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Abstract: Objective: Over the past decade e-cigarette (e-cig) usage has become a growing public health concern, 
especially during pregnancy as many perceive e-cigs as a safer alternative to combustible cigarettes. Although 
human and animal models exhibit altered uterine artery Doppler velocimetry and waveform abnormalities follow-
ing traditional smoking and buccal nicotine exposure, the effects of e-cig aerosols on pregnancy are incompletely 
researched and understood. We hypothesized that an altered uterine artery proteomic signature, accompanied 
by functional deficits, will be caused by e-cig vaping during pregnancy. Methods: In a validated timed pregnant 
Sprague-Dawley rat model system, a custom-engineered vaping system comprising a commercial atomizer and 
vape unit was utilized to generate and deliver e-cig aerosols that mimic the aerosols produced by commercial e-cigs, 
once daily, to pregnant dams. Results: Mean fetal weight, crown-rump length, and placental weight were significantly 
lower in the E-Cig group than those in the pair-fed Control group. Mass spectrometry followed by proteomic analysis 
detected a total of 2129 proteins; 36 significantly altered proteins were mostly related to immune system and va-
sodilation. Principal component analysis validated the protein signature. The uterine arteries of e-cig exposed rats 
demonstrated impaired concentration-dependent acetylcholine-induced uterine artery relaxation. Supplementation 
of N(ω)-nitro-L-arginine methyl ester (L-NAME) confirmed a role for the nitric oxide (NO) system. Immunofluorescence 
validated the localization to the uterine artery endothelium and the decreased levels of vasodilatory excitatory P-
Ser1177 endothelial NO synthase. Conclusions: Identifying the pathway(s) involved in the pathogenesis of uterine 
artery dysfunction creates a potential for pinpointing antagonistic and/or reversal medications, thereby preventing 
or reducing e-cigarette mediated uteroplacental dysfunction and fetal growth restriction.
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Introduction

Nicotine usage in the United States was on a 
downward trajectory [1] until electronic ciga-
rettes entered the market around 2007. Since 
then, an epidemic of e-cigarette (e-cig) usage 
has occurred in the United States, especially 
amongst adolescents and reproductive-aged 
persons. Driving this epidemic is the percep- 
tion that e-cigs are a safer or less-harmful alter-
natives to traditional tobacco cigarette smok-
ing [2-6], cheaper [5, 6], more flavorful [5, 6], 
and useful as effective smoking cessation aids 
[5, 6]. 

From 2000 to 2020, the proportion of persons 
who quit smoking during pregnancy significantly 
increased from 43.2% to 53.7%, respectively 
[7]. Despite this optimistic progress, approxi-
mately half of the persons who smoke prior to 
pregnancy remain at risk for exposure-related 
adverse pregnancy outcomes as they continue 
to smoke while pregnant and postpartum [7, 8]. 
The belief that e-cigarettes are a healthier sub-
stitute for traditional tobacco cigarettes still 
persists, despite public health campaigns. A 
2017 point-prevalence survey found that 74.6% 
of pregnant e-cigarette users switched to e-cig-
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arettes from traditional cigarettes when they 
learned they were pregnant [9]. 

Adverse perinatal outcomes secondary to ni- 
cotine smoking was first documented in the 
1950’s [10], when a dose-dependent associa-
tion between the number of cigarettes smoked 
per day and prematurity rates was identified 
[10]. Since initial reports, studies have consis-
tently demonstrated adverse perinatal out-
comes including placental abruption, sponta-
neous preterm birth, fetal growth restriction 
(FGR) [11, 12], low birth weight (LBW) [11, 13], 
fetal and neonatal death [14]. An additional 
source of nicotine exposure, e-cig vaping during 
pregnancy is a risk factor for spontaneous  
preterm birth (PTB) [15], FGR [16], small for 
gestational age (SGA) [15], and low birth wei- 
ght (LBW) [15], compared to non-tobacco (e-cig 
and traditional cigarette) smokers. However, 
there is no statistically significant difference in 
SGA, LBW, or PTB between e-cig and traditional 
tobacco smokers [15]. Albeit the known adverse 
perinatal outcomes, there exist major knowl-
edge gaps regarding the maternal, fetal, neona-
tal, and long-term offspring effects of e-ciga-
rette vaping during pregnancy. This highlights 
the importance of continued medical and 
translational research regarding the adverse 
pregnancy effects of e-cigarette vaping. 

Impaired blood flow through the uterine arter-
ies can lead to insufficient delivery of O2 and 
nutrients to the fetus and is directly correlated 
with FGR [17]. We therefore hypothesized that 
E-cig vaping during pregnancy leads to fetal 
growth deficits that is accompanied by signifi-
cant alterations to uterine artery protein signa-
ture profile. To date we are not aware of a single 
proteomic study in the E-cig field performed 
during pregnancy. We therefore performed a 
mass spectrometry analysis as the rapidly 
evolving field of proteomics holds great poten-
tial for developing advanced biomarkers capa-
ble of detecting subtle biological changes spe-
cifically linked to E-cig vaping. Based on these 
findings, and our previous studies that demon-
strated E-cig-derived nicotine-mediated uterine 
and umbilical artery vascular Doppler velocim-
etry disruptions, we conducted studies to test 
downstream pathways to exam disruption in 
uterine artery function. 

Methods and materials

The methods performed for the e-cig Vaping 
System and the Exposure Paradigm were per-

formed as previously published by our group 
[18, 19].

