, 
and IL17 were found to be stimulators of OPG production by synovial 
fibroblasts, whereas IFNγ could inhibit OPG production by these cells20. A study 
by Toffoli et al. (2011) showed in vitro that OPG could induce the expression of 
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fibronectin, collagen type I, III, and IV, as well as TGFβ1 in vascular smooth 
muscle cells and that TGFβ1 induced the expression and triggered the release 
of endogenous OPG in these cells13. Other than this, only limited data are 
available about the role of OPG in fibrosis in general and particularly in liver 
fibrosis. 

Therefore, we aimed to study: (1) liver-specific production and expression of 
OPG during fibrosis development in vivo and in vitro; (2) the response of OPG 
production to spontaneous resolution and drug (IFNγ)-induced resolution of 
fibrosis; (3) the biological role of OPG in liver tissue. 
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EXPERIMENTAL PROCEDURES 

 

Animals 

Male Balb/c mice (20-22 grams, used for the CCl4 liver injury model) and male 
and female C57BL/6 mice (18-28 grams, used for precision-cut liver slices) were 
obtained from Harlan (Horst, The Netherlands) and were kept in cages with a 
12 hours of light/dark cycle and received food and water ad libitum. The 
Institutional Animal Care and Use Committee of the University of Groningen 
approved the use of animals in this study (DEC5429 for CCl4 model and 
DEC6416AA for precision-cut liver slices). 

 

Human liver tissue 

Residual human liver tissue samples were obtained from the Department of 
Hepato-Pancreato-Biliary Surgery and Liver Transplantation (University Medical 
Center Groningen (UMCG), the Netherlands). In the UMCG, all patients eligible 
for organ transplantation are asked to sign a general consent form for the use 
of left-over body material (after diagnostic procedures) for research purposes. 
The experimental protocols were approved by the Medical Ethical Committee 
of the UMCG and the anonymized tissue samples were used according to Dutch 
guidelines. Normal human liver tissue (n=5) was obtained from residual liver 
tissue from patients undergoing partial hepatectomy because of metastasis of 
colorectal carcinoma and from donor livers discarded for transplantation 
because of technical reasons. Cirrhotic human liver tissue (n=8) was obtained 
from patients undergoing liver transplantation. Indications for transplantation 
were primary sclerosing cholangitis (PSC), primary biliary cirrhosis (PBC), 
congenital cirrhosis, and Wilson’s cirrhosis. 

 

Liver fibrosis model 

Male Balb/c mice were treated with increasing doses of CCl4 (Fisher Scientific, 
Waltham, US) in olive oil intraperitoneally twice a week: first week 0.5 mL/kg, 
second week 0.8 mL/kg, third until eighth week 1 mL/kg. Mice were sacrificed 
at week 8 after developing measurable fibrosis (n=12). Control mice were sham-
treated with olive oil for 8 weeks and served as healthy controls (n=11). 
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For the spontaneous resolution model, mice were treated with CCl4 for 4 weeks 
and were then allowed to recover for 1 week and sacrificed at week 5 (n=6) as 
described before22. Control mice for this experiment were treated with CCl4 for 
4 weeks and then immediately sacrificed (n=6). 

For the drug-induced resolution model, mice were treated with CCl4 for 8 weeks 
and during weeks 7 and 8 mice were additionally treated with 2.5 μg/mice of 
IFNγ (Peprotech, Rocky Hill, US), three times a week as described before (n=6)21. 
Control mice were co-treated with saline (n=8) and both groups were sacrificed 
after 8 weeks of CCl4 treatment. 

In all experiments serum and livers were collected for further analyses. 

 

Precision-cut liver slices 

Murine precision-cut liver slices were prepared according to standard protocols 
described before23. Slices were either not incubated (controls) or incubated in 
triplicate with 5 ng/mL TGFβ1 (Peprotech), 10 μM galunisertib (Selleckchem, 
Munich, Germany) in combination with TGFβ1, 10 ng/mL OPG (R&D Systems, 
Minneapolis, US), 10 ng/mL RANKL (Dept. Pharmaceutical Biology, University 
of Groningen, The Netherlands), or 20 μg/mL of antibody antiRANKL, antiTRAIL, 
or both (antibodies-online.com) with culture medium replacements every 24 
hours for a total of 48 (n=5-8). For resolution model experiments, incubation 
was done for 72 hours with the last 24 hours for recovery or treatment period 
with 100 ng/mL IFNγ (Peprotech). Slices were collected for mRNA isolation and 
culture supernatant for ELISA analysis. All collected samples were immediately 
snap-frozen in liquid nitrogen before storage at -80oC until further processing 
for analyses. Viability of the slices was assessed by measuring ATP content per 
milligram tissue using a bioluminescence assay kit (Sigma-Aldrich, Missouri, US) 
as previously reported by Hadi et al24. For immunohistochemical staining 
purposes, slices were zinc-fixed (solution containing calcium acetate, zinc 
acetate, zinc chloride, and tris buffer25) before paraffin embedding. 

 

Cell culture 

3T3 murine fibroblasts (ATCC) were cultured in Gibco® Dulbecco’s Modified 
Eagle Medium (DMEM) (Thermo Scientific, Waltham, Massachussets, US) 
containing 4.5 g/L D-Glucose (Sigma-Aldrich, Missouri, US), 2 mM L-Glutamine 
(Thermo Scientific), and 10% of fetal calf serum (FCS) (Biowest, Nuaillé, France). 
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Cells (50,000 cells per well) were starved at low serum concentration (0.5%) 24 
hours prior to experiments with TGFβ1. Cells were then left either untreated or 
were treated for 24 hours with 5 ng/mL TGFβ1. Culture supernatants were 
collected for OPG ELISA and cells were collected for a protein assay to correct 
for the number of cells in a well. 

Primary human hepatic stellate cells (HHSteC, ScienCell, Carlsbad, CA, USA) 
were cultured in stellate cell medium containing 2% fetal bovine serum (FBS) 
and 1% of stellate cells growth supplement (ScienCell) in a 12-well plate initially 
coated with 10% human serum albumin (Sigma-Aldrich, Missouri, USA) to 
maintain quiescent state or uncoated to induce activation and transformation to 
myofibroblast-like cells. 

HepG2 human hepatocytes (ATCC) were cultured in Gibco® Dulbecco’s 
Modified Eagle Medium (DMEM) (Thermo Scientific) containing 4.5 g/L D-
Glucose (Sigma-Aldrich, Missouri, US), 2 mM L-Glutamine (Thermo Scientific), 
and 10% of fetal calf serum (FCS) (Biowest). Cells (5,000 cells per well) were 
incubated in 96-well plate 24 hours prior to experiments with RANKL and/or 
OPG. Cells were then left for 5 days either untreated or were treated with 25 
ng/mL RANKL with or without 400 ng/mL OPG. At the harvesting time point, 
10 µL/well of TetraZ solution (Biolegend, San Diego, CA, US) was added and 
then incubated for 30 minutes before reading absorption at 450 nm. 

 

Generation of liver tissue lysates 

Human or mouse liver tissue was collected in a lysis and extraction buffer 
containing 25 mM Tris (Sigma-Aldrich), 10 mM sodium phosphate (Sigma-
Aldrich), 150 mM NaCl (Sigma-Aldrich), 0.1% SDS (Sigma-Aldrich), 1% Triton-X 
100 (Sigma-Aldrich), and protease inhibitor (Thermo Scientific), snap frozen and 
stored at -80oC until analysis. The tissue was then mixed with the buffer using 
mini-bead beater for 40 seconds and centrifuged for 1 hour at 12,300 x g. 
Supernatants were collected and used for enzyme-linked immunosorbent assay 
(ELISA). 

 

OPG analysis 

OPG levels in tissue lysates, serum, and culture supernatants were measured 
using a murine or human OPG DuoSet® ELISA kit (Cat. No. DY459 and DY805 
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for mouse and human respectively, R&D Systems) according to the instructions 
provided by the manufacturer. 

 

Messenger RNA analysis 

mRNA was isolated from three pooled slices per condition using a Maxwell® 
LEV Simply RNA Cells/Tissue kit (Promega, Madison, Wisconsin, US). Total 
mRNA concentration was quantified using a NanoDrop® ND-1000 
Spectrophotometer (Thermo Scientific) for cDNA synthesis using a Moloney 
Murine Leukemia Virus Reverse Transcriptase kit (Promega) in a Mastercycler® 
Gradient (Eppendorf, Hamburg, Germany) with the program 10 minutes at 
20oC, 30 minutes at 42oC, 12 minutes at 20oC, 5 minutes at 99oC, and 5 minutes 
at 20oC. Quantitative real-time PCR (qPCR) analysis was performed in triplicate 
with the synthesized cDNA to measure transcription of β-actin, Col1α1, αSMA, 
Fn2, TGFβ1, and OPG using SensiMixTM SYBR® Green (Bioline, London, UK) in 
a 7900HT Real-Time PCR sequence detection system (Applied Biosystems, 
Waltham, Massachusetts, US) with primer sequences as presented in 
supplemental table S1. qPCR analysis consisted of 45 cycles of 10 minutes at 
95oC, 15 seconds at 95oC, and 25 seconds at 60oC (repeated for 40 times) 
followed by dissociation stage of 95oC for 15 seconds, 60oC for 15 seconds, and 
95oC for 15 seconds. Output data were analyzed using SDS 2.4 software 
(Applied Biosystems) and ΔCt values were normalized to housekeeping gene β-
actin and relative gene expression was calculated as 2-ΔCt. 

 

Immunohistochemistry 

4 μm acetone-fixed cryosections of human or mouse liver tissue and 3 μm 
paraffin-embedded zinc-fixed precision-cut mouse liver slices were used for 
histology. PBS was used to wash the sections between each step. A rabbit anti-
human/mouse OPG antibody (1:200, Antibodies Online), a mouse anti-human 
αSMA antibody (1:500, Sigma-Aldrich), a polyclonal goat anti-collagen I (1:100, 
Southern Biotech), or a rabbit anti-mouse KI67 antibody (Abcam, Milton, 
Cambridge, UK) were used, followed by secondary peroxidase-labeled goat 
anti-rabbit IgG or alkaline phosphatase-labeled rabbit anti-mouse IgG 
incubation and detection with NovaRED (Vector Laboratories, Burlingame, 
California, US) or BCIP/NBT (Enzo Life Science, Farmingdale, New York, US) as 
staining substrates. OPG and collagen I expressions and KI67-positive cells were 
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quantified using Aperio ImageScope software (Leica Biosystems), by quantifying 
area with positive and strong positive staining over total area of the tissue. 

 

Statistics 

All statistics were performed using GraphPad Prism 7 (La Jolla, CA, USA). 
Normality of data was tested using a D’Agostino-Pearson test for datasets n ³8. 
If data were normally distributed, a paired or unpaired Student’s t-test was used 
to compare two paired or unpaired groups respectively. Datasets that did not 
have a normal distribution were log-transformed to obtain normality and if data 
were still not normally distributed then nonparametric tests were used. For 
datasets n£8 a Mann Whitney U or Wilcoxon test was used. When comparing 
multiple groups, a parametric one-way ANOVA with Holm-Sidak correction or 
non-parametric paired Friedman with Dunn’s correction was performed 
depending on normality of the data. Correlations were assessed by calculating 
the Pearson correlation coefficient. P<0.05 was considered significant. Data are 
presented as box-and-whisker plots with individual data points for unpaired 
data or before-after plots for paired data. 
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RESULTS 

 

Osteoprotegerin level is higher in human and murine fibrotic livers 

We first quantified tissue levels of OPG in lysates of human livers and found that 
cirrhotic liver tissue contained significantly more OPG than control liver tissue 
(figure 1A). Immunohistochemical staining of human liver tissue confirmed 
significantly more OPG expression in sections of cirrhotic livers (figure 1B) than 
in sections of control livers (figure 1C). In control livers, staining for OPG 
expression showed a scattered pattern throughout liver parenchyma, while in 
cirrhotic livers OPG was predominantly present in areas of ECM-rich scars and 
some expression was found scattered throughout relatively unaffected 
parenchymal tissue similar to control tissue. A double staining with αSMA, a 
marker of myofibroblasts, showed co-localization of OPG in αSMA-positive cells 
(figure 1D) and arrows in figure 1D indicate some of the double-positive cells. 
Note that the majority of the staining in the scars appears to be extracellular 
pointing to the presence of OPG protein in excreted form or bound to ECM. 

Using a mouse model of CCl4-induced liver fibrosis we found similar results as 
in human livers. We measured higher serum levels as well as liver tissue levels 
of OPG after 8 weeks of CCl4-induced liver injury as compared to healthy 
controls (figures 2A and 2B). In control livers, staining for OPG expression was 
diffuse and no clearly positive cells were seen (figure 2C). As was found for OPG 
expression in human cirrhotic livers, OPG expression in murine fibrotic liver 
tissue predominantly localized in areas of scars (figure 2D). Quantification of the 
OPG staining in liver sections of these animals confirmed the significantly higher 
OPG expression in fibrotic liver tissue as compared to control (figure 2E). 

 

Human hepatic stellate cells produce copious amounts of OPG 

As our double staining suggested myofibroblasts as the main cellular source of 
liver OPG, we first treated 3T3 murine fibroblasts with profibrotic factor TGFβ1 
to assess their capacity of producing OPG. We found that these fibroblasts 
produced and excreted OPG in steady state conditions (figure 3A). In addition, 
significantly higher OPG production was observed after treatment with 5 ng/mL 
of TGFβ1, to induce myofibroblast transformation, as compared to untreated 
control cells. To investigate if results from this murine cell line are also relevant 
for transformation of human hepatic stellate cells to myofibroblast-like cells, we 
cultured primary human hepatic stellate cells (HHSteC) in a quiescent state in 
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human serum albumin-coated wells and subsquently induced their activation 
and transformation to myofibroblast-like cells by culturing in uncoated wells. 
Quiescent HHSteC produced higher levels of OPG than the nonactivated 
murine fibroblasts (2932 vs. 889 pg/mg cell lysate protein respectively) and this 
production went up to 3924 pg/mg cell lysate protein when these cells 
transformed to myofibroblast-like cells as seen during fibrogenesis (figure 3B). 

 

TGFβ1 induces OPG production in murine precision-cut liver slices, which 
correlates with Col1α1 and αSMA expression 

To verify liver-specific production and to investigate the effects of TGFβ1 in 
more detail, we stimulated mouse precision-cut liver slices with TGFβ1. We 
found that liver tissue can express and produce OPG itself and additionally that 
TGFβ1 stimulation of liver slices resulted in higher OPG mRNA expression and 
significantly higher OPG protein excretion as compared to untreated control 
slices (figures 3A and B). This higher production of OPG after TGFβ1 stimulation 
was accompanied by significantly higher mRNA expressions of the fibrosis-
associated genes Col1α1, αSMA, Fn2, and TGFβ1 itself as compared to 
untreated control slices (figure 4C-F). Moreover, OPG mRNA expression 
significantly correlated with mRNA expressions of Col1α1 and αSMA (figure 5A-
B). All treatments did not compromise viability of tissue slices as no significant 
decrease of ATP content was found in all treatment groups as compared to 
untreated controls after 48 hours of incubation (Figure S1 of supplemental data). 

 

OPG treatment of mouse precision-cut liver slices results in higher 
expression of fibrosis-associated markers through TGFβ1 

To investigate the biological role of OPG in liver fibrosis, murine liver slices were 
treated with OPG itself. Stimulation with 10 ng/mL OPG resulted in significantly 
higher mRNA expressions of Col1α1, αSMA, and most notably TGFβ1 as 
compared to controls, but not of Fn2 (figures 6A-D). This effect was similar to 
stimulation with TGFβ1, which was included as a positive control, although 
TGFβ1 also induced expression of more Fn2. 

We then investigated whether this profibrotic activity of OPG could be 
explained by its upregulation of TGFβ1 expression. We therefore inhibited 
TGFβ1 signalling by using galunisertib (LY2157299), a TGFβ1 receptor kinase 
inhibitor. We found that galunisertib treatment of mouse liver slices cotreated 
with TGFβ1 resulted in significantly lower expression of Col1α1, αSMA, and 
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TGFβ1 mRNA, but not Fn2 mRNA compared to liver slices treated with only 
TGFβ1 alone (figure 6A-D). A similar pattern was seen for slices treated with 
galunisertib and OPG as compared to slices only treated with OPG (figure 6A-
D). Treatment with galunisertib on its own did not affect expression of these 
genes as compared to control. 

To study whether the profibrotic activity of OPG is related to its inhibiting 
activities of RANKL and TRAIL, slices were incubated with neutralizing 
antibodies against RANKL and TRAIL to mimic both OPG activities. Again, 
mRNA expressions of Col1α1, αSMA, Fn2, and TGFβ1 were used as outcome 
parameters. We found that incubation with either anti-RANKL, or anti-TRAIL 
neutralizing antibodies or their combination did not mimic the results found for 
OPG incubation (data not shown). 

 

RANKL stimulates cell proliferation in liver slices 

RANKL has been shown to reduce liver injury after hepatic ischemia/reperfusion 
and to be involved in epithelial cell proliferation15,26. We therefore hypothesized 
that RANKL may be involved in liver tissue regeneration and that OPG inhibits 
this process during fibrosis development. In order to investigate this hypothesis, 
we treated murine liver slices with RANKL for 48 hours. We observed higher 
expression of the proliferation marker KI67 in both parenchymal and 
nonparenchymal cells after stimulation with RANKL as compared to nontreated 
controls (figures 7A-C for representative pictures of the staining). Staining was 
predominantly found the portal areas. In addition, positive nuclear KI67 staining 
in bile duct epithelial cells was only observed in RANKL-treated tissues and not 
found in any untreated tissue (figure 7C). Quantification of this staining 
confirmed that RANKL-treated slices had significantly more KI67-positive cells 
than untreated controls (figure 7D). Subsequently, we investigated whether 
RANKL specifically induced proliferation of hepatocytes by stimulating HepG2 
cells with RANKL, OPG and their combination but we found no effect of any of 
these treatments on proliferation (figure 7E). 

 

Osteoprotegerin expression responds to spontaneous and drug-induced 
fibrosis resolution 

To study the response of OPG production to resolution of fibrosis we used two 
mouse models of fibrosis resolution (spontaneous and drug-induced). In mice 
with CCl4-induced liver fibrosis, we induced spontaneous resolution by cessation 
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of CCl4 for one week after four weeks of CCl4 treatments and we induced 
resolution by treatment with the antifibrotic cytokine IFNγ in the last two weeks 
of eight weeks of CCl4 treatments. Both methods of resolution induction 
resulted in significantly lower collagen type I deposition in liver tissue as was 
published before by us21,22. Importantly, the lower amount of collagen 
deposition was accompanied with a concomittant significantly lower OPG 
expression in liver tissue (figures 8A-B).  
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A: Human liver 

 

B: Cirrhotic    C: Control 

 

D: OPG/αSMA double staining 

 
FIGURE 1. Osteoprotegerin levels are higher in human cirrhotic livers. (A) Lysates of human 
cirrhotic livers (n=8) contained significantly more OPG than control livers (n=5). Groups were 
compared using Mann Whitney U, p<0.05 was considered significant. (B) Immunohistochemical 
staining showed pronounced OPG expression (bright red staining) in fibrotic bands (fb) and 
expression scattered throughout relatively unaffected parenchymal tissue in human cirrhotic 
livers (200x magnification). (C) OPG expression in control livers was only found scattered 
throughout the parenchyma (200x magnification). (D) The expression of OPG (red staining) in 
fibrotic bands in human cirrhotic livers co-localized with αSMA-positive myofibroblasts (blue 
staining). Some of those double-positive cells are indicated by yellow arrows (400x 
magnification). 
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     A: Mouse serum  B: Mouse liver lysate 

   

 

E: Quantification of staining 

 

FIGURE 2. Osteoprotegerin levels are higher in murine fibrotic livers. OPG levels were higher in 
serum (A) and liver tissue lysates (B) of mice treated with CCl4 for 8 weeks compared to 
untreated control mice. (C) Immunohistochemical staining of OPG expression in control mouse 
livers showed diffuse staining and no clear positive cells (50x magnification). (D) In CCl4-treated 
mouse livers pronounced OPG expression in fibrotic bands (fb) was found (50x magnification). 
(E) Quantification of this OPG staining showed higher expression in CCl4-treated livers as 
compared to control. Groups were compared using Mann Whitney U, p<0.05 was considered 
significant. 
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FIGURE 3. Murine myofibroblasts and human hepatic stellate cells produce copious amounts of 
OPG. (A) Higher OPG levels were observed in murine 3T3 fibroblasts transformed to 
myofibroblasts by TGFβ1 treatment when compared to untreated controls. (B) Activated human 
hepatic stellate cells (HHSteC) produce significantly more OPG than quiescent HHSteC. HHSteC 
were activated by culturing on uncoated plastic. Groups were compared using Mann Whitney 
U, p<0.05 was considered significant. 
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FIGURE 4. TGF�1 induces OPG expression as well as various fibrosis-associated markers in 
murine liver slices. When murine liver slices were treated with 5 ng/ml TGFβ1, a trend towards 
higher OPG mRNA levels (A) and significantly more protein excretion (B) were observed. This 
higher OPG production was accompanied by higher mRNA expression levels of fibrosis-
associated markers Col1α1 (C), αSMA (D), Fn2 (E), and TGFβ1 (F). Groups were compared using 
Wilcoxon, p<0.05 was considered significant. 
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FIGURE 5. OPG mRNA expression correlates with Col1α1 and αSMA mRNA expression. OPG 
mRNA expression significantly correlated with Col1α1 and αSMA mRNA expression levels (A-
B). Correlations were tested using a Pearson’s correlation test, p<0.05 was considered 
significant. 
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FIGURE 7. RANKL stimulates cell proliferation in liver slices. (A-B) Representative pictures of a 
immunohistochemical staining for KI67 expression show no proliferating cells in untreated 
control mouse precision-cut liver slices, whereas treatment with 200 ng/ml RANKL induced cell 
proliferation in liver slices (magnification 100x). (C) Positive staining in bile duct epithelial cells 
was observed only in RANKL-treated liver tissue and not in untreated control tissue. (D) 
Quantification of the Ki67 staining showed significantly more cell proliferation after RANKL 
treatment compared to untreated controls. Groups were compared using Wilcoxon, p<0.05 was 
considered significant. (E) Treatment of HepG2 cells with RANKL showed no increase in cell 
proliferation as compared to untreated controls. OPG and the combination of OPG+RANKL 
also did not affect cell proliferation. Groups were compared using Kruskal-Wallis with Dunn’s 
correction for multiple testing, p<0.05 was considered significant. 

 

FIGURE 8. OPG responds to spontaneous and drug (IFNγ)-induced resolution. In vivo 
spontaneous (A) and IFNγ-induced (B) resolution of CCl4-induced liver fibrosis in mice resulted 
in lower OPG levels in liver tissue as compared to their respective controls, which was 
accompanied by lower collagen type I deposition as was published by us before21,22. Groups 
were compared using Mann-Whitney U, p<0.05 was considered significant. 
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DISCUSSION 

 

OPG has previously been associated with liver fibrosis and has been included in 
a panel of serum markers to assess liver fibrosis severity8,9. We now show that it 
is produced in liver tissue by (activated) hepatic stellate cells and that its 
expression in liver tissue is stimulated by exposure to TGFβ1. In addition, OPG 
itself appears profibrotic through upregulation of TGFβ1 expression and may 
therefore be a novel target for pharmacological treatment. Our experiments 
also suggest that expression of OPG occurs early in the process of fibrosis 
induction, as healthy liver slices produce more OPG within 24-48 hours of TGFβ1 
stimulation. In addition, we have shown that OPG production decreases when 
fibrosis resolves, suggesting it may also be used as marker to assess treatment 
success. 

