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Abstract: Cigarette consumption negatively impacts bone quality and is a risk-factor for the develop-
ment of multiple bone associated disorders, due to the highly vascularised structure of bone being
exposed to systemic factors. However, the impact on bone to electronic cigarette (e-cigarette) use,
which contains high doses of nicotine and other compounds including flavouring chemicals, metal
particulates and carbonyls, is poorly understood. Here, we present the first evidence demonstrat-
ing the impact of e-cigarette vapour condensate (replicating changes in e-cigarette liquid chemical
structure that occur upon device usage), on human primary osteoblast viability and function. 24 h
exposure of osteoblasts to e-cigarette vapour condensate, generated from either second or third gener-
ation devices, significantly reduced osteoblast viability in a dose dependent manner, with condensate
generated from the more powerful third generation device having greater toxicity. This effect was
mediated in-part by nicotine, since exposure to nicotine-free condensate of an equal concentration
had a less toxic effect. The detrimental effect of e-cigarette vapour condensate on osteoblast viability
was rescued by co-treatment with the antioxidant N-Acetyl-L-cysteine (NAC), indicating toxicity
may also be driven by reactive species generated upon device usage. Finally, non-toxic doses of either
second or third generation condensate significantly blunted osteoblast osteoprotegerin secretion after
24 h, which was sustained for up to 7 days. In summary we demonstrate that e-cigarette vapour
condensate, generated from commonly used second and third generation devices, can significantly
reduce osteoblast viability and impair osteoblast function, at physiologically relevant doses. These
data highlight the need for further investigation to inform users of the potential risks of e-cigarette
use on bone health, including, accelerating bone associated disease progression, impacting skeletal
development in younger users and to advise patients following orthopaedic surgery, dental surgery,
or injury to maximise bone healing.

Keywords: electronic cigarettes; osteoblast; e-cigarette; vaping; viability; bone; osteoprotegerin;
human primary cells

1. Introduction

Multiple meta-analyses have reported that a history of cigarette smoking is associated
with significantly reduced bone mineral density (BMD), increased risk of fracture and
reduced fracture healing, in comparison to age, sex and BMI-matched non-smokers [1]. It is
also apparent that such smoking-associated effects are cumulative, demonstrating a positive
correlation with pack year history [2–4]. Furthermore, fracture risk in smoking cohorts is
greater than in non-smokers when corrected for BMD, indicating that smoking may directly
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impact bone architecture and quality. Indeed, a decrease in trabecular bone mass and
increased trabecular separation has been reported in older smokers [5], while in younger
individuals smoking is associated with a reduction in trabecular bone volume, independent
of age, BMI, activity level and calcium intake [6]. Recent studies have also demonstrated
that smoking is independently associated with increased post-surgery complications such
as infection and aseptic loosening following arthroplasty [7–10].

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, although, 8% of current EC users in the UK have never smoked
a cigarette [11–13]. Increased use of e-cigarettes will undoubtedly make a significant
contribution towards harm reduction in comparison to cigarettes. However, e-cigarette
usage still results in systemic exposure to numerous and potentially harmful vapour
constituents, particularly to highly vascularised tissues such as the bone. In support of
this, Agoons et al. recently reported that e-cigarette users have a 46% higher prevalence of
fractures, in comparison to those who have never used e-cigarettes based on a cohort of
4519 individuals [14].

E-cigarette vapour is much less complex than cigarette smoke, yet many harmful
constituents of cigarette smoke are found in e-cigarette vapour. Upon thermal decom-
position, e-liquid humectants propylene glycol (PG) and vegetable glycerine (VG) form
products such as acrolein and formaldehyde, commonly termed reactive carbonyl species
(RCS), which are causatively linked to systemic harm [15,16]. Furthermore, since their
invention in 2003, e-cigarette device technology has developed rapidly with current 3rd
generation devices capable of delivering vapour at a much higher temperature than ear-
lier models due to larger battery sizes. Consequently, this enables greater delivery of
nicotine [17–19], increasing user satisfaction but also delivering much greater amounts of
harmful RCS [20–22].

As to be expected, the majority of research on e-cigarettes to date has been carried
out in models relevant to the lungs. Importantly, we and others have investigated the
effect of vaping constituents on lung immune cells, reporting cytotoxic, proinflammatory
and anti-phagocytic effects in alveolar macrophages [15,23]. Similar reductions in neu-
trophil function have also been reported, including reduced neutrophil migration and
phagocytosis, suppression of NETosis and increased ROS production [24]. Additionally,
dysfunctional cilia beat frequency and motility has been reported in human airway epithe-
lial cells and normal human bronchial epithelial (NHBE) cells following cigarette vapour
exposure [25–28].

However, there has been limited investigation into the impact of e-cigarette usage
on bone physiology, particularly following long-term use [29,30]. There are also limited
in vitro data, particularly utilising human osteoblasts. Typically exhibiting a large, cuboidal
morphology, osteoblasts are the primary cell type responsible for bone formation, through
secretion of collagenous and non-collagenous proteins and proteoglycans that in turn
become mineralised.

Utilising a novel system previously described by our group [23], we have performed
the first investigation into the effect of e-cigarette vapour condensate on human primary
osteoblast viability and function. Importantly, we report the comparative effects of vaping
constituents generated by 2nd generation and 3rd generation devices, which together
account for 77% of devices used in the UK [31]. Finally, we have utilised both nicotine
containing and nicotine-free vapour condensate, in addition to the antioxidant, N-acetyl
cysteine (NAC) to investigate the contribution of the vapour constituents nicotine and RCS,
respectively, on osteoblast viability.

2. Materials and Methods
2.1. Ethical Approval and Subject Recruitment

Femoral heads were collected from hip osteoarthritis (OA) patients undergoing or-
thopaedic joint replacement surgery at the Royal Orthopaedic Hospital (Birmingham, UK).
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All patient participants were recruited on a volunteer basis, after being fully informed of
the study requirements by the clinical research staff, and providing written consent (NRES
16/SS/0172).

2.2. Primary Human Osteoblast Cell Culture

Trabecular bone chips (<100 mm3) were obtained from the OA patient femoral heads
using a Friedman Rongeur, washed three times in phosphate-buffered saline (PBS) [Life
Technologies Ltd., Renfrew, UK] and once with high-glucose Dulbecco’s Modified Ea-
gle Medium (DMEM) to remove excess fat, blood, marrow, and connective tissue. Bone
chips were then cut into small pieces (<5 mm3) and transferred to a 25 cm2 vented flask
containing primary human osteoblast media (DMEM, 10% FBS, 100 Units/mL Penicillin
Streptomycin, 2 mM L-Glutamine, 1% NEAA, 2 mM β-glycerophosphate disodium salt
hydrate, 50 ug/mL L-Ascorbic Acid, 10 nM Dexamethasone). Bone chips were incubated
at 37 ◦C and 5% CO2 for 5 days before the initial media change. Following 5 days, differ-
entiation media was changed every 3 days, and bone chips were removed once primary
osteoblast cell coverage reached approximately 50% confluency. Upon reaching confluency,
cells were passaged into a 75 cm2 flask. For all experiments primary human osteoblasts
were limited to passage 5.