Treatment groups

All experimental procedures were approved by 
the Institutional Animal Care and Use Com- 
mittee at Wayne State University and in accor-
dance with National Institutes of Health guide-
lines (NIH Publication No. 85-23, revised 1996). 
Commercially purchased, 6-7 weeks old, timed 
pregnant, Sprague-Dawley rats (Charles River, 
Wilmington, MA) were housed in individual ca- 
ges with a 12:12-hour light-dark cycle and a 
temperature-controlled room (23°C). Rats were 
randomly assigned to one of two treatment 
groups: unexposed to vaping control (Control) 
and an exposed E-Cig group (E-cig) which were 
exposed to nicotine in an e-cig base liquid 
(Juice). The Juice was composed of 80:20  
propylene glycol (Fisher) to glycerol (Acros 
Organics), a ratio designed to be similar to e-cig 
liquids commercially available in most vaping 
shops [20]. Prior to initiation of vaping, to con-
trol for nutritional intake throughout the study, 
Control rats were yoked with an E-Cig vaping 
animal of similar weight, and administered 
matched daily feed amounts. The Control group 
also served as a control for the vaping proce-
dure. Control animals were housed in vaping 
chambers identical to those in the E-Cig groups 
for an equivalent duration, but with only room 
air passing through the chamber at a flow rate 
matching the vaping groups. The E-Cig group 
allowed for the testing of the effects of vaping 
e-cig liquid with nicotine, as a majority of e-cig 
consumers use devices containing e-cig liquid 
with nicotine.

E-cig vaping system

The inhalation chambers resembled the animal 
housing cages in that they were airtight, amber, 
polymer containers. A custom-engineered vap-
ing chamber system with precision-controlled 
aerosol release technology was used to estab-
lish the e-cig vaping paradigm. This setup 
allowed for uniform delivery of a customized 
e-cig vapor profile to the vaping treatment 
group [18]. We utilized a Geekvape Zeus Sub-
ohm tank, Mesh Z2 coil at 0.2 ohm and 
matched via a programmable atomizer to a 60 
W output source. The programmable atomizer 
apparatus produced equilibrated and uniform 
e-cig vapor plumes by vaporizing a standard-
ized liquid volume per unit time [18], designed 
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to be equivalent to the latest generation of 
e-cig atomizers currently available to, and used 
by, the public. All subjects in the treatment 
group were exposed only to e-cig vapor dis-
pensed under the control of the programmable 
atomizer. Voltage delivered to the programma-
ble atomizer, puff duration, and puff frequency 
within the inhalation chamber were controlled 
by a sophisticated software interface. The soft-
ware interface was unique in that it produced 
vape puff profiles identical to those produced 
by commercial e-cigs. Unidirectional silicone 
tubing (6 mm inner diameter, 10 mm outer 
diameter) with one-way exhaust valves directed 
airflow throughout the system. Prior to passing 
through facility exhaust ducts, all emissions 
from the inhalation chambers passed through 
activated charcoal filters to remove any harmful 
particles.

Exposure paradigm

As previously described, airflow through the 
chambers was maintained at a constant flow 
rate of 2.5 L/min, with a four second e-cig 
vapor puff dispensing approximately 42 mL 
puff volumes every 2 minutes. The puff dura-
tion was timed specifically to ensure proper 
ventilation of the chambers and removal of 
accumulating aerosols. The e-cig base liquid 
was compounded in-house at room tempera-
ture at a composition of 80:20 propylene glycol 
(Fisher) to glycerol (Acros Organics), a ratio sim-
ilar to e-cig liquids bought in most vaping shops 
[20]. Due to the relative viscosities of propylene 
glycol and glycerol, this e-cig liquid ratio was 
preferred for our paradigm to maintain ade-
quate absorption of e-cig liquid by the cotton 
wick. Recent studies on e-cig liquid composi-
tion have reported that propylene glycol-based 
liquids provide a higher nicotine delivery ratio 
than glycerol-based liquids [21]. The treatment 
group received e-cig base liquid with the addi-
tion of 5% (50 mg/mL) nicotine during acclima-
tization followed by 10% (100 mg/mL) nicotine. 
E-cig liquid nicotine concentration was based 
on our previous study in which rat E-cig aero-
sols and blood nicotine concentrations were 
characterized by mass spectrometry [18] and 
selected with consideration for the average 
nicotine concentration of commercially avail-
able e-cig liquids [22, 23]. Our previously pub-
lished study demonstrated that this dosing sys-
tem and paradigm resulted in a median peak 

serum nicotine concentration in dams = 27.7  
ng/mL, comparable to moderate/high level hu- 
man smokers [18]. The dams underwent twice 
daily vaping treatments of 1.5 hours each (3 
hours of total exposure per day), five days a 
week, beginning on gestational day (GD) 5 until 
GD 20, prior to parturition [24].

Maternal, fetal, and placental weight measure-
ments

Maternal weight (number of dams, Control, n = 
16; E-cig, n = 16) was recorded on GD 21, one 
day after the last e-cig administration on GD 
20. To assess the developmental implica- 
tions of e-cig exposure on growth, crown-rump 
length, fetal body weight, and placental weight 
were measured for the fetuses. Dams were 
euthanized, the concepti were carefully extract-
ed, and each placenta and fetus were separat-
ed and individually weighed. Fetal and placen-
tal weights were recorded. Fetuses from a 
subset of dams had crown-rump length mea-
sured and recorded. Litter size was analyzed 
for each dam.