We first assessed whether the previously reported elevated levels of OPG in 
liver fibrosis were a result of elevated production within the fibrotic liver or 
coming from other parts of the body8,9. We indeed found higher levels of OPG 
in both human and murine liver tissue lysates of cirrhotic/fibrotic livers as 
compared to healthy tissues. To confirm OPG was genuinely produced in liver 
tissue we proceeded with liver slices. Using these, we found that after 
stimulation with TGFβ1, OPG production increased parallel to the induction of 
early fibrosis in these slices. This proved that liver tissue itself is capable of 
producing OPG, under the influence of a fibrotic stimulus. In addition, 
immunohistochemical staining and in vitro HHSteC studies indicate that 
activated HHSteC and myofibroblasts are an important source of OPG within 
the liver. We found no evidence for OPG production by Kupffer cells or 
hepatocytes either in our immunohistochemical stainings or in vitro in relevant 
cell lines. Neither macrophages (RAW264.7) nor hepatocytes (HepG2) 
produced OPG in steady state or after stimulation with TGFβ1 (data not shown), 
only vascular smooth muscle cells were found to produce OPG both in steady 
state as well as after TGFβ1 stimulation13. This is in contrast with work from Sakai 
et al (2012) who showed low-level production by Kupffer cells after TNFα 
stimulation26. Our immunohistochemical staining did not pick up any OPG 
staining in Kupffer cells, but we did not specifically stimulate with TNFα, which 
may explain the differences found. 

An important question that arises is why hepatic OPG increases during 
fibrogenesis of the liver. Therefore, we first assessed whether OPG itself exerts 
biological activities on liver tissue. Our results showed higher mRNA expressions 
of Col1α1, αSMA, and TGFβ1 after treatment of liver slices with OPG, although 
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the extent of the profibrotic effect of OPG was smaller than of TGFβ1. This 
suggests that OPG has mild profibrotic activities in the liver and may therefore 
be involved in generating a profibrotic environment. The next question we 
addressed was how OPG could exert such a profibrotic effect. Our studies with 
galunisertib indicate that the upregulation of TGFβ1 expression by OPG is most 
probably responsible for this effect as galunisertib, a TGFβ1 receptor kinase 
inhibitor, completely abolished the profibrotic effect of OPG. That left us with 
the question how OPG can upregulate TGFβ1 expression. To date no receptor 
or signaling properties of OPG itself have been reported27. Therefore, we 
hypothesized that its TGFβ1-stimulating properties are the result of either 
scavenging RANKL and/or TRAIL as these ligands have been reported to bind 
to OPG28. Our results using neutralizing antibodies against RANKL and TRAIL 
indicated that OPG does not upregulate TGFβ1 expression through scavenging 
of RANKL and/or TRAIL. However, scavenging of RANKL or TRAIL by OPG may 
contribute to fibrosis in a different manner. 

RANKL was reported to play a role in hepatic cellular repair mechanisms. Sakai 
et al (2012) showed high expression of the receptor for RANKL, i.e. RANK, on 
hepatocytes and subsequently showed that RANKL treatment can induce cell 
proliferation and thus reduce liver injury in a model of ischemia/reperfusion 
damage26. Our experiments also show that RANKL is able to induce liver cell 
proliferation, though we could not confirm specific hepatocyte proliferation in 
our stainings as well as using HepG2 cells as a model for hepatocytes. However, 
we did see positive staining in bile duct epithelial cells and in portal areas in 
RANKL-treated slices and not in the untreated slices. Portal areas are reservoirs 
for stem cells aiding hepatocyte regeneration29 and therefore the increased KI67 
staining in these areas may indicate stimulation of liver regeneration by RANKL. 

TRAIL is a known inducer of apoptosis through its death receptors DR4 and 
DR530. Expression of TRAIL was shown on activated stellate cells in cirrhotic 
livers but not on quiescent ones31. Therefore, TRAIL expression may be a 
mechanism to induce apoptosis of myofibroblasts after tissue repair is finished 
and the continued presence of myofibroblasts in no longer needed. Our studies 
have clearly shown that activated HHSteC and (myo)fibroblasts produce OPG 
and therefore may be able to prevent apoptosis and maintain fibrotic conditions 
through this production of OPG32. 

As OPG production appears to be closely linked to the process of liver 
fibrogenesis, we hypothesized that OPG may also serve as a marker to assess 
resolution of the disease. To verify this, we studied OPG expression in two 
resolution models: one model of spontaneous resolution, and one model with 
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IFNγ as an antifibrotic drug21. The induction of liver fibrosis in mice in vivo using 
CCl4 has been shown to be reversible when administration of CCl4 is stopped. 
We found that after 4 weeks of CCl4 administration and one-week cessation of 
CCl4 administration the deposition of collagen in liver tissue was markedly lower 
than animals that had received CCl4 for 4 weeks22. Interestingly, at the same 
time OPG expression was also lower after one week of regeneration, suggesting 
OPG expression decreases when the liver is regenerating. A similar pattern was 
also found in an experiment of eight weeks of CCl4 administration, in which the 
animals were treated with IFNγ in the last two weeks of the fibrosis-inducing 
period. We have previously shown that treatment with IFNγ resulted in a 
significant reduction of fibrosis in liver tissue indicating resolution of disease21. 
We now show that this resolution is accompanied by less OPG expression in 
liver tissue. These in vivo results suggest that OPG expression is not only linked 
to fibrosis development, but that it can also be used to detect resolution of 
disease. This makes it a tempting candidate for biomarker studies as 
development of novel drugs against liver fibrosis is severely hampered by the 
lack of biomarkers to detect efficacy of treatments33. 

 

 

 

CONCLUSIONS 

 

In conclusion, liver fibrosis is accompanied by higher production of OPG in liver 
tissue, in particular in response to TGFβ1. Spontaneous or drug-induced 
resolution of fibrosis is accompanied by lower expression of OPG. Activated 
HHSteC are a source of OPG and OPG itself is profibrotic and may inhibit tissue 
regeneration. OPG may therefore be a novel drug target in addition to being a 
biomarker for liver fibrosis. 
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SUPPLEMENTARY FIGURES 

 

 
 

FIGURE S1. Treatments did not compromise viability of mouse liver slices. The treatments 
used in these studies did not significantly compromise the viability of the mouse liver slices (n=6, 
Kruskal-Wallis test corrected for multiple testing). 

 

 

Table S1. Sequences of the primers used in this study 

Gene Forward Reverse 

β-actin ATCGTGCGTGACATCAAAGA ATGCCACAGGATTCCATACC 

Col1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT 

αSMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA 

Fn2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA 

PAI1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG 

OPG ACAGTTTGCCTGGGACCAAA CTGTGGTGAGGTTCGAGTGG 

TGFβ AGGGCTACCATGCCAACTTC GTTGGACAACTGCTCCACCT 

HSP47 AGGTCACCAAGGATGTGGAG CAGCTTCTCCTTCTCGTCGT 
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ABSTRACT 

 

Fibrosis is a chronic disease that is characterized by excessive extracellular 
matrix deposition and is usually only detected at a late stage when the organ is 
already severely damaged. Therefore, it is highly important to have reliable and 
easy-to-assess early biomarkers. Osteoprotegerin (OPG) has been postulated to 
be a serum marker of advanced fibrosis in lung, liver and kidney. Little is known 
about the regulation of OPG in early fibrosis in these organs and its response to 
treatment. Therefore we aimed at studying expression and production of OPG 
in early fibrosis in various organs and its response to treatment with an anti-
fibrotic drug using precision-cut tissue slices. 

Tissue slices of lung, liver, kidney and colon were incubated with and without 
TGFβ1 and galunisertib, a TGFβ receptor 1 kinase inhibitor, to study OPG 
production and expression in relation to fibrotic responses. OPG levels were 
also measured in plasma of mice with unilateral ureteral obstruction (UUO) and 
in mice deficient for MDR2, and slices of these organs were treated with 
galunisertib. 

Lung, liver, kidney and colon tissue slices all expressed OPG mRNA and this was 
higher after 48 hours of incubation than directly after slicing. TGFβ1 treatment 
resulted in more OPG mRNA expression in all organs and more OPG production 
in lung, liver and kidney but not colon slices as compared to untreated slices. 
This increased OPG production could be inhibited with galunisertib in all organ 
slices. OPG plasma levels were higher in UUO and MDR2-/- mice than in control 
mice. OPG protein levels were lower after galunisertib treatment of both UUO 
fibrotic kidney and MDR2-/- fibrotic liver slices. These results indicate that OPG 
production is already upregulated early on in the development of fibrosis and is 
responsive to TGFβ1-inhibition treatment of fibrosis. The next steps should 
include testing OPG as a blood-based biomarker for early-onset organ fibrosis 
and/or as a marker of treatment success in patients. 
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INTRODUCTION 

 

Fibrosis is characterized by excessive deposition of extracellular matrix (ECM) in 
tissue, leading to organ malfunction and even death1. To date, besides 
transplantation, there are only few therapies to slow the fibrotic process and no 
possibilities to stop or reverse fibrosis2–5. 

One of the challenges in treating and studying chronic diseases such as fibrosis 
is the lack of suitable (early) diagnostic methods and markers to detect the slow 
and long-term progression of this disease. Therefore, most fibrotic conditions in 
patients are detected at a late-stage when the organ is already severely 
damaged. Until now biopsies are the only reliable, but high-burden, diagnostic 
method to accurately stage organ fibrosis. Therefore, it is of utmost importance 
to have reliable and easy-to-assess biomarkers to detect organ fibrosis, already 
in an earlier stage. 

Osteoprotegerin (OPG) is a secreted protein that belongs to the tumor necrosis 
factor (TNF) receptor superfamily and is expressed in various organs. It functions 
as a decoy receptor for several ligands including nuclear factor kB ligand 
(RANKL), TNF-related apoptosis-inducing ligand (TRAIL), heparin, and 
glycosaminoglycan6–8. OPG is best known for its regulation of bone tissue 
homeostasis9. However, our recent studies showed that OPG levels in fibrotic 
lung10 and cirrhotic liver tissue11 were significantly higher than in control lung 
and liver tissue. OPG has also been found to be associated with chronic kidney 
disease in hypertensive patients and with kidney damage12. Another study has 
shown that OPG is overexpressed by colonic epithelium during active colonic 
inflammatory bowel disease13, which is of interest because inflammation appears 
to be the central driving force behind colonic fibrosis14.  These results suggest 
that OPG is linked to fibrosis in multiple organs. 

Osteoprotegerin can be detected in blood and urine as was shown patients with 
cirrhotic livers15 and chronic kidney disease8,16–18. OPG serum levels also 
correlated with the severity of liver and kidney fibrosis and urinary OPG from 
chronic kidney disease patients was also higher than from healthy 
volunteers18.  These results support the study of OPG as an easy access 
biomarker for organ fibrosis and further studies into the applicability of OPG as 
a biomarker for organ fibrosis seem warranted. 

In this study we therefore used mouse precision-cut tissue slices of lung, liver, 
kidney and colon incubated with TGFβ1 to investigate OPG in relation to onset 
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of fibrosis in different organs and we used galunisertib, a TGFβ-receptor type I 
kinase inhibitor, to investigate OPG as marker of treatment success. We also 
used slices of fibrotic livers and kidneys from mice deficient for MDR2 and mice 
with unilateral ureteral obstruction (UUO) respectively and tested whether OPG 
responds to treatment with galunisertib. 
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MATERIALS AND METHODS 

 

Animal experiments 

Male C57BL/6 mice and FVB mice (8-12 weeks old weighing between 20 and 30 
grams) were obtained from Harlan (Horst, The Netherlands) and Jackson 
Laboratory (Jackson Laboratory, Bar Harbor, ME, USA), respectively. All mice 
were housed with permanent access to water and food in a temperature-
controlled room with a 12h dark/light cycle regimen. The Institutional Animal 
Care and Use Committee of the University of Groningen approved the use of all 
animals in these studies (DEC6416AA and DEC6427A). 

To induce kidney fibrosis, C57BL/6 mice were subjected to unilateral ureteral 
obstruction. Mice were anesthetized with isoflurane/O2 (Nicholas Piramal, 
London, UK) and the left ureter was ligated. After 3 days days, mice were 
sacrificed and the ligated (UUO) kidney was collected19,20. 

MDR2-/- mice are genetically modified mice (on a FVB background, which were 
bred in homozygosity at the Institute of Translational Immunology at Mainz 
University Medical Center) that spontaneously develop liver fibrosis. These were 
used to study OPG in relation to liver fibrosis. FVB mice were used as controls. 
Seven days before sacrifice the MDR2-/- mice were injected subcutaneously with 
500 μl of 20 wt-% control microspheres (prepared from multi-block co-polymers 
[PCL-PEG-PCL]/[PLLA]) dispersed in 0.4% carboxymethyl cellulose (CMC, 
Aqualon high Mw, Ashland, pH 7.0-7.4) as a control group for another 
experiment21. This treatment was not expected to influence OPG levels. 

 

Mouse precision-cut tissue slices 

Mice were anaesthetized with isoflurane/O2 (Nicholas Piramal, London, UK) and 
then sacrificed by exsanguination via the aorta abdominalis. Precision-cut tissue 
slices of the lung, liver, kidney and colon were prepared according to the 
method of Oenema et.al 22, Westra et.al23, Stribos et.al24 and Iswandana et.al25, 
respectively. In brief, the lungs were inflated with low-melting temperature 
agarose (1.5%) (Sigma-Aldrich, Steinheim, Germany) in 0.9% NaCl, while the 
colon was filled with 3% (w/v) agarose in 0.9% NaCl at 37 °C and embedded in 
an agarose core-embedding unit. Cores of lung and liver tissue were made using 
a 5-mm diameter biopsy-punch. The tissue and cores of each organ were 
preserved in preservation medium before the slicing process (Table 1). Slices 
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were prepared from these cores with a Krumdieck tissue slicer (Alabama 
Research and Development, USA), which was filled with ice-cold Krebs-
Henseleit Buffer supplemented with 25 mM D-glucose (Merck, Darmstadt, 
Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, 
OH), saturated with carbogen (95% O2/5% CO2) and adjusted to pH 7.4. 

After slicing, slices were incubated in 1.3 mL (or 500μL for colon) pre-warmed 
incubation medium (Table 1) in 12-wells plates (or 24-wells plate for colon). 
Tissue slices were incubated at 37 ⁰C in an O2/CO2-incubator (MCO-18M, Sanyo, 
USA) which was continuously shaken at a speed of 90 rpm and saturated with 
80% O2 and 5% CO2 

25. The slices were incubated for 48 hours in medium with 
or without 5 ng/mL TGFβ1 and with or without 10 µM Galunisertib (Selleckchem, 
Munich, Germany). Medium and treatments were refreshed every 24 hours. The 
concentration of galunisertib applied in this study has previously been found 
optimal for inhibiting TGFβ1-induced induction of fibrosis-associated markers26. 
After 48 hours of incubation, slices were collected, snap frozen into liquid 
nitrogen and stored at -80 ⁰C until analysis. Incubation medium was collected 
and stored in -20 ⁰C until ELISA measurements were performed. 

 

Enzyme-linked immunosorbent assay (ELISA) 

Murine OPG levels in slice incubation medium and mouse plasma were 
measured using ELISA (cat #DY459) according to the instructions provided by 
the manufacturer. Total OPG in the medium was corrected for the protein 
content of the slices, which was measured by Lowry (BIO-rad RC DC Protein 
Assay, Bio Rad, Veenendaal, The Netherlands). 

 

Quantitative real-time polymerase chain reaction (RT-qPCR) 

Total mRNA was isolated from slices using a Maxwell® LEV simply RNA 
Cells/Tissue kit (Promega, Madison, WI). Final RNA concentrations were 
determined using Biotek Synergy HT (Biotek®, Winoosku, Vermont, USA). 
Conversion of RNA into cDNA was performed by using a reverse transcriptase 
kit (Promega, Leiden, The Netherlands), in a master-cycler gradient (25°C for 10 
min, 45°C for 60 min, and 95°C for 5 min). For murine slices, transcription levels 
of OPG and fibrosis-associated markers procollagen 1α1 (Col1α1), α-smooth 
muscle actin (αSMA), fibronectin (Fn2), plasminogen activator inhibitor-1 (PAI-1) 
were measured by using a SensiMix™ SYBR kit (Bioline, Taunton, MA) and the 
7900HT Real-Time RT-PCR sequence detection system (Applied Biosystems, 
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Bleiswijk, The Netherlands) with 45 cycles of 10 min 95°C, 15 sec at 95°C, and 
25 sec at 60°C following with a dissociation stage. 

 

Table 1. Preparation and incubation conditions for precision-cut tissue slices of various organs 
 

Organ Agarose Preservation Medium Pre-
incubation 

Incubation Medium 

Lung 1.5% 
agarose in 
0.9% NaCl 

Ice-cold University of 
Wisconsin organ 
preservation solution 
(UW-solution) 

1 hour DMEM + Glutamax medium 
containing 4.5g/L D-glucose and 
pyruvate (Gibco, New York, USA) 
supplemented with non-essential 
amino acid mixture (1:100), 
penicillin-streptomycin, 45 µg/ml 
gentamycin (Gibco) and 10% 
fetal calf serum (Oenema, 2013) 

Liver - UW-solution 1 hour Williams' Medium E + GlutaMAX 
(Gibco) supplemented with 14 
mM Glucose (Merck, Darmstadt, 
Germany) and 50 μg/ml 
gentamycin (Gibco) (Westra, 
2014) 

Kidney - UW-solution - William's E medium with 
GlutaMAX (Gibco) containing 
10 μg/mL ciprofloxacin and 
2.7 g/l D-(+)-Glucose solution 
(Sigma-Aldrich, Saint Louis) 
(Stribos, 2016) 

Colon 3% agarose 
in 0.9% 
NaCl 

Supplemented Krebs-
Henseleit Buffer 
saturated with carbogen 
(95% O2/5% CO2) and 
adjusted to pH 7.4.  

- Williams' Medium E + GlutaMAX 
(Gibco) supplemented with 14 
mM Glucose (Merck), 50 μg/ml 
gentamycin (Gibco) and 2.5 
μg/ml fungizone (amphotericin B; 
Invitrogen, Scotland). 
(Iswandana, 2016) 

 

Output data were analysed using SDS 2.3 software (Applied Biosystems) and Ct 
values were normalized to housekeeping gene 18s RNA (lung and kidney), β-
actin (liver), and GAPDH (colon) and relative gene expression was calculated as 
2-ΔCt. In the graphs comparing expression levels of OPG in the different organs 
we used 2-Ct of OPG and did not correct for housekeeping gene levels All 
primers were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands), as 
listed in Table 2. 
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Table 2. Mouse primers of fibrosis-associated  markers  

Primer Forward sequence Reverse sequence 

18s CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA 

GAPDH GAACATCATCCCTGCATCCA CCAGTGAGCTTCCCGTTCA 

β-actin ATCGTGCGTGACATCAAAGA ATGCCACAGGATTCCATACC 

Col1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT 

αSMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA 

Fn2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA 

PAI-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG 

OPG ACAGTTTGCCTGGGACCAAA CTGTGGTGAGGTTCGAGTGG 

 

 

Statistics 

All statistics were performed using GraphPad Prism 6. Normality of data was 
tested using a D’Agostino-Pearson test for datasets n ³8. If data were normally 
distributed, a paired or unpaired Student’s t-test was used to compare two 
paired or unpaired groups respectively. Datasets that did not have a normal 
distribution were log-transformed to obtain normality and if data were still not 
normally distributed then nonparametric tests were used. For datasets n£8 a 
Mann Whitney U or Wilcoxon test was used. When comparing multiple groups, 
a parametric one-way ANOVA with Holm-Sidak correction or non-parametric 
paired Friedman with Dunn’s correction was performed depending on normality 
of the data. Correlations were assessed by calculating the Spearman correlation 
coefficient. P<0.05 was considered significant. Data are presented as box-and-
whisker plots using the median and min/max whiskers including individual data 
points or as aligned before-after plots. 
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RESULTS 

 

To study regulation of OPG in early fibrogenesis in different organs, we 
incubated mouse tissue slices for 48 hours with and without TGFβ1 and 
quantified OPG mRNA and protein levels before and after incubation. First, we 
compared basal OPG mRNA expression levels in the different organs at the start 
of incubation (0h). Liver and kidney slices expressed the lowest amount of OPG 
mRNA, while lung and colon expressed more (Figure 1). 

 

 
Figure 1. OPG mRNA expression levels in lung, liver, kidney and colon slices at time t=0 hrs. Ct 
values are expressed as 2-Ct for visual presentation. Groups were compared using a Kruskal-
Wallis test with Dunn’s correction for multiple testing, p<0.05 was considered significant. 

 

After 48 hours of incubation, mRNA expression levels of OPG in various organ 
slices showed a clear trend towards higher levels compared to slices at t=0 hrs. 
Due to the low number (n=4) of replicates these difference were only significant 
for liver slices for which we had 8 replicates at 48 hrs (Figure 2). 

As found for the 0 hrs time point, liver and kidney slices expressed the lowest 
amount of OPG mRNA (Figure 3a) and protein (Figure 3b) after 48 hours of 
incubation, with more being produced by lung and colon slices. In contrast to 
the 0 hrs time point, colon slices clearly produced the most OPG of all types of 
organ slices. The OPG excretion correlated well with the OPG mRNA expression 
levels in these organs (Spearman r= 0.74, p<0.0001, Figure 3c). 
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Figure 2. OPG mRNA expression levels in mouse lung (a), liver (b), kidney (c), and colon (d) slices 
at the start of incubation and after 48 hours of incubation. Groups of lung, kidney and colon 
slices were compared using a Wilcoxon test, groups of liver slices were compared using a Mann 
Whitney U, p<0.05 was considered significant. 

 

We subsequently induced the onset of fibrosis in these murine organ slices by 
adding pro-fibrotic stimulus of TGFβ1 during incubation, which resulted in 
higher expression of OPG mRNA in lung, liver, kidney and colon slices as 
compared to the control slices (Figure 4a, 4c, 4e, 4g). This higher mRNA 
expression after TGFβ1 treatment was matched with higher OPG protein 
excretion by lung, liver and kidney slices (Figure 4b, 4d, 4f), but not by colon 
slices (Figure 4h). In addition to OPG mRNA expression and protein excretion, 
several fibrosis-associated markers such as fibronectin (Fn2) and plasminogen 
activator inhibitor-1 (PAI-1) were also expressed more in TGFβ1-stimulated lung 
(Figure 5c, 5d), liver (Figure 5g, 5h) and kidney slices (Figure 5k, 5l). Procollagen 
1α1 (Col1α1) mRNA expression was higher in TGFβ1-stimulated lung and liver 
slices (Figure 5a, 5e), while α-smooth muscle actin (αSMA) was only higher in 
TGFβ1-stimulated kidney slices (Figure 5j). However, TGFβ1 treatment of colon 
slices only resulted in higher expression of Col1α1 and PAI1 mRNA (Figure 5m, 
5p). 
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Figure 3. OPG mRNA expression in mouse lung, liver, kidney, and colon slices after 48 hours of 
incubation. Ct values are expressed as 2-Ct for visual presentation (a). OPG protein release from 
mouse lung, liver, kidney, and colon slices into incubation medium after 48 hours of incubation 
(b). OPG mRNA and protein production correlate well when all organs were combined 
(Spearman r= 0.74 and p < 0.0001) (c). Groups were compared using a Kruskal-Wallis test with 
Dunn’s correction for multiple testing. Correlation was tested using a Spearman test. p<0.05 
was considered significant. 

