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Electronic nicotine delivery system (e-cigarette) use is prevalent among pregnant women as a seemingly
safe alternative to traditional tobacco use, known to result in fetal developmental abnormalities and
impaired fertility of male offspring. However, little is known about the effects of e-cigarette use on
fertility or pregnancy outcomes. A successful pregnancy is initiated by a multitude of dynamic molecular
alterations in the uterus resulting in embryo implantation at day 4.5 in the mouse. We examined
whether e-cigarette exposure impairs implantation and offspring health. Pregnant C57BL/6J mice were
exposed five times a week to e-cigarette vapor or sham. After 4 months, e-cigarette exposed dams
exhibited a significant delay in the onset of the first litter. Furthermore, exposure of new dams in early
pregnancy significantly impaired embryo implantation, as evidenced by nearly complete absence of
implantation sites in e-cigarette—exposed animals at day 5.5, despite exhibiting high levels of pro-
gesterone, an indicator of pregnancy. RNA microarray from day 4.5 pseudopregnant mice revealed
significant changes in the integrin, chemokine, and JAK signaling pathways. Moreover, female off-
spring exposed to e-cigarettes in utero exhibited a significant weight reduction at 8.5 months, whereas
males exhibited a slight but nonsignificant deficiency in fertility. Thus, e-cigarette exposure in mice
impairs pregnancy initiation and fetal health, suggesting that e-cigarette use by reproductive-aged
women or during pregnancy should be considered with caution.
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The use of tobacco products during pregnancy correlates with an increased risk of poor
perinatal and obstetrical outcomes [1]. Additionally, babies exposed to cigarette smoke in
utero exhibit a higher risk of developmental abnormalities [1]. Increasing in popularity
among adolescents and pregnant women [2, 3], electronic nicotine delivery systems (e-
cigarettes) are tobacco delivery devices that aerosolize a mixture of propylene glycol and
vegetable glycerin with customizable additions of nicotine and flavors into an inhaled vapor
[3]. Currently, the England Public Health system has ruled e-cigarettes to be 95% safer than
conventional cigarettes [4], despite the fact that long-term and second-generation clinical
studies of e-cigarette exposure do not exist [5]. As a result, the public is encouraged to use
e-cigarettes as an effective smoking cessation tool [6]. Contrastingly, the European Respiratory
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Received 7 June 2019 ISSN 2472-1972
Accepted 15 August 2019 October 2019 | Vol. 3, Iss. 10
First Published Online 5 September 2019 doi: 10.1210/js.2019-00216 | Journal of the Endocrine Society | 1907-1916

Brief Report

202 ludy g uo 3sanb Aq z/1.095G/2061/01/€/o101e/sa(/Ww0d dnoolwapede//:sdpy Wolj papeojumoq


http://orcid.org/0000-0002-0473-9422
http://orcid.org/0000-0002-2407-2944
http://orcid.org/0000-0002-8598-2642
http://orcid.org/0000-0003-2638-3321
http://orcid.org/0000-0002-7033-9232
http://orcid.org/0000-0002-0473-9422
http://orcid.org/0000-0002-2407-2944
http://orcid.org/0000-0002-8598-2642
http://orcid.org/0000-0003-2638-3321
http://orcid.org/0000-0002-7033-9232
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1210/js.2019-00216

1908 | Journal of the Endocrine Society | doi: 10.1210/js.2019-00216

Society reported that the safety of extended use of e-cigarettes compared with conventional
tobacco is unknown [7]. Thus, studies of the safety of e-cigarettes are needed, especially among
pregnant women and future offspring.

Proper functioning of the receptive uterus and successful embryo implantation is nec-
essary for normal pregnancy. Multiple factors facilitate the preparation of the uterine lu-
minal epithelium for reception of the implanting embryo at day 4.5 in the mouse, a critical
period referred to as the window of receptivity [8, 9]. Implantation of the blastocyst elicits a
dynamic morphological and molecular change of the epithelial and stromal compartments of
the uterus [8, 9]. Although difficult to quantify, a predicted 60% of pregnancy losses result
from improper uterine receptivity and implantation [10]. Thus, identifying factors that in-
fluence uterine and blastocyst biology is of great clinical interest.

