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Decreased activation of placental mTOR family members
is associated with the induction of intrauterine growth restriction
by secondhand smoke in the mouse
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Abstract Cigarette smoke is known to be a risk for the de-
velopment of intrauterine growth restriction (IUGR). Our ob-
jective was to assess the effects of secondhand smoke (SHS)
during pregnancy and to what extent it regulates the activation
of mTOR family members and murine trophoblast invasion.
Mice were treated to SHS for 4 days. Placental and fetal
weights were recorded at the t ime of necropsy.
Immunohistochemistry was used to determine the level of
placental trophoblast invasion. Western blots were utilized to
assess the activation of caspase 3, XIAP, mTOR, p70 and
4EBP1 in treated and control placental lysates. As compared
to controls, treated animals showed: (1) decreased placental
(1.4-fold) and fetal (2.3-fold) weights (p < 0.05); (2) decreased
trophoblast invasion; (3) significantly decreased active cas-
pase 3 (1.3-fold; p < 0.02) and increased active XIAP (3.6-
fold; p < 0.05) in the placenta; and (4) a significant decrease
in the activation of placental mTOR (2.1-fold; p < 0.05), p70
(1.9-fold; p < 0.05) and 4EBP1 (1.3-fold; p < 0.05).
Confirmatory in vitro experiments revealed decreased tropho-
blast invasion when SW71 cells were treated with 0.5 or 1.0 %
cigarette smoke extract (CSE). Similar to primary smoking,
SHSmay induce IUGR via decreased activation of the mTOR
family of proteins in the placenta. Increased activation of the
placental XIAP protein could be a survival mechanism for
abnormal trophoblast cells during SHS exposure. Further,

CSE reduced trophoblast invasion, suggesting a direct causa-
tive effect of smoke on susceptible trophoblast cells involved
in IUGR progression. These results provide important insight
into the physiological consequences of SHS exposure and
smoke-mediated placental disease.
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Introduction

Intrauterine growth restriction (IUGR) is a significant compli-
cation of pregnancy that affects up to 10 % of all pregnancies
and significantly increases risks of fetal and neonatal morbid-
ity and mortality (Brar and Rutherford 1988; Gray et al. 1999;
Pollack and Divon 1992). Complications observed in IUGR
patients include perinatal hypoxia and asphyxia, cerebral pal-
sy and persistent pulmonary hypertension of the newborn
(Galan 2011; Galan et al. 2005; Jacobsson and Hagberg
2004; Rosenberg 2008). In addition, several studies have re-
ported a long-term sequelae of IUGR complications, includ-
ing adult hypertension, heart disease, stroke and diabetes
(Barker 1993; Barker et al. 1993; Holemans et al. 1993;
Phipps et al. 1993; Reusens-Billen et al. 1989). Placentae from
growth-restricted pregnancies are characterized by a number
of pathologic findings such as reduced syncytiotrophoblast
surface area, decreased trophoblast invasion possibly due to
elevated apoptosis and increased mTOR protein (Hung et al.
2002; Ishihara et al. 2002; Levy and Nelson 2000; Mayhew
et al. 2003; Smith et al. 1997).

Cigarette smoking during pregnancy is associated with a
number of serious obstetric complications including increased
rates of spontaneous abortion, premature delivery and IUGR
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(Arffin et al. 2012). In fact, research suggests that prenatal
nicotine exposure could affect the fetal central nervous sys-
tem, brain development and increase infant mortality rates
(Guan et al. 2009; Wahabi et al. 2013). Exogenous antenatal
exposure is also associated with the adult onset of diabetes and
hypertension (Wahabi et al. 2013). In contrast to studies of
direct smoking during pregnancy, studies detailing effects of
secondhand smoke (SHS) during pregnancy are limited.
Currently, there is conflicting information about the induction
of IUGR by SHS. A correlation was demonstrated between
SHS and the induction of IUGR in a recent study conducted
by Whabi et al. (2013). Linkages between IUGR and tobacco
exposure likely exist despite earlier studies that did not detect
a correlation between IUGR and pregnant women exposed to
smoke (Subramoney et al. 2010; Wahabi et al. 2013).

