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Abstract: Metabolic dysfunction-associated steatotic liver disease (MASLD)—and its worse form,
metabolic-associated steatohepatitis (MASH), characterised by inflammation and liver damage—
corresponds to the liver’s involvement in metabolic syndrome, which constitutes an economic
burden for healthcare systems. However, the biomolecular pathways that contribute to steatotic liver
disease are not completely clear. Abnormalities of bone metabolism are frequent in people affected by
metabolic liver disease, with reduced bone density and an increased risk of fracture. Receptor activator
of NF-κB (RANK), receptor activator of NF-κB ligand (RANKL), and osteoprotegerin(OPG) are critical
regulators of bone metabolism, performing pleiotropic effects, and may have potential involvement
in metabolic disorders like MASLD, resulting in a topic of great interest and intrigue. This narrative
review aims to investigate this potential role and its implications in MASLD development and
progression and in hepatocellular carcinoma, which represents its worst complication.

Keywords: bone metabolism; metabolic dysfunction-associated steatotic liver disease; metabolic-
associated steatohepatitis; chronic liver disease; osteoporosis; osteopenia; vitamin D

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) [1], previously
named non-alcoholic fatty liver disease (NAFLD), is the most common liver disease, and
it affects about 25% of the world adult population [2]. The increase in its incidence and
prevalence is connected to the global rise in overweight and obesity [3].

MASLD is associated not only with obesity, but also with multiple and severe co-
morbidities, such as cardiovascular disease and type 2 diabetes (T2D). MASLD and T2D
present a strong correlation, probably due to the important role of insulin resistance in
the onset of both conditions [4]. Furthermore, they share a common relevant comorbidity,
namely, osteoporosis.

Osteoporosis is a bone metabolism disorder in which bone becomes more fragile due
to mineral density reduction and bone microarchitecture alterations [5]. These abnormal-
ities in skeletal structure lead to an increased risk of fractures. Osteoporosis has been
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recognised as a frequent complication of MASLD, and recent evidence clearly established
their correlation [6].

Although MASLD represents a major issue in public health, its pathological mechanisms
are not fully understood. Recently, the hypothesis emerged that the link between bone and
liver disorders could involve a reciprocal interaction [7]. Multiple studies have investigated the
possible involvement—also in MASLD pathophysiology—of molecular mechanisms initially
identified as exclusive of bone disease, with a focus on receptor activator of NF-κB (RANK),
receptor activator of NF-κB ligand (RANKL), and osteoprotegerin (OPG).

These belong to the tumour necrosis factor superfamily and are master regulators of
bone metabolism [8]. In addition to their critical relevance in bone tissue physiology and
pathology, they have been demonstrated to be involved in multiple extraskeletal functions,
like immune system development, atherosclerosis, and, recently, metabolic pathways.

In this review, we aim to collect and summarise the current evidence about the possible
involvement of RANK, RANKL, and OPG in MASLD pathophysiology, highlighting the
potential therapeutic implications that emerge from the studies. Exploring the RANK–
RANKL–OPG axis in MASLD enhances our understanding of the disease and opens up
promising avenues for therapeutic interventions across hepatology, endocrinology, and
bone metabolism.

2. Data Sources and Searches

We searched English-language publications in MEDLINE, the Cochrane Library, EM-
BASE, and PubMed until June 2024. Literature searches were performed using the follow-
ing keywords: non-alcoholic fatty liver disease, NAFLD, metabolic-associated steatotic
liver disease, MASLD, non-alcoholic steatohepatitis, metabolic-associated steatohepatitis,
MASH, liver disease, receptor activator of NF-κB, RANK, receptor activator of NF-κB
ligand, RANKL, osteoprotegerin, OPG, hepatocellular carcinoma, HCC, insulin resistance,
and denosumab.

3. RANK–RANKL–OPG Axis in Bone

Contrary to its “static” appearance, bone tissue is extremely dynamic from a metabolic
point of view. Bone mass results from continuous and simultaneous bone tissue formation
and resorption processes. The main actors in bone metabolism are osteoblasts and osteo-
clasts, deputed, respectively, to create and destroy bone tissue [9]. While osteoblasts derive
from mesenchymal stem cells, osteoclasts consist of multinucleated cells derived from the
monocyte–macrophage lineage, deputed to resorbing the mineral matrix of bone tissue [10].
The RANK–RANKL–OPG axis (RROa) emerges as a crucial player in bone metabolism,
orchestrating the balance between the activity of osteoblasts and osteoclasts [8].

3.1. Receptor Activator of NF-κB (RANK) and Receptor Activator of NF-κB Ligand (RANKL)

The receptor activator of NF-κB ligand (RANKL) is a tumour necrosis factor family
cytokine produced by osteoblasts [11] and encoded by the Tnfsf11 gene [12]. Its target
consists of the receptor activator of NF-κB (RANK) [13,14], first identified in the late
1980s as a new member of the TNF-receptor family expressed on the surface of osteoclast
precursors [15].

The interaction between RANKL and RANK, in the presence of macrophage colony-
stimulating factor (M-CSF), activates NF-κB and c-jun N-terminal protein kinase (JNK) path-
ways, stimulating bone resorption through osteoclast differentiation and activation [13,16].

RANKL is synthesised as a trans-membrane protein that can be cleaved into a soluble
form by the action of certain proteases [17], probably metalloproteases, that have not been
identified yet [18]. Many studies have proved that cell-to-cell interactions are essential
for osteoclast differentiation and activation, highlighting the superiority of the membrane-
bound form of RANKL [18,19]. This assumption is sustained by several in vitro and in vivo
studies conducted in murine models, which demonstrated that soluble RANKL, like other
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members of the TNF family, is unnecessary for normal skeletal development and is probably
unnecessary for its other physiological functions [12,20,21].

3.2. Osteoprotegerin (OPG)

Osteoprotegerin (OPG; i.e., to protect the bone) is a soluble glycoprotein, a member of
the TNF superfamily that acts as a decoy receptor for RANKL, inhibiting its interaction with
RANK [22]. In this way, OPG prevents osteoclast activity and limits bone resorption. This is
why, during the initial studies about RROa, OPG was referred to as the osteoclastogenesis
inhibitory factor [15], and in vivo and in vitro studies demonstrated that OPG prevents
the ultimate stages of osteoclast differentiation without inhibiting osteoclast precursor
proliferation [22].

OPG, similar to RANKL, is produced by osteoblasts; so, it is evident that these cells
represent the master regulators of bone remodelling, managing the delicate balance be-
tween bone reabsorption and production through the preferential expression of RANKL or
OPG [8,11]. Intriguingly, Tsukasaki et al. have suggested that different subpopulations of
osteoblasts/osteocytes could synthesise RANKL and OPGs [21].

Selective expression of OPG rather than RANKL is also influenced by the cytokinic
microenvironment and hormones (Figure 1) [23]. Pro-osteoclastogenic factors, like parathy-
roid hormone, cholecalciferol, tumour necrosis factor α, interleukin-1 β, interleukin-6, and
interleukin-11 increase membrane-bound and soluble RANKL production while inhibiting
OPG expression [24–26]. On the contrary, transforming growth factor β1(TGF-β1) and
interleukin-13 reduce RANKL levels and promote OPG production [18].
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Figure 1. RANK–RANKL–OPG signalling in bone tissue. RANKL–RANK interaction stimulates
osteoclast differentiation and activation, promoting bone resorption. On the contrary, OPG improves
bone formation preventing RANKL from binding RANK. (Abbreviation: RANKL: receptor activator
of NF-κB ligand; RANK: receptor activator of NF-κB; OPG: osteoprotegerin; PTH: parathyroid
hormone; TGF-β: transforming growth factor-β; TNFα: tumour necrosis factor-α; IL-1β: interleukin-
1β; IL-6: interleukin-6; IL-11: interleukin-11; IL-13: interleukin-13; IL-17: interleukin-17).

