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ABSTRACT

INTRODUCTION

Cigarette smoking is a lifestyle behavior associated with
significant adverse health effects, including subfertility and
premature ovarian failure. Cigarette smoke contains a number
of chemicals, many of which are involved in the generation of
reactive oxygen species, which can lead to apoptosis and
autophagy. Autophagy is a fundamental process that removes
damaged organelles and proteins through lysosomal degradation. The relevance of autophagy to toxicant-induced changes in
ovarian function is largely unexplored. Previously, we reported
that exposure to cigarette smoke causes follicle loss, oxidative
stress, activation of the autophagy pathway, and decreased
expression of manganese superoxide dismutase, which points to
altered mitochondrial function. Therefore, our objective here
was to test whether exposure to cigarette smoke results in the
dysregulation of mitochondrial repair mechanisms leading to
loss of follicles via autophagy-mediated granulosa cell death. In
this study, mice were exposed to cigarette smoke or room air for
8 wk. The expression of genes and proteins of autophagy and
mitochondrial repair factors was measured using quantitative
real-time PCR and Western blot analysis, immunohistochemistry, and enzyme-linked immunosorbent assay. Increased expression of parkin and decreased expression of the mitofusins suggest
that exposure to cigarette smoke triggers mitochondrial damage.
Moreover, the autophagy cascade proteins, BECN1 and LC3,
were upregulated, whereas the antagonist BCL2 was downregulated, following treatment. Taken together, our results suggest
exposure to cigarette smoke induces dysfunction of mitochondrial repair mechanisms, leading to autophagy-mediated follicle
death.

Although numerous sources of infertility have been
identified, many otherwise healthy couples of childbearing
age experience infertility for unknown reasons. Premature
exhaustion of the ovarian follicle reserve has been identified as
a possible causative factor for infertility. Several studies have
shown that exposure to environmental toxicants results in the
destruction of the follicle population, often in a stage-specific
manner [1–9]. Of the numerous environmental toxicants and
lifestyle factors known to affect fertility and ovarian function
studied to date, cigarette smoking may be the single most
clinically relevant and preventable toxic exposure in women,
making it an ideal target for infertility prevention [10].
Cigarette smoke and female fertility have been strongly
associated. That smoking depletes ovarian follicle reserve and
impairs uterine receptivity is well documented [11]. Studies
conducted in our laboratory have revealed that women exposed
to cigarette smoke had greatly decreased implantation and
pregnancy rates [12]. We also found that benzo[a]pyrene
(BaP), a polycyclic aromatic hydrocarbon (PAH) present in
cigarette smoke and a known agonist of the aryl hydrocarbon
receptor (AhR), is detectable in the serum and follicular fluid of
women who smoke or are exposed to cigarette smoke and that
treatment with BaP impairs cumulus expansion in isolated rat
follicle culture experiments [5, 13]. More recently, we reported
that mice exposed to cigarette smoke have smaller ovaries and
significantly fewer primordial follicles compared to sham
controls [14].
Cigarette smoke contains more than 4000 chemical
compounds, many of which are oxidants or free radicals that
are inducers of oxidative stress. Previous studies have revealed
that of the chemicals present in cigarette smoke, PAHs, most
notably BaP, are present at 10-fold higher levels in sidestream
than in mainstream smoke [15] and have been shown to lead to
the production of free radicals, reactive oxygen species (ROS),
and oxidative stress. Cigarette smoke contains a number of
AhR agonists, the activation of which leads to induction of the
cytochrome P450 enzymes CYP1A1, CYP1A2, and CYP1B1,
which are involved in the generation of ROS [16]. Oxidative
stress and the production of ROS can lead to both apoptosis
and autophagy. Results of several studies have pointed to Bcell leukemia/lymphoma 2 (BCL2)-associated X protein
(BAX) activation as the central pathway regulating follicle
numbers. However, emerging evidence challenges this belief,
and our data support an alternative cell death pathway as being
important in regulating follicle demise. Destruction of
developing fetal ovarian germ cells and induction of premature
ovarian failure has been achieved in mice treated with AhR
ligands that activated the intrinsic pathway leading to enhanced
Bax expression [17–19]. However, although in vivo exposure
to cigarette smoke decreased BCL2 protein expression, BAX
protein expression remained unchanged, and enhanced apo-
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50]. Taken together, we postulate that cigarette smoke
exposure-induced mitochondrial dysfunction in granulosa cells
leads to autophagy-mediated cell death, a novel alternative
ovarian cell death pathway.

ptosis was not evident in treated ovaries, suggesting a
concentration-dependent effect of exposure to cigarette smoke
on ovarian follicle loss and apoptosis [14]. Exposure to
cigarette smoke instead resulted in activation of the autophagy
cascade, as evidenced by an increase in the number of
autophagosomes and expression of key regulatory genes in the
ovaries of exposed mice [20].
Autophagy is a fundamental cellular process that was first
described nearly six decades ago by Clark [21], using electron
microscopy, in mammalian cells and later systemically
characterized by de Duve and colleagues [22–24]. Derived
from the Greek for ‘‘self-eating,’’ autophagy is evolutionarily
conserved from yeast to mammals. To date, approximately 35
autophagy genes have been identified in yeast, a number of
which have had mammalian homologues identified. These
genes have been established as important regulators of both
bulk and selective autophagy [25–27], including Beclin 1
(Becn1), microtubule-associated protein 1 light chain 3 (Lc3),
and Bcl2. Traditionally considered to be a stress adaptation to
avoid cell death (as in starvation conditions), autophagy has
also been implicated as an alternative pathway to cell demise in
recent years [28–31]. Programmed cell death (PCD) type I
demonstrates the hallmarks of apoptosis, whereas PCD type II
has been coined to describe cell death that demonstrates
hallmarks of autophagy—namely, the accumulation of autophagosomes. This classification has generated considerable
controversy, due primarily to debate over whether autophagy
actually promotes cell death or is simply a reactive process
upstream of PCD type I, but numerous studies have shown that
autophagy acts independently of apoptosis to elicit cell death
during development [32–34] as well as in response to cytotoxic
[35–37] and metabolic stressors [38].
Mitophagy is the selective degradation of mitochondria via
autophagy. Mitochondria are essential energy-producing organelles that exist in a dynamic, interconnected network that is
constantly reshaped by a strictly regulated balance between
fission and fusion to maintain proper mitochondrial content in
daughter cells and allow repair of damaged mitochondria [39–
43]. During fission, mitochondria become fragmented and are
targeted for autophagosomal degradation by parkin protein
(PARK2), while at the same time, the ubiquitination and
degradation of central fusion proteins, mitofusin 1 (MFN1) and
mitofusin 2 (MFN2), is occurring [44–46]. During apoptosis,
mitochondrial cristae are remodeled, opening their tubular
junctions, which leads to release of proapoptotic factors, such
as cytochrome c, and activation of the apoptosis cascade [47,
48], a process that we have consistently shown is not
upregulated by exposure to cigarette smoke [14, 20]. In
contrast to fission, key regulatory proteins in mitochondrial
fusion drive mitochondrial elongation, increased cristae
density, and maintenance of ATP output [49] to sustain cell
viability. Thus, unopposed mitophagy results in an energydeficient state in the affected cells that culminates in the death
of those cells.
Although exposure to cigarette smoke increases the number
of autophagosomes [20], it is not known if the adverse effects
are primarily mitochondrial-specific (mitophagy) or if multiple
organelles undergo autophagy (bulk autophagy). Therefore, the
objective of the present study was to explore the mechanistic
pathway linking exposure to cigarette smoke to mitochondrial
dysfunction and autophagy, a novel alternative cell death
pathway important in follicle development and demise.
Decreased expression of superoxide dismutase 2 (SOD2)
suggests mitochondrial damage in ovaries exposed to cigarette
smoke [20]. Fusion and elongation provide a mechanism for
mitochondrial repair, a process that opposes autophagy [49,

