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Abstract

Purpose of Review An elevated level of pro-inflammatory cytokines in inflammatory conditions causes bone loss and disrupts
vital organ function. Osteocytes comprise > 95% of the cellular component in bone tissue, produce a range of cytokines and
signaling molecules, and influence bone and other organ function. In this review, we hypothesized that an elevated level of pro-
inflammatory cytokines in inflammatory conditions affects osteocyte survival and function thereby possibly amplifying inflam-
mation, and causing bone loss and non-bone clinical complications.

Recent Findings Several studies have reported that the elevated level of pro-inflammatory cytokines in inflammatory conditions
alters osteocyte mechanosensitivity, causes osteocyte apoptosis, and modulates osteocyte-derived production of various inflam-
matory cytokines and signaling molecules. Cytokines and signaling molecules released from osteocytes affect surrounding bone
cells and distant organ function in a paracrine and endocrine fashion.

Summary Inflammatory diseases including diabetes, chronic kidney disease, rheumatoid arthritis, and periodontitis affect oste-
ocyte survival and function, and upregulate osteocyte-derived expression of sclerostin, RANKL, TNF«, FGF23, DKK1, and
other signaling molecules.

Keywords Pro-inflammatory cytokines - Osteocytes - Inflammatory diseases - Endocrine function - Bone homeostasis, non-bone

clinical complications

Introduction

Bone comprises around 15% of the total body weight, and
osteocytes are the most prevalent cells in bone. The human
body contains around 42 billion osteocytes with an average
half life of 25 years [1]. The osteocyte is a highly
mechanosensitive cell that translates mechanical stimuli to
cellular signaling, regulates the activity of bone forming oste-
oblasts and bone resorbing osteoclasts, and maintains bone
homeostasis [2, 3+¢]. Moreover, osteocytes regulate phosphate
and calcium homeostasis, as well as work as endocrine cells
targeting the kidney [4], lymphoid organ [5], heart [6¢¢], and
cancer [7¢¢]. For this diverse function, osteocyte produces
numerous cytokines and signaling molecules including
sclerostin, receptor activator of nuclear factor kappa-B ligand
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(RANKL), osteoprotegerin (OPG), tumor necrosis factor-oc
(TNFw), interleukin (IL)-1f3, 1L-6, FGF23, DKK1, MEPE,
PHEX, prostaglandins, nitric oxide, ATPs, and IGF-1
[8—11]. These cytokines and signaling molecules affect oste-
ocytes, other bone cells and immune cells in bone niche, and
distant organ function in autocrine, paracrine, and endocrine
fashion. Sclerostin and DKK1 inhibit Wnt signaling, osteo-
blast activity, and bone formation [3e¢, 10<¢]. Osteocyte-
derived RANKL enhances osteoclastogenesis, osteoclast ac-
tivity, and bone resorption [3¢]. Both local and systemic in-
flammation have been reported to affect osteocyte survival
and activity. Inflammation occurs during a variety of patho-
logical conditions such as rheumatoid arthritis [10e], peri-
odontitis [12], inflammatory bowel disease [6°¢], kidney dis-
ease [13], chronic skin inflammation [14], bacterial infection
[15¢¢], cancer [16], obesity [17], diabetes [18, 19], injury [20],
and other systemic inflammatory diseases. Inflammation-
upregulated pro-inflammatory cytokines in the bone niche
can easily enter the blood circulation, reach to distant organs,
and cause systemic effects. Although a physiological level of
pro-inflammatory cytokines is crucial for osteocyte function,
an elevated level of pro-inflammatory cytokines modulates
osteocyte survival, osteocyte-derived secretion of cytokines,
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and signaling molecules resulting in bone- and non-bone-
related clinical complications. The osteocyte itself is a source
of multiple pro-inflammatory cytokines such as TNFe, IL-6,
IL-8, and IL-1[3 [10e¢]. An individual pro-inflammatory cyto-
kine has the potential to upregulate osteocyte-derived cyto-
kine production. Furthermore, a combination of multiple
pro-inflammatory cytokines could synergistically elevate
osteocyte-derived cytokine release [10ee]. Under the influence
of inflammation, osteocytes release pro-inflammatory cyto-
kines, which modulate the function of bone cells in an auto-
crine and paracrine fashion. The osteocyte not only acts as a
bone cell or an endocrine cell but also could amplify inflam-
mation. Therefore, the osteocyte could be a potential therapeu-
tic target to treat inflammation-related bone loss and other
clinical complications.