Protein digestion and preparation

Uterine artery tissues (number of dams, Con- 
trol, n = 5; E-Cig, n = 5) were solubilized and 
buffered by adding 2% lithium dodecyl sulfate 
(LiDS, Sigma L9781) in 20 mM tris buffer pH 
8.0. Samples were homogenized in a Bullet 
Blender (Next Advance) using 3.2 mm stain- 
less steel beads (SSB32, Next Advance) for 1 
minute at setting 8. To deactivate enzymes, 
samples were heated for 5 minutes at 90°C. 
Samples were then reduced by adding 5 mM 
DL-dithiothretol (DTT, Sigma cat# D5545) and 
incubated 30 minutes at 37°C. Alkylation was 
performed by adding 15 mM Iodoacetamide 
(IAA, Sigma cat# I1149) and samples were 
incubated at room temperature for 30 minutes 
in the dark. The alkylation reaction was stopp- 
ed by adding 5 mM DTT. Samples were centri-
fuged 10 minutes at 17,000 g to eliminate par-
ticulates and supernatants were transferred to 
new tubes. Samples were acidified by adding 
10% of the original volume of 12% phosphoric 
acid, precipitated by adding 5 volumes of meth-
anol (MeOH), followed by incubation overnight 
at -20°C. Tubes were centrifuged at 13,000 
RPM for 10 minutes and pellets washed with 
80% MeOH/1% TEAB. Washed pellets were 
allowed to dry on the bench then dispersed in a 



Translational perspectives of gestational E-cig vaping

1665	 Am J Transl Res 2025;17(3):1662-1678

buffer containing 20 mM Tris buffer pH 8.0/10 
mM CaCl2/10% ACN. A protein assay (Pierce 
protein assay, cat#23225) and the tryptic di- 
gest of 100 µg proteins/samples was per-
formed by adding a ratio of 1 µg trypsin per 20 
µg proteins (Promega, V5113) per sample then 
incubating for 1 hour at 47°C followed by over-
night incubation at 37°C. 

Mass spectrometry analysis

Following LC/MS/MS to check for digestion 
miscleavages, a Thermo Vanquish Neo UHPLC 
chromatography system with an EasySpray 
source was used to perform final analysis. The 
trapping column was an Acclaim PepMap 100, 
75 µm × 2 cm and the resolving column was  
an Ionopticks Aurora Ultimate, 75 µm × 25 cm, 
1.7 µm C18. LC-MS/MS acquisition used a 
120-minute gradient with Data Dependent 
Analysis on an Orbitrap Eclipse MS system. 
MS1 spectra were acquired at 120,000 resolu-
tion in the 350 to 1500 Da and MS2 were 
acquired in the ion trap with collision energy of 
30% and maximum injection time of 50 msec.

Protein identification and quantification

Data analysis was conducted using Proteome 
Discoverer 2.5 Scaffold software 5.0 employ-
ing Sequest-HT and Percolator algorithms to 
search a rat database containing 8114 protein 
entries. The search parameters were allowed 
for up to 2 missed cleavages by trypsin diges-
tion. Fixed modification included carbamido-
methylation of cysteine, while dynamic modifi-
cations were deamination of asparagine and 
glutamine, oxidation of methionine as well as  
a dynamic N-terminus acetyl modification. A 
False Discovery Rate (FDR) was set at 0.01 for 
high confidence matches. Analysis files were 
imported into Scaffold 5.0 for data visualiza- 
tion.

Dimensionality reduction and clustering

Principal Component Analysis (PCA) was uti-
lized to transform the significantly enriched pro-
teins into low-dimensional uncorrelated com-
ponents. The number of dominant uncorrelated 
components was deducted using cumulative 
explained variance. We then performed low-
dimensional transformations for the Control 
and the E-cig groups and clustered using the 
k-means clustering algorithm. The parameter 

‘k’ which denotes the ideal number of clusters 
was determined using Within-Cluster Sum of 
Square (WCSS); WCSS was calculated as the 
sum of the squared distance between each 
point and the centroid within a cluster. The 
number of clusters was determined using 
WCSS and the elbow method. Each Control  
and E-cig’s PCA component was assigned to a 
cluster based on the corresponding centroids 
of the clusters.

Endothelial-mediated vasodilation of the uter-
ine artery

Functional uterine artery studies were conduct-
ed in a random set of yoked rats. Pregnant 
Control (n = 5) and E-Cig-administered (n = 5) 
rats were utilized to study the functional re- 
sponse as well as mechanistic studies of the 
primary uterine artery. As previously describ- 
ed [25], following euthanasia, whole uteruses 
were transferred to large 200 mm petri dishes 
containing ice-cold HEPES-bicarbonate solu-
tion, pH 7.4 (NaCl 130 mM; HEPES 10 mM; glu-
cose 6 mM; KCl 4 mM; CaCl2, 2.4 mM; EDTA 
0.024 mM; KH2PO4 1.18 mM; MgSO4.7H2O 2.5 
mM; NaHCO3 4.05 mM) and pinned on solidi-
fied sylgard to facilitate uterine artery dissec-
tion. Approximately 3-5 mm segments of pri-
mary uterine artery were excised between 
bifurcations. Connective tissue and surround-
ing fat surrounding the segment were removed. 
Standard procedures for a dual-chamber pres-
sure arteriograph system were employed as 
described previously. Cleaned arterial seg-
ments from each group were mounted onto a 
glass cannula connected to a pressure trans-
ducer and secured via two nylon ligatures in a 
dual-vessel arteriograph chamber. Residual 
blood was removed from the vessel lumen by 
gently passing ice-cold HEPES buffer through 
the glass cannula. The free vessel end was 
ligated and securely fastened to the opposing 
cannula with two nylon ligatures. Both cham-
bers of the arteriograph were continuously cir-
culated with pre-warmed HEPES buffer fixed at 
37°C. Intraluminal pressure was maintained 
and monitored using pressure servo controll- 
ers and a pressure monitors, respectively. This 
setup advantageously permitted uniform ex- 
perimental conditions for consecutive vessels 
from Control and e-cig-exposed dams to be 
studied. Following this, intraluminal pressure 
was increased to 60 mmHg, at which pressure 



