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Abstract

Inflammatory bowel disease (IBD) is a chronic inflammatory disorder of the gastrointestinal
tract characterized in many patients by extraintestinal manifestations. One of the most common
comorbidities seen in IBD patientsisa significant reduction in their bone mass. The pathogenesis
of IBD is mainly attributed to the disrupted immune responses in the gastrointestinal
mucosa and putative disruptions in the gut microbiomes. The excessive inflammation of the
gastrointestinal tract activates different systems, such as the RANKL/RANK/OPG and the Wnt
pathways linked with bone alterations in IBD patients, thereby suggesting a multifactorial
etiology. The mechanism responsible for the reduced bone mineral density in IBD patients
is thought to be multifactorial, and, so far, the principal pathophysiological pathway has
not been well established. However, in recent years, many investigations have increased
our understanding of the effect of gut inflammation on the systemic immune response and
bone metabolism. Here, we review the main signaling pathways associated with altered bone
metabolism in IBD.
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Introduction

Inflammatory bowel disease (IBD) is a chronic
inflammatory disorder of the gastrointestinal tract. It
encompasses 2 conditions, Crohn’s disease (CD) and ulcerative
colitis (UC), that can deteriorate the quality of life and lead to
life-threatening complications [1]. Recent epidemiological data
highlight the differences in the epidemiology of IBD. Although
it was considered a disease of the West, accumulating data from
the East reveals that the incidence of IBD has risen [2]. IBD
has been associated with osteoporosis and bone loss and IBD
patients usually display low bone mineral density (BMD) [3].
Although our understanding of the exact mechanisms
associated with bone loss remains unclear [4], it has been
established that excessive inflammation in IBD reduces
BMD and progressively increases the risk for osteopenia and
osteoporosis [3]. More specifically, osteopenia was found
in 22-55% of CD patients and 32-67% of UC patients, and
osteoporosis in 3-6% and 4-50%, respectively [5]. Studies have
shown that the risk of a spontaneous fracture in IBD patients
is 40% higher than in the general population [6]. Various
risk factors have been associated with the reduction in BMD
of IBD patients, including age >65 years [7,8], menopause,
smoking, poor diet, lack of physical activity, glucocorticoid
use, as well as vitamin D deficiency [9]. Vitamin D deficiency
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can cause insufficient calcium absorption and secondary
hyperparathyroidism, a condition that stimulates osteoclastic
activity and eventually results in a substantial increase in
osteoporosis [10].

Bone homeostasis may also be affected by the gut
microbiome, known to play an essential role in the regulation
of the host’s health and physiology. Research data indicate that
gut microbiota influence the immune and endocrine systems
and the gut-brain axis [11], and may be associated with the
pathogenesis of osteoporosis by inducing the production
of circulating cytokines, such as interleukin (IL)-17, tumor
necrosis factor (TNF)-c, and receptor activator of nuclear factor
(NF)-xB ligand (RANKL) [12]. In IBD patients in particular, a
reduction in microbiome diversity has been reported to involve
anincrease in the abundance of Bacteroidetes and Proteobacteria
and a decrease in Firmicutes compared to control individuals.
How dysbiosis affects the multiple biological systems involved
in IBD development, including bone homeostasis, has not been
sufficiently determined [13].

In addition, the signaling networks involved in bone loss
in IBD patients are under investigation. Therefore, this review
aims to provide an overview of the interaction between IBD
and metabolic bone alterations through the regulation of
the osteoprotegerin receptor (OPG)/RANKL ratio and the
proteins dickkopf-1 (DKK-1), sclerostin (SOST), and periostin
(POSTN), which regulate the Wnt signaling pathway in
osteocytes.

