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Abstract

Background: In contrast to cigarettes, electronic cigarette use (E-cigarettes) has grown substantially over the last
decade. This is due to their promotion as both a safer alternative to cigarettes and as an aide to stop smoking.
Critically, upon E-cigarette use, the user may be exposed to high doses of nicotine in addition to other compounds
including flavouring chemicals, metal particulates and carbonyl compounds, particularly in highly vascularised
tissues such as bone. However, there has been limited investigation into the impact of E-cigarette usage on bone
physiology, particularly over extended time periods and there are no clinical recommendations regarding E-
cigarette usage in relation to orthopaedic surgery. This literature review draws together data from studies that have
investigated the impact of E-cigarette vapour and its major constituents on bone, detailing the models utilised and
the relevant mechanistic and functional results.

Main body: Currently there is a lack of studies both in vivo and in vitro that have utilised E-cigarette vapour,
necessary to account for changes in chemical composition of E-cigarette liquids upon vaping. There is however
evidence that human bone and bone cells express nicotine receptors and exposure of both osteoblasts and
osteoclasts to nicotine, in high concentrations may reduce their viability and impair function. Similarly, it appears
that aldehydes and flavouring chemicals may also negatively impact osteoblast viability and their ability to form
bone. However, such functional findings are predominantly the result of studies utilising bone cell lines such as
MG-63 or Saos-2 cells, with limited use of human osteoblasts or osteoclasts. Additionally, there is limited
consideration for a possible impact on mesenchymal stem cells, which can also play an import role in bone repair.

Conclusion: Understanding the function and mechanism of action of the various components of E-cigarette
vapour in mediating human bone cell function, in addition to long term studies to determine the potential harm of
chronic E-cigarette use on human bone will be important to inform users of potential risks, particularly regarding
bone healing following orthopaedic surgery and injury.
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Background
Multiple meta-analyses have reported that a history of
cigarette smoking is significantly associated with reduced
bone mineral density (BMD), increased risk of fracture
and reduced fracture healing in comparison to non-
smokers of the same age, sex and body mass index (BMI)

[1–4]. It is also apparent that such smoking-associated ef-
fects are cumulative, demonstrating a positive correlation
with pack year history [2, 3, 5]. Furthermore, fracture risk
in smoking cohorts is greater than in non-smokers when
corrected for BMD, indicating that smoking may directly
impact bone architecture and quality [6]. Indeed, a de-
crease in trabecular bone mass and increased trabecular
separation has been reported in older smokers [7], while
in younger individuals smoking is associated with a reduc-
tion in trabecular bone volume, independent of age, BMI,
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activity level and calcium intake [8]. Smoking is also inde-
pendently associated with increased post-surgery compli-
cations such as infection and aseptic loosening following
arthroplasty [9–12]. In light of such data, patients are ad-
vised not to smoke cigarettes for a minimum of 4 weeks
prior to orthopaedic surgery and continue to abstain post-
surgery, in order to minimise complications, facilitate
maximal bone healing and reduce aseptic loosening [13,
14]. While cigarette consumption has declined over the
past decade, the use of electronic-cigarettes (E-cigarettes)
or vaping, has risen dramatically, partly due to being
regarded as a safer alternative to smoking [15–17]. Indeed,
Public Health England guidance suggests E-cigarettes are
95% safer than cigarettes, fuelling public perception of
negligible risk. Additionally, the use of E-cigarettes is
reportedly twice as effective as nicotine replacement ther-
apies in facilitating smoking cessation [18]. Therefore
patients advised by health care professionals to quit smok-
ing, are more likely to turn to E-cigarettes as a cessation
aide [17]. Increased use of E-cigarettes will undoubtedly
represent a harm reduction in comparison to cigarettes
[19]. However, E- cigarette usage still results in systemic
exposure to numerous and potentially harmful vapour
constituents following inhalation, including nicotine, fla-
vouring chemicals and reactive aldehydes generated dur-
ing vapourisation of humectants; propylene glycol and
vegetable gylcerine, particularly to highly vascularised tis-
sues such as the bone (Fig. 1) [20]. Critically, recent data
suggests that vaping may be considerably more harmful
that first thought. For example, exposure of human alveo-
lar macrophages to E-cigarette vapour condensate resulted
in increased inflammatory cytokine production, cell death

and a reduced phagocytic ability [21]. Additionally, RNA
sequencing of oral cavity epithelial cells identified signifi-
cant dysregulation of cancer-associated genes in E-
cigarette users, in comparison to control individuals
[22]. Similarly, Tang et al. demonstrated the develop-
ment of both lung adenocarcinomas and bladder
urothelial hyperplasia in mice exposed to E-cigarette
vapour over 54 weeks [23].
Given the established detrimental effects of smoking

on bone health and the clinical implications for those
undergoing orthopaedic surgery it is clearly important to
understand the effects of E-cigarette smoking on bone.
However, there has been limited investigation into the
impact of E-cigarette usage on bone health, particularly
over extended time periods and there are no clinical rec-
ommendations regarding E-cigarette usage either pre or
post-orthopaedic surgery. In this literature review, we
highlight studies that have investigated the impact of E-
cigarette vapour and its major constituents on bone, de-
tailing the models utilised and the mechanistic and func-
tional results regarding bone health (Table 1).

The impact of E-cigarette vapour on bone
function in vivo
Currently, only one study has investigated the impact of E-
cigarette vapour on bone in vivo. In this study, mice were ex-
posed to E-cigarette vapour aerosol for 3 h per day, for up to
6months [37]. No significant effect on cortical bone strength,
bone stiffness or hydroxyapatite content was reported, how-
ever E-cigarette vapour did impact bone architecture, with
microfractures evident in the femur of mice. Importantly,
microfractures occurred in response to aerosols containing

Fig. 1 A potential mechanism to highlight how E-cigarette usage may impact bone
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Table 1 The impact of major E-cigarette vapour constituents on bone cell function

Constituent Model Treatment Proliferation/
viability

Gene Expression ALP
Activity

Bone
Nodules

Other Cellular
Functions

Ref

Nicotine Primary
human
osteoblasts

3d, 0.01–50 mM Up to 0.01 mM
increased
proliferation, > 1
mM reduced
proliferation
Reduced
proliferation.
Cytotoxic at 50 mM

↑Type I collagen,
ostrix, ↓ALP, RUNX2,
BSP, osteopontin,
osteonectin

– ↑ with 1 mM Altered
morphology

[24]

Primary
human
osteoblasts

0.01 μM-10mM up
to 3d

↑ Proliferation with
doses up to 1 μM, ↓
with doses > 0.1
mM

↑ c-fos with 0.1 μM,
1 h

– – – [25]

Primary
human
osteoblasts

0.1 μM, 11 and 21d Cytotoxic – – – ↑ H2O2

accumulation,
activation of
caspase 3 and
mitochondrial
apoptosis
pathways

[26]

Murine cell
line (OCCM.30)

– ↑ PGE2 ↓ Time-dependent
increase in nitric
oxide production

Saos-2 cells 3 mM, up to 14d – OPG, PGE2, no
change

↓ – – [27]

MG63 0.01 μM- 10 mM 1d-
3d

0.01–100 μM
increased
proliferation, 1–10
mM decreased/
cytotoxic

Type I Col, ALP,
osteocalcin, ↑24 h
0.1 μM-1mM ↓24 h
1-10 mM, 72 h all
dosages

– – – [28]

RAW264.7
cells, Treated
with RANKL for
7d

0.01–1 mM, up to 7d – ↑ Carbonic
anhydrase, α 7 nAch
receptor ↓CatK,
MMP-9, and V-
ATPase d2

n/a n/a ↓multinuclear
osteoclasts with
large nuclei

[29]

Flavouring
chemicals

MG-63 Cinnamon flavoured,
nicotine-free e-
cigarette liquid and
condensate, 2d.

