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Abstract

Emerging evidence has shown that oocytes from diabetic ovaries exhibit delayed matura-

tion, mitochondrial dysfunction and meiotic defects, which are related increased apoptosis.

The main objective of the present study was to analyze the apoptosis pathways activated

during follicular loss at multiple time points in a diabetic mouse model. Twenty BALB/c mice

were used in this study, and diabetes mellitus was induced by streptozotocin injection.

Three diabetic and two control animals were sacrificed on days 15, 20, 70 and 80 posttreat-

ment. The ovaries were then removed; one was used for follicular counting, TUNEL, immu-

nohistochemistry and immunofluorescence, while the other was used for Western blot

analysis. The proteins studied were BAX, BCL2, t-BID, FAS, FASL, active caspase 8, active

caspase 9 and active caspase 3. Follicular apoptosis decreased over time, with the highest

values observed at 15 days posttreatment. Granulosa cells were positive for active caspase

3, which showed constant expression levels at all time points. FAS, FASL, t-BID and active

caspase 8 showed strong cytoplasmic immunostaining in the oocytes and granulosa cells of

the diabetic mice, with significant increases observed at 15, 20 and 70 days posttreatment.

BAX expression was slightly higher in the diabetic mouse ovaries than in the control ovaries

at 15, 20 and 70 days posttreatment, whereas the highest active caspase 9 expression was

at observed 20 days posttreatment. Low BCL2 protein levels were detected in the diabetic

mouse ovaries at all time points. This study describes for the first time the behavior of apo-

ptosis-related proteins in the diabetic mouse ovary and shows not only that the FAS/FASL

pathway contributes to follicular loss but also that antral follicles are the most affected.

Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder affecting more than 6% of the global

population [1]. Chronically high glucose levels have deleterious effects on the structure and

function of various organs [2–4]. Tissue damage has been related to the increased formation of

PLOS ONE | https://doi.org/10.1371/journal.pone.0203268 September 7, 2018 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Fraunhoffer NA, Meilerman Abuelafia A,

Aquino Barrientos M, Cimerman KV, Olmos MF,

Chuluyan E, et al. (2018) Long-term apoptosis-

related protein expression in the diabetic mouse

ovary. PLoS ONE 13(9): e0203268. https://doi.org/

10.1371/journal.pone.0203268
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advanced glycation end products (AGEs) [5, 6] and the overproduction of reactive oxygen spe-

cies (ROS) [2, 5], which can cause oxidative stress, vascular endothelial cell damage and

inflammatory cytokine production [3, 7, 8]. Among women with DM, menstrual complica-

tions, such as polymenorrhea, oligomenorrhea and amenorrhea followed by ovulation failure,

have been described [9, 10]. In addition, earlier menopause in women with DM has been

described [11, 12]. In recent years, emerging evidence has shown that oocytes from diabetic

rodents exhibit delayed maturation, abnormal cellular metabolism, mitochondrial dysfunc-

tion, meiotic defects and ovarian tissue damage [13–17]. These ovarian alterations produce a

reduction in the ovarian reserve related to activation of the caspase 3 apoptosis pathway [18].

However, these studies analyzed the effects of DM on ovaries at specific time points without

understanding the dynamic changes in apoptosis-related protein expression underlying the

ovarian reserve reduction.

In this study, we characterized follicular loss in the diabetic mouse ovary at four time points

and correlated follicular loss with the ovarian expression of BAX, BCL2, t-BID, FAS, FASL,

active caspase 8 (C8A), active caspase 9 (C9A) and active caspase 3 (C3A). Here, we report that

major follicular loss occurs during the early stage of DM induction and correlates with high

protein levels of FAS, FASL, t-BID and C8A, suggesting that the FAS/FASL pathway contrib-

utes to follicular loss.

Materials and methods

Animals

In this study, 20 BALB/c female mice aged 60 days were used. Animals were allowed food ad

libitum and housed in steel cages in a temperature-controlled environment (25 ± 4˚C) under a

12-hr light/dark cycle. The experimental procedures were approved by the Institutional Com-

mittee on the Use and Care of Experimental Animals (CICUAE) of Universidad Maimónides,

Argentina. Animal handling and sacrifice were performed by trained veterinary staff according

to the Guide for Care and Use of Laboratory Animals publish by the US National Institute of

Health (NIH Publication No. 85–23, revised 2011).

