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ORIGINAL RESEARCH
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Myogenesis in Offspring Mice
Qixin Wang1, Isaac K. Sundar1, Jason L. Blum2*, Jill R. Ratner2, Joseph H. Lucas1, Tsai-Der Chuang3, Ying Wang3,
Jie Liu3, Virender K. Rehan3‡, Judith T. Zelikoff2‡, and Irfan Rahman1‡

1Department of Environmental Medicine, School of Medicine and Dentistry, University of Rochester Medical Center, University of
Rochester, Rochester, New York; 2Department of Environmental Medicine, School of Medicine, New York University, New York,
New York; and 3Department of Pediatrics, Lundquist Institute for Biomedical Innovation, Harbor–University of California Los Angeles
Medical Center, David Geffen School of Medicine, University of California Los Angeles, Torrance, California

ORCID ID: 0000-0003-2274-2454 (I.R.).

Abstract

Electronic-cigarette (e-cig) vaping is a serious concern, as many
pregnant women who vape consider it safe. However, little is known
about the harmful effects of prenatal e-cig exposure on adult offspring,
especially on extracellular-matrix (ECM) deposition and myogenesis
in the lungs of offspring. We evaluated the biochemical andmolecular
implications of maternal exposure during pregnancy to e-cig aerosols
on the adult offspring of both sexes, with a particular focus on
pulmonary ECM remodeling and myogenesis. Pregnant CD-1
mice were exposed to e-cig aerosols with or without nicotine,
throughout gestation, and lungs were collected from adult male and
female offspring. Compared with the air-exposed control group,
female mice exposed to e-cig aerosols, with or without nicotine,
demonstrated increased lung protein abundance of LEF-1 (lymphoid
enhancer–binding factor 1), fibronectin, and E-cadherin, whereas
altered E-cadherin and PPARg (peroxisome proliferator–activated

receptorg) levelswere observedonly inmales exposed to e-cig aerosols
with nicotine. Moreover, lipogenic and myogenic mRNAs were
dysregulated in adult offspring in a sex-dependent manner. PAI-1
(plasminogen activator inhibitor-1), one of the ECM regulators, was
significantly increased in females exposed prenatally to e-cig aerosols
with nicotine and in males exposed to e-cig aerosols compared with
control animals exposed to air. MMP9 (matrix metalloproteinase 9), a
downstream target of PAI-1,was downregulated in both sexes exposed
to e-cig aerosols with nicotine. No differences in lung histology were
observed among any of the treatment groups. Overall, adult mice
exposedprenatally to e-cig aerosols couldbepredisposed todeveloping
pulmonary disease later in life. Thus, thesefindings suggest that vaping
during pregnancy is unsafe and increases the propensity for later-life
interstitial lung diseases.
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The rapid growth of electronic-cigarette
(e-cig) use is raising serious health concerns
globally, particularly because of the public
perception of their safety (1). Electronic
nicotine-delivery systems vaporize e-cig
liquids that are loaded into cartridges,
which are then delivered as an e-cig aerosol.
The e-cig liquid usually contains nicotine in
propylene glycol (PG) and/or vegetable
glycerin (VG), often with added chemicals
as flavors. Studies show that some e-cig
devices deliver nicotine to the user in
amounts equal to or higher than those
delivered by conventional tobacco
cigarettes (2–4). Despite increasing
numbers of studies demonstrating the toxic
effects of e-cig humectants (PG/VG),
nicotine, and flavorings, information
concerning the health effects of e-cigs on
pregnant women and the unborn fetus is
still lacking (5–7).

Evidence is emerging from human
studies that e-cig use during pregnancy is
associated with decreased fertility in adults,
poor embryotic growth, and impaired
memory in the e-cig aerosol–exposed
offspring (8, 9). Because of germline
epigenetic effects and potential
transgenerational consequences, nicotine
exposure during pregnancy is particularly
concerning (10). Using both in vivo and
in vitro studies, we and others have shown
that e-cig aerosols induce oxidative stress
and proinflammatory responses of human
alveolar macrophages after exposure
(11–14). Relatively few studies have
addressed the molecular mechanisms

involved in e-cig toxicity responses in the
developing fetus or in later life.