Recent literature in the mouse reports that e-cigarette exposure in utero causes changes in
metabolic, inflammatory, neurologic, and pulmonary factors in exposed offspring [11, 12].
However, the reproductive fitness and fetal outcomes of dams exposed to e-cigarettes before
and during pregnancy have yet to be determined. Here, we directly examine the effects of
e-cigarettes on pregnancy initiation and second-generation fetal reproductive health and find
that e-cigarettes delay implantation and impair the health of future offspring.

1. Materials and Methods
A. E-Cigarette Exposure

C57BL/6J mice were cared for according to the guidelines of the Institution of Animal Care
and Use Committee at the University of North Carolina. Mice were exposed to e-cigarette
aerosol in a SCIREQ inExpose whole-body inhalation system (Montréal, QC, Canada) for 3 h/d
with two puffs per minute. Puff duration was ~2 seconds. Vapor was generated with a Joyetech
eVic VT'C Mini with a 0.15-Q adjustable-temperature atomizer set to 245°C. The propylene
glycol and vegetable glycerin mixture was made fresh in a 55:45 ratio with 24 mg/mL nicotine.
No flavorings or other adulterants were added. Sham mice were exposed to room air. For
fertility trial, females were mated and exposed on the first day of mating to e-cigarette or sham
for 5 days a week, for 4 months. For implantation studies, females were primed with e-cig-
arettes 5 days a week, for 4 weeks, before mating to intact or vasectomized males. The presence
of a copulatory plug was recorded as day 0.5, and mice were exposed for each day of pregnancy
until euthanasia.

B. Progesterone Measurements

Progesterone levels were measured from mouse serum via ELISA performed by the Uni-
versity of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core.

C. RNA Microarray

RNA quality was assessed on the Agilent 4200 Tapestation and hybridized to the Affymetrix
Clariom S Mouse Array at the Functional Genomics Core, University of North Carolina. Raw
data were analyzed via one-way ANOVA and normalized, and hierarchal clustering was
performed on the Gene Expression platform in the Partek Genomics Suite. Top pathways
were identified with Ingenuity Pathway Analysis. Raw data are publicly available on the
National Center for Biotechnology Information GEO database, accession number GSE131077.

D. Histology

Tissue was fixed overnight in 4% paraformaldehyde, processed, and embedded in paraffin.
Testes were stained overnight in Bouin solution and washed in ethanol for 3 days before
embedding. Periodic acid—Schiff staining was performed at Lineberger Cancer Center
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Histopathology. For implantation studies, the uterus was sectioned, with every fifth slide
stained for hematoxylin and eosin (H&E). Embryo presence was scored microscopically.

E. Sperm Analysis

Sperm was harvested, counted on a hemocytometer, and measured for motility on the
Hamilton-Thorne CASA system with CASAnova [13].

2. Results
A. E-Cigarette Exposure Delays the Onset of First Litter

To assess how e-cigarettes affect pregnancy, a fertility trial was performed. To limit the number
of confounding variables, female mice were mated to males and exposed to e-cigarettes at the
same time, day O of the fertility trial. Female mice were left with male mice in mating con-
tinuously for 4 consecutive months. After exposure to e-cigarettes or sham while mating, litter
incidence and pup number and weight were recorded (Fig. 1, n = 5). E-cigarette dams
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Figure 1. E-cigarette (ECIG) exposed mice exhibit slightly reduced offspring number and
weight and delayed onset of first litter. Graphs depicting (A) total pups per female; (B) pups
born per litter; (C) pups born per litter over exposure time; and pup weights (D) at postnatal
(PN) day 10 and (E) at weaning; (F) onset of first litter; and (G) time between litters for
e-cigarette—exposed vs sham-exposed mice during a 4-mo fertility trial. Data were analyzed
via Student ¢ test. ns, not significant.
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exhibited a trend for reduced number of total pups and pups per litter, although neither
reached statistical significance (Fig. 1A and 1B). Indeed, one e-cigarette dam failed to deliver
any pups. Additionally, pup number over time of exposure increased gradually in the sham
group as expected in a fertility trial initiated with virgin mice (Fig. 1C). However, animals
exposed to e-cigarettes exhibited a slight, insignificant reduction in mean pup number by
the second litter, with the highest pup numbers occurring by the third litter. Although the
e-cigarette pup numbers per litter across exposure time are slightly lower than those of the
sham-exposed group, this decrease was not statistically significant. Thus, e-cigarette exposure
mildly decreases offspring number per litter, yet 4-month exposure did not dramatically impair
pup number compared with sham. Pup weights exhibited no change (Fig. 1D and 1E). However,
e-cigarette dams exhibited a delay in the onset of their first litter by 3 to 4 days (P = 0.002), with
no differences in time between subsequent litters (Fig. 1F and 1G). Therefore, e-cigarette
exposure significantly delays the onset of the first litter and may contribute to slightly reduced
pup numbers.