While the exact correlation between SHS and IUGR re-
mains to be determined, research has revealed that many
harmful constituents found in SHS readily exchange between
the mother and the developing fetus. Nicotine’s ability to cross
the placenta is a well-known phenomenon, as is the induction
of localized hypoxia in fetuses exposed to tobacco smoke
(Dempsey and Benowitz 2001). In the sheep model, studies
showed that infusion of low-dosage nicotine leads to fetal
hypoxia and elevated fetal blood pressure without affecting
maternal blood gases or cardiovascular systems (Guan et al.
2009). Studies further suggested that SHS significantly in-
creases the risk for spontaneous abortion, preterm delivery,
sudden infant death syndrome (SIDS) and still birth
(Dempsey and Benowitz 2001; Khader et al. 2011;
Subramoney et al. 2010). Commonality exists such that these
studies and others suggest a vulnerability of the fetus to the
effects of tobacco smoke.

The mammalian target of rapamycin (mTOR) protein is
a phosphatidylinositol kinase-regulated protein kinase that
regulates cell growth in response to nutritive insults and
growth factors (Blume-Jensen and Hunter 2001; Jansson
et al. 2006; Volarevic and Thomas 2001; Wullschleger
et al. 2006). Downstream effectors in the mTOR pathway
include the 70-kDa ribosomal protein S6kinase 1
(p70S6K) and the eukaryotic translation initiation factor
4E-binding protein 1 (4EBP1; Roos et al. 2007; Volarevic
and Thomas 2001). Activation through the phosphoryla-
tion of these intermediate proteins by mTOR is known to
regulate translation initiation and protein synthesis of nu-
merous targets (Blume-Jensen and Hunter 2001; Patti
et al. 1998). Regulation of mTOR and p70S6K activity
is mediated by phosphatidylinositol-3 kinase/AKT signal-
ing (Chung et al. 1997; Ming et al. 1994; Wen et al.
2005). Under physiologic conditions, the activation of
p70S6K is also mediated by the induction of the extracel-
lular regulated kinase (ERK) pathway (Eguchi et al. 1999;
Iijima et al. 2002). In the human placenta, mTOR has
been localized to syncytiotrophoblast cells, suggesting a

role for this protein in nutrient sensing during pregnancy
(Aiko et al. 2002).

Studies have shown that total mTOR protein in the
placenta is increased in human IUGR, whereas placental
phospho (p)-p70S6K protein is down-regulated during the
progression of IUGR. Despite a clear necessity for further
research, these data suggest diverse mechanistic effects
potentially required for the regulation of target proteins
during IUGR.

An increase of placental apoptosis is observed during
IUGR (Ishihara et al. 2002). The X-linked inhibitor of apo-
ptosis protein (XIAP) is a factor that knocks down proteins
that regulate cell death (Holcik and Korneluk 2001; Li et al.
2000; Suzuki et al. 2001). This protein is present in tropho-
blast throughout placental development but its expression is
significantly decreased near term when apoptosis is maximal
highlighting a role for this protein in the temporal regulation
of trophoblast apoptosis (Gruslin et al. 2001). Abrogation of
apoptosis via XIAP signaling relies on the inhibition of
caspases 3, 7 and 9 (Suzuki et al. 2001). Thus, controlling
the activity of pro-apoptotic caspases appears to be essential
for precisely balancing cell death and survival. Studies have
recently shown that XIAP expression is decreased near term
during hyperthermia-induced IUGR suggesting elevated apo-
ptosis is likely to occur through the mediation of XIAP
(Arroyo et al. 2008). However, the expression profile of
XIAP in both the placenta and mesometrial compartment dur-
ing IUGR has yet to be elucidated.

