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ABSTRACT

Smoking continues to pose a global threat to morbidity and mortality in populations. The detrimental impact of
smoking on health and disease includes bone destruction and immune disruption in various diseases.
Osteoimmunology, which explores the communication between bone metabolism and immune homeostasis, aims
to reveal the interaction between the osteoimmune systems in disease development. Smoking impairs the dif-
ferentiation of mesenchymal stem cells and osteoblasts in bone formation while promoting osteoclast differen-
tiation in bone resorption. Furthermore, smoking stimulates the Th17 response to increase inflammatory and
osteoclastogenic cytokines that promote the receptor activator of NF-kB ligand (RANKL) signaling in osteoclasts,
thus exacerbating bone destruction in periodontitis and rheumatoid arthritis. The pro-inflammatory role of
smoking is also evident in delayed bone fracture healing and osteoarthritis development. The osteoimmuno-
logical therapies are promising in treating periodontitis and rheumatoid arthritis, but further research is still
required to block the smoking-induced aggravation in these diseases.

Translational potential: This review summarizes the adverse effect of smoking on mesenchymal stem cells, oste-
oblasts, and osteoclasts and elucidates the smoking-induced exacerbation of periodontitis, rheumatoid arthritis,
bone fracture healing, and osteoarthritis from an osteoimmune perspective. We also propose the therapeutic
potential of osteoimmunological therapies for bone destruction aggravated by smoking.

1. Introduction

especially in lung cancer, stroke, and heart attack [2,4]. Furthermore,
smoking is associated with the development of periodontitis, rheuma-

Tobacco use remains a global concern with substantial prevalence
rates. It is reported that the latest global prevalence of cigarette smoking
is 11.3 % of boys and 6.1 % of girls aged 13-15 years, whereas the
median prevalence is 22.5 % among people 15 years of age and older [1,
2]. Smoking contributes to the annual 7.69 million deaths and 200
million disability-adjusted life years estimated to maintain growth in the
following decades [3]. Cigarette smoking, whether active or passive,
increases the risk of overall mortality and numerous disease prevalence,

toid arthritis, bone fractures, etc. [5,6].

Osteoimmunology is an interdisciplinary field that synergizes the
skeletal and immune systems and primarily elucidates the interplay
between these systems [7]. Notably, bone and immune cells significantly
overlap in crucial molecules, including cytokines, chemokines, re-
ceptors, and transcription factors [8]. In bone modeling and remodeling,
osteoblasts and osteoclasts are essential in maintaining the dynamic
balance of bone metabolism, while osteocytes coordinate the functions
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of osteoblasts and osteoclasts with environmental cues. The immune
cells in osteoimmunology mainly include T cells, especially osteolytic T
helper 17 (Th17) cells and bone protective T regulatory (Treg) cells [9],
B cells, monocytes/macrophages, and regenerative mesenchymal stem
cells (MSCs). Recent research has confirmed that innate and adaptive
immune responses impact bone metabolism and that bone cells regulate
the immune system [10].

Osteoimmune mechanisms underlying periodontitis [7,11], rheu-
matoid arthritis [7,8], and bone fracture healing [12] have provided
novel insights into the therapeutic strategies for skeletal- and
immune-related diseases. Although the negative role of smoking on
health and disease has been widely accepted [2,4-6], the specific
mechanism underlying smoking and bone metabolism remains un-
known. Therefore, this review summarizes the adverse effect of smoking
on MSCs, osteoblasts, and osteoclasts and elucidates the
smoking-induced exacerbation of periodontitis, rheumatoid arthritis,
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bone fracture healing, and osteoarthritis from an osteoimmune
perspective.

2. RANKL/RANK/OPG signaling in osteoimmunology
2.1. RANKL/RANK/OPG in osteoclastogenesis

RANKL, a tumor necrosis factor (TNF) family cytokine encoded by
the Tnfsf11 gene, and its receptor (RANK) encoded by the Tnfrsflla
gene, which is highly expressed in dendritic cells (DCs), were initially
found to augment the viability of DCs, thus stimulating the proliferation
of T cells and enhancing the survival of DCs and RANK™ T cells [13,14].
Osteocytes express more RANKL than osteoblasts and bone marrow
MSCs and mediate osteoclastogenesis by combining with RANK in
osteoclast precursors [15,16]. Notably, OPG encoded by the Tnfrsf11b
gene suppresses osteoclast differentiation and modulates the function of
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Figure 1. RANKL/RANK/OPG signaling in non-smokers and smokers a. RANKL upregulates AhR expression to mediate the phosphorylation of MAPK and NF-kB,
thus increasing c-Fos expression. b. BaP regulates the interaction between the AhR and NF-xB pathways to mediate osteoclast differentiation. c. Long-term nicotine
treatment inhibits the calcium oscillation to downregulate c-Fos and NFATc1 expression. Therefore, smoking regulates osteoclast formation and bone destruction by
RANKL/RANK signaling. AhR, aryl hydrocarbon receptor; AP-1, activator protein-1; BaP, benzo [a]pyrene; BLIMP1, B lymphocyte-induced maturation protein 1;
CaMK, Ca2+/calmodulin—dependent kinase; CREB, cAMP response element-binding protein; DAP12, DNAX-activating protein of 12kD; FcRy, Fc receptor common
gamma subunit; IKK, IkB kinase; ITAM, immunoreceptor tyrosine-based activation motif; JNK1, Jun kinase 1; MAPK, mitogen-activated protein kinase; MDL-1,
myeloid DAP12-associating lectin-1; MITF, melanocyte-induced transcriptional factor; NFATc1, nuclear factor of activated T-cells 1; OPG, osteoprotegerin;
OSCAR, osteoclast-associated receptor; PIR-A, paired immunoglobin-like receptor-A; PLC-y, phospholipase C-y; RANKL, receptor activator of NF-xB ligand; SIRPf1,
signal-regulatory protein p1; Syk, spleen tyrosine kinase; TAB2, TAK1-binding protein 2; TAK1, TGF-p-activated kinase 1; TGF-p, transforming growth factor-g; TNF,
tumor necrosis factor; TRAF, TNF receptor-associated factor; TREM2, triggering receptor expressed on myeloid cells 2; o7 nAChR, a7 nicotinic acetylcholine receptor.
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T cells and DCs by competitively binding to RNAKL with a higher affinity
[17]. RANK contains three putative TRAF-binding domains, which
interact with TRAF2, TRAF5, and TRAF6 [18], and subsequent signaling
from TRAF®6 is essential for functional osteoclast formation [19]. With
the connection of TAB2, TRAF6 integrates with TAK1 to activate the
downstream pathways [20], namely the MAPK and NF-kB pathways.
The activated MAPK mainly induces the activation of JNK1 to promote
the phosphorylation of c-Jun [21]. Activated IKK induces the NF-xB
pathway to generate c-Fos [22]. The Jun and Fos family proteins, mainly
c-Jun and c-Fos, comprise the AP-1, which is critical for osteoclast dif-
ferentiation [8].