Inflammation and immune response

Researchers have not yet succeeded in completely decoding
the main mechanisms responsible for the reduced BMD in IBD
patients. Most data on the potential mechanistic link between
IBD and how it affects bone metabolism are derived from
rodent studies. In 2016 a study examined the influence of IBD
on osteocyte proteins using 2,4,6-trinitrobenzenesulfonic acid
(TNBS) enema to induce gut inflammation. Four weeks later
immunohistochemical analysis of the distal femur revealed
that %TNF-o+, %IL-6+, %RANKL+, and %OPG+ osteocytes
were increased in the cancellous bone of the experimental
group. These observations were also accompanied by a lower
bone formation rate and a lower bone volume of the proximal
tibia and fourth lumbar vertebra, a lower osteoid surface and
a higher osteoclast surface. The inflammatory state of the
experimental model potentially affected bone resorption and
bone formation by modifying the regulatory protein profile in
the osteocytes, thus resulting in IBD-induced bone loss [14]. In
2019 the same authors examined the therapeutic potential of
irisin as an anti-inflammatory treatment in a mild IBD rodent
model. IBD (colitis) was induced via dextran sodium sulfate
(DSS). The authors verified their previous findings: specifically,
DSS animals had elevated levels of TNF-a, IL-6, RANKL, and
OPG, with lower BMD and cancellous bone volume [15].
Using the TNBS rodent model of IBD, another study proposed
that damage in the gut triggers the systemic immunologic
changes seen in IBD, potentially linked through the lymphatic
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system: specifically, the lymphatic hyperproliferation and the
altered bone turnover induced by TNF-o/RANKL-driven
pathology [16].

The immune response in IBD is dysregulated and is
characterized not only by the increased presence of B-cells
and antibody production, together with excessive activation
of effector T cells, but also by increased production
of proinflammatory factors that stimulate osteoclast
formation [6,9,17]. The RANKL/OPG ratio can be increased
during inflammatory conditions possibly caused by the
elevated levels of cytokines (Fig. 1). For example, cytokines
such as TNF-o and IL-1 promote inflammation and bone
resorption [18]. Anti-TNF-ou therapy has been shown to
decrease OPG, a member of the TNF-o. receptor family, in IBD
patients and potentially improve markers of bone metabolism
such as procollagen type I N-terminal propeptide, osteocalcin,
and alkaline phosphatase [15,19-22]. Early studies showed
that IL-6 plays a well-established role in the pathology of
osteoporosis, as well as in other diseases such as rheumatoid
arthritis [23]. Genetic differences in IL-6 and IL-1 receptor
antagonist genes were also associated with the clinical course
of IBD and the extent of bone loss [24].

It is well documented that IBD patients present elevated
levels of proinflammatory cytokines such as IL-6, TNF-a,
and IL-1f [26]. These proinflammatory cytokines may affect
bone metabolism by inducing RANKL expression. RANKL
is expressed on the surface of osteoclasts and binds either to

Osteoblast

PTH " Estrogens
Vitamin D3 TGF-B
IL-1, IL-11, IL-17

IL-4
TNF-a

PGE2

A
e i ¢c©
‘V‘\\@

A/ \\ )
Differentiation

Activation
Apoptosis inhibition

Osteoclast
precursor

Mature

osteoclast

© mcsF @ RANKL C OPG J RANK

Figure 1 The RANK-RANKL-OPG system in bone remodeling.
Factors secreted by the inflamed mucosa, such as IL-1, IL-6 and
TNF-0, stimulate the expression of RANKL, thereby inducing
osteoclast formation indirectly [25]

PTH, parathormone; IL, interleukin; TNE tumor necrosis factor; PGE2,
prostaglandin E2; TGE, transforming growth factor; M-CSFE, macrophage
colony stimulating factor; OPG, osteoprotegerin; RANK, receptor
activator of nuclear factor (NF)-kB; RANKL, receptor activator of NF-
KB ligand




an osteoclast precursor expressing the RANKL receptor, or to
RANK (receptor activator of NF-kB) receptors, or the OPG
receptor. If RANKL binds to the RANK receptors, then the
osteoclasts differentiate and mature, resulting in increased
bone loss. OPG inhibits this interaction by binding to RANKL,
thus protecting the skeleton from excessive bone resorption.
The RANK-RANKL-OPG system seems to be the most
common pathway by which various molecules regulate bone
homeostasis (Fig. 2).

