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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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