↓ Viability – – – ↑ in ROS
production

[30]

U937 and
MM6
monocytic cell
lines

Diacetyl,
cinnamaldehyde,
acetoin, maltol,
pentanedione, o-
vanillin, and couma-
rin, 0.01–1 mM

↓ Viability – – – ↑ IL-8 cytokine
secretion
↑ in ROS
production

[31]

Primary
human
bronchial
epithelial
(NHBE) cells

Diacetyl or 2,3-
pentanedione, for 1d

– RNA-seq
differentially
expressed genes:
Diacetyl = 163
genes, 2,3-
pentanedione = 568
genes

– – Disrupting cilia
biogenesis

[32]

Carbonyl
compounds

Human
osteogenic
sarcoma cell
line (U2OS)

0.001–4 mM
formaldehyde, 1-3d

↓ Proliferation,
viability

– – – – [33]

Human bone
marrow stem
cells cultured
in osteogenic
conditions

Acetaldehyde (0.1–
0.12 mM) and
Acrolein (0.01–0.12
mM) 1-28d

↓ Proliferation,
viability

– ↓ ↓ with 0.03
mM acrolein,
0.1 mmol/L
acetaldehyde

Altered cell
morphology
Reduced
adherence to
titanium surface

[34]

Mouse primary 0.04% Acetaldehyde, ↓ Proliferation, ↑ PPARγ – – Reduced [35]
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only propylene glycol and vegetable glycerol, suggesting this
effect was not entirely mediated by nicotine or flavouring che-
micals [37]. Notably, due to the investigation of other end
points, atherosclerosis-prone apolipoprotein E-deficient
(ApoE−/−) mice were utilised in this study [37]. Apolipopro-
tein E is a key protein involved in lipid transport.
Consequently ApoE−/− mice typically display increased ath-
erosclerotic plaque development, in addition to systemic in-
flammation [38]. Subsequently these mice are often used to
model atherosclerosis and also diseases of pulmonary inflam-
mation such as chronic obstructive pulmonary disease [38].
However, ApoE−/− mice have also previously been demon-
strated to display increased bone mass compared to wild-type
animals, due to increased bone formation mediated by osteo-
blasts [39]. Therefore, as mice used in this investigation may
have had greater baseline bone mass compared to wild type
mice, further study, ideally utilising human E-cigarette user
cohorts is needed.

Evidence for the impact of E-cigarette vapour and
liquid on bone cell function
Rouabhia et al. investigated the impact of nicotine rich E-
cigarette vapour on both osteoblast function (the main cell
type responsible for the synthesis of new bone) and their
ability to interact with dental implant disks [40]. Exposure
of Saos-2 osteoblasts (human osteoblast-like cell line
derived from a patient with primary osteosarcoma) to E-
cigarette vapour resulted in reduced adherence of Saos-2
osteoblasts to the dental implant surface, potentially due
to reduced expression of the adhesion molecule, F-actin
[40]. Functionally, E-cigarettes caused a reduction in both
mineralisation and alkaline phosphatase activity, a key en-
zyme in osteogenesis [40]. E-cigarette vapour exposure
also upregulated expression of the pro-apoptotic gene
caspase-3 and increased cell death. Notably, the detrimen-
tal effects of nicotine-rich E-cigarette vapour on Saos-2
osteoblast function were greater than nicotine-free E-
cigarettes vapour, suggesting nicotine plays a significant

role in the impact of E-cigarette vapour on Saos-2 osteo-
blast function [40].
In addition to E-cigarette vapour, A detrimental effect

of commercially available E-liquids on osteoblast cell lines
has also been reported. Direct application of a variety of
E-liquids to human Saos-2 and MG-63 cells, (another
osteoblast-like cell line, derived from a human osteosar-
coma) at concentrations up to 4%, delivering a nicotine
dose of up to 1mg/ml (falling within a theoretical physio-
logical exposure range of 1-3mg of nicotine per cigarette)
reduced cellular viability, independent of nicotine [41].
Interestingly, the response of the osteoblast cell lines to
direct E-liquid exposure differed depending on flavour
[41]. Although such direct application of E-cigarette liquid
does not directly mimic real life usage, particularly as the
chemical composition of E-cigarettes can change upon
vaping [42–45], the results of these studies do highlight
the potential harm E-cigarettes may have on bone health.

The impact of nicotine on osteoblast cell lines
There is evidence that E-cigarette users self-titrate con-
sumption to achieve a nicotine dose to which they were
previously accustomed to when smoking cigarettes [46].
Therefore, the impact of nicotine on bone following the
use of E-cigarettes may be comparable to that of ciga-
rettes. Critically, the expression of acetylcholine receptor
subunits has been reported in both human trabecular
bone and primary human osteoblasts [25]. Additionally,
α7 nicotinic receptor subunits are expressed in Saos-2
cells, with expression upregulated in response to nico-
tine [47]. Subsequently, a number of studies have inves-
tigated the effect of nicotine on bone function and
phenotype utilising cell lines, human primary osteoblasts
and human bone tissue [24, 26, 47, 48].
A nicotine-mediated dose dependent decrease in prolif-

eration was observed in Saos-2 cells for up to 14 days in
culture [46]. Critically, nicotine (10mM, up to 14 days)
also reduced the formation of bone-like nodules, struc-
tures formed by the mineralisation of the extracellular

Table 1 The impact of major E-cigarette vapour constituents on bone cell function (Continued)

Constituent Model Treatment Proliferation/
viability

Gene Expression ALP
Activity

Bone
Nodules

Other Cellular
Functions

Ref

osteoblastic
cells/ MC3T3-
E1 murine cell
line

1-4d viability ↓ RUNX2, osterix osteoblast
differentiation,
instead a shift
towards
adipogenesis

Rat calvarial
osteoblasts,
bone marrow
stromal cells

0.002%
Acetaldehyde, 1-14d

– ↓ BMP-2, ALDH2 ↓ ↓ – [36]

RUNX2 Runt-related transcription factor 2, BSP Bone sialoprotein, PGE2 Prostaglandin E2, OPG osteoprotegerin, MMP Matrix metalloproteinase, ROS reactive oxygen
species, PPAR-γ Peroxisome proliferator-activated receptor gamma, ALDH2 Aldehyde dehydrogenase 2, Saos-2 / MG-63 - human osteoblast-like cell lines derived
from patients with osteosarcoma. RAW264.7 a monocyte/macrophage like cell linage, capable of forming multinucleated osteoclast-like cells), ALP Alkaline
phosphatase, CatK Cathepsin K

Nicholson et al. Journal of Inflammation           (2021) 18:16 Page 4 of 10



matrix secreted by osteoblasts [48]. In support of this, Al-
kaline phosphatase activity and type I collagen expression
in Saos-2 cells was also significantly reduced with nicotine
treatment [48]. Furthermore, both mRNA and protein ex-
pression of matrix metalloproteinases (MMP) -1, 2, 3 and
13 has been reported to be significantly greater in Saos-2
cells in response to nicotine treatment for 5–10 days [47].
In contrast, no effect on the expression of tissue inhibitors
of metalloproteinases (TIMPS) was observed. MMPs de-
grade extracellular matrix proteins such as collagens, elas-
tin and glycoprotein, which in this context include bone
extracellular matrix proteins such as type I collagen [49].
An increased expression of MMPs with no corresponding
increase in tissue TIMPs would therefore suggest in-
creased extracellular matrix degradation [47].
Nicotine has also been implicated as a driving force of

mitochondrial stress and reactive oxygen species (ROS)
production in osteoblast-like cells differentiated from
mouse mesenchymal stem cells. In this model, nicotine
reduced sirtuin-3 (sirt3 expression), subsequently inhi-
biting mitochondrial anti-oxidative enzymes, while a
time-dependent increase in nitric oxide production has
been reported in a murine immortalized cementoblast
cell line (OCCM.30) [50, 51].

The impact of nicotine on human primary
osteoblasts
A bimodal effect of nicotine on primary human osteoblast
proliferation was demonstrated by Walker et al. In this
study, low doses of nicotine (0.01–10 μM for 72 h) pro-
moted osteoblast proliferation, potentially mediated via an
induction of c-fos oncogene. In contrast, higher doses (>
1mM for 72 h) reduced osteoblast proliferation and
caused cell death [25]. Interestingly, nicotine infusion of
human trabecular bone tissue increased osteopontin pro-
tein expression. Since osteopontin is implicated in bone
resorption, increased osteopontin expression may be indi-
cative of a progressive loss of bone mass in vivo [25].
Marinucci et al. performed similar experiments, in which
primary human osteoblasts were exposed to nicotine for
11 and 21 days. Application of the lowest dose of nicotine
(0.1 μM) significantly reduced osteoblast viability, with in-
creased activation of caspase-3. Nicotine also induced
osteoblast apoptosis by both increasing the accumulation
of H2O2 and inhibiting nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-KB) activation, as evi-
denced by reduced nuclear levels of NF-kB p65, which
subsequently resulted in upregulation of B-cell lymphoma
2 (Bcl-2), bcl-2-associated X protein (BAX) and caspase-3
and in-turn apoptosis [26]. In a separate study, Marinucci
et al. also demonstrated increased type I collagen mRNA
expression in primary human osteoblasts in response to
acute nicotine stimulation, whilst alkaline phosphatase
mRNA expression decreased [24]. Chronic treatment of

human osteoblasts with nicotine induced a downregula-
tion in the expression of the osteoblast master transcrip-
tion factor runt-related transcription factor 2 (RUNX2),
indicating inhibition of osteoblast differentiation. In sup-
port of this, reduced expression of mRNAs coding for
bone matrix proteins such as bone sialoprotein (BSP),
osteopontin, and osteonectin were also observed with
chronic nicotine exposure [24].