Post-menopausal status is one of the main risk factors for osteoporosis because oestro-
gens play a strong anti-osteoclastogenic role [27]. This effect is due to oestrogen’s direct
and indirect actions on RROa. In fact, oestrogens stimulate OPG production while inducing
osteoclast apoptosis through the reduction of pro-inflammatory cytokines and the resulting
deficiency of RANKL [28].
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In the close cross-talk between osteoblast and osteoclast, sphingolipid signalling is an
important element, favouring the balance of bone metabolism [29].

Lastly, sclerostin, a glycoprotein secreted by osteoblasts and osteocytes, also influences
the RROa in the bone tissue. Sclerostin promotes RANKL expression while reducing OPG
production, thus inhibiting osteoblastogenesis and stimulating osteoclastogenesis at the
same time [30], representing a further mechanism of RRO axis control.

4. RROa Studies in Murine Models

Most evidence about RROa physiology comes from studies conducted in murine mod-
els, especially in knock-out mice. These protocols allowed for an understanding of the oppo-
site effects of RANKL and OPG action in bone. RANKL and RANK knock-out mice models
show generalised and severe osteopetrosis due to impaired osteoclastogenesis [15,31]. On
the opposite side, OPG-deficient models present early and severe osteoporosis associated
with skeleton abnormalities and precocious onset of fractures that can already occur in the
first weeks of life [32,33]. This is due to the significantly augmented osteoclastogenesis and
resultant bone reabsorption.

Knockout murine models have also paved the way to understanding the wide range
of extraskeletal functions of RROa, although several are still largely unknown.

Since RROa are members of the TNF superfamily, it was immediately hypothesised
that they should play a part in regulating the immune system’s functions. Indeed, it
has been established that RANKL/RANK signalling has a critical role in B- and T-cell
maturation [15,31]. For example, it was proved that RANKL-knockout mice present a
smaller thymus with significantly reduced cellularity and arrest in the early stages of
thymocyte differentiation [31].

The most intriguing evidence from both RANK and RANKL knock-out models is the
complete absence of lymph node organogenesis but preservation of Peyer’s plaques and
other mucosa-associated lymphoid tissues. Recently, Nagashima et al. have demonstrated
the importance of RANKL in maintaining the balance between intestinal immune cells and
the microbiota [34]. Anderson et al. have demonstrated RANK expression on the surface
of dendritic cells induced by CD40L. This evidence intriguingly suggests a possible role
of RANK/RANKL in mediating T-cell and dendritic cell interaction [14], which has also
been proposed in murine models with RANKL gene deletion [31]. The bone tissue and the
immune system share a common embryological origin, and the dual role of RANK–RANKL
in both bone metabolism and immune system regulation is probably due to the concurrent
development of the skeletal system and specific immunity during vertebrate evolution [35].
The main and most unexpected finding from murine models with complete deletion of OPG
was the increase in vascular calcifications detected in the aorta and other big arteries [32].
Many observational studies found an association between post-menopausal osteoporosis
and atherosclerosis [36,37]. However, the research in OPG knock-out mice suggests that
OPG could be the link between the bone and arteries, playing a part in the pathophysiology
of degenerative arterial disease. It must be noted that conflicting results have emerged
from animal and human studies about the possible role of OPG [38].

5. RROa in MASLD

In recent years, the pleiotropic effects of RROa have emerged thanks to the evidence
that RANK, RANKL, and OPG are widely expressed by multiple cell types, such as
adipocytes, hepatocytes, and even pancreatic beta cells [39–42]. As a result, researchers
began to investigate the possible role of RROa in metabolic pathways and, consequently, in
dysmetabolic disorders, including metabolic dysfunction-associated steatotic liver disease
(MASLD).

The effects of RROa in MASLD are widely discussed due to the need for more specific
studies and the profound heterogeneity of the results. In a study of 82 subjects, Nikseresht
et al. found a significantly reduced expression of plasmatic RANKL and OPG in patients
with MASLD compared to controls [43]. A decreased expression of RANK was observed



Int. J. Mol. Sci. 2024, 25, 9193 5 of 15

also in another study in subjects with MASLD [44]. Similarly, other research has described
a negative association between OPG levels and MASLD [45,46]. Yang et al. reported that
serum levels of OPG were even lower in subjects with steatohepatitis than in ones with
simple steatosis [45]. We can speculate that a deficiency in OPG could potentially worsen
liver inflammation because it usually plays an anti-inflammatory role.

Following the previous studies, Zhang et al. confirmed the downregulation of hepatic
OPG in murine models of liver steatosis and people with MASLD [47]. Surprisingly, they
observed that OPG-knockout mice did not develop steatosis. Their hypothesis about this
paradox is that OPG reduction in animals and people with MASLD could represent not the
cause but rather a compensatory mechanism during liver injury development.

All these data contrast with research conducted in patients with other liver diseases
that have shown an increased expression of OPG [48,49]. For example, higher levels of
OPG were found in patients with alcoholic liver disease (cirrhotic and non-cirrhotic) than in
controls, while there was no difference in RANKL expression [50]. Similar results emerged
from a study conducted in people with primary biliary cholangitis (PBC) [51]. Lleo et al.
found that OPG and RANKL were widely expressed in PBC [52]. An improvement of OPG
and RANKL serum levels in chronic liver disease could suggest a possible use for them as
biomarkers of the activity of the disease, but more studies are needed to clarify if a clear
correlation exists.

The mentioned data do not allow us to make any conclusive statement about a possible
correlation between serum levels of RANKL and OPG and the presence of MASLD. A
possible explanation for these contrasting results could be derived from the first studies
conducted on the bone. In fact, it has been established that RROa’s functions in bone
remodelling are fundamentally mediated by paracrine stimulation [21]. We can hypothesise
that the same happens for metabolic pathways, so RANKL and OPG blood levels could be
profoundly different from their real concentration in the liver microenvironment. Moreover,
multiple pieces of evidence show that OPG and RANKL are directly expressed on the
surface of blood vessels [38], limiting the significance of their serum values.

As previously exposed, oestrogens play a key role in promoting bone formation while
inhibiting osteoclastogenesis, through action on RROa. Interestingly, post-menopausal
status represents a risk factor for both osteoporosis and MASLD [53]. This evidence suggests
that oestrogen-mediated effects on RROa, which are well-known in bone metabolism, may
be involved in liver physiopathology and in MASLD development.

The ubiquitous expression of sphingolipid-mediated pathways represents a further
possible connection between liver and bone physiology and disease [54]. For example, it
has been proved that sphingosine-1-phosphate, a sphingolipid mediator that is involved
in osteoclastogenesis [55], is associated with in vitro hepatotoxicity and with liver inflam-
mation after liver transplant in murine models [56]. At this moment, it is unknown if
sphingolipids may be involved in mediating RROa effects on MASLD.

Regarding sclerostin, no data are yet available regarding the significance of this
biomarker in relation to RROa in the context of MASLD or liver injury.