2.3. e-Cigarette Devices

Two popular devices in the UK were chosen for condensate generation, a 2nd gen-
eration device and 3rd generation device from Kanger tech Ltd., (Shenzhen, China). The
2nd generation device was fitted with a standard 650 mAh battery with a fresh 1.8 Ohm
atomiser for each preparation, generating 7.6 W. The 3rd generation device, the most
powerful of the devices, was fitted with a 3000 mAh battery with a fresh 0.15 Ohm atom-
izer fitted for each preparation, generating 75 W. The same devices were used for each
condensate preparation.

2.4. e-Cigarette Vapour Condensate Collection

e-cigarette vapour condensate (ECVC) or nicotine-free e-cigarette vapour condensate
(nfECVC) was collected from 2nd and 3rd generation e-cigarette devices, as previously
described by Scott et al. [23]. Prior to use, e-Cigarette devices were cleaned and prepared
with either 36 mg/mL nicotine flavourless liquid (Durasmoke® Unflavored e-Liquid (50%
PG/50% VG Base), American e-liquid Store, (Wauwatosa, WI, USA) or nicotine-free flavour-
less liquid (Durasmoke® Unflavored eLiquid (50% PG/50% VG Base), American e-liquid
Store, (Wauwatosa, WI, USA). Next, six tracheal suction taps (Unomedical, UK) were
arranged in sequence and sealed with parafilm. EC devices were attached to the open end
of tap 1, while tap 6 was connected to a vacuum tap by plastic tubing. Taps 2–6 were sealed
inside 30 mL universal tubes with parafilm, to provide insulation and prevent cracking
upon cooling. Next insulated taps were suspended in a dry ice/methanol bath and allowed
to cool, tap 1 was kept outside the bath for observation of vapour production. The optimum
puff duration of 3 s (previously determined by Scott et al.) was performed every 30 s until
EC liquid was exhausted. Taps were then allowed to warm to room temperature, before
centrifugation (2755× g, 5 min) to collect condensate. Condensate was pooled into a single
1.5 mL Eppendorf and stored at −40 ◦C for a maximum of 24 h before use.

2.5. Osteoblast Challenge and Intervention

Challenge with ECVC, nfECVC, PG, VG and N-Acetyl-Cysteine (Sigma-Aldrich,
St. Louis, MO, USA) were diluted in osteoblast differentiation media to concentrations
detailed in individual Figure legends. Incubation periods are described per experiment
as appropriate.
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2.6. Primary Human Osteoblast Viability and Cellular Morphology

Osteoblast viability was determined using CellTiter 96® AQueous One Solution Cell
Proliferation Assay (CTA) (Promega, UK) following the manufacturers protocol. Follow-
ing addition of CTA reagent, cells were incubated in the dark for 3 h at 37 ◦C and 5%
CO2. Absorbance at 490 nm was then immediately measured using a Synergy HT (BioTek,
Santa Clara, CA, USA) plate reader. Additionally, in order to assess cell morphology, os-
teoblasts were imaged at 20×magnification using an SP8 Lightning confocal microscope
(Leica Microsystems, UK).

2.7. Quantification of OPG and RANK-L Secretion from Primary Human Osteoblasts

OPG and RANK-L protein in primary human osteoblast supernatants were quantified
in duplicate using commercially available ELISAs (Osteoprotegerin/TNFRSF11B (R&D
Systems, Minneapolis, MN, USA), Human TRANCE/RANK L/TNFSF11 (R&D Systems,
29, Minneapolis, MN, USA) following the manufacturer’s instructions. Absorbance was
measured at 450 nm and 570 nm on a Synergy HT (BioTek, USA) plate reader.

2.8. Statistical Analysis

Data analysis was carried out using GraphPad Prism v8 statistical package. For data
sets with 2 variables, significance was determined by 2-way ANOVA followed by Tukey’s
multiple comparisons test where appropriate. For data sets with one variable, data was
analysed using a non-parametric Kruskal–Wallis test, followed by post hoc Dunn’s multiple
comparison tests. Data is presented as mean ± S.E.M with a p value < 0.05 considered
statistically significant.

3. Results
3.1. ECVC from either 2nd or 3rd Generation e-Cigarette Devices Reduces Human Osteoblast
Viability and Alters Cellular Morphology

Osteoblast viability was quantified and cellular morphology observed following
24 h exposure to increasing doses of ECVC (0.25% to 10%), generated from either 2nd
or 3rd generation devices. ECVC at 0.25% or 0.5%, generated from either 2nd or 3rd
generation devices, had no significant effect on osteoblast viability (Figure 1A) or cellular
morphology (Figure 1C,G). However, in contrast to the 2nd generation device, 1% ECVC
generated by the 3rd generation device resulted in a significant reduction in osteoblast
viability (46.6% ± 10.0% p = 0.002), compared to untreated control cells (Figure 1A). At
ECVC concentrations of 2.5% and greater, condensate generated by either 2nd or 3rd
generation devices significantly reduced osteoblast viability (p < 0.0001, Figure 1A). Fur-
thermore, osteoblasts exposed to 2nd or 3rd generation ECVC at concentrations of 2.5% or
greater, showed clear signs of altered cellular morphology, with loss of spindle cell shape
(Figure 1C,G).
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Figure 1. The effect of 2nd and 3rd generation ECVC and contribution of nicotine on human Primary
osteoblast viability. (A) Osteoblast viability following 24 h exposure to 2nd or 3rd generation nicotine-
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containing ECVC (0.25–10%). (B) Osteoblast viability following 24 h exposure to either nicotine-
containing or nicotine-free 2nd generation ECVC (0.25–10%). (C,D) Representative images of primary
human osteoblasts treated with 2nd gen ECVC or nfECVF (0–10%). (E) Osteoblast viability follow-
ing 24 h exposure to either nicotine-containing or nicotine-free 3rd generation ECVC (0.25–10%).
(F) Osteoblast viability following 24 h exposure nicotine-free ECVC from either 2nd or 3rd generation
devices (0.25–10%). (G,H) Representative images of primary human osteoblasts treated with 3rd
generation ECVC or nfECVC (0–10%). Viability was inferred by 4 h incubation with cell titre aqueous
assay. Images captured at 20× magnification. n = 3 patient replicates, with 5 biological replicates
performed per patient. ** p < 0.01, *** p < 0.001, **** p < 0.0001 denoting a significant denoting a
significant difference to relevant untreated control. ## p < 0.01, ### p < 0.001, #### p < 0.0001, denoting
a significant difference between treatment groups.

3.2. ECVC from Nicotine-Free 3rd Generation Devices Has a Greater Effect on Reducing
Osteoblast Viability than Nicotine-Free 2nd Generation e-Cigarette Devices

To determine the extent that the observed reduction in osteoblast viability was at-
tributable to nicotine content in the condensate, we compared the effects of nicotine-
containing and nicotine-free ECVC (Figure 1B,E,F). As expected, from the 2nd generation
devices, nicotine-containing ECVC at 2.5%, 5% and 10% induced a significant reduction in
osteoblast viability (p > 0.0001) (Figure 1B,D). However, osteoblasts exposed to the nicotine-
free 2nd generation condensate experienced a significantly lower loss in viability after; 10%
nfECVC (37.2% ± 1.27% loss in viability), vs. just 2.5% ECVC p =< 0.0001) (Figure 1B,D).
Exposure to 3rd generation condensate did not follow this pattern. 1% nfECVC challenge
caused significantly less osteoblast toxicity than 1% nicotine containing ECVC (p = 0.001,
Figure 1E,H). However, at higher concentrations, both nicotine-containing and nicotine-free
condensate elicited a significant reduction in osteoblast viability, compared to untreated
controls (Figure 1E,H). Whilst this effect was more pronounced with nicotine-containing
condensate there was no significant difference between nicotine containing and nicotine
free challenge at these doses (Figure 1E). Directly comparing nfECVC generated by 2nd
generation and 3rd generation devices confirmed a greater toxic effect on osteoblasts
when exposed to 3rd generation nfECVC at concentrations of 2.5% and above (p > 0.0001,
Figure 1F).