2.2. Costimulatory signals and master transcriptional factor for RANK

Costimulatory signals are induced by ITAM-containing FcRy and
DAP12 [23]. Itis reported that OSCAR, PIR-A, and FcRyIII are associated
with FcRy, while MDL-1 receptor, lectin Siglec-15, SIRPp1, TREM2 are
associated with DAP12 [24-26]. The phosphorylation of ITAM recruits
and activates Syk to generate Btk(Tec)/BLNK(SLP-76)-containing com-
plex and activate PLC-y, subsequently triggering calcium oscillation [27,
28]. The increased intracellular calcium iron induced by the
PLC-y/IP3/IP3R (inositol-1,4,5-trisphosphate receptor) pathway is suf-
ficient for the calcineurin-mediated activation of NFATc1, the master
transcription factor for RANK [29]. Induced dependently by c-Fos,
NF-xB, and calcineurin, the increased NFATc1, with the synergistic
regulation of AP-1, CREB, PU.1, and MITF, upregulates the expression of
osteoclast-specific genes, such as OSCAR gene, and induces BLIMP1 to
downregulate the anti-osteoclastogenic genes, such as IRF8, BCL6, and
MAFB, leading to the formation of mature osteoclasts [7,30] (Fig. 1).

3. Effect of smoking on bone metabolism

Smoking and its independent components have a harmful effect on
bone metabolism as it impairs the osteogenic differentiation of MSCs
and osteoblasts through various mechanisms. Additionally, smoking
triggers the activation of the RANKL signaling pathway, which promotes
osteoclast formation, ultimately leading to bone destruction. Further-
more, smoking negatively impacts the immune function of MSCs and
osteoblasts, and smoking-induced regulators interact with the RANKL
signaling pathway to modulate osteoclast differentiation.

3.1. Smoking alters the differentiation of mesenchymal stem cells

MSCs are known as milestones in tissue regeneration because MSCs
are responsible for the generation of adipocytes, osteoblasts, and
chondrocytes. Cigarette smoke harms the proliferation, migration,
chondrogenesis, and osteogenesis of MSCs [31]. Cigarette smoke extract
(CSE) induced a significant reduction in osteogenic markers, including
alkaline phosphatase (ALP) activity, collagen type I (Clol), and
Runt-related transcription factor 2 (Runx2), as well as matrix mineral-
ization and calcium deposition, in bone marrow-derived MSCs [32,33].
Besides, CSE exposure not only significantly reduced ALP activity,
osteocalcin, and bone morphogenetic protein-2 (BMP-2) but also
decreased the total and cortical bone fraction, trabecular thickness, and
connectivity density in the femurs from CSE-injected mice [34].
Notably, the production of RANKL significantly increased in CSE-treated
MSCs, accompanied by a significant decrease in OPG production [34].
An acute low concentration of CSE slowed the osteoblast differentiation
and deteriorated the cartilaginous mechanical function with a decreased
extracellular matrix [35]. These results suggest that cigarette smoke
directly impairs the osteogenic differentiation of MSCs.

Independent components of cigarette smoke, especially nicotine,
also impair MSCs. Firstly, nicotine at 1 mmol/L to 2 mmol/L decreased
osteocalcin expression, and nicotine at 2 mmol/L significantly reduced
calcium deposition, ALP activity, ALP mRNA expression, bone sialo-
protein (BSP), Clolal, and Runx2 in human alveolar bone marrow-
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derived MSCs [36]. However, nicotine at 0.1 pmol/L and 1 pmol/L
significantly upregulated ClolI during the chondrogenesis of bone
marrow-derived MSCs, indicating that low-dose nicotine facilitates MSC
chondrogenesis [37]. Secondly, benzo [a]pyrene (BaP), a major toxic
component of cigarette smoke, can also significantly reduce the
expression of Runx2, osteocalcin, and osteopontin in BMP-2-induced
osteogenic differentiation [38]. The negative role of BaP is dependent
on the aryl hydrocarbon receptor (AhR) signaling, which subsequently
decreases the expression of BMP receptor 2 to impair the BMP/Smad
pathway [38]. Thirdly, a low dose of carbon black (3 ng/mL and 30
ng/mL) significantly decreased the ALP activity and Runx2 expression at
mRNA and protein levels in bone marrow-derived MSCs, partly resulting
from impaired mitochondrial biogenesis [39]. Therefore, cigarette
smoke, as well as its independent components, is proven to cause MSC
dysfunction.

Mechanisms underlying smoking-induced MSC dysfunction may
vary. Firstly, reactive oxygen species (ROS) levels increased in CSE-
exposed MSCs [32]. Nicotine and cotinine aggravated ROS accumula-
tion induced by cigarette smoke exposure by repressing the activity of
catalase and glutathione reductase [40]. This negative effect can be
improved by activating nuclear factor erythroid 2-related factor 2 (Nrf2)
signaling and eliminating excessive ROS by N-acetylcysteine or
L-ascorbate cotreatment [40]. Besides, nicotine increased the expression
of heme oxygenase-1 (HO-1) to prevent its further detrimental effect on
osteogenesis in MSCs [41,42]. These results suggest that smoking im-
pairs MSCs partly through inducing oxidative stress. Secondly, CSE
enhanced the gene expression of pro-inflammatory cytokines, especially
the anti-osteogenic IL-1p and IL-6 in MSCs [34]. Nicotine at 100 pmol/L
increased TNF-a, IL-1B, and IL-12 in progenitor stem cells from dental
pulp, follicle, and gingival tissues [41]. These results show that smoking
aggravates the inflammation response in MSCs. Thirdly, human MSCs
express a7 nicotinic acetylcholine receptor (nAChR), and nicotine can
stimulate a7 nAChR to induce calcium influx into human MSCs [43].
Besides, nicotine can also activate a4p2 nAChR to induce histone ace-
tylase p300 into the nucleus of the bone marrow MSCs and subsequently
promote the expression of angiotensin-converting enzyme, which ex-
plains the prenatal nicotine-induced osteopenia [44] (Fig. 2).