Analysis of the specific biochemical interactions in the different biological functions
where RANKL, RANK, and OPG are potentially involved can provide major information
about their pathophysiological action in MASLD. As summarised in Figure 2, RROa can
play a role in multiple steps of MASLD progression, which can be a direct or indirect source
of liver injury.

5.1. Insulin Resistance

MASLD has a complex and multifactorial aetiology, but insulin resistance (IR), together
with lipotoxicity, are cornerstones in the development and progression of the disease [4,57].
Kiechl et al., in the prospective population-based Bruneck Study, which involved 844
subjects, found that soluble RANKL levels represent an independent risk factor for the onset
of type 2 diabetes mellitus (T2D) [58]. Furthermore, they used different murine models
of obesity and metabolic syndrome to demonstrate that blocking the RANK–RANKL
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pathway in the liver significantly improved hepatic insulin sensitivity and normalised blood
glucose levels.
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progression. Current evidence highlights four main mechanisms of hepatic injury mediated by RROa:
(1) RANKL–RANK signalling induces insulin resistance in hepatocytes, which is crucial for MASLD
development; (2) RANKL promotes macrophage infiltration in the liver, and its levels gradually
increase during disease progression; (3) OPG has a pro-fibrotic action stimulating HSCs to produce
extracellular matrix; (4) OPG can block TRAIL, preventing it from inducing hepatocyte apoptosis,
which is a progression factor for MASLD. (Abbreviation: RANKL: receptor activator of NF-κB
ligand; RANK: receptor activator of NF-κB; OPG: osteoprotegerin; TRAIL: TNF-related apoptosis-
inducing ligand).

IR also plays a major role in polycystic ovary syndrome (PCOS), and people with
PCOS indeed have an increased risk of MASLD [59,60]. Recently, Lu et al. have shown
a positive correlation between RANKL levels and the risk of suffering from MASLD in
women with PCOS [61]. After adjusting for potential confounding factors, the subgroup
analysis highlighted that the association was stronger in non-obese subjects than in the
overweight and obese groups. This suggests that RANKL could be involved in IR and,
therefore, in MASLD development independently of metabolic syndrome.

5.2. Macrophage Infiltration

Another pathophysiological mechanism underlying MASLD is the hepatic infiltration
of macrophages [62]. This represents a critical element in promoting fat deposition and
inflammation in the liver [62,63], determining disease progression from simple steatosis
into steatohepatitis and, potentially, into cirrhosis.

A study on murine models of MASLD has shown a direct correlation between the
expression of RANKL and runt-related transcription factor 2 (Runx2) [64]. Runx2 repre-
sents a transcription factor initially identified as a fundamental element for osteoblastic
differentiation and is involved in multiple biological pathways, like tumour proliferation,
neoangiogenesis and inflammatory processes [65]. Runx2 also promotes hepatic infiltration
of macrophages in steatosis [66], which is crucial for MASLD development and progression.
Zhong et al. demonstrated that RANKL expression is directly correlated with the degree of
macrophage infiltration of the liver, and its levels increase in parallel with the progression
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of the disease from simple steatosis into steatohepatitis [64]. This study strengthens the hy-
pothesis of RANKL as a critical pro-inflammatory cytokine in promoting liver inflammation
in MASLD.

5.3. Hepatic Fibrosis

Recently, some studies have highlighted OPG’s pro-fibrotic action [67], which could
represent a transversal pathophysiological actor shared by any liver disease.

Resident immune cells of the liver play a major role in fibrosis development, particu-
larly hepatic stellate cells (HSCs). HSCs are mesenchymal cells in a quiescent state located
in the perisinusoidal space. They become active in case of liver damage, producing new
extracellular matrix [68] and stimulating the expression of multiple growth factors and
cytokine, including OPG [69]. One of the central cytokines that promote HSCs activation
is TGF-β1, which stimulates OPG expression [70]. Therefore, it could create a vicious
cycle where TGF-β1 promotes OPG expression, and OPG induces TGF-β1 production,
determining a relevant autocrine/paracrine stimulation of HSCs’ fibrogenic activity.

Macrophage–HSC interaction is crucial for fibrosis progression [71]. As previously
reported, RANKL can promote macrophage migration into the liver, while OPG can activate
HSCs and trigger fibrotic processes [64,69]. Adhyatmika et al. proposed that OPG could
be used as a marker of injury resolution in liver disease [69] because it promotes repairing
mechanisms. Moreover, it could be proposed that beside its pro-fibrotic action, OPG carries
out anti-inflammatory functions, blocking RANKL signalling.

5.4. Role of TNF-Related Apoptosis-Inducing Ligand (TRAIL)

OPG also acts as a decoy receptor for TNF-related apoptosis-inducing ligand (TRAIL) [72],
a cytokine produced by monocyte–macrophage cells during the inflammatory response, which
can promote cell apoptosis [73]. Human hepatocytes seem to be sensitive to the TRAIL-
induced apoptosis pathway [74]. In TRAIL-knockout mice, Cartland et al. demonstrated an
augmented risk of IR, T2D, and inflammation; thus, TRAIL-deleted murine models which
undergo a high-fat diet developed a more severe form of MASLD [75]. On the contrary, Zheng
et al. found that blocking the TRAIL pathway has a protective effect on the liver in a murine
model of hepatitis [76]. TRAIL hyperexpression has also been previously observed in people
with HBV infection [77].

Since hepatocyte apoptosis has been identified as an additional progression factor
for MASLD [78], OPG could be involved in the pathogenesis due to its ability to block
TRAIL-mediated effects.

A reduced expression of OPG could promote MASLD progression due to the lack
of inhibition of TRAIL and the consequent increase in hepatocyte apoptosis. This may
suggest that TRAIL could represent a possible therapeutic target. However, it must be
noted that TRAIL plays an important role in immunosurveillance because it can also induce
apoptosis in neoplastic cells [79]. In this regard, multiple studies have shown a correlation
between OPG upregulation and several tumours, such as prostate, breast and colorectal
cancer [80–84]. Shi et al. have demonstrated the overexpression of OPG in pancreatic
cancer, and they intriguingly highlighted that higher levels of OPG were associated with a
higher incidence of new-onset diabetes [85]. Therefore, an excessive blockade of TRAIL by
OPG can result in an increased risk of cancers, mainly HCC, in patients with MASLD.

6. Targeting RROa with Medications: Denosumab

At present, the only drug with direct action on RROa is denosumab, a human mon-
oclonal antibody that was approved in 2009 for the treatment of postmenopausal osteo-
porosis [86]. Fundamentally, denosumab mimics OPG’s physiological function because it
binds RANKL with high affinity, preventing its interaction with RANK [87]. Denosumab
produces a greater improvement in bone mineral density compared to bisphosphonates,
which are still the cornerstone of pharmacological therapy for osteoporosis [88,89]. Further-
more, denosumab is a semestral subcutaneous administration, which could encourage the
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adherence to therapy, especially in patients with many comorbidities. A small retrospective
study evaluated the efficacy and safety of denosumab administration in patients with
chronic liver disease, showing an increased bone mineral density without occurrence of
any severe adverse events [90].

The use of denosumab to treat MASLD or other liver diseases has never been tested,
but speculation can be made due to an interesting case report: in 2016, Takeno et al.
surprisingly reported an improvement in liver enzymes in a patient with non-alcoholic
steatohepatitis (NASH) after denosumab administration [91]. More than a single case
report is required to provide a clear therapeutic indication for denosumab in patients with
MASLD; still, it indeed offers us a suggestive perspective for future research.