Experimental protocols

Diabetes was induced by five intraperitoneal injections of streptozotocin (STZ) (Sigma-

Aldrich, Inc., St. Louis, MO) (60 mg/kg STZ in 0.1 M sodium citrate buffer at pH 4.5). Only

sodium citrate buffer was administered to the control animals. Blood glucose was verified 4

days after the final STZ injection using the ACCU-CHEK Performa Nano1 system (Roche

Diagnostics, Japan). Mice with blood glucose levels of 300 mg/dl and higher were included in

the diabetic group in this study. Then, all 20 mice (3 diabetics and 2 controls per day) were

randomly euthanized at different time points (15, 20, 70 and 80 days posttreatment). These

time points were selected to coincide with those described by several authors who have used

STZ to induce DM [2, 9, 13, 19]. At each time point, blood samples were collected to evaluate

the glucose levels, and the ovaries were removed and weighed. One ovary was fixed in 4% neu-

tral-buffered paraformaldehyde (PFA) for histological analysis, immunohistochemistry,

immunofluorescence and TUNEL, while the other was frozen at -80˚C for Western blot

analysis.

Ovarian histology and follicular counting

PFA-fixed ovary sections (5 μm) were stained with hematoxylin and eosin using standard

methods. Images were captured and analyzed using an optical microscope (BX40, Olympus
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Optical Corporation, Tokyo, Japan) fitted with a digital camera (390CU 3.2 Megapixel CCD

Camera, Micrometrics, Spain).

Follicles were counted according to the method described by Sun et al., 2015 [20]. Three

sections, 10 sections apart, from each ovary were selected for counting. Follicles were indepen-

dently counted by two individuals. Follicular stages were classified as follows: primordial folli-

cle, oocyte surrounded by a single layer of flatted granulosa cells; primary follicle, oocyte

surrounded by a single layer of cuboidal granulosa cells; secondary follicle, oocyte surrounded

by two layers of cuboidal granulosa cells; tertiary follicle, oocyte surrounded by more than two

layers of cuboidal cells and without an antrum; and antral follicle, oocyte surrounded by multi-

ple layers of cuboidal cells and with an antrum. Follicles with apoptotic bodies and an abnor-

mal oocyte morphology were classified as apoptotic. Areas were measured using Micrometrics

software (Micrometrics, Spain). Follicle counts were normalized to the area of each section.

TUNEL assay

Apoptosis-associated DNA fragmentation was detected by TUNEL [21] using the In Situ Cell

Death Detection Kit (Roche Diagnostics, Roche Applied Science). Mounted sections were

dewaxed in xylene, rehydrated through a decreasing series of ethanol (100, 95, 70 and 50%)

and PBS, permeabilized with 20 mg/ml nuclease-free Proteinase K in 10 mM Tris-HCl (Invi-

trogen, Life Technologies Corporation) for 30 min at 37˚C, and finally blocked for endogenous

peroxidase activity with 3% hydrogen peroxide in methanol for 30 min at room temperature.

TUNEL was carried out following the supplier’s recommendations. The sections were incu-

bated with the TUNEL reaction mixture (labeling solution plus the terminal transferase

enzyme) for 60 min at 37˚C. Images were captured and analyzed using a conventional epi-

fluorescence microscope with UV illumination (BX40, Olympus Optical Corporation, Tokyo,

Japan) and fitted with a digital camera (390CU 3.2 Megapixel CCD Camera, Micrometrics,

Spain). Endometrial mouse tissue was used as a positive and negative control (S1 Fig). Positive

control sections were incubated with 10 IU/ml recombinant DNase I (Invitrogen, Life Tech-

nologies Corporation) in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2 and 1 mg/ml BSA for 60

min at room temperature. After incubation with the enzyme, the slides were thoroughly rinsed

with PBS and reprocessed for TUNEL. The negative control was processed in the same manner

with omission of the terminal transferase enzyme.

Immunohistochemistry

The samples were baked overnight at 60˚C, dewaxed in xylene and hydrated through a

decreasing ethanol series (100, 80, and 50%). After 10 min in PBS, heat-induced antigen

retrieval was performed in a water bath at 96˚C in 10 mM sodium citrate (pH 6) for 20 min.