The effects of e-cig aerosol exposure on
developing lungs are unknown. Using a
murine model, we have recently shown sex-
specific proinflammatory and dysregulated
repair effects from e-cig aerosols with and
without nicotine (15). Because dysregulated
repair is a hallmark for pulmonary
conditions such as idiopathic pulmonary
fibrosis, chronic obstructive pulmonary
disease (COPD), and asthma, it is
important to examine the effects of e-cig
exposure on such repair mechanisms in the
developing lung.

PAI-1 (plasminogen activator
inhibitor-1), produced mainly by the
endothelium, is the primary inhibitor
of plasminogen activator. Through
modulation of extracellular-matrix (ECM)
degradation, it is critically involved in the
process of thrombosis and hemostasis (16).
Recent studies have linked PAI-1 to
pulmonary fibrosis, and higher serum PAI-1
levels have been observed in patients with
COPD (17, 18); moreover, MMP9 (matrix
metalloproteinase 9), a downstream target
of PAI-1, is also considered a critical factor
for COPD.

Here, using an in vivo mouse model,
we report the effects of maternal e-cig
aerosol exposure throughout gestation on
lung ECM remodeling. Findings suggest
that e-cig aerosol exposure during
pregnancy, with or without nicotine,
dysregulates ECM remodeling, which could
potentially contribute to fibrogenic effects
mediated via PAI-1/MMP dysregulation.

Methods

For a description of the mouse model and
exposure details, see the data supplement.
All experimental details for molecular
analysis, including protein extraction,
Western blotting, RNA extraction,
quantitative real-time PCR, and gelatin
zymography, are presented in the data
supplement and are described previously
(15, 19).

Animal Model
Beginning 1 day after arrival, the estrous
cycle was monitored daily in female CD-1
mice for at least two complete normal
estrous phases. In the third proestrous cycle,
each female mouse was paired overnight
with one male, and a total of 30 female mice

were mated (14, 20). Confirmation of
successful mating was determined by
the presence of a copulatory plug
(gestational Day [GD] 0.5). Males were
then removed and females (two per cage),
were exposed to e-cig aerosols (PG/VG or
PG/VG1 nicotine) or filtered air for 3
weeks (3 h/d; 5 d/wk) (14, 20). Dams were
separated into single cages and housed
individually at or around GD 15, and daily
exposures continued until just before
parturition (z3 wk) (14, 20). Pregnancy
incidence for this mating paradigm was
z90%, and e-cig aerosol exposure had no
effect on pregnancy incidence, litter size, or
male-to-female offspring sex ratio.

E-Cig Aerosol Generation and
Exposure
E-cig aerosols (50% PG, 50% VG, and 16%
nicotine, prepared in-house) were generated
using a commercially available three-port
e-cig generation system (CH Technologies)
used in our previous studies (13, 14, 20).
Urinary cotinine levels in dams were
measured on GD5.5, GD10.5, and
GD15.5 using a commercially available
ELISA kit to assure e-cig exposure in the
appropriate treatment group (20). Aerosol
concentration measurements of particulate
matter were taken every 15–30 minutes
using the portable Data-Logging Real-Time
Aerosol Monitor 4 (Thermo Fisher
Scientific) (20).

Hematoxylin and Eosin Staining
Lung sections (5 mm) were deparaffinized,
rehydrated, and then rinsed with tap water.
Rehydrated sections were soaked in
hematoxylin stain for 2 minutes and rinsed
in cold tap water until the water runoff was
colorless. Slides were then incubated in 7%
ammonia–93% water for 30 seconds for
bluing the tissues. This was followed by
washing in tap water for 1 minute and
staining with eosin (hematoxylin and eosin
[H&E]) for 30 seconds. After staining,
slides were dehydrated with two 10-second
rinses each in increasing ethanol
concentrations (i.e., 80%, 95%, and 100%)
and were then rinsed three times in xylene
for a total of 30 seconds; all slides were
mounted with Permount and cover-slipped
for evaluation by light microscopy (103
and 403).