3.3. Sub-Cytotoxic Doses of e-Cigarette Condensate Alters Human Osteoblast Function

Next, we investigated the potential for e-cigarette condensate to impact primary
human osteoblast function, by assessing the secretion of the pro-osteogenic protein Osteo-
protegerin (OPG) after low dose condensate exposure. In untreated cells, OPG secretion
increased with each timepoint (Figure 2A). Following incubation with either 2nd generation
or 3rd generation ECVC for 24 h, OPG secretion declined in a dose dependent manner
(Figure 2A,B). Notably, OPG secretion was significantly reduced after exposure to 0.5%
ECVC from either 2nd generation (33% ± 1.43% reduction, p = 0.015) or 3rd generation
(52% ± 0.08% reduction, p =< 0.0001) devices (Figure 2A,B), despite this dosage having no
effect on osteoblast viability, or morphology (Figure 1).

Furthermore, over 7 days, OPG secretion continued to increase significantly in un-
treated osteoblasts in a time dependent manner (Figure 2C). However, continuous exposure
to either 0.25% or 0.5% ECVC for 7 days, significantly blunted OPG secretion at each time-
point for both 2nd and 3rd generation devices. By day 7, OPG secretion was approximately
2-fold or 4-fold less than that of untreated control cells for 2nd and 3rd generation devices,
respectively, (p < 0.0001) (Figure 2C,D), whilst cellular viability and morphology remained
unaffected (Figure 2E,F and Figure A1 in Appendix A).

3.4. The Antioxidant N-Acetyl Cysteine Rescues the ECVC-Induced Reduction in
Osteoblast Viability

To elucidate the mechanism by which ECVC may interact with and affect osteoblast
function, we challenged osteoblasts with a toxic dose (2.5%) of ECVC, previously identified
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to negatively impact osteoblast viability for both 2nd and 3rd generation devices (Figure 1A).
These experiments assessed the efficacy of the antioxidant and antialdehyde, NAC to rescue
osteoblast viability when given concurrently with condensate challenge. NAC alone had no
significant effect on osteoblast viability (Figure 3A,B). However, NAC treatment was able
to partially mitigate the toxic effects of ECVC challenge, offering a significant protective
effect after the 3rd generation condensate challenge (48.5% restoration, p < 0.0001). NAC
intervention also mitigated effects on osteoblast morphology following treatment with 2.5%
ECVC (Figure 3C).

Having observed this NAC mediated rescue effect, we next performed a series of
experiments in which we treated osteoblasts with the humectants propylene glycol and
vegetable glycerine in isolation, to further validate whether e-cigarette vapour components
other than nicotine may reduce osteoblast viability (Figure 4). A significant treatment effect
of PG on osteoblast viability was observed (p < 0.05, Kruskal–Wallace test), with 10% PG
decreasing viability up to 80% (Figure 4A) and clearly altered cellular morphology observed
with 5–10% dosages (Figure 4C). VG had no significant effect on osteoblast viability or
morphology (Figure 4B,D).
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Figure 2. The impact of 2nd and 3rd generation ECVC on human primary osteoblast function.
(A) Effect of 24 h exposure to 2nd and 3rd generation ECVC at concentrations from 0.25–2.5% on
human primary osteoblast OPG secretion. (B) Effect of 24 h exposure to 2nd and 3rd generation ECVC
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at concentrations from 0.25–2.5% on human primary osteoblast OPG secretion expressed as fold
change from untreated control. (C) Effect of 24–168 h (7d) exposure to 2nd generation ECVC at
concentrations from 0.25–0.5% on human primary osteoblast OPG secretion. (D) Effect of 24–168 h
(7d) exposure to 3rd generation ECVC at concentrations from 0.25–0.5% on human primary osteoblast
OPG secretion. (E,F) Representative images of primary human osteoblasts treated with 0–0.5% 2nd
and 3rd generation ECVC for up to 7 days. n = 3 patient replicates, with 3 biological replicates
performed per patient. * p < 0.05, **** p < 0.0001 denoting a significant difference to relevant untreated
control. # p < 0.05, denoting a significant difference between treatment groups.
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Figure 3. Pharmacological rescue of ECVC induced reductions in human osteoblast viability.
(A) Effect of 1 mM NAC on human primary osteoblast viability in the absence or presence of 2.5%
2nd generation ECVC for 24 h. (B) Effect of 1 mM NAC on human primary osteoblast viability in
the absence or presence of 2.5% 3rd generation ECVC for 24 h. (C) Representative images of human
primary osteoblasts following 24 h exposure to 2nd or 3rd generation ECVC in the presence or absence
of 1 mM NAC. Images captured at 20×magnification. Viability was inferred by 4 h incubation with
cell titre aqueous assay. n = 3 patient replicates, with 3 biological replicates performed per patient.
**** p < 0.0001 denoting a significant difference to relevant untreated control. #### p < 0.05 denoting a
significant difference between treatment groups.
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Figure 4. The effect of treatment with e-cigarette constituents on human osteoblast viability.
(A,B) Effect of 24 h treatment of increasing dosages of PG and VG human primary osteoblast viability.
(C,D) Representative images of human primary osteoblasts following 24 h exposure to increasing
dosages of PG and VG, images captured at 20× magnification. n = 4 Patient replicates with 4 biologi-
cal replicates performed per patient. * signifies p < 0.05 denoting a significant treatment effect by a
Kruscal-Wallace test.

4. Discussion

This is the first study to demonstrate that e-cigarette condensate exposure reduces
human primary osteoblast viability and function in a dose-dependent manner, utilising a
model system that accounts for changes in the chemical composition of e-cigarette liquids
that occur during vaping.