MATERIALS AND METHODS
Ethics Statement
All animal work in the present study was conducted using protocols
approved by the McMaster University Animal Research Ethics Board and was
in accordance with the Canadian Council for Animal Care guidelines for the
use of animals in research.

Animals
The ovarian effects of exposure to cigarette smoke were studied in female
C57BL/6 mice (8 wk of age at the start of exposure) obtained from Charles
River Laboratories. Mice were maintained in polycarbonate cages at 228C 6
28C 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.

Exposure to Cigarette Smoke
Mice were exposed to cigarette smoke twice daily, 5 days a week, for 8 wk
using a whole-body smoke exposure system (SIU48; Promech Lab AB).
Details of the exposure protocol have been described previously [51]. Briefly,
cigarette smoke from twelve 3R4F reference cigarettes (Tobacco and Health
Research Institute, University of Kentucky) with filters removed was mixed
with room air and delivered into the exposure chamber over a 50-min period
twice daily. Animals were placed in the restrainer, which was then placed in the
smoke-exposure box. No lead-up period was required for smoke exposure;
however, mice were acclimatized to the restrainer over a 3-day period before
commencement of the experiment. This acclimatization was accomplished by
placing mice in the restrainer for 20 min on Day 1, 30 min on Day 2, and 50
min on Day 3. Following the acclimatization period, mice were exposed to
cigarette smoke for 50 min twice daily, 5 days a week, for 8 wk before
euthanization. Control animals were placed in the restrainer for 50 min twice
daily, 5 days a week, and exposed to room air only. Mice were euthanized at
the end of the exposure by exsanguination, and ovaries were collected and
weighed before processing.

Electron Microscopy
Ovaries were collected and processed for electron microscopy as described
previously [20]. Briefly, ovaries were excised and fixed with 2% glutaraldehyde buffered in 0.1 M sodium cacodylate buffer containing 0.05% calcium
chloride (pH 7.4) at 48C. The tissue was washed in 0.1 M sodium cacodylate
buffer with 4% sucrose and stored at 48C. Tissue blocks from six mice per
treatment group were sectioned (section thickness, 75 lm) with a Sorvall TC-2
tissue sectioner and postfixed in 1.5% ferrocyanide reduced osmium tetroxide,
followed by dehydration in ethanol and infiltration in propylene oxide, and then
embedded in Epon (Miller-Stephenson Chemical Co. Inc.). Sections were
analyzed for the presence of autophagosomes in the granulosa cells.

Immunohistochemistry
Ovaries were fixed in 10% (v/v) formaldehyde, washed in cold water, and
transferred to 70% ethanol 24 h later. Following fixation, ovaries were
dehydrated in graded ethanol solutions, cleared in xylene, and embedded in
paraffin. Serial sections (section thickness, 4 lm) were prepared and mounted
on glass slides, deparaffinized in xylene, and rehydrated in graded ethanol
solutions. Following rehydration, endogenous peroxidase activity was
quenched and antigen retrieval carried out using citrate buffer (pH 3.0) at
378C for 30 min. Sections were blocked with horse serum. Avidin/biotin
blocking was carried out before incubation with primary antibody (1:100;
BECN1; Cell Signaling) was performed on 4-lm-thick ovarian slices for 16 h
at 48C. Immunohistochemical targets were localized using diaminobenzidine
(DAB; 0.25 mg/ml [w/v]; Sigma Aldrich) in PBS (8 g/L [w/v] NaCl, 0.2 g/L
[w/v] KCl, 1.44 g/L [w/v] Na2PO4, and 0.24 g/L [w/v] KH2PO4; pH 7.4) and
counterstained using Harris hematoxylin (Sigma Aldrich). Sections were
dehydrated and cover slips mounted using Permount (Fisher Scientific). Slides
were examined by a reader blinded to treatment group using an Olympus IX81
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RESULTS

microscope, and images were captured using Image Pro-AMS (Media
Cybernetics). Positive-staining cells were counted using Image Pro (Media
Cybernetics) to identify cells within each follicle stained with DAB and
expressed as a percentage of granulosa cells per follicle that were positive for
BECN1.

General Health of Animals Exposed to Cigarette Smoke
Treatment with cigarette smoke had no effect on the general
health of the mice, as shown by the absence of stereotypical
behaviors, hunched back, and signs of lacrimation, porphyria,
or ruffled coat. Our previous work has shown changes in
whole-body and relative ovarian weights following 8 wk of
exposure to cigarette smoke [20] in the absence of any signs of
adverse effects on the general health of the animals.

RNA Isolation and cDNA Synthesis
Total RNA was isolated from ovaries using an RNeasy Mini Kit (Qiagen)
with On-Column DNase Digestion (Qiagen) as per manufacturer’s instructions.
Potential genomic DNA contamination was removed from the samples by
treatment with RNase-free DNase (Invitrogen, Life Technologies) for 15 min at
378C. Following confirmation of RNA integrity by gel electrophoresis and
spectrophotometric quantification, cDNA was reverse transcribed using an
iScript kit (Bio-Rad).

Autophagosome Formation Is Evident Following Exposure
to Cigarette Smoke
Ovaries from sham and smoke-exposed ovaries were
collected and processed for transmission-electron microscopy
(TEM) to confirm our previous findings of autophagosomes in
the granulosa cells of ovarian follicles treated with cigarette
smoke. Nuclei were normal in appearance in granulosa cells
from both sham and smoke-exposed mice (Fig. 1), although
nuclei were displaced by autophagosomes in smoke-exposed
mice (Fig. 1B). Autophagosomes were more abundant in
granulosa cells of smoke-exposed mice compared with
controls, in keeping with our previous findings [20].
Additionally, though mitochondria were visible in the
cytoplasm of granulosa cells from both treatment groups
(Fig. 1, arrowheads), autophagosomes located in smokeexposed ovaries contained large, swollen organelles resembling
mitochondria (Fig. 1B, arrows).

