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Electronic cigarette (e-cig) use during pregnancy has become a major health 
concern in recent years and many view them as less harmful and may help quit 
or reduce combustible cigarettes. Implementing a state-of-the-art engineered 
vaping system, comprising an atomizer similar to those sold in vape shops, 
we aimed to utilize a translational e-cig inhalation delivery method to provide 
crucial information on the impact of prenatal e-cig aerosols on the developing 
brain hippocampal mTOR system in a rat model system. Gestational e-cig vaping 
significantly increased P-mTOR levels (p < 0.05) in the rat fetal hippocampi in 
the nicotine group (comprising of VG/PG + nicotine) compared to the control 
and the juice (comprising of VG/PG) groups. Total mTOR expression was not 
different among groups. Immunofluorescence imaging demonstrated P-mTOR 
was detected exclusively in the granule cells of the dentate gyrus of the fetal 
hippocampus. E-cig did not alter DEPTOR, but RAPTOR and RICTOR were 
higher (p < 0.05) in the Nicotine group. Gestational e-cig vaping with nicotine 
increased (p < 0.05) the activity and expression of 4EBP1, p70S6K, but decreased 
(p < 0.05) P-PKCα in the fetal hippocampi. In summary, dysregulation of mTORC1 
and the related mTORC2, their activity, and downstream proteins together may 
play a critical role in e-cig-vaping-induced neurobiological phenotypes during 
development.
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Introduction

The rise of e-cig use in the past decade is a growing health concern, especially during 
pregnancy as many perceive e-cigs as a safer alternative to combustible cigarettes (Hajek et al., 
2014). E-cigs are readily available in the market and have rapidly gained popularity. The 
United  States Surgeon General warns that exposure to tobacco products, like e-cigarettes 
(e-cigs), during pregnancy may result in damaging and life-long consequences for the offspring 
(National Center for Chronic Disease Prevention and Health Promotion, 2014). National 
estimates of e-cig use among pregnant and nonpregnant women of reproductive age between 
2014 and 2017 in the US was around 3.6% (Liu et al., 2019). Another study in a similar time 
frame estimates the use of e-cigs in pregnant population to have increased from 1.9% in 2016 to 
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3.18% in 2018 (Obisesan et al., 2020). Further, a recent study shows 
low fetal birth weight to be prevalent among those who use e-cigs in 
pregnancy compared to those who quit entirely (Regan and Pereira, 
2021). Others have reported a paucity of research on vaping in 
pregnancy (Calder et al., 2021).

E-cig liquids primarily consist of a juice comprising of vegetable 
glycerin/propylene glycol base (VG/PG), flavorings, and nicotine 
(FDA, 2020) and typically include a handheld battery that rapidly 
heats a metal coil to aerosolize the e-cig liquid. Many aspects of 
e-liquids are not standardized by industry manufacturers, including 
the ratio of VG to PG, leading consumers to choose proportions based 
on their personal preferences (Smith et al., 2020). Although ingested 
juice is generally regarded as safe, aerosolized juice has not been 
classified as safe, especially in pregnancy (Qu et al., 2018; Berkelhamer 
et al., 2019; Frazier et al., 2021). Nicotine in vapor form has been 
reported to have a range of effects on reproductive vascular function, 
fetal and child development such as low birth weight, increased blood 
pressure and increase in pro-inflammatory serum markers, and nitrite 
oxide in the newborn (Suzuki et  al., 1980; Aubert et  al., 1987; 
Mohsenzadeh et al., 2014). Studies also report those who are already 
addicted to nicotine and who become pregnant may turn to e-cigs 
more than ever before (Obisesan et al., 2020).

Although the data on e-cig vaping and developing brain has been 
limited, the fetal brain has been demonstrated as a major target of 
prenatal e-cig exposure. E-cig exposure has been reported to disrupt 
mouse blood brain barrier and induce proinflammatory cytokines 
(Schmidt, 2020) in postnatal brain and induces long-term neurovascular 
changes and worsening behavioral outcomes (Sabrina Rahman Archie 
et al., 2023). E-cig exposure downregulates autophagy-related gene 
expression via DNA hypermethylation in neonatal brain in rat model 
(Walayat et al., 2021). Brain Mammalian Target of Rapamycin (mTOR) 
has emerged at the node of many fields of study. mTOR plays an integral 
role in modulating brain anabolic and catabolic activities, including 
protein synthesis and autophagy. mTOR is a 289-kDa serine/threonine 
protein kinase that makes up the catalytic subunit of two individual 
complexes, known as mTOR Complex 1 (mTORC1) and mTOR 
Complex 2 (mTORC2; Carabulea et al., 2023). mTORC1 plays a major 
role in multiple cellular signals to sense the availability of nutrients, 
growth factors, and energy to promote cellular growth and catabolic 
activity during stress, whereas less is known about mTORC2 (Carabulea 
et  al., 2023). During fetal and neonatal brain development, mTOR 
signaling system plays critical roles in neuron differentiation, growth, 
and neuronal proliferation, and in homeostasis of stem cell and 
progenitor cell population (Easley et  al., 2010; Lee, 2015), and its 
disruption has been associated with smaller brain size with fewer 
neurons and neural progenitors (Kim, 2015), translation dysregulation, 
and altered neuroprotection mediated by autophagy (Carabulea et al., 
2023). Very little is known about effects of e-cig vaping on the mTOR 
system in the developing brain, and we herein aimed to discern how 
e-cig vaping may affect fetal hippocampal mTOR signaling in order to 
further elucidate developmental hippocampal effects. We hypothesized 
that gestational e-cig vaping exposure will dysregulate mTOR level/
activity and disrupt the activity of proteins within its associated systems, 

mTORC1 and mTORC2, as well as its related downstream pathways in 
the fetal hippocampus.

Materials and methods

Animals

All experimental procedures were in accordance with National 
Institutes of Health guidelines (NIH Publication No. 85–23, revised 
1996) and approved by the Institutional Animal Care and Use 
Committee at Texas A&M University. Timed-pregnant Sprague 
Dawley rats purchased from Charles River (Wilmington, MA) were 
housed in a temperature-controlled room (23°C), with a 12:12-h 
light–dark cycle. Animals were randomly assigned to pair-fed control 
(Control; n = 5 dams), pair-fed Juice without Nicotine (Juice; n = 5 
dams), or Juice with Nicotine (Nicotine; n = 4 dams) groups on 
gestational day (GD) 5. All animals were weighed prior to the start of 
treatments. Control and Juice animals were yoked with Nicotine 
animals of similar weight for the duration of the study. Nicotine group 
animals received an ad libitum diet and daily feed intakes were 
measured. Control and Juice group animals were fed the same amount 
of diet consumed by Nicotine group animals. All animals had free 
access to water.