Translational perspectives of gestational E-cig vaping

1666	 Am J Transl Res 2025;17(3):1662-1678

the vessel exhibited myogenic tone and then 
equilibrated for 1 hour (hr). After equilibration, 
intraluminal pressure was increased to 90 
mmHg to mimic in vivo-like conditions, at which 
pressure all data were recorded using Ion 
Wizard 6.6 (IonOptix) software. Vessels were 
pre-contracted with 10-7 M thromboxane (Tbx) 
for 20 minutes (mins) or until vessel diameter 
stabilized. The Tbx concentration for the cur-
rent study was determined using concentration 
response curve previously generated in our 
laboratory [26]. Tbx treatment was followed by 
administration of three-fold increasing doses of 
acetylcholine (Ach) from 10-10 M to 10-5 M, to 
obtain the corresponding dose response. Data 
were recorded for 3-5 min at each dose incre-
ments or until variable measurement remained 
constant. 

Inhibition of nitric oxide-mediated vasodilation 
of the uterine artery

Following measurement of endothelium-medi-
ated vasodilation, we measured the nitric oxi- 
de (NO)- mediated proportion of vascular relax-
ation. Endothelial cells produce NO by catalyz-
ing L-arginine to L-citrulline. Once UA diameter 
remained constant following administration of 
Ach 10-5 M, blockade of NO vasodilatory path-
ways was performed by administering 10-4 M 
N(ω)-nitro-L-arginine methyl ester (L-NAME), an 
L-arginine analogue and NO inhibitor, which 
abolished the Ach-induced NO-component of 
relaxation in the rat uterine artery [27]. 

Immunofluorescence

Maternal uterine arteries from yoked pregnant 
Control and E-Cig rats were excised on GD 21, 
and carefully inserted in Tissue-Tek Optimal 
Cutting Temperature compound (OCT) (Sakura 
Finetek U.S.A., Inc.) before placing on dry ice to 
solidify. Solidified blocks were put in an air tight 
bag and stored at -80°C until sectioning. 8  
μm segments were prepared using a Leica 
CM1860 cryostat (Leica Biosystems, Inc.), 
carefully transferred onto positively charged 
microscope slides. Slides were stored in a 
-80°C freezer until undergoing immunostain-
ing. For staining, frozen sections were fixed 
sequentially with ice-cold methanol (30 min, 
-20°C) and 4% paraformaldehyde (30 minut- 
es, 4°C), rinsed in phosphate-buffered saline 
(PBS), incubated in 10% normal goat serum (1 
hr) to block unspecific binding, and incubated 

overnight (4°C) with either a primary antibody 
(1:200; P-Ser1177eNOS; Cell Signaling Techno- 
logy; #9571) or PBS (negative control) in a 
humidified chamber. The following day, the tis-
sues were incubated in goat anti-mouse sec-
ondary or goat anti-rabbit antibody (1:250; IgG 
Alexa 488; Invitrogen; #A11008) at room tem-
perature, in the dark, for 1 hr. After washing 
with PBS, 1 drop of anti-fade mounting media 
with DAPI (Invitrogen; #P36931) was applied to 
each slide, and coverslipped. Mounting medi-
um was allowed to dry overnight. Slides were 
imaged the next day using an Olympus BX63 
stereomicroscope and Olympus cellSense Di- 
mension software (Olympus, Japan).

Statistics

Study variables (maternal, fetal, and placental 
weights as well as crown-rump length (CRL), lit-
ter size, and placental efficiency) were con-
firmed to be normally distributed using Kolmo- 
gorov and Smirnov tests. Comparisons were 
conducted between the Control and E-Cig 
groups. Pregnancy groups were compared by 
unpaired Student’s t-test with the e-cig expo-
sure as the sole independent variable. Com- 
parisons between groups were considered sta-
tistically significant when the two-tailed P < 
0.05. Data are reported in the text, figures, and 
tables as the mean ± standard error of the 
mean (SEM). A two-way repeated measures 
ANOVA was used to analyze vascular functional 
response data, with treatment group as the 
between factor and dose as the within factor, 
followed by analysis with Fisher’s Least Signi- 
ficant Difference (LSD) multiple comparison 
test. GraphPad Prism (GraphPad Software, Inc.) 
was used to analyze the data, which are pre-
sented as mean ± SEM, with significance 
established at P < 0.05.