This study sought to better understand the effects of SHS
during hemochorial placentation. Utilization of the murine
model provided an essential tool to better evaluate trophoblast
biology in the uterine mesometrial compartment, the potential
impact of mTOR signaling and apoptotic profiles in the con-
text of SHS exposure.

Materials and methods

Animals and tissue preparation

Animal use was approved by the Institutional Animal
Care and Use Committee at Brigham Young University.
C57 Black 6 (C57BL/6) mice were purchased from
Charles River Laboratories, Wilmington, MA, USA. To
obtain timed pregnancies, females were caged with males
overnight. Placentae and mesometrial compartments were
dissected from pregnant mice at 18.5 days of gestation
(dGA). Placentae and fetuses were weighed and tissues
were snap frozen in liquid nitrogen for protein analysis.
Whole conceptuses were frozen in dry ice-cooled heptane
for immunohistochemistry analysis. All tissue samples
were stored at −80 °C until used.
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Secondhand smoke treatment (SHS)

The generation of the IUGR pregnancy occurred following
exposure of pregnant mice (n = 7) to SHS conditions as pre-
viously shown byWinden et al. (W2014). Pregnant mice were
placed in the nose-only Scireq InExpose cigarette-smoking
robot starting at day 14.5 dGA and exposed for 4 days with
necropsy at 18.5 dGA. To induce IUGR, pregnant mice were
placed in soft restraints and connected to an exposure tower,
wherein a computer-controlled puff of smoke generated every
minute resulted in 10 s of SHS exposure (from six cigarettes;
2R1; University of Kentucky, Lexington, KY, USA) followed
by 50 s of room air (fresh air) daily to induce IUGR. This
procedure was done daily for 10 min during the time of treat-
ment. Control animals (n = 7) were placed in soft restraints
and exposed only to room air daily for 10 min.

Immunofluorescence (IF)

Immunofluorescence (IF) was performed on frozen whole
conceptus sections. In summary, slides were washed in a 1×
Tris buffer solution (TBS) and blocked with Background
Sniper (Biocare Medical, Concord, CA, USA) for 1 h. This
was followed by incubation overnight with a primary antibody
for Cytokeratin 7 (Dako, Carpinteria, CA, USA). Slides were
then incubated for 1 h with donkey anti-mouse TR (Biocare
Medical). 4’,6-diamidino-2-phenylindole, dihydrochloride
(DAPI) was used for counterstaining prior to mounting with
glass coverslips. Slides were viewed using a Texas Red exci-
tation and emission filter.

Western blot analysis

Western blot analysis was used to determine expression levels
of active caspase 3, active XIAP and the mTOR family of
proteins in the placenta of control and SHS animals as previ-
ously described (Arroyo et al. 2009). Cell lysates (50 μg) were
separated on 4–12 % Bis-Tris gels and transferred to nitrocel-
lulose membranes. Membranes were incubated with antibod-
ies against cleaved caspase 3, phospho-XIAP, phospho-

mTOR (Ser2448), total mTOR, phospho-p70 S6 kinase
(SK6) (Thr389), total p70SK6, phospho-4EBP1 (Thr37/46),
and total 4EBP1 (all from Cell Signaling Technology,
Danvers, MA, USA; excluding total p70 from Epitomics,
Burlingame, CA, USA and phospho-XIAP from Abcam,
Cambridge,MA, USA).Membranes were then incubated with
a secondary horseradish peroxidase (HRP)-conjugated anti-
body for 1 h at room temperature. The membranes were incu-
bated with ECL substrate and the emission of light was de-
tected using x-ray film. To determine loading consistencies,
each membrane was stripped and reprobed with an antibody
against mouse β actin (Sigma Aldrich, St. Louis, MO, USA).
Expression levels of the proteins were quantified by densitom-
etry normalized to β actin expression and changes in expres-
sion were reported by comparing to the untreated controls.