Quantitative Real-Time PCR
Gene- and species-specific primers for prosurvival factor Bcl2 and
mitochondrial repair mechanism markers Parkin, Mfn1, and Mfn2 were
obtained from SA Biosciences. Control reactions without cDNA and a no-RT
control were run to verify the absence of primer dimerization and genomic
DNA contamination, respectively. PCR amplification was carried out in a
20-ll reaction volume containing 1–5 ng of cDNA, 0.5 lM each of forward
and reverse primers, and 10 ll of Fast SYBR Green Master Mix
(SABiosciences). The PCR reactions were initiated with 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 triplicate, and results were averaged.
Crossing threshold (CT) was calculated using the analysis software SDS
2.2.1 (Applied Biosystems, Life Technologies). Changes in gene expression
were calculated according to the method described by Livak and Schmittgen
[52].

Beclin 1 Enzyme-Linked Immunosorbent Assay
Exposure to Cigarette Smoke Alters Immunolocalization
of BECN1 Protein

Ovaries from mice exposed for 8 wk to either sham or cigarette smoke were
homogenized in 0.02 mol/L of PBS (pH 7–7.2) and quantified using the
Bradford method of protein quantification. BECN1 concentrations in ovarian
homogenates were assayed using a commercially available enzyme-linked
immunosorbent assay (ELISA) kit (Beclin 1 ELISA; Shanghai BlueGene
Biotech Co. Ltd.). Sample BECN1 concentration was calculated using a fourparameter logistic curve-fit with the formula y ¼ min þ (max-min)/(1 þ abs (x/
EC50)^Hillslope). The sensitivity in this assay is 0.1 ng/ml. Values were
calculated and expressed as the mean 6 SEM.

Immunohistochemical analysis of ovaries sectioned and
stained using the rabbit anti-BECN1 antibody revealed changes
in the intensity, amount, and location of staining in treated
versus control ovaries. BECN1 staining was seen in all stages
of follicle development, including primordial follicles. Lowpower magnification of sham and smoke-exposed ovaries (Fig.
2, A and B, respectively) showed BECN1 staining in both
treatment groups. Primordial follicles showed evidence of
staining in both sham (Fig. 2C) and smoke-exposed (Fig. 2D)
follicles; however, localization in the smoke-exposed ovaries
differed from that in the sham ovaries. In smoke-exposed
primordial follicles, the granulosa cells stained positive for
BECN1, whereas in sham follicles, only the oocyte stained
positively. This pattern did not hold true for larger follicles,
however. In primary (Fig. 2, E and F), preantral (Fig. 2, G and
H), and antral (Fig. 2, I and J) follicles, staining was evident in
the theca, granulosa cells, and oocyte in both treatment and
sham follicles. However, follicles in the smoke-exposed
ovaries had a higher percentage of positive-stained cells (only
significant in preantral follicles, P ¼ 0.008) (Fig. 2K), and the
intensity of staining was greater. Interestingly, the pattern of
staining was also different. In the sham ovaries, BECN1
staining was more punctate, with less cytoplasmic staining,
whereas in the smoke-exposed mice, staining was evident in
the cytoplasm and more diffuse than punctate in nature.

Western Blot Analysis
Protein expression was measured in whole-ovarian homogenates from
either sham or smoke-exposed mice as described previously [20]. 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; 13 TBS and 0.5% [v/v] Tween20) and incubated with primary antibody. The following antibodies were used
for the present study: beta actin (ACTB; 1:5000; Abcam), BCL2 (1:2000;
Abcam), BECN1 (1:1000; Cell Signaling), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; 1:5000; Abcam), LC3 (1:2000; Novus Biologicals),
MFN1 (1:2000; Sigma Aldrich), MFN2 (1:2000; Sigma Aldrich), and PARK2
(1:1000; Cell Signaling). Following washing with TBS-T, blots were
incubated with horseradish peroxidase-conjugated secondary anti-rabbit
immunoglobulin (Ig) G (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 Corporation).
Densitometric analysis of immunoblots was performed using ImageJ 1.37v
software (National Institutes of Health); all proteins were quantified relative
to the loading control.

Exposure to Cigarette Smoke Results in Upregulation
of Autophagy Machinery

Statistical Analysis

Homogenates from whole ovaries were examined to
determine if the genes of the autophagy cascade and the
proteins for which they code were altered following treatment.
Changes in gene expression, as measured by changes in mRNA

All statistical analyses were performed using SigmaStat (v.3.1; SPSS).
Results are expressed as the mean 6 SEM unless otherwise stated. Data were
checked for normality and equal variance, and treatment effects were tested
using t-test. A value of P  0.05 was considered to be significant.
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FIG. 1. Autophagosomes are present in the granulosa cells of ovarian follicles exposed to cigarette smoke. Representative transmission-electron
micrographs of granulosa cells from growing follicles in sham (A) and cigarette smoke-exposed (B) ovaries are shown. Nuclei (N) appear normal but are
displaced by autophagosomes (Au) in smoke-exposed ovaries. Mitochondria are visible in both sham and smoke-exposed ovaries (arrowheads) and can be
visualized within an autophagosome (arrows) in a smoke-exposed ovarian follicle. Original magnification 310 000.

expression using real time RT-PCR, were assessed for Bcl2.
Whereas gene expression of Bcl2 was not changed, a trend
toward downregulation was seen (Fig. 3). Protein expression of
BCL2, however, was significantly lower in the ovaries of mice
exposed to cigarette smoke (P¼ 0.003) (Fig. 3). In keeping with
gene expression data from our previous experiment [20], both
BECN1 and LC3 proteins were significantly upregulated in
smoke-exposed mice (P ¼ 0.002 and 0.037, respectively) (Fig.
4, A and B, respectively). An ELISA also revealed that BECN1
was more abundant in smoke-exposed mice compared to sham
controls (P ¼ 0.003) (Fig. 5).