Alow OPG/RANKL ratio could be responsible for bone loss
in patients with IBD. Early studies showed that the RANKL/
OPG ratio is related to bone mass and IBD treatment [27].
A study of 180 patients with an established diagnosis of
IBD (111 CD and 69 UC) examined the activation of the
RANKL/OPG pathway and how it affects BMD. A control
group of healthy individuals matched for age and sex was also
included in the study. An analysis of OPG and soluble RANKL
(SRANKL) levels was performed in plasma (112 patients
and 45 healthy controls) and supernatant of colonic explant
cultures (CEC) (68 patients, 28 with UC and 40 with CD).
OPG plasma levels were significantly higher in IBD patients
(especially CD patients). On the other hand, SRANKL plasma
levels (free unbound and not complexed with OPG) were
similar among control and IBD patients. OPG plasma levels
were negatively correlated with the femoral neck (r=0.408)
and lumbar spine BMD (r=0.376), with osteoporotic patients
exhibiting significantly higher OPG and significantly lower
SRANKL plasma levels than patients with osteopenia or
with normal BMD. CEC analysis showed that the intestine
was a potential source of OPG in CD and UC patients (with
increases of 3.4-fold and 3.8-fold, respectively). IBD patients
treated with corticosteroids, or combined azathioprine and
corticosteroids, presented significantly lower sSRANKL levels
compared with patients who received no specific treatment.
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This study demonstrated that the alterations in RANKL/OPG
are associated with IBD. Moreover, the authors suggested that
their observations (OPG and sRANKL regulation), together
with those from murine models of IBD and bone loss, indicate
that RANKL/OPG may play a part in the bone loss seen in IBD
patients [28]. However, in another study, IBD patients (37 CD
patients and 37 UC patients) had lower OPG serum levels than
healthy volunteers (n=37) [29,30]. Soluble RANKL levels were
not significantly different between IBD patients and the control
group. However, IL-6 levels were 4.8-fold and 2.5-fold higher
in CD and UC patients, respectively, and IL-6 was assumed to
exert a pivotal role in modulating BMD, potentially through
the OPG/sRANKL system. Thus, patients with CD were at
higher risk of developing a condition with lower bone density
(osteopenia and osteoporosis). In the former study [28], the
mean disease duration was 3.12 and 4.69 years for CD and UC,
respectively, whereas in the latter studies [29,30] the respective
durations were 8.03 and 8.05 years. Thus, the initial increase
in OPG levels may be a potential mechanism for controlling
homeostasis, which aims to inhibit RANKL or TNF-a-induced
osteoclastogenesis and maintain normal bone density.

Wnt signaling pathway

Theidentification of the role of the Wnt signaling pathway
(wingless-type) in the regulation of osteoblast function
highlighted its crucial contribution to the regulation of
bone mass [31]. Although its exact mechanism of action
remains unclear, the B-catenin signaling pathway interacts
with bone morphogenic protein 2 to induce bone mass
formation [32]. The Wnt signaling pathway is a signaling
system found in different types of cells, where it regulates
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various biological functions (such as tissue regeneration,
cell differentiation, bone remodeling, etc.) and it is a
combination of 3 pathways: the canonical Wnt; the plane cell
polar; and the Wnt-Ca(2+) signal transduction pathways.
The regulatory role of the Wnt/B-catenin pathway in the
immune response has been highlighted in recent years,
especially in autoimmune diseases and immune-related
inflammations [33]. Regarding IBD, the Wnt/p-catenin
pathway was found to exert anti-inflammatory effects and
its role is now under investigation [33]. In the canonical
Wnt-pathway, -catenin is activated through the binding
of extracellular Wnt ligands to the frizzled and lipoprotein
receptor-related protein (LRP) 5/6 coreceptors at the cell
surface [34]. In this way, the Wnt pathway controls the
production of the P-catenin transcription factor. On the
other hand, non-canonical Wnt signaling is independent of
[-catenin transcriptional function and is triggered by Wnt
or frizzled signaling [34]. The absence of Wnt ligands leads
to the degradation of cytoplasmic f-catenin through the
ubiquitin-proteasome system. In the presence of Wnt-ligand,
intracellular B-catenin accumulates in cells and translocates
to the cell nucleus, where it binds to transcription factors
that modulate genes related to bone formation [34] (Fig. 3).

The Wnt signaling pathway is regulated by a variety of factors
including secreted frizzled-related proteins, Cerberus, Wnt
inhibitory factor-1, and DKK-1 [36]. Tissue analysis of normal
colonic and small intestinal mucosal samples from CD and UC
patients revealed that the expression of several of the above-
mentioned Wnt signaling pathway components is altered [37].
Some of them are upregulated while others are downregulated.