B. Embryo Attachment Is Delayed in E-Cigarette Dams

To identify the cause of pregnancy delay observed in the fertility trial, the timing of embryo
attachment was examined. To accurately represent e-cigarette exposure in women, virgin
mice were exposed to e-cigarette or sham treatment for 4 weeks before mating. Upon suc-
cessful mating, mice were exposed to e-cigarettes or sham each day of pregnancy and eu-
thanized 5 days after the presence of the copulatory plug (day 5.5). This exposure protocol was
designed to mirror the actions of women who initiate use of e-cigarettes while not pregnant
and then subsequently become pregnant and continue use of e-cigarettes throughout their
pregnancy. After 5 days of exposure, implantation sites were observed in sham animals, yet
e-cigarette—exposed uteri did not reveal implantation sites. The sham-exposed implantation
sites displayed normal morphology, with surrounding decidualized stromal cells (Fig. 2A and
2C), whereas e-cigarette uteri exhibited only one disorganized implantation site, with
hemorrhagic blood cells (Fig. 2B and 2D). No floating embryos were observed. Sham mice
displayed a total of 30 embryos representing four dams, and e-cigarette mice exhibited one
embryo for 10 dams (Fig. 2E). Because pregnancy was difficult to ascertain in the e-cigarette
uteri because of the lack of embryos, we used serum progesterone levels as an indicator of the
pregnant state of the dams. Consequently, 4 out of 10 e-cigarette dams were pregnant, with
progesterone levels >10 ng/mL, similar to the levels observed in the sham-exposed dams (Fig.
2F). Thus, e-cigarette—exposed mice exhibit a delay in embryo attachment, as few embryos
implant by day 5.5 of pregnancy.

C. E-Cigarettes Modulate Receptive Genes at Implantation

To assess how e-cigarette exposure delays implantation, an RNA microarray was performed
on sham and e-cigarette—exposed uteri at pseudopregnant day 4.5 (n = 4). In total, 767 genes
were differentially regulated, 395 upregulated and 372 downregulated, hierarchically
clustered in Fig. 3A. The top pathways changed included major pathways important for
uterine receptivity: integrin, prostanoid biosynthesis, proliferation, JAK, and chemokine
signaling (Fig. 3B) [8]. Furthermore, the tight junction protein claudin 10 (CLDN10) was
upregulated in the epithelium and stroma of e-cigarette uteri (Fig. 3C and 3D), with increased
RNA levels (Fig. 3E). Although the function of CLDN10 in the uterus remains uncharac-
terized [14], it is known to play important functions in the kidney related to the epithelial
transport of ions [15]. Thus, e-cigarette maternal inhalation regulates pathways important
for uterine receptivity, including genes involved in ion transport.