The possible effectiveness of denosumab treatment in MASLD could be hypothesised
based on another work (Figure 3): compared to the placebo group, Weivoda et al. observed
an improvement in glucagon-like peptide 1 (GLP-1) expression in subjects treated with
denosumab [92]. GLP-1 belongs to the incretin family of hormones, and it improves insulin
secretion. GLP-1 receptor agonists (GLP-1RA) represent a new class of antidiabetic drugs
with impressive efficacy in multiple diseases, like obesity and heart failure. Furthermore,
this study reported decreased HbA1c levels in the intervention group. Although the
researchers did not focus on MASLD, their analysis highlights the pleiotropic effects of
RANKL in metabolic pathways and again suggests that RROa could represent a novel
pharmacological target in treating disorders across the metabolic syndrome spectrum.
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A recent population-based study showed that denosumab treatment was associated
with a reduced risk of developing diabetes over a mean follow-up period of 1.9 years.
This suggests that this kind of anti-osteoporotic treatment could be considered in patients
with osteoporosis and an increased risk of diabetes, like those presenting with metabolic
syndrome or MASLD [93].

7. Anti-Osteoporotic Drugs for MASLD Treatment

Some studies have suggested that bisphosphonates, the most common anti-osteoporotic
drugs, could be used as therapy for MASLD. Even if they do not target RROa, this evidence
highlights once again the deep relationship between the bone and the liver.

Bisphosphonates exert their anti-resorptive effect by acting on mature osteoclasts
through intracellular action, including the inhibition of the mevalonate pathway [84].

Hasuzawa et al. have tested the administration of clodronate—a non-nitrogen-
containing bisphosphonate—in murine models of MASLD [94]. They found that clodronate
induced a reduction in macrophage infiltration of the liver, an improvement in steatosis,
and the prevention of fibrosis. The authors suggested that the effects of clodronate in
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MASLD models are due to its ability to block ATP secretion by hepatocytes [94], which has
been related to liver inflammation and hepatic injury [95,96].

Two studies that evaluated the effects of zoledronic acid in murine models of MASLD
have emerged with similar results, highlighting an improvement in hepatic fat content [97,98].
In contrast to clodronate, zoledronic acid seems to achieve an anti-steatotic effect through the
inhibition of the mevalonic acid pathway [98].

Further data are needed about whether sclerostin inhibition could be an indirect
strategy to target RRO to achieve certain metabolic effects. Romosozumab, a sclerostin
inhibitor, is a human monoclonal antibody to treat severe osteoporosis [99]. However,
concerns about possible increased cardiovascular risk during treatment will likely not make
it the first choice to be tested in patients with MALSD, as opposed to denosumab.

8. RROa in Hepatocellular Carcinoma (HCC)

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and repre-
sents the third cause of cancer-related death worldwide [100]. Although the incidence of
HCC in MASLD is not as high as in HBV/HCV-driven cirrhosis, MASLD has a significantly
higher prevalence and already represents the leading cause of HCC in the United States
(US) [101]. Estes et al. suggested a possible increase of about 100% in MASLD-related HCC
cases in Europe and the US by 2030 [102]. In patients with MASLD, HCC can develop
even without underlying cirrhosis, differently from what happens in other chronic liver dis-
eases [103]. The possible involvement of pathways mediated by RROa has been suggested
in the development of MASLD-related HCC.

Song et al. have shown a hyperexpression and hyperactivation of RANKL–RANK
signalling in HCC cells (HCCcs), which directly promotes migration and invasion of neo-
plastic cells in the liver parenchyma [104]. They also demonstrated that RANKL stimulation
of RANK induces the expression of transcription factors linked with the epithelial to mes-
enchymal transition, a key step in HCC progression [104]. Activation of the NF-κB pathway
by RANKL–RANK signalling was already associated with improvement in migration and
tissue invasion by breast cancer cells [105]. A direct implication of RANK–RANKL in
hepatic malignant transformation has already been proposed [106].

On the contrary, Sasaki et al. found no clear correlation between RANKL levels and
HCCcs, but they showed that RANKL overexpression in patients with HCC positively
correlates with the presence of bone metastases [107].

Some studies have indirectly confirmed the possible involvement of RANKL in HCC
pathogenesis, pointing to a direct correlation between RANKL and the expression of the sig-
nal transducer and activator of transcription-6 (STAT6) [108]. STAT6 is a transcription factor
involved in several cellular pathways and in cancer metabolism and progression [109,110].
It has been proposed that STAT6 may predict poor outcomes in patients with HCC [111].

If the upregulation of RANKL–RANK is involved in the development of HCC, it could
be suggested that OPG, physiologically deputed to prevent RANK activation, may have a
protective role. However, some evidence has shown a possible pathological role of high
levels of serum OPG, even in HCC.

In fact, Zhang et al. have proved that higher OPG levels were associated with poorer
survival rates in patients with HCC [112]. Previously, it was demonstrated that HCCcs
constitutively express OPG and in hypoxic conditions, OPG expression can be significantly
increased [113].

9. Conclusions

MASLD represents a challenging clinical issue with a massive social impact. Regret-
tably, its pathophysiological mechanisms are still largely unknown, limiting specific drug
development. From this perspective, RROa is an intriguing target for researchers due to its
wide range of functions and pleiotropic effects. Clearly, the emerging conflicting results
make present knowledge insufficient to provide any underlying specific mechanism or
biochemical marker of liver disease at the moment.
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To the present day, the main evidence has emerged from in vitro and murine model
studies and this represents a major limitation in the direct application of these results in
humans. On the contrary, the human studies available provide contrasting data and there is
no unequivocal evidence regarding the specific pathways of RROa involvement in MASLD;
available data tend to suggest it can play a role in MASLD development and progression,
hitting several fronts simultaneously, besides the pivotal action in the pathophysiology of
the disease, namely IR.

Further studies are needed to definitively clarify the role of RROa in human subjects
with MASLD and the possible biochemical pathways involved. An understanding of these
pathways will be essential to promoting research on new pharmacological targets.

Furthermore, it has been demonstrated that RROa is involved in other metabolic
disorders, like T2D and obesity, that are deeply connected to MASLD. This suggests
that RROa, born as a bone-exclusive pathway, can become a main target of research in
metabolic disorders. In this scenario, even an anti-osteoporotic drug like denosumab could
theoretically be tested to be repurposed from the bone to the liver.
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49. Prystupa, A.; Dąbrowska, A.; Sak, J.J.; Tarach, J.; Toruń-Jurkowska, A.; Lachowska-Kotowska, P.; Dzida, G. Concentrations
of Fetuin-A, Osteoprotegerin and α-Klotho in Patients with Alcoholic Liver Cirrhosis. Exp. Ther. Med. 2016, 12, 3464–3470.
[CrossRef] [PubMed]

50. García-Valdecasas-Campelo, E.; González-Reimers, E.; Santolaria-Fernández, f.; De La Vega-Prieto, M.J.; Milena-Abril, A.;
Sánchez-Pérez, M.J.; Martínez-Riera, A.; Gómez-Rodríguez, M.D.L.Á. Serum Osteoprotegerin and Rankl Levels in Chronic
Alcoholic Liver Disease. Alcohol. Alcohol. 2006, 41, 261–266. [CrossRef]

51. Guañabens, N.; Enjuanes, A.; Alvarez, L.; Peris, P.; Caballería, L.; Jesús Martínez de Osaba, M.; Cerdá, D.; Monegal, A.; Pons, F.;
Parés, A. High Osteoprotegerin Serum Levels in Primary Biliary Cirrhosis Are Associated with Disease Severity but Not with the
mRNA Gene Expression in Liver Tissue. J. Bone Miner. Metab. 2009, 27, 347–354. [CrossRef]

