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ABSTRACT

We previously demonstrated that cigarette smoke (CS)
exposure decreases primordial follicle counts and induces
autophagy in ovarian granulosa cells in preference to apoptosis.
Therefore, the objective of this study was to investigate
molecular targets underlying smoke-induced activation of the
reparative autophagy pathway in the ovary. Briefly, ovarian
homogenates were prepared from adult female mice exposed to
mainstream CS twice daily for 8 wk, using a whole-body
exposure system. A gene array revealed that CS exposure
induced a greater than 2-fold significant increase in the
expression of proautophagic genes Cdkn1b, Map1lc3a, Bad,
and Sqstm1/p62. A significant increase in Prkaa2, Pik3c3, and
Maplc31b expression, as well as a significant decrease in Akt1
and Mtor expression, was detected by quantitative PCR. The 50-
AMP-activated protein kinase catalytic subunit (AMPK) alpha1 +
alpha2 and ATG7 protein expression was significantly increased,
whereas AKT1, mTOR, CDKN1B/p27, and CXCR4 proteins were
significantly decreased in CS exposed versus control ovaries. Up-
regulation of AMPK alpha1 + alpha2, a known initiator of
autophagic signaling, and ATG7 further suggests activation of
the autophagy cascade. Two prosurvival factors, AKT and
mTOR, were decreased in expression, an outcome that favors
induction of the autophagy pathway, whereas decreased levels
of CDKN1B is suggestive of cell cycle dysregulation. In
summary, our data suggest that CS exposure induces ovarian
follicle loss through induction of the autophagic cascade via the
AMPK pathway together with inhibition of antiautophagic
markers AKT and mTOR. We further postulate that toxicant-
induced dysregulation of reparative autophagy is a novel
pathway central to impaired follicle development and subfertil-
ity.

autophagy, cell death, cigarette smoke, ovarian function

INTRODUCTION

Although the hazardous effects of cigarette smoke (CS) to
the respiratory and cardiovascular systems have been well
documented [1, 2], the effects on reproductive health and the
reproductive tract specifically are less well defined. Shorter

menstrual cycles, lower circulating concentrations of estradiol
[3], decreased fertility rates, and early-onset menopause have
been documented in women who smoke compared with
nonsmokers [4]. Moreover, longer time to pregnancy, reduced
success rates with assisted reproductive technology, altered
ovarian steroidogenesis, depleted ovarian follicle reserve,
impaired oocyte function and viability, and earlier mean age
of menopause have all been documented in women who smoke
versus nonsmokers [5–24], each of which has enormous
emotional, financial, and health consequences. Although
cigarette smoking is declining in men, the number of women
and teenage girls who smoke is increasing. Globally,
approximately 250 million women are daily smokers [25]
and 30% of women of reproductive age in the United States are
smokers [26, 27], whereas in Canada approximately 17% of
Canadian women are current smokers, smoking an average of
14.0 cigarettes per day [28, 29]. Regrettably, most women
remain unaware of the adverse effects of cigarette smoking on
fertility and ovarian function [30].

Cigarette smoking in humans [19, 20, 24] and CS exposure
in mice [31, 32] deplete the primordial follicle population. We
previously demonstrated decreased primordial follicle counts
coupled with oxidative stress and granulosa cell autophagy in
mice exposed to CS at concentrations representative of those
for women who smoke [24, 31, 33]. Contrary to our
expectations, follicle loss was not associated with increased
apoptosis, as shown by an absence of an effect on TUNEL
staining, DNA laddering, and activated caspase-3, or caspase-8
and caspase-9 expression, compared with controls [31]. Rather,
CS exposure induced oxidative stress in the ovary together
with increased expression of Beclin-I and microtubule-
associated protein-I light chain 3 (LC3), markers of autophagy.
Increased numbers of autophagolysosomes in the granulosa
cells of follicles from mice exposed to CS compared with
control mice have also been demonstrated [33]. Taken together,
we suggest that CS exposure causes follicle loss through
induction of mitochondrial dysfunction, leading to oxidative
stress and activation of autophagy (self-digestion), a novel
alternative/accessory cell death pathway that is relatively
unexplored in the ovary.