Lung Morphometry
Lung sections stained with H&E were used
to measure the mean linear intercept of

Clinical Relevance

Little is known about the harmful
effects of prenatal electronic-cigarette
(e-cig) exposure on adult offspring,
especially on extracellular-matrix
deposition and myogenesis in the lungs
of offspring. E-cig exposure led to
dysregulated lipogenic/myogenic
pathways and dysregulated
extracellular-matrix remodeling in
adult offspring in a sex-dependent
manner. Hence, adult mice exposed
prenatally to e-cig aerosols could be
predisposed to developing pulmonary
disease later in life, suggesting that
e-cig vaping during pregnancy
increases the propensity for later-life
interstitial lung diseases.
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airspace by using MetaMorph software
(Molecular Devices). A total of 7–14
pictures were randomly selected per slide in
a blinded manner, and analysis was based
on a manual threshold described previously
(21).

Statistical Analysis
One-way ANOVA and the Student’s t test
were used, as appropriate, to determine the
statistical significance among and between
conditions by using GraphPad Prism
Software version 8.0 (GraphPad) (19).
Results were expressed as the mean6 SEM,
and P, 0.05 was considered statistically
significant (19).

Results

Effects of E-Cig Prenatal Exposure in
Lung Development
To study the effect of in utero e-cig exposure
on key lung developmental processes, the
expression of well-established lipogenic
and myogenic markers, including PPARg
(peroxisome proliferator–activated receptor
g), b-catenin (catenin b-1), HDAC-1
(histone deacetylase 1), and LEF-1
(lymphoid enhancer–binding factor 1),
were determined (Figure 1). Upregulated
protein abundance of LEF-1 and HDAC-1
in aerosol-exposed animals compared
with air-exposed control animals was
demonstrated in female pups prenatally
exposed to PG/VG only, with no change in
b-catenin and PPARg levels (Figures 1A
and 1B). There was no effect on b-catenin,
LEF-1, or HDAC-1 protein levels in male
pups exposed in utero to e-cig aerosols
with or without nicotine. However, lung
PPARg levels increased in adult male pups
exposed to e-cig aerosols containing
PG/VG1 nicotine compared with control
animals exposed to air and sex- and age-
matched counterparts exposed to PG/VG
alone (Figures 1A and 1C).

Effects of E-Cig Prenatal Exposure on
ECM Remodeling
As shown in Figure 2, pulmonary
fibronectin, one of the key ECM proteins,
was significantly increased in female mice
exposed in utero to PG/VG alone compared
with mice exposed to air and mice exposed
to PG/VG1 nicotine (Figures 2A and 2B).
Fibronectin levels decreased significantly in
male offspring exposed to e-cig aerosols
with or without nicotine compared with

control animals exposed to air (Figures 2A
and 2C). E-cadherin levels were decreased
significantly in PG/VG1 nicotine–exposed
male pups compared with air-exposed
control animals (Figures 2A and 2C).
Although both male and female offspring
exposed to PG/VG1 nicotine revealed a
decrease in pulmonary COL1A1 (type-1
collagen) levels, statistical significance was
reached only in female offspring, as
compared with the sex-matched PG/VG-
only exposure group (Figure 2).

In addition to the key ECM proteins
discussed above, PAI-1, a known ECM
deposition modulator, was examined.
Compared with air-exposed control
animals, both female andmale pups exposed
in utero to PG/VG1 nicotine exhibited
higher PAI-1 levels (Figure 3). Although
male pups did not show any significant
change in phospho-p53 levels after
maternal exposure to PG/VG with or
without nicotine (Figures 3A and 3C),
compared with their sex-matched air-
exposed counterparts and age-matched
female pups exposed in utero to
PG/VG1 nicotine, a significant increase
in phospho-p53 expression was observed
when it was normalized to b-actin, and a
significant decrease in phospho-p53
expression was observed when it was
normalized to total-p53 levels (Figures 3A
and 3B).