Endogenous peroxidase activity was blocked with 3% H2O2 in methanol for 30 min and

washed twice in 0.01% Tween 20 in PBS buffer (PBST) (pH 7.4). Then, the sections were

blocked with 1.5% blocking serum solution (VECTASTAIN Elite ABC Kit, Vector Laborato-

ries, Burlingame, CA, USA) in PBST for 30 min. The slides were incubated with the primary

antibody overnight at 4˚C. The primary rabbit polyclonal antibodies used were anti-FAS

(1:300; Santa Cruz Biotechnology, USA), anti-FASL (1:200; Santa Cruz Biotechnology, USA),

anti-BAX (1:200; Santa Cruz Biotechnology, USA), and anti-BCL2 (1:100; Abcam, Cambridge,

USA). The primary goat polyclonal antibody used was anti-cleaved BID (1:100; Santa Cruz

Biotechnology, USA). The samples were then incubated for 30 min at room temperature with

the goat anti-rabbit (VECTASTAIN Elite ABC Kit, Vector Laboratories, Burlingame, CA,

USA) and rabbit anti-goat (VECTASTAIN Elite ABC Kit, Vector Laboratories, Burlingame,

CA, USA) secondary antibodies, followed by incubation with an avidin-biotin complex
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(VECTASTAIN Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) for an additional

30 min at room temperature. The reaction was visualized with 3,3’-diaminobenzidine chromo-

gen containing nickel salt (DAB Kit, Vector Laboratories, Burlingame, USA). The sections

were then dehydrated and coverslipped. Images were captured and analyzed using an optical

microscope (BX40, Olympus Optical Corporation, Tokyo, Japan) with a digital camera

(390CU 3.2 Megapixel CCD Camera, Micrometrics, Spain).

Immunofluorescence

Paraffin sections were dewaxed in xylene and hydrated through a decreasing ethanol series.

After 10 min in PBS, heat-induced epitope retrieval was performed in a water bath at 96˚C in

10 mM sodium citrate at pH 6 for 20 min. Then, the sections were blocked with blocking

serum solution (Vector Laboratories, Burlingame, CA, USA) diluted in 1.5% PBST for 30 min.

Slides were incubated with the primary antibody overnight at 4˚C. The primary antibodies

used were rabbit polyclonal anti-C3A (1:300; Abcam, Cambridge, USA), anti-C9A (1:50;

Abcam, Cambridge, USA), and goat anti-C8A (1:100; Santa Cruz Biotechnology, USA). The

secondary antibodies used were Alexa 555-conjugated donkey anti-rabbit (1:600; Invitrogen,

Life Technologies Corporation, Carlsbad, California, USA) and Alexa 488-conjugated anti-

goat (1:600; Invitrogen, Life Technologies Corporation, Carlsbad, California, USA), which

were incubated with the sections for 60 min at room temperature. The slides were counter-

stained with mounting medium for fluorescence with DAPI (H-1200; Vector Laboratories,

Burlingame, USA). Negative controls were processed in the same manner with omission of the

primary antibodies. Images were captured using an optical microscope (Olympus BX40) with

an attached digital camera (390CU 3.2 Megapixel CCD Camera, Micrometrics, Spain).

Western blotting

Ovaries were homogenized (1:3 w/v) in RIPA buffer. The samples were separated by

SDS-PAGE (29:1 acrylamide:bis acrylamide, Bio-Rad Laboratories, Hercules, California, USA)

with a 10% running gel and 4% stacking gel, with 0.25 M Tris-glycine, pH 8.3, as the electrolyte

buffer, in an electrophoresis cell (Mini-PROTEAN II Electrophoresis Cell, Bio-Rad Laborato-

ries, Hercules, California, USA). For the Western blot analysis, proteins were electrotrans-

ferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P, EMD Millipore

Corporation, Billerica, Massachusetts, USA) at 250 mA for 2 h. For protein identification, the

membranes were blocked for 1 h at room temperature with 5% powdered milk in PBS contain-

ing 0.1% Tween 20. Then, they were incubated overnight at 4˚C with the rabbit polyclonal

antibodies anti-FAS (1:1000; Santa Cruz Biotechnology, USA), anti-FASL (1:2000; Santa Cruz

Biotechnology, USA), anti-BAX (1:2000; Santa Cruz Biotechnology, USA), anti-BCL2 (1:1000;

Abcam, Cambridge, USA), anti-C3A (1:500; Abcam, Cambridge, USA), and anti-C9A (1:500;

Abcam, Cambridge, USA) and the goat polyclonal antibodies anti-cleaved BID (1:1000; Santa