Autophagy is an intracellular mechanism whereby damaged
organelles and proteins are degraded and recycled by the cell
itself to ultimately protect the cell [34]. Autophagy can ensure
cellular survival under conditions of stress, removing damaged
subcellular constituents, including aggregated proteins, and
may indirectly be a protective mechanism. Autophagy can be
induced by either nutrient depletion (starvation) or energy
exhaustion [34] and is implicated in a range of diseases,
particularly cancer [35]. Under conditions of nutrient restriction
or starvation, the mammalian target of rapamycin (mTOR) is
inhibited, allowing autophagy to proceed via activation of 50-
AMP-activated protein kinase catalytic subunit (AMPK) and
ULK1 (UNC-51-like kinase 1), sometimes in response to
increased oxidative stress [36]. However, the mTORC1
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(complex) is capable of negatively regulating the pathway
through dephosphorylation of a macromolecular substrate
complex that includes ULK1, ATG13, ATG101, and FIP200
(RB1CC10), which in turn inhibits autophagy [37]. Autophagy
inhibitor complex mTORC1 integrates multiple signals,
reflecting the availability of growth factors, nutrients, or
energy to promote either cellular growth in favorable
conditions or catabolic processes during stressful conditions.
It is well known that autophagy is also regulated by Beclin1
(BECN1, the mammalian counterpart of the yeast ATG6
protein) [34] complex (death-associated autophagy), which is
negatively regulated by the PI3K/AKT pathway (stimulated by
growth factors) by interactions with the antiapoptotic Bcl-2
family of proteins. Our lab has shown that increased expression
of both BECN1 and LC3 occurs in mice exposed to CS [33].
The mechanisms through which toxicants present in CS induce
autophagy remain to be elucidated. In the present study we
describe the CS exposure induced changes in gene and protein
expression and propose a mechanism by which cigarettes
activate smoke-induced autophagy.

MATERIALS AND METHODS

Ethics

All animal work was conducted using protocol AUP no. 14-07-24,
approved by the McMaster University Animal Research Ethics Board, and was
carried out in accordance with the Canadian Council for Animal Care
guidelines for the use of animals in research.

CS Exposure

Female C57BL/6 mice (age 8 wk at the start of exposure) were obtained
from Charles River Laboratories. Mice were maintained in polycarbonate cages
at 228C to 288C and 50% 6 10% relative humidity on a 12L:12D photoperiod
and were provided with food (LabDiet; PMI Nutrition International) and tap
water ad libitum throughout the experiment. Mice were exposed to CS twice
daily, 5 days a week, for a total of 8 wk using a whole-body, mainstream smoke
exposure system (SIU48; Promech Lab AB). Cigarette smoke exposure resulted
in carboxyhemoglobin and cotinine levels comparable to those in human
smokers [38]. Details of the experimental design and exposure protocol have
been described previously [33]. Briefly, one ovary was collected and fixed for
routine histology and subsequent follicle counts, the results of which have been
described previously and demonstrated a significant treatment-related decrease
in primordial follicle numbers [6]. The remaining ovary was collected,
immediately frozen, and stored at �808C for gene and protein expression
analyses. Demonstration of CS-induced decrease in primordial follicle counts
and evidence of autophagy prompted us to expand our study to changes in gene
and protein expression in the autophagy pathway.

Autophagy Gene Array

The Mouse Autophagy RT2 Profiler PCR Array (SA Biosciences) was used
in accordance with the manufacturer’s recommendations, to study autophagy-
specific gene expression profiles. Real-time PCR was performed with murine-
specific primers using the Applied Biosystems 7900HT Fast Real-Time PCR
System (Applied BioSystems). Analysis of gene expression changes were
calculated according to the method of Livak et al. [39] using the 2-DDCt
method. Statistical analyses were performed using the DCt 6 SD values.

