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Abstract

Background SARS-CoV-2 is a highly infectious respiratory virus associated with coronavirus disease (COVID-19). Dis-
coveries in the field revealed that inflammatory conditions exert a negative impact on bone metabolism; however, only
limited studies reported the consequences of SARS-CoV-2 infection on skeletal homeostasis. Inflammatory immune cells
(T helper—Th17 cells and macrophages) and their signature cytokines such as interleukin (IL)-6, IL-17, and tumor necrosis
factor-alpha (TNF-a) are the major contributors to the cytokine storm observed in COVID-19 disease. Our group along with
others has proven that an enhanced population of both inflammatory innate (Dendritic cells—DCs, macrophages, etc.) and
adaptive (Th1, Th17, etc.) immune cells, along with their signature cytokines (IL-17, TNF-a, IFN-vy, IL-6, etc.), are associ-
ated with various inflammatory bone loss conditions. Moreover, several pieces of evidence suggest that SARS-CoV-2 infects
various organs of the body via angiotensin-converting enzyme 2 (ACE2) receptors including bone cells (osteoblasts—OBs
and osteoclasts—OCs). This evidence thus clearly highlights both the direct and indirect impact of SARS-CoV-2 on the
physiological bone remodeling process. Moreover, data from the previous SARS-CoV outbreak in 20022004 revealed the
long-term negative impact (decreased bone mineral density—BMDs) of these infections on bone health.

Methodology We used the keywords “immunopathogenesis of SARS-CoV-2,” “SARS-CoV-2 and bone cells,” “factors
influencing bone health and COVID-19,” “GUT microbiota,” and “COVID-19 and Bone health” to integrate the topics for
making this review article by searching the following electronic databases: PubMed, Google Scholar, and Scopus.
Conclusion Current evidence and reports indicate the direct relation between SARS-CoV-2 infection and bone health and
thus warrant future research in this field. It would be imperative to assess the post-COVID-19 fracture risk of SARS-CoV-
2-infected individuals by simultaneously monitoring them for bone metabolism/biochemical markers. Importantly, several
emerging research suggest that dysbiosis of the gut microbiota—GM (established role in inflammatory bone loss conditions)
is further involved in the severity of COVID-19 disease. In the present review, we thus also highlight the importance of
dietary interventions including probiotics (modulating dysbiotic GM) as an adjunct therapeutic alternative in the treatment
and management of long-term consequences of COVID-19 on bone health.
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Introduction

In March 2020, the COVID-19 disease was declared a pan-
demic by World Health Organization (WHO). To date, more
than 570 million confirmed cases of COVID-19 along with
6.38 million deaths have been reported globally (https://
coronavirus.jhu.edu/map.html). It is gradually becoming
clear that patients recovered from COVID-19 are report-
ing various long-term ill-health consequences, but little is
known about its long-term sequelae on bone health. The rel-
evance of the skeletal system is supported by the fact that it
is involved in calcium homeostasis, hematopoiesis, mobility,
etc. The role of the skeletal system as a bona fide endocrine
organ (osteocalcin—Ocn and fibroblast growth factor—
FGF) in controlling the physiological energy metabolism
and mineral ion homeostasis is well established [1]. Ocn
is a bone matrix protein that in its gamma (y)-carboxylated
form regulates the size and shape of hydroxyapatites. How-
ever, the undercarboxylated form of Ocn regulates glucose
metabolism, testosterone biosynthesis (by Leydig cells),
etc. A study reported that daily injection of Ocn improved
glucose tolerance and insulin sensitivity and prevented the
development of type 2 diabetes in mice [2]. Consistent
with this, a study reported that deficiency of Ocn hormone
impaired glucose homeostasis in Ocn null mice [3]. Of note,
recently a study showed that lower levels of Ocn can be
employed as a good prognostic marker for monitoring stress-
induced hyperglycemia in COVID-19 infected patients [4].
In addition, exosomes-ExoFlo™ generated from bone mar-
row mesenchymal stem cells (MSCs-osteoblast progenitors)
increased the survival rate in COVID-19 disease patients, by
increasing oxygenation, reducing the inflammatory environ-
ment, and considerably lowering the neutrophil count [5].
Together these studies emphasize the importance of bone in
maintaining the physiological functioning of the body under
both normal and disease conditions.