Treatment of osteoblasts with concentrations of 2.5% ECVC and above, was cytotoxic
from both 2nd generation and 3rd generation devices, reducing viability to less than 30%
compared to untreated controls. Although there is a lack of data regarding the concen-
tration of nicotine and other vapour constituents delivered to bone following e-cigarette
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usage, a concentration of 2.5% ECVC (15.5 µM, 3rd generation) as used here is within a
physiologically relevant systemic concentration based on reported levels after e-cigarette
usage [32]. In concordance with these results, previous studies have demonstrated that
cigarette smoke is toxic to human osteoblasts, reducing osteoblast viability in both a con-
centration and time-dependent manner [33]. More recently, a toxic effect of e-cigarette
vapour on a variety of cell types, including alveolar macrophages and epithelial cells has
been reported [23,34]. Additionally, Shaito et al. observed both reduced proliferation and
impaired osteoblastic differentiation of bone marrow derived mesenchymal stem cells
(MSCs) following exposure to e-cigarette aerosol extract [34]. Therefore, e-cigarette use may
not only reduce osteoblast viability directly, as observed in this study, but could also reduce
MSC-mediated bone repair. Together, these data suggest long-term e-cigarette use could
have significant implications for individuals following chronic use and especially individu-
als with disorders of the skeletal system such as osteoarthritis [35,36], osteoporosis [36] and
scoliosis [37], where there is evidence of abnormal bone and/or osteoblast pathology. In
addition, this is also likely to impact skeletal remodelling during bone healing following
injury, orthopaedic surgery and oral surgery such as dental implants, where exposure to
e-cigarette vapour will be in very close proximity to the wounded site. Furthermore, it is
also very important to consider the impact of e-cigarettes on adolescent and young adults,
who comprise one of the largest cohort of e-cigarette users. Sustained e-cigarette use in
such individuals may impair ongoing bone development, leading to reduced bone mineral
density into adulthood. Harmful effects of conventional cigarettes and e-Cigarettes have
been attributed, at least in part, to nicotine [38]. Our data supports a role for nicotine
in driving osteoblast dysfunction, as the impact of nfECVC on osteoblast viability was
significantly less than following exposure to ECVC of the same concentration. This effect
was particularly apparent for second-generation device condensate. However, it should be
noted that although osteoblast viability was greater following 10% 2nd gen nfECVC expo-
sure in comparison to the 3rd generation device, cellular morphology appeared abnormal.
This could be explained due to the viability assay fundamentally being based on cellular
metabolism, therefore it is possible that although stressed and so losing typical morphology,
the cells treated with the 2nd generation condensate were still more metabolically active.
Whereas those treated with the 3rd gen condensate, quickly began to die after treatment.
The considerable sustained impact of 3rd generation nfECVC on osteoblast viability may be
attributable to differences in vapour constituent content. In addition to nicotine, e-Cigarette
vapour also contains carrier agents/humectants including propylene glycol and vegetable
glycerine. Thermal degradation of these carrier compounds generates reactive carbonyl
species at similar concentrations to those seen in cigarettesmoke (~5 µg·puff−1) [39] and in
some cases, in excess of cigarette smoke (200 ug·puff−1) [21]. Importantly, reactive carbonyl
species have been demonstrated to reduce proliferation, increase cell death and inhibit
both osteoblast alkaline phosphatase activity and mineralisation [40–42]. Additionally,
e-cigarette liquids also generate a considerable amount of short-lived, highly reactive free
radicals (>1013 molecules/puff) [21,43–45] upon vapourising. ROS are reported to induce
apoptosis of osteoblasts, as well as inhibit osteoblastic differentiation, reducing osteoblast
number and impairing function [45–47]. Furthermore, Bai et al. present evidence that in-
creased intracellular ROS can stimulate the expression of RANKL in human osteoblast-like
cells, which would be expected to promote osteoclast activity and bone resorption [48].
Collectively, these findings suggest that ROS not only reduces osteoblast mediated bone
formation, but may also increase bone resorption through activation of osteoclasts, ulti-
mately resulting in reduced bone density. Critically, increasing battery size and decreased
coil resistance result in increased amounts of both ROS and RCS being generated per puff
by newer generation e-cigarette devices, such as the 3rd generation device used in this
study [20,22,45]. Unlike previous studies that treat cells with e-cigarette liquids directly
from the bottle, our model system accounts for changes in chemical composition that occur
upon vaping. Therefore, it is possible that the nicotine free ECVC from the 3rd generation
device used in this study contained a greater amount of reactive species compared to 2nd
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generation devices, in turn mediating a greater impact on osteoblasts. To investigate this
possibility, we treated osteoblasts with ECVC in the presence of NAC, an antioxidant that
has been reported to protect against ROS and reactive aldehydes [49]. Following treatment
with 3rd generation ECVC, NAC provided a significant protective effect, restoring viability
to the level of control osteoblasts. This suggests that the toxic effects of ECVC may indeed
be mediated in part by increased levels of reactive species. We also demonstrate that
components of e-cigarette condensate other than nicotine, including the humectant PG,
also significantly impaired osteoblast viability and altered cellular morphology. Emerging
data in gingival and airway epithelial cells has also shown cytotoxic, inflammatory and
metabolic effects of such compounds, widely regarded as inert carrier agents [50,51]. It
should be noted that repeated exposure to vapour generated from humectants alone over a
6 month period had no significant effect on bone morphology in mice [52]. However, the
potential impact of such humectant exposure on osteoblast/osteoclast function and bone
turnover remains to be determined and therefore potential implications to processes such
as bone healing still need to be considered. Indeed, although we observed no reduction
in viability following VG treatment, recent work has demonstrated that VG exposure
can impact chloride channel expression [53]. Therefore, non-toxic doses of VG and PG
may still have considerable effects on osteoblast function, similarly to the effect non-toxic
doses of ECVC had on OPG secretion as we report in this study. Collectively these data
emphasise that further studies are necessary to understand the effect of chronic exposure
to humectants and other components of e-cigarettes on human bone, especially following
chronic use. Additionally the need for such studies is paramount, as e-cigarette devices
are continually innovating, leading to ever greater power output and therefore increasing
burden of RCS per puff and so in turn potential harm is only likely to increase

In line with the detrimental effect of ECVC on osteoblast viability, we also found
that ECVC impaired the functional ability of osteoblasts by reducing their secretion of
OPG, the decoy receptor for RANK ligand and a key regulator of bone turnover. Previ-
ous studies have examined the impact of conventional cigarette smoking on serum OPG
levels, concluding that levels were significantly reduced in smokers [54]. In addition,
OPG:RANKL is significantly reduced in patients who smoke, suggesting smoking may
drive bone resorption [54]. Here, we also observed that OPG production by osteoblasts
was significantly reduced following treatment with ECVC at 24 h, suggesting that the
effects of e-Cigarette use and conventional cigarette smoking on osteoblast function maybe
comparable. We did attempt to measure RANKL protein content in osteoblast supernatants
by ELISA, however protein concentrations were below the lower limit of detection of our
assay. Critically, as e-cigarette use is typically chronic, we also found that stimulation
using concentrations of ECVC from either 2nd or 3rd generation devices, that did not
impair osteoblast viability (0.25% and 0.50%) was sufficient to elicit a sustained reduction
in OPG secretion for up to 7 days. This suggests long term use of e-cigarettes could lead
to chronic suppression of OPG, promoting greater bone resorption Such non-toxic effects
could also extend to suppression of other critical cellular functions of osteoblasts, such as
alkaline phosphatase activity, or expression of genes such as COL1A1, in turn reducing
extracellular matrix secretion. This carries clear clinical implications for a number cohorts
including; adolescent users still undergoing bone development, in addition to individu-
als with bone associated disease such as osteoporosis, and those recovering from injury
and surgery as discussed above. In line with this, it may also be important to consider
chronic e-cigarette use in the context of DNA damage and ageing. Although e-cigarettes are
widely thought to produce fewer carcinogenic compounds relative to cigarettes, nicotine
nitrosation does indeed occur following e-cigarettes use, inducing the formation of the
DNA adducts O(6)-methyl-deoxyguanosines and cyclic γ-hydroxy-1, N2–propano-dG [55].
Additionally, the presence of DNA adducts associated with reactive carbonyl species, such
as acrolein, have also been reported following e-cigarette use in humans [56–58]. There-
fore, it seems reasonable to assume that chronic systemic delivery of such compounds
following e-cigarette use could reduce DNA repair in bone, in turn driving an accelerated
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bone ageing phenotype as described by Chen et al. [59]. Consequently, this may compound
dysfunctional bone remodelling and further contribute to reduced bone mass and increased
fracture risk, particularly in older users.