Results

Maternal, fetal and placental weight, as well as 
crown-rump length, and placental efficiency 
measurements are shown in Table 1 and illus-
trated in Figure 1. There was no statistical dif-
ference in the maternal weight between the 
two groups prior to the start of the study or on 
GD 21 (Control, n = 16, mean 307.28 ± 7.57 g; 
E-Cig, n = 16, 293.07 ± 9.89 g; P = 0.263 [95% 
CI (-11.22-39.64)]. Litter size between groups 
was not significantly different (average litter 
size, Control = 11.25 ± 0.60, E-Cig = 10.69 ± 
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Table 1. Maternal and fetal characteristics at gestational day 21 of control and e-cig exposed groups
Control E-cig P value (P) 95% Confidence Interval

Maternal Weight (g) 307.28±7.57 293.07±9.89 0.2629 -11.22-39.64
Fetal Weight (g) 3.31±0.20 2.67±0.188 0.0276 0.07-1.19
Placental Weight (g) 0.53±0.018 0.42±0.018 < 0.0001a 0.06-0.17
Placental Efficiency 6.262±0.39 6.3314±0.27 0.8836 0.89-1.03
Fetal CRL (mm) 37.92±1.56 33.02±0.98 0.0131a 1.12-8.69
Data are presented as mean ± standard error of the mean. Groups were compared by unpaired Student’s t-test with the e-cig 
exposure as the sole independent variable. Comparisons between groups were considered significant when the two-tailed P < 
0.05. GD, gestational day. Placental efficiency = fetal weight (g)/placental weight (g). aStatistically significant.

Figure 1. (A) Maternal weight, (B) fetal weight, (C) fetal crown-rump length, 
and (D) placental efficiency of controls and E-cig groups. Data are ex-
pressed as mean ± SEM. (*) represents statistical significance compared 
to controls. Significance was established a priori at P < 0.05. NS represents 
non-significant difference when compared to controls.

0.66, P = 0.5304). Mean fetal weight in the 
E-Cig group (mean 2.67 ± 0.19 g) was signifi-
cantly decreased by 17.41% (unpaired Stu- 
dent’s T-test, P = 0.028) compared to the 
Control group (mean 3.31 ± 0.20 g). Placental 
weight in the E-Cig group (mean 0.42 ± 0.02 g) 

was significantly decreased  
by 19.81% (unpaired Student’s 
T-test P < 0.0001 compared to 
the Control group (mean 0.53 
± 0.02 g). Placental efficiency, 
an indirect measurement to 
calculate the efficiency by whi- 
ch the placenta transfers nutri-
ents to the fetus [28] was not 
statistically different between 
the two groups (P = 0.884), 
and was calculated as fetal 
weight in grams divided by  
its respective placental weight 
in grams. Fetal crown-rump 
length measured in the E-Cig 
group (mean 33.02 ± 0.98 
mm) was significantly decrea- 
sed by 11.57% (unpaired Stu- 
dent’s T-test P = 0.013] com-
pared to the Control group 
(mean 37.92 ± 1.56 mm). 

E-cig vaping significantly 
altered the protein signature 
profile

Mass spectrometry followed 
by proteomic analysis detect-
ed a total of 2129 proteins.  
Of these 37 proteins were sig-
nificantly altered (Figure 2). 
Among the significantly altered 
proteins, the most abundant 
included fibronectin (Fn1, P = 
0.023), immunoglobulin G2A 

(IgG2A, P = 0.032), and alpha-1-microglobulin 
(A1M, P = 0.016). Interestingly, all these pro-
teins were glycosylated, indicating that e-cigs 
have a major effect on glycoproteins. Among 
other abundant proteins, plastin 3 (PLS3, P = 
0.033), a protein that is S-nitrosylated and 
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Figure 2. E-cig vaping during pregnancy alters protein signature in the uterine artery. Significantly altered proteins 
were identified using mass spectrometry analysis and proteomics following E-cig vaping in pregnancy. A. A total of 
2129 proteins were detected by LC MS/MS, of which 37 were significantly enriched. Many of these significantly en-
riched proteins were related to the immune system followed by vascular function. Some proteins related to nicotine 
metabolism and cigarette exposure were not detected in the Controls, while they were detected in the uterine arter-
ies of e-cig exposed dams. B and C. More abundant proteins in the uterine artery are depicted in a different scale. 
*, P < 0.05; ND, not detected.

closely associated with endothelial function, 
ribosomal protein SA (RPSA, P = 0.046), and 
proteasome activator complex subunit 1 (PS- 
ME1, P = 0.042) were altered. Many of the sig-
nificantly altered proteins were directly related 
to the immune system (C1qb, IgG2a), followed 
by those related to uterine artery vasodilation. 
Proteins related to vasodilation included small 
heat shock protein 20 (HspB6, P = 0.049), cyto-
chrome b5 reductase 3 (Cyb5b, P = 0.048), 
associated with vasodilatory nitric oxide signal-
ing sensitization, paraoxonase 1 (Pon1, P = 
0.046), and calcyclin-binding protein (Cacybp  

P = 0.045). Interestingly, some proteins were 
expressed only in the E-Cig group and were not 
expressed in the Controls; these included qui-
none oxidoreductase, related to e-cig metabo-
lism (cryz), and netrin-1 (Ntn1), which is docu-
mented to significantly increase in smokers. 
Volcano plot mapping out the distribution of 
differentially expressed proteins in the mater-
nal uterine artery following E-cig vaping in preg-
nancy is depicted in Figure 3. Gene ontology 
analyses confirmed these findings (Figure 3), 
showing that biological regulation and cellu- 
lar processes were most altered followed by 
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Figure 3. E-cig vaping during pregnancy protein signature in the uterine artery in pregnant rats. A. Volcano plot map-
ping out the distribution of differentially expressed proteins in the maternal uterine artery following E-cig vaping in 
pregnancy. Green dots indicate significantly altered proteins. B and C. The Gene Ontology terms of all the proteins 
that were significantly altered by e-cig, except for the unidentified protein, were classified according to their associ-
ated biological and cellular processes.