The intriguing interaction between the skeletal system
and the host immune system reveals the fascinating feature
supporting the adaptability of the skeletal system and its
cells. An interdisciplinary field called “Osteoimmunology”
was founded in 2000 by the Takayanagi et al. group as a
result of the relationship between the immune system and
bone [6]. In the past 2 decades, critical work in this enthral-
ling field has resulted in the identification of the role played
by the RANKL-OPG (osteoprotegerin) axis in the preserva-
tion of skeletal homeostasis, the earlier being a key regulator
of osteoclastogenesis. Numerous immune cells, including
activated T cells and B cells, which are crucial in the patho-
physiology of numerous bone-related illnesses, including
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osteoporosis, express RANKL in addition to bone-forming
OBs cells. Experimental evidence supports the idea that
pro-inflammatory cytokines such as IL-1f, IL-6, IL-17, and
TNF-a promote bone resorption by activating the RANK-
RANKL axis, which causes the appearance of a variety of
bone-related illnesses [7, 8] (Fig. 1). Immune system activa-
tion in response to SARS-CoV-2 infection also leads to the
aggressive production and accumulation of these inflamma-
tory cytokines (IL-1p, IL-6, IL-17, and TNF-a) resulting
in an event termed as “Cytokine Storm” [9]. Enhancement
in the level of inflammatory cytokines causes the influx of
several immune cells such as macrophages, T cells, and
neutrophils to the site of infection, resulting in devastating
effects on the vascular barrier, capillaries, alveoli, cell-to-
cell interactions ultimately leading to damage in multiple
organs (including bone) in SARS-CoV-2-infected patients
[9]. A study reported in 2005 demonstrated that during the
SARS-CoV outbreak patients who were treated with cor-
ticosteroids showed lower bone mineral density (BMD) in
comparison to normal controls in long-term studies [10]. In
addition, WHO approved the use of corticosteroids to sup-
press the inflammatory response in critical COVID-19-in-
fected patients thus alarming an enhanced fracture risk in
SARS-CoV-2-infected patients. Accordingly, a better under-
standing of SARS-CoV-2 pathogenesis in inducing bone
loss would result in improved therapeutic and preventative
measures in a current pandemic. In the present review, we
thus highlight the role of various factors underpinning the
risk of developing skeletal disorders in various viral diseases
including COVID-19 (Fig. 2). In addition, we further discuss
the role of GM and probiotics in managing the long-term
consequences of COVID-19 infection on bone health.

Inflammatory bone loss in viral diseases

The role of virus-induced bone loss has long been neglected,
but investigations in recent decades revealed the involve-
ment of virus infections in the augmentation of bone loss.
Available reports suggest that human immunodeficiency
virus (HIV)-infected patients showed a higher prevalence of
bone-related diseases, and the use of corticosteroids further
augments this in HIV-infected patients [11]. In the case of
HIV, it has been observed that disruption of the immune-
skeleton interface enhanced bone loss and thus intensified
the risk of fracture in infected patients. Patients with HIV
experience bone loss due to a variety of causes, but recently,
the significance of B cells in HIV-induced bone loss has
also come to light. It has been observed that dysregulated
expression of RANKL and OPG on B cells elicits bone loss
in HIV-infected patients [12]. In addition, a study demon-
strated that highly active anti-retroviral therapies (HAART)
control viral replication but the regimens such as tenofovir
disoproxil fumarate (TDF) may also accelerate bone loss
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Fig.1 SARS-CoV-2 infection induce bone loss: In physiologi-
cal conditions, the homeostatic balance between osteoblasts and
osteoclasts maintains the bone health, whereas upon SARS-CoV-2

by inducing osteolytic activity of OCs along with dampen-
ing the OBs bone-forming potential [13]. In contrast to this,
a study demonstrated that HIV-infected patients showed a
higher prevalence of reduced BMD, irrespective of their
anti-retroviral therapies status [11]. Of note, it has been
observed that HIV exhibits the potential of inducing bone
loss by directly increasing the adhesion and bone degrada-
tion machinery of OCs. In particular, the viral protein “nef”
induces bone loss by promoting the assembly of OCs on the
bone-resorbing sealing zone by activating Src (a key regu-
lator of podosome formation in OCs) [14]. Furthermore, a
cross-sectional study reported that the use of nucleoside/
nucleotide analogs such as tenofovir reduced the BMD in
hepatitis B virus (HBV) infected patients thereby simultane-
ously enhancing the risk of developing osteoporosis-related
fractures in the long run [15, 16]. Importantly, bone resorp-
tive biochemical marker such as deoxypyridinoline in the

infection enhanced production of inflammatory cytokines shifts bal-
ance towards the bone-resorbing osteoclasts that further augments
bone loss

urine of HBV-infected patients further supports its bone
resorptive potential. Alphaviruses have also been reported
to interfere with the bone remodeling process by inducing
the production of inflammatory cytokine levels such as IL-6
that further by dysregulating the RANKL-OPG axis aug-
ments bone loss [17]. Various bone anomalies were also
observed in SARS-CoV-recovered patients which are partly
explained by the rampant use of various steroidal therapies.
In 2009, a study reported that human monocytes (precursor
of OCs) express ACE2 (a receptor of SARS-CoV) that aid
the entry of SARS-CoV directly into OCs, and by expressing
3a/X1protein, SARS-CoV increase the nuclear factor kappa
B (NFxB) activity and promote RANKL-induced osteo-
clastogenesis [18]. Long-term follow-up studies in SARS-
CoV-infected patients demonstrated the distinct possible
mechanisms such as prolonged use of steroidal therapies,
and inflammatory conditions may further induce bone loss
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Fig. 2 Factors influencing
COVID-19 disease severity and
bone loss: various factors such
as dysbiosis of gut microbiota
(GM), cytokine storm, admin-
istration of steroidal therapies,
deficiency of vitamin D, gender
and, hormonal factors influence
COVID-19 and bone health
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in recovered patients. According to a recent cohort study,
36% of COVID-19-infected patients had thoracic vertebral
fractures (VFs) that could affect their ability to breathe in
the future. This is suggestive of the evaluation of the mor-
phometric VFs parameters in all the COVID-19 suspected
and infected patients [19]. Together, these studies suggest an
enhanced risk of fractures in COVID-19 recovered patients.