 

 

To investigate if higher or lower OPG mRNA expression was associated with 
higher or lower expression of fibrosis-associated markers, correlations were 
calculated using mRNA expression results from multiple experiments on lung, 
liver, kidney and colon slices combined. As depicted in Figure 6, OPG mRNA 
expression from those organs correlated significantly with fibrosis-associated 
markers Col1α1, αSMA, Fn2, and PAI-1. OPG protein excretion from those 
organs also significantly correlated with αSMA, Fn2, and PAI-1, but not with 
Col1α1. 
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Figure 4. OPG mRNA expression in and OPG released by precision-cut slices from lung (a, b), 
liver (c, d), kidney (e, f) and colon (g, h) slices with or without TGFβ1 treatment. Groups were 
compared using a Wilcoxon test, p<0.05 was considered significant. 
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Figure 5. mRNA levels of fibrosis-associated markers procollagen 1α1 (Col1α1), α-smooth 
muscle actin (αSMA), fibronectin (Fn2), and plasminogen activator inhibitor-1 (PAI-1) expressed 
in lung (a-d), liver (e-h), kidney (i-l) and colon (m-p) with or without TGFβ1. Groups were 
compared using a Wilcoxon test, p<0.05 was considered significant. 
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Figure 5. mRNA levels of fibrosis-associated markers procollagen 1α1 (Col1α1), α-smooth 
muscle actin (αSMA), fibronectin (Fn2), and plasminogen activator inhibitor-1 (PAI-1) expressed 
in lung (a-d), liver (e-h), kidney (i-l) and colon (m-p) with or without TGFβ1. Groups were 
compared using a Wilcoxon test, p<0.05 was considered significant. 
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Figure 6. Correlations between mRNA level (2-Ct) of OPG and fibrosis-associated markers 
expression of procollagen 1α1 (Col1α1) (a), α-smooth muscle actin (αSMA) (c), fibronectin (Fn2) 
(e), plasminogen activator inhibitor-1 (PAI-1) (g) in tissue slices of lung, liver, kidney and colon. 
Correlations between OPG protein excretion and fibrosis-associated markers expression of 
procollagen 1α1 (Col1α1) (b), α-smooth muscle actin (αSMA) (d), fibronectin (Fn2) (f), 
plasminogen activator inhibitor-1 (PAI-1) (h) in tissue slices of lung, liver, kidney and colon. 
Correlations were tested using a Spearman test and presented as log data. p<0.05 was 
considered significant. 
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To further investigate if these correlations are similar for each organ separate, 
we also investigate correlations of OPG mRNA expression and fibrosis-
associated markers per organ. Table 3 and Supplemental Figure 1 showed that, 
in mouse lung slices OPG mRNA expression was only significantly correlated 
with Fn2 and PAI-1 but not with Col1α1 mRNA and αSMA. In liver and kidney 
slices, OPG mRNA expression was significantly correlated with all fibrosis-
associated markers (Col1α1, αSMA, Fn2, and PAI-1) (Table 3, Supplemental 
Figure 2 and Supplemental Figure 3). Meanwhile, in colon slices, OPG mRNA 
expression was only significantly correlated with PAI-1 expression. There was no 
correlation between OPG, and Col1α1, αSMA, and Fn2 mRNA expression in 
colon slices. (Table 3, Supplemental Figure 4). 

 

Table 3. Correlation between OPG mRNA expression from tissue slices with fibrosis-associated 
markers in various organs. 

 

Organs Fibrosis-
associated 
Markers 

mRNA OPG expression 
 

Spearman 
correlation 
coefficient (r) 

Significancy of 
correlation (p-
value) 
 

Lung Col1α1 0.24  0.36  
αSMA -0.33  0.21  
Fn2 0.81 0.0002 
PAI1 0.78 0.0006 

Liver Col1α1 0.75 < 0.0001 
αSMA 0.64 0.0002 
Fn2 0.61 0.0006 
PAI1 0.65 0.0002 

Kidney Col1α1 0.92 < 0.0001 
αSMA 0.71 0.003 
Fn2 0.93 < 0.0001 
PAI1 0.94 < 0.0001 

Colon Col1α1 0.17 0.59  
αSMA - 0.52  0.16  
Fn2 0.43 0.17  
PAI1 0.91 0.0001 
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To investigate if anti-fibrotic treatment is accompanied by lower production of 
OPG, we treated TGFβ1-induced early fibrosis in tissue slices with galunisertib, 
a TGFβ-receptor type I kinase inhibitor. Galunisertib mitigated the effects of 
TGFβ1 in liver, lung and kidney for most fibrosis-associated genes, although the 
inhibitory effect on αSMA mRNA expression seemed less pronounced (Figure 
7). Inhibition of TGFβ1-induced early fibrogenesis was accompanied by lower 
mRNA expression of OPG and lower excretion of OPG in medium of lung, liver, 
and kidney slices (Figure 8). We did not use colon slices for this experiment since 
TGFβ1 treatment did not induce clear OPG release nor expression of other 
fibrosis-associated markers in colon slices. This decision was supported by other 
experiments from our lab that showed that TGFβ1 treatment did not 
consistently stimulate expression of fibrosis-associated mRNA markers in mouse 
colon slices27. 

To translate our results to in vivo situations we also investigated OPG plasma 
levels in mice from models of kidney and liver fibrosis and investigated whether 
slices of these fibrotic organs when treated with galunisertib would respond with 
lower excretion of OPG. Mice that suffered from kidney fibrosis induced by 
unilateral ureteral obstruction (UUO) had higher OPG levels in plasma 3 days 
after the obstruction was induced than healthy control mice (Figure 9a).  A 
similar finding was shown for mice deficient in MDR2 that spontaneously 
develop liver fibrosis. These mice also had higher OPG plasma levels than 
healthy control mice (Figure 9b). 

We then investigated OPG responses in UUO-kidney and MDR2-/--liver slices 
using galunisertib. As depicted in Figure 9, galunisertib induced clear inhibition 
of OPG excretion from UUO-kidney (c) and MDR2-/--liver slices (d). 
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Figure 7. OPG mRNA in and protein excretion from lung (a, b), liver (c, d) and kidney (e, f) slices 
after incubation with TGFβ1, with or without 10µM Galunisertib. Groups were compared using 
a Wilcoxon test, p<0.05 was considered significant. 
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Figure 9. Plasma OPG levels in healthy control mice and mice with unilateral ureteral obstruction 
(UUO)-induced kidney fibrosis (a) and MDR2KO-induced liver fibrosis (b). Groups were 
compared using a Mann-Whitney test, p<0.05 was considered significant. Kidney slices of mice 
3 days after being subjected to unilateral ureteral obstruction (UUO) (c) and liver slices from  
MDR2-/- mice (d) produce less OPG after slices were treated with 10 uM galunisertib. Groups 
were compared using a Wilcoxon test, p<0.05 was considered significant. 
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DISCUSSION 

 

Studies by us and others show that OPG is not only associated with bone 
disease28, but also with fibrosis of the lung10, liver11,29, kidney16,30 and colon31. 
Previously it was assumed that this OPG production was a consequence of some 
feedback mechanism from bone, but our recent studies in liver and lung and this 
study comparing multiple organs, clearly show that each of the organs 
investigated can produce OPG itself. In addition, in all organs, except colon, 
OPG production is responsive to TGFβ1-stimulation and to inhibition of its 
signalling, opening avenues for the use of OPG as a biomarker for treatment 
efficacy. 

We first compared basal gene expression of OPG in different murine organs and 
found OPG mRNA is expressed under basal conditions in lung, liver, kidney, and 
colon, albeit not to the same extent. OPG mRNA expression in lung was similar 
to colon and higher than in liver and kidney. The reason for this discrepancy is 
unclear but may be related to the specific functions of each tissue, with both 
lung and colon being exposed to the outside world on a regular basis, while 
kidney and liver do not have this direct interaction. This finding may give a clue 
towards the function of OPG outside bone tissue. With both tissues being more 
exposed to external factors and therefore more prone to damage, the level of 
OPG expression may be related to the level of repair needed in steady state 
conditions. This idea is reinforced by our findings that OPG expression is 
strongly dependent on TGFβ110,32, the master regulator of wound healing, and 
the finding that incubation of precision-cut slices from these organs for 48 hours 
also results in higher expression of OPG in all organs. The damage that is 
inherent to the slicing procedure will induce a repair process during incubation 
which may lead to the higher expression of OPG. 

Clearly TGFβ1 is not only important in wound healing, it is also the most 
important pro-fibrotic stimulus in the lung10,33, liver23,26,32,34, kidney19,35,36 and 
colon4,37,38. Therefore, in this study we incubated mouse organ slices with TGFβ1 
to alter the process of wound healing in these slices towards onset of full blown 
fibrosis and to study the OPG response. As a read out for fibrosis development 
we used four markers commonly associated with fibrosis: procollagen 1α1 
(Col1α1), α-smooth muscle actin (αSMA), fibronectin (Fn2), and plasminogen 
activator inhibitor-1 (PAI-1). Col1α1 is one of the building blocks of collagen-1, 
which is deposited excessively as extracellular matrix (ECM) during fibrosis 
development39. Alpha-smooth muscle actin is widely known as a marker for 
myofibroblasts, the cells responsible for collagen and ECM production. Its 
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expression levels therefore often associate with the number of myofibroblasts 
present in a tissue and the amount of fibrosis40. Fn2 is an ubiquitous ECM 
glycoprotein that plays an important role during tissue repair by providing a 
scaffold for collagen fibrils to attach to and form matrix41–43. Increased 
fibronectin expression was found during wound healing processes in lung, liver 
and kidney after injury and its expression increases even further during 
pathological fibrosis in these organs43. PAI1 is one of proteins responsible for 
maintaining a balance between production and degradation of ECM during 
tissue repair processes by inhibiting urokinase/tissue type plasminogen 
activator. PAI1 expression is almost undetectable in normal tissues by 
immunohistochemistry, however, its expression immediately increases during 
wound healing processes and is excessively induced during chronic injury44. 

TGFβ1 treatment indeed resulted in significantly higher gene expression of 
most of these different fibrosis-associated markers in all organs though there 
were some individual differences. Generally speaking αSMA was the marker 
least responsive, only going up in kidney slices treated with TGFβ1. Sun et al. 
already showed that αSMA expression is quite variable in organs exposed to 
TGFβ145. Many other resident cells can express αSMA, such as smooth muscle 
cells around vessels46, pericytes47 and also Ly6Chi circulating monocytes48, which 
may dilute the effects of TGFβ1 inducing αSMA expression in transforming 
fibroblasts in these organs. Consistent with our previous results, we also found 
again that TGFβ1 treatment did not convincingly upregulate expression of 
several fibrosis-associated markers (notably αSMA and Fn2) in mouse colon 
slices as compared to the other organs27. The reason for this lack of TGFβ1 
response is unclear but may be related to the role of the peripheral immune 
system. Rieder et al. showed that intestinal fibrosis is mainly facilitated by 
infiltration of immune cells unlike other organs in which fibrosis is mainly caused 
by activation of resident cells14. Therefore, due to absence of infiltrating 
peripheral immune cells (e.g. monocytes, T cells, neutrophils) in this ex-vivo 
study, fibrosis possibly could not develop properly in colon. 

Interestingly, in all organs taken together for the expression of fibrosis-
associated markers, higher expression was also associated with higher OPG 
mRNA expression and this correlation did not improve when we left out the 
colon data. These results suggest that fibrosis is closely associated with OPG in 
all organs studied, even though the individual colon data are not as convincing 
on their own. 

Furthermore, in all organs taken together OPG protein excretion after TGFβ1 
treatment also correlated with expression of the fibrosis-associated markers 
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except for Col1α1. This lack of correlation of Col1α1 and OPG excretion also 
did not improve when leaving out the colon data. Apparently the cellular 
pathways from OPG mRNA expression to protein excretion contain steps that 
are less associated with Col1α1 mRNA expression than with the other markers 
that we used. 

When looking at the separate organs for correlations between OPG and fibrosis-
associated markers, liver and kidney are again clearly different from lung and 
colon. In lung OPG only correlates with Fn2 and PAI1 and in colon only with 
PAI1. Therefore, PAI1 appears to be the marker best linked to OPG expression, 
closely followed by Fn2, but how these proteins are linked to OPG is unclear. 
Further studies are needed to investigate which cellular pathways interact in the 
production of OPG, Fn2 and PAI1. In colon the higher OPG mRNA expression 
was also not convincingly matched with protein excretion. This may be 
explained by the fact that control colon slices incubated for 48 hours released 
the highest amount of OPG protein as compared to the other organs and that 
a further increase was therefore possibly more difficult to achieve. 

We also investigated whether OPG can be used as a biomarker to measure 
antifibrotic treatment efficacy by treating mouse lung, liver and kidney slices 
with TGFβ1 in combination with galunisertib, a TGFβ-receptor type I kinase 
inhibitor. Previous studies by us showed that galunisertib exhibited potent 
antifibrotic activity both in rodent and human tissue slices26. In line with these 
results, this study also showed that galunisertib successfully downregulated 
Col1α1, Fn2 and PAI1 expression in mouse lung, liver and kidney slices and this 
was accompanied by lower OPG mRNA and protein expression. Interestingly, 
galunisertib and TGFβ1-treated mouse lung, liver and kidney slices released 
similar amounts of OPG as untreated control slices, showing that galunisertib 
can completely inhibit the effects of TGFβ1. This confirms our previous results 
in which we showed that TGFβ1 is the central regulator of OPG production in 
fibroblasts and liver32. 

To study the value of OPG as a treatment efficacy marker in more clinically 
relevant conditions of end-stage fibrosis, we also treated fibrotic kidney slices 
and liver slices with galunisertib. These fibrotic organs were taken from animals 
treated (UUO) or bred (MDR2-/-) to develop fibrosis49–51. Importantly, this fibrosis 
development was accompanied by higher levels of plasma OPG, in both the 
UUO and MDR2-/- mice as compared to healthy control mice. These results 
indicate that the OPG level in blood may be a prospective marker to diagnose 
fibrosis, not only ex vivo, but also in vivo. As was found for the TGFβ1-treated 
slices, OPG excretion was also lower from galunisertib-treated fibrotic slices, 
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showing OPG can act as a biomarker for treatment efficacy in more clinically 
relevant settings too. 

 

 

 

CONCLUSIONS 

 

Taking all results together, we have shown that OPG is a soluble marker 
associated with the early stages of fibrosis in lung, liver and kidney slices that 
can be used to evaluate the effectiveness of anti-fibrotic therapy in vitro. We 
suggest that OPG is be a promising new biomarker for fibrotic conditions and it 
should be studied in human precision-cut slices and patient sera to reveal its use 
in clinical practice. 
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SUPPLEMENTARY FIGURES 

 

 
 

Figure S1. Correlations of mRNA expressions (2−ΔCt) of OPG and Col1α1(a), αSMA (b), Fn2 (c) 
and PAI1 (d) in mouse lung slices. Correlations were tested using a Spearman, p<0.05 was 
considered significant. 
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Figure S2. Correlations of mRNA expressions (2−ΔCt) of OPG and Col1α1(a), αSMA (b), Fn2 (c) 
and PAI1 (d) in mouse liver slices. Correlations were tested using a Spearman test, p<0.05 was 
considered significant. 
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Figure S3. Correlations of mRNA expressions (2−ΔCt) of OPG and Col1α1(a), αSMA (c), Fn2 (e) 
and PAI1 (g) in mouse kidney slices. Correlations were tested using a Spearman test, p<0.05 
was considered significant. 
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Figure S4. Correlations of mRNA expressions (2−ΔCt) of OPG and Col1α1(a), αSMA (b), Fn2 (c) 
and PAI1 (d) in mouse colon slices. Correlations were tested using a Spearman test, p<0.05 
was considered significant. 

 

 

 

 

 

 

(a) (b)

(c) (d)

OPG mRNA expression
(2-ΔCt x 102)

C
ol

1α
1 

m
R

N
A

 e
xp

re
ss

io
n

(2
- Δ

Ct
)

-0.5 0.5 1.0

-0.8

-0.6

-0.4

-0.2

0.2
Spearman r = 0.17

p = 0.59

OPG mRNA expression
(2-ΔCt x 102)

α
SM

A
 m

R
N

A
 e

xp
re

ss
io

n
(2

- Δ
Ct

 x
 1

0)

-0.5 0.5 1.0
-0.5

0.5

1.0

1.5

2.0
Spearman r =-  0.52

p = 0.16

OPG mRNA expression
(2-ΔCt x 102)

Fn
2 

m
R

N
A

 e
xp

re
ss

io
n

(2
- Δ

Ct
 x

 1
02 )

-0.5 0.5 1.0

-1.0

-0.5

0.5

Spearman r = 0.43
p = 0.17

OPG mRNA expression
(2-ΔCt x 102)

PA
I1

 m
R

N
A

 e
xp

re
ss

io
n

(2
- Δ

Ct
 x

 1
02 )

-0.5 0.5 1.0

-2

-1

1

2
Spearman r = 0.91

p = 0.0001



 

 

 

 

 

Chapter IV 

 

Osteoprotegerin expression 

in liver tissue 

is induced by IL13 through TGFβ 
 

 

 

 

 

 

 

Authors: 

Adhyatmika | Kurnia SS Putri | Emilia Gore | Keri A Mangnus 

Catharina Reker-Smit | Detlef Schuppan | Leonie Beljaars 

Peter Olinga | Barbro N Melgert 

  



OSTEOPROTEGERIN IN FIBROTIC DISORDERS 

University of Groningen 90 

  



Osteoprotegerin expression in liver tissue is induced by IL13   |   IV 

Adhyatmika 91 

ABSTRACT 

 

Our previous studies have shown that osteoprotegerin (OPG) is a profibrotic 
mediator, produced by myofibroblasts, under influence of Transforming Growth 
Factor β (TGFβ). Its expression in experimental models of liver fibrosis correlates 
well with disease severity and treatment responses. The regulation of OPG in 
liver tissue is largely unknown and we therefore set out to elucidate which 
cytokines associated with fibrosis induce OPG and through which pathways. 

Precision-cut liver slices of wild type and STAT6-deficient mice and 3T3 
fibroblasts were used to investigate the effects of TGFβ, IL13, IL1β, and PDGF-
BB on expression of OPG. In addition to TGFβ, only IL13 and not PDGF-BB or 
IL1β could induce OPG expression in 3T3 fibroblasts and liver slices. This IL13-
dependent induction was not shown in liver slices of STAT6-deficient mice and 
when wild type slices were cotreated with TGFβ receptor 1 kinase inhibitor 
galunisertib, STAT6 inhibitor AS1517499, or AP1 inhibitor T5224. This suggests 
that the OPG-inducing effect of IL13 is mediated through IL13 receptor α1-
activation and subsequent STAT6-dependent upregulation of IL13 receptor α2, 
which in turn activates AP1 and induces production of TGFβ and subsequent 
production of OPG. 

We have shown that IL13 induces OPG release by liver tissue through a TGFβ-
dependent pathway involving both the α1 and the α2 receptor of IL13 and 
transcription factors STAT6 and AP1. OPG may therefore be a novel target for 
the treatment liver fibrosis as it is mechanistically linked to two important 
regulators of fibrosis in liver, namely IL13 and TGFβ1. 
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INTRODUCTION 

 

Liver fibrosis is a chronic disease induced by long term injury and/or 
inflammation initiated by virus infections or chemical-induced injury, for 
example drugs or alcohol1. The main pathological characteristic of liver fibrosis 
is persistent extracellular matrix formation by hepatic stellate cells, which in turn 
prevents the regrowth of functional hepatocytes2. The disease has a high 
burden as there is no possible therapy to reverse the process when it has fully 
developed and therefore transplantation is the only option3. 

Transforming Growth Factor β (TGFβ) has been widely studied for many years 
as one of the central players in liver fibrosis, but this has not yielded any effective 
new drugs yet4,5. It is therefore likely that the process of fibrosis development is 
far more complicated than just the actions of TGFβ alone and that we need to 
understand the different players and interactions better to develop potential 
drug candidates. 

We recently became interested in the actions of osteoprotegerin (OPG, gene 
name TNFRSF11B) after finding that OPG is produced in high quantities by 
(liver) fibroblasts, especially after stimulation with TGFβ and that OPG itself can 
induce expression of TGFβ, indicating a feed-forward loop6 (CHAPTER 2). Several 
clinical studies have shown that higher serum levels of OPG are associated with 
having liver fibrosis/cirrhosis7-13. In addition, OPG serum levels are part of a novel 
diagnostic score called Coopscore® that has better diagnostic performance than 
Fibrometer®, Fibrotest®, Hepascore® and Fibroscan™ in chronic hepatitis C-
associated fibrosis8. Moreover, in our previous studies, we have demonstrated 
high hepatic OPG production in liver tissue of patients transplanted for liver 
cirrhosis and in murine models of liver fibrosis. 

Osteoprotegerin is well known for its role in protecting bone matrix 
degradation14, but little is known about its function in nonbone tissues. In that 
respect, its role in vascular calcifications is probably best studied showing that 
OPG protects against vascular calcification15. This contrasts with its known 
functional influence in bone metabolism in which it induces calcification of 
bone14. This suggests that OPG has more possible functions unrelated to bone 
and our previous data show its firm associations with fibrotic processes and 
TGFβ signalling in (myofibroblasts). However, little is known about the 
regulation of OPG production in (liver) fibroblasts16 by other mediators involved 
in fibrosis. In this study we therefore aimed to further investigate OPG 
regulation in the liver by studying the effects of several fibrosis-related cytokines 
and their downstream signalling pathways, most notably IL13. 
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EXPERIMENTAL PROCEDURES 

 

Animals 

Male and female wild-type C57BL/6 mice were obtained from Harlan (Horst, 
The Netherlands) and male STAT6(-/-) C57BL/6 mice were bred in the Institute of 
Translational Immunology, University Medical Center of the Johannes 
Gutenberg University Mainz, Germany. Animals were kept in cages with a 12 
hour of light/dark cycle and received food and water ad libitum. The use of 
C57BL/6 mice in this study was approved by the Institutional Animal Care and 
Use Committee of the University of Groningen (DEC 6416 AA) and the use of 
STAT6(-/-) mice by the Institutional Animal Care and Use Committee of the 
Government of Rhineland Palatinate under the reference number 
2317707/G12-1-007. 

 

Precision-cut liver slices 

Murine precision-cut liver slices were prepared as described before by De Graaf 
et al. (2010)17. Slices were treated with 5 ng/mL TGFβ (Peprotech, Rocky Hill, 
US), 10 ng/mL IL13 (Peprotech), 10 ng/mL IL1β (Peprotech), 10 ng/mL PDGF-
BB (Peprotech), 10 ng/mL OPG (R&D Systems, Minneapolis, US), 10 mM 
Galunisertib (Selleckchem, Munich, Germany), 21 nM AS1517499 (Axon 
MedChem, Groningen, The Netherlands), and/or 10 μM T5224 (ApexBio, 
Houston, US) in triplicate for a total of 48 hours and culture medium was 
refreshed every 24 hours. 