Notably, MSCs also have a critical role in regulating the immune
system. It has been thoroughly reviewed that the immunoregulatory
function of MSCs depends on the inflammatory environment where
MSCs are located [45]. In response to high levels of TNF-a and inter-
feron-y (IFN-y) in a pro-inflammation environment, MSCs suppress the
antigen presentation of DCs and macrophages, inhibit the cytotoxicity of
natural killer cells, natural killer T cells, and CD8™ T cells, repress the
expression of pro-inflammatory Thl and Th1l7 cells, and elevate the
anti-inflammatory Treg production, eventually leading to a reduction in
TNF-a, IFN-y, IL-1p, IL-18, IL-17, IL-22, and IL-23, and augmentation in
TGF-B, IL-10, and IL-35 [31,45]. Lung-resident MSCs preincubated with
2.5 % and 5 % CSE significantly failed to suppress the CD8" T cell
proliferation, but this effect was reversible [46]. Besides, CSE was suf-
ficient to induce the pro-inflammatory phenotype of MSCs with higher
expressions of TNF-a, IFN-y, IL-6, and IL-17 and lower TGF-f and IL-10
than the control group [47]. These results claim that smoking negatively
affects the immunoregulatory function of MSCs, and future studies
should attach more importance to this respect, especially the subsequent
effect on the bone system.

3.2. Smoking alters the development of osteoblasts

Cigarette smoke and its independent components impair the
attachment, proliferation, and differentiation of osteoblasts. Firstly,
osteoblast attachment to the titanium implant material was impeded by
whole e-cigarette smoke and nicotine alone, which decreased adhesion
proteins (e.g., F-actin) and tissue mineralization [48]. Besides, fewer
pseudopodia and less spread of MC3T3-E1 cells corresponded with the
increased CSE concentrations [49]. Secondly, osteoblast proliferation
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Figure 2. Smoking impairs the differentiation of mesenchymal stem cells and osteoblasts a. Nicotine stimulates a7 nAChR to induce calcium influx and activates
a4p2 nAChR to induce the nuclear translocation of p300 and subsequently promote ACE expression. b. CSE represses CAT and GR activity to aggravate ROS
accumulation. c. CSE enhances pro-inflammatory and anti-osteogenic IL-1f and IL-6 in MSCs, and nicotine increases IL-6 and TNF-a in mouse and human osteoblasts,
respectively. d. High-dose nicotine significantly downregulates the gene expression of ALP, Clola1, BSP, and OC in rat primary osteoblasts. e. Nicotine inhibits the
SOD-2 activity by reducing SIRT3 and drives MG-H1 aggravation by inhibiting Glo1 activity, contributing to osteoblast apoptosis, possibly through the ROS/caspase-
3 pathway. ACE, angiotensin-converting enzyme; ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein-2; BSP, bone sialoprotein; CAT, catalase; Clola1,
collagen type I al; CSE, cigarette smoke extract; Glol, glyoxalase 1; GR, glutathione reductase; HO-1, heme oxygenase-1; MG, methylglyoxal; MG-H1, hydro-
imidazoline; MSC, mesenchymal stem cell; OC, osteocalcin; ROS, reactive oxygen species; Runx2, Runt-related transcription factor 2; SIRT3, sirtuin3; SOD-2, su-

peroxide dismutase-2.

was downregulated by CSE exposure in a dose-dependent manner [49].
A low dose of nicotine (0.3 pg/mL and 3 pg/mL) for 24 h increased the
number of human osteoblast-like cells (MG-63), while a high dose of
nicotine (30 pg/mL and 300 pg/mL) to the counterpart [50]. The nAChR
antagonist abrogated the positive role of 1 pmol/L nicotine for days 3
and 6 in the proliferation of MC3T3-E1 cells [51]. However, BaP
enhanced the proliferation of rat osteoblasts and MG-63 cells, possibly
through the estrogen receptor, because estrogen receptor antagonist or
estrogen receptor-negative cells inhibited BaP-induced proliferation
[52]. Thirdly, osteoblast differentiation is negatively affected by ciga-
rette smoking and its components, indicated by the gradual decrease in
Runx2 expression with the increase of CSE concentration at days 7 and
14 [49]. Besides, 4 % cigarette smoke significantly reduced the ALP
activity of MC3T3 cells on days 7 and 14 and the calcium deposition on
days 28 [53,54]. Nicotine (1 pmol/L to 100 pmol/L) significantly
reduced the ALP activity on day 7 and inhibited matrix maturation and
mineralization on day 21 in MC3T3-E1 cells [51]. However, over a range
of 1 nmol/L to 10 mmol/L, nicotine increased the ALP activity in a
dose-dependent manner in UMR106-01 osteoblast-like cells [55]. The
nicotine-induced osteoblast proliferation may explain this [55], and the
sensibility of different cells to nicotine should also be considered. Even
at low concentrations, carbon black significantly reduced the ALP ac-
tivity and the expression of Runx2, BMP-2, and osteocalcin in MC3T3-E1
and MG-63 cells [56]. Taken together, smoking has a negative role in the
development of osteoblasts.

Nicotine regulates gene expression related to bone metabolism in
osteoblasts. Nicotine at 100 pmol/L altered the expression of 842 genes
in MG-63 cells, which was related to cellular apoptosis, proliferation,
and differentiation [57]. Besides, nicotine at 100 pmol/L upregulated
the expression of genes that support osteoblast proliferation or suppress
cellular apoptosis [57]. ALP, BSP, and Runx2 overexpression were
observed in human osteoblasts with sub-toxic nicotine concentrations
(0.1 pmol/L to 10 pmol/L) [58]. However, nicotine at 1 mmol/L
significantly downregulated gene and protein expression of ALP, Clola1,
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BSP, and OC in primary osteoblasts from Sprague-Dawley rats [59].
RT-PCR analysis indicated that the mRNA expression of Clol, ALP, and
OC experienced an increase with higher nicotine concentrations but
dramatically decreased above 1 mmol/L nicotine in MG63 cells when
cotreated for 24 h [60]. However, when cotreated for 72 h, the mRNA
expression of these genes decreased with higher nicotine concentrations
[60]. Therefore, nicotine has a biphasic role in regulating
osteoblast-related gene expression as low dose and short-term nicotine
upregulates the osteoblast differentiation, while high dose and
long-term nicotine to the counterpart.

Smoking aggravates the oxidative stress in osteoblasts and subse-
quently induces apoptosis. On the one hand, mitochondrial oxidative
stress caused by nicotine reduced sirtuin3 (SIRT3) to inhibit the activity
of superoxide dismutase-2 (SOD-2), a mitochondrial anti-oxidative
enzyme, eventually damaging mitochondrial DNA in osteoblasts [61].
Besides, nicotine drove hydroimidazoline aggravation, major advanced
glycation end products deprived of methylglyoxal (MG), by inhibiting
glyoxalase 1, eventually causing ROS-induced osteoblast apoptosis [62].
On the other hand, caspase-3 increased in cigarette smoke or
nicotine-exposed osteoblasts [48]. The caspase-3 level was significantly
higher in bone tissue samples from smokers and former smokers than
those from non-smokers [63]. These results suggest that smoking and
nicotine induce osteoblast apoptosis, possibly through the
ROS/caspase-3 pathway (Fig. 2).