SARS-CoV-2 infection and its implications on bone
health

The initial step involved in the pathogenesis of COVID-19
is the invasion of the SARS-CoV-2 virus into target host
cells. Spike protein (S) of SARS-CoV-2 aids the entry of the
virus into the host cell via interacting with ACE2 receptors
expressed on cellular targets such as alveolar cells of lungs,
myocardial cells, testis, and bone cells (Fig. 3). The physi-
ological functioning of ACE2 is to regulate the inflammatory
condition by hydrolyzing the angiotensin II (inflammatory)
of the renin-angiotensin system (RAS) to angiotensin 1-7
(anti-inflammatory). This leads to an enhancement in con-
trolling the inflammatory conditions. However, it has been
observed that upon infecting the target cells, SARS-CoV-2
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downregulates the expression of ACE2 and enhances the
levels of angiotensin II [20]. Increased angiotensin II fur-
ther induces inflammatory conditions via upregulating the
expression of E and P selectin, IL-8, chemokine ligands
(CCL)-2 and 5. In addition, angiotensin II stimulates innate
immunity by activating the toll-like receptor (TLR)-4 [21]
and thus, facilitates the massive production of inflammatory
responses in respective organs including the skeletal sys-
tem. Shimizu et al. demonstrated that angiotensin II exhibits
osteoclastogenic potential via enhancing the expression of
RANKL on OBs, which further enhances differentiation of
OCs thereby accelerating osteoporosis development in the
rat model [22]. Of note, a study demonstrated enhancement
in OCs number along with a robust reduction in several bone
parameters in the COVID-19 mice model [23]. From the
TRAP staining data, it has been observed that infection of
SARS-CoV-2 significantly enhanced OCs number by 64%,
OCs surface by 27%, and 38% enhancement in OCs per bone
surface in COVID-19 disease mice model after 2 weeks of
post-infection [23]. Thus, it is vital to delineate and under-
stand the long-term sequelae of SARS-CoV-2 infection on
bone loss in COVID-19-recovered patients. Moreover, it is
correspondingly important to understand the mechanism of
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Fig.3 SARS-CoV-2 affects bone health either directly or via
cytokine storm: A Various organs of the body including skeleton
system express angiotensin convertase enzyme 2 (ACE2) recep-
tor that aids the entry of SARS-CoV-2 inside host cells. (1): Inter-
nalization of COVID-19 into target cells, (2): after pyroptosis wan-
ing cells generate death-associated molecular patterns (DAMPs) and
pathogen-associated molecular patterns (PAMPs), (3): virus-derived
DAMPs and PAMPs engulfed by macrophages in turn produce pro-
inflammatory cytokines, (4) interleukin (IL)-1p, IL-6, tumor necrosis
factor (TNF)-a, chemokine (CC) ligand-2, CCL-3 and CXCLI10, (5):

recruitment of neutrophils and CD8* T cells to the site of infection
that further causes tissue injury in lung parenchyma, (6): “Cytokine
Storm Syndrome”, i.e., flooding of cytokines into circulation that
leads to multiorgan failure including skeleton system. B Inside the
skeleton system, SARS-CoV-2 binds to ACE2 receptor on osteoclasts
and induces its differentiation. Moreover, inflammatory cytokines fur-
ther augment bone loss by binding to cytokine receptors. In addition,
by inducing production of micro-RNA-4485, SARS-CoV-2 inhibits
osteogenic ability of osteoblasts.
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COVID-19-induced bone loss. In further sections, we dis-
cuss the possible mechanisms that may enhance bone dete-
rioration in COVID-19-recovered patients under distinct
categories.

SARS-CoV-2 and bone cells

Several studies demonstrated that SARS-CoV-2 exhibits the
potential to infect the skeletal system by directly infecting
the bone cells (OCs and OBs) and affecting the bone remod-
eling process. A study reported that along with owning the
inflammatory potential, ACE2/Ang (1-7) axis is found to
be linked with osteoporosis marked by the expression of
ACE2 receptors on OBs and OCs [24] (Fig. 3). Moreover,
it suggests that SARS-CoV-2 invades bone cells and may
alter their ability to modulate bone health by targeting the
ACE2 receptor. Furthermore, in situ immunofluorescence
analysis and single-cell RNA sequencing data revealed
that entry of SARS-CoV-2 in bone marrow macrophages
(BMMSs) is dependent on the expression of neuropilin-1
(NRP-1). The expression of NRP-1 on BMMs makes these
cells target for SARS-CoV-2 [25]. However, the expression
of NRP-1 is observed to be reduced upon differentiation of
BMMs into mature OCs, thus indicating the reduced ten-
dency of SARS-CoV-2 to infect mature OCs. A recent study
described a novel method by which SARS-CoV-2 reduces
the osteogenic potential of OBs by increasing the expression
of microRNA-4485 via targeting TLR4 (found to perturb
the fracture healing) in COVID-19 disease patients [26]
(Fig. 3). Together these studies are indicative of the strong
disruption of bone health in post-COVID-19 patients. Along
with directly targeting the bone cells, SARS-CoV-2 can also

Table 1 Cytokine storm and its effect on bone health

influence bone health in multiple ways such as by either
augmenting inflammatory conditions or even by causing the
dysbiosis of GM. Thus, in further sections, we enlist these
factors in detail.