52. Lleo, A.; Bian, Z.; Zhang, H.; Miao, Q.; Yang, F.; Peng, Y.; Chen, X.; Tang, R.; Wang, Q.; Qiu, D.; et al. Quantitation of the
Rank-Rankl Axis in Primary Biliary Cholangitis. PLoS ONE 2016, 11, e0159612. [CrossRef]

53. DiStefano, J.K. NAFLD and NASH in Postmenopausal Women: Implications for Diagnosis and Treatment. Endocrinology 2020,
161, bqaa134. [CrossRef]

54. Zaidi, M.; Kim, S.-M.; Mathew, M.; Korkmaz, F.; Sultana, F.; Miyashita, S.; Gumerova, A.A.; Frolinger, T.; Moldavski, O.; Barak, O.;
et al. Bone Circuitry and Interorgan Skeletal Crosstalk. Elife 2023, 12, e83142. [CrossRef] [PubMed]

55. Ishii, M.; Egen, J.G.; Klauschen, F.; Meier-Schellersheim, M.; Saeki, Y.; Vacher, J.; Proia, R.L.; Germain, R.N. Sphingosine-1-
Phosphate Mobilizes Osteoclast Precursors and Regulates Bone Homeostasis. Nature 2009, 458, 524–528. [CrossRef] [PubMed]

56. Sukocheva, O.A.; Neganova, M.E.; Aleksandrova, Y.; Burcher, J.T.; Chugunova, E.; Fan, R.; Tse, E.; Sethi, G.; Bishayee, A.; Liu, J.
Signaling Controversy and Future Therapeutical Perspectives of Targeting Sphingolipid Network in Cancer Immune Editing and
Resistance to Tumor Necrosis Factor-α Immunotherapy. Cell Commun. Signal 2024, 22, 251. [CrossRef] [PubMed]

57. Grander, C.; Grabherr, F.; Tilg, H. Non-Alcoholic Fatty Liver Disease: Pathophysiological Concepts and Treatment Options.
Cardiovasc. Res. 2023, 119, 1787–1798. [CrossRef]

58. Kiechl, S.; Wittmann, J.; Giaccari, A.; Knoflach, M.; Willeit, P.; Bozec, A.; Moschen, A.R.; Muscogiuri, G.; Sorice, G.P.; Kireva, T.;
et al. Blockade of Receptor Activator of Nuclear Factor-κB (RANKL) Signaling Improves Hepatic Insulin Resistance and Prevents
Development of Diabetes Mellitus. Nat. Med. 2013, 19, 358–363. [CrossRef]

59. Rocha, A.L.L.; Faria, L.C.; Guimarães, T.C.M.; Moreira, G.V.; Cândido, A.L.; Couto, C.A.; Reis, F.M. Non-Alcoholic Fatty Liver
Disease in Women with Polycystic Ovary Syndrome: Systematic Review and Meta-Analysis. J. Endocrinol. Investig. 2017, 40,
1279–1288. [CrossRef] [PubMed]

60. Kumarendran, B.; O’Reilly, M.W.; Manolopoulos, K.N.; Toulis, K.A.; Gokhale, K.M.; Sitch, A.J.; Wijeyaratne, C.N.; Coomarasamy,
A.; Arlt, W.; Nirantharakumar, K. Polycystic Ovary Syndrome, Androgen Excess, and the Risk of Nonalcoholic Fatty Liver Disease
in Women: A Longitudinal Study Based on a United Kingdom Primary Care Database. PLoS Med. 2018, 15, e1002542. [CrossRef]
[PubMed]

61. Lu, N.; Shan, C.; Fu, J.-R.; Zhang, Y.; Wang, Y.-Y.; Zhu, Y.-C.; Yu, J.; Cai, J.; Li, S.-X.; Tao, T.; et al. RANKL Is Independently
Associated with Increased Risks of Non-Alcoholic Fatty Liver Disease in Chinese Women with PCOS: A Cross-Sectional Study.
JCM 2023, 12, 451. [CrossRef] [PubMed]

https://doi.org/10.1152/ajpendo.00397.2019
https://www.ncbi.nlm.nih.gov/pubmed/32315212
https://doi.org/10.1007/s00125-007-0672-6
https://doi.org/10.1007/s13679-023-00505-4
https://doi.org/10.1002/bab.2047
https://doi.org/10.7754/Clin.Lab.2019.190913
https://www.ncbi.nlm.nih.gov/pubmed/32390378
https://doi.org/10.3109/00365513.2010.524933
https://www.ncbi.nlm.nih.gov/pubmed/20942739
https://doi.org/10.1016/j.metabol.2015.12.005
https://doi.org/10.2337/db18-1055
https://doi.org/10.1016/j.diabet.2016.02.004
https://doi.org/10.3892/etm.2016.3754
https://www.ncbi.nlm.nih.gov/pubmed/27882180
https://doi.org/10.1093/alcalc/agl004
https://doi.org/10.1007/s00774-009-0042-1
https://doi.org/10.1371/journal.pone.0159612
https://doi.org/10.1210/endocr/bqaa134
https://doi.org/10.7554/eLife.83142
https://www.ncbi.nlm.nih.gov/pubmed/36656634
https://doi.org/10.1038/nature07713
https://www.ncbi.nlm.nih.gov/pubmed/19204730
https://doi.org/10.1186/s12964-024-01626-6
https://www.ncbi.nlm.nih.gov/pubmed/38698424
https://doi.org/10.1093/cvr/cvad095
https://doi.org/10.1038/nm.3084
https://doi.org/10.1007/s40618-017-0708-9
https://www.ncbi.nlm.nih.gov/pubmed/28612285
https://doi.org/10.1371/journal.pmed.1002542
https://www.ncbi.nlm.nih.gov/pubmed/29590099
https://doi.org/10.3390/jcm12020451
https://www.ncbi.nlm.nih.gov/pubmed/36675380


Int. J. Mol. Sci. 2024, 25, 9193 13 of 15

62. Alabdulaali, B.; Al-rashed, F.; Al-Onaizi, M.; Kandari, A.; Razafiarison, J.; Tonui, D.; Williams, M.R.; Blériot, C.; Ahmad, R.; Alzaid,
F. Macrophages and the Development and Progression of Non-Alcoholic Fatty Liver Disease. Front. Immunol. 2023, 14, 1195699.
[CrossRef]

63. Sutti, S.; Bruzzì, S.; Albano, E. The Role of Immune Mechanisms in Alcoholic and Nonalcoholic Steatohepatitis: A 2015 Update.
Expert Rev. Gastroenterol. Hepatol. 2016, 10, 243–253. [CrossRef]

64. Zhong, L.; Yuan, J.; Huang, L.; Li, S.; Deng, L. RANKL Is Involved in Runx2-Triggered Hepatic Infiltration of Macrophages in
Mice with NAFLD Induced by a High-Fat Diet. BioMed. Res. Int. 2020, 2020, 1–8. [CrossRef]

65. Lin, T.-C. RUNX2 and Cancer. IJMS 2023, 24, 7001. [CrossRef] [PubMed]
66. Zhong, L.; Huang, L.; Xue, Q.; Liu, C.; Xu, K.; Shen, W.; Deng, L. Cell-Specific Elevation of Runx2 Promotes Hepatic Infiltration of