evidenced by increased expression of the profission protein
PARK2 and decreased expression of the profusion proteins
MFN1 and MFN2. These findings, together with our previous
results that revealed a profound increase in autophagosomes in
granulosa cells and overexpression of the proautophagy genes
Becn1 and Lc3 [14, 20], suggest that exposure to cigarette
smoke induces mitochondrial dysfunction, culminating in
mitochondrial-specific autophagy.
In the present study, exposure to cigarette smoke results in
changes in the localization and expression of the BECN1
protein. BECN1 was present but restricted to the oocyte in
resting primordial follicles of sham mice. In addition to the
oocyte, BECN1 was present in both granulosa and theca cells
of larger follicles. These findings are inconsistent with those of
Gaytan et al. [53], who found that staining was restricted to the
theca cells of secondary, antral, and preovulatory follicles in
the human ovary; however, this disparity could be explained by
interspecies differences as well as variation in the sensitivity of
the antibody used. To our knowledge, no published studies
have identified the immunolocalization pattern of BECN1
expression in murine ovaries. Expression of BECN1 in
untreated ovaries was expected, however, because numerous
studies have identified a basal level of expression in a variety
of cells, including rat pheochromocytoma cells [54], human
umbilical vein endothelial cells [55], ovarian follicles [53],
melanoma cells [56], mouse ovarian tissue [20], and mouse
cortical and hippocampal tissues [57]. BECN1 is a key protein
initiator of autophagy, a fundamental cellular process that
constitutively eliminates damaged organelles (mitochondria
and endoplasmic reticulum [ER] and long-lived, insoluble
proteins via lysosomal degradation and that is essential for
survival, differentiation, development, and homeostasis.
BECN1, a BCL2-regulated protein, is required for normal
mammalian development [53] and is at the intersection
between apoptosis and autophagy, suggesting a role in the
interrelationship between the two processes. In the present

Mitochondrial Repair Mechanisms Are Disrupted by
Exposure to Cigarette Smoke
Gene and protein expression of three important regulators of
mitochondrial repair was examined in the homogenates of
ovaries from smoke-exposed and control mice. Significant
increases in the expression of both the gene (P ¼ 0.001) and
protein (P ¼ 0.006) of the profission marker parkin were seen
following exposure to cigarette smoke (Fig. 6, A and B,
respectively), whereas expression of the genes Mfn1 and Mfn2,
encoding the profusion proteins MFN1 and MFN2, was
decreased (P ¼ 0.003 and 0.052, respectively) (Fig. 6, C and
E, respectively). In line with the changes in gene expression,
expression of both MFN1 and MFN2 was significantly
downregulated following treatment (P , 0.001 and P ¼ 0.02,
respectively) (Fig. 6, D and F, respectively).
DISCUSSION
Our results show that exposure to cigarette smoke causes
overexpression of the autophagy proteins BECN1 and LC3 and
underexpression of the autophagy inhibitor BCL2. Coupled
with induction of autophagy, mitochondrial dysfunction
appears to occur following exposure to cigarette smoke, as
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FIG. 2. BECN1 protein localization. Immunohistochemical staining for BECN1 in ovaries from negative control, sham (A, C, E, G, and I), and cigarette
smoke-exposed (B, D, F, H, and J) mice is shown. Follicles at all stages of maturity (C and D, primordial; E and F, primary; G and H, preantral/secondary; I
and J, antral) expressed BECN1 protein in both sham and smoke-exposed mice. The intensity of the staining as well as the localization differed between
treatment groups and follicle stages. The percentage of BECN1-positive cells present in follicles at each stage of development is also shown (K). Data were
checked for normality and equal variance, and treatment effects were tested using t-test. Values are expressed as the mean 6 SEM. *P  0.05. Original
magnifications 310 (negative control), 34 (A and B), and 320 (C–J).
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FIG. 3. Changes in Bcl2 gene and BCL2 protein expression following 8 wk of exposure to cigarette smoke. Analysis of Bcl2 gene and BCL2 protein
expression was performed on whole-ovarian homogenates from sham and smoke-exposed mice. The graph in the left column depicts gene expression
changes relative to Actb control (n ¼ 6 per group). The graph and representative blot in the right column depict protein expression changes relative to
ACTB loading control (n ¼ 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.

exposure. Our findings are consistent with those of others
who have demonstrated that drugs such as etoposide and
staurosporine (known apoptosis inducers) as well as cigarette
smoke and its extract induce autophagy in a variety of cell
types and species [35, 38, 58–62], suggesting that although
tissue and/or species differences exist, autophagy-mediated cell
death can act as a substitute for apoptosis under certain
conditions. Interestingly, not all treatments that elicited an
autophagic response resulted in the same type of autophagy; to
wit, whereas etoposide treatment caused death-associated
autophagy in Hep3B hepatoma cells, staurosporine treatment
in the same cells was cytoprotective [62]. Our results are in
keeping with the above-mentioned studies, but Shimizu et al.
[35] have demonstrated that overexpression, rather than
reduction in the expression of either BCL2 or BCL2-like 1
(BCL2L1; a BECN1-interacting protein), resulted in autophagy-mediated cell death similar to that seen in their double Bax/

study, BECN1 expression is increased following exposure to
cigarette smoke, and immunohistochemical staining reveals a
shift from focal to diffuse staining throughout the cytoplasm.
Activation of the autophagy cascade begins with induction of
BECN1 expression and membrane nucleation. Taken together,
we interpret these data as evidence that exposure to cigarette
smoke increases BECN1 expression, leading to wider distribution in the cytoplasm to sites of membrane nucleation and
induction of autophagolysosome development.
In the present study, we examined the effect of exposure to
cigarette smoke on the expression of genes and their respective
proteins involved in the autophagy cascade. Of these, we found
a significant increase in both gene and protein expression of
two proautophagy cascade members, BECN1 and LC3.
Moreover, whereas we saw no change in Bcl2 gene expression,
an autophagy antagonist, a significant decrease was observed
in BCL2 protein expression following cigarette smoke