Antioxidants and AhR antagonists can ameliorate smoking-induced
oxidative damage. Firstly, the Keapl inhibitor alleviated nicotine-
induced oxidative damage and osteoblast apoptosis by activating the
anti-oxidative Nrf2 signaling [64]. Vitamin E, especially combined with
vitamin C, significantly improved the viability, proliferation, and
migration of MG-63 osteoblast-like cells and reduced nicotine-induced
cellular apoptosis [65,66]. Quercetin and green tea extract promoted
the expression of HO-1 and SOD-1 to scavenge cigarette smoke-induced
ROS in human primary osteoblasts [67,68]. Secondly, AhR was
responsible for initiating the adverse effect of cigarette smoke, and AhR
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antagonists, like resveratrol, o-Naphthoflavone, and 3,3"-Diindolyl-
methane, restored the inhibited cell adhesion and differentiation of
MG63 cells [69]. Therefore, the adverse influence of smoking on oste-
oblasts can be improved by alleviating oxidative stress and inhibiting
AhR signaling.

Smoking and nicotine negatively affect the osteoimmune function of
osteoblasts. Nicotine induced a significant increase of IL-6 and TNF-a in
mouse and human osteoblasts, respectively [70], partly explaining the
elevated IL-1f, IL-6, and TNF-a in bone tissues from smokers [63].
Nicotine and lipopolysaccharide increased prostaglandin E2 production,
which integrated with the Ep4 receptor on human osteoblastic Saos-2
cells to induce the macrophage colony-stimulating factor (M-CSF) in an
autocrine or paracrine manner [71,72]. These increased molecules
support the osteoclast formation and the initiation of Th17 response in
osteoimmunology. Besides, AhR activation reduced the expression of
CXCL12 and its receptor CXCR4 [69], the former of which contributed to
a loss of B lymphoid progenitors in bone marrow [73]. Therefore,
smoking influences the osteoimmune function of osteoblasts, favoring
pro-inflammation response and bone destruction.

3.3. Smoking changes the differentiation of osteoclasts

Osteoclast differentiation is regulated by cigarette smoke and nico-
tine in a dose-dependent manner. Nicotine treatment (10 pmol/L to 1
mmol/L) decreased the number of osteoclasts with large nuclei (at least
10 nuclei), as well as the expression of cathepsin K and matrix
metallopeptidase-9 (MMP-9), which was associated with the increased
a7 nAChR expression on RAW264.7 cells [74]. Nicotine at 2.5 pg/mL
and tobacco smoke mixture decreased the total number of
tartrate-resistant acid phosphatase (TRAP)-positive cells in
RANKL-stimulated rat primary pre-osteoclasts [75]. However, after
RANKL stimulation in RAW264.7 cells, the number of TRAP-positive
multinucleate osteoclasts was significantly higher in the smoking
group with a similar serum nicotine level in smokers [53]. Nicotine at 1
pmol/L did not affect osteoclast differentiation in peripheral blood
mononuclear cells (PBMCs) [76]. Taken together, nicotine at a low
concentration supports osteoclast differentiation, while a high nicotine
concentration inhibits osteoclastogenesis [77].

The RANKL/RANK signaling pathway is indispensable in smoking-
induced osteoclast differentiation. Without the stimulation of M-CSF
and RANKL, nicotine only initiated the early stages of osteoclast dif-
ferentiation instead of promoting osteoclast maturation and bone
resorption [78]. Firstly, the a7 nAChR is central in linking nicotine with
osteoclastogenesis. Long-term treatment of nicotine, as well as other
nAChR ligands, inhibited the calcium oscillation to downregulate the
expression of c-Fos and NFATc1 in mouse macrophages, thus ultimately
reducing the number of TRAP-positive mononuclear cells in a
dose-dependent manner [77]. Nicotine activated a7 nAChR on macro-
phages to inhibit TNF-a expression, which favored OPG and inhibited
RANKL in osteoblasts [79]. It can be supported by an elevated serum
level of OPG/RANKL in mice lacking the a7 nAChR, which coincided
with decreased osteoclast formation and improved bone loss [79]. These
results suggest that a7 nAChR activation blocks the RANKL pathway
directly or indirectly. Secondly, AhR also interacts with the RANK sys-
tem. RANKL upregulated AhR expression earlier than the expression of
osteoclast-specific genes, such as NFATcl and cathepsin K, and AhR
regulated the phosphorylation of MAPK and NF-xB to increase the
expression of c-Fos and subsequently osteoclastogenesis [80]. When
activating AhR by BaP administration, osteoclast differentiation and
mitochondrial biogenesis were promoted in a RANKL/c-Fos-dependent
manner, whereas these outcomes were reversed in AhR-deleted mice
[80]. However, BaP inhibits RANKL-induced NF-xB activation and nu-
clear translocation in RAW264.7 cells and enhances the interaction
between AhR and NF-kB response without RANKL [81]. These results
show that AhR interacts with the NF-kB pathway to regulate osteoclas-
togenesis. Thirdly, cigarette smoke exposure elevated the expression of
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RANKL at days 3 and 14, while the production of RANK and OPG
remained unchanged in male Wistar rats [82]. In the co-culture of os-
teoblasts and osteoclasts, CSE-induced osteoclast activation increased
the RANKL/OPG ratio [83]. A daily administration of 84 pg nicotine for
3 weeks significantly increased the number of osteoclasts in mice bones,
while nicotine withdrawal reduced the TRAP level and alleviated bone
loss [84]. The CSE increased osteoclast formation from bone marrow
cells and decreased osteoclast apoptosis by suppressing the mitochon-
drial ROS/cytochrome C/caspase-3 pathway in vitro [85]. Therefore,
smoking regulates RANKL/RANK signaling to induce osteoclast forma-
tion, thus aggravating bone destruction (Fig. 1).

4. Effect of smoking on bone by the immune system

The osteoimmunological mechanisms underlying periodontitis,
rheumatoid arthritis, and bone fracture healing have brought new in-
sights into the pathology and treatment of these diseases. Smoking
regulates the quantity and function of osteoimmune cells, particularly
Th17 and Treg cells, leading to increased inflammatory and osteoclas-
togenic cytokines, further aggravating bone destruction during disease
progression. Therapeutic interventions targeting the osteoimmune sys-
tem show promise in alleviating the detrimental effects of smoking on
periodontitis and rheumatoid arthritis.