Wnt signaling has an essential role in maintaining Paneth
cell differentiation [38], and impaired Wnt signaling (T cell
factor [TCF]-4 and LRP6 dysfunction) has been shown to
decrease Paneth cell-produced a-defensins [39]. Moreover,
the increased number of M2 macrophages commonly found in
the mucosa of UC patients was related to the activation of Wnt
signaling [40]. Recently animal studies showed that the Wnt5a-
Ror?2 axis promotes interferon-y signaling, leading to enhanced
IL-12 expression [41].

The interactions of the proteins DKK-1, SOST, and POSTN
with the Wnt signaling pathway in IBD are described briefly in
the following paragraphs.

DKK-1

DKK-1, a member of the Dickkopf family, is a protein
that consists of 2 cysteine-rich domains as well as a signal
sequence. DKK-1 is an endogenous inhibitor of the Wnt/p-
catenin pathway, competing with Wnt ligands for LRP5/6
receptors [42,43]. High circulating levels of DKK-1 can
affect bone metabolism, as animal studies have shown that
inhibition of DKK-1 by monoclonal antibodies stimulates
bone formation [44]. DKK-1 regulates bone metabolism via
the Wnt signaling pathway and increases gene expression of
vascular endothelial growth factor, Runt-related transcription
factor 2, and several other genes associated with cell growth
and osteogenesis [45]. A role for DKK-1 in the etiology
and progression of various autoimmune diseases (such as
osteoarthritis, ankylosing spondylitis (AS), and rheumatoid
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Figure 3 Wnt signaling in bone formation. The lower half of the figure depicts the canonical pathway and the upper half the Wnt/Ca?* pathway [35]
IL, interleukin; TNE, tumor necrosis factor; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor-kB ligand; Dkk-1, dickkopf-1;
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arthritis) has also been proposed [46]. Previous studies
suggested that glucocorticoids could increase DKK-1
expression by inhibiting the [3-catenin pathway [47].

A recent study among 21 pediatric patients diagnosed
with CD found that these patients have higher DKK-1 serum
levels than healthy control subjects (n=142). DKK-1 levels in
CD patients were also correlated with levels of erythrocyte
sedimentation rate, C-reactive protein, and albumin. Moreover,
mRNA colonic mucosa expression of DKK-1 was elevated
in these patients, whereas [B-catenin was decreased [48]. The
authors concluded that DKK-1 could play a significant role in
the pathogenesis of CD, and that high levels of serum DKK-1
can be utilized as a marker of inflammation.

SOST

SOST, a glycoprotein almost exclusively produced by
osteocytes, is integral in the maintenance of normal bone
mass and strength. Once secreted, it binds to the low-density
LRP5/6 Wnt-coreceptors of the bone lining cells (inactive
osteoblasts) and inhibits the Wnt/p-catenin signaling
pathway [49,50], resulting in reduced osteoblastogenesis and
bone formation. Through this mechanism, SOST regulates
OPG in a dose-dependent manner, causing the RANK/mRNA
ratio to increase, and exerting a catabolic action by promoting
osteoclast formation and osteocyte activity [51]. Recent
studies in IBD rodent models have shown elevated osteocyte
levels of SOST in 3 distinct bone compartments (cancellous
bone, metaphyseal cortical bone and cortical shaft) of animals
with IBD [14,15]. On the other hand, low levels of SOST are
associated with activation of the Wnt/B-catenin signaling
pathway and hence enhancement of osteoblast activity [52].
Sclerostin production is also induced by TNF-a, released by
activated T lymphocytes seen in inflammatory conditions
such as IBD [53].

In a recent prospective cohort of patients with IBD screened
for the presence of articular symptoms, lower levels of serum
SOST were strongly correlated with the presence of IBD-
associated spondyloarthritis (SpA/IBD). These patients also
exhibited higher serum levels of anti-SOST immunoglobulin
G (IgG), considered a putative marker of disease activity.
The decreased levels of SOST serum levels, probably driven
by the presence and concentration of the anti-SOST IgG,
could lead to the development of axial joint inflammation.
Thus, the early detection of anti-SOST-IgG might indicate
the risk for axial SpA [54]. In SpA-IBD patients, SOST and
anti-SOST-IgG serum levels were significantly correlated
with lipopolysaccharide and soluble CD14 serum levels [55].
These 2 biomarkers are indicators of microbial translocation
and innate immunity activation, respectively. These findings
support a potential connection between dysbiosis and epithelial
intestinal impairment with SOST levels in such patients [55].
Previous experiments in a murine model of IBD have shown
that treatment with SOST antibody could prevent or restore
bone loss and increase osteocalcin levels, considered a marker
of bone formation [56].
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POSTN

