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Recent studies have indicated that dysfunction of the proteasome and endoplasmic reticu-

lum and subsequent apoptosis in the presence of oxidative stress have relevance to aging.

The aim of this study was to assess the involvement of these processes in age-related

follicular atresia. Formalin-fixed, paraffin-embedded sections of ovaries obtained at surgery

from 74 women (age: 21–54 y) were examined with the terminal deoxynucleotidyl trans-

ferase-mediated, dUTP-biotin nick-end labeling (TUNEL) method and an immunohistochem-

ical technique. Primary antibodies used in immunohistochemistry were against pentosidine,

ubiquitin and caspase 12. Histological localization of these substances in oocytes was ob-

served by light microscopy, and labeling indices of these cells were evaluated by regression

analysis. Positive signals for pentosidine, ubiquitin, caspase 12, and TUNEL were detectable

in oocytes of the primordial, primary and their atretic follicles. Regression analysis revealed

an age-related increase in the labeling indices for pentosidine, ubiquitin, caspase 12, and

TUNEL. These results suggest that pentosidine accumulation in human oocytes is related

to apoptosis and increases with age. Further studies will be necessary to clarify the involve-

ment of pentosidine accumulation, proteasome inhibition, and endoplasmic reticulum stress

in age-related apoptosis of oocytes in human ovaries.
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I. Introduction

The age-related decrease in the number of ovarian fol-

licles critically impairs the female reproductive capability in

humans. During the fetal period, the number of ovarian

follicles in an ovary begins to increase at 4–5 gestational

weeks, reaches a maximum (approximately seven million) at

20 gestational weeks, begins to decrease at 24 gestational

weeks, and declines to about forty thousand at birth. The

number continues to decline after birth and disappears

almost completely before menopause [39]. The loss of ovar-

ian follicles is termed follicular atresia, which is mediated

by apoptosis of the constituent cells [7, 16]. In addition,

the hypothesis that the age-related apoptosis of oocytes

primarily occurs in the fetal and premenopausal periods is

evidenced by the observations that DNA fragmentation is

prominently seen in oocytes in the primordial and primary

follicles, although the primordial and primary follicles are

not influenced by sex hormones [7, 42]. Thus, it is conjec-

tured that there is an unknown, sex hormone-independent

apoptotic mechanism involved in aging.

It is well known that oxidative stress in the body in-

creases with aging [14, 26]. Recent investigations in obstet-

rics and gynecology have suggested a close link of oxidative

stress to issues associated with female reproductive func-

tions including ovulation and luteinization [1, 10]. It is

known that the reactive intermediates, which include alde-
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hydes (carbonyls) formed during glycoxidation, alter and

impair cell signaling, resulting in inflammation, apoptosis or

both [20, 40]. These unstable aldehydes simultaneously bind

to nucleic acids and proteins to become stable carbonyl-

modified end adducts such as pentosidine, which are readily

detectable by immunochemical and immunohistochemical

approaches [34]. Thus, the detection of these adducts in

human tissues is a useful way to obtain evidence for oxida-

tive stress there.

Endoplasmic reticulum (ER) participates in protein

quality control to prevent misfolding of the molecules by the

ubiquitin-mediated, ATP-dependent, proteasome (ubiquitin-

proteasome) system (UPS) [4, 22]. Both the ER system and

the UPS have been shown to be disrupted in aging and in

several pathological conditions [27, 41]. Moreover, several

in vitro studies have suggested that increased oxidative

stress and subsequent glycoxidation damage both the ER

and the proteasome [2, 5, 17, 25, 35]. Damage to the ER

stress gives rise to accumulation of misfolded proteins in the

ER, triggering caspase 12-mediated apoptosis [28].