In this review, we consider the osteocyte as a key player of
inflammation-induced bone loss and non-bone clinical com-
plications. We summarize the recent understanding of the ef-
fect of pro-inflammatory cytokines on osteocyte survival and
function and osteocyte-mediated amplification of local and
systemic inflammation during various inflammatory condi-
tions. We further discuss the possible molecular mechanism
of the osteocyte-mediated effects of pro-inflammatory cyto-
kines on bone and non-bone clinical complications.

Inflammatory Diseases and Osteocytes
Obesity

Obesity, a multifactorial physical abnormality, is potentially
preceding several clinical complications such as diabetes, hy-
pertension, heart disease, metabolic syndrome, osteoarthritis,
and osteoporosis [21]. Obesity causes chronic inflammation
via upregulation of pro-inflammatory cytokines, such as
TNF«, IL-1$3, IL-6, RANKL, PTH, MCSF, and MCP]I,
which further activate the inflammatory cascade and affect
various organ functions [17, 21-23]. Moreover, in obesity
there is decreased bone formation and increased bone resorp-
tion via TNFx-induced upregulation of osteocyte-derived
sclerostin and RANKL [23]. Pro-inflammatory cytokines in-
hibit osteoblast differentiation but enhance osteoclast forma-
tion and activity [21]. Recently, we reported that exogenous
pro-inflammatory cytokine treatment upregulates TNFe, 1L-
183, and IL-6 expression in human osteocytes [10+¢]. TNFox
treatment in MLO-Y4 osteocytes upregulates sclerostin ex-
pression, and inhibition of NF-k{3 signaling reversed this ef-
fect [23]. However, the effect of various obesity-induced in-
flammatory cytokines on osteocyte function has not been in-
vestigated yet [21]. Physical exercise causes mechanical stim-
ulation of bone and muscle cells thereby improving muscle
and bone quality. Whole body vibration on an obese child
shows no effect on obesity but significantly reduces the serum
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sclerostin level [24¢]. Multiple dietary components and exer-
cise regimes have a synergistic anabolic effect on osteocyte
function in both obese and non-obese conditions [25¢]. The
efficacy of a variety of dietary components or/and exercises on
maintaining the physiological level of pro-inflammatory cyto-
kines in obese patients is still an important subject to investi-
gate. Future studies are necessary to thoroughly investigate
the role of obesity-induced inflammation on osteocyte func-
tion and osteocyte-mediated signaling towards bone and other
distant organs.

Periodontitis

Periodontitis is an inflammatory disease of periodontal tissue
associated with other systemic inflammatory diseases, includ-
ing rheumatoid arthritis, osteoporosis, and diabetes [12].
Periodontitis alone or in combination with other systemic dis-
ease causes alveolar and systemic bone loss. Similar to other
inflammatory diseases, the effect of elevated levels of pro-
inflammatory cytokines on osteocyte, osteoblast, and osteo-
clast function plays an important role in periodontitis-induced
bone loss [26]. Osteocytes play a key role in development of
periodontitis and periodontitis-induced alveolar bone loss
[27¢]. Periodontitis upregulates pro-inflammatory cytokine
expression in alveolar osteocytes. Bone loss in diabetic rat
with periodontitis correlates with elevated osteocyte-derived
sclerostin, RANKL, TNFx, and IL-1(3 expression levels
[27¢, 28+, 29]. Yang et al. reported that sclerostin knockout
rescues periodontitis-induced severe alveolar bone loss in
mice [30]. Periodontitis-induced sclerostin elevates RANKL/
OPG ratio and ERK1/2-MAPK in alveolar bone [30].
Periodontitis induces NF-kf3 activation specifically in osteo-
blasts and osteocytes but not in gingival cells. Activated
NF-kf3 signaling enhances osteoclast activity and bone loss
[31]. Inhibiting NF-kf3 activation in osteoblast lineage cells
reduces periodontal infection-induced RANKL expression,
osteoclast numbers, and bone loss [31]. Mice with periodon-
titis and diabetes show higher alveolar bone loss, osteocyte-
derived RANKL expression, osteoclast number, and osteo-
clast activity [27¢¢]. The TNF« antagonist infliximab reduces
sclerostin and RANKL expression in osteocytes, as well as
prevents the alveolar bone loss in diabetic rats with periodon-
titis [28e¢]. In periodontitis, pro-inflammatory cytokine-in-
duced upregulation of osteocyte-derived sclerostin, RANKL,
and NF-kf3 signaling causes periodontitis-induced bone loss.
Most of the above-mentioned findings from the literature re-
garding periodontitis, inflammation, and osteocytes are ob-
tained in an in vivo murine model. Clinical patient data are
crucial to validate these findings. Therefore, future pre-clinical
and clinical studies targeting alveolar osteocytes in periodon-
titis are essential to prevent alveolar bone loss and osteocyte-
mediated amplification of inflammation.
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Bacterial Infection