POSTN, a protein encoded by the Postn gene, interacts
with several cell surface integrin molecules [57]. It was
recently shown that POSTN interacts with integrin-ov and
promotes allergic inflammation through the activation of
NEF-xB signaling in keratinocytes [58]. Recently it was shown
in a rabbit model that POSTN interacts with the Wnt/p3-
catenin pathway to promote osteogenesis of xenotransplanted
mesenchymal stem cells in response to cytotoxic T lymphocyte
antigen 4, a molecule that regulates T-cell anergy and apoptosis
but also increases immune tolerance [59].

Therole of POSTN in AS and its relationship with biomarkers
of the Wnt signaling pathway has also been studied. One study
included 98 consecutive AS patients and 49 healthy controls.
It was found that serum POSTN and DKK-1 levels in AS
patients were significantly lower than in healthy controls, and
especially in patients with active disease. Interestingly, serum
POSTN levels could be independently predicted from DKK-1
and IL-8 levels, indicating that POSTN might play a role in new
bone formation through the Wnt signaling pathway [60]. The
downregulation of POSTN in AS patients with highly active
disease and its potential contribution to disease pathogenesis
through an interaction with the Wnt signaling pathway was
also verified in a later study with an almost identical study
population size (97 consecutive AS patients and 48 healthy
controls) [61].

The relationship of POSTN with IBD was also investigated
in a recent study of 144 pediatric patients. There were no
significant differences in plasma POSTN levels between
pediatric patients with CD or UC and control subjects; however,
the authors reported that POSTN levels were significantly
elevated during remission compared to active CD [62].
Patients with UC exhibit higher expression of POSTN in the
lamina propria [63]. Moreover, POSTN could be considered a
potential target for IBD treatment, given the ability of POSTN
to mediate intestinal inflammation through the activation
of NF-kB [64]. It seems that POSTN might have a role in
inflammation and mucosal repair; nonetheless, more studies
are required to understand POSTN’s role in the inflammatory
process in IBD [62].

Dysbiosis-associated inflammation and bone
metabolism

Dysbiosis has been implicated in the pathophysiology of
many inflammatory diseases [65-67], such as several rheumatic
diseases, rheumatoid arthritis, systemic lupus erythematosus,
fibromyalgia, systemic sclerosis, AS, and Sjogren’s syndrome,
and IBD [65]. Biological mechanisms linking gut dysbiosis to
systemic inflammation have been postulated. In particular, the
connection between the gut microbiome and bone health in
IBD is not yet fully understood. Some researchers suggest that
the NOD1 and NOD2 signaling pathways might be responsible
for the effects of the gut microbiota on bone metabolism [68].
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The bone function could be affected by activated immune
cells released from the gut, or by metabolites produced by
specific species of intestinal microbes. Ongoing research is
focused on determining the impact of specific cytokines and
changes in the microbiome on bone metabolism during IBD,
and specifically on the impact of dysbiosis and the IL-12/23
signaling axis on IBD-associated bone loss; however, hard data
are still lacking [69].

Dysbiosis-related osteoporosis studied in animal models
of postmenopausal osteoporosis (mice with ovariectomy
[OVX]) [12] has shown that probiotic treatment with
Lactobacillus spp. prevents OVX-induced bone loss initiated by
the increase of inflammatory markers such as IL-17a, TNF and
RANKL [70], or reduces TNF-ot and IL-1f levels and increases
OPG in the mouse cortical bone [71]. Studies in germ-free mice
also revealed that alterations in gut microbiota are correlated
with bone mass metabolism [70,72] potentially through the
production of pro-inflammatory and pro-osteoclastogenic
cytokines and the enhanced production of TNF-o. from
T cells [73]. Recent placebo-controlled trials of probiotic
supplementation in early postmenopausal women [74-76] and
women with low bone density [77] also confirm the findings

Table 1 Main outcomes of the human studies included in the review

in animal studies. However, data on dysbiosis and IBD-related
osteoporosis is currently scarce.