 

In vitro cell lines 

50,000/well 3T3 murine fibroblasts (The American Type Culture Collection, 
ATCC® CRL-1658) were cultured in standard medium of Gibco® Dulbecco’s 
Modified Eagle Medium (Thermo Scientific, Waltham, Massachussets, US) 
containing 4.5 g/L D-Glucose (Sigma-Aldrich, Missouri, US), 2 mM L-Glutamine 
(Thermo Scientific, Waltham, Massachussets, US), and 10% of fetal calf serum 
(Biowest, Nuaillé, France). Cells were starved with medium containing 0.5% 
serum 24 hours prior to other treatments. Treatments with TGFβ, IL13, IL1β, 
PDGF-BB, and OPG were done at similar concentrations as described for the 
experiments with slices. 
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Generation of tissue lysate 

Tissue slices were lysed with extraction buffer containing 25 mM Tris (Sigma-
Aldrich, Missouri, US), 10 mM sodium phosphate (Sigma-Aldrich), 150 mM NaCl 
(Sigma-Aldrich, Missouri, US), 0.1% SDS (Sigma-Aldrich, Missouri, US), 1% 
Triton-X 100 (Sigma-Aldrich, Missouri, US), and protease inhibitor (Thermo 
Scientific, Waltham, Massachussets, US) and incubated for 5 minutes at room 
temperature before snap-freezing and stored at -80oC until analysis. 

 

Osteoprotegerin analysis 

Osteoprotegerin was measured in culture supernatants of cells and slices using 
a murine OPG DuoSet® ELISA kit (R&D Systems, Minneapolis, US) according to 
the instructions provided by the manufacturer. 

 

Messenger RNA analysis 

Messenger RNA was isolated from cells or slices (three slices per sample, 
pooled, homogenized prior to extraction) using Maxwell® LEV Simply RNA 
Cells/Tissue kit (Promega, Madison, Wisconsin, US). A NanoDrop® ND-1000 
Spectrophotometer (Thermo Scientific) was used to measure total mRNA 
concentration in samples. cDNA synthesis from the mRNA was performed using 
a Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) kit 
(Promega, Madison, Wisconsin, USA) in a Mastercycler® Gradient (Eppendorf, 
Hamburg, Germany) programmed for 10 minutes at 20oC, 30 minutes at 42oC, 
12 minutes at 20oC, 5 minutes at 990C, and 5 minutes at 20oC. Transforming 
growth factor beta 1 (TGFβ1), IL13 receptor α2 (IL13Rα2), pro-collagen 1 
subunit α1 (Col1α1), α-smooth muscle actin (αSMA), heat shock protein 47 
(HSP47), plasminogen activator inhibitor 1 (PAI1), and fibronectin 1 (Fn2)  genes 
were quantified using quantitative real time PCR (RT qPCR) from the synthesized 
cDNA, using SensiMixTM SYBR® Green (Bioline, London, UK) in a 7900HT Real-
Time PCR sequence detection system (Applied Biosystems, Waltham, 
Massachussets, US) with primer sequences as presented in Table 1. PCR analysis 
consisted of 45 cycles of 10 min at 95oC, 15 seconds at 95oC, and 25 seconds at 
60oC (repeated for 40 times) followed by a dissociation stage of 95oC for 15 
seconds, 60oC for 15 seconds, and 95oC for 15 seconds. Output data were 
analyzed using SDS 2.4 software (Applied Biosystems) and ΔCt values were 
calculated after β-actin normalization with two to the power of -ΔCt (2-ΔCt) was 
used as final values to be statistically analyzed. 
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Table 1. Primers sequences 

Gene Forward Reverse 

β-actin ATCGTGCGTGACATCAAAGA ATGCCACAGGATTCCATACC 

TGFβ AGGGCTACCATGCCAACTTC GTTGGACAACTGCTCCACCT 

IL13Rα2 TGAAAGTGAAGACCTATGCTTT GACAAACTGGTACTATGAAAAT 

Col1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT 

αSMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA 

HSP47 AGGTCACCAAGGATGTGGAG CAGCTTCTCCTTCTCGTCGT 

PAI1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG 

FN2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA 

 

Viability assay 

Viability of the slices was assessed by measuring the ATP content per milligram 
tissue using a bioluminescence assay kit (Sigma-Aldrich) as previously reported 
by Hadi et al.18. For each sample, three slices were collected separately in 1 mL 
sonification optimization (SONOP) solution pH 10.9 containing 70% ethanol and 
2 nM EDTA. 

 

Statistics 

All statistics were performed using GraphPad Prism 6. As datasets were all n<8, 
nonparametric tests were used. When comparing 2 groups a Mann Whitney U 
or Wilcoxon test was used depending on the data being paired or not. When 
comparing multiple groups, a Friedman or Kruskall-Wallis with Dunn’s 
correction was used. Data are presented as min-to-max box-and-whisker plots 
with individual data points. For the time course experiment using 3T3 
fibroblasts, the areas under the curve from 0.5-12 hrs and 12-36 hrs were 
calculated and these were compared between groups. Data in this experiment 
are presented a median + the interquartile range. For all experiments, p<0.05 
was considered significant. 
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RESULTS 

 

IL13 induces fibroblast and hepatic OPG production 

To study possible factors that can induce OPG production by fibroblasts, we 
treated 3T3 fibroblasts with several cytokines associated with fibrosis. In this 
study we used IL1β, IL13, and PDGF-BB with TGFβ as our positive control as we 
have shown higher OPG expression with TGFβ in our previous study. In addition 
to TGFβ, only IL13 resulted in higher OPG production as compared to control 
(figure 1A). To confirm that IL13 can have a similar effect in liver tissue, we 
treated murine precision-cut liver slices with IL13 using TGFβ again as a positive 
control and found that IL-13 also resulted in significantly higher OPG release 
from liver tissue as compared to control (figure 1B). This higher OPG release 
was accompanied by near-significant higher OPG mRNA expression and 
significant higher expression of fibrosis-associated genes col1α1, HSP47, and 
FN2, but not aSMA and PAI1 (figure 1C). None of the treatments affected the 
viability of the slices (supplemental figure S1). 

 

IL13 induces OPG production at a slower rate than TGFβ 

To check whether induction of OPG production followed similar kinetics 
between TGFβ and IL13, we followed OPG release in time in culture medium of 
3T3 fibroblasts after stimulation with TGFβ and IL13. We found that after 36 
hours of incubation IL13 and TGFβ both induced a similar release in OPG 
although the induction by TGFβ occurred somewhat faster. When comparing 
the area under the curve between stimulated cells and untreated control cells 
in the first 12 hours, we found a significant increase in OPG release by TGFβ, 
while IL13 was not significantly different from control. In the time interval from 
12 to 36 hours both TGFβ and IL13 significantly induced OPG release as 
compared to control (figure 2). 
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FIGURE 1. IL13 induces OPG release. When 3T3 fibroblasts were treated with IL1β, IL13, and 
PDGFBB for 24 hours of incubation with TGFβ as a positive control, only IL13 treatment resulted 
in significantly higher OPG release as compared to control (A). Murine precision-cut livers slices 
also released significantly more OPG in culture medium after 48 hours of incubation with IL13 
as compared to control (B). IL13 incubation also resulted in (near)significant higher expression 
of the fibrosis-associated genes OPG, Col1α1, HSP47, and FN2, though not of αSMA and PAI1 
(C). Groups were compared using a Friedman test with Dunn’s correction or a Wilcoxon test 
and p<0.05 was considered significant. 
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FIGURE 2. IL13 induces OPG at a slower rate than TGFβ. 3T3 cells were incubated with TGFβ 
or IL13 and OPG release in medium was measured at several time points up to 36 hours. TGFβ 
was shown to significantly upregulate OPG release already in the first 12 hours as compared to 
control, whereas IL13 needed more time for a similar effect. Groups were compared using a 
Friedman test with Dunn’s correction and p<0.05 was considered significant. 

 

 

IL13 induces hepatic OPG induction through TGFβ 

We hypothesized that TGFβ may be mediating the higher hepatic OPG 
production by mouse liver tissue after IL13 treatment. We therefore assessed 
TGFβ1 mRNA expression in liver slices after incubation with IL13 and we found 
a trend towards higher TGFβ1 mRNA expression after IL13 treatment compared 
to untreated control slices (figure 3a). To confirm that TGFβ is indeed involved 
in the IL13 effect on OPG induction, we also incubated liver slices with 
galunisertib, a TGFβ1 receptor inhibitor, together with IL13. We found that with 
galunisertib cotreatment, IL13 treatment did not result in higher OPG release 
from liver tissue anymore (figure 3b). None of the treatments affected the 
viability of the slices (supplementary figure S1). 
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FIGURE 3. IL13 induces OPG through TGFβ. When mouse liver slices were treated with IL13, 
we found a trend towards more TGFβ mRNA expression (Wilcoxon test, p<0.05 was considered 
significant) (A). Moreover, when IL13 was given together with galunisertib, a TGFβ1-receptor 
inhibitor, the IL13-induced higher OPG release was not found anymore (Friedman test with 
Dunn’s correction, p<0.05 was considered significant) (B). 

 

STAT6 is involved in IL13-induced release of OPG 

IL13 has been reported to signal through 2 receptors: receptor IL13Rα1 and 
IL13Rα219. The downstream activation pathway of IL13Rα1 is via transcription 
factor STAT620. To study whether the activation of IL13Rα1 and subsequently 
STAT6 is involved in the IL13-induced release of OPG, we treated liver slices of 
STAT6-deficient mouse with IL13 or TGFβ and measured OPG released in 
medium. We found that IL13 failed to induce OPG release by liver slices of 
STAT6-deficient mice as compared to untreated controls, whereas TGFβ could 
still induce OPG release as we found before in wildtype mice (figure 4a). To 
confirm our finding, we used AS1517499, a chemical compound blocking STAT6 
activity, in our wild-type mouse liver slices21 and similarly found that IL13 did not 
induce OPG release anymore when slices were co-incubated with this inhibitor 
as compared to slices only treated with IL13 (figure 4b). None of the treatments 
affected the viability of the slices (supplementary figure S1). 
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FIGURE 4. STAT6 is involved in IL13-induced release of OPG. When liver slices of the STAT6 
knock out (KO) mice were incubated for 24 hours with IL13 or TGFβ, IL13 failed to induce OPG 
release, while the TGFβ-induced release was not affected by the deficiency in STAT6 (Friedman 
test with Dunn’s correction, p<0.05 was considered significant) (A). IL13-induced OPG release 
in wild type liver slices could also be blocked with AS1517499, an inhibitor of STAT6 activity 
(Friedman test with Dunn’s correction, p<0.05 was considered significant) (B). 

 

 

IL13 receptor α2 is also involved in IL13-induced OPG release 

Fichtner-Feigl et al. (2005) reported that IL13Rα2 is involved in induction of 
TGFβ expression and fibrosis through transcription factor AP122. However, in 
homeostatic conditions, the expression of this receptor is low23, while activation 
of IL13Rα1 and subsequently STAT6 can induce IL13Rα2 expression24. In order 
to check whether these findings are also relevant in our system, we assessed 
IL13Rα2 mRNA expression in liver slices upon IL13 treatment. We found that 
IL13Rα2 mRNA expression level was significantly higher upon IL13 treatment as 
compared to untreated controls (figure 5a). We then used T5224, a chemical 
inhibitor of AP125 to study whether AP1 in involved in IL13-induced OPG release 
and we found that indeed chemical inhibition of AP1 completely abolished the 
IL13-induced release of OPG (figure 5b). None of the treatments affected the 
viability of the slices (supplementary figure S1). 
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FIGURE 5. IL13 receptor α2 is also involved in IL13-induced OPG release. Mouse liver slices 
treated with IL13 have higher IL13Rα2 mRNA expression as compared to untreated controls 
(Wilcoxon test, p<0.05 was considered significant) (A). Mouse liver slices cotreated with IL13 
and T5224, an AP1 inhibitor, and did not show higher OPG release as compared to IL13 
treatment alone (Friedman test with Dunn’s correction, p<0.05 was considered significant) (B). 
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DISCUSSION 

 

We have previously shown higher OPG expression in fibrotic/cirrhotic 
conditions6 (CHAPTER 2),26 (CHAPTER 3) and that TGFβ can induce this hepatic OPG 
production. Moreover, OPG in its turn was shown to induce TGFβ expression, 
contributing to a feed-forward loop. This study now shows that in addition to 
TGFβ, also the fibrosis-associated cytokine IL13, known to induce collagen 
expression, can induce OPG expression and release by murine liver tissue. 
Interestingly, this IL13-induced OPG production is completely dependent on 
TGFβ through a pathway involving IL13Rα1/STAT6 and IL13Rα2/AP1. The 
strength of this study is that we used precision-cut liver tissue slices, instead of 
cultures of individual cells or cellines, making our results more relevant for in 
vivo situations. 

In our previous studies we identified fibroblasts as the main source of OPG 
production in liver during fibrogenesis and after TGFβ exposure. Little is known 
about the regulation of OPG production in these cells and in liver tissue itself. 
We therefore investigated the effect on OPG production of other 
cytokines/growth factors involved in fibrogenesis. For this we chose IL13 and 
PDGF as these were identified as important regulators of fibrosis and are being 
investigated as potential targets of antifibrotic drugs27-29. We also chose IL1β 
because this key cytokine is involved in chronic liver inflammation and 
subsequent development of fibrosis30. Our results showed no influence of IL1β 
on the production of OPG by fibroblasts. This finding suggests that OPG is 
mostly produced in connection to fibrogenesis and not during inflammation that 
may precede the development of fibrosis. Furthermore, PDGF-BB did not 
induce OPG production in fibroblasts either. PDGF-BB is the mitogenic agent 
for fibroblasts and triggers proliferation and migration of these cells. The 
pathways leading to stimulation of proliferation by PDGF-BB are apparently not 
linked to stimulation of OPG production. 

IL13 stimulation on the other hand, did lead to higher production of OPG in 
fibroblasts. This effect was confirmed using precision-cut liver slices of murine 
livers and this experiment also showed us that the higher OPG expression and 
production after IL13 stimulation was accompanied by higher expression of 
fibrosis-associated markers Col1α1, HSP47, and Fn2. These profibrotic results 
of IL13 are in line with previously published results by Sugimoto et al. (2005)31 
and Gieseck et al. (2016)28, who showed that IL13 can induce collagen 
production and fibrogenesis in hepatic stellate cells and liver tissue respectively. 
Induction of fibrogenesis by IL13 has been suggested to occur via upregulation 
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of TGFβ1 via IL13Rα1 and IL13Rα2 signaling22,31-33, although other studies have 
suggested that IL13 can also induce fibrosis independently from TGFβ36. Our 
data show that the IL13-induced production of OPG is completely dependent 
on TGFβ1, as inhibition of TGFβ1-signalling with galunisertib completely 
abrogated the effect of IL13 on OPG production. We also confirmed that both 
IL13 receptors are involved in this TGFβ1-mediated OPG production in liver 
tissue22,31-33. Blocking or the absence of STAT6 fully blocked IL13-induced OPG 
production by liver tissue, showing that IL13Rα1-signalling through STAT6 is 
necessary to upregulate TGFβ1 and subsequently OPG. Furthermore, we 
showed that IL13 stimulation leads to higher expression of IL13Rα2 in liver tissue 
and that blocking signalling of this receptor with an AP1 inhibitor also 
completely abrogated IL13-induced OPG production in liver tissue. A scheme 
explaining these main findings is depicted in figure 6. 

The signaling through both IL13 receptors and the need for TGFβ1 upregulation 
before OPG can be produced, probably also explains why IL13-induced OPG 
production was lagging in comparison to TGFβ1-induced OPG production. In 
36 hours, both cytokines can induce production of similar levels of OPG, but we 
found that TGFβ1 can achieve these levels faster. IL13Rα2 is expressed at low 
levels in normal liver tissue and can therefore not induce TGFβ1 expression 
immediately when liver tissue is exposed to IL13. The fact that IL13 first needs 
to upregulate IL13Rα2 through IL13Rα1 and STAT6 to be able to stimulate 
TGFβ1 expression probably accounts for the delayed production of OPG after 
IL13 stimulation. 

Our results point at an interesting feed-forward mechanism in liver tissue 
involving TGFβ1 as a central player. Both TGFβ1 and IL13 can induce OPG and 
OPG can induce expression of TGFβ1 again. In most cases, liver tissue damage 
will result in normal repair and restoration of fully functional liver tissue. 
Therefore there must also be brakes in this process to prevent that any type of 
damage will always end in fibrosis. Our current studies focus on several 
microRNAs that are induced by TGFβ1 and that may serve as the brakes in this 
feed-forward loop. Another interesting aspect of our findings is the possibility 
of using OPG as a target for therapy. Both TGFβ1 and IL13 are targets for 
inhibition of fibrogenesis that are currently being explored in clinical trials34-36. 
As OPG is linking both pathways it seems to be another promising target for 
therapy. 
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FIGURE 6. IL13 induces liver OPG production via activation of both IL13 receptors and 
subsequent induction of TGF�. A schematic overview of IL13-induced OPG production based 
on the results presented in this study. (1) IL13 binds to receptor α1 followed by activation of 
this receptor triggering (2) STAT6 activation resulting in (3) the increased expression of IL13 
receptor, α2, which is initially expressed at low levels. (4) IL13 then binds to receptor α2, 
triggering (5) activation of transcription factor AP1, which induces (6) expression of TGFβ. 
Finally, as we have reported in our previous study, (7) TGFβ can induce OPG protein production 
by the liver8 (CHAPTER 2). 

 

 

 

CONCLUSIONS 

 

We have shown that IL13 induces OPG release by liver tissue through a TGFβ-
dependent pathway involving both the α1 and the α2 receptor of IL13 and 
transcription factors STAT6 and AP1. OPG may therefore be a novel target for 
the treatment liver fibrosis as it is mechanistically linked to two important 
regulators of fibrosis in liver, namely IL13 and TGFβ1. 
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SUPPLEMENTARY FIGURE

 

 

 

Supplementary Figure S1. Treatments did not compromise viability mouse liver slices. 
Treatments for 48 hours of compounds in our experiments did not significantly compromise the 
viability of the mouse liver slices used in our study (n=6, Kruskal-Wallis test corrected for multiple 
testing). 
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ABSTRACT 

 

Our previous studies showed that liver tissue and fibroblasts basally express 
osteoprotegerin (OPG) and that this expression can be induced by addition of 
TGFβ or by inducing liver fibrosis. Moreover, OPG treatment of liver tissue 
induced mRNA expression of TGFβ and we hypothesized that there must also 
be a brake in this feed-forward loop to prevent development of fibrosis during 
normal wound healing. We therefore aimed to study this feed-forward loop and 
investigate whether microRNAs could be involved as an internal brake. 

We used activated human primary hepatic stellate cells (HHSteC) and the human 
liver myofibroblast cell line LX2 to study the involvement of miRNAs in OPG 
production. We found that incubating activated HHSteC and LX2 with TGFβ 
resulted in lower OPG production by these cells when compared to untreated 
controls, indicating a brake on the TGFβ-OPG feed-forward loop. In a previous 
study with lung fibroblasts we found several miRNAs upregulated after TGFβ 
treatment. Of those, miR-145-5p was found to target OPG in two publicly 
available microRNA targetomes databases (TargetScan and miRDB). Similar to 
lung fibroblasts, we found significantly higher expression of miR-145-5p by LX2 
myofibroblasts treated with TGFβ as compared to untreated controls. To 
confirm whether miR-145-5p targets OPG in LX2 myofibroblasts, we treated 
fibroblasts with a miR-145-5p mimic and we found that it inhibited OPG 
production although not to the same extent as TGFβ treatment did. When we 
treated LX2 myofibroblasts with a miR-145-5p inhibitor together with TGFβ, we 
did not cancel the TGFβ-induced inhibition of OPG production. 

In conclusion, miR-145-5p is upregulated by TGFβ in liver myofibroblasts and 
targets OPG production is these cells to some extent. However, miR-145-5p 
does not have dominant control over the TGFβ-OPG feed-forward loop in 
(myo)fibroblasts and therefore other regulatory factors must be at play here as 
well. 
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INTRODUCTION 

 

Fibrosis is a persistent pathologic state of extracellular matrix accumulation 
postulated to be initiated by chronic injury and inflammation1,2. Fibrosis occurs 
when normal tissue regeneration processes are disrupted and cause persistent 
activation of fibroblasts and continuous production of extracellular matrix 
proteins such as collagens, fibronectin, proteoglycans and many more3,4,5. These 
are produced under the influence of profibrotic mediators such as transforming 
growth factor beta 1 (TGFβ1) and IL136,7, as well as osteoprotegerin (OPG) as 
we have shown in previous studies8 (CHAPTER 2). In those same studies we found that 
TGFβ and OPG stimulate each other’s expression and therefore appear to 
maintain a feed-forward loop contributing to excessive production of 
extracellular matrix proteins by activated fibroblasts. However, damage to 
tissues in most situations is repaired without the development of fibrosis, 
therefore there must be a control system in this OPG-TGFβ1 feed-forward loop. 
In addition, we found that when treating primary lung fibroblasts, isolated from 
fibrotic lung tissue, with TGFβ1, OPG release into culture medium was lower 
than from untreated control cells (unpublished data), suggesting that TGFβ1 
could also activate an OPG-inhibitory pathway. 

A known biological control system of mRNA translation is microRNAs (miRNAs)9. 
miRNAs can block a specific messenger RNA (mRNA) by targeting a 
complementary sequence to prevent translation or induce degradation10. 
MiRNAs expression can be upregulated after activation of various biological 
pathways and they are therefore able to play an intermediate role in addition to 
regulatory proteins to regulate protein expression11. MiRNAs targetomes have 
been widely studied and databases cataloguing targets of miRNAs have been 
developed, such as TargetScan and miRDB12-14. 

In order to control the TGFβ-OPG feed-forward loop, a candidate miRNA must 
be upregulated by TGFβ1 and have the OPG gene (TNFRSF11B) as its target. 
A study conducted by us on human primary parenchymal lung fibroblast showed 
higher expression of several microRNAs after treatment with TGFβ12. We used 
this set of miRNAs as a first indication which miRNA may be involved in 
regulating OPG production. We then searched the two available online 
databases and found that both databases reported miR-145-5p as a miRNA that 
can target OPG mRNA13,14. 

Here we studied the feed-forward loop between TGFβ and OPG and 
investigated the involvement and control of miR-145-5p using human primary 
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hepatic stellate cells and hepatic myofibroblast cell line LX2. We aimed to obtain 
information on the expression of miR-145-5p in our model and proof to confirm 
the role of miR-145-5p in controlling the TGFβ-OPG feed-forward loop in 
(myo)fibroblasts. 
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EXPERIMENTAL PROCEDURES 

 

Human hepatic stellate cells (HHSteC) and LX2 hepatic myofibroblasts  

HHSteC (ScienCell, Carlsbad, CA, USA) were cultured in stellate cell medium 
containing 2% fetal bovine serum (FBS) and 1% of stellate cells growth 
supplement (ScienCell) in a 12-well plate initially coated with 10% human serum 
albumin (HSA) (Sigma-Aldrich, Missouri, USA) to maintain a nonactivated state 
or uncoated to induce HHSteC activation. Human hepatic myofibroblasts LX2 
(kindly provided by Prof. S. L. Friedman, Icahn School of Medicine at Mount 
Sinai, NY, USA15) were cultured in Gibco® Dulbecco’s Modified Eagle Medium 
(DMEM) (Thermo Scientific, Waltham, Massachussets, USA) containing 4.5 g/L 
D-Glucose (Sigma-Aldrich), 2 mM L-Glutamine (Thermo Scientific), and 10% of 
fetal calf serum (FCS) (Biowest, Nuaillé, France). 50,000 cells per well were 
starved at low serum concentration (0.5%) 24 hours prior to experiments with 
TGFβ. Cells were then left either untreated or were treated for 24 hours with 5 
ng/mL TGFβ. Culture m were collected for OPG ELISA and cells were collected 
for either RNA isolation or a protein assay (Bradford protein assay by Bio-Rad, 
Hercules, CA, USA) to correct for the number of cells in a well. 