4.1. Smoking and periodontitis

Periodontitis is a common osteoimmune disease featuring inflamed
gingival and bone destruction caused by oral microbial dysbiosis and
local inflammation, eventually leading to systematic bacterial dissemi-
nation and multiple-organ inflammatory lesions when treated inappro-
priately [86]. Porphyromonas gingivalis triggers periodontitis and
microbial dysbiosis in the gingiva, which initiates local inflammation,
activates host immune response, and subsequently aggravates alveolar
bone destruction [87,88]. Smoking plays a negative role in the occur-
rence and progression of periodontitis and poses a global threat to
periodontitis [89,90].

Th17 is critical in the osteoimmune pathogenesis of periodontitis, as
Th17 secretes IL-17 and IL-23 to enhance T cell activation and bone
destruction [7,91]. The generation of Th17 is triggered by bacterial in-
vasion, and Thl7 activates mucosal immunity and induces bone
destruction to protect against local infection in a cytokine-dependent
manner [92]. Although the RANKL on Th17 is insufficient for osteo-
clast differentiation, the elevated level of IL-17 can induce local
inflammation and RANKL expression in osteoblasts and periodontal
ligament cells to accelerate osteoclast differentiation [91,92]. In pa-
tients with primary chronic apical periodontitis, the quantitative eval-
uation showed a significant increase of IL-1p and IL-17 in periapical
lesions extracted from smokers [93]. It can be supported by the
increased IL-8, IL-17, and IFN-y in gingival crevicular fluid from smokers
[94]. Besides, the IL-17 A and IL-23 levels in the whole saliva were
higher among cigarette smokers than non-smokers with periodontitis
[95]. In addition, smoking exacerbated local and systematic inflamma-
tory infiltrate supported by an increased concentration of IL-1p, IL-6,
and TNF-a in the mandibles and serum of periodontitis patients [96,
97]. These results suggest that smoking elevates IL-17 and other in-
flammatory cytokines to accelerate osteoclast differentiation and exac-
erbate bone destruction in periodontitis.

The proportion of Th17, as well as Th17-like cells, in CD4" T cells
and the Th17/Th1 ratio were increased in the blood of smokers [98,99].
CSE promoted the primary CD4" lymphocytes to differentiate into Th17
cells [100]. Cigarette smoke and morphine promoted the Tregs con-
version to Th17-like phenotype, which lost immune inhibitory capa-
bility while obtaining pro-inflammatory expression [101]. Cigarette
smoke-induced Th17 differentiation was not observed in AhR
antagonist-treated or AhR-deficient mice that were thus protected from
arthritis aggravation [102,103]. In transgenic mice expressing human
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shared epitope, AhR antagonist treatment caused severe arthritis
aggravation, overabundant osteoclasts, and IL-17-expressing cells in
arthritic joints, which interacted with the NF-xB pathway [104].
Therefore, it is plausible to claim that smoking promotes Th17 differ-
entiation partly through the AhR pathway and interacts with the NF-xB
pathway to induce bone destruction in autoimmune arthritis and peri-
odontitis. The mucosa-homing CCR6" Th17 cells are more sensitive to
CSE-induced senescence than peripheral Tregs [105]. Notably, the IL-27
in serum and IL-27 receptor in naive CD4" T cells were elevated by
cigarette smoke, and IL-27 enhanced IFN-y-producing CD4™ T cells and
inhibited IL-17-expressing subsets [106]. These results confirm that
smoking can also negatively affect Th17 activity by inducing cell
senescence and cytokine production, indicating that smoking-induced
Th17 overabundance is the comprehensive effect of multiple
mechanisms.

The upregulated Th17 in the peripheral blood of patients with
periodontitis coincided with the downregulated Treg, and the Th17/
Treg imbalance is involved in periodontitis [107,108]. Although the
impact of smoking on disturbing Th17/Treg balance is widely accepted
[109], the effect of smoking on Treg is controversial. Clinical statistics
show that the percentage of Treg and forkhead helix transcription factor
3 (Foxp3) mRNA expression in the peripheral blood is higher in smokers
than in non-smokers [110-112]. In C57BL/6 mice, decreased levels of
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smoke exposure for 3 months and 6 months, respectively, indicating that
smoking induces Treg expression in an early stage [113]. However,
passive smoking significantly reduced Treg-associated Foxp3 and TGF-p
levels and increased Th17-associated IL-17 A and IL-23 levels in PBMCs
[114]. CSE suppressed the differentiation of naive CD4" T cells into Treg
when stimulated with a-CD3 and a-CD28 monoclonal antibodies [115].
Notably, Treg secretes IL-4, IL-10, and TGF-p to inhibit osteoclast for-
mation [116,117]. Therefore, smoking has a complicated role in Treg
differentiation and reprogramming, especially in vivo experiments
[118], and more research on smoking and Treg function in periodontitis
is warranted.

The increased IL-17-expressing Th17 cell frequencies in smokers
were also accompanied by higher percentages of RANKL™CD4™ T cells
and RANKL™" IL-177CD4™ T cells and CSE elevated RANKL expression of
CD4" T cells in vitro [119]. Notably, cigarette smoke significantly
increased TNF-a and soluble RANKL and decreased OPG in the plasma of
periodontitis patients [120]. In ligature-induced periodontitis model
mice, nicotine and cigarette smoke condensate enhanced RANKL
expression in the submandibular lymph nodes and the number of
TRAP-positive osteoclasts in the ligated tissues, leading to alveolar bone
loss [121]. Therefore, it is conceivable that smoking increases the
RANKL expression in RANKL-expressing Thl7 and other T cells,
contributing to bone destruction in the progression of periodontitis. In

TGF-p and IL-10 and an increased level of IL-17 occurred after cigarette addition, smoking upregulated sclerostin and dickkopf-1, two
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Figure 3. Smoking and periodontitis a. Microbial dysbiosis stimulates dendritic cells and macrophages to trigger Th17 response and local inflammation. b. Th17 cells
elevate the IL-17 level and subsequently induce RANKL expression in osteoblasts and periodontal ligament cells, the latter of which produces IL-6 to accumulate
Th17 cells. c. Smoking elevates IL-17 and other inflammatory cytokines, including IL-1f, IL-6, and TNF-a, to activate RANKL signaling. d. Smoking promotes the
primary CD4" T cells to differentiate into Th17 cells and the Tregs conversion to Th17-like phenotype, which depends on the AhR pathway. e. Smoking increases the
RANKL expression in RANKL-expressing Th17 and other RANKL"CD4" T cells. f. Cigarette smoke elevates IL-27 to inhibit IL-17-expressing subsets. g. Smoking
upregulates DKK1 and SOST to inhibit Wnt/p-catenin signaling and block the osteoblast differentiation. Overall, smoking enhances pro-inflammatory Th17
expression to aggravate bone destruction in periodontitis. DKK1, dickkopf-1; SOST, sclerostin.
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antagonists of Wnt/p-catenin signaling, to block the osteoblast differ-
entiation at gingival protein and mRNA levels in periodontitis patients
[122]. Nicotine reduced the ALP activity and calcium deposition in
BMP-2-induced differentiation in human periodontal ligament-derived
stem cells [123]. These results identify the detrimental role of smok-
ing in osteoblast differentiation, leading to impaired bone formation in
periodontitis (Fig. 3).