The impact of nicotine on osteoclast function
Osteoclasts are primarily responsible for bone resorption
and therefore a positive balance between osteoclast and
osteoblast activity leads to a reduction in bone mass
[52]. Similarly to osteoblasts, osteoclasts express α1–5, 7,
9 and 10 nicotine receptor subtypes, with α7 mRNA in-
creasing in response to nicotine treatment, in a dose
dependent fashion [29]. In vitro studies investigating the
effect of nicotine on osteoclast function have reported
differing results. On one hand, nicotine increases car-
bonic anhydrase expression, an enzyme necessary for the
generation of H+ ions, that when accumulated extracel-
lularly, promote demineralisation [29]. On the other
hand, nicotine treatment decreased V-ATPase expres-
sion. V-ATPase is responsible for the export of H+ ions
from osteoclasts, suggesting reduced bone resorption
[53]. In support of the latter, nicotine has also been
demonstrated to reduce the planar area of the resorption
in RAW264.7 cells (a monocyte/macrophage like cell lin-
age, capable of forming multinucleated osteoclast-like
cells) [29]. Similarly conflicting results have been ob-
served in vivo. Knockout of α7 nicotine receptors in
mice resulted in decreased osteoclastogenesis, while cir-
culating osteoprotegerin (OPG) was elevated, resulting
in increased bone mass [54, 55]. However in contrast,
Mito et al. demonstrated that nicotine mediated activa-
tion of α7 receptors in mice promoted the upregulation
of receptor activator of nuclear factor kappa-Β ligand
(RANKL) and inhibited osteoprotegerin OPG expres-
sion, consequently promoting osteoclast activation and
bone resorption [55].

The impact of E-cigarette flavouring chemicals on
bone health
The wide variety of E-cigarette flavouring liquids avail-
able for consumption (over 8000 to date) is a primary
contributing factor to the rise in popularity of E-
cigarette usage, especially amongst younger individuals
and non-smokers [56–58]. However, there is limited
regulation and quality control of flavouring compounds
present in E-cigarette liquids and there is a dearth of
studies investigating their safety and physiological effects
on bone.
Evidence from the monocytic cell lines U937 and

MM6 demonstrated that flavouring chemicals can evoke
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a number of direct harmful effects, including reduced
cell viability and increasing pro-inflammatory cytokine
production [58]. Similarly, exposure of primary normal
human bronchial epithelial (NHBE) cells to two com-
monly used flavouring chemicals (diacetyl or 2,3-penta-
nedione) for 24 h evoked differential expression of 163
and 568 genes respectively [32], while a cytotoxic effect
on mouse neuronal cells has also been reported [59].
Additionally, there is evidence that cinnamaldehyde
supresses innate immune cells function, reducing macro-
phage and neutrophil phagocytosis, neutrophil extracel-
lular trap formation and natural killer cell cytotoxicity
[60]. Regarding bone, Wavreil and Heggland investigated
the effect of cinnamon flavouring on MG-63 cell func-
tion indirectly, by comparing cinnamon flavoured nico-
tine free E-cigarette liquid and condensate against
unflavoured controls. 48 h exposure to flavoured liquid
or condensate significantly reduced MG-63 viability,
likely attributable to oxidative stress [30].
Although lower than reported in cigarette smoke (>

1016 molecules/puff), upon vaporising, E-cigarette liquids
generate a considerable amount of short lived, highly re-
active free radicals (> 1013 molecules/puff) [42, 45, 61,
62]. Additionally, atomization of flavouring chemicals in-
cluding linalool, dipentene, and citral also caused free
radical production [63]. Considering that ROS are asso-
ciated with osteoclast activation and bone resorption,
flavouring agent derived free radicals may therefore
negatively impact on bone [64].
Collectively these data highlight the need to determine

the level of exposure of flavouring chemicals in bone
and the potential harmful effects flavouring chemicals
may have in humans, particularly with chronic repeated
exposure.

The impact of E-cigarette derived glycols on bone
health
Most E-cigarette liquids contain either a glycol such as
propylene glycol or glycerine. Such compounds are ne-
cessary to form vapour central to E-cigarette usage in
addition to acting as solvents, facilitating the addition of
flavouring chemicals. Such compounds have generally
been considered safe due to their approval for oral con-
sumption in food products [65]. Critically, such safety
recommendations do not encompass their inhalation
upon combustion, as individuals are exposed to when
vaping. As a result, potentially harmful effects, especially
with regard to bone have currently been overlooked.

The impact of E-cigarette derived carbonyl
compounds on bone health
The most common carrier agents/humectants used in E-
cigarette liquids include propylene glycol and vegetable
glycerine. Thermal degradation of these compounds

occurs during the use of E-cigarettes, generating car-
bonyl compounds such as formaldehyde, acetaldehyde
and acrolein [42, 66]. Importantly, increased amounts of
these aldehyde compounds were detected in exhaled
breath following vaping, with very high (95%) uptake by
the respiratory tract also demonstrated [67]. Critically,
the amounts of formaldehyde exhaled were reportedly
similar to traditional cigarettes (~ 5 μg·puff− 1) [67].
Although the effect of E-cigarette derived carbonyl

compounds on bone cell function has not been studied
directly, formaldehyde and acetaldehyde have been dem-
onstrated to reduce proliferation and increased cell
death of U2OS cells (a human osteoblastic cell line) in a
dose dependent manner [33, 68]. Acetaldehyde and
Acrolein also inhibited osteoblast alkaline phosphatase
activity and mineralisation [34]. Importantly, this study
also identified that aldehyde treatment could inhibit os-
teoblasts adherence to an implant surface and such
effects are independent of nicotine [34].
Acetaldehyde has also been shown to stimulate PPARγ

expression in mouse osteoblast cells, a transcription fac-
tor that inhibits osteoblast differentiation [35]. Addition-
ally, mice expressing a dominant-negative form of
aldehyde dehydrogenase 2 (ALDH2), an enzyme which
catalyses the conversion of acetaldehyde to acetic acid,
exhibit an osteoporotic phenotype [35]. In support of
this, increasing ALDH2 activity, promoted alkaline phos-
phatase activity and bone nodule formation in primary
rat osteoblasts [36]. In human individuals, genetic poly-
morphisms resulting in reduced ALDH2 cause a build-
up of acetaldehyde, lower BMD and a significantly in-
creased rate of hip fracture and osteoporosis [69, 70].
Collectively, these data suggest that increased exposure

of bone to carbonyl compounds following E-cigarette
usage may negatively affect osteoblast function. However,
studies investigating the impact of carbonyl compounds
on both human primary osteoblast and osteoclast function
are required. There is also a need to determine the
amounts of carbonyl compounds exposure when vaping
and the impact of chronic exposure.

The impact of E-cigarette derived metal
particulates on bone health
Traditional cigarettes are associated with the inhalation
of metal particulates, including chromium, cadmium,
lead and nickel which are known to have a variety of
harmful effects [71–73]. Emerging data has demon-
strated that metal particulates and nanoparticles are also
generated upon the use of E-cigarettes, with concentra-
tions in many cases similar or exceeding those from
cigarette smoke [74, 75]. The effect of E-cigarette de-
rived metal particulates on bone has not yet been con-
sidered, however the impact of various metal
particulates on bone have been reported in other
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scenarios, recently reviewed by Rodríguez and Mandalu-
nis [76]. Sustained exposure to E-cigarette derived cad-
mium may be of particular importance to bone health,
as increased accumulation in smokers is associated with
bone resorption, demineralisation and increased risk of
osteoporosis and fracture [77–80]. Therefore, although
cadmium absorption is reportedly lower in E-cigarette
users compared to smokers [81], it is important to eluci-
date the impact of chronic exposure to cadmium and
other metal particulates on bone function in humans fol-
lowing E-cigarette use.