Both acute and chronic bacterial infections alter osteocyte
function. Periprosthetic joint infection-induced osteomye-
litis is difficult to treat and causes implant failure.
Staphylococcus aureus, the most common pathogen in
the periprosthetic joint, hides safely inside osteocytes
and directly takes part in cellular and molecular activities
[32+, 33]. The typical structure of osteocyte canaliculi
provides a hiding place for Staphylococcus aureus, caus-
ing difficulties on osteomyelitis treatment [33]. Moreover,
Staphylococcus aureus infection has been reported to up-
regulate osteocyte-derived expression of chemokines
CCL5, CXCL9, CXCL10, and CXCLI11 [33]. Brucella
abortus, another common pathogen causing osteomyelitis,
upregulates the expression of pro-inflammatory mediators
including matrix metalloproteinase 2 (MMP-2), RANKL,
TNF«, IL-6, and keratinocyte chemoattractant (KC) in
osteocytes [15¢¢]. Conditioned medium from Brucella
abortus-infected osteocytes induces osteoclastogenesis
via osteocyte-derived TNFa and RANKL upregulation.
Brucella abortus-induced inflammation inhibits the ex-
pression of connexin 43 (Cx43) [15¢¢], a protein needed
for osteocyte survival, cell to cell communication, and
normal structure and mechanical integrity of bone [15¢e,
34]. Moreover, conditioned medium from Brucella
abortus-infected macrophages significantly reduces the
osteocyte-derived expression of Cx43 and integrins, and
induces osteocyte apoptosis [15¢¢]. Deficiency of Cx43
increases the RANK/OPG ratio in osteocytes, bone re-
sorption, osteoclast numbers, and osteocytes apoptosis
[35-37]. Heat-killed Brucella abortus or exogenous IL-
1 upregulates osseous FGF23 expression in mice [13].
Bacterial lipopolysaccharide (LPS), a major cause of in-
flammation during bacterial infection, is known to signif-
icantly increase the production of multiple pro-
inflammatory cytokines such as IL-1f3, TNF«x, and IL-6
[38]. The pro-inflammatory cytokine IL-6 enhances
osteocyte-mediated osteoclastogenesis via upregulation
of RANKL and JAK2 activity in osteocytes [39].
Bacterial LPS-induced production of multiple inflamma-
tory cytokines could disrupt bone homeostasis in an auto-
crine and paracrine fashion and further amplify the sys-
temic inflammation. These literature reports show that the
osteocyte produces pro-inflammatory cytokines,
chemokines, and signaling molecules in response to bac-
terial infection, thereby disturbing bone cell function and
bone homeostasis around the infected area. Moreover, the
osteocyte acts as a hiding cave for bacteria causing diffi-
culties to eliminate bacterial infection by traditional anti-
microbial therapy. Development of novel therapeutic ap-
proaches targeting the osteocyte lacunae by, e.g.,
osteocyte-specific nanoparticles carrying a broad-

spectrum of antimicrobial agents, is highly recommended
to eliminate bacterial infection in osteomyelitis.