Quantitative Real-Time PCR

Total RNA was isolated from ovaries using a total RNA purification kit
(NORGEN; Biotek Corp.) per the manufacturer’s instructions and was
quantified by spectrophotometric analysis (Nanodrop). Complementary DNA
was then reverse transcribed using an iScript kit (Bio-Rad). Primers were
designed using the online tools Primer3, IDTDNA, and OligoAnalyzer3.0, and
primer products between 50 and 130 bp were selected for analysis. Murine-
specific primers were designed (Mobix Lab) and primer pairs (SA Biosciences)
are displayed in Table 1. The PCR amplification was carried out in a 10-ll
reaction volume (7 ll of master mix) containing 1 lg/100 ng cDNA (2.5 ll),
either 1 ll of forward and 1 ll of reverse primers (Mobix Lab), or 10 lM
forward and reverse primers (SA Biosciences) were added to 5 ll of SYBR

Green Master Mix (Roche, Canada) and 2 ll of ddH
2
O. Real-time PCR

reactions were carried out using the Roche LC480 instrument, and the program

was set as follows: denaturation at 958C for 10 min, followed by 40

amplification cycles of 958C for 15 sec and 608C for 1 min. Samples were run

in duplicate and results were averaged. Relative quantification analysis was

used to compare the levels of expression between treatments of either sham or

smoke, and the housekeeper (reference) gene selected for analysis was

constitutively expressed under all conditions. The reference gene (Actb) was

used to normalize sample-to-sample differences. Results are presented as the

mean normalized ratios of the internal reference gene.

Western Blot Analysis

Protein expression was measured from the whole-ovarian homogenates

from either sham- or smoke-exposed mice as described previously [31].

Following SDS-PAGE and transfer to polyvinylidene difluoride blotting

membrane (Bio-Rad), membranes were blocked overnight with 5% (w/v) skim

milk in Tris-buffered saline (TBS; 8 g/L [w/v] NaCl, 0.2 g/L [w/v] KCl, and 3

g/L [w/ v] Tris base; pH 7.4) with Tween-20 (TBS-T; 1 3 TBS and 0.5% [v/v]

Tween-20) or a blocking solution of 5% BSA:TBS-T (depending on the

manufacturer’s instructions), and incubated with primary antibody at 48C

overnight. The following antibodies were used for the present study: proto-

oncogene AKT1 (also known as protein kinase B or PKB; 1:1000; Cell

Signaling Technology), cellular homeostasis regulator AMP-k a1 and a2

(1:1000; Abcam), autophagy death-related protein 7 (ATG7; 1:30 000; Novus),

cell cycle inhibitor protein CDKN1B/p27 (Novus), mTOR (1:1000; Cell

Signaling Technology), phosphoinositide 3-kinase autophagy regulator

(PIK3CG; 1:1000; Cell Signaling Technology), ubiquitin binding protein

SQSTM1/p62 (1:1000; Novus), and downstream effector and negative

regulator of mTOR ULK1 (1:1000; Cell Signaling Technology). Following

washing with TBS-T, blots were incubated with horseradish peroxidase-

conjugated secondary anti-rabbit immunoglobulin G (IgG; 1:4000; Amersham

Biosciences) or anti-mouse IgG (1:4000; Amersham Biosciences) antibodies

for 1 h at room temperature. Blots were thoroughly washed in TBS-T followed

by TBS, whereupon reactive protein was detected using ECL Plus

chemiluminescence substrate (Amersham Biosciences) and Bioflex x-ray film

(Clonex Corp.). Densitometric analysis of immunoblots was performed using

ImageJ 1.37v software (National Institutes of Health); all proteins were

quantified relative to the loading control ACTB (Abnova no. 20272).

TABLE 1. List of forward and reverse primer sequences used for qPCR
analysis.

Gene Sequence (50 ! 30)a Accession no.

Akt1 F: GCCTCAGTGCCCAGAACAATTA NM_001014431.1
R: TGGTCGCGTCAGTCCTTAATA

Atg7 F and R: cat. no. PPM36835A NM_028835.3
Bad F: AGACCAGCAGCCCAGAGTAT NM.007522

R: ACTAGCGTCTTCCTGCTCACT
Cdkn1b/p27 F and R: cat. no. PPM02909B NM_009878
Cxcr4 F: GGTACATCTGTGACCGCCTTTA NM_009911.3

R: AGGACGAGACCCACCATTATAT
Eif4Ebp1 F: CCAGCAGCCCGGAAGATAAG NM_007918.3

R: CCTACGGCTGGTCCCTTAAAT
Gapdh F and R: cat. no. PPH00150E NM_008084
Map1lc3a F: AGCTGCCTGTCCTGGATAAG NM_025735