The impact of E-cigarette vapour on the
osteogenic differentiation of mesenchymal stem
cells
In addition to osteoblasts and osteoclasts discussed
above, it is important to consider the impact of E-
cigarette usage on mesenchymal stem cells (MSCs).
Bone marrow is a major source of MSCs and their dif-
ferentiation towards the osteoblast lineage is involved in
the regulation of bone turnover, particularly following
injury [82]. MSCs cultured in osteogenic conditions dis-
played reduced expression of alkaline phosphatase
mRNA, significantly reduced type I collagen (COL1)
mRNA expression and a reduction in mineralisation fol-
lowing treatment with E-cigarette smoke extract [83].
The authors also report a striking reduction in con-
nexin43 protein expression [83]. Connexin43 facilitates
gap junction formation and their presence has been sug-
gested to play a role in osteogenic differentiation of
MSCs [84]. Therefore, loss of connexin43 may offer a
possible mechanism for E-cigarette mediated inhibition
of MSC commitment to the osteoblast lineage.

The impact of Cannabidiol (CBD) on bone health
The development of E-cigarette devices has also resulted
in their utilisation to vape cannabidiol (CBD), the major
non-psychoactive constituent of cannabis, due to its pur-
ported analgesic, anti-inflammatory, and anti-epileptic
properties [85–87]. When examining the direct effect of
CBD on bone, Napimoga et al. demonstrated that 5 mg/
KG/day CBD reduced bone loss following the induction of
periodontal disease in rats, potentially by reducing osteo-
blast RANKL production [88]. Similarly, CBD promoted
bone healing in rats following femoral fracture, possibly
mediated by increased collagen crosslinking though in-
creased, lysyl hydroxylase 1 (PLOD1) expression, a colla-
gen crosslinking enzyme [89]. In addition, intradiscal
injection of CBD prevented intervertebral disk degener-
ation in rats, following injury [90].. Most recently, Li et al.
demonstrated that intradiscal CBD treatment decreased
RANKL and increased OPG mRNA expression in rats fol-
lowing complete spinal transection [91]. Continued treat-
ment with CBD for 2 weeks following spinal injury also

increased bone volume and trabecular thickness in these
animals [91]. There is also evidence that CBD can supress
osteoclastogenesis, and reduce the function of human os-
teoclasts by acting as a G protein-coupled receptor 55
(GRP55) receptor antagonist, further supporting a benefi-
cial effect of CBD on bone formation [92, 93]. Together,
these data appear to support a positive effect of CBD on
bone, although critically, studies to examine the impact of
CBD obtained via E-cigarette use on human bone is re-
quired. Indeed, it will be important to consider whether
delivery of CBD through the medium of an E-cigarette is a
credible option to facilitate bone healing, especially con-
sidering both the poor regulation and quality control
surrounding such products and the considerable harm the
user may be inflicting to bone via other constituents
within the CBD liquid, as discussed above, in addition to
other organs such as the lungs particularly with prolonged
use [94, 95]. Consequently any potential benefit to bone is
likely to be outweighed by such harmful effects.

Conclusions
E-cigarette usage is commonly regarded as a safe alterna-
tive to smoking cigarettes. However, there is evidence that
many of the major constituents of E-cigarettes, such as
nicotine and carbonyl compounds can significantly impair
osteoblast function, suggesting E-cigarette use may be det-
rimental to bone health. Future studies are clearly needed
to investigate both the long-term effect of E-cigarette
usage on bone function in humans and their potential im-
pact on bone associated disease, injury and orthopaedic
surgery. Subsequently this will inform users of potential
health risks and may help to increase recovery and limit
complications following orthopaedic surgery.

Abbreviations
ApoE: atherosclerosis-prone apolipoprotein E-deficient; ALDH2: Aldehyde
dehydrogenase 2; Bax: bcl-2-associated X protein; Bcl-2: B-cell lymphoma 2;
BMD: Bone mineral density; BMI: Body mass index; BSP: Bone sialoprotein;
CBD: cannabidiol; COL1: Type 1 collagen; E-cig: electronic cigarette; GRP55: G
protein-coupled receptor 55; MMP: Matrix metalloproteinase; NF-κB: nuclear
factor kappa-light-chain-enhancer of activated B cells; NHBE: normal human
bronchial epithelial; OPG: osteoprotegerin; PGE2: Prostaglandin E2; RANK-
L: Receptor activator of nuclear factor kappa – beta; ROS: reactive oxygen
species; RUNX2: Runt-related transcription factor 2; TIMP: Tissue inhibitors of
metalloproteinase

Acknowledgements
Not applicable.

Authors’ contributions
AS, MNE SWJ: idea of article, approval of the final manuscript; TN: original
draft. Literature search, analysis of data, approval of the final manuscript; TN:
original draft.

Funding
MRC-Versus Arthritis Centre for Musculoskeletal Ageing Research (MR/K00414X/
1) and NuVasive Ltd.

Availability of data and materials
Not applicable.

Nicholson et al. Journal of Inflammation           (2021) 18:16 Page 7 of 10



Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Institute of Inflammation and Ageing, MRC-ARUK Centre for Musculoskeletal
Ageing Research, University of Birmingham, Birmingham B15 2TT, UK. 2The
Royal Orthopaedic Hospital, Birmingham B31 2AP, UK.

Received: 30 November 2020 Accepted: 25 April 2021

References
1. Patel RA, Wilson RF, Patel PA, Palmer RM. The effect of smoking on bone

healing: a systematic review. Bone Joint Res. 2013;2(6):102–11. https://doi.
org/10.1302/2046-3758.26.2000142.

2. Ward KD, Klesges RC. A meta-analysis of the effects of cigarette smoking on
bone mineral density. Calcif Tissue Int. 2001;68(5):259–70. https://doi.org/1
0.1007/BF02390832.

3. Law MR, Hackshaw AK. A meta-analysis of cigarette smoking, bone mineral
density and risk of hip fracture: recognition of a major effect. BMJ. 1997;
315(7112):841–6. https://doi.org/10.1136/bmj.315.7112.841.

4. Wu ZJ, Zhao P, Liu B, Yuan ZC. Effect of cigarette smoking on risk of hip
fracture in men: a meta-analysis of 14 prospective cohort studies. PLoS One.
2016;11(12):e0168990. https://doi.org/10.1371/journal.pone.0168990.

5. Tamaki J, Iki M, Sato Y, Kajita E, Kagamimori S, Kagawa Y, et al. Smoking
among premenopausal women is associated with increased risk of low
bone status: the JPOS study. J Bone Miner Metab. 2010;28(3):320–7. https://
doi.org/10.1007/s00774-009-0129-8.

6. Kanis JA, Johnell O, Oden A, Johansson H, De Laet C, Eisman JA, et al.
Smoking and fracture risk: a meta-analysis. Osteoporos Int. 2005;16(2):155–
62. https://doi.org/10.1007/s00198-004-1640-3.

7. Szulc P, Debiesse E, Boutroy S, Vilauphiou N, Chapurlat R. Poor trabecular
microarchitecture in male current smokers: the cross-sectional STRAMBO
study. Calcif Tissue Int. 2011;89(4):303–11. https://doi.org/10.1007/s00223-
011-9519-8.

8. Rudang R, Darelid A, Nilsson M, Nilsson S, Mellstrom D, Ohlsson C, et al.
Smoking is associated with impaired bone mass development in young
adult men: a 5-year longitudinal study. J Bone Miner Res. 2012;27(10):2189–
97. https://doi.org/10.1002/jbmr.1674.

9. Singh JA, Schleck C, Harmsen WS, Jacob AK, Warner DO, Lewallen DG.
Current tobacco use is associated with higher rates of implant revision and
deep infection after total hip or knee arthroplasty: a prospective cohort
study. BMC Med. 2015;13(1):283. https://doi.org/10.1186/s12916-015-0523-0.

10. Matharu GS, Mouchti S, Twigg S, Delmestri A, Murray DW, Judge A, et al.
The effect of smoking on outcomes following primary total hip and knee
arthroplasty: a population-based cohort study of 117,024 patients. Acta
Orthop. 2019;90(6):559–67. https://doi.org/10.1080/17453674.2019.1649510.

11. Teng S, Yi C, Krettek C, Jagodzinski M. Smoking and risk of prosthesis-
related complications after total hip arthroplasty: a meta-analysis of cohort
studies. PLoS One. 2015;10(4):e0125294. https://doi.org/10.1371/journal.
pone.0125294.

12. Abrahamsen B, Brask-Lindemann D, Rubin KH, Schwarz P. A review of
lifestyle, smoking and other modifiable risk factors for osteoporotic
fractures. Bonekey Rep. 2014;3:574.