E-cig vaping

The e-cig vaping system and exposure paradigm were described 
previously (Orzabal et al., 2019). The vaping chamber system, custom-
engineered for thee-cig vaping protocol, comprised a Sense Herakles 
Sub-Ohm Tank (Sense Technology, San Francisco, CA). Precision-
controlled aerosol release technology with a programmable atomizer 
and airflow control was used to establish the e-cig vaping paradigm. 
The constant airflow rate of 2.5 L/min through the vaping chambers 
was controlled with approximately 42 mL of e-cig vapor puff, for 1 s in 
20 s intervals. The animals underwent vaping exposure 3 h/day, 5 days/
week during pregnancy, from GD 5 to GD 20. The vaping exposure 
paradigm utilized in this study has been shown to effectively modulate 
nicotine yield during vaping treatments (Talih et al., 2015).

The e-cig vaping liquid (juice) was compounded with a 
composition of 80:20 propylene glycol (Fisher, Hampton, NH) to 
glycerol (Acros Organics, Fair Lawn, NJ), similar to e-cig liquids 
available on the market. In the present study, we selected a ratio similar 
to that utilized by human e-cig users to get a “throat hit” sensation, and 
that has a higher amount of nicotine in the vapor as documented (Li 
et al., 2016; Ooi et al., 2019; Orzabal et al., 2019, 2022). For the Nicotine 
group, animals were first acclimatized to lower doses of 5% (50 mg/
mL) nicotine added in the same e-cig liquid (juice) during GD 5–8, 
then treated with higher doses of 10% (100 mg/mL) nicotine during 
GD 9–20. The 10% nicotine concentration was based on the average 
nicotine concentration found in e-cigs on the vaping market (Matta 
et al., 2007; Goniewicz et al., 2013). As described previously, to obtain 
physiologically relevant levels of serum nicotine and account for 
differences in human and rodent nicotine metabolism, we previously 
evaluated the serum nicotine concentrations of dams over a 24 h 
period (Matta et al., 2007; Orzabal et al., 2022) and reported that the 
e-cig vaping paradigm utilized in this study produces serum nicotine 

Abbreviations: e-cig, Electronic cigarette; GD, gestational day; Juice, e-cig aerosol 

vaping without nicotine; Nicotine, e-cig aerosol vaping with nicotine; VG, vegetable 

glycerin; PG, propylene glycol.
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levels (median peak serum nicotine =27.7 ng/mL), comparable to 
moderate/high level human smokers (Russell et al., 1980; Benowitz 
et al., 1983; Benowitz and Jacob, 1984; Lawson et al., 1998; Moyer et al., 
2002; Wagener et al., 2017; Wagner et al., 2017; Orzabal et al., 2019). 
The Nicotine group was utilized to test the effects of vaping e-cig liquid 
with nicotine. The Juice group was tested for the effects of vaping 
nicotine-free e-cig liquid (juice). The Control group animals were set 
in identical conditions to animals in the Juice and Nicotine groups, but 
with only room air passing through the vaping chambers. 
We  previously reported the chemical composition of the aerosols 
produced by our vaping system via mass spectrometry that showed 
several hazardous aldehyde species and other chemicals in addition to 
propylene glycol and glycerol (Orzabal et al., 2019, 2022). As reported 
previously (Orzabal et al., 2022), these aerosols resemble the chemical 
profile of aerosols derived from human e-cig vaping devices 
(Goniewicz et al., 2013, 2014; Hahn et al., 2014; Talih et al., 2015).

Fetal brain and hippocampal isolation

On GD 21, a day before parturition, animals—were deeply 
anesthetized with isoflurane in the anesthesia chamber and sacrificed 
by decapitation and fetuses were carefully separated. Two male fetuses 
from each dam were randomly selected from a similar position in the 
uterine horn. One pup per dam was used for immunoblotting while 
the other pup was used for immunohistochemistry. During normal 
development, male and female hippocampal development differ 
significantly and brain development in humans and animal is directly 
regulated by sex hormones (Yagi and Galea, 2019; Mu et al., 2020). To 
accurately identify hippocampal-specific alterations induced by 
prenatal e-cig aerosol exposure without the confounding factor of sex, 
only male offspring were assessed in these experiments. Fetal whole 
brains from the male fetuses were extracted under a dissection 
microscope via craniotomy and serially washed in cold phosphate 
buffered saline (PBS). One of the fetal brains was dissected, meninges 
were removed, and hippocampi were micro-dissected in ice-cold 
HEPES buffer. Individual samples were then flash frozen and stored 
at −80°C until immunoblot analyses. For immunohistochemistry, the 
other whole fetal brain was embedded in optimal cutting temperature 
compound (OCT) (Sakura Finetek, Torrance, CA) and cryopreserved 
for immunofluorescence.

Immunoblotting

Hippocampal tissues were lysed in ice-cold RIPA buffer, pH 7.5 
(Cell Signaling Technologies, Danvers, MA) with a protease inhibitor 
cocktail (cOmplete Mini; Roche Applied Biosciences, Germany). The 
lysates were centrifuged at 10,000 xg for 10 min at 4°C and 
supernatants were collected. Total protein concentrations were 
determined using the Bradford method and a BCA assay kit (Thermo 
Scientific, Rockford, IL). The protein samples (20 μg) were separated 
on 4 ~ 20% Tris–HEPES polyacrylamide gels (Bio-Rad, Hercules, CA) 
by electrophoresis. The separated proteins were transferred onto 
PVDF membranes (Immobilon-P; Millipore, Bellerica, MA). The 
membranes were blocked with 5% BSA in 0.01 M PBS (pH 7.4) and 
0.05% Tween-20 (TPBS), for 1 h at room temperature. Subsequently, 
the membranes were probed with one of the following primary 

antibodies (Cell signaling, Danvers, MA), overnight at 4°C: Phospho-
mTOR (Ser2448) (1:1,000; #2971); mTOR (1:1,000; #4517); Phospho-
4E-BP1 (Thr37/46) (1:1,000; #2855); 4E-BP1 (1:1,000; #9644); 
Phospho-p70S6K (Thr389) (1:1,000; #9234); P70S6K (1:1,000; #9202); 
DEPTOR (1:1,000; #11816); RAPTOR (1:1,000; #2280); RICTOR 
(1:1,000; #2114); Phospho-PKCα (Thr638/641) (1:1,000; #9375); 
PKCα (1:1,000; #2056); and β-actin (1:5,000; #4967). The membranes 
were then incubated with a secondary antibody conjugated to 
horseradish peroxidase for 1 h at room temperature. The immune 
complexes were detected by chemiluminescent substrate (Thermo 
Scientific, Rockford, IL). Densitometry analysis was performed with 
AzureSpot software (Azure Biosystems, Dublin, CA).