R: TGACCAACTCGCTCATGTTAAC
mTor F: AACCCGGGCGTGATCAATAA NM_020009.2

R: TCCACCCACTTCCGCATTTC
Pik3r1 F: TTACAGTGCGGGCCGTATAG NM_001024955.2

R: TCCTTGGCTTTGCTCGGTTATA
Prkaa1 F: CCAAACCTGTCCAGCACTTAT NM_001013367.3

R: TGTCCGGAAATCAGTGCATAAA
Prkaa2 F: CGGCGCCTTTCCTTGAATAT NM_178143.2

R: GGCCTGTTCCTCACGGTATTA
Pik3cg F: ACAGGCACAACGACAACATTAT NM_020272.2

R: ACGAAGGGCACTCTCTCTTAT
RpS6 F: GCAAGCTCCGCACCTTCTAT NM_028259

R: CGCTGATCCGGACCACATAA
Ulk1 F: ACGGCTCTGTTCATGCATACT NM_009469

R: TGTGTGTGTGTGTGGCCTATAA
Sqstm1/p62 F and R: cat. no. PPM28731E NM_011018

a F, forward; R, reverse.
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Statistical Analysis

Statistical differences were measured using GraphPad Prism software. Data
were initially checked for normality by applying a D’Agostino and Pearson
omnibus normality test, followed by either a t-test (normally distributed data) or
a Mann-Whitney (nonnormally distributed data) test. The quantitative PCR
(qPCR) results are presented as normalized mean ratios 6 SEM of the
target:reference genes. Representative Western blot results are shown and
ACTB was used as the loading control. A P value of 0.05 was considered
statistically significant.

RESULTS

CS Exposure and General Health of Animals

Animals were assessed during the course of the experiment
and at necropsy for changes in general health. No adverse
changes in body condition, dehydration, lethargy, and atypical
behaviors were noted as a result of CS exposure.

CS Exposure Induces Autophagic Gene Expression Changes
with Gene Array

The complete list of autophagic genes analyzed with the
gene array is presented in the Supplemental Table S1 (available
online at www.biolreprod.org). A summary of the autophagy
genes whose expression was significantly changed by CS
exposure is listed in Table 2, including a description of their
role in autophagy. The genes that were significantly increased
in the gene array were as follows: Arsa was changed 1.82-fold
(P¼ 0.012), Atg7 changed 1.58-fold (P¼ 0.050), Bad changed
2.7-fold (P ¼ 0.022), Bak1 changed 1.78-fold (P ¼ 0.037),
Cdkn1b changed 4.32-fold (P ¼ 0.011), Cxcr4 changed 1.93-
fold (P ¼ 0.028), Map1lc3a changed 3.94-fold (P ¼ 0.006),
Pik3c3 changed 1.38-fold (P ¼ 0.041), Rab24 changed 1.95-
fold (P ¼ 0.044), Sqstm1/p62 changed 2.44-fold (P ¼ 0.035),
and Gapdh changed 1.94-fold (P¼ 0.030). Next, the genes that
were significantly decreased in the gene array were as follows:
Atg4b changed �1.24-fold (P ¼ 0.014), Ctsb changed �1.63-
fold (P¼ 0.004), Ctss changed�1.81-fold (P¼ 0.022), Pik3r4
changed�1.42-fold (P¼ 0.018), Tgm2 changed�1.73-fold (P
¼ 0.0002), Hprt changed �1.35-fold (P ¼ 0.022), and
Hsp90ab1 changed �1.24-fold (P ¼ 0.034).

CS Exposure Induces the Autophagic Cascade Through
AMPK Activation

The qPCR analysis revealed a significant increase in
expression of Prkaa2 (P ¼ 0.0457), Pik3c3 (P ¼ 0.0122), and
Map1lc3b (P ¼ 0.0321), and a significant decrease in
expression of Akt1 (P ¼ 0.0064) and Mtor (P ¼ 0.0237; Figs.
1–3 and 4). Treatment had no effect on the expression of
Pik3r1, Eif4ebp1, Ulk, Map1lc3a, Pik3cg, Prkaa1, Rps6,
Cdkn1b, Gapdh, Bad, Cxcr4, Sqstm1/p62, and Atg7. Although
mRNA changes are not always complemented with comparable
protein expression changes and it is ultimately the posttrans-
lational changes that are the most notable indicators of cell
signaling, we followed with an investigation for changes in
protein expression.