Due to the difficulty in replicating e-cigarette use in vitro, this study does have limita-
tions. Firstly, although we have used a range of does in this study, concentrations of nicotine
and other metabolites in the vapour condensate may not represent localised interstitial
concentrations. Smoker and vaper plasma nicotine will of course vary greatly dependent
on personal addiction level. However, ex-smokers will vape to meet their individual nico-
tine addiction needs [18] and as such, it is likely tissue exposure will remain comparable
between these groups. Smoker urinary nicotine and nicotine metabolites (assessing chronic
exposure) have been quantified in a range from 7–338 µM [60]. Here, we have delivered
non-toxic nicotine doses of 0.82 µM (0.5% 2nd generation challenge); and 3.1 µM (0.5%
3rd generation challenge) [32]. Whilst lacking definitive data for comparison, these low
dose challenges are well within a feasible physiological range [32]. Secondly, osteoblasts
were only stimulated with one dose of ECVC, and therefore we can only speculate that
repeated daily usage of chronic e-cigarette use would have a similarly detrimental effect on
osteoblast viability.

5. Conclusions

In summary, we have demonstrated that ECVC has a negative effect on both osteoblast
viability and function, with these effects being mediated, in part, by nicotine-dependent
mechanisms and also reactive carbonyl species derived from e-liquid humectants as sum-
marised in Table 1. Reduced osteoblast viability, coupled with a reduction in OPG secretion
as observed following ECVC treatment, may lead to increased bone resorption following
chronic exposure, in turn potentially impacting bone development in younger users, while
increasing bone associated disease progression and negatively impacting orthopaedic and
dental surgeryoutcomes.

Table 1. A summary of key findings.

2nd Generation Device 3rd Generation Device Humectants

ECVC nfECVC ECVC nfECVC PG VG

Dose to significantly reduce
osteoblast viability (24 h) 2.5% 10% 1% 2.5% Significant treatment

effect 0.5–10% No significant effect

Dose to significantly reduce
osteoblast OPG secretion (24 h) 0.5% - 0.5% - - -

Author Contributions: Conceptualization, S.W.J., A.S., M.N.E. and T.N. Methodology T.N., L.D., A.S.
and S.W.J. Formal analysis, T.N.; S.W.J. and A.S. Investigation T.N., L.D., S.W.J. and A.S. Resources,
S.W.J., A.S., M.N.E. and E.T.D. Data curation, T.N., L.D. and S.W.J. Writing—original draft preparation,
T.N., L.D., A.S. and S.W.J. Writing—review and editing, T.N., S.W.J. and A.S. Visualization, T.N., S.W.J.
and A.S. Supervision, S.W.J. and A.S. project administration, S.W.J. and A.S. Funding acquisition,
S.W.J. and A.S. All authors have read and agreed to the published version of the manuscript.

Funding: AS is Supported by Asthma + Lung UK (MCFPHD20F\2), the NIHR Health technology
assessment (NIHR129593), NIHR EME programme (NIHR131600) and Medical Research Council
(MR/L002736/1). SWJ is supported by Versus Arthritis, UK (21530; 21812).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study (NRES 16/SS/0172).

Data Availability Statement: Not applicable.

Acknowledgments: We gratefully acknowledge the contributions of Grace Shattock and Hollie
Cooke to the collection of data. We also wish to acknowledge the research nurses and research
healthcare practitioners at the Royal Orthopaedic Hospital, Birmingham, UK, for their efforts in
recruiting patients and collecting tissue samples. Finally, we thank the patients who participated in
this study, without which, this work would not have been possible.



Toxics 2022, 10, 506 15 of 18

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Toxics 2022, 10, x FOR PEER REVIEW 16 of 19 
 

 

Acknowledgments: We gratefully acknowledge the contributions of Grace Shattock and Hollie 

Cooke to the collection of data. We also wish to acknowledge the research nurses and research 

healthcare practitioners at the Royal Orthopaedic Hospital, Birmingham, UK, for their efforts in 

recruiting patients and collecting tissue samples. Finally, we thank the patients who participated in 

this study, without which, this work would not have been possible. 

Conflicts of Interest: The authors declare no conflict of interest 

Appendix A 

 

Figure A1. Low dose stimulation of Primary human osteoblasts for up to 7 days does not affect 

viability. Effect of treating primary human osteoblasts either 2nd (A) or 3rd generation (B) ECVC at 

either 0.25% or 0.5% for 24 h-7d on primary human osteoblasts. n = 3 patient replicates with 4 bio-

logical replicates performed per patient. 

References 

1. Patel, R.A.; Wilson, R.F.; Patel, P.A.; Palmer, R.M. The effect of smoking on bone healing: A systematic review. Bone Jt. Res. 2013, 

2, 102–111, https://doi.org/10.1302/2046-3758.26.2000142. 

2. Law, M.R.; Hackshaw, A.K. A meta-analysis of cigarette smoking, bone mineral density and risk of hip fracture: Recognition of 

a major effect. BMJ 1997, 315, 841–846. https://doi.org/10.1136/bmj.315.7112.841. 

Figure A1. Low dose stimulation of Primary human osteoblasts for up to 7 days does not affect
viability. Effect of treating primary human osteoblasts either 2nd (A) or 3rd generation (B) ECVC
at either 0.25% or 0.5% for 24 h-7d on primary human osteoblasts. n = 3 patient replicates with 4
biological replicates performed per patient.

References
1. Patel, R.A.; Wilson, R.F.; Patel, P.A.; Palmer, R.M. The effect of smoking on bone healing: A systematic review. Bone Jt. Res. 2013,

2, 102–111. [CrossRef] [PubMed]
2. Law, M.R.; Hackshaw, A.K. A meta-analysis of cigarette smoking, bone mineral density and risk of hip fracture: Recognition of a

major effect. BMJ 1997, 315, 841–846. [CrossRef] [PubMed]
3. Tamaki, J.; Iki, M.; Sato, Y.; Kajita, E.; Kagamimori, S.; Kagawa, Y.; Yoneshima, H. Smoking among premenopausal women is

associated with increased risk of low bone status: The JPOS Study. J. Bone Min. Metab. 2010, 28, 320–327. [CrossRef]
4. Ward, K.D.; Klesges, R.C. A meta-analysis of the effects of cigarette smoking on bone mineral density. Calcif. Tissue Int. 2001, 68,

259–270. [CrossRef] [PubMed]
5. 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, 303–311. [CrossRef] [PubMed]

http://doi.org/10.1302/2046-3758.26.2000142
http://www.ncbi.nlm.nih.gov/pubmed/23836474
http://doi.org/10.1136/bmj.315.7112.841
http://www.ncbi.nlm.nih.gov/pubmed/9353503
http://doi.org/10.1007/s00774-009-0129-8
http://doi.org/10.1007/BF02390832
http://www.ncbi.nlm.nih.gov/pubmed/11683532
http://doi.org/10.1007/s00223-011-9519-8
http://www.ncbi.nlm.nih.gov/pubmed/21800164