 

OPG ELISA 

Enzyme-linked immunosorbent assay (ELISA) of OPG (human OPG DuoSet® 
ELISA kit, Cat. No. DY805, R&D Systems, Minneapolis, USA) was used to 
measure OPG levels in cell culture media according to the standard protocol 
provided by the manufacturer. 

 

Real-time qPCR of miR-145-5p 

Total RNA was isolated from cultured cells using a Maxwell® LEV Simply RNA 
Cells/Tissue kit (Promega, Madison, Wisconsin, US). Total mRNA concentration 
was quantified using a NanoDrop® ND-1000 Spectrophotometer (Thermo 
Scientific). miR-145-5p concentrations were assessed with miR-320a as 
endogenous control using Taqman® Advanced miRNA Assay system according 
to the instructions provided by the manufacturer and run using a 7900HT Real-
Time PCR sequence detection system (Applied Biosystems, Waltham, 
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Massachusetts, US). Output data was analyzed using SDS 2.4 software (Applied 
Biosystems) and ΔCt values were calculated. 

 

miR-145-5p mimic and inhibitor transfections 

Transfections of LX2 cells with miRCURYTM LNATM miR-145-5p and miR-39-3p 
(control) mimic and miRCURYTM LNATM miR-145-5p Power inhibitor and negative 
control A Power inhibitor (table 1) (Exicon/Qiagen, Woburn, MA, USA) were 
done using a RNAiMAX Transfection System based on small RNA-lipid complex 
containing Lipofectamine® RNAiMAX reagent (Thermo Fisher Scientific) in 
Opti-MEM® medium (Thermo Fisher Scientific) according to the instructions 
provided by the manufacturer. LX2 cells were incubated with the mimic/inhibitor 
microRNAs-lipid complexes for 12 hours and then washed three times with 
standard medium prior to another 12 hours of incubation in standard medium 
as mentioned above. Culture media and cells were collected for OPG ELISA and 
protein/RNA measurement respectively. 

 

Statistical analysis  

Statistical analyses were performed using GraphPad Prism 6. Normality of data 
was tested using D’Agostino-Pearson’s test for datasets with an n >8. If data 
were normally distributed, a paired or unpaired Student’s t-test was used to 
compare two paired or unpaired groups respectively, otherwise or with datasets 
n£8 a Mann Whitney U or Wilcoxon test was used. When comparing multiple 
groups, a parametric one-way ANOVA or non-parametric paired 
Friedman/unpaired Kruskal-Wallis test was performed depending on normality 
of the data. For all tests, significance is presented as P value above each bar in 
the graph. Data are presented as box-and-whisker plots with min-max whiskers 
and individual data points. 
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RESULTS 

 

Activated (myo)fibroblasts produce less OPG after TGFβ1 stimulation 

We used two models of activated fibroblasts with high basal production of OPG 
to assess the effect of TGFβ1 stimulation: primary human hepatic stellate cells 
(HHSteC) activated by culturing on an uncoated polystyrene surface and a 
human myofibroblast cell line LX2. Activation of HHSteC by culturing in 
uncoated wells resulted in a trend of higher OPG production (p=0.1) when 
compared to nonactivated cells (figure 1A). When these activated HHSteC were 
additionally treated with TGFβ we found a trend towards lower OPG production 
again (p=0.1) (figure 1B). Furthermore, untreated LX2 myofibroblasts also 
produced high basal levels of OPG and when treated with TGFβ these cells 
produced significantly less OPG than the untreated cells (figure 1B). 

 

MicroRNA 145-5p is a TNFRSF11B (OPG)-gene targeting miRNA and is 
upregulated by TGFβ stimulation 

In our previous study, we reported that the expression of several miRNAs was 
regulated by TGFβ1 in primary parenchymal lung fibroblasts (figure 2A, 
recapped in Table 1)12. We compared the miRNAs listed in this report with 
available online databases of miRNA targetomes, i.e. TargetScan13 and miRDB14. 
In both databases we found that miR-145-5p targets OPG (Table 2). 

To confirm that miR-145-5p is also relevant in liver myofibroblasts we used LX2 
hepatic myofibroblasts to assess miR-145-5p expression after treatment with 
and without TGFβ1. We found that miR-145-5p expression (normalized for 
endogenous control miR-320a) was significantly higher after TGFβ1 treatment 
when compared to untreated controls. 

 

miR-145-5p mimic mildly downregulates OPG production, but inhibiting 
miR-145-5p does not counteract the effects of TGFβ1 

To confirm that miR-145-5p upregulation in LX2 myofibroblasts after TGFβ 
stimulation is relevant to the regulation of OPG production, we transfected LX2 
myofibroblasts with a miR-145-5p mimic or with miR-39-3p as a negative control 
and used TGFβ1 as our positive control for inhibition of OPG production. We 
found that TGFβ1 treatment indeed resulted in significantly lower OPG 
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production as was shown before in figure 1B (figure 3A). miR-145-5p mimic 
transfection resulted in a trend towards lower OPG production when compared 
to untreated controls (p=0.08), but not to the same level as TGFβ1 treatment 
did. Transfection with control mimic miR-39-3p did not affect OPG production 
by LX2 myofibroblasts. 

 

HHSteC 

 

 

FIGURE 1. TGFβ1 treatment results in lower OPG production by activated human hepatic 
stellate cells and myofibroblasts. Human primary hepatic stellate cells (HHSteC) can be 
activated by culturing on an uncoated polystyrene surface. When HHSteC were cultured in 
uncoated wells, cells produce more OPG than nonactivated cells cultured in human serum 
albumin-coated wells (A). Treating cells in uncoated wells with TGFβ1 resulted in lower OPG 
production compared to the untreated cells (B). LX2 hepatic myofibroblasts produced 
significantly less OPG when treated with TGFβ1 as compared to untreated controls (C). Groups 
were compared using a Wilcoxon test, p<0.05 was considered significant. 
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FIGURE 2. Expression of miR-145-5p is induced by TGFβ in LX2 myofibroblasts. we 
previously reported that miR-145-5p was induced in primary lung fibroblasts by TGFβ1 
treatment14 (A, figure is reproduced with permission, list is also represented in Table 1). MiR-
145-5p was found to have TNFRSF11B (the OPG gene) as its target in the TargetScan and 
miRDB databases12,13. We then measured miR-145-5p expression levels in LX2 myofibroblasts 
with and without TGFβ1 treatment and found that miR-145-5p expression was higher after TGFβ 
treatment for 24 hours when compared to an untreated control group. Groups were compared 
using a Wilcoxon test, p<0.05 was considered significant (B). 

 

 

Table 1. TGFβ-regulated miRNAs in primary lung fibroblasts (Ong et al., 2017)12 

 

Upregulated by TGFβ1 

 
miR-27b-5p, miR-181a-2-3p, miR-23a-5p, miR-143-5p, miR-
27a-5p, miR-181a-3p, miR-181b-5p, miR-99b-3p, miR-503-5p, 
miR-424-3p, miR-214-5p, miR-143-3p, miR-199a-5p, miR-27a-
3p, miR-23a-3p, miR-342-3p, miR-21-3p, miR-145-5p, miR-214-
3p, miR-125b-1-3p, miR-455-3p 
 

 

Downregulated by TGFβ1 

 
miR-34a-5p, miR-361-5p, miR-155-5p, miR-221-3p, miR-222-
3p, miR-345-5p, miR-490-5p, miR-490-3p 
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Table 2. miRNAs, upregulated by TGFβ1, targeting TNFRSF11B (the OPG gene) according to 

TargetScan and miRDB13.14 

No. Database miRNAs targeting TNFRSF11B 

1 TargetScan13 miR-181b-5p, miR-145-5p 

2 miRDB14 miR-145-5p 

 

To further confirm the role of miR-145-5p in regulating OPG production, we 
also investigated the opposite strategy in which we inhibited miR-145-5p with a 
specific inhibitor. Transforming growth factor β1 treatment again resulted in a 
significant decrease in OPG production while cotreatment with the miR-145-5p 
inhibitor did not restore OPG production to untreated control levels (figure 3B). 

 

 
FIGURE 3. miR-145-5p may target OPG, but inhibiting it failed to restore OPG production 
upon TGFβ-induced inhibition. When LX2 myofibroblasts were transfected with miR-145-5p 
mimic, a trend towards lower OPG production was found when compared to untreated controls. 
This effect was not found with control miR-39-3p transfection. Positive control TGFβ1 
significantly inhibited OPG production. Groups were compared using a Friedman’s test with a 
Dunn’s correction for multiple testing, p<0.05 was considered significant (A). When LX2 
myofibroblasts were treated with a miR-145-5p inhibitor together with TGFβ, the inhibitor did 
not negate the TGFβ1-inhibiting effects on OPG production. Groups were compared using a 
one-way ANOVA with Holm-Sidak’s correction for multiple testing, p<0.05 was considered 
significant (B). 
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DISCUSSION 

 

In this study we have shown that TGFβ1 stimulation of mature myofibroblasts, 
that already have high basal production of OPG, does not further increase the 
production of OPG and even results in lower OPG production by these cells. 
We hypothesized that miR-145-5p could play a significant role in this negative 
feedback control. We subsequently showed that, although miR-145-5p does 
inhibit OPG production to some extent, it does not appear to have dominant 
control over OPG production, indicating the possibility of other miRNAs being 
involved. 

Thirunavukkarasu et al. (2001) have previously demonstrated that OPG 
production is upregulated by TGFβ through stimulation of OPG promoter 
activity.  All three different isoforms of TGFβ, TGFβ1, TGFβ2, and TGFβ3, 
stimulated the promoter to the same level16. Similarly, we found in our previous 
studies that TGFβ1 stimulation of fibroblasts and precision-cut slices of healthy 
tissues resulted in more OPG being excreted into the culture medium8 (CHAPTER 

2),17 (CHAPTER 3). Moreover, we also found that treatment of cells or slices with OPG 
resulted in higher TGFβ1 mRNA expression, suggesting a feed-forward loop 
that could potentially spiral out of control in pathogenic conditions8 (CHAPTER 2),17 

(CHAPTER 3). TGFβ and OPG are both proteins produced during normal wound 
healing9,10,18,19, therefore this feed-forward loop must have a feedback/control 
mechanism to prevent pathology and this feedback/control mechanism may be 
disrupted during pathological situations and lead to fibrosis. 

An important biological feedback mechanism is microRNA-regulated control of 
mRNA translation20. Interestingly, we have found in two available online miRNA 
targetome databases that miR-145-5p, which we previously reported is 
upregulated by TGFβ in human lung fibroblasts12, targets OPG mRNA (gene 
name TNFRSF11B). In addition, several other studies reported that miR-145-5p 
targets OPG21-23. We confirmed in our system that TGFβ stimulation of LX2 liver 
myofibroblasts also resulted in higher expression of miR-145-5p, indicating this 
finding was not exclusively related to lung fibroblasts. This higher expression of 
miR-145-5p after TGFβ stimulation was accompanied by lower production of 
OPG and transfecting LX2 myofibroblasts with a miR-145-5p mimic could partly 
reproduce the TGFβ effect of inhibiting OPG production. This suggests that 
miR-145-5p is at least partly involved in inhibiting the TGFβ-OPG feed-forward 
loop. Interestingly, a recent study by Ye et al. has shown that miR-145 is 
downregulated in liver tissue of patients with liver fibrosis, suggesting that 
fibrosis may develop when the brake on the TGFβ-OPG feed-forward loop is 
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not present24. This idea is reinforced by publications showing that loss of miR-
145 exacerbated angiotensin II-induced cardiovascular fibrosis and cardiac 
scarring after heart injury25,26. A next step would be to investigate miR-145-5p 
expression and cellular localisation in a cohort of liver tissue samples from 
control patients and patients with liver cirrhosis to investigate whether the 
results of Ye et al. can be replicated in an independent cohort24. We have 
already shown previously in such a cohort that OPG expression is higher in 
cirrhotic liver tissue than in control tissue8 (CHAPTER 2). Investigating a correlation 
with miR-145-5p expression would strengthen our data presented here. 

Surprisingly, when searching for previously published data on miR-145 in liver, 
two papers came up also using LX2 myofibroblasts27,28. Both papers (from the 
same group of researchers) show downregulation of miR-145 after TGFβ 
stimulation, the exact opposite result of what we found. We consistently find 
upregulation of miR-145-5p after TGFβ stimulation of LX2 myofibroblasts and 
also found this in primary lung fibroblasts, and therefore we have no explanation 
for this discrepancy. The above-mentioned study by Yang et al. does point at a 
possible explanation of the role of OPG in the development of liver fibrosis27. 
OPG is a well-known decoy receptor for the apoptosis-inducing ligand TRAIL. 
Through neutralizing of TRAIL, OPG may be able to prevent myofibroblast 
apoptosis and stimulate ongoing extracellular matrix production. Interestingly, 
Yang et al. showed that inducing expression of miR-145 in hepatic stellate cells 
increased their sensitivity for TRAIL-induced apoptosis through a ZEB2 (zinc-
finger E-box binding protein 2)-mediated pathway. In our studies increased 
expression of miR-145 is accompanied by lower production of OPG and thus 
less neutralization of TRAIL would be a probable outcome with subsequently 
more TRAIL-induced apoptosis. We could not find any papers describing 
interactions between ZEB2 and OPG and it would therefore be of interest to 
see if this pathway is involved in OPG production in myofibroblasts. 

Our results indicate that although miR-145-5p does inhibit OPG production to 
some extent, it does not appear the only influence. We saw a hint of increased 
OPG production upon transfection with a miR-145-5p inhibitor, but this effect 
was also seen upon transfection with the miRNA control inhibitor, suggesting a 
non-specific inhibiting activity. We also found no significant correlation between 
miR-145-5p expression and OPG protein production upon TGFβ1 treatment 
(supplementary figure S1). Therefore, it is probable that other miRNAs are also 
involved in control of TGFβ-OPG feed-forward loop. In our previous studies we 
found another miRNA (table 1 and 212-14) that is upregulated by TGFβ and 
potentially targets OPG and may thus be involved in regulation of its expression, 
namely miR-181b-5p. Since we could not find any evidence of interactions 
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between miR-181b-5p and OPG, we chose not to investigate this microRNA 
first. However, now we know other miRNAs may be involved, miR-181b-5p 
should be a first candidate to further investigate. 

 

 

 

CONCLUSIONS 

 

In conclusion, miR-145-5p is upregulated by TGFβ in liver myofibroblasts and 
targets OPG production is these cells to some extent. However, miR-145-5p 
does not have dominant control over the TGFβ-OPG feed-forward loop in 
(myo)fibroblasts and therefore other regulatory factors must be at play here as 
well. 
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SUPPLEMENTARY FIGURE 

 

 

 

 

FIGURE S1. No correlation between OPG mRNA and miR-145-5p expression. There is no 
significant correlation between OPG mRNA and miR-145-5p expression. Correlation was tested 
using Spearman’s correlation test, p<0.05 was considered significant. 
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The elusive antifibrotic macrophage  
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ABSTRACT 

 

Fibrotic diseases, especially of the liver, the cardiovascular system, the kidneys, 
and the lungs, account for approximately 45% of deaths in Western societies. 
Fibrosis is a serious complication associated with aging and/or chronic 
inflammation or injury and cannot be treated effectively yet. It is characterized 
by excessive deposition of extracellular matrix (ECM) proteins by myofibroblasts 
and impaired degradation by macrophages. This ultimately destroys the normal 
structure of an organ, which leads to loss of function. Most efforts to develop 
drugs have focused on inhibiting ECM production by myofibroblasts and have 
not yielded many effective drugs yet. Another option is to stimulate the cells 
that are responsible for degradation and uptake of excess ECM, i.e., antifibrotic 
macrophages. However, macrophages are plastic cells that have many faces in 
fibrosis, including profibrotic behavior-stimulating ECM production. This can be 
dependent on their origin, as the different organs have tissue-resident 
macrophages with different origins and a various influx of incoming monocytes 
in steady-state conditions and during fibrosis. To be able to pharmacologically 
stimulate the right kind of behavior in fibrosis, a thorough characterization of 
antifibrotic macrophages is necessary, as well as an understanding of the signals 
they need to degrade ECM. In this review, we will summarize the current state 
of the art regarding the antifibrotic macrophage phenotype and the signals that 
stimulate its behavior. 
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INTRODUCTION 

 

Fibrosis is a serious complication associated with aging and with chronic injury 
and inflammation within an organ. It is characterized by progressive and 
irreversible destruction of normal architecture of an organ by excessive 
deposition of extracellular matrix (ECM). The excess ECM ultimately leads to 
organ malfunction and death because there are no effective therapies to stop 
or reverse fibrosis development. A mechanistic understanding of how ECM 
homeostasis is maintained in healthy situations, the similarities and differences 
between the various organs, and how it becomes dysregulated in fibrosis is of 
vital importance for defining novel targets for therapy. More insight into these 
processes will help the development of novel antifibrotic drugs. 

Production of ECM is part of a normal repair response after tissue damage. 
Tissue repair has distinct stages including a clotting phase, an inflammatory 
phase, a (myo)fibroblast proliferation phase and a remodeling phase in which 
normal tissue architecture is restored1. During the remodeling phase, 
myofibroblasts produce ECM and promote tissue contraction, which will 
ultimately lead to resolution of the damage. Current dogma is that ongoing 
microinjury within an organ induces an imbalance in ECM homeostasis and 
subsequently leads to fibrosis2,3. In most organs, extracellular matrix-producing 
myofibroblasts are found in close proximity with macrophages, and there is 
increasing evidence that suggests that normally these two cell types interact in 
many ways to control ECM homeostasis and that these interactions may be 
dysregulated in fibrosis3-6. Myofibroblasts, as the major producers of 
extracellular matrix, have been the focus of fibrosis research for many years. 
Unfortunately, this has not yielded many successful drugs yet. Therefore the role 
macrophages have in controlling extracellular matrix production in fibrosis is 
getting more attention recently. 

Macrophages are important cells in all stages of the fibrotic process7. On the 
one hand they have been found to promote fibrosis by secreting profibrotic 
mediators like transforming growth factor beta (TGFb) and platelet-derived 
growth factor (PDGF) that induce proliferation and activation of myofibroblast7-

9. On the other hand they also facilitate the resolution of fibrosis by producing 
specific matrix metalloproteinases (MMPs) and other proteolytic enzymes like 
cathepsins that degrade fibrotic ECM and they express receptors that can 
phagocytose pieces of degraded ECM10. Studies in models of pulmonary and 
liver fibrosis have shown that when macrophages are depleted during the early, 
inflammatory phase of fibrosis, ECM deposition was reduced but when they are 
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depleted during the remodeling phase ECM deposition was aggravated8-11. 
These studies elegantly showed that the behavior of macrophages is highly 
plastic, but it remains unclear how the pro- and antifibrotic activities of 
macrophages are regulated. Knowing which signals induce antifibrotic behavior 
of macrophages is particularly important because restoration of normal tissue 
architecture can only proceed if the deposited excess ECM is removed. These 
signals may subsequently be used for the development of a whole new class of 
antifibrotic drugs. However, discerning antifibrotic macrophages from other 
macrophages is difficult, since characteristic markers are unclear, as are the 
signals that induce antifibrotic macrophages. 

In this review we will discuss evidence currently present in literature that enables 
us to identify antifibrotic macrophages and the signals that are needed to induce 
them in order to design macrophage-directed antifibrotic therapeutics. Studies 
used for this review were gathered by a systematic search of Pubmed using the 
keywords “macrophages” and “fibrosis” and “(resolution OR antifibrotic)”. Only 
studies discussing pro-or antifibrotic activities of macrophages or phenotypical 
markers of these macrophages were included. 

 

 

MACROPHAGE PLASTICITY 

 

Macrophages have many roles in the immune system and are strongly involved 
in fighting microbial threats, inflammation, repair and resolution to return to 
homeostasis. For years, researchers have tried to define distinct macrophage 
polarization states or phenotypes that are responsible for these different tasks12. 
They have been classified in several different ways, mostly into two main groups 
with M1 macrophages as the classically activated macrophages and M2 
macrophages as the alternatively activated macrophages13-14. Broadly speaking 
M1-activated macrophages are associated with inflammatory responses and are 
involved in fighting infections. This phenotype develops after exposure to 
microbial products, and proinflammatory cytokines like tumor necrosis factor 
alpha (TNFα) and interferon gamma (IFNg). M2-activated macrophages are more 
difficult to capture into one phenotype and this has led to the suggestion to 
group them into the different subsets M2a, M2b, and M2c15. These subsets are 
associated with repair processes and resolution of inflammation and are induced 
by a variety of signals such as interleukin-4/interleukin-13 (IL-4/IL-13) for M2a, 
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immune complexes and lipopolysaccharides (LPS) for M2b and IL-10/TGFb/ 
glucocorticosteroids for M2c. This classification had its uses for well-controlled 
in vitro experiments but could not capture the multitude or spectrum of 
polarization states present in vivo leading to much confusion in the field. This 
has led to the suggestion to identify macrophages through their origin, the 
polarizing substance and/or through markers they do or do not express16. 

The confusion about macrophage polarization is also apparent in the field of 
fibrosis. The widespread use of the M1/M2 classification has led to the 
suggestion that M1 macrophages promote inflammation in the inflammatory 
stages of wound repair and subsequently polarize to or are being replaced by 
M2 macrophages that promote fibrosis. However, the complex 
microenvironment macrophages are exposed to in vivo has many stimuli that 
induce different functions that cannot be captured in M1 and M2. Furthermore, 
the M2 phenotype is a complex collection of divergent activities that are 
sometimes even contradictory. For example, in mice M2 macrophages have 
been described by their expression of arginase-1 and these macrophages were 
considered to be profibrotic. However, Pesce et al. showed, using macrophage-
specific arginase-1 (Arg-1) knockout mice that these arginase-1 expressing 
macrophages were actually responsible for suppressing fibrosis development17. 
This intriguing result shows the plasticity of profibrotic and antifibrotic behavior 
within the M2 macrophage subset in a complex tissue environment. 

Other studies have circumvented the M1/M2 dichotomy by naming 
macrophages after their roles in inflammation and tissue remodeling: i.e. pro-
inflammatory, pro-fibrotic, pro-resolution, resolving or scar-associated 
macrophages4,10,18-20. For the purpose of this review we will be specifically 
addressing the macrophages that are associated with areas of existing fibrosis 
and are responsible for clearing away excess extracellular matrix, also known as 
pro-resolution or antifibrotic macrophages. 

 

 

MURINE VERSUS HUMAN MACROPHAGES 

 

The discovery of macrophages phenotypes has largely been driven by murine 
models. Translation to human steady-state conditions or diseases is scarce and 
hampered by the fact that many phenotypical and functional markers are 
murine-specific and the human counterparts are unknown12,21. For instance, the 
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widely-used M2 markers Ym1 (chitinase 3–like protein 3) and FIZZ1 (resistin-like 
molecule alpha 1/found in inflammatory zone 1) are only expressed on murine 
IL-4/IL-13 activated macrophages and not in their human counterparts. Though 
firmly associated with development of fibrosis in mouse models, how these 
markers themselves play a role is unclear22-24, making it even more difficult find 
their human equivalents. Most of the information on antifibrotic macrophages 
will therefore be derived from murine studies. Whenever possible we will try to 
make the translation to the human situation. 