immune system alteration and response to 
stimulus. Among altered cellular processes,  
the most enriched proteins were related to pro-
tein binding and molecular function followed by 
enzymatic activity. We followed these studies 

with a machine learning based analyses of pro-
teomic data and physiologic studies on uterine 
artery function. Based on cumulative explain- 
ed variance for significantly altered proteins, 2 
PCA components were enough to explain more 
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Figure 4. Validation for protein signature. A. The significant difference between the control and E-cig groups were 
validated using principal component analysis (PCA) and k-means clustering method. B. Feature transformation for 
significantly enriched proteins was performed by PCA, and then the transformed features were used in k-means 
clustering. C. The clusters using the transformed PCA components shows a clear distinction between control and 
E-cig groups. D. The heatmap denotes the contribution of each significantly enriched protein with reference to the 
PCA component.

than 95% of variances from Control and E-cig 
observations. The two PCA components were 
used for each observation of E-cig and Control 
groups to estimate parameter ‘k’ using WCSS. 
The PCA components for Control and E-cig 
groups are as follows: [3.12, -1.46] [4.17, -1.20] 
[6.14, 4.33] [4.03, -2.39] [5.29, -0.34] [-5.28, 
-1.33] [-3.70, 0.25] [-5.12, 1.11] [-3.94, -1.39] 
[-4.72, 2.42]. The elbow method and WCSS  
validated the two clusters. The centroids of 
clusters were calculated as [4.55, -0.21] and 
[-4.55, 0.21] for two-dimensional PCA compo-

nents, and transformed significantly altered 
proteins clustered around the centroids. The 
clusters clearly depicted the distinction be- 
tween Control and E-cig groups (Figure 4).

E-cig vaping significantly decreased uterine 
artery functional response in a pressurized 
vessel

Figure 5 depicts a comparative illustration of 
dose-dependent vasodilatory response. Maxi- 
mal percent relaxation of the maternal uterine 
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Figure 5. E-cig vaping during pregnancy attenuates NO-mediated vasodilation of the uterine artery. (A) Concentra-
tion-dependent vasodilatory effect on uterine arteries of the e-cig exposed rats, with (B) vessel relaxation improved 
(P < 0.0001) with Ach, but a significant treatment effect vasodilatory deficit (P = 0.0010). (C) Maximal Ach-induced 
uterine artery relaxation was impaired in uterine arteries of e-cig exposed rats (Control vs. E-Cig, ↓69.5%). (D) 
Supplementation of the NO inhibitor L-NAME decreased the uterine artery vasodilation in both control and e-cig. In 
the absence of L-NAME, the E-Cig group exhibited significantly lower maximum dilation compared to the Controls (P 
= 0.001). With the addition of L-NAME, the Control group exhibited significantly lower maximal dilation compared to 
the Controls without L-NAME (P < 0.01). In contrast, with the addition of L-NAME, the E-Cig group exhibited no differ-
ence compared to E-Cig group without L-NAME (P = 0.706) and the decrease in maximal Ach-induced vasodilation 
in the E-Cig groups could be entirely attributed to the NO component in the primary uterine artery. ** represents 
significant difference (P < 0.05) compared to the controls.

artery with increasing Ach dose administration 
was significantly lower in the E-Cig group com-
pared with that in the pair-fed Control group 
(Figure 5). Pair-wise comparisons showed a 
concentration-dependent vasodilatory effect 
on uterine arteries of the e-cig exposed rats, 
with vessel relaxation improved (P < 0.0001) by 
Ach, but a significant treatment effect (P = 
0.0010). E-cig exposed rats exhibited signifi-
cant deficit in uterine artery relaxation; maxi-
mal Ach-induced uterine artery relaxation was 
impaired in uterine arteries of e-cig exposed 

rats (Ach [1e-5 M] Control vs. E-cig, ↓69.5%) 
(Figure 5). We then shortlisted the nitric oxide 
system to investigate its role in Ach-induced 
vasodilation as a number of proteins related to 
this vasodilatory system were detected in the 
uterine artery.

E-cig vaping specifically altered NO-mediated 
uterine artery functional response

Supplementation of the NO inhibitor L-NAME 
decreased the uterine artery vasodilation in 
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Figure 6. Immunohistochemistry analysis of P-Ser1177eNOS levels in the primary uterine artery. Immunofluorescence 
staining demonstrates a localized expression of P-Ser1177eNOS in the endothelium in both the (A) pair-fed control 
and (B) e-cig exposed rat with a major decrease of excitatory P-Ser1177eNOS level in the uterine artery of the e-cig 
exposed rat compared to expression in the pair-fed control. (C) Negative control immunofluorescence image from a 
pregnant rat uterine artery.

both Control and E-Cig groups (Figure 5). In the 
absence of L-NAME, the E-Cig group exhibited 
significantly lower maximum dilation compared 
to the Controls (P = 0.001). With the addition  
of L-NAME, the Control group exhibited signifi-
cantly lower maximal dilation compared to the 
Controls without L-NAME (P < 0.01). In contrast, 
with the addition of L-NAME, the E-Cig group 
exhibited no difference compared to E-Cig 
group without L-NAME (P = 0.706) and the 
decrease in maximal Ach-induced vasodilation 
in the E-Cig groups could be entirely attributed 
to the NO component in the primary uterine 
artery.