Immunofluorescence

Fetal brains were sectioned at 8 μm in a coronal plane using a 
Leica CM1860 cryostat (Leica Biosystems, Buffalo Grove, IL). Sections 
were fixed with ice-cold methanol (30 min, −20°C), rinsed in PBS, 
incubated in 10% normal serum (60 min), followed by incubation with 
Phospho-mTOR (Ser2448) (1:250; #2971) primary antibody overnight 
at 4°C in a humidified chamber. The sections were further incubated 
with goat anti-rabbit IgG secondary antibody (Alexa Fluor 488, 
#A11008; Invitrogen, Carlsbad, CA), for 60 min at room temperature. 
Nuclei were stained with DAPI (ProLong Gold antifade, #P36931; 
Invitrogen, Carlsbad, CA). Digital images were captured using an 
Olympus BX63 stereomicroscope equipped with U-HGLGPS 
fluorescent light source, ORCA-Flash 4.0 LT digital camera 
(Hamamatsu, Japan), and Olympus cellSens Dimension 1.16 software 
(Olympus, Japan).

Statistics

Immunoblotting data for the expression levels of different proteins 
were analyzed utilizing one-way ANOVA with a post hoc analysis of 
uncorrected Fisher’s LSD. Normality was assessed using Shapiro–Wilk 
normality test, and dependent measurements passed normality prior 
to performing ANOVA. All data are presented as 
mean ± SEM. Significance was established a priori at p < 0.05.

Results

Gestational e-cig vaping in our model results in reduced fetal 
weight and fetal crown-rump length, in the absence of any changes to 
maternal weight as reported previously (Orzabal et al., 2019, 2021, 
2022). These growth deficits were specific to the nicotine-containing 
group and were not observed following vaping juice in the absence of 
nicotine (Orzabal and Ramadoss, 2019).

We analyzed the effect of prenatal chronic exposure to e-Cig 
nicotine on mTOR protein expression in the fetal hippocampus. 
Immunoblot analysis showed that the phosphorylation level of mTOR 
(P-mTOR) in fetal hippocampi was significantly higher in the Nicotine 
group, compared with those in the Control group [↑ 274%; Control vs. 
Nicotine; t(11) = 5.392, p = 0.0002] and the Juice group [↑ 347%; 
Nicotine vs. Juice; t(11) = 5.674, p = 0.0001; Figure 1A]. In comparison 
to the Control group, the treatment in the Juice group did not affect the 
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level of P-mTOR (p = 0.57; Figure 1A). There was no difference in total 
mTOR level among the Control, Nicotine, and Juice groups (Figure 1B).

We then imaged the presence of activated mTOR (P-mTOR) using 
immunofluorescence microscopy. Immunofluorescence imaging 
(Figure 2) demonstrated that P-mTOR was detected exclusively in the 
granule cells of the dentate gyrus of the fetal hippocampus in Nicotine 
group, compared to both Control and Juice groups. Collectively, these 
findings suggest that mTOR phosphorylation in the fetal hippocampus 
increases following gestational chronic nicotine exposure.

To investigate the effect of gestational chronic nicotine 
exposure on mTOR complexes, we analyzed hippocampal levels of 

DEPTOR, RAPTOR, and RICTOR (Figure  3). The DEPTOR 
expression level was not affected by prenatal chronic exposure to 
e-cig nicotine. Quantitative analysis showed that the expression 
levels of RAPTOR and RICTOR were significantly higher in the 
Nicotine group compared to those of Control and Juice groups 
[RAPTOR, ↑ 136%; Control vs. Nicotine; t(11) = 3.657, p = 0.0038 
and RICTOR, ↑ 1,017%; Control vs. Nicotine; t(11) = 10.87, 
p < 0.0001]. Distinctly, the RAPTOR expression level increased 
over 10-fold in the Nicotine group compared to Control. There 
were no significant differences between Control and Juice groups 
in RAPTOR or RICTOR levels.

FIGURE 1

Effect of gestational e-cig vaping exposure on fetal hippocampal mTOR. (A) Immunoblot analysis showed that gestational e-cig vaping exposure 
significantly (***) increased (↑ 274%; Control vs. Nicotine; p = 0.0002 and ↑347%; Nicotine vs. Juice; p = 0.0001) P-mTOR levels in the fetal hippocampi. 
(B) Total mTOR expression was not different between groups. Data are shown as mean ± SEM. Significance was established a priori at p < 0.05.

FIGURE 2

Effect of gestational e-cig vaping on fetal hippocampal Dentate Gyrus mTOR. Representative immunofluorescence staining shows P-mTOR was 
expressed in the fetal dentate gyrus (DG) region.
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To determine if gestational chronic nicotine exposure dysregulates 
mTORC1 signaling, we analyzed the abundance levels of downstream 
molecules within mTORC1 signaling pathway. The phosphorylation 
level of 4EBP1 (P-4EBP1) was significantly higher [↑ 49%; Control vs. 
Nicotine; t(11) = 3.204, p = 0.0084] in the fetal hippocampi from the 
Nicotine group compared to the Control group (Figure  4A). 
Hippocampal total 4EBP1 expression also significantly increased [↑ 
73%; Control vs. Nicotine; t(11) = 6.154, p < 0.0001] in the Nicotine 
group compared to that of the Control group (Figure 4B). Hippocampal 
phosphorylation of p70S6K (P-p70S6K) increased [↑ 256%; Control vs. 
Nicotine; t(11) = 3.059, p = 0.0109] in the Nicotine group compared to 
the Control group (Figure 4C). Total p70S6K Total p70S6K level was 
also higher [↑ 19%; Control vs. Nicotine; t(11) = 2.419, p = 0.0340] in 
the Nicotine group compared to the Control group (Figure 4D). There 
were no significant differences between the Control and Juice groups 
in P-4EBP1, 4EBP1, P-p70S6K, or p70S6K levels.

To determine if gestational chronic nicotine exposure dysregulates 
the downstream of mTORC2 signaling pathway, we  analyzed the 
protein kinase C alpha (PKCα). The phosphorylation level of PKCα 
(P-PKCα) was significantly lower [↓ 15%; Control vs. Nicotine; 
t(11) = 3.115, p = 0.0098] in the fetal hippocampi from the Nicotine 
group compared to that of the Control group (Figure  5A). In 
comparison to the Control group, the treatment in the Juice group did 
not affect the level of P-PKCα (p = 0.79; Figure 5A). No significant 
difference was observed in total PKCα levels among groups (Figure 5B).

Discussion

To our knowledge, this is the first investigation of e-cig vaping 
effects on fetal hippocampal mTOR signaling following a gestational 
chronic vaping exposure paradigm. Four findings can be gathered 
from this study: gestational e-cig vaping (1) dysregulates the fetal 
hippocampal mTOR system, (2) has an impact on both mTORC1 and 
mTORC2 signaling, which plays critical roles in hippocampal 
development, (3) alters the proteins that complex with fetal 
hippocampal mTOR and the respective downstream pathways, and 
(4) the changes were related to nicotine component in the e-cig vape 
juice (Figure 6). Together, these findings suggest that gestational e-cig 

vaping exposure alters mTOR signaling framework, activity indices, 
and associated downstream signaling in the fetal hippocampus, and 
these vaping-induced alterations may contribute to altered 
hippocampal developmental adaptations.