FIG. 4. Autophagy-related proteins are altered following 8 wk of exposure to cigarette smoke. Analysis of BECN1 (A) and LC3 (B) protein expression was
performed on whole-ovarian homogenates from sham and smoke-exposed mice. Protein expression was measured relative to ACTB loading control (A, n
¼ 6 per group; B, n ¼ 5 per group). A representative blot is shown for each graph. 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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TEM experiments, which showed a distinct lack of hallmarks
of apoptosis and an abundance of autophagosomes in various
stages of maturity [20]. These findings, coupled with our
present findings, suggest that cigarette smoke induces oxidative
stress via an AhR-dependent process, leading to dysregulation
of mitochondrial dynamics, as evidenced by the observed
increase in PARK2 expression and the decrease in MFN1 and
MFN2 expression, leading to mitophagy and ultimately follicle
demise. Overall, our findings suggest that exposure to cigarette
smoke, representative of exposure in women who smoke a
pack a day, does not activate the apoptosis machinery of
ovarian follicles [14, 20] but instead induces autophagy
(present study and [20]), which leads to death of the granulosa
cells and ultimately death of the follicle. Numerous studies
have shown that treatment with ovarian toxicants results in
apoptosis in the ovary [2, 7, 67–77]. We propose that the
concentrations of chemicals used in those studies were
significantly higher than the concentrations achieved in women
who smoke and thus resulted in activation of the canonical
apoptosis cell death pathway, whereas our treatment initiated
autophagy that in all likelihood was initially an adaptive
response to protect follicle development and mediate oxidative
stress caused by the cigarette smoke but that ultimately was
overcome due to the chronic activation of the cascade, which
led to autophagy-mediated cell death. This hypothesis is not
without precedent. Previous studies have shown that prolonged
activation of the autophagy cascade, particularly nonphysiological assaults (i.e., chemotherapy), lead to autophagymediated cell death without the activation of apoptosis [78, 79].
Mitochondrial homeostasis is vital to the survival of cells.
Mitochondria are responsible for the execution of a number of
processes upon which cells depend to maintain appropriate
energy levels, reduce ROS accumulation, and carry out PCD
[39]. In mouse pancreatic beta cells, metabolically stressed
mitochondria, in the form of free fatty acids and high glucose
levels, displayed elevated levels of membrane potential
heterogeneity and increased autophagy [43, 80, 81]. Before
mitophagy, mitochondria have been shown to depolarize and
are sequestered in a preautophagy pool [42]. These mitochondria no longer contribute to the pool of mitochondria capable of
fusing. Mitofusins play an important role in maintaining
mitochondrial integrity. In mouse embryonic fibroblasts, the
absence of either MFN1 or MFN2 resulted in reduced fusion
and increased numbers of fragmented mitochondria [82] as
well as increased sensitivity of the cells to various apoptotic
stimuli [83]. Interestingly, inhibition of autophagy (by deletion
of autophagy related gene 5 (Atg5) or silencing of Becn1) or
induction of mitophagy (starvation-induced) both resulted in
mitochondrial membrane depolarization [42], suggesting that
changes in membrane potential are indicative of perturbations
in the delicate balance between mitochondrial survival and
elimination.
Finally, in the newly fertilized oocyte, selective mitophagy
has been documented whereby sperm mitochondria are
selectively targeted for mitophagy immediately following
fertilization [84]. The oocyte requires a large amount of energy
to produce a mature oocyte that contains the appropriate
number of chromosomes and, as such, contains the most
mitochondria of all the cells in the body, making the repair and
maintenance of mtDNA integrity paramount. Hence, the proper
balance between mitochondrial fission and fusion and its core
proteins is essential to producing a viable oocyte. Numerous
studies have also shown that to produce a viable oocyte,
healthy granulosa cells are required [85–98]. Thus, our findings
showing increased autophagy and mitochondrial dysfunction in
granulosa cells suggest that cigarette smoke decreases

FIG. 5. BECN1 protein changes following exposure to cigarette smoke.
Protein expression changes measured by Western blot analysis were
confirmed using a Beclin 1 ELISA (n ¼ 15 per group). 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.

Bak mutants [35]. Once again, death-associated autophagy
appeared to be regulated differently than starvation-induced
autophagy (survival). For instance, BCL2L1 is required for
regulation of BECN1 in death-associated, but not in starvationinduced, autophagy, and upregulation of BECN1 expression is
only seen in death-associated autophagy [63].
Emerging evidence challenges the long-held belief that
BAX activation is the central pathway regulating follicle
density, and our data support the view that an alternative cell
death pathway is important in regulating follicle demise.
Mechanisms regulating cross-talk between the apoptosis and
autophagy pathways are unclear. However, we note that BCL2
is at the interface between both pathways, and several studies
have identified autophagy as an important alternative pathway
of cell death in mammalian cells, including human and rodent
granulosa cells. We and others have shown stress-induced cell
death often proceeds in an apoptosis-independent manner.
Specifically, mice lacking both Bax and BCL2-antagonist/killer
1 (Bak) are completely resistant to apoptosis, yet cell death, the
execution of which is dependent upon the induction of
autophagy, progresses normally [35]. Similarly, human
granulosa cells with unopposed oxidative stress demonstrated
increased autophagy following increased expression of lectinlike oxidized low-density receptor (LOX-I), a scavenger
receptor and membrane glycoprotein that is activated by
oxidized low-density lipoprotein [61, 64]. During yolk removal
in some fish species, autophagosomes containing degenerating
mitochondria and other material were evident in follicular cells
[29]. Finally, our lab reported a significant loss of follicles at
all stages of development in mice exposed to cigarette smoke
without activating either the intrinsic or extrinsic apoptosis
pathways despite a significant reduction in the expression of
BCL2 [14, 20].
We have previously shown that both cigarette smoke
condensate and BaP delayed follicle development and
decreased estradiol-17 and antimullerian hormone output of
follicles in isolated follicle cultures [13, 65, 66], whereas
exposure to cigarette smoke induced oxidative stress [20], as
shown by increased heat shock protein 25 (HSP25) and
decreased SOD2 expression, but did not induce apoptosis in
mice [14, 20], as shown by no changes in active caspase 3
(CASP3) expression, TUNEL staining, or DNA laddering. The
observed absence of changes in active CASP3, the common
executioner in the apoptosis cascade, coupled with a lack of
increased TUNEL staining in treated ovaries led us to conclude
that apoptosis was not upregulated following exposure to
cigarette smoke. This conclusion was further supported by our
7
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FIG. 6. Dysregulation of mitochondrial repair mechanisms is evident in ovaries exposed to cigarette smoke for 8 wk. Analysis of PARK2 (A and B), MFN1
(C and D), and MFN2 (E and F) gene and protein expression in whole-ovarian homogenates from k sham and smoke-exposed mice is shown. Gene
expression changes (A, C, and E; n ¼ 6 per group) were measured relative to Actb control and protein expression changes (B, D, and F; n ¼ 7 sham and 6
smoke) were measured relative to ACTB (PARK2) or GAPDH (MFN1 and MFN2) loading controls. 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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granulosa cell numbers via autophagy and, in so doing,
decreases follicle survival.
In summary, we have shown in the present study that
exposure to cigarette smoke results in mitochondrial dysfunction, as supported by increased expression of the profission
PARK2 and the subsequent decreased expression of its targets,
the profusion proteins MFN1 and MFN2. Enhanced autophagy
activity was also apparent, as evidenced by the increased
presence of autophagosomes in treated ovaries and via
increases in gene and protein expression of BECN1, which is
a key initiator of autophagy, and of LC3, which is responsible
for sequestration of organelles within the autophagosome, as
well as the decreased expression of the autophagy antagonist
BCL2. Taken together, our results suggest that cigarette smoke,
in doses relevant to human exposure, causes mitochondrial
damage and dysfunction, leading to enhanced autophagy
activity in the granulosa cells of ovarian follicles. Although
our results show that exposure to cigarette smoke induces
changes in the expression of several mitochondrial-specific
proteins, we cannot rule out potential adverse effects on other
organelles following cigarette smoke exposure. Given that all
smokers do not suffer from infertility, we postulate that
reparative autophagy is inadequate to manage cigarette smokeinduced oxidative stress; the threshold needed to support
follicle growth and oocyte development is exceeded, resulting
in follicle loss and subfertility. The number of young women
who start smoking is growing [99], suggesting that prevention
strategies are not effective deterrents in this population.
Coupled with the addictive quality of nicotine, often requiring
multiple attempts to quit smoking [100], this implies that
counseling women to quit is not an effective strategy when
managing smoking-related infertility. Moreover, it is unknown
if cigarette smoke-induced ovarian damage is reversible by
smoking cessation. Therefore, the mechanistic pathway
elucidated in the present study is important in identifying the
potential targets of antioxidant therapies for fertility preservation. With mitochondrial dysfunction being implicated in a
broad spectrum of diseases covering every aspect of medicine,
our results may have far-reaching implications both in
reproductive medicine and throughout medicine in general.
REFERENCES
1. van Beek RD, van den Heuvel-Eibrink MM, Laven JS, de Jong FH,
Themmen AP, Hakvoort-Cammel FG, van den BC, van den BH, Pieters
R, de Muinck Keizer-Schrama SM. Anti-Mullerian hormone is a
sensitive serum marker for gonadal function in women treated for
Hodgkin’s lymphoma during childhood. J Clin Endocrinol Metab 2007;
92:3869–3874.
2. Devine PJ, Sipes IG, Hoyer PB. Initiation of delayed ovotoxicity by in
vitro and in vivo exposures of rat ovaries to 4-vinylcyclohexene
diepoxide. Reprod Toxicol 2004; 19:71–77.
3. Devine PJ, Sipes IG, Skinner MK, Hoyer PB. Characterization of a rat in
vitro ovarian culture system to study the ovarian toxicant 4-vinylcyclohexene diepoxide. Toxicol Appl Pharmacol 2002; 184:107–115.
4. Mayer LP, Pearsall NA, Christian PJ, Devine PJ, Payne CM, McCuskey
MK, Marion SL, Sipes IG, Hoyer PB. Long-term effects of ovarian
follicular depletion in rats by 4-vinylcyclohexene diepoxide. Reprod
Toxicol 2002; 16:775–781.
5. Neal MS, Zhu J, Foster WG. Quantification of benzo[a]pyrene and other
PAHs in the serum and follicular fluid of smokers versus non-smokers.
Reprod Toxicol 2008; 25:100–106.
6. Desmeules P, Devine PJ. Characterizing the ovotoxicity of cyclophosphamide metabolites on cultured mouse ovaries. Toxicol Sci 2006; 90:
500–509.
7. Jurisicova A, Taniuchi A, Li H, Shang Y, Antenos M, Detmar J, Xu J,
Matikainen T, Benito HA, Nunez G, Casper RF. Maternal exposure to
polycyclic aromatic hydrocarbons diminishes murine ovarian reserve via
induction of Harakiri. J Clin Invest 2007; 117:3971–3978.