Cytokine storm

In response to SARS-CoV-2, immediate activation of
innate immune cells, viz. macrophages, neutrophils, etc.
occurs that further limits the infection by causing the down-
stream activation of the long-lasting adaptive immune sys-
tem to produce neutralizing antibodies and T cell response
against the virus. Nevertheless, when inflammation does not
resolve after serving its purpose then it can cause dysregu-
lated hyperinflammation, i.e., “cytokine storm” and results
in inhibition of the adaptive immune system thereby fur-
ther escalating tissue damage and organ failure. Cytokine
storm is manifested by unrestrained production of several
inflammatory cytokines such as IL-6, IL-7, IL-2, IL-17,
TNF-a, monocyte chemoattractant protein (MCP)-1, and
macrophage inhibitory protein (MIP)-1a (Fig. 3) (Table 1).
These cytokines are considerably higher in intensive care
unit (ICU) patients infected with SARS-CoV-2 in compari-
son to non-ICU patients having the same viral load [27, 28].
Thus, these studies suggest that viral load is not the pertinent
factor in determining the severity in COVID-19 patients.
But the elevated levels of inflammatory cytokines by pro-
moting hyperinflammation, acute respiratory distress syn-
drome (ARDS), and multiorgan failure define the severity
of COVID-19 disease. In addition to inducing inflammatory
conditions, disease severity is also marked by the reduced
expression of anti-viral cytokine IFNy by CD4* T cells [29].

S.no Inflam- Source Levels in COVID- Effect on bone health Reference
matory 19 disease patients
cytokines
1 IL-1p Monocytes, macrophages, neutrophils, High Stimulates osteoclastogenesis and inhibits [66] [67]
CD4* T cells bone formation by directly activating a
RANK mediated signaling pathway
2 IL-6 Monocytes, macrophages, neutrophils, High Promotes bone resorption by enhancing the  [68, 69]
CD4* T cells interaction of OCs and OBs/osteocytes via
the RANK-RANKL axis
3 IL-8 Monocytes, macrophages, fibroblasts, High Stimulates osteoclastogenesis and promotes  [27, 70]
endothelial cells osteolysis
4 IL-17 Th17 cells High Stimulates osteoclastogenesis by augmenting [71, 72]
the levels of M-CSF and RANKL and by
promoting autophagy in bone marrow cells
5 IL-18 Monocytes, macrophages, neutrophils, High Enhance OCs differentiation via upregulat-  [73, 74]
dendritic cells ing RANKL on T cells
6 TNF-a Monocytes, macrophages, Th17 cells High Promotes OCs differentiation via upregulat-  [75, 76]

ing RANKL on OBs via NFkB signaling
pathway
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Both IL-6 and TNF-a cytokines via inducing apoptosis in T
and B lymphocytes causes lymphopenia and increased IL-2
levels thereby causing activation induced cell death [28]. In
addition, the expression of ACE2 on lymphocytes also aids
the apoptosis of lymphocytes. In support of this, a study
demonstrated (golden Syrian hamster model) that cytokine
storm causes the loss of bone in the trabecular region of long
bones and lumbar-vertebrae of SARS-CoV-2-infected model
[30]. It has been observed that bone loss aggravates from
the acute phase to the post-recovery phase. A mechanistic
view of the enhanced bone loss deciphered the ability of
inflammatory cytokines such as IL-1f, IL-6, and TNF-« in
inducing pathological bone loss in the hamster model [30].
Since the immune system is strongly associated with the
management of healthy bone and any dysregulation in the
levels of inflammatory cytokines leads to unfavorable effects
on bone health. To further emphasize the importance of the
immune system in inflammatory bone loss conditions such
as osteoporosis, Srivastava et al. have recently coined the
term “Immunoporosis”, i.e., immunology of osteoporosis
[31]. A recent study proved that higher levels of inflamma-
tory cytokines such as IL-1f, IL-6, IL-17, and TNF-a in
postmenopausal osteoporotic women enhance bone deterio-
ration (low BMD) in comparison to the control group [32].
These inflammatory cytokines by causing an imbalance in
the metabolism of the skeletal system favor bone resorption
by promoting the expression RANKL on OBs. Altogether,
these studies suggest that therapeutic strategies proven to be
effective for treating inflammatory conditions in COVID-19
disease may also enhance the risk of developing secondary
osteoporosis and destruction of joints in recovered patients.