MMP9 and MMP2, two downstream
targets of PAI-1 and key determinants of
ECM deposition, were also examined. As
shown in Figure 4, pulmonary MMP9 levels
were significantly decreased in both female
and male offspring exposed prenatally to
PG/VG1 nicotine compared with mice
exposed to either PG/VG alone or air
control. MMP2 levels were significantly
increased in female pups exposed to
PG/VG with and without nicotine
compared with mice exposed to air control
(Figures 4A and 4B), whereas no significant
changes were observed in age-matched
male offspring (Figures 4A and 4C). In
addition, gelatin zymography of activated
MMP9/MMP2 revealed decreased MMP9
activity in the PG/VG1 nicotine–exposed
male and female offspring compared with
the air-exposed control group (see Figure
E1 in the data supplement). In contrast,
Timp1 (TIMP metallopeptidase inhibitor
1), an inhibitor of MMP 2 and 9, was
significantly upregulated in females
exposed to PG/VG with or without nicotine
compared with control animals exposed to

air (Figures 4A and 4B) but was not altered
in age-matched males after in utero
exposure to PG/VG with or without
nicotine (Figures 4A and 4C).

The abundance of TGF-b and pSmad2
(phospho-Smad2) in the lung was determined
by immunohistochemistry staining (Figure 5).
There was a nonsignificant increase in pSmad2
levels when mice were exposed to PG/VG
alone compared with female offspring exposed
to air or PG/VG1 nicotine. A nonsignificant
increase in TGF-b was observed in female
offspring exposed to e-cig aerosols with or
without nicotine (Figures 5A and 5B)
compared with control animals, whereas
expression of TGF-b was increased in male
offspring exposed to PG/VG alone compared
with the group exposed to PG/VG1 nicotine
(Figure 5B). As expected, pSmad2 showed
similar trends with TGF-b in male offspring’s
lung sections (Figures 5C and 5D). The
protein abundance of pSmad2 was
significantly increased in male offspring
exposed to PG/VG only compared with
groups exposed to PG/VG1 nicotine or air;
no significant changes in pSmad2 were
observed in female offspring of any group
(Figure 5D). However, when examined for
site- and sex-specific changes in these same
markers in the PG/VG-alone group, the
expression of both TGF-b and pSmad2
were specifically upregulated in the alveolar
area in males, whereas no changes in the
tracheal/bronchial region were observed
(Figures 5A and 5C).

Expressions of Lipogenic/Myogenic
Genes after Prenatal E-Cig Exposure
Key lipogenic/myogenic genes, including
ADRP (adipose differentiation-related
protein), CNN1 (calponin 1), ACTA2
(a- smooth muscle actin), FN1 (fibronectin),
SERPINE1 (plasminogen activator
inhibitor-1), and MMP9 were examined in
offspring of both sexes to investigate the
effects of prenatal exposure of PG/VG with
or without nicotine on lipogenic/myogenic
pathways using quantitative real-time-PCR
(Figure 6). The lipogenic marker ADRP was
decreased significantly, in comparison with
the air-exposed control animals, in females
exposed in utero to PG/VG with or without
nicotine (Figure 6A), and there was an
absence of observed effects in the age-
matched male counterparts (Figure 6B). In
contrast, the myogenic marker CNN1 was
increased in male offspring exposed to
PG/VG1 nicotine compared with offspring
exposed to air control (Figure 6B), whereas
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age-matched female counterparts were
unaffected by maternal exposure to e-cig
aerosols during pregnancy (Figure 6A).
Expression of the myogenic marker ACTA2
was increased in male offspring exposed
in utero to PG/VG1 nicotine compared
offspring exposed to air. A significant
upregulation of ACTA2 was also seen in
female offspring exposed to PG/VG alone
compared with the group exposed to air.
In addition, adult female offspring whose
mothers were exposed to PG/VG1 nicotine
during pregnancy had increased lung
SERPINE1 and decreased MMP9 (albeit
nonsignificant) expression as compared

with offspring whose mothers were
exposed to PG/VG alone or air. Expression
of other lipogenic/myogenic markers,
including PPARg (peroxisome proliferator
activated receptor gamma), CEBPA
(CCAAT enhancer–binding protein a), and
FN1 (fibronectin), was unaffected by
maternal exposure during pregnancy to
e-cig aerosols compared with that observed
in the air-exposed control mice of either sex.