9
Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 28 May 2022
Terms of Use: https://complete.bioone.org/terms-of-use

Article 63

GANNON ET AL.
55. Ding Z, Wang X, Khaidakov M, Liu S, Dai Y, Mehta JL. Degradation of
heparan sulfate proteoglycans enhances oxidized-LDL-mediated autophagy and apoptosis in human endothelial cells. Biochem Biophys Res
Commun 2012; 426:106–111.
56. Smith CC, Lee KS, Li B, Laing JM, Hersl J, Shvartsbeyn M, Aurelian L.
Restored expression of the atypical heat shock protein H11/HspB8
inhibits the growth of genetically diverse melanoma tumors through
activation of novel TAK1-dependent death pathways. Cell Death Dis
2012; 3:e371.
57. Wang YQ, Wang L, Zhang MY, Wang T, Bao HJ, Liu WL, Dai DK,
Zhang L, Chang P, Dong WW, Chen XP, Tao LY. Necrostatin-1
suppresses autophagy and apoptosis in mice traumatic brain injury
model. Neurochem Res 2012; 37:1849–1858.
58. Chen ZH, Kim HP, Sciurba FC, Lee SJ, Feghali-Bostwick C, Stolz DB,
Dhir R, Landreneau RJ, Schuchert MJ, Yousem SA, Nakahira K,
Pilewski JM, et al. Egr-1 regulates autophagy in cigarette smoke-induced
chronic obstructive pulmonary disease. PLoS ONE 2008; 3:e3316.
59. Kim HP, Wang X, Chen ZH, Lee SJ, Huang MH, Wang Y, Ryter SW,
Choi AM. Autophagic proteins regulate cigarette smoke-induced
apoptosis: protective role of heme oxygenase-1. Autophagy 2008; 4:
887–895.
60. Hwang JW, Chung S, Sundar IK, Yao H, Arunachalam G, McBurney
MW, Rahman I. Cigarette smoke-induced autophagy is regulated by
SIRT1-PARP-1-dependent mechanism: implication in pathogenesis of
COPD. Arch Biochem Biophys 2010; 500:203–209.
61. Serke H, Vilser C, Nowicki M, Hmeidan FA, Blumenauer V,
Hummitzsch K, Losche A, Spanel-Borowski K. Granulosa cell subtypes
respond by autophagy or cell death to oxLDL-dependent activation of the
oxidized lipoprotein receptor 1 and toll-like 4 receptor. Autophagy 2009;
5:991–1003.
62. Yoo SH, Yoon YG, Lee JS, Song YS, Oh JS, Park BS, Kwon TK, Park
C, Choi YH, Yoo YH. Etoposide induces a mixed type of programmed
cell death and overcomes the resistance conferred by Bcl-2 in Hep3B
hepatoma cells. Int J Oncol 2012; (in press). Published online ahead of
print 7 August 2012; DOI 10.3892/ijo.2012.1585.
63. Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman JE, Berry G,
Herman B, Levine B. Protection against fatal Sindbis virus encephalitis
by beclin, a novel Bcl-2-interacting protein. J Virol 1998; 72:8586–8596.
64. Vilser C, Hueller H, Nowicki M, Hmeidan FA, Blumenauer V, SpanelBorowski K. The variable expression of lectin-like oxidized low-density
lipoprotein receptor (LOX-1) and signs of autophagy and apoptosis in
freshly harvested human granulosa cells depend on gonadotropin dose,
age, and body weight. Fertil Steril 2010; 93:2706–2715.
65. Sadeu JC, Foster WG. Effect of in vitro exposure to benzo[a]pyrene, a
component of cigarette smoke, on folliculogenesis, steroidogenesis and
oocyte nuclear maturation. Reprod Toxicol 2011; 31:402–408.
66. Sadeu JC, Foster WG. Cigarette smoke condensate exposure delays
follicular development and function in a stage-dependent manner. Fertil
Steril 2011; 95:2410–2417.
67. Flaws JA, Doerr JK, Sipes IG, Hoyer PB. Destruction of preantral
follicles in adult rats by 4-vinyl-1-cyclohexene diepoxide. Reprod
Toxicol 1994; 8:509–514.
68. Borman SM, Christian PJ, Sipes IG, Hoyer PB. Ovotoxicity in female
Fischer rats and B6 mice induced by low-dose exposure to three
polycyclic aromatic hydrocarbons: comparison through calculation of an
ovotoxic index. Toxicol Appl Pharmacol 2000; 167:191–198.
69. Devine PJ, Sipes IG, Hoyer PB. Effect of 4-vinylcyclohexene diepoxide
dosing in rats on GSH levels in liver and ovaries. Toxicol Sci 2001; 62:
315–320.
70. Hoyer PB, Davis JR, Bedrnicek JB, Marion SL, Christian PJ, Barton JK,
Brewer MA. Ovarian neoplasm development by 7,12-dimethylbenz[a]anthracene (DMBA) in a chemically-induced rat model of ovarian failure.
Gynecol Oncol 2009; 112:610–615.
71. Hoyer PB, Devine PJ, Hu X, Thompson KE, Sipes IG. Ovarian toxicity
of 4-vinylcyclohexene diepoxide: a mechanistic model. Toxicol Pathol
2001; 29:91–99.
72. Kappeler CJ, Hoyer PB. 4-Vinylcyclohexene diepoxide: a model
chemical for ovotoxicity. Syst Biol Reprod Med 2012; 58:57–62.
73. Boone DL, Carnegie JA, Rippstein PU, Tsang BK. Induction of
apoptosis in equine chorionic gonadotropin (eCG)-primed rat ovaries
by anti-eCG antibody. Biol Reprod 1997; 57:420–427.
74. Boone DL, Tsang BK. Caspase-3 in the rat ovary: localization and
possible role in follicular atresia and luteal regression. Biol Reprod 1998;
58:1533–1539.
75. Dharma SJ, Kelkar RL, Nandedkar TD. Fas and Fas ligand protein and
mRNA in normal and atretic mouse ovarian follicles. Reproduction 2003;
126:783–789.