Concluding remarks

IBD has been associated with altered bone metabolism.
However, the signaling pathways originating from the gut,
which alter the systemic immune response and generate
signals that in turn affect bone metabolism, are not yet fully
understood. Data from IBD-related bone loss studies are
scarce. In particular, there is a lack of clinical studies with a
substantial sample size investigating several potential markers
and signaling pathways suspected of affecting bone metabolism
in patients with IBD (Table 1). There are studies in rodent
models that provide us with useful data to explore in IBD
patients (Table 2). These studies pinpoint the changes in specific
markers, such as DKK-1 and sclerostin as, well as the Wnt-
catenin pathway. Therefore, controlled studies in IBD patients,
including patients with new-onset IBD not receiving treatment
(to exclude any confounding effects from therapy) and patients

Pathway/ Type Outcome Ref.
molecule
OPG/RANKL
IBD patients (n=180, 111 CD and 69 UC) 1 OPG plasma levels (especially in CD patients). [25]
Mean disease duration: 3.12 and 4.69 years for ~ Soluble RANKL (sRANKL) plasma levels among control
CD and UC and IBD patients.
CEC analysis: intestine was a potential source of OPG in CD
and UC patients (with an increase of 3.4-fold and 3.8-fold,
respectively).
IBD patients (n=74, 37 CD and 37 UC ~ sRANKL between IBD patients and the control group. [26,27]
patients) IL-6 levels were 4.8-fold and 2.5-fold higher in CD and UC
Mean disease duration: 8.03 and 8.05 years patients.
Dickkopf-1 (DKK-1)
Pediatric patients with CD (n=21) 1 DKK-1 serum levels than healthy control subjects [46]
1 DKK-1 mRNA colonic mucosa expression
| b-catenin
Sclerostin (SOST)
Patients with IBD | serum SOST were strongly correlated with the presence of [52]
IBD-associated spondyloarthritis (SpA/IBD)
SpA-IBD patients SOST and anti-SOST-IgG serum levels were significantly [53]
correlated with innate immunity activation
Periostin (POSTN)
98 consecutive AS patients and 49 healthy | Serum POSTN and DKK-1 levels in AS patients especially [58]
controls in patients with active disease
97 consecutive AS patients and 49 healthy | POSTN in AS patients with highly active disease [59]
controls
144 pediatric patients No significant differences in plasma POSTN levels between [60]

pediatric patients with CD or UC and control subjects
1 POSTN levels during remission compared to active CD

AS, ankylosing spondylitis; CD, Crohn’s disease; CEC, colonic explant cultures; IBD, inflammatory bowel disease; OPG/RANKL, osteoprotegerin/receptor activator

for nuclear factor kB; SpA, spondyloarthritis; UC, ulcerative colitis
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Table 2 Main outcomes of the animal studies included in the review
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Pathway/ Type Outcome Ref.
molecule
OPG/RANKL
Rodents — TNBS- enema to induce | bone formation rate [11]
gut inflammation (IBD) | bone volume of the proximal tibia and fourth lumbar vertebra,
| osteoid surface
tosteoclast surface
Rodents — IBD (colitis) induced 1 TNF-a, IL-6, RANKL and OPG [12]
via DSS | BMD and cancellous bone volume
Rodents — TNBS- enema to induce systemic immunologic changes seen in IBD, potentially linked through [13]
gut inflammation (IBD) the lymphatic system, specifically lymphatic hyperproliferation and
altered bone turnover
Sclerostin (SOST)
Animals with IBD 1 osteocyte levels of SOST in 3 distinct bone compartments (cancellous [11,12]
bone, metaphyseal cortical bone and cortical shaft)
Murine model of IBD Prevent or restore bone loss and increase osteocalcin levels [54]
Periostin (POSTN)
Rabbit model Promote osteogenesis of xenotransplanted MSCs [57]

BMD, bone mineral density; DSS, dextran sodium sulfate; IBD, inflammatory bowel disease; MSCs, mesenchymal stem cells; OPG/RANKL, osteoprotegerin/

receptor activator for nuclear factor-kB; TNBS, 2,4,6-trinitrobenzenesulfonic acid

with diagnosed IBD under treatment, are necessary to establish
the signaling pathways and the potential time frames to initiate
targeted treatment aimed at specific molecules.
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