Cruz Biotechnology, USA) and anti-C8A (1:1000; Santa Cruz Biotechnology, USA). For the

immunoreaction, the membranes were incubated with horseradish peroxidase (HRP)-conju-

gated goat anti-rabbit IgG (1:3000 dilution, Bio-Rad Laboratories, Hercules, California, USA)

or HRP-conjugated rabbit anti-goat IgG (1:3000 dilution, Bio-Rad Laboratories, Hercules, Cal-

ifornia, USA). The outcome was visualized using the ECL Plus Kit (GE Healthcare, Ltd., Amer-

sham Place, Buckinghamshire, UK) for chemiluminescence development. To normalize the

results, monoclonal anti-β-actin (1:6000 dilution, AC-15, Sigma-Aldrich, Inc., St. Louis, Mis-

souri, USA) was used on the same membranes and revealed with HRP-conjugated goat anti-

mouse IgG (1:3000 dilution, Bio-Rad Laboratories, Hercules, California, USA). The mem-

branes were scanned using an ImageQuant 350 system (GE Healthcare Bio-Sciences AB,
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Uppsala, Sweden). The estimation of bands was performed using a prestained protein ladder

(PageRuler, Fermentas UAB, Vilnius, Lithuania) as a molecular weight marker. The results are

expressed as the optical density of each protein/optical density of β-actin.

Statistical analysis

Data are expressed as the mean and standard deviation (SD). Differences between the control and

diabetic groups were evaluated with the Wilcoxon-Mann-Whitney nonparametric test. Statistical

analyses were performed using Infostat version 2013 (Grupo Infostat, FCA, Universidad Nacional

de Córdoba, Argentina). Differences were considered significant when p< 0.05.

Results

Decrease in the number of follicles in diabetic mice

The diabetic mice showed markedly increased serum glucose levels at all time points compared

to the control mice. In addition, the serum glucose levels were higher at the end of the study

than the beginning (Table 1). The ovarian weight did not show a significant difference between

the diabetic and control mice at any time point (S1 Table). However, the follicular count was

significantly lower in the diabetic mice than in the control mice at 70 days posttreatment

(11.54 ± 2.51 follicles/mm2; p = 0.0485; Fig 1; S2 Table) and 80 days posttreatment (6.46 ± 0.08

follicles/mm2; p = 0.0339; Fig 1; S2 Table), but not at 15 or 20 days posttreatment (Fig 1; S2

Table).

Histological alterations and increase in follicular apoptosis in diabetic mice

In the diabetic mice, the ovarian histology revealed strong degeneration associated with follic-

ular apoptosis, along with marked granulosa cell disorganization and abnormal oocyte mor-

phology from the primary to antral stage (Fig 2A). In addition, granulosa cells showed strong

positive TUNEL signals in the diabetic mouse ovaries (Fig 3) compared to the control mouse

ovaries (Fig 3). Follicular apoptosis decreased over time, with the highest values at 15 days

posttreatment (10.14 ± 3.02 apoptotic follicles/mm2; p = 0.0209; S3 Table) and the lowest at 80

days posttreatment (3.22 ± 1.48 apoptotic follicles/mm2; p = 0.0743; S3 Table) (Fig 2B). Antral

follicles were the most affected, representing 70% and 40% of apoptotic follicles between 15

and 70 days posttreatment, respectively (Fig 2C). Moreover, the percentage of apoptotic pri-

mary and secondary follicles showed an increase from 15 to 80 days posttreatment (Fig 2C).

Dynamics of apoptotic proteins in the diabetic mouse ovary

To investigate the apoptotic process in diabetic mouse ovaries, proteins related to apoptosis

pathways were analyzed. Ovarian C3A expression was significantly higher in the diabetic mice

Table 1. Glucose levels in control and diabetic mice.

Days Posttreatment Controla Diabetica

15 118.5 ± 0.71 338 ± 85.9�

20 83.5 ± 0.70 357 ± 52.9�

70 104.5 ± 3.53 399 ± 34.4�

80 129 ± 18.4 521 ± 82.3�

aData are expressed as the mean ± SD.