Resveratrol is effective in ameliorating cigarette smoke-induced
bone destruction aggravation in periodontic rats, as resveratrol
reduced the Th17/Th2 ratio, increased the expression of IL-4, which
suppresses osteoclast differentiation, and significantly decreased the
RANKL expression in gingival tissues compared with placebo rats [116,
124]. The local delivery of neutralizing IL-17 A antibodies in the
periodontium of periodontic mice prevented alveolar bone loss and
osteoclastic activity by decreasing IL-6 and IL-17 A [125]. Given the
similar effect of IL-6 and IL-23 in activating IL-17-expressing Th17, both
tocilizumab (an IL-6R inhibitor) and ustekinumab (an IL-12 and IL-23
antibody) significantly alleviated the periodontal condition of patients
in clinical trials [126,127]. In IL-10-deficient mice, the expression of
IL-17 and RANKL in the gingiva was elevated, with observed alveolar
bone loss that was reduced by neutralizing IL-17 antibody injection in
the palatal gingiva [128]. These results suggest that IL-17-targeted
osteoimmunological therapies effectively reduce smoking-induced
exacerbation of bone loss in periodontitis. In summary, smoking dis-
turbs Th17/Treg balance by enhancing pro-inflammatory Th17 expres-
sion in a cytokine-dependent manner to aggravate alveolar bone
destruction in periodontitis, and local IL-17 antibody treatment collab-
orated with antibiotics is promising in reversing periodontic deteriora-
tion brought by smoking (Table 1).

Foxp3, forkhead helix transcription factor 3; IL-6R, interleukin 6
receptor; LAD1, leukocyte adhesion deficiency type 1; MCP-1, monocyte
chemotactic protein-1; MMP-3, matrix metallopeptidase-3; RA, rheu-
matoid arthritis; Tim1, T-cell immunoglobulin and mucin domain 1.

4.2. Smoking and rheumatoid arthritis

Rheumatoid arthritis (RA) is a typical autoimmune disease charac-
terized by chronic inflammation and cartilage and bone erosion in the
inflamed joints, which has a similar osteoimmunological pathology to
periodontitis, especially the Th17/Treg imbalance [134]. Both genetic
and environmental factors, especially human leukocyte antigen (HLA)
shared epitope (HLA-SE) alleles and smoking, can trigger the develop-
ment of RA [135]. Smoking is involved in the development and severity
of RA, while chronic inflammation, autoantibody formation, and
epigenetic alterations are implicated in the pathology of RA in smokers
[136].

Cigarette smoke exposure aggravated collagen-induced arthritis in
transgenic mice carrying RA-susceptible HLA genes DQ8, which coin-
cided with the elevated expression of Th17 genes [137]. IL-1$ promoted
differentiation, drove Th17 distribution, and enhanced IL-17 expression
to exacerbate arthritis and systematic inflammation, which was reduced
in IL-1R-depleted CD4 ™" cells [138]. In IL-17Ra-deficient mice, the IL-17
signaling was suppressed, as well as the smoking-induced arthritis
aggravation [102]. The pro-inflammatory role of smoking is dependent
on the AhR pathway in Th17, and the induced Thl7 specifically
expressed miRNA132 to increase osteoclasts in the inflamed joints [104,
139]. Therefore, smoking modulates the differentiation and distribution
of Th17 to aggravate inflammation and bone erosion in RA.

Smoking supported the PD-1 deficient phenotype of CD8" T cells and
increased survivin in the serum in RA patients [140]. Nicotine exposure
stimulated the nicotinic receptors on CD8™ cells to induce the inhibitory
transcriptional factors T-bet and BLIMP1, contributing to PD-1 CD8" T
cells and the release of survivin [140]. Notably, a persistently high level
of survivin is associated with anti-citrullinated peptide antibodies
(ACPA) and rheumatoid factor (RF) antibodies, as well as the disease
severity and joint damage in RA patients [141]. The decreased serum
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Table 1
Th17-targeted osteoimmunological therapies in periodontitis.

Treatment Effects Subject Ref.

Female C57BL/6
mice

All-trans retinoic
acid

downregulated IL-17 A;
upregulated IL-10 and TGF-
p1; decreased retinoid-
related orphan receptor
yt-positive CD4 ™ cells;
increased CD4" Foxp3'
cells

decreased IL-1f, IL-6, and
TNF-q; inhibited immune
cell infiltration and Th17
cell differentiation

[129]

Halofuginone C57BL/6 mice [130]

increased IL-4; decreased Male Wistar rats [124]
Th17/Th2 levels;
downregulated mRNA
expression of RANKL
downregulated mRNA
expression of IL-1p, IL-6, IL-
17 A, MCP-1, and RANKL;
upregulated IL-10 and TGF-
Bl in gingival tissues
decreased TNF-a, IL-1p,
and IL-6 in vivo and in
vitro; inhibited the NF-xkB
pathway; inhibited
gingivitis and alveolar bone
loss

decreased IL-6; inhibited
osteoclastic activity and
alveolar bone loss
increased gingival IL-10
mRNA and protein
expressions; decreased
gingival RANKL and
periodontal bone loss
decreased gingival index,
bleeding on probing,
probing depth, clinical
attachment level, and
serum IL-6 and MMP-3
decreased bleeding on
probing and oral
inflammation; decreased
IL-17 and IL-23; improved
sacral wound

Resveratrol

Tamibarotene Female BALB/c mice [131]

RAW 264.7 cells male
Sprague-Dawley rats

IL-1 receptor
antagonist

[132]

1L-17 A antibody Male BALB/c mice [125]

1L-21, anti-Tim1
and CD40L

C57BL/6 J mice [133]

Patients with RA and
chronic periodontitis

Tocilizumab (IL- [126]

6R inhibitor)

Ustekinumab (IL-
12 and IL-23
antibody)

A patient with LAD1 [127]

soluble PD-1 ligand was found in RA smokers and was associated with
aggravated systemic inflammation and ACPA positivity in RA [142].
These results implicate that CD8" T cells are activated by the depletion
of the PD-1 signaling in RA, and the concomitant survivin is involved in
RA pathology. However, the percentage of CD8" T cells was signifi-
cantly lower in smokers than non-smokers, and CD8" T cells inhibited
osteoclast formation by directly integrating with the substantial OPG on
CD8" T cells [143,144]. In addition, osteoclasts acted as the APCs to
induce the Foxp3*CD8" T cells, which produced IFN-y and degraded
TRAF6 to inhibit osteoclast differentiation [145,146]. A low concen-
tration of RANKL caused the Foxp37CD8" T cells to suppress bone
resorption by Notch signaling, while a high-dose RANKL to the coun-
terparts [145]. Therefore, smoking reduces the percentage of CD8" T
cells to aggravate bone erosion in RA, but the role of smoking on
Foxp37CD8™ T cells is unclear.