Gestational e-cig vaping alters fetal 
hippocampal mTOR

Our data showed that e-cig vaping during gestation altered the 
mTOR system. Although little is known about the effects of e-cig 
exposure on the mTOR system in the developing brain, there are 
reports documenting e-cig effects on other organ systems (Orzabal 
et al., 2019, 2022; Orzabal and Ramadoss, 2019). The mTOR signaling 
system is intricately associated with fetal and neonatal brain 
development and is essential for growth, survival, and differentiation 
of neuronal stem and progenitor cells (Saxton and Sabatini, 2017). 
Normal development of brain size is also controlled by mTOR system 
and mice lacking mTOR exhibit smaller brain size with decreased 
neurons and neuronal progenitor cells (Kim, 2015). Although studies 
on brain mTOR in the context of e-cigarette vaping are limited, others 
have reported effects of e-cig vaping on mTOR in other organs 
systems. For instance, one study using pluripotent stem cell-derived 
endothelial cells (iPSC-ECs) from healthy individuals and patients 
with pulmonary arterial hypertension (PAH) showed differential 
susceptibility of PAH group to e-cig bubbling and demonstrated 
pharmacologic induction of autophagy via direct inhibition of 
mTORC1 and indirect activation of mTORC2 with rapamycin 
reversing the e-cig-induced downstream effects on endothelial 
dysfunction and AKT3 signaling (Liu et al., 2023). We had previously 
reported that e-cig vaping during gestation results in an increase in 
the concentration of the branch chain amino acids (leucine, isoleucine, 
valine) in the rat fetal lungs (Orzabal et al., 2021), and others have 
shown that the increases in branch chain amino acids results in 
activation of mTORC1, which in turn modulates the production of 
reactive oxygen species and leads to an inflammatory phenotype 
(Zhenyukh et al., 2018). Although the current study did not assess 
relationship between mTOR system and brain structural and 
functional alterations following e-cig vaping during pregnancy, others 

FIGURE 3

Effect of gestational e-cig vaping exposure on the proteins that complex with hippocampal mTOR. Immunoblot analysis showed that gestational E-Cig 
vaping exposure (A) did not alter DEPTOR expression, but (B,C) expression levels of RAPTOR (**) and RICTOR (****) were significantly higher in the 
Nicotine group compared to those of Control and Juice groups (RAPTOR, ↑ 136%; Control vs. Nicotine, p = 0.0038; RICTOR, ↑ 1,017%; Control vs. 
Nicotine, p < 0.0001). DEPTOR, RAPTOR, and RICTOR proteins were normalized to β-actin and were expressed relative to Control. Data are shown as 
mean ± SEM. Significance was established a priori at p < 0.05.
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FIGURE 4

Effect of gestational e-cig vaping exposure on mTORC1 signaling in the fetal hippocampus. Gestational e-cig vaping (A) significantly increased the 
phosphorylation level of 4EBP1 (P-4EBP1) (Control vs. Nicotine, p = 0.0084) in the fetal hippocampi from the Nicotine group compared to the Control 
group (**) and the Juice group (*). (B) Hippocampal total 4EBP1 expression also significantly increased (Control vs. Nicotine, p < 0.0001) in the Nicotine 
group compared to that of the Control group (****) and the Juice group (**). (C) Hippocampal phosphorylation of p70S6K (P-p70S6K) increased 
(Control vs. Nicotine, p = 0.0109) in the Nicotine group compared to the Control group (*). (D) Total p70S6K level was also higher (Control vs. Nicotine; 
p = 0.0340) in the Nicotine group compared to the Control group (*). There were no significant differences between the Control and Juice groups in 
P-4EBP1, 4EBP1, P-p70S6K, or p70S6K levels. Data are shown as mean ± SEM and as fold of control. Significance was established a priori at p < 0.05.

FIGURE 5

Effect of gestational e-cig vaping exposure on mTORC2 signaling in the fetal hippocampus. Gestational e-cig vaping (A) decreased the 
phosphorylation level of PKCα (P-PKCα) (Control vs. Nicotine; p = 0.0098) in the fetal hippocampi from the Nicotine group compared to that of the 
Control group (**) and the Juice group (*). In comparison to the Control group, the treatment in the Juice group did not affect the level of P-PKCα 
(p = 0.79). (B) No significant difference was observed in total PKCα levels among groups. Data are shown as mean ± SEM and as fold of control. 
Significance was established a priori at p < 0.05.
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have utilized female CD1 pregnant mice and demonstrated that 
prenatal e-cig vaping decreases brain glucose utilization and worsens 
the outcome in offspring hypoxic–ischemic brain injury, but did not 
specifically assess the mTOR pathway (Sifat et al., 2020). Outside the 
e-cig research area, mutations of mTOR have been associated with a 
spectrum of brain overgrowth phenotypes (Mirzaa et al., 2016).

E-cig vaping has an impact on both 
mTORC1 and mTORC2 signaling pathways

To determine if gestational chronic nicotine exposure dysregulates 
mTORC1 signaling, we analyzed the abundance levels of downstream 
molecules within mTORC1 signaling pathway. The phosphorylation 
level of 4EBP1 (P-4EBP1) and total 4EBP1 expression were both 
significantly higher in the fetal hippocampi from the Nicotine group. 
Hippocampal phosphorylation of p70S6K (P-p70S6K) and Total 
p70S6K increased in the Nicotine group compared to the Control group. 
To determine if gestational chronic nicotine exposure dysregulates the 
downstream of mTORC2 signaling pathway, we analyzed the protein 
kinase C alpha (PKCα). The phosphorylation level of PKCα (P-PKCα) 
was significantly lower in the fetal hippocampi from the Nicotine group. 
mTOR makes up the catalytic subunit of two complexes, mTORC1 and 
mTOR2, each of which have distinctive substrates and functions, and 
unique accessory proteins and sensitivity to rapamycin (Yang et al., 2013; 
Zarogoulidis et al., 2014; Liu and Sabatini, 2020). mTORC1 plays a 
major role in convergence of multiple cellular signals to sense the 

availability of nutrients, growth factors, and energy to stimulate cellular 
growth and catabolic activity during stress (Liu and Sabatini, 2020). In 
contrast, little is known about mTORC2 although it is possible that 
mTORC2 may have some regulating effect on mTORC1 system (Liu and 
Sabatini, 2020; Szwed et al., 2021). mTORC1 directly promotes protein 
synthesis by ultimately phosphorylating the Eukaryotic Translation 
Initiation Factor 4E-binding Proteins (4E-BPs), as well as Ribosomal 
Protein S6 Kinase 1 (S6K1; Carabulea et al., 2023). Others have shown 
that nicotine significantly reduced hyperalgesia in mice that received 
acute/repeated rapamycin injections, and nicotine reversed the 
outcomes of rapamycin on the phosphorylation of 4E-BP1 and S6K (Li 
S. et al., 2019; Li Y. et al., 2019). Outside the e-cig field, secondhand 
smoke during pregnancy showed decreased activation of the mTOR 
family of proteins in mice placenta, and these may be explained by 
differences between smoking and vaping and also the tissue being 
studied, i.e., placenta vs. the brain in the current study (Mejia et al., 
2017). In another study, the human brain microvascular endothelial cell 
line was cultured, and nicotine treatment significantly activated the 
PI3K/Akt/mTOR pathway (Wu et al., 2020). Overall, this is the first 
report to demonstrate that the nutrient-sensing mTORC1 and the 
mTORC2 pathways are both altered by e-cig vaping during development.