Invasive trophoblast cell culture and cigarette smoke
extract (CSE)

A first-trimester cytotrophoblast cell line Sawn71 (SW71;
n = 9) was used for invasive cytotrophoblast studies.
SW71cells were maintained and cultured in RPMI medium
(Mediatech, Manassas, VA, USA). Cell medium was supple-
mented with 10 % fetal bovine serum (FBS) and 1 % penicil-
lin and streptomycin. CSE was generated as previously de-
scribed by Reynolds et al. (2006). The solution was generated
as follows: two 2RF4 research cigarettes (University of
Kentucky) were continuously smoked with a vacuum pump
into 20 ml of RPMI medium (Mediatech). The smoke-
bubbled medium was filtered through a 0.22-μm filter to re-
move large particles. The resulting medium was defined as
100 % CSE. The total particulate matter content of 2RF4
cigarettes is 11.7 mg/cigarette, tar 9.7 mg/cigarette and nico-
tine 0.85 mg/cigarette. Dilutions were made using DMEM
medium to a concentration of 10 % CSE.

Cell treatments

SW71 cells were detached and 20,000 cells/ml were incubated
in 2 % FBS medium alone or medium supplemented with

Fig. 1 Placental and fetal weight
differences during secondhand
smoke exposure. A significant
decrease in placental (a 1.4-fold;
p < 0.0003) and fetal weights (b
2.3-fold; p < 0.0002) was
observed in SHS-treated animals
as compared to controls
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0.5 %, or 1.0 % CSE for 24 h (Reynolds et al. 2006, 2008).
Real time cell invasion was determined following these
treatments.

Real time cell invasion determination

An xCELLigence was utilized to determine real time invasion
of trophoblast cells (Keogh 2010; Rahim and Uren 2011).
Invasion was assessed in 16-well CIM-Plates (n = 9)

composed of an upper and lower chamber, each containing
16 wells. The top wells were coated with a 1:40 matrigel
concentration and incubated for 4 h. Trophoblast cells were
plated in the top chamber at a concentration of 20,000 cells/
well in 2 % FBS RPMI in a total volume of 100 μL in the
presence or absence of CSE (0.5 or 1.0 %). The bottom cham-
ber wells were filled with 160 μL of 10 % FBS RPMI. The
cells were then placed in the RTCA DP instrument and inva-
sion readings were done every 15 min for 5 h.

Statistical analysis

Results were checked for normality and data were shown
as means ± SE. Mann–Whitney tests were used to com-
pare weights, protein expression and invasion indexes.
Significant differences between groups were noted at
p < 0.05.

�Fig. 2 Trophoblast invasion and apoptosis during SHS induces IUGR.
a–c CK7 IHC showed decreased trophoblast invasion into the uterine
mesometrial compartment of treated animals (a) as compared to
controls (b). Samples were also compared to the negative control (c). d
Active caspase 3 was increased (1.3-fold; p < 0.02) with SHS in the
placenta of treated animals as compared to controls. e Phospho-XIAP
was significantly increased (3.6-fold; p < 0.05) in the placenta of SHS-
treated animal as compared to controls

Fig. 3 Placental mTOR (a), p70
(b) and 4EBP1 (c) proteins during
SHS-induced IUGR. A
characteristic western blot picture
is presented for each molecule.
There were significant decreases
in mTOR, p70 and 4EBP1
activation (2.1-fold, 1.9-fol, 1.3-
fold; p < 0.05) in the placenta
following SHS treatment
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Results

Fetal and placental weights

Decreased fetal and placental weights are characteristics of
IUGR. We initially investigated the effects of SHS on placen-
tal and fetal weights after SHS treatment of near-term mice
(18 days of gestation; dGA) for 4 days. There was a significant
1.4-fold reduction in placental weight (p < 0.0003) and a 2.3-
fold reduction in fetal weight (p < 0.0002) in SHS exposed
mice compared to room air controls (Fig. 1a, b). These data
implicate SHS in fetal and placental weight deviations coinci-
dent with IUGR.