Smoking duration increases the risk of developing ACPA-positive RA,
while smoking cessation diminishes the harmful effects [147]. Smoking
history was associated with the seropositivity of ACPA IgA in RA pa-
tients, regardless of the presence of ACPA IgG, which was related to
HLA-SE [148]. Besides, cigarette smoke conferred even more risks of a
high level of RF antibodies despite HLA-SE and interacted with HLA-SE
alleles on ACPA level, while prompt smoking cessation decreased the
risks of excessive ACPA and RF [149]. Cigarette smoke exposure induced
the production of citrullinated antigens and ACPA in the serum of
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collagen-induced arthritis mice [150]. The osteoclastogenesis depends
on the activation of FcyR signaling, and the autoantibody IgG2 immune
complex initiates this process by binding to FcyRI and FcyRIV under
inflammatory conditions [151]. Besides, the desialylated IgG immune
complex substantially affected osteoclast differentiation, determining
bone structure in RA patients [152]. Smoking activates Th17 cells to
generate IL-21 and IL-22 to promote the accumulation of desialylated
IgG to strengthen osteoclastogenesis [153]. In addition, cigarette smoke
increased the production of IL-22, possibly by inhibiting serine—-
threonine kinase ROCK2, which augmented the production of IL-17 and
IL-21 b y interferon regulatory factor 4 (IRF4), a crucial transcriptional
factor in Th17 differentiation [154]. Therefore, smoking induces auto-
antibody production to activate the RANKL signaling, thus aggravating
bone erosion in RA.

Synovial fibroblasts play a crucial role in the local inflammation and
bone erosion in RA, which express CCL20 to recruit CCR6" Th17 cells
[155], secrete IL-6 to stimulate Th17 differentiation, produce MMP to
degrade cartilage and bone [156], and express the majority of RANKL to
induce osteoclast formation and bone erosion in RA [157]. GNF351, an
AhR antagonist, effectively inhibited the expression of IL-1p and IL-6 by
separating AhR from the related promotors in human synovial fibro-
blasts [158]. CSE also enhanced the capability of RA synovial fibroblasts
to express pro-inflammatory IL-8 and matrix-destructive MMP1, spe-
cifically by silencing SIRT 6 [159]. In synovial tissues of RA smokers,
SIRT1 was upregulated, which enhanced the proliferation and leukocyte
adhesion to RA synovial fibroblasts, but CSE-treated RA synovial fi-
broblasts displayed a decreased SIRT1 [160]. BaP facilitated the inva-
sive properties of RA synovial fibroblasts, which depended on the Slug
expression [161]. Therefore, smoking unlocks the potential of synovial
fibroblasts to secrete inflammatory cytokines and matrix proteinase to
aggravate bone erosion in RA (Fig. 4).

Recently, the most often utilized therapies in treating RA are TNF«
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and IL-6 monoclonal antibodies and JAK inhibitors, which are directly
targeted at the inflammatory cytokines and the subsequent signaling
pathway. Although inhibition of TNFa and IL-17 A displayed acceptable
tolerability and consistent efficacy in treating RA, clinical evidence still
denied the incrementally beneficial role of IL-17 A inhibition [162,163].
A low dose of IL-2 restored the Th17/Treg balance by increasing CD4"
Treg cells with efficacy and safety [164,165]. Besides, peresolimab,
which stimulates PD-1 signaling, was effective in treating RA patients in
a phase Il clinical trial [166]. Inhibiting IL-1 by anakinra, a recombinant
human IL-1 receptor antagonist, reached the therapeutic targets of both
RA and type 2 diabetes [167]. The addition of denosumab, a RANKL
monoclonal antibody, inhibited bone erosion and improved bone ar-
chitecture compared with a placebo, but the efficacy of denosumab was
not significant [168,169]. Considering the correlation between fibro-
blast signatures, such as synovial B cell molecular signature, in patients
and response to rituximab and tocilizumab, novel machine learning al-
gorithms have been developed to optimize the use of drugs according to
diverse molecular signatures [170]. These clinical trial outcomes
demonstrate the promising therapeutic approaches targeted at the
osteoimmune system, but the interactions between various therapies are
rather complicated, and personalized interventions should be
encouraged.

4.3. Smoking and bone fracture healing

Bone fracture healing is a multistage process of bone regeneration
comprising several events, including hematoma formation, inflamma-
tion response, callus generation, bone formation and remodeling,
eventually restoring the shape, structure, and mechanical strength of the
injured bone [8]. Upon hematoma formation, the macrophages and in-
flammatory cells produce TNF-a and IL-1 to remove necrotic tissue and
initiate the differentiation of MSCs [171]. Notably, TNF-a promotes the
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Figure 4. Smoking and rheumatoid arthritis a. Nicotine stimulates CD8" cells and induces T-bet and BLIMP1 to increase PD-1"CD8" T cells and release survivin
associated with autoantibody production. b. Smoking decreases the percentage of CD8" T cells, and CD8™ T cells inhibit osteoclast formation by integrating with OPG
on CD87 T cells. c. Foxp3"CD8™ T cells produce IFN-y and degrade TRAF6 to inhibit osteoclast differentiation, but the role of smoking on Foxp37CD8" T cells is
unclear. d. Smoking activates Th17 cells in an AhR-dependent way to generate IL-21 and IL-22 and promote the desialylation of the IgG immune complex, sub-
stantially initiating osteoclast differentiation by binding to FcyRI and FcyRIV. e. Smoking increases IL-22 production, possibly by inhibiting ROCK2/IRF4 pathway. f.
SIRT1 is upregulated in synovial tissues of RA smokers to enhance the proliferation and leukocyte adhesion to synovial fibroblasts. Foxp3, forkhead helix tran-
scription factor 3; IFN-y, interferon-y; IRF4, interferon regulatory factor 4; MMP, MMP-3, matrix metallopeptidase; PD-1, programmed cell death protein 1; ROCK2,
rho-associated coiled-coil containing protein kinase 2.
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integration of CXCL12 expressed by periosteal cells to CXCR4 on MSCs
and enhances the MSC differentiation process, which is also enhanced by
IL-17 A produced by y8T cells and IL-6 [12]. Besides, the increase of
TNF-a and IL-1 in the later phase of bone repair indicates the vital role of
inflammatory cytokines in bone formation and remodeling, and the
levels of OPG, RANKL, and M-CSF are elevated asynchronously during
fracture healing [171]. However, CD8" T cells inhibit the healing pro-
cess by secreting TNF-a and IFN-y, which can be suppressed by IL-10
produced by CD27" B cells [12]. These results suggest the vital role of
the osteoimmune system in bone fracture healing.