Steroidal therapies and bone health

Corticosteroid drugs are synthetic steroid hormones that
are produced by the adrenal cortex, and it is employed to
treat a wide range of inflammatory diseases. Corticoster-
oids include both glucocorticoids and mineralocorticoids.
Primarily glucocorticoids such as dexamethasone are con-
sidered a double edge sword for treating critical COVID-
19 patients (Table 2). Dexamethasone mimics the nature
of natural compounds that the body produces to quell the
inflammation and is used to treat various inflammatory dis-
ease conditions including chronic obstructive lung diseases
(COLD), asthma, allergies, and skin conditions. Dexametha-
sone is being given in dosage ranging from 0.5 to 10 mg
daily which in turn depends on the nature and severity of the
disease. In the recovery clinical trial, it was observed that
the use of dexamethasone also resulted in lowered mortal-
ity rate in COVID-19-infected patients who were receiv-
ing oxygen support or mechanical ventilation (The recov-
ery collaborative group; https://www.nejm.org/doi/full/10.
1056/nejmoa2021436). However, extended administration

Table 2 Corticosteroidal therapies given to COVID-19-infected patients and their impact on bone health

Reference

Effect on bone health

Mechanism of action in COVID-19

Durability/dosage

S.no Steroidal therapies

[77,78]

It causes osteonecrosis and

It markedly reduces the levels of IL-1p, IL-6,

Long-acting half-life (36-72 h) once daily

Dexamethasone (Cy,H,,FO5)

1

osteoporosis as it is resistant to

CRP, and ferritin and thus inhibits the inflam-
matory conditions in COVID-19 diseases

patients

11p-hydroxysteroid dehydrogenase-

mediated inactivation

[79-81]

Enhances bone loss by promoting the

It inhibits activation of T cells, reduces the

Methylprednisolone (C,,H;,05) Intermediate-acting half-life (12-36 h) twice

2

deterioration and micro-damage
in bone by inducing apoptosis of

osteoblasts

expression of inflammatory genes along with
inducing the expression of anti-inflammatory
genes via blocking the NFkB transcription
factor. It also suppresses the expression of

daily

cyclooxygenase (COX-2) and thus inhibits

inflammatory cascade by acting at multiple

dimensions

[82-84]

Reduce bone mineral density (BMD)

It is employed to manage septic shock in

Intermediate-acting half-life (8—12 h) 2—4 doses

Hydrocortisone (C,;H;,05)

3

COVID-19 patients; it reduces levels of

daily

CRP, TNF-a, MIP, MCP, and nitric oxide in

inflammatory cytokines such as IL-1p, IL-6,
COVID-19 patients
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of glucocorticoids was found to be detrimental. Strikingly,
epidemiological data suggest that glucocorticoid therapy
enhanced the risk of fracture occurrence and was found to
be the reason for iatrogenic osteoporosis commonly known
as glucocorticoid-induced osteoporosis (GIOP) [33]. Gluco-
corticoids by altering the bone metabolism shift the balance
of bone remodeling towards OCs thus enhancing bone loss.
Recently, a cross-sectional study reported a confirmed case
of osteonecrosis in a cohort of Wuhan COVID-19 patients
treated with glucocorticoids [34, 35]. Moreover, dexametha-
sone via inhibiting the osteogenesis of stem cells reduced
the ability of cells to repair the bone and thus lead to the
onset of osteonecrosis. According to a longitudinal research,
58 percent of SARS-CoV-infected patients who received
corticosteroid treatment went on to develop avascular oste-
onecrosis [36]. Debating the use of corticosteroids, led to
disagreements about whether the short-term advantages
may outweigh the severe side effects that are seen over the
long term. The leading theory behind the observed conse-
quences is that corticosteroid treatment leads to the accu-
mulation of fat droplets in blood and swelling of fat cells
inside BM that may further lead to clogging of small blood
vessels thereby starving bone cells for oxygen and nutrients.
Moreover, a study demonstrated that the treatment of rabbits
with methylprednisolone activates the RAS system in bone
and induces osteonecrosis by enhancing the expression of
ACE receptors on OCs [36]. These advancements in research
are thus indicating a considerable increase in skeletal disor-
ders in COVID-19-recovered patients, highlighting the need
for a long-term follow-up studies.