Toxics 2022, 10, 506 16 of 18

6. Rudang, R.; Darelid, A.; Nilsson, M.; Nilsson, S.; Mellstrom, D.; Ohlsson, C.; Lorentzon, M. Smoking is associated with impaired
bone mass development in young adult men: A 5-year longitudinal study. J. Bone Min. Res. 2012, 27, 2189–2197. [CrossRef]
[PubMed]

7. Singh, J.A.; Schleck, C.; Harmsen, W.S.; Jacob, A.K.; Warner, D.O.; Lewallen, D.G. 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,
283. [CrossRef] [PubMed]

8. Matharu, G.S.; Mouchti, S.; Twigg, S.; Delmestri, A.; Murray, D.W.; Judge, A.; Pandit, H.G. 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,
559–567. [CrossRef]

9. 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, e0125294. [CrossRef]

10. Abrahamsen, B.; Brask-Lindemann, D.; Rubin, K.H.; Schwarz, P. A review of lifestyle, smoking and other modifiable risk factors
for osteoporotic fractures. BoneKey Rep. 2014, 3, 574. [CrossRef]

11. Rom, O.; Pecorelli, A.; Valacchi, G.; Reznick, A.Z. Are E-cigarettes a safe and good alternative to cigarette smoking? Ann. N.Y.
Acad. Sci. 2015, 1340, 65–74. [CrossRef] [PubMed]

12. McNeill, A.; Brose, L.S.; Calder, R.; Bauld, L.; Robson, D. Evidence Review of E-Cigarettes and Heated Tobacco Products 2018; Public
Health England: London, UK, 2018.

13. Cornish, D.; Brookman, A.; Horton, M.; Scanlon, S. Adult Smoking Habits in the UK: 2018; Office for National Statistics, Ed.; Office
for National Statistics: Newport, UK, 2019.

14. Agoons, D.D.; Agoons, B.B.; Emmanuel, K.E.; Matawalle, F.A.; Cunningham, J.M. Association between electronic cigarette use
and fragility fractures among US adults. Am. J. Med. Open 2021, 1, 100002. [CrossRef]

15. Davis, L.C.; Sapey, E.; Thickett, D.R.; Scott, A. Predicting the pulmonary effects of long-term e-cigarette use: Are the clouds
clearing? Eur. Respir. Rev. 2022, 31, 210121. [CrossRef]

16. Jasper, A.E.; McIver, W.J.; Sapey, E.; Walton, G.M. Understanding the role of neutrophils in chronic inflammatory airway disease.
F1000Research 2019, 8, F1000 Faculty Rev-55. [CrossRef]

17. Son, Y.; Wackowski, O.; Weisel, C.; Schwander, S.; Mainelis, G.; Delnevo, C.; Meng, Q. Evaluation of E-Vapor Nicotine and
Nicotyrine Concentrations under Various E-Liquid Compositions, Device Settings, and Vaping Topographies. Chem. Res. Toxicol.
2018, 31, 861–868. [CrossRef]

18. Hiler, M.; Karaoghlanian, N.; Talih, S.; Maloney, S.; Breland, A.; Shihadeh, A.; Eissenberg, T. Effects of electronic cigarette heating
coil resistance and liquid nicotine concentration on user nicotine delivery, heart rate, subjective effects, puff topography, and
liquid consumption. Exp. Clin. Psychopharmacol. 2020, 28, 527–539. [CrossRef]

19. Kosmider, L.; Spindle, T.R.; Gawron, M.; Sobczak, A.; Goniewicz, M.L. Nicotine emissions from electronic cigarettes: Individual
and interactive effects of propylene glycol to vegetable glycerin composition and device power output. Food Chem. Toxicol. 2018,
115, 302–305. [CrossRef]

20. 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. Envrion. Health 2016, 219, 268–277.
[CrossRef]

21. 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, 576–583. [CrossRef]

22. Gillman, I.G.; Kistler, K.A.; Stewart, E.W.; Paolantonio, A.R. Effect of variable power levels on the yield of total aerosol mass and
formation of aldehydes in e-cigarette aerosols. Regul. Toxicol. Pharm. 2016, 75, 58–65. [CrossRef] [PubMed]

23. Scott, A.; Lugg, S.T.; Aldridge, K.; Lewis, K.E.; Bowden, A.; Mahida, R.Y.; Grudzinska, F.S.; Dosanjh, D.; Parekh, D.; Foronjy, R.;
et al. Pro-inflammatory effects of e-cigarette vapour condensate on human alveolar macrophages. Thorax 2018, 73, 1161–1169.
[CrossRef] [PubMed]

24. Corriden, R.; Moshensky, A.; Bojanowski, C.M.; Meier, A.; Chien, J.; Nelson, R.K.; Crotty Alexander, L.E. E-cigarette use increases
susceptibility to bacterial infection by impairment of human neutrophil chemotaxis, phagocytosis, and NET formation. Am. J.
Physiol. Cell Physiol. 2020, 318, C205–C214. [CrossRef] [PubMed]

25. Garcia-Arcos, I.; Geraghty, P.; Baumlin, N.; Campos, M.; Dabo, A.J.; Jundi, B.; Cummins, N.; Eden, E.; Grosche, A.; Salathe, M.; et al.
Chronic electronic cigarette exposure in mice induces features of COPD in a nicotine-dependent manner. Thorax 2016, 71, 1119–
1129. [CrossRef] [PubMed]

26. Carson, J.L.; Zhou, L.; Brighton, L.; Mills, K.H.; Zhou, H.; Jaspers, I.; Hazucha, M. Temporal structure/function variation in
cultured differentiated human nasal epithelium associated with acute single exposure to tobacco smoke or E-cigarette vapor.
Inhal. Toxicol. 2017, 29, 137–144. [CrossRef]

27. Higham, A.; Bostock, D.; Booth, G.; Dungwa, J.V.; Singh, D. The effect of electronic cigarette and tobacco smoke exposure on
COPD bronchial epithelial cell inflammatory responses. Int. J. Chronic Obstr. Pulm. Dis. 2018, 13, 989–1000. [CrossRef]

28. Shen, Y.; Wolkowicz, M.J.; Kotova, T.; Fan, L.; Timko, M.P. Transcriptome sequencing reveals e-cigarette vapor and mainstream-
smoke from tobacco cigarettes activate different gene expression profiles in human bronchial epithelial cells. Sci. Rep. 2016, 6,
23984. [CrossRef]

http://doi.org/10.1002/jbmr.1674
http://www.ncbi.nlm.nih.gov/pubmed/22653676
http://doi.org/10.1186/s12916-015-0523-0
http://www.ncbi.nlm.nih.gov/pubmed/26586019
http://doi.org/10.1080/17453674.2019.1649510
http://doi.org/10.1371/journal.pone.0125294
http://doi.org/10.1038/bonekey.2014.69
http://doi.org/10.1111/nyas.12609
http://www.ncbi.nlm.nih.gov/pubmed/25557889
http://doi.org/10.1016/j.ajmo.2021.100002
http://doi.org/10.1183/16000617.0121-2021
http://doi.org/10.12688/f1000research.18411.1
http://doi.org/10.1021/acs.chemrestox.8b00063
http://doi.org/10.1037/pha0000337
http://doi.org/10.1016/j.fct.2018.03.025
http://doi.org/10.1016/j.ijheh.2016.01.004
http://doi.org/10.1021/acs.chemrestox.9b00410
http://doi.org/10.1016/j.yrtph.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26743740
http://doi.org/10.1136/thoraxjnl-2018-211663
http://www.ncbi.nlm.nih.gov/pubmed/30104262
http://doi.org/10.1152/ajpcell.00045.2019
http://www.ncbi.nlm.nih.gov/pubmed/31664858
http://doi.org/10.1136/thoraxjnl-2015-208039
http://www.ncbi.nlm.nih.gov/pubmed/27558745
http://doi.org/10.1080/08958378.2017.1318985
http://doi.org/10.2147/COPD.S157728
http://doi.org/10.1038/srep23984