Limited studies focus on the impact of smoking on the inflammatory
response in bone fracture healing. A significant increase of TNF-o was
detected 4 h and 48 h after hematoma formation in smoking groups,
which was accompanied by significantly decreased levels of osteogenic
markers, including Runx2, BMP-4, ALP activity, indicating that
inflammation is boosted in hematoma of smokers and smoking impairs
bone formation [172]. In bone fracture-induced hematoma, cigarette
smoke significantly enhanced the number of macrophages, neutrophils,
and lymphocytes, as well as the production of IL-1, IL-2, IL-6, IL-9, IL-15,
and TNF-a, among which IL-1a, IL-6, IL-9, and IL-15 remained high
concentrations 24 h after hematoma formation [173]. These results
support the pro-inflammatory role of smoking in bone fracture healing.

Smoking harmed tibial shaft fracture healing as cigarette smoke
increased the risk of nonunion, delayed union, and prolonged fracture
healing time [174]. Low concentrations of CSE inhibited the osteogenic
differentiation of MSCs, indicated by significantly reduced ALP activity
and matrix mineralization [33]. Low-dose nicotine downregulated
CXCR4, CXCR7, and CXCL12 to inhibit the migration of bone marrow
stem cells to the fracture site [175]. CSE decreased TGF-p and down-
stream active Smad2/3 and Smad3/4 complex to impair the function of
MSCs [176]. Besides, 82 activated the AhR pathway to inhibit
TGF-f1/Smad4 and TGF-p1/ERK/AKT signaling pathways in bone
marrow MSCs, partially explaining the BaP-induced tibial fracture delay
[177]. Therefore, smoking inhibits the migration, proliferation, and
differentiation of MSCs partly by the TGF-f pathway to delay bone
fracture healing.

Smoking delays the chondrogenic phase of bone fracture healing. In
mice with surgical tibial fracture, cigarette smoke exposure induced a
smaller fracture callus on day 7 after injury and a larger fracture callus
on day 28, and chondrogenesis was more active on day 14 in smoking
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groups [178]. The cartilage size and percentage of cartilage in total
callus also decreased in early chondrogenesis [173]. Notably, chon-
drocytes expressed AhR during differentiation, and the strong inhibitory
role of CSE on chondrogenesis depended on the AhR/CYP1A1 signaling
pathway [179]. In addition, exposing mice to CSE for 10 days was suf-
ficient and effective in inhibiting osteoblast differentiation and
enhancing osteoclast activity, and the NF-xB signaling was activated to
initiate bone remodeling in osteoclasts [180]. Eventually, smoking dis-
rupts the balance of bone formation and absorption and leads to
decreased maturity, density, and mechanical strength in bone fracture
healing [181] (Fig. 5).

4.4. Smoking and osteoarthritis

Osteoarthritis is the most common joint disease, mainly affecting the
whole knee, hand, and hip joint [182]. The mechanisms underlying
osteoarthritis include cartilage degradation, subchondral bone damage,
synovial and systemic inflammation, mechanical and metabolic alter-
ations [183,184]. Smoking is positively associated with osteoarthritis
(OR 1.31, 95 % CI 1.24-1.38, n = 84,898 cases) [185]. In the United
States general population, the current and former smoking rate is
significantly higher in participants with osteoarthritis than those
without [186]. However, in the Korean general older adult population,
an inverse association is reported between smoking and the prevalence
of knee osteoarthritis [187]. These results suggest that there is a complex
association between smoking and osteoarthritis, which may differ in
different populations and osteoarthritic phenotypes.

Nicotine affects the function of articular chondrocytes and the pro-
cess of chondrogenesis and osteogenesis in a dose-dependent manner,
with lower doses usually causing positive effects and higher doses to the
counterpart [188]. Prenatal nicotine exposure impairs articular carti-
lage development and MSC-related osteochondral repair, ultimately
leading to osteoarthritis in offspring [188]. Nicotine induces an in-
flammatory response to enhance the extracellular matrix degradation,
which can be interestingly inhibited by estrogen [189]. Cigarette smoke
deteriorates osteoarthritis progression and systemic inflammation by
increasing the MMP-13 expression and activating the NF-xB pathway
[190]. BaP exposure aggravates the mandibular subchondral bone loss
in the osteoarthritic mouse, indicated by increased osteoclastic bone
resorption [191]. Besides, smoking promotes systemic oxidative stress in
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Figure 5. Smoking and bone fracture healing a. Low-dose nicotine downregulates CXCR4, CXCR7, and CXCL12 to inhibit the migration of bone marrow stem cells to
the fracture site. b. CSE decreases TGF-p and downstream active Smad2/3 and Smad3/4 complex to impair the function of MSCs. c. Smoking strongly inhibits
chondrogenesis through the AhR/CYP1A1 signaling pathway. d. Cigarette smoke significantly enhances the number of macrophages, neutrophils, and lymphocytes to
maintain high concentrations of TNF-a, IL-1a, IL-6, IL-9, and IL-15 after hematoma formation.
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young adults and increases pain and cartilage loss in the development of
osteoarthritis [192]. CSE increases oxidative stress to induce chon-
drocyte death and disrupt cartilage homeostasis, as 10 % CSE produces
sufficient free radicals to lead to cell death [193]. These results support
the detrimental role of smoking in osteoarthritis development.

5. Conclusion

The risk of smoking on health and disease is still a global concern.
Smoking is believed to aggravate bone destruction in various skeletal
diseases, but the understanding of the underlying mechanisms and
therapeutic approaches is limited. Osteoimmunology is a field that fo-
cuses on the interplay between bone metabolism and immune homeo-
stasis to understand the relationship between osteoimmune interaction
and disease development. Smoking impairs the osteogenic differentia-
tion of MSCs and osteoblasts and promotes osteoclast formation by
activating the RANKL signaling pathway, ultimately leading to bone
destruction. Additionally, smoking regulates the quantity and function
of osteoimmune cells, particularly Th17 and Treg cells, leading to
increased inflammatory and osteoclastogenic cytokines, further aggra-
vating bone destruction. Therapeutic interventions targeting the
osteoimmune system show promise in alleviating the detrimental effects
of smoking on periodontitis and rheumatoid arthritis. However, further
research is still required to assess the effectiveness of therapeutic stra-
tegies targeting osteoimmune cytokines.
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