E-cig alters the proteins that complex with 
mTOR

To investigate the effect of gestational chronic nicotine exposure on 
mTOR complexes, we  analyzed hippocampal levels of DEPTOR, 
RAPTOR, and RICTOR. The DEPTOR expression level was not affected 
by prenatal chronic exposure to e-Cig nicotine. The expression levels of 
RAPTOR and RICTOR were significantly higher in the Nicotine group 
compared to those of Control. Distinctly, the RAPTOR expression level 
increased over 10-fold in the Nicotine group compared to Control. 
RAPTOR is essential for intracellular localization of mTORC1 and has 
a role in recruiting substrates by binding to respective mTOR signaling 
motifs and the core of mTORC2 is instead defined by the scaffold 
protein, RICTOR (Carabulea et al., 2023). There is an overall lack of 
information available about the effects of e-cig on RICTOR, RAPTOR, 
and DEPTOR in any organ system, including the brain, especially in 
development. This study fills a major gap in the literature and provides 
critical information of brain hippocampal effects of e-cig vaping.

The role of nicotine component of e-cig 
vape juice in developmental adaptations

e-liquids are not standardized by manufacturers (Smith et al., 
2020). VG (40 CFR 180.950) and PG (21 CFR 184.1666) are both 
generally regarded as safe for oral ingestion as liquids by the FDA and 
EPA (GRAS), whereas aerosolized VG/PG has not been classified as 
safe(Qu et al., 2018; Berkelhamer et al., 2019; Frazier et al., 2021). 
Currently, the proportion of VG:PG is chosen based on personal 
preferences for the sensory profiles VG and PG contribute. Flavor 
chemicals are a major component of e-cig refill fluids (Behar et al., 
2018; Hua et al., 2019; Krusemann et al., 2020), but the current study 
did not use flavorings. The data showed that at least as far as mTOR in 
fetal hippocampus is concerned, neither VG nor PG played a role, and 
the alterations were nicotine dependent. Nicotine in vapor form has 

FIGURE 6

Schematic representation: chronic e-cig vaping exposure during 
pregnancy alters mTOR system in rat fetal hippocampus. (A) The 
phosphorylation level of mTOR (P-mTOR) in the fetal hippocampus 
was increased in the e-cig vaping group compared with controls. 
These effects were mainly due to nicotine component of the e-cig 
vaping juice. Vaping dysregulated fetal hippocampal mTORC1 
signaling, as evidenced by an increase in 4E-BP1 expression. 
Phosphorylation levels of 4E-BP1 and p70 S6K were also increased 
following e-cig exposure. RAPTOR and RICTOR expression levels in 
the fetal hippocampus were increased, however DEPTOR was not 
altered by e-cig vaping. (B) E-cig vaping also altered mTORC2 
system as evidenced by increased RICTOR and decreased 
phosphorylated PKC-α levels in the fetal hippocampus.
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been reported to have a range of effects on reproductive function, fetal 
and child development such as low birth weight, increased blood 
pressure, and increase in inflammatory phenotype in the newborn 
(Suzuki et al., 1980; Aubert et al., 1987; Mohsenzadeh et al., 2014). In 
contrast to our data, one study that examined effects of 
dihydroxyacetone, a combustion production of propylene glycol and 
glycerol in e-cig vapor on human hepatocellular carcinoma cell line, 
showed slight increases in p-mTOR, while mTOR, RICTOR and 
RAPTOR displayed fluctuating levels (Hernandez et al., 2022); these 
differences could be due to the levels of dihydroxyacetone in an in 
vitro setting.

Perspectives and significance

The effect of e-cig vaping on the hippocampal mTOR signaling in 
the context of pregnancy and development is largely unknown. 
We  utilized an established gestational e-cig vaping paradigm to 
delineate how vaping impacts the developmental hippocampal mTOR 
signaling system. Based on our data, we conclude that gestational e-cig 
vaping exposure alters mTORC1 and mTORC2 signaling, their 
activity indices, and related downstream pathways in the developing 
hippocampus. Although we report deficits in fetal body weight and 
length, we did not examine neuroanatomic and structural deficit; 
future studies are warranted to assess the structural, functional, and 
behavioral deficits that arise out of developmental e-cig vaping 
exposure and if and how they relate to mTOR signaling in 
hippocampus. These studies may in turn facilitate development of 
clear targeted pharmacological and nutraceutical therapeutic 
strategies for any developmental deficits related to hippocampal 
functions of learning and memory during development.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

All experimental procedures were in accordance with National 
Institutes of Health guidelines (NIH Publication No. 85–23, revised 
1996), with approval by the Animal Care and Use Committee at Texas 
A&M University.

Author contributions

JL and JR: conceptualization, methodology, writing—original 
draft, writing—review and editing, visualization. JL, MO, VN, and JR: 
investigation. JR: funding acquisition, project administration, and 
supervision. All authors contributed to the article and approved the 
submitted version.

Funding

This study was supported by the National Institutes of Health 
(Nos. HL151497, AA23520, and, AA23035) to JR.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Aubert, J. F., Burnier, M., Waeber, B., Nussberger, J., and Brunner, H. R. (1987). 

Nicotine-induced release of vasopressin in the conscious rat - role of opioid-peptides 
and hemodynamic-effects. J. Pharmacol. Exp. Ther. 243, 681–685.

Behar, R. Z., Luo, W., McWhirter, K. J., Pankow, J. F., and Talbot, P. (2018). Analytical 
and toxicological evaluation of flavor chemicals in electronic cigarette refill fluids. Sci. 
Rep. 8:8288. doi: 10.1038/s41598-018-25575-6

Benowitz, N. L. III., and Jacob, P. (1984). Daily intake of nicotine during cigarette 
smoking. Clin. Pharmacol. Ther. 35, 499–504. doi: 10.1038/clpt.1984.67

Benowitz, N. L., Kuyt, F., Jacob, P. 3rd, Jones, R. T., and Osman, A. L. (1983). Cotinine 
disposition and effects. Clin. Pharmacol. Ther. 34, 604–611. doi: 10.1038/clpt.1983.222

Berkelhamer, S. K., Helman, J. M., Gugino, S. F., Leigh, N. J., Lakshminrusimha, S., 
and Goniewicz, M. L. (2019). In vitro consequences of electronic-cigarette flavoring 
exposure on the immature lung. Int. J. Environ. Res. Public Health 16:3635. doi: 10.3390/
ijerph16193635