Toxics 2022, 10, 506 17 of 18

29. Nicholson, T.; Scott, A.; Newton Ede, M.; Jones, S.W. The impact of E-cigarette vaping and vapour constituents on bone health.
J. Inflamm. 2021, 18, 16. [CrossRef]

30. Nicholson, T.; Scott, A.; Newton Ede, M.; Jones, S.W. Do E-cigarettes and vaping have a lower risk of osteoporosis, nonunion, and
infection than tobacco smoking? Bone Jt. Res. 2021, 10, 188–191. [CrossRef]

31. ASH. Use of E-Cigarettes (Vapes) among Adults in Great Britain; Action on Smoking and Health: London, UK, 2021.
32. Ghosh, A.; Coakley, R.D.; Ghio, A.J.; Muhlebach, M.S.; Esther, C.R., Jr.; Alexis, N.E.; Tarran, R. Chronic E-Cigarette Use Increases

Neutrophil Elastase and Matrix Metalloprotease Levels in the Lung. Am. J. Respir. Crit. Care Med. 2019, 200, 1392–1401. [CrossRef]
33. Braun, K.F.; Ehnert, S.; Freude, T.; Egaña, J.T.; Schenck, T.L.; Buchholz, A.; Schmitt, A.; Siebenlist, S.; Schyschka, L.;

Neumaier, M.; et al. Quercetin protects primary human osteoblasts exposed to cigarette smoke through activation of the
antioxidative enzymes HO-1 and SOD-1. Sci. World J. 2011, 11, 2348–2357. [CrossRef] [PubMed]

34. Shaito, A.; Saliba, J.; Husari, A.; El-Harakeh, M.; Chhouri, H.; Hashem, Y.; Shihadeh, A.; El-Sabban, M. Electronic Cigarette Smoke
Impairs Normal Mesenchymal Stem Cell Differentiation. Sci. Rep. 2017, 7, 14281. [CrossRef] [PubMed]

35. Philp, A.M.; Collier, R.L.; Grover, L.M.; Davis, E.T.; Jones, S.W. Resistin promotes the abnormal Type I collagen phenotype of
subchondral bone in obese patients with end stage hip osteoarthritis. Sci. Rep. 2017, 7, 4042. [CrossRef] [PubMed]

36. Tonge, D.P.; Pearson, M.J.; Jones, S.W. The hallmarks of osteoarthritis and the potential to develop personalised disease-modifying
pharmacological therapeutics. Osteoarthr. Cartil. 2014, 22, 609–621. [CrossRef] [PubMed]

37. Newton Ede, M.M.; Jones, S.W. Adolescent idiopathic scoliosis: Evidence for intrinsic factors driving aetiology and progression.
Int. Orthop. 2016, 40, 2075–2080. [CrossRef]

38. Kallala, R.; Barrow, J.; Graham, S.M.; Kanakaris, N.; Giannoudis, P.V. The in vitro and in vivo effects of nicotine on bone, bone
cells and fracture repair. Expert Opin. Drug Saf. 2013, 12, 209–233. [CrossRef]

39. 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, 46. [CrossRef]

40. Pereira, M.L.; Carvalho, J.C.; Peres, F.; Fernandes, M.H. Simultaneous effects of nicotine, acrolein, and acetaldehyde on osteogenic-
induced bone marrow cells cultured on plasma-sprayed titanium implants. Int. J. Oral Maxillofac. Implant. 2010, 25, 112–122.

41. Hoshi, H.; Hao, W.; Fujita, Y.; Funayama, A.; Miyauchi, Y.; Hashimoto, K.; Miyamoto, K.; Iwasaki, R.; Sato, Y.; Kobayashi, T.; et al.
Aldehyde-stress resulting from Aldh2 mutation promotes osteoporosis due to impaired osteoblastogenesis. J. Bone Min. Res. 2012,
27, 2015–2023. [CrossRef]

42. Mittal, M.; Pal, S.; China, S.P.; Porwal, K.; Dev, K.; Shrivastava, R.; Raju, K.S.; Rashid, M.; Trivedi, A.K.; Sanyal, S.; et al.
Pharmacological activation of aldehyde dehydrogenase 2 promotes osteoblast differentiation via bone morphogenetic protein-2
and induces bone anabolic effect. Toxicol. Appl. Pharm. 2017, 316, 63–73. [CrossRef]

43. 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, 1219–1222. [CrossRef] [PubMed]

44. Goel, R.; Durand, E.; Trushin, N.; Prokopczyk, B.; Foulds, J.; Elias, R.J.; Richie, J.P., Jr. Highly reactive free radicals in electronic
cigarette aerosols. Chem. Res. Toxicol. 2015, 28, 1675–1677. [CrossRef] [PubMed]

45. Domazetovic, V.; Marcucci, G.; Iantomasi, T.; Brandi, M.L.; Vincenzini, M.T. Oxidative stress in bone remodeling: Role of
antioxidants. Clin. Cases Min. Bone Metab. 2017, 14, 209–216. [CrossRef] [PubMed]

46. Mody, N.; Parhami, F.; Sarafian, T.A.; Demer, L.L. Oxidative stress modulates osteoblastic differentiation of vascular and bone
cells. Free Radic. Biol. Med. 2001, 31, 509–519. [CrossRef]

47. Bai, X.C.; Lu, D.; Bai, J.; Zheng, H.; Ke, Z.Y.; Li, X.M.; Luo, S.Q. Oxidative stress inhibits osteoblastic differentiation of bone cells
by ERK and NF-kappaB. Biochem. Biophys. Res. Commun. 2004, 314, 197–207. [CrossRef]

48. Bai, X.C.; Lu, D.; Liu, A.L.; Zhang, Z.M.; Li, X.M.; Zou, Z.P.; Zeng, W.S.; Cheng, B.L.; Luo, S.Q. Reactive oxygen species stimulates
receptor activator of NF-kappaB ligand expression in osteoblast. J. Biol. Chem. 2005, 280, 17497–17506. [CrossRef]

49. Ezerin, a, D.; Takano, Y.; Hanaoka, K.; Urano, Y.; Dick, T.P. N-Acetyl Cysteine Functions as a Fast-Acting Antioxidant by Triggering
Intracellular H(2)S and Sulfane Sulfur Production. Cell Chem. Biol. 2018, 25, 447–459.e444. [CrossRef]

50. Beklen, A.; Uckan, D. Electronic cigarette liquid substances propylene glycol and vegetable glycerin induce an inflammatory
response in gingival epithelial cells. Hum. Exp. Toxicol. 2021, 40, 25–34. [CrossRef]