 

 

THE ORIGIN OF TISSUE MACROPHAGES 

 

Mature macrophages in adult tissues can originate from two different sources: 
either from circulating blood monocytes that infiltrate the tissues after birth or 
from embryonic macrophages infiltrating tissues before birth and that self-
maintain throughout life25-32. The distinction between hematopoetic versus 
embryonic origin may be important because this may determine their 
functionality33. For instance, liver-resident alternatively activated macrophages 
were found to be phenotypically and functionally distinct from monocyte-
derived alternatively activated macrophages. The first were found to be key in 
suppressing schistosomiasis-induced chronic inflammation, while the latter 
monocyte-derived ones could slow the progression of fibrosis34. 

Recent experiments have shown that during steady state conditions, in most 
organs, tissue macrophages are of embryonic origin25-32. These embryonic 
macrophages can develop from yolk sac macrophages directly or, through 
erythro-myeloid progenitors in the fetal liver25,30,35,36. In the developing embryo, 
hematopoiesis begins in the yolk sac with primitive erythrocytes and 
macrophages developing in the absence of hematopoietic stem cells and 
spreading into developing peripheral tissues37. This primitive hematopoiesis is 
not sufficient to support the developing embryo until hematopoietic stem cells 
are funtional. Therefore, a second wave of hematopoiesis is supported by 
erythro-myeloid progenitors migrating from the yolk sac to the fetal liver until 
the hematopoietic stem cells are ready to take over after birth36. During this 
period of primitive hematopoiesis, macrophages spread via the blood into 
peripheral tissues of the fetus, giving rise to tissue-resident macrophages that 
self-maintain throughout life38. Several organs including spleen, pancreas, and 
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kidney exhibit mixed contribution from embryonic and hemopoietic stem cell-
derived procursors38. Like other tissue macrophages, intestinal macrophages are 
also first established before birth from embryonic precursors. However, unlike 
macrophages in most other tissues, these embryonic macrophages in the gut 
are replaced shortly after birth by blood monocyte-derived macrophages. Thus 
intestinal macrophages appear to be entirely derived from circulating 
monocytes39,40. An overview of the origins of macrophages in the different 
tissues can be found in table 1. 

 

Table 1. An overview of the origins of macrophages in the different tissues 

 

 

Resident tissue macrophages normally have homeostatic functions including 
clearing up debris and apoptotic cells, first-line defense against microbial 
threats, downregulating unnecessary inflammatory responses of the tissue, and 
contribution to normal ECM turnover. In cases of tissue damage the steady state 
conditions change and the tissue resident macrophages may be supplemented 
with macrophages derived from incoming monocytes to fight incoming threats 
and help wound healing. In mice, two populations of monocytes have been 
identified based on the expression of the surface molecule Ly6C. Monocytes 
with high expression of Ly6C (lymphocyte antigen 6C) are generally called 
classical or inflammatory monocytes and these patrol the extravascular tissues 
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in homeostatic conditions29. During this patrolling function they remain 
monocytic and do not commit to being macrophages. During inflammation, 
however, they respond with rapid extravasion into the affected tissues and they 
can readily transform into macrophages with limited potential for migration29. 
Monocytes with low expression of Ly6C are called nonclassical monocytes and 
patrol the blood vessels to monitor endothelial cell homeostasis45,46. They 
develop from the Ly6C-hi subset26,47,48 and this can also take place in injured or 
inflamed tissue with subsequent conversion to wound-healing macrophages 
that can proliferate locally49,50. 

In humans, similar monocytes subsets are found based on expression of CD14 
and CD1651. Classical monocytes express high levels of CD14 and no CD16, 
while nonclassical monocytes express high levels of CD16 and low levels of 
CD14. Both in humans and mice, an intermediate third subset is suggested to 
exist characterized in humans by high levels of CD14 and intermediate levels of 
CD16. The functions of this subset are not well understood, although they have 
been found to preferentially accumulate in inflamed human livers and have been 
postulated to play a role in fibrogenesis52. 

Unfortunately there are no reliable markers to distinguish between 
macrophages from embryonic or hematopoietic/monocytic origin, which makes 
it difficult to study the contributions of the two types of macrophages to 
changes in homeostatic conditions, especially in humans. In mice, some lineage 
tracing studies have been performed with special mouse models in the context 
of fibrosis to get some insight into the origin of macrophages in fibrotic tissues 
and these studies are discussed below. 

 

 

THE ORIGIN OF MACROPHAGES DURING FIBROSIS 

 

Several papers have investigated the various origins of macrophages in the 
context of fibrosis. There is a clear role for infiltrating Ly6C-hi monocytes in 
fibrosis. These monocytes have high expression of the CCR2 (C-C motif 
chemokine receptor type 2) and have been shown to CCR2-dependently 
infiltrate the kidney, liver, heart and lung after acute injury8,53-56. Less fibrosis is 
found when this migration is prevented either by specific depletion of the Ly6C-
hi subset or when interfering with CCR2 function53,57. In liver and lung it was 
shown that Ly6C-hi monocytes clearly facilitate the progression of fibrosis, but 
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without obviously engrafting into the tissue as macrophages, which may indicate 
their patrolling behavior of extravascular tissues is not restricted to steady state 
conditions8,53. 

Many models of fibrosis consist of toxic injury (e.g. carbon tetrachloride, 
bleomycin) with an acute inflammatory phase followed by a fibrotic phase and a 
resolution phase with a return to fairly normal tissue structure. In these models 
it was shown that depletion of macrophages in the resolution phase slowed 
down the process of resolution8,18,57-62. These restorative macrophages appear 
to be derived from the recruited Ly6C-hi monocytes that undergo a phenotypic 
switch to a Ly6C-lo phenotype18,57. However, in a study by Baeck et al. inhibiting 
a transient CCR2-dependent accumulation of Ly6C-hi monocytes in the 
resolution phase accelerated scar resolution in two models of hepatic fibrosis62. 
Therefore contributions of both recruited Ly6C-lo monocytes and tissue-
resident macrophages are also likely8,59-61. Corroboration for involvement of 
Ly6C-lo monocytes comes from a study showing that deletion of the fractalkine 
receptor CX3CR1 (C-X3-C motif chemokine receptor 1), which is highly 
expressed on Ly6C-lo monocytes, inhibits resolution of hepatic fibrosis60. 
Gibbons et al. showed that ablation of tissue-resident macrophages in the lung 
during the resolution phase of bleomycin-induced injury also slowed down 
resolution8. 

In conclusion, macrophages of various origins, hematopoietic and embryonic, 
contribute to fibrosis and its resolution. The evidence available points at 
antifibrotic macrophages being either derived from CX3CR1-expressing Ly6C-
lo monocytes and/or embryonically derived tissue-resident macrophages, while 
ly6C-hi monocytes appear to be profibrotic. For a summary of the available data 
also see table 2. 

 

Table 2. Origins of antifibrotic macrophages 
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ANTIFIBROTIC MACROPHAGES: 

HOW TO INDENTIFY AND INDUCE OR RECRUIT THEM? 

 

Within fibrotic parts of tissues higher numbers of macrophages were shown to 
be present as compared to the healthy parts and these were shown to be 
important for fibrosis resolution61,67,68. One of the main tasks of these antifibrotic 
macrophages is clearance of fibrotic ECM, in particular of fibrillar types of 
collagen. Macrophages are important sources of various matrix-degrading 
enzymes and they can take up partially degraded collagen fragments6. The 
expression of these matrix-degrading enzymes and of the receptors for uptake 
of collagen fragments could therefore potentially be markers of antifibrotic 
macrophages in vivo. 

Collagen fibers are cleaved extracellularly by proteases such as matrix 
metalloproteinases (MMPs) and cathepsins. Intact fibrillar collagen can only be 
cleaved by a subset of MMPs (MMP1, MMP8, MMP13, MMP14)  and by other 
proteases such as cathepsin K69-71. Subsequently, collagen pieces are further 
degraded by other members of the MMP family like MMP2 and MMP96. The 
main cellular source of matrix-degrading enzymes is macrophages. Huang et al. 
showed expression of different MMPs in the various macrophage phenotypes in 
vitro72. Therefore, MMP expression by macrophages might serve as a functional 
marker to identify antifibrotic macrophages in vivo. Scar-associated 
macrophages were shown to be a source of MMP13 and a strong correlation 
between the presence of MMP13-positive macrophages and enhanced 
regression was shown in fibrotic carbon tetrachloride mouse livers68. Not only 
MMP13, but also other members of the MMP family (MMP3, MMP 8, MMP 9, 
MMP12, MMP14) were identified in scar-associated macrophages and 
associated with resolution activities in liver73,74. The presence of MMP-
expressing macrophages in scar tissue was also seen in other fibrotic tissues 
such as in the lung, kidneys, heart, and spinal cord. Shechter showed MMP13-
expressing macrophages in glial scar tissue and related this to a resolving 
macrophage phenotype58. Cabrera showed increased MMP9 expression in 
alveolar macrophages that appear in the regression phase of the bleomycin-
induced lung fibrosis75. Also, Popov showed that MMP9, in contrast to MMP12 
and MMP13, was particularly induced during resolution and higher expressed 
than during fibrogenesis74. Within lung and liver, MMP9 expression is particularly 
observed in macrophages as can be checked in immunohistochemical stainings 
provided by the human protein atlas76. 
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In addition to MMPs, macrophages also express other ECM-degrading enzymes 
such as the cysteine proteases, i.e. cathepsins71. MMPs are traditionally 
considered to be the main agents of ECM degradation, but the lysosomal 
cathepsins, can also be secreted into the extracellular space where they can 
remain proteolyticaly active and degrade various components of the 
extracellular matrix71. Cathepsin K is the only protease with the ability to 
degrade intact fibrillar collagen, both at the ends of the fibril and at multiple 
sites within the triple helix. Overexpression of cathepsin K protected animals 
from developing bleomycine or silica-induced pulmonary fibrosis, while deleting 
it accelerated the development of fibrosis66,77,78. These findings all suggest high 
antifibrotic activity of cathepsin K and therefore of macrophages in the lung. 
Alveolar macrophages in the resolution phase are also reported to produce 
plasmin, a protease associated with reducing TGFβ1 levels and thus with 
reduced stimulation of collagen synthesis64. 

Matrix metalloproteinases can also contribute to other activities, such as cellular 
migration79 and activation of cytokines and growth factors80,81. The expressions 
and activities of MMPs are therefore not limited to the resolution phase. Certain 
subtypes are more enhanced during fibrogenesis as compared to resolution, 
e.g. MMP2 in liver fibrosis74. This might hamper the use of certain MMPs as 
markers for antifibrotic macrophages. Based on the current knowledge about 
the expression patterns of matrix-degrading enzymes in macrophages in fibrosis 
and resolution, in particular MMP9, MMP13, and cathepsin K seem suitable 
markers to discern antifibrotic macrophages in vivo from other macrophage 
phenotypes. 

In addition to the matrix degrading activities of antifibrotic macrophages, 
candidate markers of antifibrotic macrophages could also be proteins involved 
in induction of proteolytic enzymes and proteins involved in clearance of 
degraded ECM proteins. After extracellular degradation, further processing of 
collagen fragments occurs intracellularly, predominantly in the lysosomal 
compartments of the cell. To that end, collagen fragments are internalized via 
phagocytosis, macropinocytosis or receptor-mediated endocytosis6. 

Phagocytosis for instance is mediated by binding of collagen fragments to 
cellular membrane integrin α2β1. For receptor-mediated endocytosis binding 
to transmembrane mannose receptor CD206 or mannose receptor 2 (Mrc2; also 
called Endo180) is required6,82-84. Lopez-Guisa showed upregulation of Mrc2 in a 
subset of macrophages at sites of renal fibrosis directing the process of repair. 
Renal fibrosis was significantly worse in Mrc2-deficient mice, which was related 
to lower collagen turnover. In addition, treatment of wild-type mice with a 
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cathepsin inhibitor, which blocks the proteases implicated in Mrc2-mediated 
collagen degradation, worsened UUO-induced renal fibrosis83. 

The extracellular bridging glycoprotein Mfge8 (Milk fat globule-EGF factor 8) 
has also been described to be involved in the cellular uptake of collagen 
fragments6,65,85. Atabai showed that Mfge8 decreased the severity of tissue 
fibrosis in a mouse model of pulmonary fibrosis by binding and targeting 
collagen for cellular uptake through its discoidin domains85. Reddy et al. showed 
that nitrated fatty acids regulated the expression of Mfge8 in alveolar 
macrophages and thus stimulated collagen uptake and its further degradation65. 
The usefulness of these receptors, involved in the cellular uptake of collagen, in 
identifying antifibrotic macrophages has not been investigated in great detail 
and will require more studies. 

Other proteins expressed by macrophages that have been shown to contribute 
to the antifibrotic phenotype of macrophages are arginase-117 and FIZZ122. Both 
were shown to limit Th2-dependent responses that are required for the 
development of fibrosis. 

As is clear from the previous sections, production of matrix-degrading enzymes 
is one of the key characteristics of antifibrotic macrophages. Therefore to induce 
this type of macrophage, it will be helpful to understand the signals involved in 
attracting these macrophages to the fibrotic areas and/or the signals that induce 
the expression of matrix-degrading enzymes and collagen uptake receptors. 
These could be cytokines like TNFα, IL-1β, IFNα/β and IL-4, growth factors, 
chemokines or even processes58,81,86-88. 

Popov et al. showed that the enhanced proteolytic activity of macrophages was 
induced after phagocytosis of apoptotic cholangiocytes that were increasingly 
present in the resolution phase of biliary fibrosis74. The receptor involved in this 
phagocytosis-induced proteolytic activity was most probably the Tyrosine-
protein Kinase Mer receptor (MERTK), which is highly expressed on 
macrophages74,89,90. Gene variants of MERTK have been shown to be risk factors 
for progression of hepatitis C-induced liver fibrosis91,92. Through no functional 
data of the gene variants of MERTK were shown, making it hard to interpret this 
data. Similar phagocytosis-induced proteolytic activity was reported in the lung, 
in which apoptotic cell instillation induced peroxisome proliferator-activated 
receptor-γ (PPARγ) expression in macrophages and subsequently stimulated 
resolution of bleomycin-induced fibrosis93. Whether MERTK and PPARg are 
useful markers for antifibrotic macrophages needs to be investigated in further 
detail. PPARg seems to be a promising candidate as agonists of PPARg have 
been investigated as a possible antifibrotic therapy in multiple settings65,94-100. 
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Some of the cytokines or their receptors that induce antifibrotic behavior are 
expressed by macrophages themselves, therefore these cytokines or their 
receptors could potentially also be markers of antifibrotic macrophages. 
However, their ubiquitous expression by various other cells may hamper their 
use in vivo. 

Tumor necrosis factor alpha receptor (TNFαR) or the production of TNFα may 
be potential inducers and/or markers of antifibrotic macrophages, though this 
depends on the stage of the disease limiting their use. Macrophages are 
important producers of TNFa and thereby contribute to inflammation after 
injury. Inhibiting TNFα at this point has been shown to lead to less fibrosis in 
models of kidney, liver, heart, and lung fibrosis101-105. However, TNFa has also 
been shown to have antifibrotic activities, especially in the resolution stage of 
fibrosis. Recent research showed that intratracheal delivery of TNFα reduced 
lung collagen levels and improved lung architecture. In addition, mice deficient 
in TNFα exhibited delayed resolution of bleomycin-induced pulmonary fibrosis, 
further showing that TNFα may be important in the resolution phase of fibrosis 
by inducing antifibrotic macrophages106. A study in patients with pulmonary 
fibrosis showed that release of TNFα by macrophages and monocytes of these 
patients was higher than of controls, which may be a sign that the lung is trying 
to degrade excess collagen or a sign that inflammation is still important in 
patients diagnosed with pulmonary fibrosis107. The fact that anti-inflammatory 
drugs like corticosteroids are harmful to pulmonary fibrosis patients indicates 
that TNFα is probably involved in attempted resolution108. Production of TNFα 
by antifibrotic macrophages may have an effect on macrophages themselves 
through TNFα type 1 and/or 2 receptors or affect other cells. Both in the heart 
and in the kidney TNFα type 2 receptor expression on macrophages was found 
to essential for accelerating fibrosis resolution109,110. A recent publication by 
Lemos et al. showed that the effect of TNFα in muscle fibrosis was through 
induction of apoptosis of myofibroblast progenitors111. 

Treatment of liver macrophages with Interferon-a2b induced a higher MMP13 
expression and these macrophages also showed a higher expression of IL-1088. 
Similar findings were reported in glial scars by Shechter et al.58. The effect of IL-
10 on fibrosis, however, is not clear since increased levels of IL-10 were 
accompanied by reduced fibrosis in one study73, while other studies have 
reported that IL-10 acts profibrotic112,113. 

Cytokines and chemokines that are involved in recruitment antifibrotic 
macrophages are macrophage migration inhibitory factor (MIF), CX3C ligand 1 
(fractalkine), and vascular endothelial growth factor (VEGF)60,61,114. CD74, 
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CXCR2, and CXCR4 are receptors for MIF and their expressions appear to be 
associated with recruitment of resolving macrophages61,115,116. This also is the 
case for chemokine receptor CX3CR1 and this receptor may also be helpful in 
the detection of antifibrotic macrophages60. Another chemokine involved in the 
recruitment of resolution-promoting monocytes appears to be VEGF. Treatment 
with a neutralizing antibody against VEGF during fibrosis resolution delayed 
resolution and this was shown to be dependent on CXCL9 and MMP13114. In 
addition, enhanced expression of CXCL10 in macrophages has been shown to 
accelerate resolution of pulmonary fibrosis59,117,118. Interestingly, in the study by 
Tighe et al., IFNg was found to be able to stimulate production of CXCL10 in 
macrophages and this may therefore contribute to the known antifibrotic effects 
of IFNg59,119. 

 

Table 3. Markers of antifibrotic macrophages and potential therapeutic approaches inducing or 

attracting antifibrotic macrophages or inhibiting the recruitment of profibrotic monocytes 

 

In conclusion, various studies indicate the existence of antifibrotic macrophages 
that play a key role in resolving fibrotic ECM and therefore these macrophages 
may be a target for therapeutic intervention. Identification of this subset in vivo 
is not easy, but various options can be explored. One of most obvious is the 



OSTEOPROTEGERIN IN FIBROTIC DISORDERS 

University of Groningen 142 

expression of matrix-degrading enzymes in macrophages, in particular MMP9, 
MMP13 and cathepsin K. Other options include the chemokines CXCL10 and 
CXCL9, chemokine receptor CX3CR1, M2-markers arginase-1, FIZZ1, and 
PPARg, collagen-uptake receptors MRC1, MRC2, and MFGE8, and cytokines like 
TNFα (see also table 3). However, most of these proteins are not specific to 
macrophages and even the different phenotypes of macrophages in the pro-
inflammatory/fibrotic phase and in the resolution phase seem to use them. 

Induction or recruitment of antifibrotic macrophages is even less well defined. 
Monocytes that turn into antifibrotic macrophages appear to be recruited by 
CX3C ligand 1 or VEGF. Cytokines that can induce antifibrotic behaviour of 
macrophages in well-defined circumstances are TNFa, IFNα or IFNg. 

 

 

FROM CONCEPT TO MARKET: 

THERAPEUTIC APPLICATION AND CHALLENGES 

 

As antifibrotic macrophages can be crucial in the resolution of fibrosis in various 
organs, they constitute a valid novel target for therapeutic intervention. 
Therefore, understanding of how to specifically induce their beneficial activities 
may lead to a generation of new antifibrotic compounds. 

In addition to the aforementioned TNFα, IFNg, and IFNα, only a few potential 
therapeutic compounds affecting antifibrotic macrophages have been 
described in literature. One of few examples is the use of PPARg agonists that 
can induce antifibrotic properties in macrophages. Experimental studies in 
kidney, liver, heart and lung have shown that various PPARg agonists can 
alleviate fibrosis, though not all have investigated macrophages specifically65,94-

100. There is even phase 1 safety study in clinicaltrials.gov describing the use of 
PPARg-agonist rosiglitazone for the treatment of focal glomerulosclerosis. This 
study ended in 2007 but no results have been posted yet. 

A currently unexplored option is the possible use of receptor activator of nuclear 
factor-kB ligand (RANKL). Many tissue macrophages express the receptor RANK 
for this ligand and there are several studies showing that RANKL stimulation 
induces the  release of proteases, which can degrade ECM76. Wittrant et al. 
showed that RANKL stimulated MMP9 and cathepsin K expression122 and 
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Matsumoto et al. also showed that RANKL induced cathepsin K gene 
expression123. Another study showed that RANKL, through binding to RANK, 
activated the nuclear factor-kB pathway and induced MMP9 expression. They 
also suggested that by costimulating with IL-1b or TNFα it was possible to 
synergize with RANKL to further enhance MMP9 expression124. We are currently 
investigating whether RANKL can indeed induce antifibrotic macrophages in 
settings of established fibrosis. 

Another option described was the use of a Spiegelmer-based inhibitor of CCL2, 
named mNOX-E36, that was found to inhibit recruitment of Ly6C-hi monocytes 
and thereby accelerated resolution of liver fibrosis62. The last of the few 
examples was a synthetic analog of asprin-triggered lipoxin A4. Lipoxins have 
potent proresolution effects and this synthetic analog called ATLa reversed 
collagen deposition by inducing arginase-1-positive macrophages in a 
bleomycin model of pulmonary fibrosis126. A summary of the origin and all 
characteristics of antifibrotic macrophages is depicted in figure 1. 

One factor worth considering is the translation of these results in rodents to the 
human situation. As said before, an obstacle in this translation is that most 
knowledge so far is obtained with mouse models and the markers and effector 
molecules of antifibrotic macrophages in humans are largely unexplored127. 

In addition, several fibrosis-inducing agents such as carbon tetrachloride, 
bleomycine, silica, or nutritional interventions are highly effective in establishing 
advanced fibrosis in mice, but they do not represent key elements of human 
disease completely. 