�Statistically significant differences, p < 0.05.

https://doi.org/10.1371/journal.pone.0203268.t001
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than in the control mice at all time points, with the highest level observed at 20 days posttreat-

ment (Fig 4). C3A expression was strongly localized in the cytoplasm and nuclei of oocytes

and granulosa cells from primary to antral follicles in the diabetic mouse ovaries at all time

points, whereas C3A expression in the control mice was mainly in the granulosa cells of antral

follicles (Fig 5A). The expression of FAS pathway members FAS, FASL, t-BID and C8A was

significantly increased in the diabetic mouse ovaries at 15, 20 and 70 days posttreatment (Fig

4). In contrast to the control ovaries, the diabetic ovaries exhibited strong FAS and FASL

expression in granulosa cells from secondary to antral follicles at all time points (Fig 5A). t-

BID and C8A showed a similar immunolocalization expression pattern as FAS and FASL, with

strong immunostaining in oocytes and granulosa cells (Fig 5A and 5B). C9A showed higher

expression in diabetic mice than control mice at 20 days posttreatment, whereas no significant

differences were detected at the other time points (Fig 4). The immunoexpression of C9A was

observed mainly in oocytes and granulosa cells of antral follicles (Fig 5B). BAX expression was

slightly higher in the diabetic mouse ovaries than in the control mouse ovaries at 15, 20 and 70

days posttreatment (Fig 4). The diabetic mouse ovaries showed immunostaining for BAX in

the granulosa cells of follicles from the secondary to antral stage (Fig 5A). Low levels of the

antiapoptotic protein BCL2 were detected in the diabetic mouse ovaries at all time points, with

a significant increase at 70 days posttreatment (Fig 4). In both the diabetic and control mouse

ovaries, BCL2 expression was localized predominantly in the granulosa cells of healthy and

apoptotic follicles (Fig 5A).

Discussion

Several studies have shown an association between DM and female reproductive disturbances,

including amenorrhea, early menopause onset and infertility [2, 6, 9, 10, 12–18]. These alter-

ations have been related to the injurious effects of hyperglycemia through the overproduction

of AGEs and ROS, which trigger the caspase 3 apoptosis pathway [2, 4, 6, 13, 16]. However,

these studies analyzed the effects of DM at a single time point, without correlating follicular

loss with the expression of apoptotic proteins. For the first time, our study characterized the

Fig 1. Effects of diabetes on follicular count. Total follicular count at the different time points. Bar graphs are plotted

as the mean ± SD. � Significant differences, Wilcoxon-Mann-Whitney test, p< 0.05.

https://doi.org/10.1371/journal.pone.0203268.g001
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Fig 2. General histology and follicular apoptosis in diabetic mouse ovaries. (A) The diabetic mouse ovaries showed strong

follicular degeneration associated with follicular apoptosis at different stages of maturation at all time points. (B) The number of

apoptotic follicles was significantly increased in the diabetic ovaries at 15, 20 and 70 days posttreatment compared to the control
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expression patterns of apoptosis-related proteins in the diabetic mouse ovary at multiple time

points, showing that acute follicular loss occurs during the initial stages of DM. In addition, we

showed that the FAS/FASL/C8A/t-BID pathway might contribute to follicular loss.

group. (C) Antral follicles were the most affected at 15, 20 and 70 days posttreatment. PF, primary follicle; APF, apoptotic primary

follicle; SF, secondary follicle; ASF, apoptotic secondary follicle; TF, tertiary follicle; ATF, apoptotic tertiary follicle; AF, antral follicle;

AAF, apoptotic antral follicle. Bars in A represent 100 μm. Bar graphs in B are plotted as the mean ± SD. � Significant differences,

Wilcoxon-Mann-Whitney test, p< 0.05.

https://doi.org/10.1371/journal.pone.0203268.g002

Fig 3. Follicular apoptosis at different time points in diabetic mouse ovaries detected by TUNEL assay. The

diabetic ovaries showed positive TUNEL signals in granulosa cells (insets). Positive signal (white arrow). PF, primary

follicle; APF, apoptotic primary follicle; SF, secondary follicle; ASF, apoptotic secondary follicle; TF, tertiary follicle;

ATF, apoptotic tertiary follicle; AF, antral follicle; AAF, apoptotic antral follicle. Bars represent 100 μm.