33. Schiaffino S, Mammucari C, Sandri M. The role of autophagy in neonatal
tissues: just a response to amino acid starvation? Autophagy 2008; 4:
727–730.
34. Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori T,
Ohsumi Y, Tokuhisa T, Mizushima N. The role of autophagy during the
early neonatal starvation period. Nature 2004; 432:1032–1036.
35. Shimizu S, Kanaseki T, Mizushima N, Mizuta T, Arakawa-Kobayashi S,
Thompson CB, Tsujimoto Y. Role of Bcl-2 family proteins in a nonapoptotic programmed cell death dependent on autophagy genes. Nat
Cell Biol 2004; 6:1221–1228.
36. Yousefi S, Perozzo R, Schmid I, Ziemiecki A, Schaffner T, Scapozza L,
Brunner T, Simon HU. Calpain-mediated cleavage of Atg5 switches
autophagy to apoptosis. Nat Cell Biol 2006; 8:1124–1132.
37. Moretti L, Attia A, Kim KW, Lu B. Crosstalk between Bak/Bax and
mTOR signaling regulates radiation-induced autophagy. Autophagy
2007; 3:142–144.
38. Azad MB, Chen Y, Henson ES, Cizeau J, Millan-Ward E, Israels SJ,
Gibson SB. Hypoxia induces autophagic cell death in apoptosiscompetent cells through a mechanism involving BNIP3. Autophagy
2008; 4:195–204.
39. Braschi E, McBride HM. Mitochondria and the culture of the Borg:
understanding the integration of mitochondrial function within the
reticulum, the cell, and the organism. Bioessays 2010; 32:958–966.
40. Molina AJ, Wikstrom JD, Stiles L, Las G, Mohamed H, Elorza A,
Walzer G, Twig G, Katz S, Corkey BE, Shirihai OS. Mitochondrial
networking protects beta-cells from nutrient-induced apoptosis. Diabetes
2009; 58:2303–2315.
41. Twig G, Liu X, Liesa M, Wikstrom JD, Molina AJ, Las G, Yaniv G,
Hajnoczky G, Shirihai OS. Biophysical properties of mitochondrial
fusion events in pancreatic beta-cells and cardiac cells unravel potential
control mechanisms of its selectivity. Am J Physiol Cell Physiol 2010;
299:C477–C487.
42. Twig G, Elorza A, Molina AJ, Mohamed H, Wikstrom JD, Walzer G,
Stiles L, Haigh SE, Katz S, Las G, Alroy J, Wu M, et al. Fission and
selective fusion govern mitochondrial segregation and elimination by
autophagy. EMBO J 2008; 27:433–446.
43. Wikstrom JD, Twig G, Shirihai OS. What can mitochondrial heterogeneity tell us about mitochondrial dynamics and autophagy? Int J Biochem
Cell Biol 2009; 41:1914–1927.
44. Glauser L, Sonnay S, Stafa K, Moore DJ. Parkin promotes the
ubiquitination and degradation of the mitochondrial fusion factor
mitofusin 1. J Neurochem 2011; 118:636–645.
45. Tanaka A, Cleland MM, Xu S, Narendra DP, Suen DF, Karbowski M,
Youle RJ. Proteasome and p97 mediate mitophagy and degradation of
mitofusins induced by Parkin. J Cell Biol 2010; 191:1367–1380.
46. Gegg ME, Cooper JM, Chau KY, Rojo M, Schapira AH, Taanman JW.
Mitofusin 1 and mitofusin 2 are ubiquitinated in a PINK1/parkindependent manner upon induction of mitophagy. Hum Mol Genet 2010;
19:4861–4870.
47. Cipolat S, Rudka T, Hartmann D, Costa V, Serneels L, Craessaerts K,
Metzger K, Frezza C, Annaert W, D’Adamio L, Derks C, Dejaegere T, et
al. Mitochondrial rhomboid PARL regulates cytochrome c release during
apoptosis via OPA1-dependent cristae remodeling. Cell 2006; 126:
163–175.
48. Pellegrini L, Scorrano L. A cut short to death: Parl and Opa1 in the
regulation of mitochondrial morphology and apoptosis. Cell Death Differ
2007; 14:1275–1284.
49. Gomes LC, Di BG, Scorrano L. During autophagy mitochondria
elongate, are spared from degradation and sustain cell viability. Nat Cell
Biol 2011; 13:589–598.
50. Gomes LC, Scorrano L. Mitochondrial elongation during autophagy: a
stereotypical response to survive in difficult times. Autophagy 2011; 7:
1251–1253.
51. Botelho FM, Gaschler GJ, Kianpour S, Zavitz CC, Trimble NJ, Nikota
JK, Bauer CM, Stampfli MR. Innate immune processes are sufficient for
driving cigarette smoke-induced inflammation in mice. Am J Respir Cell
Mol Biol 2010; 42:394–403.
52. Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 2001; 25:402–408.
53. Gaytan M, Morales C, Sanchez-Criado JE, Gaytan F. Immunolocalization of beclin 1, a bcl-2-binding, autophagy-related protein, in the human
ovary: possible relation to life span of corpus luteum. Cell Tissue Res
2008; 331:509–517.
54. Mo Z, Fang Y, He Y, Ke X. Change of Beclin-1 dependent on ATP,
[Ca2 þ]i and MMP in PC12 cells following oxygen-glucose deprivation reoxygenation injury. Cell Biol Int 2012; 36:1043–1048.