51. Woodall, M.; Jacob, J.; Kalsi, K.K.; Schroeder, V.; Davis, E.; Kenyon, B.; Khan, I.; Garnett, J.P.; Tarran, R.; Baines, D.L. E-cigarette
constituents propylene glycol and vegetable glycerin decrease glucose uptake and its metabolism in airway epithelial cells
in vitro. Am. J. Physiol. Cell Mol. Physiol. 2020, 319, L957–L967. [CrossRef]

52. Reumann, M.K.; Schaefer, J.; Titz, B.; Aspera-Werz, R.H.; Wong, E.T.; Szostak, J.; Häussling, V.; Ehnert, S.; Leroy, P.; Tan, W.T.; 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, 2163–2177. [CrossRef]

53. Lin, V.Y.; Fain, M.D.; Jackson, P.L.; Berryhill, T.F.; Wilson, L.S.; Mazur, M.; Barnes, S.J.; Blalock, J.E.; Raju, S.V.; Rowe, S.M.
Vaporized E-Cigarette Liquids Induce Ion Transport Dysfunction in Airway Epithelia. Am. J. Respir. Cell Mol. Biol. 2019, 61,
162–173. [CrossRef] [PubMed]

54. Lappin, D.F.; Sherrabeh, S.; Jenkins, W.M.; Macpherson, L.M. Effect of smoking on serum RANKL and OPG in sex, age and
clinically matched supportive-therapy periodontitis patients. J. Clin. Periodontol. 2007, 34, 271–277. [CrossRef] [PubMed]

http://doi.org/10.1186/s12950-021-00283-7
http://doi.org/10.1302/2046-3758.103.BJR-2020-0327.R1
http://doi.org/10.1164/rccm.201903-0615OC
http://doi.org/10.1100/2011/471426
http://www.ncbi.nlm.nih.gov/pubmed/22203790
http://doi.org/10.1038/s41598-017-14634-z
http://www.ncbi.nlm.nih.gov/pubmed/29079789
http://doi.org/10.1038/s41598-017-04119-4
http://www.ncbi.nlm.nih.gov/pubmed/28642544
http://doi.org/10.1016/j.joca.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24632293
http://doi.org/10.1007/s00264-016-3132-4
http://doi.org/10.1517/14740338.2013.770471
http://doi.org/10.3390/toxics6030046
http://doi.org/10.1002/jbmr.1634
http://doi.org/10.1016/j.taap.2016.12.013
http://doi.org/10.2116/analsci.29.1219
http://www.ncbi.nlm.nih.gov/pubmed/24334991
http://doi.org/10.1021/acs.chemrestox.5b00220
http://www.ncbi.nlm.nih.gov/pubmed/26244921
http://doi.org/10.11138/ccmbm/2017.14.1.209
http://www.ncbi.nlm.nih.gov/pubmed/29263736
http://doi.org/10.1016/S0891-5849(01)00610-4
http://doi.org/10.1016/j.bbrc.2003.12.073
http://doi.org/10.1074/jbc.M409332200
http://doi.org/10.1016/j.chembiol.2018.01.011
http://doi.org/10.1177/0960327120943934
http://doi.org/10.1152/ajplung.00123.2020
http://doi.org/10.1007/s00204-020-02769-4
http://doi.org/10.1165/rcmb.2017-0432OC
http://www.ncbi.nlm.nih.gov/pubmed/30576219
http://doi.org/10.1111/j.1600-051X.2007.01048.x
http://www.ncbi.nlm.nih.gov/pubmed/17378883


Toxics 2022, 10, 506 18 of 18

55. Lee, H.W.; Park, S.H.; Weng, M.W.; Wang, H.T.; Huang, W.C.; Lepor, H.; Wu, X.R.; Chen, L.C.; Tang, M.S. E-cigarette smoke
damages DNA and reduces repair activity in mouse lung, heart, and bladder as well as in human lung and bladder cells.
Proc. Natl. Acad. Sci. USA 2018, 115, E1560–E1569. [CrossRef] [PubMed]

56. Tang, M.S.; Wang, H.T.; Hu, Y.; Chen, W.S.; Akao, M.; Feng, Z.; Hu, W. Acrolein induced DNA damage, mutagenicity and effect
on DNA repair. Mol. Nutr. Food Res. 2011, 55, 1291–1300. [CrossRef] [PubMed]

57. Yang, J.; Balbo, S.; Villalta, P.W.; Hecht, S.S. Analysis of Acrolein-Derived 1, N(2)-Propanodeoxyguanosine Adducts in Human
Lung DNA from Smokers and Nonsmokers. Chem. Res. Toxicol. 2019, 32, 318–325. [CrossRef]

58. Cheng, G.; Guo, J.; Carmella, S.G.; Lindgren, B.; Ikuemonisan, J.; Niesen, B.; Jensen, J.; Hatsukami, D.K.; Balbo, S.; Hecht, S.S.
Increased acrolein-DNA adducts in buccal brushings of e-cigarette users. Carcinogenesis 2022, 43, 437–444. [CrossRef]

59. Chen, Q.; Liu, K.; Robinson, A.R.; Clauson, C.L.; Blair, H.C.; Robbins, P.D.; Niedernhofer, L.J.; Ouyang, H. DNA damage drives
accelerated bone aging via an NF-κB-dependent mechanism. J. Bone Min. Res. 2013, 28, 1214–1228. [CrossRef]

60. Russell, M.A.; Wilson, C.; Patel, U.A.; Feyerabend, C.; Cole, P.V. Plasma nicotine levels after smoking cigarettes with high,
medium, and low nicotine yields. Br. Med. J. 1975, 2, 414–416. [CrossRef]

http://doi.org/10.1073/pnas.1718185115
http://www.ncbi.nlm.nih.gov/pubmed/29378943
http://doi.org/10.1002/mnfr.201100148
http://www.ncbi.nlm.nih.gov/pubmed/21714128
http://doi.org/10.1021/acs.chemrestox.8b00326
http://doi.org/10.1093/carcin/bgac026
http://doi.org/10.1002/jbmr.1851
http://doi.org/10.1136/bmj.2.5968.414

	Introduction 
	Materials and Methods 
	Ethical Approval and Subject Recruitment 
	Primary Human Osteoblast Cell Culture 
	e-Cigarette Devices 
	e-Cigarette Vapour Condensate Collection 
	Osteoblast Challenge and Intervention 
	Primary Human Osteoblast Viability and Cellular Morphology 
	Quantification of OPG and RANK-L Secretion from Primary Human Osteoblasts 
	Statistical Analysis 

	Results 
	ECVC from either 2nd or 3rd Generation e-Cigarette Devices Reduces Human Osteoblast Viability and Alters Cellular Morphology 
	ECVC from Nicotine-Free 3rd Generation Devices Has a Greater Effect on Reducing Osteoblast Viability than Nicotine-Free 2nd Generation e-Cigarette Devices 
	Sub-Cytotoxic Doses of e-Cigarette Condensate Alters Human Osteoblast Function 
	The Antioxidant N-Acetyl Cysteine Rescues the ECVC-Induced Reduction inOsteoblast Viability 

	Discussion 
	Conclusions 
	Appendix A
	References