13. Rodriguez-Merchan EC. The importance of smoking in orthopedic surgery.
Hosp Pract (1995). 2018;46(4):175–82.

14. Mills E, Eyawo O, Lockhart I, Kelly S, Wu P, Ebbert JO. Smoking cessation reduces
postoperative complications: a systematic review and meta-analysis. Am J Med.
2011;124(2):144–54 e8. https://doi.org/10.1016/j.amjmed.2010.09.013.

15. Rom O, Pecorelli A, Valacchi G, Reznick AZ. Are E-cigarettes a safe and good
alternative to cigarette smoking? Ann N Y Acad Sci. 2015;1340(1):65–74.
https://doi.org/10.1111/nyas.12609.

16. McNeill A, Brose L S., Calder R, Bauld L, Robson D. Evidence review of e-
cigarettes and heated tobacco products 2018. A report commissioned by
Public Health England. Public Health England. 2018. https://eproofing.
springer.com/journals_v2/authorquery.php?token=
oGxEKpblzyqUnzHrq65Rhb8FD7zKptjpz5FI3k0xNTU.

17. Cornish D, Brookman A, Horton M, Scanlon S. Adult smoking habits in the
UK: 2018. In: Statistics OFN, editor. Office For National Statistics: Office For
National Statistics; 2019. https://www.ons.gov.uk/peoplepopulationa
ndcommunity/healthandsocialcare/healthandlifeexpectancies/bulletins/a
dultsmokinghabitsingreatbritain/2018.

18. Hajek P, Phillips-Waller A, Przulj D, Pesola F, Myers Smith K, Bisal N, et al. A
randomized trial of E-cigarettes versus nicotine-replacement therapy. N Engl
J Med. 2019;380(7):629–37. https://doi.org/10.1056/NEJMoa1808779.

19. Notley C, Ward E, Dawkins L, Holland R. The unique contribution of e-cigarettes
for tobacco harm reduction in supporting smoking relapse prevention. Harm
Reduct J. 2018;15(1):31. https://doi.org/10.1186/s12954-018-0237-7.

20. Margham J, McAdam K, Forster M, Liu C, Wright C, Mariner D, et al.
Chemical composition of aerosol from an E-cigarette: a quantitative
comparison with cigarette smoke. Chem Res Toxicol. 2016;29(10):1662–78.
https://doi.org/10.1021/acs.chemrestox.6b00188.

21. Scott A, Lugg ST, Aldridge K, Lewis KE, Bowden A, Mahida RY, et al. Pro-
inflammatory effects of e-cigarette vapour condensate on human alveolar
macrophages. Thorax. 2018;73(12):1161–9. https://doi.org/10.1136/thora
xjnl-2018-211663.

22. DE, Li M, Chen Y, Siegmund KD, Besaratinia A. Deregulation of biologically
significant genes and associated molecular pathways in the oral epithelium
of electronic cigarette users. Int J Mol Sci. 2019;20(3):738.1–18.

23. Tang MS, Wu XR, Lee HW, Xia Y, Deng FM, Moreira AL, et al. Electronic-
cigarette smoke induces lung adenocarcinoma and bladder urothelial
hyperplasia in mice. Proc Natl Acad Sci U S A. 2019;116(43):21727–31.
https://doi.org/10.1073/pnas.1911321116.

24. Marinucci L, Bodo M, Balloni S, Locci P, Baroni T. Sub-toxic nicotine
concentrations affect extracellular matrix and growth factor signaling gene
expressions in human osteoblasts. J Cell Physiol. 2014;229(12):2038–48.
https://doi.org/10.1002/jcp.24661.

25. Walker LM, Preston MR, Magnay JL, Thomas PB, El Haj AJ. Nicotinic
regulation of c-fos and osteopontin expression in human-derived
osteoblast-like cells and human trabecular bone organ culture. Bone. 2001;
28(6):603–8. https://doi.org/10.1016/S8756-3282(01)00427-6.

26. Marinucci L, Balloni S, Fettucciari K, Bodo M, Talesa VN, Antognelli C.
Nicotine induces apoptosis in human osteoblasts via a novel mechanism
driven by H2O2 and entailing Glyoxalase 1-dependent MG-H1 accumulation
leading to TG2-mediated NF-kB desensitization: implication for smokers-
related osteoporosis. Free Radic Biol Med. 2018;117:6–17. https://doi.org/1
0.1016/j.freeradbiomed.2018.01.017.

27. Tanaka H, Tanabe N, Shoji M, Suzuki N, Katono T, Sato S, et al. Nicotine and
lipopolysaccharide stimulate the formation of osteoclast-like cells by increasing
macrophage colony-stimulating factor and prostaglandin E2 production by
osteoblasts. Life Sci. 2006;78(15):1733–40. https://doi.org/10.1016/j.lfs.2005.08.017.

28. Rothem DE, Rothem L, Soudry M, Dahan A, Eliakim R. Nicotine modulates
bone metabolism-associated gene expression in osteoblast cells. J Bone
Miner Metab. 2009;27(5):555–61. https://doi.org/10.1007/s00774-009-0075-5.

29. Tanaka H, Tanabe N, Kawato T, Nakai K, Kariya T, Matsumoto S, et al.
Nicotine affects bone resorption and suppresses the expression of
cathepsin K, MMP-9 and vacuolar-type H(+)-ATPase d2 and actin
organization in osteoclasts. PLoS One. 2013;8(3):e59402. https://doi.org/10.13
71/journal.pone.0059402.

30. Wavreil FDM, Heggland SJ. Cinnamon-flavored electronic cigarette liquids
and aerosols induce oxidative stress in human osteoblast-like MG-63 cells.
Toxicol Rep. 2020;7:23–9. https://doi.org/10.1016/j.toxrep.2019.11.019.

31. Muthumalage T, Prinz M, Ansah KO, Gerloff J, Sundar IK, Rahman I.
Inflammatory and oxidative responses induced by exposure to commonly
used e-cigarette flavoring chemicals and flavored e-liquids without nicotine.
Front Physiol. 2017;8:1130.

32. Park HR, O'Sullivan M, Vallarino J, Shumyatcher M, Himes BE, Park JA, et al.
Transcriptomic response of primary human airway epithelial cells to
flavoring chemicals in electronic cigarettes. Sci Rep. 2019;9(1):1400. https://
doi.org/10.1038/s41598-018-37913-9.

33. Ho YC, Huang FM, Chang YC. Cytotoxicity of formaldehyde on human
osteoblastic cells is related to intracellular glutathione levels. J Biomed
Mater Res B Appl Biomater. 2007;83(2):340–4.

Nicholson et al. Journal of Inflammation           (2021) 18:16 Page 8 of 10

https://doi.org/10.1302/2046-3758.26.2000142
https://doi.org/10.1302/2046-3758.26.2000142
https://doi.org/10.1007/BF02390832
https://doi.org/10.1007/BF02390832
https://doi.org/10.1136/bmj.315.7112.841
https://doi.org/10.1371/journal.pone.0168990
https://doi.org/10.1007/s00774-009-0129-8
https://doi.org/10.1007/s00774-009-0129-8
https://doi.org/10.1007/s00198-004-1640-3
https://doi.org/10.1007/s00223-011-9519-8
https://doi.org/10.1007/s00223-011-9519-8
https://doi.org/10.1002/jbmr.1674
https://doi.org/10.1186/s12916-015-0523-0
https://doi.org/10.1080/17453674.2019.1649510
https://doi.org/10.1371/journal.pone.0125294
https://doi.org/10.1371/journal.pone.0125294
https://doi.org/10.1016/j.amjmed.2010.09.013
https://doi.org/10.1111/nyas.12609
https://eproofing.springer.com/journals_v2/authorquery.php?token=oGxEKpblzyqUnzHrq65Rhb8FD7zKptjpz5FI3k0xNTU
https://eproofing.springer.com/journals_v2/authorquery.php?token=oGxEKpblzyqUnzHrq65Rhb8FD7zKptjpz5FI3k0xNTU
https://eproofing.springer.com/journals_v2/authorquery.php?token=oGxEKpblzyqUnzHrq65Rhb8FD7zKptjpz5FI3k0xNTU
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthandlifeexpectancies/bulletins/adultsmokinghabitsingreatbritain/2018
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthandlifeexpectancies/bulletins/adultsmokinghabitsingreatbritain/2018
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthandlifeexpectancies/bulletins/adultsmokinghabitsingreatbritain/2018
https://doi.org/10.1056/NEJMoa1808779
https://doi.org/10.1186/s12954-018-0237-7
https://doi.org/10.1021/acs.chemrestox.6b00188
https://doi.org/10.1136/thoraxjnl-2018-211663
https://doi.org/10.1136/thoraxjnl-2018-211663
https://doi.org/10.1073/pnas.1911321116
https://doi.org/10.1002/jcp.24661
https://doi.org/10.1016/S8756-3282(01)00427-6
https://doi.org/10.1016/j.freeradbiomed.2018.01.017
https://doi.org/10.1016/j.freeradbiomed.2018.01.017
https://doi.org/10.1016/j.lfs.2005.08.017
https://doi.org/10.1007/s00774-009-0075-5
https://doi.org/10.1371/journal.pone.0059402
https://doi.org/10.1371/journal.pone.0059402
https://doi.org/10.1016/j.toxrep.2019.11.019
https://doi.org/10.1038/s41598-018-37913-9
https://doi.org/10.1038/s41598-018-37913-9