https://doi.org/10.1371/journal.pone.0203268.g003
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In the ovary, apoptosis is a necessary process for follicular selection during each reproduc-

tive cycle [18, 22, 23]. This selective follicular death begins with the apoptosis of granulosa and

theca cells, followed by death of the enclosed oocyte. This follicular selection is triggered by

activation of both the extrinsic and intrinsic apoptosis pathways [22, 23]. The intrinsic path-

way is regulated by the levels of pro- and antiapoptotic members of the BCL2 superfamily,

which mediate the release of cytochrome c from the mitochondria and the activation of cas-

pase 9 [22–24]. The extrinsic pathway is initiated by the interaction of TNF superfamily

ligands (FASL, TNFα and TRAIL) with their receptors (FAS, TNFR1 and DR5), which triggers

the cleavage of caspase 8 and the consequent activation of BID; this activation generates t-BID,

which mediates the release of cytochrome c from the mitochondria and thus causes activation

of the intrinsic pathway [22–24]. Both pathways end with the activation of caspase 3, leading

to cell death [22–25]. In relation to the diabetic ovary, our results confirm previous observa-

tions that demonstrated activation of the intrinsic pathway through BAX as a consequence of

hyperglycemia [2, 9, 13–18, 26]. However, we observed the specific dynamics of apoptosis-

related proteins, with the highest levels occurring at 15 and 20 days posttreatment in the gran-

ulose cells of antral follicles. These data suggest that a major follicular imbalance related to

hyperglycemia occurs during the early stages of DM. FAS, FASL, C8A and t-BID play a central

role in triggering apoptosis in the normal mammalian ovary to regulate follicular selection and

luteolysis [27–29]. Here, we observed an upregulation of FAS, FASL, C8A and t-BID mainly in

the granulosa cells of antral follicles, indicating that apoptosis may occur by the extrinsic path-

way in the diabetic mouse ovary, whereas BAX and C9A expression might be a consequence of

the cleavage of BID. However, the FAS/FASL pathway is not the only extrinsic pathway acti-

vated by hyperglycemia; previously, Chang et al. [13] reported an upregulation of the extrinsic

pathway proteins TRAIL and KILLER in the diabetic mouse ovary and related this overexpres-

sion to a reduction in the gap junction protein connexin 43, which is fundamental for meta-

bolic communication between granulosa cells and oocytes [13]. In addition, increased ovarian

apoptosis mediated by FAS/FASL has been observed in polycystic ovarian rat models [30].

These observations suggest that pathologies with alterations in the glucose metabolism might

Fig 4. Western immunoblotting of apoptosis-related proteins. The protein levels of FAS, FASL, t-BID, C8A, C3A, and BAX were higher in the diabetic mouse

ovaries than in the control mouse ovaries at 15, 20 and 70 days posttreatment. C9A expression was significantly higher in the diabetic mouse ovaries than in the

control mouse ovaries at 20 days posttreatment. BCL2 showed low expression levels in the diabetic mouse ovaries. Bar graphs are plotted as the mean ± SD. �

Significant differences, Wilcoxon-Mann-Whitney test, p< 0.05.

https://doi.org/10.1371/journal.pone.0203268.g004
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Fig 5. Immunohistochemical and immunofluorescence analysis of apoptosis-related proteins in diabetic mouse ovaries. (A) The

diabetic mouse ovaries showed strong C3A, FAS, FASL t-BID and BAX expression in the granulosa cells and oocytes of follicles from
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activate the same apoptosis pathways related to granulosa cell metabolic communication. In

relation to ROS and AGEs, it has been reported that cellular stress and a proinflammatory

environment stimulate activation of the NF-κB pathway, which stimulates the expression of

FAS and FAS [30–34].

Our analysis of the ovarian reserve demonstrates by direct counting that apoptosis induced

by hyperglycemic toxicity significantly reduces the follicular count in diabetic mouse ovaries

compared to that in control mouse ovaries at advanced disease stages. This result is contradic-

tory to those of previous reports showing a reduction in the ovarian reserve during the early

stages of DM [2, 16]. These differences might be related to these studies using anti-Müllerian

hormone (AMH) as an indirect indicator of the ovarian reserve without evaluating the follicu-

lar count or the follicular stage affected by diabetic alterations. In addition, AMH is secreted

by granulosa cells from the primary to antral follicular stage [35]; therefore, their observations

may be related to the atretic stage of the antral follicles during the earliest pathological stage.

Conclusions

In conclusion, the data reported here describe for the first time the behavior of apoptosis-

related proteins in the diabetic ovary and show that activation of the FAS/FASL pathway in

granulosa cells contributes to the mechanisms of follicular loss mainly during the early stages

of DM. However, it is important to consider that the process of follicular loss may be orches-

trated by the participation of multiple cell death mechanisms, such as autophagy and apopto-

sis, which are triggered by ROS and AGEs. Therefore, to understand the effects of DM in

ovarian homeostasis, a holistic approach is necessary to evaluate the interactions among the

different cell death mechanisms.
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