Macrophages by Upregulating MCP-1 in High-Fat Diet-Induced Mice NAFLD. J. Cell Biochem. 2019, 120, 11761–11774. [CrossRef]
[PubMed]

67. Toffoli, B.; Pickering, R.J.; Tsorotes, D.; Wang, B.; Bernardi, S.; Kantharidis, P.; Fabris, B.; Zauli, G.; Secchiero, P.; Thomas, M.C.
Osteoprotegerin Promotes Vascular Fibrosis via a TGF-B1 Autocrine Loop. Atherosclerosis 2011, 218, 61–68. [CrossRef]

68. Kamm, D.R.; McCommis, K.S. Hepatic stellate cells in physiology and pathology. J. Physiol. 2022, 600, 1825–1837. [CrossRef]
[PubMed]

69. Adhyatmika, A.; Beljaars, L.; Putri, K.S.S.; Habibie, H.; Boorsma, C.E.; Reker-Smit, C.; Luangmonkong, T.; Guney, B.; Haak, A.;
Mangnus, K.A.; et al. Osteoprotegerin Is More than a Possible Serum Marker in Liver Fibrosis: A Study into Its Function in
Human and Murine Liver. Pharmaceutics 2020, 12, 471. [CrossRef] [PubMed]

70. Adhyatmika, A.; Putri, K.S.S.; Gore, E.; Mangnus, K.A.; Reker-Smit, C.; Schuppan, D.; Beljaars, L.; Olinga, P.; Melgert, B.N.
Osteoprotegerin Expression in Liver Is Induced by IL13 through TGF&beta. Cell. Physiol. Biochem. 2022, 56, 28–38.

71. Wynn, T.A.; Barron, L. Macrophages: Master Regulators of Inflammation and Fibrosis. Semin. Liver Dis. 2010, 30, 245–257.
[CrossRef]

72. Reid, P.; Holen, I. Pathophysiological Roles of Osteoprotegerin (OPG). Eur. J. Cell Biol. 2009, 88, 1–17. [CrossRef]
73. Guerrache, A.; Micheau, O. TNF-Related Apoptosis-Inducing Ligand: Non-Apoptotic Signalling. Cells 2024, 13, 521. [CrossRef]

[PubMed]
74. Jo, M.; Kim, T.-H.; Seol, D.-W.; Esplen, J.E.; Dorko, K.; Billiar, T.R.; Strom, S.C. Apoptosis Induced in Normal Human Hepatocytes

by Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand. Nat. Med. 2000, 6, 564–567. [CrossRef] [PubMed]
75. Cartland, S.P.; Harith, H.H.; Genner, S.W.; Dang, L.; Cogger, V.C.; Vellozzi, M.; Di Bartolo, B.A.; Thomas, S.R.; Adams, L.A.;

Kavurma, M.M. Non-Alcoholic Fatty Liver Disease, Vascular Inflammation and Insulin Resistance Are Exacerbated by TRAIL
Deletion in Mice. Sci. Rep. 2017, 7, 1898. [CrossRef]

76. Zheng, S.-J.; Wang, P.; Tsabary, G.; Chen, Y.H. Critical Roles of TRAIL in Hepatic Cell Death and Hepatic Inflammation. Available
online: https://www.jci.org/articles/view/19255/pdf (accessed on 23 June 2024).

77. Han, L.-H.; Sun, W.-S.; Ma, C.-H.; Zhang, L.-N.; Liu, S.-X.; Zhang, Q.; Gao, L.-F.; Chen, Y.-H. Detection of Soluble TRAIL in HBV
Infected Patients and Its Clinical Implications. World J. Gastroenterol. 2002, 8, 1077–1080. [CrossRef] [PubMed]

78. Musso, G.; Gambino, R.; Cassader, M. Cholesterol Metabolism and the Pathogenesis of Non-Alcoholic Steatohepatitis. Progress.
Lipid Res. 2013, 52, 175–191. [CrossRef]

79. Von Karstedt, S.; Montinaro, A.; Walczak, H. Exploring the TRAILs Less Travelled: TRAIL in Cancer Biology and Therapy. Nat.
Rev. Cancer 2017, 17, 352–366. [CrossRef] [PubMed]

80. Holen, I.; Croucher, P.I.; Hamdy, F.C.; Eaton, C.L. Osteoprotegerin (OPG) Is a Survival Factor for Human Prostate Cancer Cells.
Cancer Res. 2002, 62, 1619–1623.

81. Nyambo, R.; Cross, N.; Lippitt, J.; Holen, I.; Bryden, G.; Hamdy, F.C.; Eaton, C.L. Human Bone Marrow Stromal Cells Protect
Prostate Cancer Cells From TRAIL-Induced Apoptosis. J. Bone Miner. Res. 2004, 19, 1712–1721. [CrossRef] [PubMed]

82. Neville-Webbe, H.L.; Cross, N.A.; Eaton, C.L.; Nyambo, R.; Evans, C.A.; Coleman, R.E.; Holen, I. Osteoprotegerin (OPG) Produced
by Bone Marrow Stromal Cells Protects Breast Cancer Cells from TRAIL-Induced Apoptosis. Breast Cancer Res. Treat. 2004, 86,
269–279. [CrossRef] [PubMed]

83. Holen, I.; Cross, S.S.; Neville-Webbe, H.L.; Cross, N.A.; Balasubramanian, S.P.; Croucher, P.I.; Evans, C.A.; Lippitt, J.M.; Coleman,
R.E.; Eaton, C.L. Osteoprotegerin (OPG) Expression by Breast Cancer Cells in Vitro and Breast Tumours in Vivo—A Role in
Tumour Cell Survival? Breast Cancer Res. Treat. 2005, 92, 207–215. [CrossRef] [PubMed]

84. De Toni, E.; Nagel, D.; Philipp, A.B.; Herbst, A.; Thalhammer, I.; Mayerle, J.; Török, H.-P.; Brandl, L.; Kolligs, F.T. Correlation
Between Baseline Osteoprotegerin Serum Levels and Prognosis of Advanced-Stage Colorectal Cancer Patients. Cell. Physiol.
Biochem. 2018, 45, 605–613. [CrossRef]

85. Shi, W.; Qiu, W.; Wang, W.; Zhou, X.; Zhong, X.; Tian, G.; Deng, A. Osteoprotegerin Is Up-Regulated in Pancreatic Cancers and
Correlates with Cancer-Associated New-Onset Diabetes. BioScience Trends 2014, 8, 322–326. [CrossRef] [PubMed]

86. Cummings, S.R.; Martin, J.S.; McClung, M.R.; Siris, E.S.; Eastell, R.; Reid, I.R.; Delmas, P.; Zoog, H.B.; Austin, M.; Wang, A.; et al.
Denosumab for Prevention of Fractures in Postmenopausal Women with Osteoporosis. New Engl. J. Med. 2009, 361, 756–765.
[CrossRef] [PubMed]