Diabetes and Aging

A high glucose level and advanced glycation end products
(AGEs) are mediators of inflammation in diabetic patients
and elderly people. High glucose and AGEs are associated
with disrupted function of bone cells and osteoporosis.
AGE:s activate ERK1/2, P38, and STAT3 signaling via upreg-
ulation of osteocyte-derived IL-6 and VEGF-A secretion [18],
and osteocytes apoptosis [18, 19]. A high glucose level and
AGEs upregulate sclerostin expression in MLO-Y4 osteo-
cytes [19]. A high glucose level increases the level of reactive
oxygen species, TNFx expression, and osteocyte apoptosis
[40]. Reactive oxygen species enhance sclerostin expression
in osteocytes via TNFx upregulation and cause osteocyte ap-
optosis [40]. Signals from apoptotic osteocytes induce nearby
osteocytes and macrophages to release growth factors and
pro-inflammatory cytokines such as VEGF, RANKL,
TNF«, IL-6, and IL-13 [41]. Diabetes aggravates
periodontitis-induced alveolar bone loss [42]. It not only di-
rectly affects osteocyte survival and function but also escalates
inflammation via the production of pro-inflammatory cyto-
kines in osteocytes. This indicates a clear role of osteocytes
in diabetes-induced bone loss and escalation of inflammation.
Aging in mice severely reduces osteocyte-derived Cx43 [37,
43]. Old mice (21 months) have 95% less osteocyte-derived
Cx43 compared to young mice (3.5 months) [37]. Decreased
Cx43 expression reduces miR21 and promotes osteocyte ap-
optosis. Deletion of Cx43 robustly increases the osteocyte-
derived expression ratio of RANKL/OPG and osteocyte-
mediated osteoclastogenesis [37]. Oxidative stress is the main
inducer of osteocyte apoptosis in diabetes and aging.
Interestingly, Cx43 protects osteocytes from oxidative stress-
induced cell death and its consequences in bone remodeling
[43]. Development of therapeutic approaches to upregulate
Cx43 expression in osteocytes could protect diabetes and/or
aging-induced related bone loss.

Cancer

Various cancers including breast and lung are highly metasta-
tic to the bone niche. Bone-metastasized cancer cells release
signaling molecules and cytokines such as IL-6, IL-8, MCSF,
MCP1, which could affect osteocyte function [44]. Primary
cancer induces systemic inflammation, and bone-metastasized
cancer amplifies local inflammation in the bone niche via
direct interaction with osteoblasts and osteocytes, and causes
osteolysis [7¢¢]. Moreover, the bone niche acts as a fertile land
to propagate metastasized cancer cells via interaction with
various immune cells and bone cells including osteocytes.
Conditioned medium (CM) collected from alendronate-
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treated osteocytes inhibits breast cancer cell migration without
affecting cancer cell viability [11]. Moreover, osteocyte-CM
from both 2D and 3D cultures enhances migration and prolif-
eration of MDA-MB231 breast cancer cells, and PC3 and
DU14S5 prostate cancer cells [16]. Mechanical loading of os-
teocyte reduces IL-6 expression in osteocytes and I[CAM ex-
pression on endothelial cells, which inhibits adhesion and
trans-endothelial migration of breast cancer cells via crosstalk
with osteoclasts and endothelial cells [45¢¢]. Mechanically
stimulated osteocytes inhibit breast cancer cell migration
in vitro not only through direct signaling, but also via signal-
ing from osteoclasts and endothelial cells [11, 45¢¢]. This anti-
metastatic potential of osteocyte-derived indirect signaling is
particularly exciting since osteocytes are far away from me-
tastasizing cancer cells. Therefore, the effect of different phys-
ical exercises on cancer bone metastasis could be an interest-
ing research direction. The interaction of physical forces be-
tween tumor cells and the bone microenvironment has been
reported to promote the growth of prostate cancer bone me-
tastasis partly via upregulation of CCL5 and metallopro-
teinases in osteocytes [46]. Breast cancer has the highest
rate of bone metastasis, but the role of the breast
cancer-mediated physical forces inside the bone micro-
environment in cancer bone metastasis is still unknown.
Multiple myeloma, a plasma cell malignancy, has the
highest incidence in bone among malignant diseases.
Multiple myeloma cells induce osteocyte apoptosis caus-
ing upregulation of osteocyte-derived sclerostin and
RANKL/OPG ratio [47]. Not only the cancer itself but
also the anticancer chemotherapy has adverse effects on
bone cell survival and activity. The combination of
doxorubicin and cyclophosphamide therapy reduces os-
teocyte and bone lining cell numbers, and upregulates
adipogenic factors and the expression of pro-
inflammatory cytokines IL-13 and TNF« in the bone
metaphysis and bone marrow [48¢¢]. Therefore, adjuvant
bone modifying therapy such as bisphosphonate along
with anticancer drugs is commonly prescribed to mini-
mize the catabolic effect of anticancer therapy on bone
[49]. Various strategies targeting cancer cells, osteo-
blasts, and osteoclasts have been developed to treat
bone-metastasized cancer [50-53]. However, only few
reports are available on therapeutic approaches targeting
osteocytes to prevent cancer bone metastasis and
metastasis-induces osteolysis. Recently, Qiao and col-
leagues reported a unique design of zoledronic acid-
loaded osteocyte targeting nanoparticles that attenuate
early breast cancer metastasis to bone by inhibiting
RANKL and SOST expression in osteocytes [7e].
Future studies on the role of osteocytes in cancer bone
metastasis, cancer cell-osteocyte interaction, and cancer-
induced osteocyte-mediated escalation of inflammation
in the bone niche could guide the development of novel
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therapeutic agents targeting osteocytes to treat cancer
bone metastasis and metastasis-induced osteolysis.