Calder, R., Gant, E., Bauld, L., McNeill, A., Robson, D., and Brose, L. S. (2021). Vaping 
in pregnancy: a systematic review. Nicotine Tob. Res. 23, 1451–1458. doi: 10.1093/ntr/
ntab017

Carabulea, A. L., Janeski, J. D., Naik, V. D., Chen, K., Mor, G., and Ramadoss, J. (2023). 
A multi-organ analysis of the role of mTOR in fetal alcohol spectrum disorders. FASEB 
J. 37:e22897. doi: 10.1096/fj.202201865R

Easley, C. A., Ben-Yehudah, A., Redinger, C. J., Oliver, S. L., Varum, S. T., 
Eisinger, V. M., et al. (2010). mTOR-mediated activation of p70 S6K induces 

differentiation of pluripotent human embryonic stem cells. Cell. Reprogram. 12, 
263–273. doi: 10.1089/cell.2010.0011

FDA (2020). Vaporizers, e-cigarettes, and other electronic nicotine delivery systems. 
Available at: https://www.fda.gov/tobacco-products/products-ingredients-components/
vaporizers-e-cigarettes-and-other-electronic-nicotine-delivery-systems-
ends#references.

Frazier, J., Coblentz, T., Bruce, J., Nassabeh, S., Plants, R., Burrage, E., et al. (2021). 
Effect of E-liquid base solution (vegetable glycerin or propylene glycol) on aortic 
function in mice. FASEB J. 35. doi: 10.1096/fasebj.2021.35.S1.01638

Goniewicz, M. L., Knysak, J., Gawron, M., Kosmider, L., Sobczak, A., Kurek, J., et al. 
(2014). Levels of selected carcinogens and toxicants in vapour from electronic cigarettes. 
Tob. Control. 23, 133–139. doi: 10.1136/tobaccocontrol-2012-050859

Goniewicz, M. L., Kuma, T., Gawron, M., Knysak, J., and Kosmider, L. (2013). Nicotine 
levels in electronic cigarettes. Nicotine Tob. Res. 15, 158–166. doi: 10.1093/ntr/nts103

Hahn, J., Monakhova, Y. B., Hengen, J., Kohl-Himmelseher, M., Schüssler, J., Hahn, H., 
et al. (2014). Electronic cigarettes: overview of chemical composition and exposure 
estimation. Tob. Induc. Dis. 12:23. doi: 10.1186/s12971-014-0023-6

Hajek, P., Etter, J. F., Benowitz, N., Eissenberg, T., and McRobbie, H. (2014). Electronic 
cigarettes: review of use, content, safety, effects on smokers and potential for harm and 
benefit. Addiction 109, 1801–1810. doi: 10.1111/add.12659

Hernandez, A., Sonavane, M., Smith, K. R., Seiger, J., Migaud, M. E., and 
Gassman, N. R. (2022). Dihydroxyacetone suppresses mTOR nutrient signaling and 

https://doi.org/10.3389/fnins.2023.1217127
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41598-018-25575-6
https://doi.org/10.1038/clpt.1984.67
https://doi.org/10.1038/clpt.1983.222
https://doi.org/10.3390/ijerph16193635
https://doi.org/10.3390/ijerph16193635
https://doi.org/10.1093/ntr/ntab017
https://doi.org/10.1093/ntr/ntab017
https://doi.org/10.1096/fj.202201865R
https://doi.org/10.1089/cell.2010.0011
https://www.fda.gov/tobacco-products/products-ingredients-components/vaporizers-e-cigarettes-and-other-electronic-nicotine-delivery-systems-ends#references
https://www.fda.gov/tobacco-products/products-ingredients-components/vaporizers-e-cigarettes-and-other-electronic-nicotine-delivery-systems-ends#references
https://www.fda.gov/tobacco-products/products-ingredients-components/vaporizers-e-cigarettes-and-other-electronic-nicotine-delivery-systems-ends#references
https://doi.org/10.1096/fasebj.2021.35.S1.01638
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1093/ntr/nts103
https://doi.org/10.1186/s12971-014-0023-6
https://doi.org/10.1111/add.12659


Lee et al. 10.3389/fnins.2023.1217127

Frontiers in Neuroscience 09 frontiersin.org

induces mitochondrial stress in liver cells. PLoS One 17:e0278516. doi: 10.1371/journal.
pone.0278516

Hua, M., Omaiye, E. E., Luo, W., McWhirter, K. J., Pankow, J. F., and Talbot, P. (2019). 
Identification of cytotoxic flavor chemicals in top-selling electronic cigarette refill fluids. 
Sci. Rep. 9:2782. doi: 10.1038/s41598-019-38978-w

Kim, W. Y. (2015). Brain size is controlled by the mammalian target of rapamycin 
(mTOR) in mice. Commun. Integr. Biol. 8:e994377. doi: 10.4161/19420889.2014.994377

Krusemann, E. J. Z., Pennings, J. L. A., Cremers, J., Bakker, F., Boesveldt, S., and 
Talhout, R. (2020). GC-MS analysis of e-cigarette refill solutions: a comparison of 
flavoring composition between flavor categories. J. Pharm. Biomed. Anal. 188:113364. 
doi: 10.1016/j.jpba.2020.113364

Lawson, G. M., Hurt, R. D., Dale, L. C., Offord, K. P., Croghan, I. T., Schroeder, D. R., et al. 
(1998). Application of serum nicotine and plasma cotinine concentrations to assessment of 
nicotine replacement in light, moderate, and heavy smokers undergoing transdermal 
therapy. J. Clin. Pharmacol. 38, 502–509. doi: 10.1002/j.1552-4604.1998.tb05787.x

Lee, D. Y. (2015). Roles of mTOR signaling in brain development. Exp. Neurobiol. 24, 
177–185. doi: 10.5607/en.2015.24.3.177

Li, S., Guan, S., Wang, Y., Cheng, L., Yang, Q., Tian, Z., et al. (2019). Nicotine inhibits 
rapamycin-induced pain through activating mTORC1/S6K/IRS-1-related feedback 
inhibition loop. Brain Res. Bull. 149, 75–85. doi: 10.1016/j.brainresbull.2019.04.016

Li, Y., Song, A. M., Fu, Y., Walayat, A., Yang, M., Jian, J., et al. (2019). Perinatal nicotine 
exposure alters Akt/GSK-3beta/mTOR/autophagy signaling, leading to development of 
hypoxic-ischemic-sensitive phenotype in rat neonatal brain. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 317, R803–R813. doi: 10.1152/ajpregu.00218.2019

Li, Q., Zhan, Y., Wang, L., Leischow, S. J., and Zeng, D. D. (2016). Analysis of 
symptoms and their potential associations with e-liquids' components: a social media 
study. BMC Public Health 16:674. doi: 10.1186/s12889-016-3326-0