Consequences of E-Cig Prenatal
Exposure on Lung Morphology
The effects of maternal e-cig exposure
during pregnancy on adult-offspring lung

morphometry, with particular emphasis on
alveolar destruction/airspace enlargement
and collagen deposition, were observed
using H&E staining and Gomori’s
Trichrome staining (Figure 7). As shown
in Figures 7A and 7C, lung structure in
both male and female offspring was
unaffected by in utero exposure to air,
PG/VG, and PG/VG1 nicotine compared
with air-exposed control mice. However, an
abnormal collagen deposition in male
offspring prenatally exposed to PG/VG
compared with male offspring prenatally
exposed to PG/VG1 nicotine or air
was observed (Figure 7B). As shown in
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Figure 1. Lungs from both 6-week-old female and male offspring from mouse dams exposed throughout pregnancy to electronic-cigarette (e-cig) aerosols
with or without nicotine, were homogenized, and related developmental protein markers were analyzed by Western blot. (A) Blot image of proteins included
b-catenin (catenin b-1), HDAC-1 (histone deacetylase 1), LEF-1 (lymphoid enhancer–binding factor 1), and PPAR-g (peroxisome proliferator–activated
receptor g). The fold changes of protein expression in (B) female and (C) male offspring were analyzed on the basis of densitometry, with b-actin serving as an
endogenous control for normalization (n=6–8 for both female and male mice). *P,0.05 and **P,0.01. PG=propylene glycol; VG=vegetable glycerin.
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Figure 7B, only male offspring exposed to
PG/VG alone exhibited more collagen
deposition around the tracheal/bronchial
area, compared with offspring exposed to
PG/VG1 nicotine or air. There was no
difference in collagen distribution in the
alveolar region among any of the exposure
groups. No significant difference in collagen
deposition was revealed in female offspring
among the groups, whereas male offspring
showed higher fibrotic scoring in the
PG/VG-alone exposure group than in the
other treatment groups (Figures 7B and 7D).

Nicotinic-Receptor Expression after
Prenatal E-Cig Exposure
Because there is strong evidence to suggest
that pulmonary effects of nicotine are
predominantly mediated via nAChR a7
(nicotinic acetylcholine receptor a7) and

nAChR a3, these receptors were also
investigated in prenatally e-cig–exposed
offspring (Figure E2). Only female offspring
prenatally exposed to PG/VG1 nicotine
demonstrated a significant decrease in
nAChR a7 protein abundance, compared
with sex-matched offspring exposed to
PG/VG alone (Figures E2B and E2C).

Discussion

Given the overwhelming evidence of the
harmful effects of cigarette/tobacco smoking
during pregnancy, it is not surprising that
alternate presumably safer approaches such
as e-cigs have been sought. However, to the
contrary, increasing evidence of adverse
health outcomes of e-cig use is emerging,
with only limited information available on

the effects of e-cig use on pregnancy and the
developing fetus. In particular, data are
extremely limited on the effects of prenatal
exposure to e-cig aerosols on the developing
lungs (22–25). Here, we show that maternal
e-cig aerosol exposure during pregnancy,
especially with PG/VG alone, induces sex-
dependent pulmonary ECM accumulation
and a myogenic lung profile. Moreover, as
evidenced by increased pulmonary PAI-1
and decreased MMP9 levels, lungs from
both adult male and female offspring
appear particularly vulnerable to increased
ECM deposition.