E-cig vaping significantly altered excitatory 
Ser1177eNOS system

Uterine artery sections isolated from pair-fed 
Control and E-Cig rats were probed with a 
P-Ser1177eNOS. Immunofluorescence imaging 
(Figure 6) demonstrated that eNOS was de- 
tected exclusively in the uterine artery end- 
othelial cells. The level of florescence showed 
major decreases in the levels of phosphoryla-
tion at the Ser1177eNOS between the control 
and E-Cig groups. 

Discussion

This is the first study to demonstrate in vivo 
that e-cig aerosol exposure during pregnancy 
disrupts the uterine artery proteome and relat-
ed vascular function (Figure 7).

Nicotine and the maternofetal unit

In vivo, non-pregnant human arteries and  
veins have impaired NO-mediated endotheli-
um-dependent relaxation when exposed to 
tobacco smoking [29] and nicotine infusion 
[30]. Protein free nicotine and cotinine rapidly 
cross the placenta [31] via passive diffusion, 
as well as via efflux [31] and influx transpor- 
ters due to their low molecular weight and high 
lipid solubility. Nicotine is a substrate for or- 
ganic cation transporters nicotinic acetylcho-
line receptors (nAChRs), which are abundantly 
expressed in the placenta [32]. Nicotine then 
equilibrates in the fetal serum and amniotic 
fluid at concentrations equivalent to or higher 
than maternal serum levels [33]. Nicotine 
smoking causes oxidative stress, leading to 
abnormal placental vasculature development 
via transcriptome alterations [34] that limit the 
ability of the placenta to modulate the toxic 
effects. The concentration of nAChRs express- 
ed in the placenta are altered by nicotine expo-
sure [35]; however, with differing expression of 
nAChR subunits between nicotine exposed and 
unexposed placentas [36]. Histologic evidence 
of nicotine’s effects on the placenta is demon-
strated as increases in syncytial knots, syncy-
tiotrophoblast necrosis, decreases in vascular-
ization, vasculosyncytial membrane and cyto- 
trophoblast proliferation [37, 38]. These ac- 
quired defects are known to cause placental 
insufficiency [38], leading to adverse pregnan-
cy outcomes including spontaneous abortion, 
premature rupture of membranes, spontane-
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Figure 7. Model illustrating plau-
sible mechanism of e-cigarette-in-
duced uterine artery dysfunction in 
pregnancy.

ous preterm birth, FGR, sudden infant death 
syndrome (SIDS), and perinatal mortality [14].

Aerosolization of a nicotine containing liquid 
is fundamentally different than combustion of 
dried tobacco

In the process of aerosolization, free radicals 
and toxic byproducts are created due to: (1) 
chamber temperature, (2) coil metal composi-
tion, and (3) propylene glycol (PG): vegetable 
glycerin (VG) ratio. The power of the e-cigarettes 
affects the toxicant production with increasing 
power leading to higher generated tempera-
tures and the creation of more aerosolized  
toxicants [39]. The temperatures required for 
e-cigs to vaporize the basic chemical constitu-
ents in e-liquids (carrier liquids PG, VG, and 
nicotine) are higher than temperatures required 
for traditional tobacco products. The tempera-
ture of the combustion zone in a tobacco pipe 
is around 500°C (variability, 380°-620°C) and 
in cigarettes averages 650°C (variability, 470°-
812°C) [40]. Unlike the traditional method of 
burning dried tobacco, the vaporization tem-
perature of e-cigs relies on heating combina-
tions of iron, chromium, and nickel chromium 
wires. Over time, heat cycles cause coil metal 
loss, which potentially enters the inhaled aero-
sol plume [41]. Infrared temperature sensors 
found that both 100% PG and 100% VG satu-

rated coils averaged below 300°C [41]. When 
e-cigarettes were activated without a liquid in 
the chamber, the temperatures generated by 
the e-cig coils reached as high as 1000°C [41]. 
The temperature within the chamber becomes 
an issue with regard to common practices 
regarding e-cigarettes. E-cig users report dry 
activation of the devices as a method of “clean-
ing” [41] the liquid chamber, thereby reaching 
temperatures unobtainable when filled with 
vape juice and nicotine, and producing toxic 
byproducts [18, 42, 43]. 

Proteomic analyses and use of machine learn-
ing in the gestational e-cig field

We are not aware of any proteomic studies in 
pregnancy following e-cig vaping. However, a 
few proteomic studies following e-cig exposure 
exist outside pregnancy. In vitro exposure to 
e-cig liquids show significant depletion in total 
number of proteins and impairment of mito-
chondrial function in treated V79 cells [44]. 
Urine collected from a rat e-cig model before 
and after two weeks of e-cig vaping showed 
altered proteins related to lung function, meta-
bolic pathways and cardiovascular function 
[45]. Another proteomic analysis on 16HBE 
cells in vitro identified 431 differentially ex- 
pressed exosomal proteins and that traditional 
cigarette had a greater impact than e-cigs on 
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exosomal protein expression [46]. From a phys-
iologic perspective, proteomic analyses showed 
that many of the significantly altered proteins 
were directly related to the immune system fol-
lowed by those related to uterine artery vasodi-
lation. From both a metabolic and biomarker 
perspective, proteomic analyses detected pro-
teins that were expressed only after e-cig vap-
ing. These included those directly related to 
nicotine metabolism and markers of nicotine 
exposure in traditional cigarette smoking. Our 
data demonstrate and also effectively make 
use of the advances in the field of quantitative 
mass spectrometry to detect extremely subtle 
plasma protein alterations associated with 
maternal e-cig use. These data were further 
validated by principal component analyses and 
clustering methods.