34. Pereira ML, Carvalho JC, Peres F, Fernandes MH. Simultaneous effects of
nicotine, acrolein, and acetaldehyde on osteogenic-induced bone marrow
cells cultured on plasma-sprayed titanium implants. Int J Oral Maxillofac
Implants. 2010;25(1):112–22.

35. Hoshi H, Hao W, Fujita Y, Funayama A, Miyauchi Y, Hashimoto K, et al.
Aldehyde-stress resulting from Aldh2 mutation promotes osteoporosis due
to impaired osteoblastogenesis. J Bone Miner Res. 2012;27(9):2015–23.
https://doi.org/10.1002/jbmr.1634.

36. Mittal M, Pal S, China SP, Porwal K, Dev K, Shrivastava R, et al.
Pharmacological activation of aldehyde dehydrogenase 2 promotes
osteoblast differentiation via bone morphogenetic protein-2 and induces
bone anabolic effect. Toxicol Appl Pharmacol. 2017;316:63–73. https://doi.
org/10.1016/j.taap.2016.12.013.

37. Reumann MK, Schaefer J, Titz B, Aspera-Werz RH, Wong ET, Szostak J,
et al. E-vapor aerosols do not compromise bone integrity relative to
cigarette smoke after 6-month inhalation in an ApoE(−/−) mouse
model. Arch Toxicol. 2020;94(6):2163–77. https://doi.org/10.1007/s00204-
020-02769-4.

38. Lo Sasso G, Schlage WK, Boue S, Veljkovic E, Peitsch MC, Hoeng J. The Apoe(−/
−) mouse model: a suitable model to study cardiovascular and respiratory
diseases in the context of cigarette smoke exposure and harm reduction. J
Transl Med. 2016;14(1):146. https://doi.org/10.1186/s12967-016-0901-1.

39. Schilling AF, Schinke T, Munch C, Gebauer M, Niemeier A, Priemel M, et al.
Increased bone formation in mice lacking apolipoprotein E. J Bone Miner
Res. 2005;20(2):274–82. https://doi.org/10.1359/JBMR.041101.

40. Rouabhia M, Alanazi H, Park HJ, Goncalves RB. Cigarette smoke and E-
cigarette vapor Dysregulate osteoblast interaction with titanium dental
implant surface. J Oral Implantol. 2019;45(1):2–11. https://doi.org/10.1563/aa
id-joi-D-18-00009.

41. Otero CE, Noeker JA, Brown MM, Wavreil FDM, Harvey WA, Mitchell KA,
et al. Electronic cigarette liquid exposure induces flavor-dependent
osteotoxicity and increases expression of a key bone marker, collagen type
I. J Appl Toxicol. 2019;39(6):888–98. https://doi.org/10.1002/jat.3777.

42. Uchiyama S, Noguchi M, Sato A, Ishitsuka M, Inaba Y, Kunugita N.
Determination of thermal decomposition products generated from E-
cigarettes. Chem Res Toxicol. 2020;33(2):576–83. https://doi.org/10.1021/acs.
chemrestox.9b00410.

43. Jensen RP, Strongin RM, Peyton DH. Solvent chemistry in the electronic
cigarette reaction vessel. Sci Rep. 2017;7(1):42549. https://doi.org/10.1038/
srep42549.

44. Geiss O, Bianchi I, Barrero-Moreno J. Correlation of volatile carbonyl yields
emitted by e-cigarettes with the temperature of the heating coil and the
perceived sensorial quality of the generated vapours. Int J Hyg Environ
Health. 2016;219(3):268–77. https://doi.org/10.1016/j.ijheh.2016.01.004.

45. Uchiyama S, Ohta K, Inaba Y, Kunugita N. Determination of carbonyl
compounds generated from the E-cigarette using coupled silica cartridges
impregnated with hydroquinone and 2,4-dinitrophenylhydrazine, followed
by high-performance liquid chromatography. Anal Sci. 2013;29(12):1219–22.
https://doi.org/10.2116/analsci.29.1219.

46. Dawkins LE, Kimber CF, Doig M, Feyerabend C, Corcoran O. Self-titration by
experienced e-cigarette users: blood nicotine delivery and subjective effects.
Psychopharmacology. 2016;233(15–16):2933–41. https://doi.org/10.1007/
s00213-016-4338-2.

47. Katono T, Kawato T, Tanabe N, Suzuki N, Yamanaka K, Oka H, et al. Nicotine
treatment induces expression of matrix metalloproteinases in human
osteoblastic Saos-2 cells. Acta Biochim Biophys Sin Shanghai. 2006;38(12):
874–82. https://doi.org/10.1111/j.1745-7270.2006.00240.x.

48. Tanaka H, Tanabe N, Suzuki N, Shoji M, Torigoe H, Sugaya A, et al.
Nicotine affects mineralized nodule formation by the human
osteosarcoma cell line Saos-2. Life Sci. 2005;77(18):2273–84. https://doi.
org/10.1016/j.lfs.2005.02.022.

49. Paiva KBS, Granjeiro JM. Matrix Metalloproteinases in bone Resorption,
remodeling, and repair. Prog Mol Biol Transl Sci. 2017;148:203–303. https://
doi.org/10.1016/bs.pmbts.2017.05.001.

50. Li Y, Yu C, Shen G, Li G, Shen J, Xu Y, et al. Sirt3-MnSOD axis represses
nicotine-induced mitochondrial oxidative stress and mtDNA damage in
osteoblasts. Acta Biochim Biophys Sin Shanghai. 2015;47(4):306–12. https://
doi.org/10.1093/abbs/gmv013.

51. Chen YLS, Huang F, Chang Y. Effects of nicotine on differentiation,
prostaglandin E2, and nitric oxide production in cementoblasts. J Dental Sci.
2015;10(4):431–6.

52. Chen X, Wang Z, Duan N, Zhu G, Schwarz EM, Xie C. Osteoblast-osteoclast
interactions. Connect Tissue Res. 2018;59(2):99–107. https://doi.org/10.1080/
03008207.2017.1290085.

53. Qin A, Cheng TS, Pavlos NJ, Lin Z, Dai KR, Zheng MH. V-ATPases in
osteoclasts: structure, function and potential inhibitors of bone resorption.
Int J Biochem Cell Biol. 2012;44(9):1422–35. https://doi.org/10.1016/j.biocel.2
012.05.014.

54. Mandl P, Hayer S, Karonitsch T, Scholze P, Gyori D, Sykoutri D, et al. Nicotinic
acetylcholine receptors modulate osteoclastogenesis. Arthritis Res Ther.
2016;18(1):63. https://doi.org/10.1186/s13075-016-0961-x.

55. Mito K, Sato Y, Kobayashi T, Miyamoto K, Nitta E, Iwama A, et al. The
nicotinic acetylcholine receptor alpha7 subunit is an essential negative
regulator of bone mass. Sci Rep. 2017;7(1):45597. https://doi.org/10.1038/
srep45597.

56. Zhu SH, Sun JY, Bonnevie E, Cummins SE, Gamst A, Yin L, et al. Four
hundred and sixty brands of e-cigarettes and counting: implications for
product regulation. Tob Control. 2014;23(Suppl 3):iii3–9.

57. Tsai J, Walton K, Coleman BN, Sharapova SR, Johnson SE, Kennedy SM, et al.
Reasons for electronic cigarette use among middle and high school
students - National Youth Tobacco Survey, United States, 2016. MMWR
Morb Mortal Wkly Rep. 2018;67(6):196–200. https://doi.org/10.15585/mmwr.
mm6706a5.