Western blot analysis revealed a significant CS-induced
1.82-fold increase in AMP-k a1 þ a2 (P¼ 0.0119; Fig. 2) and
a significant 2-fold increase in ATG7 expression (P¼ 0.0006;
Fig. 4). Furthermore, CS exposure induced significant
decreases of �1.49-fold in AKT1 (P ¼ 0.0022; Fig. 1), �1.6
fold in PIK3CG (P¼0.0325; Fig. 1),�4.66-fold in mTOR (P¼
0.0043; Fig. 3),�5.46-fold in CDKN1B/p27 (P¼ 0.0022; Fig.
5), and�2.33-fold in CXCR4 (P¼0.0109; Fig. 5). Exposure to
CS had no effect on the expression of p62/SQSTM1 (data not
shown).

DISCUSSION

We previously demonstrated that CS exposure induces
oxidative stress, ovarian follicle loss, and autophagy in the
mouse ovary [24, 31, 33]. Using ovarian homogenates from
our prior study [33], we demonstrated that CS exposure-
induced autophagy arises from activation of the AMPK
pathway together with inhibition of the antiautophagic factors
AKT and mTOR. Although gene array results revealed
significant changes in the expression of genes involved in the
autophagy pathway, these results could not be confirmed by
real-time PCR. Although the gene array used was composed of
multiple genes reported to be involved in the autophagy
pathway, it was not enriched with genes central to the
regulation of autophagy, and therefore targeted real-time
PCR was used to extend our investigation of CS exposure-
induced changes in autophagy. Our results revealed that CS
exposure induced significant changes in the expression of
genes and proteins involved in: 1) induction of the autophagy

TABLE 2. Gene array analyses; autophagy genes significantly altered by cigarette smoke exposure.

Gene Fold regulation Up-regulation/down-regulation Role in autophagy

Arsa 1.8219 Up Lysosomal arylsulfatase
Atg4b �1.243 Down Cysteine protease ATG4B, cleaves LC3 precursor to LC3-I
Atg7 1.5854 Up Enzyme essential for binding of other Atg proteins
Bad 2.7321 Up Competes with Beclin 1 for binding site on Bcl-2 proteins
Bak1 1.788 Up Bcl-2 interacting protein
Cdkn1b 4.3218 Up Coregulator of autophagy and the cell cycle
Ctsb �1.6374 Down Lysosomal cysteine protease, vesicle trafficking
Ctss �1.8177 Down Lysosomal cysteine protease
Cxcr4 1.9241 Up Ligand binding to Cxcr4 can initiate autophagy
Map1lc3a 3.9418 Up Autophagic vacuole formation, organelle sequestration within autophagosome
Pik3c3 1.3816 Up Binds to Beclin 1, essential in autophagosome formation
Pik3r4 �1.4234 Down Regulator of autophagy in response to alternate intracellular signals
Rab24 1.9521 Up GTPase involved in vesicular transport
Sqstm1 2.4429 Up Binds to LC3 to deliver ubiquitinated protein aggregates to autophagosome;

clearance of damaged mitochondria
Tgm2 �1.7325 Down Enzyme involved in autophagolysosome maturation
Hprt �1.3535 Down Unknown
Hsp90ab1 �1.2428 Down Autophagy regulator, inhibition of which can result in autophagy
Gapdh 1.9488 Up Enhances mitochondrial autophagy
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pathway (AMPK-a1, AMPK-a2); 2) inhibition of antiauto-
phagic proteins (AKT and mTOR); changes that were coupled
with cell cycle dysregulation (CDKN1B) and cell survival
(CXCR4 and BAD); and 3) autophagosome and lysosome
fusion (ATG7). These results expand on our prior observations
[24, 31, 33] and, taken together, suggest that CS exposure
induces ovarian stress, resulting in ovarian follicle loss through
diminished inhibition coupled with activation of the autophagic
cascade.