10
Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 28 May 2022
Terms of Use: https://complete.bioone.org/terms-of-use

Article 63

DEATH BY SMOKING IN A MURINE MODEL
76. Hussein MR. Apoptosis in the ovary: molecular mechanisms. Hum
Reprod Update 2005; 11:162–177.
77. Kim JM, Boone DL, Auyeung A, Tsang BK. Granulosa cell apoptosis
induced at the penultimate stage of follicular development is associated
with increased levels of Fas and Fas ligand in the rat ovary. Biol Reprod
1998; 58:1170–1176.
78. Kanzawa T, Kondo Y, Ito H, Kondo S, Germano I. Induction of
autophagic cell death in malignant glioma cells by arsenic trioxide.
Cancer Res 2003; 63:2103–2108.
79. Kanzawa T, Zhang L, Xiao L, Germano IM, Kondo Y, Kondo S. Arsenic
trioxide induces autophagic cell death in malignant glioma cells by
upregulation of mitochondrial cell death protein BNIP3. Oncogene 2005;
24:980–991.
80. Wikstrom JD, Katzman SM, Mohamed H, Twig G, Graf SA, Heart E,
Molina AJ, Corkey BE, de Vargas LM, Danial NN, Collins S, Shirihai
OS. Beta-cell mitochondria exhibit membrane potential heterogeneity
that can be altered by stimulatory or toxic fuel levels. Diabetes 2007; 56:
2569–2578.
81. Choi SE, Lee SM, Lee YJ, Li LJ, Lee SJ, Lee JH, Kim Y, Jun HS, Lee
KW, Kang Y. Protective role of autophagy in palmitate-induced INS-1
beta-cell death. Endocrinology 2009; 150:126–134.
82. Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC.
Mitofusins Mfn1 and Mfn2 coordinately regulate mitochondrial fusion
and are essential for embryonic development. J Cell Biol 2003; 160:
189–200.
83. Frezza C, Cipolat S, Martins de BO, Micaroni M, Beznoussenko GV,
Rudka T, Bartoli D, Polishuck RS, Danial NN, De Strooper B, Scorrano
L. OPA1 controls apoptotic cristae remodeling independently from
mitochondrial fusion. Cell 2006; 126:177–189.
84. Shitara H, Kaneda H, Sato A, Inoue K, Ogura A, Yonekawa H, Hayashi
JI. Selective and continuous elimination of mitochondria microinjected
into mouse eggs from spermatids, but not from liver cells, occurs
throughout embryogenesis. Genetics 2000; 156:1277–1284.
85. Gittens JE, Barr KJ, Vanderhyden BC, Kidder GM. Interplay between
paracrine signaling and gap junctional communication in ovarian
follicles. J Cell Sci 2005; 118:113–122.
86. Gittens JE, Kidder GM. Differential contributions of connexin37 and
connexin43 to oogenesis revealed in chimeric reaggregated mouse
ovaries. J Cell Sci 2005; 118:5071–5078.
87. Dyce PW, Norris RP, Lampe PD, Kidder GM. Phosphorylation of serine
residues in the C-terminal cytoplasmic tail of connexin43 regulates
proliferation of ovarian granulosa cells. J Membr Biol 2012; 245:
291–301.
88. Kidder GM, Vanderhyden BC. Bidirectional communication between

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

11
Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 28 May 2022
Terms of Use: https://complete.bioone.org/terms-of-use

oocytes and follicle cells: ensuring oocyte developmental competence.
Can J Physiol Pharmacol 2010; 88:399–413.
Li TY, Colley D, Barr KJ, Yee SP, Kidder GM. Rescue of oogenesis in
Cx37-null mutant mice by oocyte-specific replacement with Cx43. J Cell
Sci 2007; 120:4117–4125.
Tong D, Gittens JE, Kidder GM, Bai D. Patch-clamp study reveals that
the importance of connexin43-mediated gap junctional communication
for ovarian folliculogenesis is strain specific in the mouse. Am J Physiol
Cell Physiol 2006; 290:C290–C297.
Veitch GI, Gittens JE, Shao Q, Laird DW, Kidder GM. Selective
assembly of connexin37 into heterocellular gap junctions at the oocyte/
granulosa cell interface. J Cell Sci 2004; 117:2699–2707.
Wang HX, Tekpetey FR, Kidder GM. Identification of WNT/betaCATENIN signaling pathway components in human cumulus cells. Mol
Hum Reprod 2009; 15:11–17.
Wang HX, Tong D, El-Gehani F, Tekpetey FR, Kidder GM. Connexin
expression and gap junctional coupling in human cumulus cells:
contribution to embryo quality. J Cell Mol Med 2009; 13:972–984.
Pangas SA, Matzuk MM. The art and artifact of GDF9 activity: cumulus
expansion and the cumulus expansion-enabling factor. Biol Reprod 2005;
73:582–585.
Silva JR, van den HR, van Tol HT, Roelen BA, Figueiredo JR.
Expression of growth differentiation factor 9 (GDF9), bone morphogenetic protein 15 (BMP15), and BMP receptors in the ovaries of goats.
Mol Reprod Dev 2005; 70:11–19.
Liao WX, Moore RK, Otsuka F, Shimasaki S. Effect of intracellular
interactions on the processing and secretion of bone morphogenetic
protein-15 (BMP-15) and growth and differentiation factor-9. Implication
of the aberrant ovarian phenotype of BMP-15 mutant sheep. J Biol Chem
2003; 278:3713–3719.
Zhang B, Wei Q, Shi S, Dong F, Shi F, Xu Y. Immunolocalization and
expression pattern of Gpr3 in the ovary and its effect on proliferation of
ovarian granulosa cells in pigs. J Reprod Dev 2012; 58:410–419.
Bennett J, Wu YG, Gossen J, Zhou P, Stocco C. Loss of GATA-6 and
GATA-4 in granulosa cells blocks folliculogenesis, ovulation, and
follicle stimulating hormone receptor expression leading to female
infertility. Endocrinology 2012; 153:2474–2485.
Cohen B, Evers S, Manske S, Bercovitz K, Edward HG. Smoking,
physical activity and breakfast consumption among secondary school
students in a southwestern Ontario community. Can J Public Health
2003; 94:41–44.
West R. The multiple facets of cigarette addiction and what they mean for
encouraging and helping smokers to stop. COPD 2009; 6:277–283.

Article 63