Liu, C. W., le, H. H. T., Denaro, P. III, Dai, Z., Shao, N. Y., Ong, S. G., et al. (2023). 
E-cigarettes induce dysregulation of autophagy leading to endothelial dysfunction in 
pulmonary arterial hypertension. Stem Cells 41, 328–340. doi: 10.1093/stmcls/sxad004

Liu, G. Y., and Sabatini, D. M. (2020). mTOR at the nexus of nutrition, growth, ageing 
and disease. Nat. Rev. Mol. Cell Biol. 21, 183–203. doi: 10.1038/s41580-019-0199-y

Liu, B., Xu, G., Rong, S., Santillan, D. A., Santillan, M. K., Snetselaar, L. G., et al. 
(2019). National estimates of e-cigarette use among pregnant and nonpregnant women 
of reproductive age in the United States, 2014-2017. JAMA Pediatr. 173, 600–602. doi: 
10.1001/jamapediatrics.2019.0658

Matta, S. G., Balfour, D. J., Benowitz, N. L., Boyd, R. T., Buccafusco, J. J., Caggiula, A. R., 
et al. (2007). Guidelines on nicotine dose selection for in  vivo research. 
Psychopharmacology 190, 269–319. doi: 10.1007/s00213-006-0441-0

Mejia, C., Lewis, J., Jordan, C., Mejia, J., Ogden, C., Monson, T., et al. (2017). 
Decreased activation of placental mTOR family members is associated with the 
induction of intrauterine growth restriction by secondhand smoke in the mouse. Cell 
Tissue Res. 367, 387–395. doi: 10.1007/s00441-016-2496-5

Mirzaa, G. M., Campbell, C. D., Solovieff, N., Goold, C., Jansen, L. A., Menon, S., et al. 
(2016). Association of MTOR mutations with developmental brain disorders, including 
megalencephaly, focal cortical dysplasia, and pigmentary mosaicism. JAMA Neurol. 73, 
836–845. doi: 10.1001/jamaneurol.2016.0363

Mohsenzadeh, Y., Rahmani, A., Cheraghi, J., Pyrani, M., and Asadollahi, K. (2014). 
Prenatal exposure to nicotine in pregnant rat increased inflammatory marker in 
newborn rat. Mediat. Inflamm. 2014, 1–5. doi: 10.1155/2014/274048

Moyer, T. P., Charlson, J. R., Enger, R. J., Dale, L. C., Ebbert, J. O., Schroeder, D. R., 
et al. (2002). Simultaneous analysis of nicotine, nicotine metabolites, and tobacco 
alkaloids in serum or urine by tandem mass spectrometry, with clinically relevant 
metabolic profiles. Clin. Chem. 48, 1460–1471. doi: 10.1093/clinchem/48.9.1460

Mu, S. H., Yuan, B. K., and Tan, L. H. (2020). Effect of gender on development of 
hippocampal subregions from childhood to adulthood. Front. Hum. Neurosci. 14:611057. 
doi: 10.3389/fnhum.2020.611057

National Center for Chronic Disease Prevention and Health Promotion. (2014). Office 
on smoking and health: reports of the surgeon general. The health consequences of 
smoking—50 years of progress: a report of the surgeon general. Atlanta, GA: Centers for 
Disease Control and Prevention.

Obisesan, O. H., Osei, A. D., Uddin, S. M. I., Dzaye, O., Cainzos-Achirica, M., 
Mirbolouk, M., et al. (2020). E-cigarette use patterns and high-risk behaviors in 
pregnancy: behavioral risk factor surveillance system, 2016-2018. Am. J. Prev. Med. 59, 
187–195. doi: 10.1016/j.amepre.2020.02.015

Ooi, B. G., Dutta, D., Kazipeta, K., and Chong, N. S. (2019). Influence of the e-cigarette 
emission profile by the ratio of glycerol to propylene glycol in e-liquid composition. ACS 
Omega 4, 13338–13348. doi: 10.1021/acsomega.9b01504

Orzabal, M. R., Lunde-Young, E. R., Ramirez, J. I., Howe, S. Y. F., Naik, V. D., Lee, J., et al. 
(2019). Chronic exposure to e-cig aerosols during early development causes vascular dysfunction 
and offspring growth deficits. Transl. Res. 207, 70–82. doi: 10.1016/j.trsl.2019.01.001

ORZABAL, M. R., NAIK, V. D., LEE, J., HILLHOUSE, A. E., BRASHEAR, W. A., 
THREADGILL, D. W., et al. (2022). Impact of E-cig aerosol vaping on fetal and neonatal 
respiratory development and function. Transl. Res. 246, 102–114. doi: 10.1016/j.
trsl.2022.03.009

Orzabal, M. R., Naik, V. D., Lee, J., Wu, G., and Ramadoss, J. (2021). Impact of 
gestational electronic cigarette vaping on amino acid signature profile in the pregnant 
mother and the fetus. Metabol. Open. 11:100107. doi: 10.1016/j.metop.2021.100107

Orzabal, M., and Ramadoss, J. (2019). Impact of electronic cigarette aerosols on 
pregnancy and early development. Curr. Opin. Toxicol. 14, 14–20. doi: 10.1016/j.
cotox.2019.05.001

Qu, Y., Kim, K. H., and Szulejko, J. E. (2018). The effect of flavor content in e-liquids 
on e-cigarette emissions of carbonyl compounds. Environ. Res. 166, 324–333. doi: 
10.1016/j.envres.2018.06.013

Regan, A. K., and Pereira, G. (2021). Patterns of combustible and electronic cigarette 
use during pregnancy and associated pregnancy outcomes. Sci. Rep. 11:13508. doi: 
10.1038/s41598-021-92930-5

Russell, M. A., Jarvis, M., Iyer, R., and Feyerabend, C. (1980). Relation of nicotine yield 
of cigarettes to blood nicotine concentrations in smokers. Br. Med. J. 280, 972–976. doi: 
10.1136/bmj.280.6219.972

Sabrina Rahman Archie, A. E. S., Zhang, Y., Villalba, H., Sharma, S., Nozohouri, S., 
and Abbruscato, T. J. (2023). Maternal e-cigarette use can disrupt postnatal blood-brain 
barrier (BBB) integrity and deteriorates motor, learning and memory function: influence 
of sex and age. Fluids Barriers CNS 20:17. doi: 10.1186/s12987-023-00416-5

Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism, and 
disease. Cells 168, 960–976. doi: 10.1016/j.cell.2017.02.004

Schmidt, S. (2020). E-cigarette aerosols and the brain: behavioral and 
neuroinflammatory changes in prenatally exposed adult mice. Environ. Health Perspect. 
128:104005. doi: 10.1289/EHP7315

Sifat, A. E., Nozohouri, S., Villalba, H., al Shoyaib, A., Vaidya, B., Karamyan, V. T., et al. 
(2020). Prenatal electronic cigarette exposure decreases brain glucose utilization and 
worsens outcome in offspring hypoxic-ischemic brain injury. J. Neurochem. 153, 63–79. 
doi: 10.1111/jnc.14947