Chronic Kidney Disease

Sclerostin is mainly produced by osteocytes and is known to
inhibit bone formation via inhibition of the Wnt signaling
pathway [54¢]. In chronic kidney disease (CKD), osteocyte-
derived production of sclerostin and FGF23 is elevated [55].
Ito and colleagues reported that elevated serum phosphate
alone or in combination with 1,25-dihydroxyvitamin D3
upregulates FGF23 mRNA expression in murine osteocytes
[56]. DKK1 is another Wnt inhibitor reported to be elevated in
CKD [57, 58]. A high level of sclerostin and DKK1 in CKD
patients is associated with the pathogenesis of a bone disorder,
vascular calcification, and cardiovascular events [55, 58-60].
Sclerostin could affect osteocyte-derived FGF23 and the ex-
pression of other osteocyte/osteoblast-related proteins PHEX,
MEPE, and DMP1 [61, 62]. FGF23 is responsible for regula-
tion of phosphate and vitamin D metabolism, as well as in-
hibits bone mineralization [63]. Increased circulating
sclerostin serum level in kidney disease patients reflects de-
creased bone turnover [64]. Increased serum level of sclerostin
in kidney disease positively correlates with serum 25-
hydroxyvitamin-D, phosphorus, and TNF«x [64]. The pro-
inflammatory mediators TNFe, IL-1f3, and bacterial LPS up-
regulate FGF23 expression in osteocytes [38]. TNFx and IL-
13-mediated upregulation of FGF23 in osteocytes in human
bone is NF-kf3-dependent [38]. This indicates the possible
role of inflammation-osteocyte crosstalk in systemic elevation
of sclerostin, DKK 1, and FGF23 in chronic kidney diseases.

Rheumatoid Arthritis

Rheumatoid arthritis is an autoimmune disease with local joint
inflammation as well as systemic inflammation. Serum from
patients with active rheumatoid arthritis (RA-serum) contains
a cocktail of elevated levels of pro-inflammatory cytokines
that possibly affects osteocyte function and causes bone loss.
We recently reported that RA-serum enhances IL-1(3, TNF«,
SOST, and DKK1 gene expression in human bone chips cul-
tured in ex vivo [10e¢]. Both sclerostin and DKK1 are negative
regulators of bone regeneration [58]. In our ex vivo human
osteocyte culture model [65], exogenous recombinant TNFx
treatment enhances IL-1p3, TNF«, IL-6, IL-8, and FGF23
gene expression. Exogenous recombinant 1L-8 treatment en-
hances TNF«, IL-8, and FGF23 gene expression [10°¢]. A
combination of exogenous recombinant IL-1(3, IL-6, and
TNF« treatment synergistically upregulates IL-1[3, IL-6, and
IL-8 gene expression, as well as enhances TNF«, OPG,
SOST, and FGF23 gene expression [10¢¢]. Moreover, RA-
serum enhances osteocyte-mediated osteoclastogenesis and
mechanical loading reverses this effect [66]. Sato and
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colleagues reported correlation of elevated level of serum
FGF23 in RA patient with disease activity and bone resorption
[67]. However, the role of osteocytes on RA pathogenesis is
still not fully understood. Development of RA in osteocyte-
ablated mice could unravel the role of osteocytes in the path-
ogenesis of RA, RA-induced escalation of systemic inflam-
mation, bone loss, and non-bone clinical complications.