87. Baron, R.; Ferrari, S.; Russell, R.G.G. Denosumab and Bisphosphonates: Different Mechanisms of Action and Effects. Bone 2011,
48, 677–692. [CrossRef]

https://doi.org/10.3389/fimmu.2023.1195699
https://doi.org/10.1586/17474124.2016.1111758
https://doi.org/10.1155/2020/6953421
https://doi.org/10.3390/ijms24087001
https://www.ncbi.nlm.nih.gov/pubmed/37108164
https://doi.org/10.1002/jcb.28456
https://www.ncbi.nlm.nih.gov/pubmed/30746746
https://doi.org/10.1016/j.atherosclerosis.2011.05.019
https://doi.org/10.1113/JP281061
https://www.ncbi.nlm.nih.gov/pubmed/35307840
https://doi.org/10.3390/pharmaceutics12050471
https://www.ncbi.nlm.nih.gov/pubmed/32455750
https://doi.org/10.1055/s-0030-1255354
https://doi.org/10.1016/j.ejcb.2008.06.004
https://doi.org/10.3390/cells13060521
https://www.ncbi.nlm.nih.gov/pubmed/38534365
https://doi.org/10.1038/75045
https://www.ncbi.nlm.nih.gov/pubmed/10802713
https://doi.org/10.1038/s41598-017-01721-4
https://www.jci.org/articles/view/19255/pdf
https://doi.org/10.3748/wjg.v8.i6.1077
https://www.ncbi.nlm.nih.gov/pubmed/12439929
https://doi.org/10.1016/j.plipres.2012.11.002
https://doi.org/10.1038/nrc.2017.28
https://www.ncbi.nlm.nih.gov/pubmed/28536452
https://doi.org/10.1359/JBMR.040703
https://www.ncbi.nlm.nih.gov/pubmed/15355567
https://doi.org/10.1023/B:BREA.0000036900.48763.b3
https://www.ncbi.nlm.nih.gov/pubmed/15567943
https://doi.org/10.1007/s10549-005-2419-8
https://www.ncbi.nlm.nih.gov/pubmed/16155791
https://doi.org/10.1159/000487101
https://doi.org/10.5582/bst.2014.01092
https://www.ncbi.nlm.nih.gov/pubmed/25641178
https://doi.org/10.1056/NEJMoa0809493
https://www.ncbi.nlm.nih.gov/pubmed/19671655
https://doi.org/10.1016/j.bone.2010.11.020


Int. J. Mol. Sci. 2024, 25, 9193 14 of 15

88. Brown, J.P.; Prince, R.L.; Deal, C.; Recker, R.R.; Kiel, D.P.; de Gregorio, L.H.; Hadji, P.; Hofbauer, L.C.; Alvaro-Gracia, J.M.; Wang,
H.; et al. Comparison of the Effect of Denosumab and Alendronate on BMD and Biochemical Markers of Bone Turnover in
Postmenopausal Women with Low Bone Mass: A Randomized, Blinded, Phase 3 Trial. J. Bone Miner. Res. 2009, 24, 153–161.
[CrossRef] [PubMed]

89. Kendler, D.L.; Roux, C.; Benhamou, C.L.; Brown, J.P.; Lillestol, M.; Siddhanti, S.; Man, H.-S.; San Martin, J.; Bone, H.G. Effects of
Denosumab on Bone Mineral Density and Bone Turnover in Postmenopausal Women Transitioning from Alendronate Therapy. J.
Bone Miner. Res. 2010, 25, 72–81. [CrossRef] [PubMed]

90. Saeki, C.; Saito, M.; Oikawa, T.; Nakano, M.; Torisu, Y.; Saruta, M.; Tsubota, A. Effects of Denosumab Treatment in Chronic Liver
Disease Patients with Osteoporosis. WJG 2020, 26, 4960–4971. [CrossRef]

91. Takeno, A.; Yamamoto, M.; Notsu, M.; Sugimoto, T. Administration of Anti-Receptor Activator of Nuclear Factor-Kappa B Ligand
(RANKL) Antibody for the Treatment of Osteoporosis Was Associated with Amelioration of Hepatitis in a Female Patient with
Growth Hormone Deficiency: A Case Report. BMC Endocr. Disord. 2016, 16, 66. [CrossRef] [PubMed]

92. Weivoda, M.M.; Chew, C.K.; Monroe, D.G.; Farr, J.N.; Atkinson, E.J.; Geske, J.R.; Eckhardt, B.; Thicke, B.; Ruan, M.; Tweed, A.J.;
et al. Identification of Osteoclast-Osteoblast Coupling Factors in Humans Reveals Links between Bone and Energy Metabolism.
Nat. Commun. 2020, 11, 87. [CrossRef] [PubMed]

93. Huang, H.-K.; Chuang, A.T.-M.; Liao, T.-C.; Shao, S.-C.; Liu, P.P.-S.; Tu, Y.-K.; Lai, E.C.-C. Denosumab and the Risk of Diabetes in
Patients Treated for Osteoporosis. JAMA Netw. Open 2024, 7, e2354734. [CrossRef]

94. Hasuzawa, N.; Tatsushima, K.; Wang, L.; Kabashima, M.; Tokubuchi, R.; Nagayama, A.; Ashida, K.; Ogawa, Y.; Moriyama, Y.;
Nomura, M. Clodronate, an Inhibitor of the Vesicular Nucleotide Transporter, Ameliorates Steatohepatitis and Acute Liver Injury.
Sci. Rep. 2021, 11, 5192. [CrossRef]

95. Vaughn, B.P.; Robson, S.C.; Burnstock, G. Pathological Roles of Purinergic Signaling in the Liver. J. Hepatol. 2012, 57, 916–920.
[CrossRef]

96. Tatsushima, K.; Hasuzawa, N.; Wang, L.; Hiasa, M.; Sakamoto, S.; Ashida, K.; Sudo, N.; Moriyama, Y.; Nomura, M. Vesicular ATP
Release from Hepatocytes Plays a Role in the Progression of Nonalcoholic Steatohepatitis. Biochim. Biophys. Acta Mol. Basis Dis.
2021, 1867, 166013. [CrossRef]

97. Tang, Q.; Jiang, S.; Jia, W.; Shen, D.; Qiu, Y.; Zhao, Y.; Xue, B.; Li, C. Zoledronic Acid, an FPPS Inhibitor, Ameliorates Liver
Steatosis through Inhibiting Hepatic de Novo Lipogenesis. Eur. J. Pharmacol. 2017, 814, 169–177. [CrossRef] [PubMed]

98. Mohamed, R.H.; Tarek, M.; Hamam, G.G.; Ezzat, S.F. Zoledronic Acid Prevents the Hepatic Changes Associated with High Fat
Diet in Rats; the Potential Role of Mevalonic Acid Pathway in Nonalcoholic Steatohepatitis. Eur. J. Pharmacol. 2019, 858, 172469.
[CrossRef] [PubMed]

99. Canalis, E. Management of Endocrine Disease: Novel Anabolic Treatments for Osteoporosis. Eur. J. Endocrinol. 2018, 178, R33–R44.
[CrossRef]

100. Forner, A.; Reig, M.; Bruix, J. Hepatocellular Carcinoma. Lancet 2018, 391, 1301–1314. [CrossRef]
101. Younossi, Z.M.; Otgonsuren, M.; Henry, L.; Venkatesan, C.; Mishra, A.; Erario, M.; Hunt, S. Association of Nonalcoholic Fatty

Liver Disease (NAFLD) with Hepatocellular Carcinoma (HCC) in the United States from 2004 to 2009. Hepatology 2015, 62,
1723–1730. [CrossRef] [PubMed]

102. Estes, C.; Anstee, Q.M.; Arias-Loste, M.T.; Bantel, H.; Bellentani, S.; Caballeria, J.; Colombo, M.; Craxi, A.; Crespo, J.; Day, C.P.;
et al. Modeling NAFLD Disease Burden in China, France, Germany, Italy, Japan, Spain, United Kingdom, and United States for
the Period 2016–2030. J. Hepatol. 2018, 69, 896–904. [CrossRef] [PubMed]