Smith, T. T., Heckman, B. W., Wahlquist, A. E., Cummings, K. M., and Carpenter, M. J. 
(2020). The impact of e-liquid propylene glycol and vegetable glycerin ratio on ratings 
of subjective effects, reinforcement value, and use in current smokers. Nicotine Tob. Res. 
22, 791–797. doi: 10.1093/ntr/ntz130

Suzuki, K., Minei, L. J., and Johnson, E. E. (1980). Effect of nicotine upon uterine 
blood-flow in the pregnant Rhesus-monkey. Am. J. Obstet. Gynecol. 136, 1009–1013. doi: 
10.1016/0002-9378(80)90628-6

Szwed, A., Kim, E., and Jacinto, E. (2021). Regulation and metabolic functions of 
mTORC1 and mTORC2. Physiol. Rev. 101, 1371–1426. doi: 10.1152/physrev.00026.2020

Talih, S., Balhas, Z., Eissenberg, T., Salman, R., Karaoghlanian, N., el Hellani, A., et al. 
(2015). Effects of user puff topography, device voltage, and liquid nicotine concentration 
on electronic cigarette nicotine yield: measurements and model predictions. Nicotine 
Tob. Res. 17, 150–157. doi: 10.1093/ntr/ntu174

Wagener, T. L., Floyd, E. L., Stepanov, I., Driskill, L. M., Frank, S. G., Meier, E., et al. 
(2017). Have combustible cigarettes met their match? The nicotine delivery profiles and 
harmful constituent exposures of second-generation and third-generation electronic 
cigarette users. Tob. Control. 26, e23–e28. doi: 10.1136/tobaccocontrol-2016-053041

Wagner, N. J., Camerota, M., and Propper, C. (2017). Prevalence and perceptions of 
electronic cigarette use during pregnancy. Matern. Child Health J. 21, 1655–1661. doi: 
10.1007/s10995-016-2257-9

Walayat, A., Li, Y., Zhang, Y., Fu, Y., Liu, B., Shao, X. M., et al. (2021). Fetal e-cigarette 
exposure programs a neonatal brain hypoxic-ischemic sensitive phenotype via altering 
DNA methylation patterns and autophagy signaling pathway. Am. J. Physiol. Regul. 
Integr. Comp. Physiol. 321, R791–R801. doi: 10.1152/ajpregu.00207.2021

Wu, C., Yang, M., Liu, R., Hu, H., Ji, L., Zhang, X., et al. (2020). Nicotine reduces 
human brain microvascular endothelial cell response to Escherichia coli K1 infection by 
inhibiting autophagy. Front. Cell. Infect. Microbiol. 10:484. doi: 10.3389/fcimb.2020.00484

Yagi, S., and Galea, L. A. M. (2019). Sex differences in hippocampal cognition and 
neurogenesis. Neuropsychopharmacology 44, 200–213. doi: 10.1038/s41386-018-0208-4

Yang, H., Rudge, D. G., Koos, J. D., Vaidialingam, B., Yang, H. J., and Pavletich, N. P. 
(2013). mTOR kinase structure, mechanism and regulation. Nature 497, 217–223. doi: 
10.1038/nature12122

Zarogoulidis, P., Lampaki, S., Turner, J. F., Huang, H., Kakolyris, S., Syrigos, K., et al. 
(2014). mTOR pathway: a current, up-to-date mini-review (review). Oncol. Lett. 8, 
2367–2370. doi: 10.3892/ol.2014.2608

Zhenyukh, O., González-Amor, M., Rodrigues-Diez, R. R., Esteban, V., 
Ruiz-Ortega, M., Salaices, M., et al. (2018). Branched-chain amino acids promote 
endothelial dysfunction through increased reactive oxygen species generation and 
inflammation. J. Cell. Mol. Med. 22, 4948–4962. doi: 10.1111/jcmm.13759

https://doi.org/10.3389/fnins.2023.1217127
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0278516
https://doi.org/10.1371/journal.pone.0278516
https://doi.org/10.1038/s41598-019-38978-w
https://doi.org/10.4161/19420889.2014.994377
https://doi.org/10.1016/j.jpba.2020.113364
https://doi.org/10.1002/j.1552-4604.1998.tb05787.x
https://doi.org/10.5607/en.2015.24.3.177
https://doi.org/10.1016/j.brainresbull.2019.04.016
https://doi.org/10.1152/ajpregu.00218.2019
https://doi.org/10.1186/s12889-016-3326-0
https://doi.org/10.1093/stmcls/sxad004
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.1001/jamapediatrics.2019.0658
https://doi.org/10.1007/s00213-006-0441-0
https://doi.org/10.1007/s00441-016-2496-5
https://doi.org/10.1001/jamaneurol.2016.0363
https://doi.org/10.1155/2014/274048
https://doi.org/10.1093/clinchem/48.9.1460
https://doi.org/10.3389/fnhum.2020.611057
https://doi.org/10.1016/j.amepre.2020.02.015
https://doi.org/10.1021/acsomega.9b01504
https://doi.org/10.1016/j.trsl.2019.01.001
https://doi.org/10.1016/j.trsl.2022.03.009
https://doi.org/10.1016/j.trsl.2022.03.009
https://doi.org/10.1016/j.metop.2021.100107
https://doi.org/10.1016/j.cotox.2019.05.001
https://doi.org/10.1016/j.cotox.2019.05.001
https://doi.org/10.1016/j.envres.2018.06.013
https://doi.org/10.1038/s41598-021-92930-5
https://doi.org/10.1136/bmj.280.6219.972
https://doi.org/10.1186/s12987-023-00416-5
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1289/EHP7315
https://doi.org/10.1111/jnc.14947
https://doi.org/10.1093/ntr/ntz130
https://doi.org/10.1016/0002-9378(80)90628-6
https://doi.org/10.1152/physrev.00026.2020
https://doi.org/10.1093/ntr/ntu174
https://doi.org/10.1136/tobaccocontrol-2016-053041
https://doi.org/10.1007/s10995-016-2257-9
https://doi.org/10.1152/ajpregu.00207.2021
https://doi.org/10.3389/fcimb.2020.00484
https://doi.org/10.1038/s41386-018-0208-4
https://doi.org/10.1038/nature12122
https://doi.org/10.3892/ol.2014.2608
https://doi.org/10.1111/jcmm.13759

	Impact of e-cigarette vaping aerosol exposure in pregnancy on mTOR signaling in rat fetal hippocampus
	Introduction
	Materials and methods
	Animals
	E-cig vaping
	Fetal brain and hippocampal isolation
	Immunoblotting
	Immunofluorescence
	Statistics

	Results
	Discussion
	Gestational e-cig vaping alters fetal hippocampal mTOR
	E-cig vaping has an impact on both mTORC1 and mTORC2 signaling pathways
	E-cig alters the proteins that complex with mTOR
	The role of nicotine component of e-cig vape juice in developmental adaptations
	Perspectives and significance

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