Clinical implications

In vivo effects of e-cig vaping: Our group previ-
ously published [18], non-invasive, in vivo, 
hemodynamic measurements of the rat mater-
nal uterine artery and the fetal umbilical artery 
were interrogated in both B-mode and color 
pulse wave Doppler to obtain measurement 
parameters. Our study found a marked de- 
crease in blood velocimetry in both the mater-
nal uterine and fetal umbilical circulation, with 
a non-significant decrease after e-cig juice 
exposure alone, and a progressive decrease in 
blood velocimetry after combined e-cig juice 
and nicotine exposure [18]. Oxygen diffusion 
from mother to fetus across the placenta is pri-
marily dependent on the uterine artery blood 
flow rate [47], therefore, a decrease in placen-
tal perfusion can be extrapolated to lead to 
decreased oxygenation of the fetoplacental 
unit. This current study used direct measure-
ment of the uterine artery vasodilation under 
physiologic conditions and the results paral-
leled our previously published indirect ultraso-
nographic Doppler evaluation of uterine artery 
Doppler velocimetry compromise in e-cig ex- 
posed dams [18]. The maternofetal unit relies 
on adequate vascular perfusion for optimal 
metabolism and fetal and placental growth. 
Animal models [18] and our current study dem-
onstrate the detrimental effects of e-cig aero-
sol vaping on prenatal development. This cur-
rent study shows that vaping e-cigs containing 
nicotine leads to a FGR phenotype [48] of 
decreased fetal weight, CRL, and placental 

weight, which is consistent with our previous 
study [18]. The current study adds a possible 
mechanistic cause to the FGR phenotype: dis-
ruption of the uterine artery vasodilatory endo-
thelial nitric oxide synthase (eNOS) pathway. 
Rat prenatal e-cig exposure is known to dys-
regulate fetal lung gene expression [49], to 
inhibit alveolar cell proliferation and postnatal 
lung development [50], alter gene expression  
in the frontal cortex [24] of the brain, and result 
in localized inflammation of the hippocampus 
[51]. Further research is required to determine 
the upstream pathway(s) that are altered by 
e-cig exposure in utero. 

Endothelial nitric oxide synthase (eNOS) and 
vasodilation of the uterine artery: Nitric oxide 
(NO) is a cellular signaling molecule that modu-
lates insulin secretion, peristalsis, and airway 
and vascular tone and is a powerful vasodilator. 
While there are several regulatory systems of 
eNOS function, eNOS-Ser1177 phosphorylation 
is a major regulator of eNOS activity [52, 53]. 
The effects of traditional maternal prenatal 
tobacco smoking are well known and include:  
a reduction in eNOS levels in the fetal circula-
tion [12], decreased eNOS activity in fetal 
umbilical veins [12], and reduced serum eNOS 
concentration in newborns [12], when com-
pared to nonsmokers. Decreased eNOS expres-
sion in the umbilical artery (UA) [54, 55] is 
found in pregnancies complicated by FGR, and 
pregnancies of non-smokers complicated by 
preeclampsia and FGR have higher plasma 
concentrations of asymmetric dimethylarginine 
(ADMA) [56], an endogenous inhibitor of eNOS 
that competes with L-arginine, and lower ac- 
tivity of eNOS in placental villous tissue [57]. 
While studies examining e-cigarette effects on 
uterine artery are limited, Anderson et al., 2011 
examined human myometrial biopsies obtain- 
ed during elective cesarean deliveries of non-
smokers, former smokers, and active smokers 
in vitro using wire myograph [58]. Wire myo-
graph indirectly measured vasoconstrictor re- 
sponse as well as endothelium-dependent 
relaxation between the groups using the vaso-
dilators bradykinin and the nitric oxide donor 
sodium nitroprusside, respectively [58]. Immu- 
nohistochemical (IHC) characterization of pla-
cental nitric oxide synthase expression in pre-
eclampsia compared to normotensive pregnan-
cies found that the syncytiotrophoblast had a 
primarily basal and punctate distribution in nor-
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motensive patients, but a primarily apical and 
diffuse IHC distribution in preeclamptic pa- 
tients [59]. Ghabour et al. hypothesized that 
relative hypoxia of the fetal-placental unit may 
lead to smooth muscle proliferation and altered 
expression of endothelial nitric oxide synthase 
in the terminal villous vessels. In a similar fash-
ion, we found decreased P-Ser1177eNOS IHC 
staining of the endothelium of the uterine artery 
in e-cig exposed dams, but not in the unex-
posed dams. Our current research has estab-
lished the basis for further investigation explor-
ing the mechanistic pathways that dysregulate 
this physiologic process. The next steps will be 
to further delineate the pathway(s) involved, 
and potentially identify specific mechanistic 
targets that could prevent e-cig-induced vaso-
dilatory defects.

Research implications

Further research is needed to identify the 
molecular pathways and mechanisms by which 
e-cig aerosols cause uterine artery dysfunc-
tion, and thereby, identify therapeutic targets 
to prevent, reduce, and/or reverse e-cig medi-
ated uteroplacental dysfunction and FGR. Addi- 
tionally, it is important to perform studies on 
the myriad e-cig liquid flavorings in order to elu-
cidate their potential impact(s) on the mater-
nofetal unit. This will allow for a more compre-
hensive understanding of the public health 
risks and creation of regulatory measures 
regarding flavoring components and manufac- 
turing. 
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