58. Harrell MB, Weaver SR, Loukas A, Creamer M, Marti CN, Jackson CD,
et al. Flavored e-cigarette use: characterizing youth, young adult, and
adult users. Prev Med Rep. 2017;5:33–40. https://doi.org/10.1016/j.
pmedr.2016.11.001.

59. Hua M, Omaiye EE, Luo W, McWhirter KJ, Pankow JF, Talbot P. Identification
of cytotoxic flavor Chemicals in top-Selling Electronic Cigarette Refill Fluids.
Sci Rep. 2019;9(1):2782. https://doi.org/10.1038/s41598-019-38978-w.

60. Clapp PW, Pawlak EA, Lackey JT, Keating JE, Reeber SL, Glish GL, et al.
Flavored e-cigarette liquids and cinnamaldehyde impair respiratory innate
immune cell function. Am J Physiol Lung Cell Mol Physiol. 2017;313(2):
L278–L92. https://doi.org/10.1152/ajplung.00452.2016.

61. Goel R, Durand E, Trushin N, Prokopczyk B, Foulds J, Elias RJ, et al. Highly
reactive free radicals in electronic cigarette aerosols. Chem Res Toxicol.
2015;28(9):1675–7. https://doi.org/10.1021/acs.chemrestox.5b00220.

62. Domazetovic V, Marcucci G, Iantomasi T, Brandi ML, Vincenzini MT.
Oxidative stress in bone remodeling: role of antioxidants. Clin Cases Miner
Bone Metab. 2017;14(2):209–16. https://doi.org/10.11138/ccmbm/2017.14.1.2
09.

63. Bitzer ZT, Goel R, Reilly SM, Elias RJ, Silakov A, Foulds J, et al. Effect of
flavoring chemicals on free radical formation in electronic cigarette aerosols.
Free Radic Biol Med. 2018;120:72–9. https://doi.org/10.1016/j.freera
dbiomed.2018.03.020.

64. Agidigbi TS, Kim C. Reactive Oxygen species in osteoclast differentiation
and possible pharmaceutical targets of ROS-Mediated Osteoclast Diseases.
Int J Mol Sci. 2019;20(14):3576.1–16.

65. Zar T, Graeber C, Perazella MA. Recognition, treatment, and prevention of
propylene glycol toxicity. Semin Dial. 2007;20(3):217–9. https://doi.org/1
0.1111/j.1525-139X.2007.00280.x.

66. Bekki K, Uchiyama S, Ohta K, Inaba Y, Nakagome H, Kunugita N. Carbonyl
compounds generated from electronic cigarettes. Int J Environ Res Public
Health. 2014;11(11):11192–200. https://doi.org/10.3390/ijerph111111192.

67. Samburova V, Bhattarai C, Strickland M, Darrow L, Angermann J, Son Y,
Khlystov A. Aldehydes in exhaled breath during E-Cigarette vaping: Pilot
study results. Toxics. 2018;6(3):46.1–14

68. Giuliani N, Girasole G, Vescovi PP, Passeri G, Pedrazzoni M. Ethanol and
acetaldehyde inhibit the formation of early osteoblast progenitors in murine
and human bone marrow cultures. Alcohol Clin Exp Res. 1999;23(2):381–5.
https://doi.org/10.1111/j.1530-0277.1999.tb04126.x.

69. Takeshima K, Nishiwaki Y, Suda Y, Niki Y, Sato Y, Kobayashi T, et al. A
missense single nucleotide polymorphism in the ALDH2 gene, rs671, is
associated with hip fracture. Sci Rep. 2017;7(1):428. https://doi.org/10.1038/
s41598-017-00503-2.

70. Yamaguchi J, Hasegawa Y, Kawasaki M, Masui T, Kanoh T, Ishiguro N, et al.
ALDH2 polymorphisms and bone mineral density in an elderly Japanese
population. Osteoporos Int. 2006;17(6):908–13. https://doi.org/10.1007/s001
98-006-0077-2.

71. Cheng LC, Lin CJ, Liu HJ, Li LA. Health risk of metal exposure via inhalation
of cigarette sidestream smoke particulate matter. Environ Sci Pollut Res Int.
2019;26(11):10835–45. https://doi.org/10.1007/s11356-019-04257-4.

Nicholson et al. Journal of Inflammation           (2021) 18:16 Page 9 of 10

https://doi.org/10.1002/jbmr.1634
https://doi.org/10.1016/j.taap.2016.12.013
https://doi.org/10.1016/j.taap.2016.12.013
https://doi.org/10.1007/s00204-020-02769-4
https://doi.org/10.1007/s00204-020-02769-4
https://doi.org/10.1186/s12967-016-0901-1
https://doi.org/10.1359/JBMR.041101
https://doi.org/10.1563/aaid-joi-D-18-00009
https://doi.org/10.1563/aaid-joi-D-18-00009
https://doi.org/10.1002/jat.3777
https://doi.org/10.1021/acs.chemrestox.9b00410
https://doi.org/10.1021/acs.chemrestox.9b00410
https://doi.org/10.1038/srep42549
https://doi.org/10.1038/srep42549
https://doi.org/10.1016/j.ijheh.2016.01.004
https://doi.org/10.2116/analsci.29.1219
https://doi.org/10.1007/s00213-016-4338-2
https://doi.org/10.1007/s00213-016-4338-2
https://doi.org/10.1111/j.1745-7270.2006.00240.x
https://doi.org/10.1016/j.lfs.2005.02.022
https://doi.org/10.1016/j.lfs.2005.02.022
https://doi.org/10.1016/bs.pmbts.2017.05.001
https://doi.org/10.1016/bs.pmbts.2017.05.001
https://doi.org/10.1093/abbs/gmv013
https://doi.org/10.1093/abbs/gmv013
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1080/03008207.2017.1290085
https://doi.org/10.1016/j.biocel.2012.05.014
https://doi.org/10.1016/j.biocel.2012.05.014
https://doi.org/10.1186/s13075-016-0961-x
https://doi.org/10.1038/srep45597
https://doi.org/10.1038/srep45597
https://doi.org/10.15585/mmwr.mm6706a5
https://doi.org/10.15585/mmwr.mm6706a5
https://doi.org/10.1016/j.pmedr.2016.11.001
https://doi.org/10.1016/j.pmedr.2016.11.001
https://doi.org/10.1038/s41598-019-38978-w
https://doi.org/10.1152/ajplung.00452.2016
https://doi.org/10.1021/acs.chemrestox.5b00220
https://doi.org/10.11138/ccmbm/2017.14.1.209
https://doi.org/10.11138/ccmbm/2017.14.1.209
https://doi.org/10.1016/j.freeradbiomed.2018.03.020
https://doi.org/10.1016/j.freeradbiomed.2018.03.020
https://doi.org/10.1111/j.1525-139X.2007.00280.x
https://doi.org/10.1111/j.1525-139X.2007.00280.x
https://doi.org/10.3390/ijerph111111192
https://doi.org/10.1111/j.1530-0277.1999.tb04126.x
https://doi.org/10.1038/s41598-017-00503-2
https://doi.org/10.1038/s41598-017-00503-2
https://doi.org/10.1007/s00198-006-0077-2
https://doi.org/10.1007/s00198-006-0077-2
https://doi.org/10.1007/s11356-019-04257-4


72. Behera SN, Xian H, Balasubramanian R. Human health risk associated with
exposure to toxic elements in mainstream and sidestream cigarette smoke.
Sci Total Environ. 2014;472:947–56. https://doi.org/10.1016/j.scitotenv.2
013.11.063.

73. Bernhard D, Rossmann A, Wick G. Metals in cigarette smoke. IUBMB Life.
2005;57(12):805–9. https://doi.org/10.1080/15216540500459667.

74. Palazzolo DL, Crow AP, Nelson JM, Johnson RA. Trace metals derived from
electronic cigarette (ECIG) generated aerosol: potential problem of ECIG
devices that contain nickel. Front Physiol. 2016;7:663.

75. Williams M, Villarreal A, Bozhilov K, Lin S, Talbot P. Metal and silicate
particles including nanoparticles are present in electronic cigarette
cartomizer fluid and aerosol. PLoS One. 2013;8(3):e57987. https://doi.org/1
0.1371/journal.pone.0057987.