A recent report suggested that oxidative stress has an

important role for oocyte apoptosis, aging of oocyte and fe-

male fertility [8]. However, there are few studies that report

the relation between glycoxidation or carbonyl-modified

end adducts and oocyte apoptosis. Given these observations,

it is hypothesized that the age-related increased oxidative

stress amplifies carbonyl stress, alters cell signaling, and

deprives oocytes of normal functions of the ER and pro-

teasome, leading to apoptosis induction of the cells. To test

this hypothesis, we determined the involvement of carbonyl

stress and proteasome inhibition in the age-related apoptosis

of human oocytes, using the immunoperoxidase method

[29], and the TUNEL method [12, 30]. We also performed a

semiquantitative analysis of our morphological data.

II. Materials and Methods

Cases

The investigation was carried out on 74 premenopausal

women (ages: 21–54 y) who underwent oophorectomy for

benign gynecological diseases and carcinomas of the uterine

cervix. According to reports of relationship between oxida-

tive stress and chronic diseases [26], we determined the

exclusion criteria were as follows: age ≥55 years, BMI

>30 kg/m2, frequent weight-reducing diets, smoking, ele-

vated triglycerides or total cholesterol, abnormal kidney or

liver function, untreated hypertension (>160/90 mmHg),

personal history of chronic disease (diabetes, stroke, cardio-

vascular disease, rheumatoid arthritis), and ovarian tumors.

The study adhered to the principles of the Helsinki Decla-

ration, and the Institutional Review Boards of the Tokyo

Women’s Medical University approved and supervised the

study protocol. Written informed consent for experimental

use of ovaries was obtained from all subjects.

Tissue preparation

Ovaries obtained at surgery were fixed in 10% forma-

lin, dehydrated, and embedded in paraffin. Serial 3-μm-thick

sections of each ovary were used for histological, immuno-

histochemical and TUNEL analyses. Histological examina-

tion was done on sections stained with hematoxylin-eosin

(H&E). The immunohistochemical and TUNEL procedures

are described below.

Primary antibodies

For immunohistochemical staining, we employed the

following primary antibodies: a mouse monoclonal IgG1

against pentosidine (Clone: 4D7) at a concentration of 1.0

μg/mL [34], a rabbit polyclonal IgG against ubiquitin (Cat

No. Z-458) at a dilution of 1:500 [32]. The antibody to

pentosidine was a kind gift from Dr. R. Nagai (Department

of Biochemistry, Kumamoto University Graduate School of

Medicine). The anti-ubiquitin antibody and the anti-caspase

12 antibody were purchased from Dako Cytomation (Kyoto,

Japan), ProSci (Poway, CA, USA), and Molecular Probes

(Eugene, OR, USA), respectively.

Immunohistochemical technique

Immunohistochemistry was performed according to the

following steps. Prior to staining for only caspase 12 among

these antigens, antigen retrieval pretreatment was required.

Sections for caspase 12 staining were processed for 10 min

at 121°C with autoclaving in citrate buffer, pH 6.0. Sections

were deparaffinized, rehydrated, quenched for 10 min at 4°C

with 3% H2O2 to block endogenous peroxidase activity,

rinsed in 100 mM phosphate-buffered saline (PBS), pH 7.6,

treated for 30 min at room temperature with 3% nonimmune

animal serum in PBS to block nonspecific antibody binding,

and subsequently incubated overnight at 4°C with the pri-

mary antibodies. Antibody binding was visualized by the

avidin-biotin-immunoperoxidase complex (ABC) method

using the appropriate Vectastain ABC kits (Vector

Laboratories, Burlingame, CA, USA) in accordance with the

manufacturer’s instructions. The chromogen was 3,3'-diami-

nobenzidine tetrahydrochloride (DAB), and the counterstain

was hematoxylin. Negative reaction control sections were

prepared by omission of the primary antibodies or by incu-

bation with nonimmune animal IgG, instead of the anti-

bodies, derived from the same species as those producing

the antibodies. Epithelial cells of proximal tubuli in the

kidney of diabetic nephropathy served as positive reaction

controls for pentosidine [40]. Neurofibrillary tangles in hip-

pocampal pyramidal neurons in the brain of Alzheimer’s

disease served as a positive reaction control for ubiquitin

[32]. Cardiocytes in the heart served as a positive reaction

control for caspase 12 [28]. Immunohistochemical identifi-

cation of substances on the sections was performed by light

microscopy and roughly verified by comparison with their

consecutive sections stained with H&E and immunostained

for others.