After in utero e-cig aerosol exposure,
fibronectin levels were upregulated in
adult female pups exposed to PG/VG
alone. Interestingly, other dysregulated
myogenesis/lipogenesis markers also
showed sex-dependent differences. This
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Figure 2. Lungs from both 6-week-old female and male offspring from mouse dams exposed throughout pregnancy to e-cig aerosols with or without
nicotine were homogenized, and extracellular matrix (ECM)-related protein markers were analyzed by Western blot. (A) Blot image of proteins included
fibronectin, E-cadherin, and Col1A1 (type-1 collagen). The fold changes of protein expression in (B) female and (C) male offspring were analyzed on the
basis of densitometry, with b-actin serving as endogenous control for normalization. (n=6–8 for both female and male mice). *P,0.05 and ***P, 0.001.
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corroborates our previous finding that
prenatal nicotine exposure causes myogenic
effects (i.e., increased pulmonary
fibronectin, a-SMA, and calponin levels)
(24). We observed decreased E-cadherin
levels only in the lungs of male offspring
exposed to PG/VG1 nicotine, compared
with control offspring exposed to air
control. This is in agreement with a
previous study that showed that maternal
nicotine exposure during pregnancy led to
epithelial–mesenchymal transition in the
lungs of male offspring, with increased
N-cadherin and a-SMA protein levels and
decreased E-cadherin levels (23). A recent
study has reported that prenatal exposure
to e-cig aerosols decreased body weight and

length and dysregulated gene expression
associated with the Wnt signaling pathway
in comparison with exposure to air control
(26). Here, we observed increased
fibronectin protein levels in adult females
exposed prenatally to only PG/VG, whereas
calponin and a-SMA values were
upregulated (at the transcription level)
in male offspring exposed to PG/VG, and
PG/VG1 nicotine compared with offspring
exposed to air control.

The increased transcription levels of
ACTA2 and CNN1 in male offspring
exposed to PG/VG1 nicotine compared
with levels in control animals exposed
to air indicate the likely transition of
lipofibroblasts to myofibroblasts, a key

process in the development of pulmonary
fibrosis. However, the upregulated PPARg
in male offspring prenatally exposed to
PG/VG1 nicotine (compared with
the air control) could be protective, as
characterized by decreased fibronectin
levels in this group (27).

Altered global DNAmethylation and an
increased tendency toward inflammation in
offspring lungs after prenatal nicotine
exposure has also recently been described
(28). In this study, we observed that after
prenatal exposure to e-cig aerosols with
nicotine, HDAC-1 was unaffected in female
pups, whereas levels of ADRP decreased
compared with levels in male pups. These
findings are in partial agreement with those
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Figure 3. Lungs from both 6-week-old female and male offspring from mouse dams exposed throughout pregnancy to e-cig aerosols with or without
nicotine were homogenized, and ECM-related protein markers were analyzed by Western blot. (A) Blot image of proteins included PAI-1 (plasminogen
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of Nguyen and colleagues, who showed
decreased activating transcription factor-2 in
the absence of any significant effect on
HDAC-1 after maternal e-cig exposure (with
or without nicotine) in male pups (25). In
contrast, we showed increased HDAC-1
protein abundance in female pups exposed
prenatally to PG/VG alone, suggesting that
effects may be independent of nicotine.
Notably, decreased ADRP expression
supports our previous work in a prenatal
nicotine–exposed rat model (29). Although
sexual dimorphism was not considered in
our previous rat model (30), e-cig–induced
changes in ADRP expression in this study
were observed only in females exposed to
e-cig aerosol with or without nicotine.

Apart from the dysregulated
myogenesis/lipogenesis noted above, the

PAI-1/MMP9 pathway was dysregulated
after prenatal e-cig aerosol exposure.
Both female and male offspring showed
increased PAI-1 and decreased MMP9
protein levels after in utero exposure to
PG/VG1 nicotine, whereas male offspring
also showed increased PAI-1 protein levels
after in utero exposure to PG/VG without
nicotine. In support of our findings,
other human and animal studies have
demonstrated increased PAI-1 protein in
fibrotic lung conditions (e.g., in human
samples and in a bleomycin-induced lung
fibrosis mouse model), together with other
increased fibrogenic markers, such as
fibronectin and a-SMA (31–33). Similarly,
Jiang and colleagues demonstrated
increased PAI-1/SERPINE1 levels in lungs
affected by idiopathic pulmonary fibrosis.