Gender and hormonal influences

Across geographics, different findings reported the asso-
ciation between gender and the risk of developing worse
outcomes due to COVID-19. Though the prevalence of
COVID-19 infection is the same in both males and females,
clinical data indicate a higher number of fatalities in males
in comparison to females in most countries [37]. However,
in some countries such as India, Nepal, Vietnam, and Slo-
venia, fatality rate due to COVID-19 is higher in women
in comparison to men [38]. Further to investigate whether
the observed disparities are linked with the alterations in
the hormonal levels. It has been observed that sex steroids
regulate the expression of ACE2, thus controlling the entry
of SARS-CoV-2 inside the host cells. A cohort study dem-
onstrated that testosterone concentration is inversely related
to the concentrations of inflammatory cytokines such as
IL-6, interferon-gamma inducible protein 10 (IP10), inter-
leukin 1 receptor antagonist, and C-reactive protein (CRP)
in COVID-19-infected males [39]. Moreover, gene enrich-
ment analysis showed upregulation in hormone signaling
pathways in both classical (CD147CD16™) and non-classical
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(CD14-CD16™) monocytes, indicating that low testosterone
levels activate the inflammatory signaling cascade and are
associated with the disease severity [39]. This study clearly
indicates that lower levels of testosterone hormone predis-
pose men towards COVID-19 infection. Recently, a study
reported that hospitalized women are less likely to die due
to COVID-19 infection, but once severe symptoms develop
the risk of mortality is similar in both females and males
[40]. These shreds of evidence suggest that gonadal hor-
mones in females mainly estrogen (E2) and progesterone
(P4) give a likely explanation for the sexual dimorphism in
the COVID-19 infection and disease severity. It has been
observed that E2 and P4 favor the anti-inflammatory state
in females via reducing the innate immunity along with
enhancing the immune tolerance and antibody production
in females. A study reported in mice showed that estradiol
treatment reduces the expression of ACE2 in kidney and
airway epithelial cells via activating the estrogen receptor
alpha (ERa) thus inhibiting viral entry, whereas ovariec-
tomy (estrogen-deficient condition) in mice enhances the
expression of ACE2 in distinct tissues and thus may enhance
virus entry [41] in elderly women. However, the protective
effect of estrogen is diminished in postmenopausal women
resulting in a higher incidence of COVID-19 in menopau-
sal subjects (estrogen-deficient condition) [42]. Together,
these studies represent the effects of sex hormones estro-
gen and testosterone in regulating the expression of recep-
tors involved in SARS-CoV-2 virus entry, modulating the
immune system, etc.

Vitamin D status

An active form of vitamin D (1,25-dihydroxy vitamin D)
is responsible for the regulation of calcium and phosphate
metabolism. Several studies reported that lower levels of
vitamin D enhance the development of multiple immune-
related diseases such as rheumatoid arthritis (RA), multiple
sclerosis (MS), type 1 diabetes (T1D), and COVID-19. It has
been observed that older patients with vitamin D deficiency
(<30 nmol/L) showed higher D-dimer levels and were
found to be associated with worse outcomes of COVID-19
infection [43]. Consistent with this, a study recently dem-
onstrated that COVID-19-positive patients with vitamin D
levels > 30 ng/ml showed lower levels of D-dimer, CRP,
and shorter hospital stays in contrast to COVID-19 patients
with severe vitamin D deficiency (< 10 ng/ml) [44]. Thus,
these studies suggest that vitamin D levels may be employed
as a prognosis indicator. A clinical trial (NCT04344041):
COVIT-TRIAL is a randomized clinical trial where a high-
risk elderly population was supplemented with vitamin
D and the outcome of the trial described that a high dose
of vitamin D is found to be an effective and immediately
approachable treatment for COVID-19 [45]. Furthermore,
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a vitamin D deficiency’s secondary effect is a disturbance
in the process of bone mineralization, which results in bone
loss, muscle weakness, and the onset of osteoporosis, which
may eventually progress to osteomalacia [46]. Notably, the
majority of patients admitted to ICU and dying concomi-
tantly suffered from hypovitaminosis D. In agreement with
this, a study showed that decreased serum vitamin D lev-
els were linked to an increase in mortality in critically ill
patients infected with SARS-CoV-2 [47]. Vitamin D is also
a key modulator of the renin—angiotensin system which is
exploited by the SARS-CoV-2 to enter the host cells [48].
In addition, vitamin D controls the immune system via
dampening the pro-inflammatory immune response along
with enhancing the anti-inflammatory immune response,
anti-microbial peptides (AMPs), along with activating the
macrophages thereby exhibiting the potential to destroy
the SARS-CoV-2. According to a study, a feedback loop
between vitamin D deficiency and the COVID-19-linked
coagulopathy enhances platelet activation, which heightens
thrombosis [49]. Notably, vitamin D insufficiency and low
platelet count have been connected to illnesses that cause
pathological bone loss, such as osteoporosis, and have also
been proven to play a critical role in the metabolism of min-
erals and the preservation of bone health. Thus, to prevent
the pathological bone loss caused by the SARS-CoV-2 infec-
tion, it is crucial to monitor both platelet count and vitamin
D levels.

COVID-19, gut microbiome, and bone health

Enormous variations among the COVID-19-infected patients
are largely unknown and are described as “Immunological
Dark Matter (IDM)”. Emerging evidence demonstrated that
GM is likely to be a pertinent contributing factor to IDM.
Though COVID-19 is a respiratory disease, several emerg-
ing pieces of evidence suggest that GM is also involved in
the severity of the disease. GM harbors hundreds of bacte-
rial genera that reside either in the luminal stream or adhere
to the gut mucosa. It has been observed that SARS-CoV-2
infection alters the bacteriome and virome which could
reflect the contribution of altered GM in the disease sever-
ity and recovery [50]. Since the major method of SARS-
CoV-2 infection may involve respiratory droplets and fomite
but the fecal-oral pathway may also be used to disseminate
SARS-CoV-2 [51]. SARS-CoV-2 has likewise selected the
GUT as its target because this organ also expresses ACE2
and TMPRSS2. In addition, SARS-CoV-2 viral RNA was
also detected in the patient’s feces samples [51]. In con-
sistent, the endoscopic evaluation revealed that individuals
also suffered from colon injury when infected with SARS-
CoV-2. Moreover, the fundamental etiology of post-acute
COVID-19 syndrome (PACS) has been determined to be
dysbiosis of the Gut microbiota. A 6-month follow-up study

in COVID-19-recovered patients revealed the significant dif-
ference in the GM among the patients developing PACS and
without PACS [52]. Moreover, patients with PACS showed
reduced bacterial diversity and richness in comparison to
healthy individuals. Together, these results point forth how
GM dysbiosis contributes to the development of PACS and
to the aggravation of COVID-19 illness.