Results of the current study demonstrated that CS exposure-
induced ovarian cell autophagy [5] follows from activation of
AMPK-a1and AMPK-a2 in the ovary of CS-exposed mice
compared with the control group. Unfortunately, we did not
have enough sample to examine for treatment-related changes

in AMPK phosphorylation, but this will be examined in our
ongoing studies. Autophagy is an integral part of the
mammalian stress response, and emerging evidence has linked
CS exposure and CS extract treatment with autophagy in the
lung, intestine, pancreatic ductal cells, and fibroblasts [40–44].
Moreover, autophagy has been induced in cultures of
blastocysts [45], human cord blood hematopoietic stem cells
[46] treated with polychlorinated biphenyls, and heavy metals,
suggesting that autophagy is a common response to toxicant
exposure. Consistent with our findings, oxidative stressors
produced by CS have been shown to increase AMPK
expression in the lung and diaphragm muscle of mice [47].
AMPK plays a key role in regulating cellular energy
metabolism in response to depleted energy levels. AMPK is

FIG. 1. Changes in Akt1 gene (a), Pik3cg gene (b), AKT protein (c), and PIK3CG protein (d) expression following 8 wk of exposure to CS. Analysis of
Akt1and Pik3cg gene and AKT1 and PIK3CG protein expression was performed on whole-ovarian homogenates from sham and smoke-exposed mice. a
and b) qPCR gene expression changes relative to the Actb control (n ¼ 6 per group). c and d) Representative immunoblots demonstrating protein
expression changes relative to the ACTB loading control (n¼ 7 sham and 6 smoke). Data were checked for normality and equal variance, and treatment
effects were tested using t-test. Values are expressed as mean 6 SEM. *P , 0.05 and ** P , 0.01.
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activated in response to a reduction of intracellular ATP levels
and consequently inhibits cell growth and proliferation [48].
AMPK is responsive to exercise, nutrient levels, and cytokines,
thus controlling appetite and energy expenditure [49].
Although AMPK is recognized for its role as an energy sensor
and regulator, there is emerging evidence advocating a role for
AMPK as an oxidative stress sensor and redox regulator, in
addition to its traditional functions. Oxidant-mediated activa-
tion of AMPK has also been shown to occur in cultured
vascular smooth muscle cells exposed to nicotine, a component
of CS [50]. It is believed that AMPK is activated in response to
the intracellular reactive oxygen species generated from toxic

exposure of CS and is capable of inhibiting oxidative stress,
therefore maintaining intracellular redox status. We previously
demonstrated that autophagy was also coupled with mitochon-
drial dysfunction, as demonstrated by increased expression of
parkin protein and decreased expression of its target profusion
proteins, mitofusin 1 and mitofusin 2, indicative of mitophagy
[33]. Taken together, we suggest that CS exposure induces
mitochondrial dysfunction and oxidative stress, leading to the
inability of the granulosa cell to meet its energy needs and
culminating in activation of the reparative autophagy cascade.

In addition to activation of the autophagy cascade, results of
the present study revealed CS exposure-induced inhibition of

FIG. 2. Changes in Prkaa1 (a) and Prkaa2 (b) gene and AMPK-a1 and AMPK-a2 protein (c) expression following 8 wk of exposure to cigarette smoke.
Analysis of Prkaa1 and Prkaa2 gene and AMPK protein expression was performed on whole-ovarian homogenates from sham and smoke-exposed mice. a
and b) qPCR gene expression changes relative to Actb used as a loading control (n ¼ 6 per group). c) Representative immunoblot showing protein
expression changes relative to the ACTB loading control (n¼ 7 sham and 6 smoke). Data were checked for normality and equal variance, and treatment
effects were tested using t-test. Values are expressed as mean 6 SEM. *P , 0.05.
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cell survival and expression of inhibitory markers of
autophagy. Akt1 gene, AKT1 protein, and PI3K Class 3
protein expression were decreased in CS-exposed mice
compared with controls. The PI3K Class 1/AKT signaling
pathway is responsible for promoting both growth and cell
survival [51] and is a negative regulator of autophagy. The
PI3K/Akt pathway is also responsible for activation of the
mTOR pathway, in turn regulating cell growth [52]. Although
in the current study Mtor gene expression was nonsignificantly
changed, the MTOR protein was significantly down-regulated,
possibly inhibited by upstream activation of AMPK protein.
The mTOR responds to changes in growth factors, nutrients,
and an induction of stress signals, regulating cellular
metabolism [36], and is a negative regulator of autophagy
[53]. Harmonious with decreased mTOR expression, we found
no change in the expression of downstream mTOR-regulated
genes: eukaryotic translation repressor gene (Eif4ebp1) and
ribosomal protein S6 kinase (RpS6; data not shown).
Consistent with results of the present study, the mTOR
signaling pathway was down-regulated in CS-exposed aortic
endothelial cells together with up-regulated AMPK, indicative
of a CS-induced, AMPK driven-autophagic response [54].