103. Piscaglia, F.; Svegliati-Baroni, G.; Barchetti, A.; Pecorelli, A.; Marinelli, S.; Tiribelli, C.; Bellentani, S.; HCC-NAFLD Italian Study
Group. Clinical Patterns of Hepatocellular Carcinoma in Nonalcoholic Fatty Liver Disease: A Multicenter Prospective Study.
Hepatology 2016, 63, 827. [CrossRef]

104. Song, F.-N.; Duan, M.; Liu, L.-Z.; Wang, Z.-C.; Shi, J.-Y.; Yang, L.-X.; Zhou, J.; Fan, J.; Gao, Q.; Wang, X.-Y. RANKL Promotes
Migration and Invasion of Hepatocellular Carcinoma Cells via NF-κB-Mediated Epithelial-Mesenchymal Transition. PLoS ONE
2014, 9, e108507. [CrossRef]

105. Tsubaki, M.; Komai, M.; Fujimoto, S.; Itoh, T.; Imano, M.; Sakamoto, K.; Shimaoka, H.; Takeda, T.; Ogawa, N.; Mashimo, K.;
et al. Activation of NF-κB by the RANKL/RANK System up-Regulates Snail and Twist Expressions and Induces Epithelial-to-
Mesenchymal Transition in Mammary Tumor Cell Lines. J. Exp. Clin. Cancer Res. 2013, 32, 62. [CrossRef]

106. Jiang, R.; Xia, Y.; Li, J.; Deng, L.; Zhao, L.; Shi, J.; Wang, X.; Sun, B. High Expression Levels of IKKα and IKKβ Are Necessary for
the Malignant Properties of Liver Cancer. Int. J. Cancer 2010, 126, 1263–1274. [CrossRef] [PubMed]

107. Sasaki, A.; Ishikawa, K.; Haraguchi, N.; Inoue, H.; Ishio, T.; Shibata, K.; Ohta, M.; Kitano, S.; Mori, M. Receptor Activator of
Nuclear Factor-κB Ligand (RANKL) Expression in Hepatocellular Carcinoma With Bone Metastasis. Ann. Surg. Oncol. 2007, 14,
1191–1199. [CrossRef]

108. Qing, T.; Yamin, Z.; Guijie, W.; Yan, J.; Zhongyang, S. STAT6 Silencing Induces Hepatocellular Carcinoma-Derived Cell Apoptosis
and Growth Inhibition by Decreasing the RANKL Expression. Biomed. Pharmacother. 2017, 92, 1–6. [CrossRef] [PubMed]

109. Li, Y.-J.; Zhang, C.; Martincuks, A.; Herrmann, A.; Yu, H. STAT Proteins in Cancer: Orchestration of Metabolism. Nat. Rev. Cancer
2023, 23, 115–134. [CrossRef] [PubMed]

https://doi.org/10.1359/jbmr.0809010
https://www.ncbi.nlm.nih.gov/pubmed/18767928
https://doi.org/10.1359/jbmr.090716
https://www.ncbi.nlm.nih.gov/pubmed/19594293
https://doi.org/10.3748/wjg.v26.i33.4960
https://doi.org/10.1186/s12902-016-0148-0
https://www.ncbi.nlm.nih.gov/pubmed/27881164
https://doi.org/10.1038/s41467-019-14003-6
https://www.ncbi.nlm.nih.gov/pubmed/31911667
https://doi.org/10.1001/jamanetworkopen.2023.54734
https://doi.org/10.1038/s41598-021-83144-w
https://doi.org/10.1016/j.jhep.2012.06.008
https://doi.org/10.1016/j.bbadis.2020.166013
https://doi.org/10.1016/j.ejphar.2017.08.010
https://www.ncbi.nlm.nih.gov/pubmed/28843826
https://doi.org/10.1016/j.ejphar.2019.172469
https://www.ncbi.nlm.nih.gov/pubmed/31233751
https://doi.org/10.1530/EJE-17-0920
https://doi.org/10.1016/S0140-6736(18)30010-2
https://doi.org/10.1002/hep.28123
https://www.ncbi.nlm.nih.gov/pubmed/26274335
https://doi.org/10.1016/j.jhep.2018.05.036
https://www.ncbi.nlm.nih.gov/pubmed/29886156
https://doi.org/10.1002/hep.28368
https://doi.org/10.1371/journal.pone.0108507
https://doi.org/10.1186/1756-9966-32-62
https://doi.org/10.1002/ijc.24854
https://www.ncbi.nlm.nih.gov/pubmed/19728335
https://doi.org/10.1245/s10434-006-9277-4
https://doi.org/10.1016/j.biopha.2017.05.029
https://www.ncbi.nlm.nih.gov/pubmed/28525794
https://doi.org/10.1038/s41568-022-00537-3
https://www.ncbi.nlm.nih.gov/pubmed/36596870


Int. J. Mol. Sci. 2024, 25, 9193 15 of 15

110. Erdogan, F.; Radu, T.B.; Orlova, A.; Qadree, A.K.; de Araujo, E.D.; Israelian, J.; Valent, P.; Mustjoki, S.M.; Herling, M.; Moriggl,
R.; et al. JAK-STAT Core Cancer Pathway: An Integrative Cancer Interactome Analysis. J. Cell Mol. Med. 2022, 26, 2049–2062.
[CrossRef] [PubMed]

111. Liao, Y.; Cai, B.; Li, Y.; Wang, L. P0360: STAT6 Rs3024974 Might Predict Worse Prognosis in Hepatocellular Carcinoma Patients.
J. Hepatol. 2015, 62, S445–S446. [CrossRef]

112. Zhang, C.; Lin, J.; Ni, X.; Li, H.; Zheng, L.; Zhao, Z.; Qi, X.; Huo, H.; Lou, X.; Fan, Q.; et al. Prognostic Value of Serum
Osteoprotegerin Level in Patients With Hepatocellular Carcinoma Following Surgical Resection. Front. Oncol. 2021, 11, 731989.
[CrossRef]

113. Gao, Y.-B.; Xiang, Z.-L.; Zhou, L.-Y.; Wu, Z.-F.; Fan, J.; Zeng, H.-Y.; Zeng, Z.-C. Enhanced Production of CTGF and IL-11 from
Highly Metastatic Hepatoma Cells under Hypoxic Conditions: An Implication of Hepatocellular Carcinoma Metastasis to Bone.
J. Cancer Res. Clin. Oncol. 2013, 139, 669–679. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/jcmm.17228
https://www.ncbi.nlm.nih.gov/pubmed/35229974
https://doi.org/10.1016/S0168-8278(15)30573-0
https://doi.org/10.3389/fonc.2021.731989
https://doi.org/10.1007/s00432-012-1370-4

	Introduction 
	Data Sources and Searches 
	RANK–RANKL–OPG Axis in Bone 
	Receptor Activator of NF-B (RANK) and Receptor Activator of NF-B Ligand (RANKL) 
	Osteoprotegerin (OPG) 

	RROa Studies in Murine Models 
	RROa in MASLD 
	Insulin Resistance 
	Macrophage Infiltration 
	Hepatic Fibrosis 
	Role of TNF-Related Apoptosis-Inducing Ligand (TRAIL) 

	Targeting RROa with Medications: Denosumab 
	Anti-Osteoporotic Drugs for MASLD Treatment 
	RROa in Hepatocellular Carcinoma (HCC) 
	Conclusions 
	References