D. In Utero E-Cigarette Exposure of Males Results in Minor Reduction in Fertility

Offspring of women who smoke during their pregnancy demonstrate a higher risk of growth
restriction, metabolic disorders, and, specifically in males, impaired reproduction [1]. To
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Figure 2. E-cigarettes impair embryo attachment at day 5.5. (A-D) H&E staining from (A,
C) sham and (B, D) e-cigarette (ECIG) mice at day 5.5, with higher magnification in boxed
regions. (E) Total number of pregnant mice with implanted embryos (n). (F) Serum
progesterone results for nonpregnant (NP) and pregnant (P) sham- and e-cigarette—exposed
animals. E, embryo; ST, stroma.

assess whether e-cigarettes affect fetal health, litters from exposed dams were aged 8 to
12 weeks and mated. In utero e-cigarette exposure of dams had no effect on reproductive
fitness and F2 generation health (Fig. 4A-4D, n = 5). However, exposed sires exhibited a
slight reduction in F2 offspring weight (P = 0.06) and pups produced (Fig. 4A and 4B, n = 5).
Yet none were significant due to individual variation. Nonetheless, one e-cigarette pair
took 35 days to produce their first litter, resulting in a slight variation in litter timing (Fig. 4D
and 4E). Thus, in utero e-cigarette exposure does not affect female reproductive fitness, yet
males exhibit a slight reduction in fertility and offspring weight and number.

To assess this impairment, in utero sham and e-cigarette—exposed adult males were
euthanized, and sperm function and testes morphology were evaluated. There was no sig-
nificant difference in sperm count, motility, and seminal vesicle weight, an established
measure of testosterone [16] (Fig. 5A-5C, n = 5). Additionally, testes morphology appeared
normal (Fig. 5D and 5E, n = 5). Therefore, although in utero e-cigarette—exposed males
exhibited a slight reduction in fertility and pup number and weight, no phenotype was
identified in sperm function or testes morphology.

E. In Utero E-Cigarette Exposure Results in Adult Weight Loss in Females

Although no reproductive impairment was identified for the female mice exposed in utero
to e-cigarette, upon euthanasia at 8.5 months of age, these mice were significantly smaller
in body weight compared with sham-exposed mice (P = 0.006) (Fig. 5F, n = 5). Male mice
demonstrated only a minor reduction in body weight (P = 0.08) (Fig. 5F, n = 5). E-cigarette
animals had visibly smaller inguinal fat pads and adipocytes compared with sham
(Fig. 5G-5J). Thus, e-cigarette exposure in utero results in decreased weight gain
in females.
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Figure 3. E-cigarette (ECIG) exposure misregulates receptive signaling pathways. RNA
microarray on day 4.5 pseudopregnant uteri was analyzed via one-way ANOVA, and
significant genes were determined with a P = 0.05 and a fold change >1.14 and <0.714. (A)
Hierarchal clustering of 767 significant genes, 395 upregulated and 372 downregulated. (B)
Top 10 gene pathways involved in receptivity from the top 50 canonical pathways identified
via Ingenuity Pathway Analysis. (C, D) CLDN10 protein expression and (E) RNA level. RNA
levels were analyzed via Student ¢ test. GE, glandular epithelium; LE, luminal epithelium;
ST, stroma.

3. Discussion

Because e-cigarettes are increasingly used by reproductive-aged and pregnant women [2, 3],
it is important to evaluate whether and how e-cigarettes contribute to pregnancy success and
fetal health. By exposing mated mice to e-cigarettes for 4 months, we demonstrated that
e-cigarettes delayed the onset of the first litter, with no delay in future pregnancies. Fur-
thermore, total pup and litter number were slightly reduced upon e-cigarette exposure but
not significantly different. Additionally, one female exposed to e-cigarettes failed to deliver a
litter throughout the fertility trial. Thus, e-cigarette exposure is sufficient to delay a first-
time pregnancy and may affect fetal survival. Although minimal, these effects may be
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Figure 4. In utero e-cigarette—exposed males demonstrate slight reduction in fertility rate
and offspring number. Graphs depict (A) pup weights at postnatal day 1 (P1), (B) total pup
summary, (C) pups generated per litter, (D) onset of first litter, and (E) time between litters
for male and female mice exposed to sham and e-cigarettes (ECIG) in utero. One-way
ANOVA and Student ¢ test were used to determine significance. ns, not significant.
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Figure 5. E-cigarette exposure in utero has no effect on male reproductive function but
reduces weight gain in adulthood. (A) Sperm count to body weight ratios, (B) seminal vesicle
weights, (C) sperm motility results from CASAnova analysis, and (D, E) periodic acid—Schiff
staining of testes from male offspring exposed to sham or e-cigarettes (ECIG) in utero. (F)
Total body weights for sham vs e-cigarette animals at 8.5 mo of age. (G, H) Representative
images from sham- vs e-cigarette—exposed females of H&E-stained inguinal adipocytes (AP)
and (I, J) gross morphology of inguinal fat pads (IFP). One-way ANOVA and Student ¢ test
were used to determine significance. L, Leydig cells; ns, not significant; S, Sertoli cells; ST,
seminiferous tubule.