Other Inflammatory Conditions

Inflammatory bowel disease causes systemic inflammation
and enhances expression of TNFa, IL-6, sclerostin, and
RANKL in osteocytes, as well as causes bone loss [6¢¢]. The
elevated serum levels of inflammatory cytokines in inflamma-
tory bowel disease of childhood onset negatively interfere
with the growth rate and bone metabolism regulation [68].
Psoriasis is a chronic skin inflammatory disease associated
with increased serum IL17A level. IL17A, a pro-
inflammatory cytokine, induces expression of 1L-6, IL-1f3,
and IL-8 in cartilage, synoviocytes, macrophages, and bone
cells, and has catabolic effects on bone [69]. A psoriasis
mouse model showed IL17A-mediated inhibition of Wnt sig-
naling in osteoblasts and osteocytes, as well as bone formation
in vivo [14]. Psoriasis induces bone loss via inhibition of
osteoblast/osteocyte function rather than activation of osteo-
clast function [14]. Spinal cord injury-related bone loss is
caused by not only the loss of weight bearing and immobili-
zation, but also by elevated circulating pro-inflammatory cy-
tokines. Moreover, spinal cord injury induces osteocyte-
derived expression of TNF«, IL-6, IL-17, IL-10, RANKL,
and sclerostin, as well as causes bone loss [70]. This indicates
a crucial role of loss of neural signaling in osteocyte-mediated
amplification of inflammation in the bone niche and bone loss.
Similarly, focal radiotherapy damages osteocytes and causes
bone loss, via upregulation of sclerostin expression in osteo-
cytes [71]. During knee injury, micro-cracks in bone initiate
targeted remodeling via RANKL expression in osteocytes
[20]. TCP wear particles can cause injuries of periprosthetic
osteocytes and increase osteocyte-derived expression of
sclerostin [72]. Similarly, titanium alloy wear particles en-
hance osteocyte autophagy and osteolysis, which could fur-
ther amplify the inflammation and osteoclastogenesis [73].
Mechanical loading in a certain range has positive effects on
osteocyte survival and function. However, implant-exerted
excessive mechanical force on surrounding bone induces os-
teocyte apoptosis and the release of the osteocyte-derived cy-
tokine RANKL [74]. Long-term application of anti-
inflammatory drug glucocorticoids has adverse effects on
bone. This adverse effect is mainly attributed to osteocyte
apoptosis caused by glucocorticoids [75, 76]. Similarly, post-
menopausal estrogen deficiency disrupts bone homeostasis
and causes osteoporosis via upregulation of osteocyte-
derived sclerostin and DKK1 [77, 78]. Pro-inflammatory
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Fig. 1 Schematic diagram showing the effect of an elevated level of pro-
inflammatory cytokines on osteocyte survival and function under various
inflammatory conditions. Green arrow indicates stimilatory effect. RA,
rheumatoid arthritis; CKD, chronic kidney diseases

cytokine-mediated effects on osteoblast and osteoclast forma-
tion and function in various inflammatory diseases are well
documented compared to those affecting osteocyte survival
and function. Since pro-inflammatory cytokines are able to
modulate osteocyte survival, and paracrine and endocrine
function (as demonstrated in Fig. 1), osteocytes could be a
potential therapeutic target to alleviate the inflammation-
induced bone-related and various non-bone clinical complica-
tions. We strongly recommend future research focusing on the
interaction between pro-inflammatory cytokines and osteo-
cytes and its role in bone homeostasis and other organ func-
tions during various inflammatory diseases.

Conclusion

Recent studies on osteocytes indicate that a normal osteocyte
function is crucial for healthy bone and normal function of the
kidney, heart, lymphoid organs, and muscles. Elevated levels
of pro-inflammatory cytokines in inflammatory conditions
cause osteocyte apoptosis, the release of many inflammatory
cytokines and signaling molecules that disturb bone homeo-
stasis, and distant organ function, and could amplify local and
systemic inflammation. Well-standardized physical exercise,
antioxidant diet, and antibody against sclerostin or DKK1
have shown a beneficial effect on osteocyte survival and func-
tion in inflammatory conditions. However, only a few studies
are available on the development of osteocyte-targeted thera-
py for cancer bone metastasis, chronic kidney disease, cardio-
vascular dysfunction, and muscle degeneration. Therefore,
osteocytes should be considered as a potential future therapeu-
tic target to treat pro-inflammatory cytokine-induced escala-
tion of local and systemic inflammation, bone loss, and other
non-bone-related diseases.
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