A study demonstrated that Bacteroides spp. is observed
to be inversely interrelated with the SARS-CoV-2 fecal
load in hospitalized patients [53]. Bacteroides spp. has also
been linked with the altered expression and functionality
of the ACE2 receptor in the gut. Remarkably, Bacteroides
were observed to modulate the lung heparan sulfate which
is a glycosaminoglycan. In addition, the endoscopic evalu-
ation revealed that the individuals had colon injury that in
turn alters the adhesion of virion to the host cells [54]. In
addition, a recent study showed a direct correlation with
increased levels of inflammatory cytokines and markers such
as CRP, aspartate aminotransferase (AAT), lactate dehydro-
genase (LDH), and gamma-glutamyl transferase [53]. These
studies highlight the involvement of GM in enhanced inflam-
mation and disease severity in COVID-19 disease patients.
Thus, strategies that can alter the GM should be employed
to manage the long-term effects of COVID-19 in infected
patients. This evidence supports the fact that altered GM and
the associated leaky gut may also contribute to the multior-
gan complications observed in long run. Growing evidence
suggests that dysbiosis of the GM was also found to be the
pivotal factor in augmenting bone loss which in turn pro-
motes the development of several bone-related diseases such
as RA and osteoporosis. A series of reports revealed that
GM influences bone strength by altering the quality of bone
tissue. The mechanism through which GM modulates bone
health is via promoting the generation of regulatory metab-
olites such as indole derivatives, trimethylamine N-oxide
(TMAQO: amine oxide), short-chain fatty acids (SCFAs),
and gasotransmitter such as hydrogen sulfide (H,S). It was
observed that H,S-donating compound GY Y4137 enhances
bone health by activating the Wnt10b production thereby
increasing bone formation with reducing the trabecular
bone loss in the ovariectomy (ovx) induced postmenopau-
sal osteoporotic mice model [55]. SCFAs such as acetate
(C2), propionate (C3), and butyrate (C4) induce metabolic
reprogramming in bone-resorbing cells viz. OCs resulting in
enhanced glycolysis, thereby reducing the osteoclast’s spe-
cific genes such as NFATc1 and TRAF®6, potent regulators
of skeletal homeostasis [56].

The main producers of butyrate in the human gut are
bacteria belonging to the phylum Firmicutes, mainly Fae-
calibacterium prausnitzii [57]. A study demonstrated that
treatment with fermented products of Lactobacillus plan-
tarum and Lactobacillus fermentum significantly improved
the bone mass in the ovx mice model by enhancing the
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abundance of genus Faecalibacterium prausnitzii and Lac-
tobacillus [58]. Notably, shotgun metagenome sequencing
data of fecal samples collected from the 15 SARS-CoV-2-in-
fected patients showed baseline abundance of Clostridium
hathewayi, Clostridium ramosum, and Coprobacillus, and
reduced levels of Faecalibacterium prausnitzii was observed
to be associated with disease severity. These reports thereby
strongly suggest that modulation of GM could also be
employed to reduce the disease severity [53]. A recent study
reported that gut commensals exhibiting immunomodulatory
potentials such as Eubacterium rectale, Faecalibacterium
prausnitzii, and bifidobacteria were observed to be reduced
in COVID-19-infected patients in comparison to non-
COVID-19 individuals irrespective of the condition whether
they received medication or not. Moreover, GM analysis of
212 patients via 16S rRNA sequencing showed lower bac-
terial richness and diversity in the GM composition with
a lower abundance of Streptococcus, Bifidobacterium, and
Collinsella in SARS-CoV-2-infected patients in connection
with the reduction in the distinct network of anti-inflamma-
tory genera. Dysbiosis of GM persists for a long even after
the clearance of the virus in patients who recovered from
COVID-19 disease. In addition, emerging evidence suggests

Dysbiosis of GM augments COVID-19 disease severity and Bone loss

that dysbiosis of GM is one of the major causative factors for
the onset and progression of osteoporosis [59]. Thus, target-
ing dysbiosis in SARS-CoV-2-infected patients can prevent
the risk of developing osteoporosis-related fractures (Fig. 4).