Further downstream of mTOR signaling, we investigated
treatment-induced changes in Unc51-like kinase (ULK1)
expression because both AMPK and mTOR are responsible
for regulation of autophagy via coordinated phosphorylation of
ULK1 [36, 55]. ULK1 is a serine/threonine kinase that
responds to decreased energy levels and starvation, regulating
the formation of autophagophores [56], precursors to autopha-
gosomes. In the current study, Ulk1 gene and ULK1 protein
expression were unchanged by CS exposure (data not shown).

We next reasoned that CS exposure-induced chronic
oxidative stress in the ovary [5] would be associated with
dysregulation of cell cycle gene expression. We therefore
investigated expression of cyclin-dependent kinase inhibitor
1B (CDKN1B/p27) and Gapdh. Although Gapdh had no
significant change in expression by CS exposure in the current
study, cell cycle dysregulation was shown by the significant
down-regulation of cyclin-dependent kinase inhibitor 1B
(CDKN1B/p27) protein, an important regulator of cell cycle
progression. These findings are consistent with our observa-
tions that CS extract exposure attenuated ovarian follicle
development in culture [9]. Because these effects could equally
arise from augmented cell death, we also evaluated treatment-

FIG. 3. Changes in mTor gene (a), Pik3c3 gene (b), and mTOR protein (c) expression following 8 wk of exposure to cigarette smoke. Analysis of mTor and
Pik3c3 gene and mTOR protein expression was performed on whole-ovarian homogenates from sham and smoke-exposed mice. a and b) qPCR gene
expression changes relative to the Actb control (n¼ 6 per group). c) Representative immunoblot showing protein expression changes relative to the ACTB
loading control (n¼ 7 sham and 6 smoke). Data were checked for normality and equal variance, and treatment effects were tested using t-test. Values are
expressed as mean 6 SEM. *P , 0.05 and ** P , 0.01.

FURLONG ET AL.

6 Article 93

Downloaded From: https://bioone.org/journals/Biology-of-Reproduction on 01 May 2024
Terms of Use: https://bioone.org/terms-of-use



induced changes in cell survival by measurement of proapop-
totic Cxcr4 and Bad expression. C-X-C chemokine receptor
type 4 (Cxcr4) acts as a receptor for the C-X-C chemokine
CXCL12/SDF-1, which transduces a signal by increasing
intracellular calcium ion levels and enhancing MAPK1/
MAPK3 activation, and it acts as a receptor for extracellular
ubiquitin, leading to enhanced intracellular calcium ions and
reduced cellular cAMP levels, thus engaging in either
prosurvival or prodeath signals [57]. Our results revealed that
CXCR4 protein was significantly down-regulated following 8
wk of exposure to CS. Expression of Bad gene was
nonsignificantly changed in response to CS. Proapoptotic
Bad is a BCL-2-associated death promoter via activation of
Bax and inhibition of antiapoptotic Bcl-2 [57]. Bcl-2 acts as a
link between growth factor receptor signaling and the apoptotic
pathway, findings that are harmonious with our prior studies
[24, 31, 33]. Although CS exposure had no effect on Bax
expression and Bcl2 expression was decreased, apoptosis was

absent, as shown by no change in either activated caspase-3
concentrations or TUNEL staining of ovarian sections. Our
results therefore suggest an absence of apoptosis and a role for
an alternative cell death response mechanism, such as
autophagy.