Trophoblast invasion and apoptosis

We next investigated trophoblast invasion and placental apo-
ptosis following antenatal SHS treatment. IF for cytokeratin 7
(CK7) was utilized to localize trophoblast cells within the
mesometrial compartment of pregnant mice. There was de-
creased invasion of trophoblast cells into the mesometrial
compartment in the SHS treated animals (Fig. 2b) when com-
pared to controls (Fig. 2a). The no-primary negative staining
control is also presented in Fig. 2c. Immunoblotting for active
caspase 3 was next performed in order to determine apoptosis
in the placenta. We found a 1.3-fold (p < 0.02) decrease in
placental active caspase 3 in SHS animals when compared
to controls (Fig. 2d). In contrast, we observed a significant
increase (3.6-fold; p < 0.05) in phospho (active) XIAP, an in-
hibitor of caspase 3 activation (Fig. 2e). Our results suggest
that SHS is likely involved in decreased trophoblast invasion

and elevated XIAP-mediated apoptosis observed in this model
of IUGR.

MTOR family of proteins in the placenta

The mTOR family of proteins has been shown to regulate cell
growth during altered availability of nutrients (Roos et al.
2007). Previous results revealed increased placental mTOR
expression during IUGR (Knuth et al. 2014). Accordingly,
we next investigated the expression of the active mTOR fam-
ily of proteins in the placenta in the context of SHS exposure.
Placental expression of active mTOR (2.1-fold; p < 0.05), ac-
tive p70 (1.9-fold; pp0.05) and active 4EBP1 (1.3-fold;
p < 0.05) were significantly decreased in SHS exposed ani-
mals compared to controls (Fig. 3a–c). These data suggested
a correlation exists between SHS-induced IUGR and de-
creased activation of placental mTOR family members.

Trophoblast invasion and CSE

Nicotine is known to be a risk factor for IUGR (Detmar et al.
2008). A hallmark of IUGR is decreased trophoblast invasion
(Arroyo andWinn 2008). Published reports have already dem-
onstrated enhanced cell invasion in both cancer and tropho-
blast cells following CSE exposure (Dasgupta et al. 2009;
Kraus et al. 2014). We therefore wanted to quantitatively de-
termine the direct effects of CSE on trophoblast invasion in
culture. As expected, trophoblast invasion was significantly
decreased when cells were treated with 0.5 % (5.9-fold;
p < 0.02), or 1.0 %(6.0-fold; p < 0.02) CSE when compared
to cells incubated in fresh media alone (Fig. 4).

Discussion

IGUR remains one of the leading causes of fetal mortality.
Research in the recent past has focused on diverse factors
including maternal exposure to primary tobacco smoke; how-
ever, very little is known in relation to the effects of second-
hand smoke during pregnancy. Pointing to the robustness of
involuntary smoke exposure, we discovered that a second-
hand smoke model of IUGR in the mouse resulted in signifi-
cant reductions in both fetal and placental weights that coin-
cided with decreased trophoblast invasion. These data were
supported by recent work by Vivarigou et al. that highlighted
birth size deviations while the number of conceptuses were
not affected (Mund et al. 2013; Varvarigou et al. 2009). In fact,
our work involving secondhand smoke exposure suggests
that, like primary smoking, exposure to SHS is also capable
of inducing IUGR (Esposito et al. 2008).