 

CONCLUSIONS 

 

The flurry in new studies investigating antifibrotic behavior of macrophages in 
recent years has made the elusive antifibrotic macrophage slightly more 
tangible. This subset of macrophages appears to be derived from embryonic 
tissue-resident macrophage or recruited Ly6C-lo monocytes and expresses a 
variety of markers traditionally assigned to both M1 and M2 macrophages, 
including: MMP9, MMP13, cathepsin K, CXCL10, CXCL9, CX3CR1, arginase-1, 
FIZZ1, PPARg, MRC1, MRC2, and MFGE8, and TNFa. Although therapy aimed 
at the antifibrotic macrophage is still in its infancy, it is expected that more 
targets for therapeutic entities will appear when antifibrotic macrophages are 
better understood. 
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Figure 1. Antifibrotic macrophages, derived from either embryonic tissue macrophages and/or 
Ly6C-lo monocytes, contribute to fibrosis resolution by expressing extracellular matrix (ECM)-
degrading enzymes and receptors to take up pieces of degraded ECM and by expression of 
proteins that downregulate Th2-associated inflammation. These antifibrotic macrophages can 
be induced or attracted by a number of signals such as cytokines, chemokines and growth 
factors. Abbreviations: MIF: Macrophages migration inhibitory factor; CX3CR ligand 1: ligand 
for C-X3-C motif chemokine receptor 1; VEGF: vascular endothelial growth factor; CXCL-9 and 
-10: C-X-C motif chemokine ligand -9 and -10; RANKL: receptor activator of nuclear factor-kB 
ligand; TNFα: tumor necrosis factor α; TNFaR1/2: tumor necrosis factor receptor type 1 or 2; 
IFNγ: interferon γ; IFNa: interferon a; MMP9 and MMP13: matrix metalloproteinase 9 and 13; 
Mfge8: Milk fat globule-EGF factor 8; MERTK: Tyrosine-protein Kinase Mer receptor; Mrc1 and 
Mrc2: mannose receptor 1 and 2; PPARγ: Peroxisome proliferator-activated receptor-γ; Arg-1: 
Arginase-1; FIZZ1: resistin-like molecule alpha 1; Th2: Thelper 2 lymphocyted-mediated. 
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SCOPE 

 

Several clinical studies have suggested that serum levels of osteoprotegerin 
(OPG) correspond to liver fibrosis occurrence and severity. These studies have 
reported that OPG levels associate with different stages of liver fibrosis 
progression and therefore proposed OPG to be a promising biomarker of the 
disease1-7. However, a good biomarker should also respond to resolution of the 
disease and to date, this part has not been studied well. In this thesis, we have 
evaluated OPG expression in human healthy and cirrhotic livers, we used a 
mouse model of CCl4-induced liver fibrosis to study OPG expression and 
production during progression and resolution of fibrosis in vivo, and we used 
precision-cut murine liver slices and fibroblast cell lines to study regulation of 
hepatic OPG production. As our studies showed that OPG may be profibrotic, 
targeting OPG could be a potential alternative for antifibrotic therapy. In order 
to do that, a comprehensive understanding of how OPG is regulated is essential. 
Here we would like to discuss our findings to understand more about OPG as a 
novel and potential therapeutic target for liver fibrosis. 
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OSTEOPROTEGERIN IN (LIVER) FIBROSIS: 

THE DECOY, THE MASTERMIND, AND THE RECALL 

 

 

THE DECOY 

 

When first discovered, tumour necrosis factor receptor superfamily 11B 
(TNFRSF11B) was found to be an osteoblast product that binds as a decoy 
receptor to receptor-activator of nuclear factor kappa-B ligand (RANKL). Its 
function is to capture RANKL and thus to prevent RANKL binding to its receptor 
RANK on the membrane of osteoclasts, thereby preventing osteoclast 
activation. RANKL-activated osteoclasts can remodel bone tissue by degrading 
bone extracellular matrix (ECM). This mechanism needs to be balanced to 
prevent exaggerated bone loss and TNFRSF11B then commonly known as a 
bone protector protein, osteoprotegerin (OPG)8,9, was found to be responsible 
for this. The balance between RANKL and OPG has since then been used as 
bone regulation parameter10. 

In addition to osteoblasts in bone producing RANKL, reports have shown that 
RANKL is produced by many other tissues and cells e.g. epithelial cells in lung 
and intestines and by lymphocytes in thymus11-13, while OPG is mainly produced 
by mesenchymal cells including osteoblasts14,15. RANKL was shown to be a 
membrane-bound protein, but can be cleaved by MMP7 from the cell 
membrane and can therefore circulate in a soluble form as well16. OPG has only 
been reported as a soluble circulating protein17,18. 

As OPG is a soluble protein produced by many mesenchymal cells, OPG is not 
only available at the site of bone regulation but also in the systemic circulation. 
Therefore dysregulation of OPG serum levels alone or the RANKL/OPG balance 
in serum has been reported to be involved in various bone-related pathological 
events such as osteoporosis/osteopetrosis19. However, OPG levels in serum 
have also been linked to other pathologies such as heart failure, atherosclerosis, 
and chronic liver diseases18,20,21. Some reports have shown that OPG is 
significantly higher (with lower levels of RANKL) in patients with 
chronic/alcoholic liver disease1,5 and therefore serum OPG was suggested to be 
included into a panel of markers to increase the diagnostic accuracy of the 
COOP score to diagnose liver fibrosis2. These studies, however, did not 
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investigate the origin of the elevated OPG in serum and neither did they 
speculate on the role of OPG in the fibrotic process. We have now shown in this 
thesis (chapter 2) that the elevated levels of OPG found in patients with liver 
fibrosis could be explained by higher production of OPG in the liver itself. Both 
human cirrhotic and mouse fibrotic liver tissue contained more OPG than 
control liver tissue and analysis of mRNA expression in liver tissue and the use 
of mouse liver slices clearly showed the liver itself can produce OPG. 
Histochemical staining showed that the expression of OPG in cirrhotic livers was 
localized mostly in the ECM-rich scar areas and associated with a-SMA-positive 
cells, i.e. myofibroblasts. Furthermore, in order to convince ourselves that OPG 
can be used as a biomarker for liver fibrosis and treatment efficacy, we also 
investigated and subsequently showed that OPG production tracks with fibrosis 
resolution. Thus not only do higher levels of OPG indicate fibrogenesis, lower 
levels indicate alleviation of liver fibrosis. 

However, we also wanted to highlight that OPG production is not exclusive to 
liver fibrosis and can be a more general phenomenon in fibrotic processes. We 
therefore compared induction of fibrogenesis in liver to lung, kidney and colon 
by incubating precision-cut slices of these organs with TGFβ1 (chapter 3). All 
other organs also react to TGFβ1 with higher levels of fibrotic-associated 
markers and concomitant higher level of OPG though colon not as convincingly 
as lung and kidney. This suggests that OPG is linked to fibrogenesis in general 
and not just in liver and that tracking its levels may have a much broader value. 
This is strengthened by the fact that when fibrosis developed in vivo, by 
unilateral ureteral obstruction (UUO) to induce kidney fibrosis or by genetically 
knocking out MDR2 to induce liver fibrosis, OPG levels increased systemically 
in plasma. In lung, Boorsma et al. already showed higher lung OPG expression 
and serum levels in mice with silica-induced pulmonary fibrosis22. Furthermore, 
the production of OPG in the UUO and MDR2-KO models was TGFβ1-
dependent since treatment of fibrotic kidney/liver slices from these models with 
galunisertib, a TGFβ-receptor blocker, inhibited OPG excreted by these slices. 

It is hard to believe that OPG only serves as a biomarker in liver fibrosis and has 
no functional role. In our studies we found that treatment of liver tissue with 
OPG resulted in higher expression levels of procollagen 1α1 (Col1α1), α-smooth 
muscle actin (αSMA), fibronectin 2 (Fn2), and transforming growth factor β1 
(TGF β1) mRNA and therefore appears to have profibrotic activities. OPG is well 
known for its affinity towards RANKL and tumour necrosis factor-related 
apoptosis-inducing ligand (TRAIL)23,24 and prevents the binding of these proteins 
to their regular receptors25,26. Since some possibilities of antifibrotic activities of 
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RANKL and TRAIL have been reported27-30, OPG may be influencing fibrosis 
development through these ligands. 

By binding to RANKL, OPG prevents RANKL binding to RANK on the membrane 
of monocytes/quiescent macrophages therefore possibly preventing activation 
of macrophages into an antifibrotic/proresolution phenotype that can degrade 
ECM27. Moreover, by binding to RANKL, OPG may also prevent RANKL to bind 
to its other reported receptor, leucine-rich repeat containing G-protein coupled 
receptor 4 (LGR4)28. Through LGR4 expressed on for instance epithelial cells, 
RANKL could trigger epithelial cells proliferation and migration29, as well as 
epithelial-mesenchymal transition31 and those are essential for damage 
resolution particularly in the liver. Therefore, preventing RANKL binding to 
LGR4 can potentially inhibit normal tissue regeneration and thus maintain 
fibrogenesis. 

OPG has also been reported to be a decoy receptor for tumour necrosis factor-
related apoptosis-inducing ligand (TRAIL)32. OPG can also prevent binding of 
TRAIL, a pro-apoptotic factor, to its death receptors 4 and 5 (DR4 and DR5)33. 
Fibroblasts have been reported to express DR4 and DR5 and are therefore 
vulnerable to TRAIL-induced apoptosis30. Fibroblasts can be activated and 
transform into myofibroblasts after exposure to TGFβ1. Interestingly, they then 
also start producing high levels of OPG and this may be a strategy to protect 
them from undergoing apoptosis. Double-staining of OPG and αSMA, a marker 
for myofibroblasts, showed clear evidence of colocalization of OPG in and 
around myofibroblasts, suggesting this may be happening in vivo. 

However, using neutralizing antibodies against RANKL and TRAIL we could not 
replicate this profibrotic response of OPG, suggesting other mechanisms may 
be at play. Interestingly, the profibrotic activity of OPG could be blocked by the 
presence of galunisertib, a TGFβ receptor kinase inhibitor, indicating TGFβ-
dependency of this activity. Lesser known functions of OPG are its ability to bind 
to cell surface molecules such as heparan sulphate, syndecan-1 and αV 
integrins34,35. Especially the latter one is of interest in this situation as integrins 
can activate latent TGFβ1. 

TGFβ1 is normally secreted as a complex of three proteins: bioactive TGFβ1, 
latency-associated peptide β1 (LAP-β1), and latent TGFβ binding protein 1 
(LTBP-1). TGFβ1 forms a noncovalent complex with LAP-β1 and forms the small 
latent complex (SLC) which is unable to bind to TGFβ receptors. LTBP-1 can 
then bind to SLC and the complex of all three proteins is called the large latent 
complex36. Various studies have demonstrated that cell surface molecules or 
secreted extracellular molecules can activate the latent TGFβ1 in this complex. 
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Two mechanisms have been reported to date: One is proteolysis of LAP-β1, 
which results in the release of active TGFβ from SLC. Proteases such as plasmin, 
metalloproteinases, aspartic proteases, cysteine proteases, and serine 
proteases have been reported to be involved in this process37,38,39. A previous 
study has also demonstrated that αvβ8 activates SLC via a membrane type 1 
matrix metalloproteinase–dependent proteolytic pathway40. 

The other mechanism is a conformational change of LAP-β1, leading to the 
release of active TGFβ1 from SLC. This nonproteolytic process is thought to be 
dependent on the intrinsic ability of LAP-β1 to adopt different conformations41. 
LAP-β1 contains an RGD motif that is recognized by αv-containing integrins, 
including αvβ1, αvβ3, αvβ5, αvβ6, and αvβ8

38,40,42,43 and these αv-containing integrins 
therefore have the potential to modulate the localization and possibly activation 
of SLC by binding to LAP-β140,42,44. 

As OPG has been found to interact with integrin αvβ3 on endothelial cells45, it is 
conceivable that OPG can interact similarly with integrin αvβ3 on fibroblasts. The 
result of this interaction may be the release of active TGFβ1 from the SLC and 
subsequent activation of fibrosis-associated genes. Schematically, this 
profibrotic mechanism of OPG is represented in figure 1 (adapted from 
Costanza et al., 2017)46. Future work should study this pathway to confirm this 
hypothesis. 

 

 

 

FIGURE 1. Inactive TGFβ as small latent complex (SLC) (adapted from Costanza et al., 2017)46, 
may be released as active TGFβ by OPG by the interaction of OPG with integrin αvβ3 on 
fibroblasts. 
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Interestingly, we also found that the TGFβ-OPG feed-forward loop could be 
inhibited as TGFβ1 stimulation did not always lead to increased OPG 
production in certain cells (chapter 5). We hypothesized this might be the result 
of involvement of microRNAs. We therefore initiated a study into the possible 
involvement of microRNA(s) in balancing the activities of TGFβ1 and OPG. We 
found several candidates, including miR145-5p as the most promising one. 
Unfortunately we could not find clear evidence for the involvement of miR145-
5p and therefore miRNA-dependent regulation of OPG production needs 
further study. 

 

 

THE MASTERMIND 

 

Our in vivo results using a model of CCl4-induced liver fibrosis clearly showed 
higher OPG levels in both serum and tissue and it has been reported by De 
Blesser et al. (1997) that TGFβ1 upregulation is one of the most significant 
events happening in CCl4-exposed animals47. We therefore suspected TGFβ1 to 
be a regulator of OPG and confirmed the influence of TGFβ1 on OPG 
production using both murine liver slices as well as 3T3 murine fibroblasts. TGFβ 
is known as the hallmark mediator of organ fibrosis48 and has also been shown 
before to induce expression of OPG in osteoblasts49. Evidence of how OPG 
expression is regulated in fibroblasts and myofibroblasts is, however, scarce. 
There are some reports showing TGFβ1 can induce OPG in fibroblasts 
associated with bone or cartilage50-52 but nothing much of fibroblasts in solid 
organs. We have now shown that indeed TGFb1 appears to be a central 
mastermind in regulating OPG production. It directly induces OPG expression, 
it is involved in IL13-induced OPG production and it is even involved in the 
profibrotic effects OPG has itself. 

To come to this insight, we did many experiments trying to elucidate regulation 
and effects of OPG (chapter 4). Firstly, we investigated platelet-derived growth 
factor-BB (PDGF-BB), interleukin 1β (IL1β), and interleukin 13 (IL13) as other 
mediators driving fibrosis; PDGF-BB can stimulate fibroblast proliferation and 
thereby it can contribute to the maintenance of ECM protein production53; IL1β 
is an inflammatory cytokine that is released during inflammation and has been 
shown to contribute to fibrogenesis54; IL13 is a Th2-related cytokine that has 
been shown to play a role in immune responses during fibrogenesis55. 
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We found no hint of IL1β being able to induce OPG production, suggesting that 
the higher production of OPG during chronic liver disease is not related to the 
process of chronic inflammation that may be involved in fibrogenesis, but is 
more related to the process of fibrogenesis itself. PDGF-BB also did not appear 
to induce OPG expression by 3T3 fibroblasts. Zhang et al. (2002) reported that 
PDGF upregulated OPG production by vascular smooth muscle cells (VSMC) via 
3-kinase/Akt or P-38 signaling pathway56 and McCarthy (2009) reported OPG 
upregulation by all PDGF isoforms AA, BB, and AB, that was demonstrated to 
act through PDGF receptor, PKC, P13K, ERK, and P38 and not via NFkB or 
JNK57. Although 3T3 fibroblasts have been reported to express PDGF 
receptors, it may be that binding of PDGF-BB to PDGF receptors on 3T3 
fibroblasts only promotes cell migration/proliferation, as reported by Yu et al. 
(2001)58 and does not contribute significantly to the expression of OPG. 

The only mediator that we tested that could induce OPG in 3T3 fibroblasts was 
IL13 and this was confirmed in murine liver slices. However, this induction was 
slower than the TGFβ1-induced production of OPG. This appears to be caused 
by the fact that IL13 induced OPG through upregulation of TGFβ1 expression. 
We confirmed the report of Fichtner-Feigl (2005)59 and Stein et al. (2008)60 that 
the mechanism must be via an IL13 receptor α1 and STAT6-dependent pathway, 
followed by upregulation of IL13Rα2 and subsequent IL13Rα2 and AP1-
dependent upregulation of TGFβ. Blocking of both the STAT6 and AP1-
dependent pathways and TGFβ1-receptor signalling caused complete inhibition 
of IL13-induced OPG production, indicating both pathways and TGFβ1 are 
essential for IL13 to be able to induce OPG. 

TGFβ has been reported to upregulate OPG expression directly by stimulating 
the OPG promoter. All TGFβ isoforms, TGFβ1, TGFβ2, and TGFβ3 can do this 
with the same level of activity49. In our studies, we found that by inhibiting the 
TGFβ receptor using galunisertib, we could completely inhibit OPG production. 
In addition, when TGFβ1 treatment of liver slices was discontinued after 
treatment for a certain length of time, hepatic OPG production was lower again 
after 24 hours of culturing slices without the TGFβ1 treatment (data not shown 
in thesis). This indicates  that TGFβ is essential for OPG production by liver and 
needs to be present to continue its effects on OPG production. However, we 
also found that OPG was able to induce TGFβ mRNA expression in liver. This 
TGFβ1-inducing activity of OPG in liver may therefore be considered of minor 
importance to maintenance of TGFβ1 levels. From this point of view, to bring 
the level of OPG back to normal can partially diminish TGFβ1 activity without 
fully blocking TGFβ1 itself, thus avoiding considerable side effects of a full 
TGFβ1 block. 
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THE RECALL 

 

OPG has the interesting property of being a soluble extracellular protein both 
within tissues/organs and in the systemic circulation61 as we have shown in vivo 
in mice (chapter 2). On the one hand this property makes OPG a possible serum 
marker for diagnosing liver fibrosis and therapeutic efficacy, while on the other 
hand it makes altering OPG levels a possible therapeutic strategy. Bringing back 
OPG levels to homeostatic levels, i.e. the “recall of OPG” may be a potential 
therapy for pathological fibrosis, but how can OPG production be inhibited? 

We have demonstrated in our studies that hepatic OPG production is lower 
after both spontaneous and drug (IFNγ)-induced resolution in vivo (chapter 2). 
Liver fibrosis from CCl4 administration is mediated by upregulation of TGFβ1 
and therefore cessation of CCl4 administration will lower TGFβ1 and thereby 
OPG production. The effects of IFNγ treatment can be explained by a 
publication of Ulloa et al. (1999) that nicely demonstrated that IFNγ counters 
TGFβ1-induced actions by upregulating SMAD7, an antagonist SMAD that 
prevents the interaction between SMAD3 and TGFβ receptor and thereby 
inhibits TGFβ1 signalling62. These results show that any therapy that affects 
TGFβ1 levels or signalling will also affect OPG production which may then 
contribute to alleviation of fibrosis. However, TGFβ1 has a broad spectrum of 
functions and severe side effects may limit the use of TGFβ1 inhibitors. 

The question remains if there are other possibilties of influencing OPG 
production without involving TGFβ1. In bone, calcitriol, the active metabolite of 
cholecalciferol (vitamin D3), stimulates Cav1.2 on osteoblast membranes which 
leads to influx of extracellular calcium and subsequent upregulation of OPG 
production. When OPG production is no longer needed, the same calcitriol 
binds to vitamin D receptors (VDR) to form a complex that subsequently 
downregulates Cav1.2 and therefore stops production of OPG63,64. Interestingly, 
Cav1.2 (gene name CACNA1C) was found to be one of the most differentially 
expressed genes between quiescent hepatic stellate cells and deactivated 
hepatic stellate cells, meaning cells that were previously activated in fibrotic 
conditions but returned to a semi-quiescent state again after resolution of 
fibrosis65. This suggests that Cav1.2 plays an important role in hepatic stellate 
cells function in fibrotic processes and resolution. Therefore calcitriol may also 
be involved in the regulation of OPG production in liver fibrosis and could be 
investigated as a potential target for modulation of OPG. 
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Another way to modulate OPG production may be by through miRNAs. 
Unexpected results in myofibroblasts after TGFβ1 treatment initiated our 
studies that showed that microRNA-145-5p (miR-145-5p) was upregulated in 
activated human primary hepatic stellate cells (HHSteC) and LX2 
(myo)fibroblasts when OPG production was inhibited upon treatment with 
TGFβ1 (chapter 5). We also found that the transfection of miR-145-5p into LX2 
cells could partly lower OPG production by these cells. These results confirm 
several previous other reports by Wang et al. (2017), Jia et al. (2017), and Zhao 
et al. (2016), all suggesting the ability of miR-145 to downregulate OPG level in 
different cells66-68. It is therefore likely that miR-145-5p may play a role as a 
feedback mechanism in liver tissue that can lower OPG levels and may reduce 
profibrotic activity in the whole system. However, we could not show that by 
inhibiting miR-145-5p we block its inhibition of OPG production. Therefore, we 
speculate that in our system, miR-145-5p can downregulate OPG production 
but that other miRNAs play a role as well. Other miRNAs have been reported 
to target OPG69,70 and these should be investigated in further detail. 

Although we could not show the profibrotic effects of OPG are mediated 
through scavenging of its ligands RANKL and TRAIL in liver slices, it is still 
conceivable that neutralization of RANKL and/or TRAIL by OPG may modulate 
fibrogenesis or liver regeneration in vivo. Especially since our data and those of 
Sakai et al. (2012)70 suggest that RANKL may be stimulating liver regeneration 
and other data showing the positive effects of TRAIL in liver fibrosis71,73.  RANKL 
has been reported to trigger epithelial cell proliferation and migration through 
LGR4 activation29 and epithelial-mesenchymal transition31 and Planas-Paz et al. 
(2016) reported LGR4 expression in pericentral hepatocytes74. Thus, RANKL 
could stimulate liver regeneration via this mechanism. TRAIL could also help to 
ameliorate liver fibrosis by triggering fibroblast apoptosis by binding to DR4 
and DR528. Therefore, RANKL and/or TRAIL treatment could be considered as a 
therapeutic approach to neutralize the excess OPG that is present in liver 
fibrosis. Successfully understanding and controlling the biology of the 
RANKL/TRAIL/OPG balance, particularly in the liver, may be a novel potential 
therapeutic approach for liver fibrosis. 
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FUTURE PERSPECTIVES 

 

In conclusion, we have shown that OPG is a promising biomarker for liver 
fibrosis, that may be used to monitor the severity of the disease from the early 
onset to advanced cirrhosis, as well as during resolution events (Figure 2). 
Furthermore, our results clearly show that OPG is involved in the pathology of 
liver fibrosis and is not just a biomarker of the disease. Therefore, we propose 
OPG as a novel potential target for liver fibrosis treatment. A deeper and 
broader understanding of the possible profibrotic mechanisms of OPG will be 
essential to develop it further as a target for antifibrotic therapy. Its role in bone 
protection is unequivocal and must be taken into account when considering it 
as a target for therapy. Further research should also focus on the RANKL/OPG 
balance. The role of RANKL in liver tissue is understudied, but potentially 
interesting as it may stimulate regeneration of liver tissue. However, again the 
implications for bone health need to be taken into account when considering 
stimulating liver regeneration with RANKL. All in all, the work presented in these 
thesis has shown that the activity spectrum of OPG and RANKL is far wider than 
just modulating bone matrix and has also shown exciting new avenues to treat 
and diagnose liver fibrosis and possibly to stimulate liver regeneration. 

 

 
FIGURE 2. Osteoprotegerin responds to liver fibrosis progression and resolution, as 
summarized from our studies in vivo and in vitro. Hepatic OPG levels are higher in patients with 
cirrhotic livers, as well as in mice with CCl4-induced liver fibrosis, and in vitro after TGFβ 
stimulation of murine liver slices. Upon discontinuation of CCl4 in CCl4-induced fibrosis as well 
as in IFNγ-induced resolution of fibrosis hepatic OPG levels are decreasing. 
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SUMMARY 

 

Osteoprotegerin in Fibrotic Disorders 

Fibrosis is a serious problem associated with tissue injury or chronic 
inflammation and is characterized by excessive deposition of scar tissue that will 
eventually impede tissue function. In the liver, fibrosis can be triggered by 
excessive consumption of alcohol or fatty foods, chronic exposure to drugs, and 
systemic infections with bacteria or viruses. Clinically, fibrosis is marked by 
having more cells producing scar tissue constituents such as collagens and 
fibronectin. These cells are called myofibroblasts and can be identified by the 
presence of smooth muscle actin (αSMA), which is upregulated by the master 
regulator of fibrosis, i.e. transforming growth factor beta (TGFβ). The diagnosis 
of liver fibrosis is complicated by the fact that early stages of the disease are 
rarely noticed and patients are only identified when liver function is failing. In 
addition, reliable markers to diagnose the disease early or to to evaluate 
treatment effects are not available. 

Recently, serum levels of tumor necrosis factor receptor superfamily 11B 
(TNFRSF11B), also known as the decoy receptor osteoprotegerin (OPG), were 
added to a panel of serum markers that have some potential in diagnosing liver 
fibrosis (Coopscore©). Moreover, a few studies have shown possible profibrotic 
activities of OPG, especially through interaction with its ligands receptor 
activator of nuclear activator kappa-B ligand (RANKL) and tumor necrosis factor 
(TNF)-related apoptosis-inducing ligand (TRAIL). However, why OPG is 
produced during liver fibrosis and what its function could be in liver tissue is 
unknown. We therefore set out to elucidate why OPG is produced during 
fibrosis and by which tissues and what its biological activity is in human and 
mouse livers during the development and resolution of liver fibrosis. 