Probiotics and management of bone health
post-SARS-CoV-2 infection

Presently, there is no ideal promising therapy for the
treatment and management of COVID-19 disease. All the
above-mentioned studies prove that SARS-CoV-2 infec-
tion imparts its negative impact by altering the gut micro-
bial species. Emerging evidence suggests that intestinal
microbial richness does not restore to normal levels even
after months of recovery from COVID-19 disease. Probi-
otics are specified as viable microorganisms that impart
numerous health benefits when administered in satisfac-
tory amounts. Importantly, various studies have already
established the role of probiotics in ameliorating various
inflammatory conditions. The administration of probiot-
ics as an adjunctive therapy will thus restore the healthy
gut microbial species in post-SARS-CoV-2-infected
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Fig.4 Dysbiosis of Gut microbiota (GM) enhances COVID-19 dis-
ease severity and bone loss: healthy GM maintains the intestinal bar-
rier that further generates the effective immune response resulting
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in clearance of virus and no bone loss. On the other hand, dysbio-
sis of GM results in loss of intestinal barrier integrity which further
enhances cytokine storm and thus bone loss
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Probiotics and management of Bone health post-SARS-CoV2 infection
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individuals. Here, we discuss the possible mechanisms
that may aid the beneficial effects of probiotics (Fig. 5).

otics can directly promote osteoblasts differentiation and suppress
osteoclastogenesis. D Probiotics modulate bone health via modulat-
ing immune system. E Probiotics resolve inflammation by reducing
inflammatory cytokines

Probiotics by adhering to the gut epithelial cells
competitively inhibit the colonization of pathogenic
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organisms in the intestinal region. Upon adhesion, pro-
biotics secrete several metabolites, and modulating the
intestinal permeability strengthens the epithelial barrier
and thus attenuates the inflammation. Probiotics mediate
enhancement in intestinal barrier function by releasing
mucin in the intestinal cavity to form the mucus layer
[60]. The mucus layer forms the first line of defense
that ensures the integrity of intestinal barriers and thus
prevents the invasion of pathogenic organisms to reach
gut epithelial cells. In addition, secreting anti-microbial
factors such as antibacterial peptides, SCFAs, defensins,
and bacteriocins, prevent the growth of pathogenic
organisms [61]. In addition, it maintains the intestinal
epithelial gut integrity via enhancing the expression of
tight junction proteins [60]. Thus, by employing probiot-
ics as adjunctive therapy microbial composition of the
gut may be restored similar to that of healthy individuals
and thus would lessen the risk of developing secondary
bone-related diseases.

Several studies demonstrated that probiotics exhibit
immunomodulatory potential that enhances the host
immunity by regulating the production of inflammatory
and anti-inflammatory cytokines. Under pathological
conditions, probiotic administration provokes the dif-
ferentiation of Th1, Th2, Treg, Th17, Bregs, etc. via
modulating the intestinal microbial species. In general,
Lactobacilli and Bifidobacteria make up the majority
of the gut microbial niche that by producing several
metabolites such as SCFAs upregulates the anti-inflam-
matory immune response. A study demonstrated that
Lactobacilli and Bifidobacteria reduced the inflamma-
tory immune response against allergens by promoting
the secretion of IL-10 and transforming growth factor
(TGF)-p, etc. Recently, a double-blind prospective trial
revealed that Lactobacillus plantarum significantly
enhanced the cytokine index in correspondence to an
early immune response to COVID-19 infection, thereby
mimicking the cytokine environment produced during
SARS-CoV infection [62]. This study suggests that daily
intake of Lactobacillus plantarum may be employed as
an anti-COVID-19 therapy as a possible way to prevent
the occurrence of COVID-19 during the pandemic.
Moreover, recently our group showed that probiot-
ics such as Lactobacillus acidophilus, Lactobacillus
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rhamnosus, Bifidobacterium longum and Bacillus clausii
mediate their beneficial effects on the host by modulat-
ing the dysregulated balance of Tregs and Th17 immune
cells [8, 63-65]. Together these studies suggest that
probiotics exhibit strong immunomodulatory potential
and thus restoring the GM composition via probiotics
treatment would balance both the inflammatory and
anti-inflammatory immune cells thereby imparting its
beneficial effects.

Conclusion and future outlook

The present review summarizes the correlation and
implications of COVID-19 disease on bone health.
Numerous possibilities suggest that SARS-CoV-2
affects bone health either directly or indirectly. Cytokine
storm and dysbiosis of the GM are the two predomi-
nant contributing factors in influencing the severity
of COVID-19 disease. Total 33 clinical trials have
highlighted the potential of probiotics (undergoing
and completed) in reducing the severity of COVID-
19 by modulating the GM and reducing cytokine
storm (PROVID-LD-NCT05080244; PROVID-19-
NCTO04621071; NCT04390477; NCT04458519;
NCT04734886; NCT05043376; NCT04734886). One
clinical trial showed probiotics with promising results
even in COVID-19 patients suffering from co-morbid-
ities (NCT04507867) https://clinicaltrials.gov/. These
studies clearly highlight the potential of probiotics
in reducing the severity of COVID-19 disease and its
negative impact on bone health thereby attesting to its
therapeutic employment in future. Several emerging
evidence suggests that intake of a low fiber diet along
with a high carbohydrate/fat diet leads to the dysbiosis
of GM leading to modulated immune response and thus
compromised bone health. Thus, modulation of dietary
interventions in the form of ketogenic diet and inter-
mittent fasting might be a valuable strategy in reduc-
ing the long-term implications of COVID-19 disease on
bone health. In summary, robust studies are warranted
in the field along with long-term follow-up of recovered
COVID-19-infected patients for establishing the mecha-
nism of COVID-19-induced bone pathologies (Figs. 6
and 7).
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