PAI-1 also plays an essential role in cell-
cycle regulation and cellular senescence
through the p53-p21-Rb pathway (34).
Corroborating these data, significantly
decreased phospho-53, normalized to total
p53, was observed in female offspring
exposed to both PG/VG alone and
PG/VG1 nicotine. In addition to the
known direct effects of cigarette-smoke
exposure on PAI-1, this study shows that
prenatal exposure to e-cig aerosols can also
result in dysregulation of PAI-1 protein
abundance in offspring lungs.

A decrease in pulmonary MMP protein
levels usually accompanies increased PAI-1
protein levels, which ultimately leads to
increased ECM deposition and chronic
fibrosis (35–38). Because MMP2 and
MMP9 share similar substrates, the
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homogenized, and ECM-related protein markers were analyzed by Western blot. (A) Blot image of proteins included MMP-9 (matrix metalloproteinase 9),
MMP-2, and Timp1 (TIMP metallopeptidase inhibitor 1). Fold changes of protein expression in (B) female and (C) male mice were analyzed on the basis of
densitometry, with b-actin serving as an endogenous control for normalization (n=6–8 for both female and male mice). *P,0.05, **P,0.01, and
***P,0.001.

ORIGINAL RESEARCH

800 American Journal of Respiratory Cell and Molecular Biology Volume 63 Number 6 | December 2020



*

Air

PG/V
G

PG/V
G+N

ico
tin

e
0.0

0.5

1.0

1.5

H
is

to
lo

gi
ca

l S
co

re
(M

al
e 

T
G

F
-

)

0.0

0.5

1.0

1.5

2.0

H
is

to
lo

gi
ca

l S
co

re
(F

em
al

e 
T

G
F

-
)

BA
TGF-

Air PG/VG PG/VG+Nicotine

Male
20x

Female
20x

Female
40x

Male
40x

Air

PG/V
G

PG/V
G+N

ico
tin

e
0.0

0.5

1.0

1.5

H
is

to
lo

gi
ca

l S
co

re
(M

al
e 

pS
m

ad
2)

* *

D

0.0

0.2

0.4

0.6
H

is
to

lo
gi

ca
l S

co
re

(F
em

al
e 

pS
m

ad
2)

pSmad2

Male
20x 

Female
20x 

Female
40x 

Male
40x

Air PG/VG PG/VG+Nicotine

C

Figure 5. Lungs from female and male offspring (6-wk old) prenatally exposed to e-cig aerosols with or without nicotine were paraffin-embedded and
sectioned for immunohistochemistry staining: (A and B) TGF-b and (C and D) pSmad2 (phospho-Smad2). Scale bars, 50 mm. The brown color represent
the abundance of targets of interest in different regions. Regions of interest are indicated by black arrows, 40x pictures were the views from blue boxes in
20x pictures. Histological scores were applied in a blinded manner. (n=3–4 for both female and male mice). *P,0.05. TGF= transforming growth factor.

ORIGINAL RESEARCH

Wang, Sundar, Blum, et al.: Prenatal E-Cig Exposure and Abnormal ECM Remodeling 801



observed increase in MMP2 levels
accompanying decreased MMP9 in
female pups exposed prenatally to
PG/VG1 nicotine could suggest a
compensatory mechanism (39). Increased
PAI-1 together with decreased MMP9
could set the stage for enhanced airway
inflammation on future allergen exposure
(40). Offspring exposed to e-cig aerosols
with or without nicotine could face a
worsened lung situation when challenged
with environmental toxicants later in life.

Taken together, our data suggest long-term
pulmonary consequences of prenatal e-cig
exposure that are independent of nicotine
and result from downregulated MMP9
and increased PAI-1 and MMP2 levels,
leading to ECM remodeling, dysregulated
myogenesis, and predisposition to fibrosis
in adult offspring.