76. Rodriguez J, Mandalunis PM. A review of metal exposure and its effects on
bone health. J Toxicol. 2018;2018:4854152.

77. Marano KM, Naufal ZS, Kathman SJ, Bodnar JA, Borgerding MF, Garner CD,
et al. Cadmium exposure and tobacco consumption: biomarkers and risk
assessment. Regul Toxicol Pharmacol. 2012;64(2):243–52. https://doi.org/10.1
016/j.yrtph.2012.07.008.

78. Miyahara T, Takata M, Mori-Uchi S, Miyata M, Nagai M, Sugure A, et al.
Stimulative effects of cadmium on bone resorption in neonatal parietal
bone resorption. Toxicology. 1992;73(1):93–9. https://doi.org/10.1016/0300-4
83X(92)90173-C.

79. Chen X, Zhu G, Gu S, Jin T, Shao C. Effects of cadmium on osteoblasts and
osteoclasts in vitro. Environ Toxicol Pharmacol. 2009;28(2):232–6. https://doi.
org/10.1016/j.etap.2009.04.010.

80. Staessen JA, Roels HA, Emelianov D, Kuznetsova T, Thijs L, Vangronsveld J,
et al. Environmental exposure to cadmium, forearm bone density, and risk
of fractures: prospective population study. Public health and environmental
exposure to cadmium (PheeCad) study group. Lancet. 1999;353(9159):1140–
4. https://doi.org/10.1016/S0140-6736(98)09356-8.

81. Prokopowicz A, Sobczak A, Szula-Chraplewska M, Ochota P, Kosmider L.
Exposure to cadmium and Lead in cigarette smokers who switched to
electronic cigarettes. Nicotine Tob Res. 2019;21(9):1198–205. https://doi.
org/10.1093/ntr/nty161.

82. Bielby R, Jones E, McGonagle D. The role of mesenchymal stem cells in
maintenance and repair of bone. Injury. 2007;38(Suppl 1):S26–32. https://doi.
org/10.1016/j.injury.2007.02.007.

83. Shaito A, Saliba J, Husari A, El-Harakeh M, Chhouri H, Hashem Y, et al.
Electronic cigarette smoke impairs Normal Mesenchymal stem cell
differentiation. Sci Rep. 2017;7(1):14281. https://doi.org/10.1038/s41598-01
7-14634-z.

84. Lin FX, Zheng GZ, Chang B, Chen RC, Zhang QH, Xie P, et al. Connexin 43
modulates Osteogenic differentiation of bone marrow stromal cells through
GSK-3beta/Beta-catenin signaling pathways. Cell Physiol Biochem. 2018;
47(1):161–75. https://doi.org/10.1159/000489763.

85. Nagarkatti P, Pandey R, Rieder SA, Hegde VL, Nagarkatti M. Cannabinoids as
novel anti-inflammatory drugs. Future Med Chem. 2009;1(7):1333–49.
https://doi.org/10.4155/fmc.09.93.

86. Russo EB. Cannabinoids in the management of difficult to treat pain. Ther
Clin Risk Manag. 2008;4(1):245–59. https://doi.org/10.2147/TCRM.S1928.

87. Silvestro S, Mammana S, Cavalli E, Bramanti P, Mazzon E. Use of cannabidiol
in the treatment of epilepsy: Efficacy and security in clinical trials. Molecules.
2019;12;24(8):1459.1–25.

88. Napimoga MH, Benatti BB, Lima FO, Alves PM, Campos AC, Pena-Dos-Santos
DR, et al. Cannabidiol decreases bone resorption by inhibiting RANK/RANKL
expression and pro-inflammatory cytokines during experimental
periodontitis in rats. Int Immunopharmacol. 2009;9(2):216–22. https://doi.
org/10.1016/j.intimp.2008.11.010.

89. Kogan NM, Melamed E, Wasserman E, Raphael B, Breuer A, Stok KS, et al.
Cannabidiol, a major non-psychotropic Cannabis constituent enhances
fracture healing and stimulates Lysyl hydroxylase activity in osteoblasts. J
Bone Miner Res. 2015;30(10):1905–13. https://doi.org/10.1002/jbmr.2513.

90. Silveira JW, Issy AC, Castania VA, Salmon CE, Nogueira-Barbosa MH,
Guimaraes FS, et al. Protective effects of cannabidiol on lesion-induced
intervertebral disc degeneration. PLoS One. 2014;9(12):e113161. https://doi.
org/10.1371/journal.pone.0113161.

91. Li D, Lin Z, Meng Q, Wang K, Wu J, Yan H. Cannabidiol administration
reduces sublesional cancellous bone loss in rats with severe spinal cord
injury. Eur J Pharmacol. 2017;809:13–9. https://doi.org/10.1016/j.ejphar.2017.
05.011.

92. Tsuchiya M, Kayamori K, Wada A, et al. A Novel, Tumor-induced
osteoclastogenesis pathway insensitive to denosumab but interfered by
cannabidiol. Int J Mol Sci. 2019;20(24):6211.1–16.

93. Whyte LS, Ryberg E, Sims NA, Ridge SA, Mackie K, Greasley PJ, et al. The
putative cannabinoid receptor GPR55 affects osteoclast function in vitro and
bone mass in vivo. Proc Natl Acad Sci U S A. 2009;106(38):16511–6. https://
doi.org/10.1073/pnas.0902743106.

94. Abeles M, Popofsky S, Wen A, Valsamis C, Webb A, Halaby C, et al. Vaping-
associated lung injury caused by inhalation of cannabis oil. Pediatr
Pulmonol. 2020;55(1):226–8. https://doi.org/10.1002/ppul.24579.

95. Conuel EJ, Chieng HC, Fantauzzi J, Pokhrel K, Goldman C, Smith TC, et al.
Cannabinoid oil Vaping-associated lung injury and its radiographic
appearance. Am J Med. 2020;133(7):865–7. https://doi.org/10.1016/j.a
mjmed.2019.10.032.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Nicholson et al. Journal of Inflammation           (2021) 18:16 Page 10 of 10

https://doi.org/10.1016/j.scitotenv.2013.11.063
https://doi.org/10.1016/j.scitotenv.2013.11.063
https://doi.org/10.1080/15216540500459667
https://doi.org/10.1371/journal.pone.0057987
https://doi.org/10.1371/journal.pone.0057987
https://doi.org/10.1016/j.yrtph.2012.07.008
https://doi.org/10.1016/j.yrtph.2012.07.008
https://doi.org/10.1016/0300-483X(92)90173-C
https://doi.org/10.1016/0300-483X(92)90173-C
https://doi.org/10.1016/j.etap.2009.04.010
https://doi.org/10.1016/j.etap.2009.04.010
https://doi.org/10.1016/S0140-6736(98)09356-8
https://doi.org/10.1093/ntr/nty161
https://doi.org/10.1093/ntr/nty161
https://doi.org/10.1016/j.injury.2007.02.007
https://doi.org/10.1016/j.injury.2007.02.007
https://doi.org/10.1038/s41598-017-14634-z
https://doi.org/10.1038/s41598-017-14634-z
https://doi.org/10.1159/000489763
https://doi.org/10.4155/fmc.09.93
https://doi.org/10.2147/TCRM.S1928
https://doi.org/10.1016/j.intimp.2008.11.010
https://doi.org/10.1016/j.intimp.2008.11.010
https://doi.org/10.1002/jbmr.2513
https://doi.org/10.1371/journal.pone.0113161
https://doi.org/10.1371/journal.pone.0113161
https://doi.org/10.1016/j.ejphar.2017.05.011
https://doi.org/10.1016/j.ejphar.2017.05.011
https://doi.org/10.1073/pnas.0902743106
https://doi.org/10.1073/pnas.0902743106
https://doi.org/10.1002/ppul.24579
https://doi.org/10.1016/j.amjmed.2019.10.032
https://doi.org/10.1016/j.amjmed.2019.10.032

	Abstract
	Background
	Main body
	Conclusion

	Background
	The impact of E-cigarette vapour on bone function in�vivo
	Evidence for the impact of E-cigarette vapour and liquid on bone cell function
	The impact of nicotine on osteoblast cell lines
	The impact of nicotine on human primary osteoblasts
	The impact of nicotine on osteoclast function
	The impact of E-cigarette flavouring chemicals on bone health
	The impact of E-cigarette derived glycols on bone health
	The impact of E-cigarette derived carbonyl compounds on bone health
	The impact of E-cigarette derived metal particulates on bone health
	The impact of E-cigarette vapour on the osteogenic differentiation of mesenchymal stem cells
	The impact of Cannabidiol (CBD) on bone health
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