An interesting discovery related to the decreased activation
of the pro-apoptotic molecule caspase 3, a finding that poten-
tially sheds light on a plausible mechanistic driver of the

Fig. 4 CSE treatment and trophoblast invasion. Cell invasion was
decreased with either 0.5 % (5.9-fold%; p < 0.02), or 1.0 % (6.0-fold%;
p < 0.02) CSE treatment in cultured trophoblast cells
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IUGR phenotypes we observed. Increased activity of caspase
3 was expected as activation of placental caspase 3 has already
been shown to be involved in the development of IUGR
(Arroyo et al. 2008, 2010; Kimball et al. 2015). Further,
XIAP protein was also augmented in our exposed animals,
which was also anticipated due to its effects in the regulation
of caspase 3. Reports have shown that XIAP protein is differ-
entially regulated in diverse models of placental disease in-
cluding hypoxia and exposure to polycyclic aromatic hydro-
carbons (Detmar et al. 2008; Jeon et al. 2013). Even more
interesting is the recent discovery that nicotine treatment of
cultured cells confers protection from excessive apoptosis,
suggesting a complex mechanism of cellular apoptosis down-
stream of the addictive nicotine and the wide array of other
noxious agents that destroy tissue integrity (Dasgupta et al.
2006). In the current model of IUGR, we observed increased
XIAP protein in the placenta of SHS-treated animals when
compared to controls. This suggested that perhaps increased
XIAP is involved in the negative modulation of active caspase
3, potentially as a trophoblast survival mechanism during
treatment with SHS.

Decreased nutrient availability and diminished expression
of mTOR family members in the placenta are observed during
the development of IUGR (Arroyo et al. 2009; Jansson et al.
2006, 2012; Knuth et al. 2014; Roos et al. 2007, 2009; Ross
et al. 1996). In the current report, SHS decreased the activation
of mTOR protein and the secondary messengers p70 and
4EBP1. This suggests that mTOR signaling may be a com-
mon pathway, among others, that drives the nutritional aspect
of the IUGR phenotype. Recently published work by our lab-
oratory demonstrated a role for mTOR in trophoblast invasion
(Knuth et al. 2014). Since SHS caused decreased trophoblast
invasion and decreased mTOR activity in vivo, confirmatory
studies in vitro were undertaken in order to dissect the inva-
sive properties of trophoblast cells in culture. We observed
that trophoblasts treated with CSE had decreased invasion in
culture. These data implicated tobacco smoke in the control of
trophoblast invasion and confirmed the work of others that
demonstrated CSE pathways in the orchestration of pre-
eclampsia and fetal growth restriction (Ahmed 2014).
Additional work in the near future should aim to test the hy-
pothesis that mechanistic control of decreased invasion is due
in part to decreased mTOR activation during SHS treatment.

SHS exposure is a very common occurrence but the con-
sequences of SHS during pregnancy are not well established.
In fact, this is the first report that establishes an in vivo corre-
lation between SHS and the mTOR pathway as a mechanism
for the development of IUGR disease. Accordingly, these data
clarify the need to discern mTOR-mediated placental abnor-
malities that likely confer complications that may reemerge in
adulthood (Arroyo and Winn 2008). For instance, alterations
in the expression and activity of nutrient transporters in affect-
ed placentae may not only restrict fetal growth but

compromise other mTOR regulated processes including post
natal growth, maturation and aging (Arroyo et al. 2009; Roos
et al. 2007, 2009; Ross et al. 1996). As cigarette smoke expo-
sure correlates with the development of IUGR, a more robust
evaluation of mTOR and its temporal effects during gestation
and after birth is necessary (Milnerowicz-Nabzdyk and Bizon
2014; Triche and Hossain 2007). For instance, Milnerowicz-
Nabzdyk and Bizon (2014) further speculated that different
chemical fractions of smoke may be more centrally involved
in the development of general IUGR as compared to idiopath-
ic IUGR. This phenomenon may explain why differences in
mTOR activation are observed in the various models of IUGR
present in the literature today (Arroyo et al. 2009; Kimball
et al. 2015; Roos et al. 2007, 2009; Ross et al. 1996). In the
end, future studies that investigate downstream signaling mol-
ecules associated with decreased mTOR and those that seek to
elucidate mechanisms of decreased invasion during SHS-
induced IUGR are critically necessary. These undertakings
are of vital importance, as they should provide new therapeu-
tic avenues that could help in the alleviation of IUGR symp-
toms and thus improve fetal health.
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