The trend toward increased TGF-b and
pSmad2 levels in female offspring exposed
to PG/VG alone could be one of the triggers
for the upregulated fibronectin and collagen

levels observed in this study. The
upregulated PAI-1 in our model could be
independent of TGF-b/pSmad2, as has
been demonstrated previously (41). The
observed collagen deposition was also
shown in offspring rat lungs after maternal
nicotine administration for 21 days (42).
Furthermore, in our model, TGF-b/pSmad2
upregulation appeared to be site specific
(i.e., in the alveolar region vs. the
tracheobronchial region), whereas,
paradoxically, increased collagen deposition

Male

BA
Female

A
D

R
P

m
R

N
A

 e
xp

re
ss

io
n

0.0

0.5

1.0

1.5

P
P

A
R

g
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

P
P

A
R

g
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5
**

*

A
D

R
P

m
R

N
A

 e
xp

re
ss

io
n

0.0

0.5

1.0

1.5

**

C
N

N
1

m
R

N
A

 e
xp

re
ss

io
n

0.0

2.0

4.0

6.0

C
E

B
P

A
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

C
E

B
P

A
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

C
N

N
1

m
R

N
A

 e
xp

re
ss

io
n

0.0

1.0

2.0

3.0

4.0

F
N

1
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5**

A
C

T
A

2
m

R
N

A
 e

xp
re

ss
io

n

0.0

1.0

2.0

3.0

4.0

5.0*

A
C

T
A

2
m

R
N

A
 e

xp
re

ss
io

n

0.0

1.0

2.0

3.0
*

F
N

1
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

2.0

M
M

P
9

m
R

N
A

 e
xp

re
ss

io
n

0.0

0.5

1.0

1.5

S
E

R
P

IN
E

1
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

2.0

S
E

R
P

IN
E

1
m

R
N

A
 e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

2.0 p=0.058

M
M

P
9

m
R

N
A

 e
xp

re
ss

io
n

0.0

0.5

1.0

1.5

Air

PG/V
G

PG/V
G+N

ico
tin

e Air

PG/V
G

PG/V
G+N

ico
tin

e Air

PG/V
G

PG/V
G+N

ico
tin

e Air

PG/V
G

PG/V
G+N

ico
tin

e
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was mainly restricted to the tracheal or
bronchial region in male offspring exposed
prenatally to PG/VG alone. These
intriguing observations obviously need
further detailed investigation.

Pulmonary ECM remodeling in adult
offspring associated with prenatal exposure
to e-cig aerosols appears to be sex-
dependent. Differences between the sexes
in e-cig–induced PAI-1 dysregulation

could be related to alterations in hormone
levels, as the expression of PAI-1 is
inhibited by testosterone (43) as well
as by estrogen in endothelial cells (44).
PAI-1 levels are affected by the
testosterone/estrogen balance (45), with a
decrease in PAI-1 activity observed in
postmenopausal females (46). Other ECM-
related proteins, such as fibronectin,
COL1A1, and E-cadherin, are also

associated with effects that are sex-
dependent (47), as is the T-cell activity
response to PPARg modulation, an
important determinant of ECM deposition
(48). Additional research examining the
relationship between prenatal e-cig
exposure and sex-specific pulmonary
outcomes is needed. Although the harmful
effects of e-cig use during pregnancy are
rapidly emerging (13, 14), a considerable
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number of women still “vape” during
pregnancy.

Conclusions
Recently, it has been shown that z39%
of pregnant women (out of z1,000) use
e-cigs during pregnancy (49). According to
a CDC report (42), roughly 7% of women
in certain U.S. regions reported that
they used e-cigs before, during, or after

pregnancy. This translational study reveals
that maternal exposure during pregnancy
to e-cig aerosols, with or without nicotine,
induces myogenesis with dysregulated
ECM remodeling in a sex-dependent
manner that could arise from
e-cig–induced dysregulation of
PAI-1/MMP-9 expression, which can in
turn result in an increased predisposition
to lung fibrosis/intestinal lung diseases

in adult offspring. These findings add
substantially to the emerging body of
literature that concludes that e-cig
vaping during pregnancy is not a safe
alternative to cigarette/tobacco smoking
and increases the propensity for later-life
lung complications. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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