exacerbated in people because of individual genetic variability and predispositions, con-
founding health conditions, or additional environmental effectors, resulting in an unfavor-
able state of fertility. Thus, further clinical investigations are needed to examine how
e-cigarettes may affect pregnancy initiation in women.

To determine how e-cigarette exposure delayed pregnancy, we studied sham- and
e-cigarette—exposed mice the day after implantation, day 5.5. E-cigarette—exposed mice did
not exhibit implantation sites, despite their ability to maintain successful pregnancies. The
absence of implantation sites at this time in mice is rare and typically associated with in-
fertility or lack of pregnancy. Yet we confirmed that e-cigarette—exposed animals were
pregnant by serum progesterone levels. Thus, because both treatment groups exhibited
similar pregnancy rates and litter sizes, we conclude that e-cigarette exposure permits
fertilization yet delays implantation, because only one embryo was identified in four pregnant
uteri the day after implantation.

RNA microarray analysis revealed differential expression of established pathways in-
volved in embryo reception. Integrin and JAK/STAT signaling pathways are important for
governing the attachment and adherence of the embryo to the epithelial surface [8]. Fur-
thermore, the prostanoid biosynthesis, proliferation, and chemokine signaling pathways are
critical for trophoblast invasion and the decidualization process [8]. Additionally, CLDN10
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may regulate critical ion transport functions important for implantation. Thus, e-cigarette
maternal inhalation regulates the expression of ion transport and receptive signaling
pathways, which upon misregulation can perturb the uterine environment and prevent
timely initiation of embryo attachment [8, 17].

Because cigarette smoking during pregnancy is associated with fetal abnormalities [1], the
long-term health of in utero e-cigarette—exposed offspring was examined. Male offspring
exposed to e-cigarettes in utero exhibited a slight impairment of fertility, with one mating
pair failing to produce a litter until 35 days after mating. However, no histological testicular
phenotype was identified. These data suggest that e-cigarette usage during pregnancy may
be safer for male offspring reproductive outcomes than traditional tobacco cigarette smoking.
However, e-cigarette usage in combination with other environmental or genetic factors could
reduce male reproductive fitness, and these factors were not evaluated in the current study.

Upon in utero exposure to e-cigarettes, female offspring exhibited no difference in weight at
birth. However, the same mice were significantly smaller than sham controls at 8.5 months of
age. Indeed, e-cigarette mice exhibited smaller inguinal fat pads and adipocytes, suggesting
that e-cigarette exposure in utero may regulate metabolic function in adulthood. Other
studies have shown that e-cigarette exposure modulates weight in young mice [11, 18, 19].
Thus, our data are consistent with these findings and further imply that genetic and epi-
genetic programs that affect metabolic dysregulation may be initiated via in utero exposure.
However, metabolic effects of e-cigarettes in adulthood are less understood, and future in-
vestigation is needed to elucidate the second-generation implications of e-cigarette exposure
on metabolism.

Our results indicate that e-cigarettes negatively influence implantation success and the
future health of the in utero exposed fetus, resulting in abnormal pregnancy outcomes. These
data imply that e-cigarette usage by reproductive-aged women may directly and negatively
affect their ability to become pregnant, with potentially deleterious effects on the fetus. Thus,
advocacy of e-cigarette usage as a safe alternative during pregnancy or for young reproductive-
aged women should be interpreted with caution.
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