Having shown that CS exposure induces activation of
autophagy, we next examined treatment-induced changes in
microtubule-associated protein 1 light chain 3 alpha and beta
(Map1lc3a and Map1lc3b), which are associated with the
formation of autophagosomes [58]. Treatments had no effect
on Map1lc3a expression (data not shown), whereas Map1lc3b
expression was significantly increased. Similarly, we could not
demonstrate treatment-induced changes in Sqstm1/p62 gene
and SQSTM1/p62 expression. We postulate that differences in
gene and protein expression were not detected because of a
large variability in both the control and CS groups. We note
that in our prior study, CS induced an overexpression of the
autophagic proteins, BECN1 and LC3, indicative of autophagy,

FIG. 4. Changes in Atg7 gene (a) and Map1lc3b gene (b) and ATG7 protein (c) expression following 8 wk of exposure to cigarette smoke. Analysis of
Atg7 and Map1lc3b gene and ATG7 protein expression was performed on whole-ovarian homogenates from sham and smoke-exposed mice. a and b)
qPCR gene expression changes relative to the Actb control (n¼ 6 per group). c) Representative immunoblots demonstrating protein expression changes
relative to the ACTB loading control (n¼ 7 sham and 6 smoke). Data were checked for normality and equal variance, and treatment effects were tested
using t-test. Values are expressed as mean 6 SEM. *P , 0.05 and ** P , 0.01.
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with clear morphological evidence of autophagy [33].
Although MAP1LC3a is involved in the formation of the
autophagosome, LC3 is responsible for elongation of the
phagophore membranes [59]. We speculate that CS exposure
triggers autophagy with autophagosome formation supported
by basal MAP1LC3a expression, whereas elongation of the
autophagosome is supported by increased LC3 expression, as
shown in our previous work [33]. These events occur upstream
of Pik3c3, which was similarly not significantly changed in
expression. Even though Pik3c3 is known to play a role in the
initiation and maturation of autophagosomes, LC3 is the major
regulator of this process. Next, the expression of Atg7 gene was
measured and found to be unchanged, whereas ATG7 protein
was significantly increased in response to CS. ATG7 is known
for its involvement in vesicle elongation and is an E1-like
protein, required for the formation of autophagosomes and
involved in the conjugation of ubiquitin-like systems of ATG5-
ATG12 and the addition of phosphatidylethanolamine to LC3/

GABARAPL2 (microtubule-associated protein light chain 3)
[60], which permits elongation of the autophagosome mem-
brane. Our findings are supported by evidence of autophagy in
lung tissue of patients with early-stage chronic obstructive
pulmonary disease, demonstrated by increases in ATG7 and
LC3 activity [61]. The same group also demonstrated that
cigarette smoke extract in vitro increased autophagy. Collec-
tively, our results suggest that autophagy is a potential
therapeutic target for CS-related disease.

In summary, results of the present study reveal that CS
exposure triggers activation of the reparative autophagy
cascade through up-regulation of the AMPK pathway together
with inhibition of the antiautophagic factors AKT and mTOR
in the mouse ovary. We conclude that autophagy is activated
by CS in addition to toxicants from different chemical classes
[45, 46]. Moreover, our results further indicate that autophagy
is an integral part of the mammalian stress response in multiple
target tissues [40–44] that includes the ovary. Therefore, we

FIG. 5. Changes in Cdkn1b gene (a), Bad gene (b), Cxcr4 gene (c), CDKN1B protein (d), and CXCR4 protein (e) expression following 8 wk of exposure to
cigarette smoke. Analysis of Cdkn1b Bad and Cxcr4 gene and CDKN1B and CXCR4 protein expression was performed on whole-ovarian homogenates
from sham and smoke-exposed mice. a–c) qPCR gene expression changes relative to actb control (n¼6 per group). d and e) Representative immunoblots
showing protein expression changes relative to the ACTB loading control (n¼7 sham and 6 smoke). Data were checked for normality and equal variance,
and treatment effects were tested using t-test. Values are expressed as mean 6 SEM. *P , 0.05 and ** P , 0.01.
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suggest that further investigation of the autophagy pathway
could elucidate potential targets for novel therapeutic inter-
ventions for fertility preservation and CS-related illness.
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