In chapter 2 we describe that in human cirrhotic livers, OPG is expressed locally 
at the site of fibrotic scars, collocalizing with cells that highly express αSMA, i.e. 
myofibroblasts. Cirrhotic liver tissue lysate contained more OPG when 
compared to control liver tissue lysate. These findings were also found in a 
mouse model of CCl4-induced liver fibrosis, in which OPG levels were higher in 
serum and tissue lysate of fibrotic livers compared to control and were localized 
in the scar tissue areas of the liver. Interestingly, we also found that this higher 
OPG expression after CCl4 treatment can decrease again after a wash out 
period of the CCl4 treatment as well as after treatment with IFNγ, and this was 
accompanied by a reduction in the amount of scar tissue, confirming resolution 
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of fibrosis. This makes OPG a potential biomarker in studies investigating new 
drug candidates against liver fibrosis, which is of major interest as drug 
development is hampered by the lack of biomarkers to evaluate efficacy of 
potential treatments. 

One of the most interesting findings described in chapter 2 is a close 
relationship between OPG and master regulator of fibrosis, TGFβ1. We found 
that TGFβ1 is responsible for the higher expression of OPG in fibrotic processes 
and, interestingly, that that incubation of liver slices with OPG induced higher 
expression of procollagen 1α1, αSMA, fibronectin 2, and TGFβ1 mRNA itself. 
We investigated the mechanism behind this effect and hypothesized that OPG 
may be influencing fibrosis development through neutralization of its ligands 
RANKL and TRAIL. However, using neutralizing antibodies against RANKL and 
TRAIL we could not replicate these profibrotic effects of OPG, suggesting other 
mechanisms may be at play. Interestingly, the profibrotic activity of OPG could 
be blocked fully by galunisertib, a TGFβ receptor kinase inhibitor, indicating 
that TGFβ is essential for this activity. Our studies did hint at a possible role for 
RANKL in liver tissue, namely promoting liver regeneration, though the exact 
target cells for this effect remain to be found. We hypothesize that in addition 
to being profibrotic, OPG may have further detrimental effects during 
fibrogenesis by neutralizing liver regeneration by RANKL. 

In chapter 5 we further investigated this relationship between OPG and TGFβ1, 
because we hypothesized there must also be brakes in this feed-forward loop. 
We therefore investigated the potential involvement of microRNAs, biological 
brakes that cells can use to limit expression of certain factors. We found that 
contrary to what we found for fibroblasts, OPG expression was inhibited in 
myofibroblasts upon treatment with TGFβ1, while microRNA-145-5p (miR-145-
5p) was concomittantly upregulated. We showed that transfection of miR-145-
5p into liver myofibroblasts could partly lower OPG production by these cells, 
indicating that miR-145-5p is one of the brakes in this profibrotic feed-forward 
mechanism between TGFβ1 and OPG. However, we could not show that 
inhibition of miR-145-5p could increase OPG production. Therefore, we 
speculate that in our system, miR-145-5p can downregulate OPG production 
but that other miRNAs play a role as well.  

TGFβ appears to be the central regulator connected to OPG during liver 
fibrogenesis. In addition to the profibrotic activity of OPG being TGFβ-
dependent, in chapter 4 we also show that OPG production can be induced by 
IL13 through TGFβ upregulation/activation. IL13-induced OPG production was 
blocked by galunisertib, STAT6 inhibition, and AP1 inhibition indicating that 
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both IL13 receptors and TGFβ are required for the induction of OPG by IL13. In 
contrast to IL13, other cytokines associated with fibrosis, such as IL1β and 
PDGF-BB could not induce OPG expression. These findings also indicates that 
the higher OPG expression during liver fibrosis is not related to inflammation 
(IL1β) or to induction of fibroblast proliferation (PDGF-BB), even though these 
cytokines are upregulated during fibrogenesis. 

As TGFβ and OPG expression are closely linked in liver tissue, we also 
investigated if OPG could be produced by other organs under the influence of 
TGFβ. We used precision-cut tissue slices of mouse liver, lung, kidney, and 
colon, with treatment with TGFβ1 to induce fibrosis in vitro. As discussed in 
chapter 3, OPG protein expression by the organ slices was indeed also higher 
upon TGFβ1 treatment when compared to untreated controls. This was also 
accompanied by higher expression of fibrotis-associated markers in all organs 
allthough for colon this was not as convincing as for liver, lung, and kidney. 

In conclusion, we propose OPG as a novel potential target for liver fibrosis 
treatment. A deeper and broader understanding of the possible profibrotic 
mechanisms of OPG will be essential to develop it further as a target for 
antifibrotic therapy. Its role in bone protection is unequivocal and must be taken 
into account when considering it as a target for therapy. Further research should 
also focus on the RANKL/OPG balance. The role of RANKL in liver tissue is 
understudied, but potentially interesting as it may stimulate regeneration of 
liver tissue. The work presented in these thesis has shown that the activity 
spectrum of OPG and RANKL is far wider than just modulating bone matrix and 
has also shown exciting new avenues to treat and diagnose liver fibrosis and 
possibly to stimulate liver regeneration. 
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SAMENVATTING 

 

Osteoprotegerin in Fibrotische Aandoeningen 

Fibrose is een ernstig bijkomend probleem bij schade aan weefsels of 
chronische ontstekingen, en kenmerkt zich door overmatige vorming van 
littekenweefsel waardoor uiteindelijk de functies van een weefsel belemmerd 
kunnen worden. In de lever kan fibrose ontstaan door overmatige consumptie 
van alcohol of vet voedsel, medicatie en infecties met bacteriën en virussen. 
Klinisch wordt fibrose gekenmerkt door de overmatige aanwezigheid van cellen 
die littekenweefsel, zoals collageen en fibronectine, kunnen produceren. Deze 
cellen worden myofibroblasten genoemd en kenmerken zich door de 
aanwezigheid van het eiwit alpha smooth muscle actin (αSMA). Dit eiwit wordt 
door deze cellen gevormd na blootstelling aan de belangrijkste aanjager van 
fibrose, namelijk het eiwit transforming growth factor beta (TGFβ). De diagnose 
van leverfibrose is moeilijk, doordat vroege stadia van de ziekte zelden worden 
opgemerkt en de ziekte alleen wordt gevonden wanneer de leverfunctie faalt. 
Bovendien zijn er weinig tot geen betrouwbare merkers om vroege stadia van 
de ziekte op te sporen of om het effect van behandelingen te evalueren. 

Onlangs werd gesuggereerd dat het eiwit tumor necrosis factor receptor 
superfamily 11B (TNFRSF11B), ook wel bekend als osteoprotegerin (OPG) een 
merker voor leverfibrose zou kunnen zijn. Er was namelijk gevonden dat de 
hoeveelheid van dit eiwit in bloed in combinatie met een aantal andere 
bloedmerkers, de mate van gevorderde leverfibrose bij iemand kan 
voorspellen.. Daarbij hebben enkele andere onderzoeken aangetoond dat OPG 
betrokken zou kunnen zijn bij het stimuleren van de aanmaak van 
littekenweefsel, mogelijk omdat het kan binden aan de receptor-activator of 
nuclear activator kappa-B ligand (RANKL) en tumor necrosis factor (TNF)-related 
apoptosis-inducing ligand (TRAIL). Waarom OPG wordt aangemaakt tijdens 
leverfibrose en wat de functie ervan zou kunnen zijn in de lever is echter 
onbekend. Daarom hebben we in dit proefschrift onderzocht door welke 
(fibrotische) weefsels OPG wordt gemaakt, onder invloed van welke factoren, 
en wat het eigenlijk doet in mensen- en muizenlevers tijdens het ontstaan en 
het oplossen van fibrose. 

In hoofdstuk 2 beschrijven we dat in menselijke cirrhotische levers OPG wordt 
aangemaakt daar waar zich fibrotische littekens bevinden. Deze aanmaak valt 
samen met cellen die veel αSMA hebben, te weten de myofibroblasten. 
Cirrotische levers bleken meer OPG aan te maken dan gezonde controlelevers. 
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Dit werd ook gevonden in een muismodel voor leverfibrose. De levers en het 
bloedserum van muizen met leverfibrose hadden meer OPG dan levers en 
bloedserum van gezonde controlemuizen. Wederom werd OPG voornamelijk 
gevonden in littekenweefsel. Interessant genoeg bleek dat wanneer de muizen 
herstelden van leverfibrose de hoeveelheid OPG in de lever en in het 
bloedserum ook gelijk minder werd. Deze bevindingen laten zien dat OPG een 
potentiële biomerker zou kunnen zijn voor het inschatten of een geneesmiddel 
werkt of niet. Dit is van groot belang omdat de ontwikkeling van 
geneesmiddelen tegen fibrose ernstig last heeft van een gebrek aan biomerkers 
die de werkzaamheid van mogelijke behandelingen kunnen volgen. 

Een van de meest interessante resultaten, beschreven in hoofdstuk 2, is de 
nauwe relatie tussen OPG en de belangrijkste regelaar van fibrose, TGFβ1. We 
vonden dat TGFβ1 verantwoordelijk is voor de hogere expressie van OPG in 
fibrose en dat, interessant genoeg, OPG zelf ook bijdraagt aan de aanmaak van 
littekenweefsel en TGFβ1. We hebben het mechanisme achter dit effect 
onderzocht met de hypothese dat OPG de ontwikkeling van fibrose kan 
beïnvloeden doordat het RANKL en/of TRAIL aan zich kan binden. Het 
profibrotische effect van OPG bleek echter niet via het binden van RANKL en/of 
TRAIL te gaan, maar hoe wel is nog een openstaande vraag. Het is in ieder geval 
duidelijk geworden dat TGFβ1 heel belangrijk is voor het profibrotische effect 
van OPG, want als TGFβ1 werd geremd was OPG niet meer profibrotisch. Onze 
studies met RANKL hebben wel laten zien dat RANKL in de lever wellicht 
belangrijk is voor de aanmaak van nieuwe levercellen. En omdat OPG, RANKL 
aan zich kan binden en zo onwerkzaam kan maken, heeft OPG wellicht op die 
manier een negatieve invloed op herstel van leverweefsel. 

In hoofdstuk 5 hebben we dit verband tussen OPG en TGFβ1 verder 
onderzocht, omdat wij vermoedden dat er ook een rem ergens in het systeem 
zou moeten zitten. We onderzochten daarom de mogelijke betrokkenheid van 
microRNA's, een soort van biologische rem die cellen kunnen gebruiken om de 
aanmaak van bepaalde factoren te beperken. We vonden dat de OPG-aanmaak 
werd geremd in myofibroblasten na behandeling met TGFβ1, terwijl de 
aanmaak van microRNA-145-5p (miR-145-5p) gelijktijdig omhoog ging; dit in 
tegenstelling tot wat we vonden voor fibroblasten waar blootstelling aan TGFβ1 
leidde tot meer OPG productie. Verder onderzoek liet zien dat we de OPG-
productie in myofibroblasten gedeeltelijk konden remmen met een kunstmatig 
toegevoegde miR-145-5p. Dit geeft aan dat miR-145-5p één mogelijke rem is 
op de OPG-productie, maar niet de enige. We hebben ook geprobeerd miR-
145-5p  te remmen om te zien of we dan OPG-productie weer konden 
herstellen, maar dit bleek niet te werken. Daarom denken we dat miR-145-5p 
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weliswaar OPG-productie kan remmen, maar dat andere miRNA's ook een rol 
spelen. 

TGFβ1 lijkt de centrale spil te zijn die verbonden is met OPG tijdens 
leverfibrogenese. Naast de profibrotische activiteit van OPG die TGFβ-
afhankelijk is, laten we in hoofdstuk 4 zien dat OPG-aanmaak ook optreedt na 
blootstelling aan IL13. We hebben verschillende soorten eiwitten bekeken die 
allemaal of bij fibrose of bij ontsteking betrokken zijn. Alleen TGFβ1 en IL-13, 
beide belangrijk tijdens fibrose, konden OPG-aanmaak stimuleren. Via een 
aantal ingewikkelde signaalroutes in de cel, zet IL-13 cellen aan tot de aanmaak 
van TGFβ1, waardoor de aanmaak van OPG weer wordt aangezet. Dus ook hier 
is TGFβ1 indirect weer heel belangrijk bij OPG-aanmaak. 

Omdat TGFβ-en OPG-aanmaak nauw verbonden zijn in leverweefsel, hebben 
we ook onderzocht of OPG in andere organen wordt aangemaakt onder invloed 
van TGFβ. Hiervoor gebruikten we weefselplakjes van muizenlever, long, nier 
en dikke darm, en behandelden deze met TGFβ1 om fibrose te veroorzaken. 
Zoals besproken in hoofdstuk 3, was de OPG-aanmaak in alle organen 
inderdaad hoger na TGFβ1-behandeling in vergelijking met onbehandelde 
controles, hoewel dit voor de dikke darm niet zo overtuigend was als voor lever, 
long en nier. 

Tot slot willen wij voorstellen dat OPG een nieuw potentieel aangrijpingspunt 
voor de behandeling van leverfibrose zou kunnen zijn. Een dieper en breder 
begrip van hoe OPG bijdraagt aan fibrose is belangrijk om het verder te kunnen 
ontwikkelen als een aangrijpingspunt voor antifibrotische medicijnen. Verder 
onderzoek zou zich ook moeten richten op de balans tussen RANKL en OPG in 
de lever. De rol van RANKL in leverweefsel is weinig onderzocht, maar 
potentieel interessant omdat het herstel van leverweefsel kan stimuleren. Het 
werk gepresenteerd in dit proefschrift laat zien dat er nieuwe interessante 
mogelijkheden zijn om leverfibrose aan te tonen en te behandelen en mogelijk 
leverherstel te stimuleren.  
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RINGKASAN 

 

Osteoprotegerin pada Penyakit Fibrosis 

Fibrosis merupakan masalah serius berkaitan dengan kerusakan jaringan atau 
inflamasi kronis, yang ditandai dengan deposisi jaringan parut yang berlebihan 
yang kemudian dapat mempengaruhi fungsi jaringan tersebut. Di hati, fibrosis 
dapat diinisiasi oleh konsumsi alkohol dan lemak yang berlebihan, penggunaan 
obat jangka panjang, dan infeksi sistemik oleh bakteri atau virus. Secara klinis, 
fibrosis ditandai dengan berlebihnya pembentukan sel yang memproduksi 
komposisi jaringan parut seperti kolagen dan fibronektin. Sel-sel ini disebut 
dengan myofibroblas dan dapat diidentifikasi dari keberadaan smooth muscle 
actin alpha (αSMA), yang dapat di-upregulasi oleh regulator utama dari fibrosis, 
seperti transforming growth factor beta (TGFβ). Diagnosa dari fibrosis liver 
sangat sulit karena kesadaran akan timbulnya penyakit pada tahap awal sangat 
jarang terjadi, dan akhirnya disadari saat pasien sudah mengalami kegagalan 
hati. Parameter terpercaya yang dapat digunakan sebagai penanda awal 
terjadinya penyakit untuk kemudian dilakukan pengobatan sedini mungkin 
belum tersedia.  

Terkini, level dari tumor necrosis factor receptor superfamily 11B (TNFRSF11B), 
atau lebih dikenal dengan osteoprotegerin (OPG), dilaporkan memiliki potensi 
dalam meningkatkan akurasi diagnosa fibrosis hati bila dimasukkan ke dalam 
panel bersama parameter lain yang telah diketahui (Coopscore©). Selain itu, 
beberapa studi menunjukkan potensi aktivitas profibrotik dari OPG, khususnya 
melalui interaksinya dengan ligan-ligan yang telah diketahui, yaitu receptor 
activator of nuclear activator kappa-B ligand (RANKL) dan tumor necrosis factor 
(TNF)-related apoptosis-inducing ligand (TRAIL). Namun, pengetahuan tentang 
mengapa OPG diproduksi dan fungsinya pada jaringan hati belum diketahui. 
Oleh karena itu, pada penelitian ini, kami mempelajari bagaimana OPG 
diproduksi saat fibrosis dan pada jaringan mana serta apakah fungsi biologisnya 
pada hati manusia dan mencit pada fase perburukan dan pernyembuhan 
fibrosis. 

Pada bab 2 kami menjelaskan bahwa pada hati manusia yang mengalami sirosis, 
OPG diekspresikan secara lokal pada jaringan parut, berdampingan dengan sel-
sel yang memproduksi αSMA pada kadar yang tinggi, misalnya myofibroblas. 
Pada lisat dari jaringan hati yang mengalami sirosis terkandung OPG yang lebih 
tinggi bila dibandingkan dengan lisat dari jaringan kontrol. Hasil yang sama juga 
diperoleh dari eksperimen pada mencit dengan menggunakan model fibrosis 
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hati terinduksi karbon tetraklorida, dimana level OPG lebih tinggi pada serum 
dan lisat hati bila dibandingkan dengan mencit kontrol, serta juga terlokalisasi 
pada area jaringan parut. Menariknya, kami juga menemukan bahwa level 
ekspresi OPG yang tinggi ini dapat menurun lagi setelah melalui masa wash out 
(tanpa perlakuan karbon tetraklorida) serta perlakuan bersama dengan IFNγ, 
bersamaan dengan berkurangnya jaringan parut yang mengkonfirmasi proses 
perbaikan jaringan. Dengan hasil ini, maka OPG merupakan biomarker baru 
yang potensial untuk digunakan sebagai parameter dalam pengembangan 
kandidat obat baru, yang merupakan topik menarik disebabkan belum adanya 
marker yang potensial untuk mengisi fungsi tersebut. 

Satu hal lain yang paling menarik yang dijelaskan pada bab 2 adalah hubungan 
yang dekat antara OPG dengan regulator utama dari fibrosis hati, TGFβ1. Kami 
menemukan bahwa TGFβ1 bertanggung jawab pada peningkatan ekspresi 
OPG pada keadaan fibrosis, dan menariknya, inkubasi jaringan hati dengan 
OPG menginduksi ekspresi mRNA dari procollagen 1α1, αSMA, fibronectin 2, 
dan TGFβ1 itu sendiri. Kami melakukan investigasi pada mekanisme dibalik efek 
ini dan berhipotesis bahwa OPG mungkin mempengaruhi perkembangan 
fibrosis melalui netralisasi dari ligan-ligannya, yaitu RANKL dan TRAIL. Namun, 
dengan menggunakan netralisasi antibodi RANKL dan TRAIL, kami tidak dapat 
meniru aktivitas profibrotik dari OPG, menunjukkan bahwa mekanisme lain lebih 
berpengaruh. Menariknya, aktivitas profibrotik dari OPG dapat dihambat 
sepenuhnya oleh galunisertib, sebuah inhibitor dari TGFβ receptor kinase, 
mengindikasikan bahwa TGFβ esensial dalam aktivitas ini. Studi kami juga 
menunjukkan aktivitas RANKL pada jaringan hati yaitu meningkatkan regenerasi 
hati, namun sel mana yang secara langsung terpengaruh masih perlu diteliti 
lebih lanjut. Kami berhipotesis bahwa selain bersifat profibrotik, OPG juga 
dapat menghambat regenerasi hati dengan menghambat aktivitas RANKL. 

Pada bab 5 kami meneliti lebih lanjut hubungan antara OPG dengan TGFβ1, 
karena kami menghipotesiskan bahwa seharusnya ada mekanisme penahan 
untuk hubungan saling menginduksi antara OPG dan TGFβ1 ini. Oleh karena 
itu, kami meneliti kemungkinan keterlibatan mikroRNA, kontrol biologis oleh sel 
yang banya digunakan untuk membatasi ekspresi dari faktor-faktor tertentu. 
Kami menemukan bahwa berlawanan dari apa yang telah kami temukan 
sebelumnya pada fibroblast, ekspresi OPG ternyata justru dihambat pada 
myofibroblas dengan adanya adanya perlakuan TGFβ1, dimana mikroRNA mir-
145-5p ternyata mengalami upregulasi. Selanjutnya kami menemukan bahwa 
paparan miR-145-5p ini pada myofibroblas juga dapat menghambat produksi 
OPG oleh sel-sel ini, mengindikasikan bahwa miR-145-5p merupakan salah satu 
kontrol rem pada mekanisme saling menginduksinya OPG dan TGFβ1. Namun, 
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kami tidak berhasil menunjukkan bahwa menghambat miR-145-5p dapat 
meningkatkan ekspresi OPG. Oleh karena itu, kami berspekulasi bahwa pada 
sistem ini, miR-145-5p dapat menghambat produksi OPG namun masih ada 
mikroRNA lain yang memiliki peran yang sama. 

TGFβ terbukti sebagai regulator utama yang berhubungan dengan OPG pada 
fibrogenesis hati. Tidak hanya bahwa aktivitas profibrotik OPG yang bergantung 
pada TGFβ, pada bab 4 kami menunjukkan bahwa produksi OPG dapat 
diinduksi oleh IL13 melalui upregulasi/aktivasi TGFβ. OPG yang terinduksi IL13 
juga dapat dihambat oleh galunisertib, serta blokade pada STAT6 dan AP1, 
mengindikasikan bahwa kedua reseptor IL13 dan TGFβ dibutuhkan dalam 
induksi OPG oleh IL13. Sebaliknya, untuk sitokin-sitokin lain yang berhubungan 
dengan fibrosis, seperti IL1β dan PDGF-BB tidak dapat menginduksi ekspresi 
OPG. Temuan ini juga mengindikasikan bahwa peningkatan produksi OPG tidak 
terkait dengan inflamasi (IL1β) atau peningkatan proliferasi fibroblast (PDGF-
BB), meskipun sitokin-sitokin ini juga mengalami upregulasi pada saat 
fibrogenesis. 

Karena ekspresi dari TGFβ dan OPG berhubungan erat pada jaringan hati, kami 
juga meneliti apakah OPG dapat diproduksi oleh organ yang lain dengan 
paparan TGFβ1. Kami menggunakan irisan presisi jaringan dari hati, paru, ginjal, 
dan colon mencit dengan paparan TGFβ1 untuk menginduksi fibrosis in vitro. 
Seperti didiskusikan pada bab 3, ekspresi protein OPG oleh irisan organ-organ 
tersebut lebih tinggi pada paparan TGFβ1 dibandingkan dengan kontrol tanpa 
paparan. Hal ini juga diikuti oleh lebih tingginya ekspresi dari parameter-
parameter fibrosis lain pada semua organ, meskipun untuk colon tidak sekuat 
pada hati, paru, dan ginjal. 

Pada kesimpulannya, kami mengusulkan OPG sebagai target potensial baru 
untuk pengobatan fibrosis hati. Pemahaman yang lebih mendalam dan luas akan 
kemungkinan mekanisme profibrotik dari OPG sangat diperlukan untuk 
mengembangkan lebih lanjut sebagai target pada terapi fibrosis. Peran OPG 
pada perlindungan tulang tetap merupakan hal yang penting dan harus 
diperhatikan dalam pertimbangannya sebagai target terapi. Penelitian lebih 
lanjut sebaiknya difokuskan pada keseimbangan antara OPG dan RANKL. Peran 
RANKL pada jaringan hati saat ini sedang dalam penelitian, namun berpotensi 
menjadi topik yang menarik berkaitan perannya dalam regenerasi jaringan hati. 
Hasil yang dipresentasikan dalam thesis ini telah menunjukkan bahwa lingkup 
aktivitas dari OPG maupun RANKL lebih luas dari hanya pada modulasi matriks 
tulang dan telah menunjukkan bukti-bukti baru dalam kaitannya pada usaha 
pengobatan dan diagnosa fibrosis hati dan kemungkinan dalam regenerasi hati. 
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