TUNEL method

Sections were deparaffinized, rehydrated, pretreated

for 30 min at room temperature with 20 μg/mL proteinase K
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(Sigma Chemical, St. Louis, MO, USA) in 50 mM Tris-

buffered saline, at pH 7.5 (TBS) for digestion of nuclear

protein, quenched for 10 min at 4°C with 3% H2O2, rinsed in

TBS, and subsequently incubated for 60 min in a humid-

ified atmosphere at 37°C with the TUNEL reaction solu-

tion. This solution consisted of TdT buffer (Invitrogen) con-

taining 0.3 U/μL TdT (Invitrogen, Tokyo, Japan) and 0.01 M

digoxigenin-11-dUTP (Roche Diagnostics, Tokyo, Japan).

The TUNEL reaction was stopped by immersion in TBS for

15 min at 37°C. Sections were then incubated for 30 min

at room temperature with a peroxidase-conjugated anti-

digoxigenin antibody (Roche) at a dilution of 1:50, using

DAB as the chromogen and hematoxylin as the counter-

stain. Lymphocytes in the germinal center of mucosal

lymph follicles in the appendix were used as a positive reac-

tion control [12]. Sections processed with omission of TdT

gave a negative reaction control.

Analysis of the labeling indices

The density of follicles in an ovary was defined as the

total number of oocytes in the primordial, primary and their

atretic follicles in a constant field of the cortex. The three

largest step-wised H&E-stained sections of each ovary were

digitally scanned and imported into a personal computer

using Photoshop image software, and the entire cortical

area was measured using an NIH image software. The num-

ber of oocytes was visually counted with a light microscope.

Subsequently, the follicular density was expressed as the

average value of the number of oocytes per mm2 field in the

three sections from each case.

The labeling index of follicles in an ovary was defined

as the percentage of oocytes with positive signals for the

examined substances in the primordial, primary and their

atretic follicles. Positive reaction controls for these sub-

stances were used according to the previous studies [4, 11,

12, 34, 35]. The numbers of total and signal-positive oo-

cytes were visually counted on each section, and the labeling

index was expressed as the average value of percentage of

signal-positive oocytes in three randomly-selected sections

from each case. The relationship between aging and data of

the labeling index in the examined cases was evaluated by

regression analysis, and their respective linear equation

(y = ax + b) and correlation coefficient (r) were obtained.

Statistics

Referring to a textbook of statistics [6], we defined the

grading of statistical significance in regression analysis as

follows: (i) r2 values less than 0.0625 is considered faintly

correlated; (ii) r2 values from 0.0625 to 0.25 is weakly

correlated; (iii) r2 values from 0.25 to 0.5625 is moderately

correlated; and (iv) r2 values more than 0.5625 is strongly

correlated.

III. Results

Histological observations and relationship between follicular 

density and aging

The cortical areas of the examined ovaries ranged from

a minimum of 16 to a maximum of 261 mm2. Primordial,

primary, secondary, Graafian and atretic follicles were

found in the ovarian cortex. The total number of primordial,

primary and atretic follicles per ovary varied from case to

case, and ranged from 1 to 184. Atretic follicles were char-

acterized by nuclear condensation and somatic shrinkage of

oocytes surrounded by a single layer of involuted granulosa

cells [13]. The major axis of oocytes in the atretic follicles

ranged from 30 to 70 μm. As described previously [39],

the follicular density decreased age-dependently (data not

shown).

Localization of immunohistochemical and TUNEL signals

Signals for pentosidine, ubiquitin, caspase 12 and

TUNEL were detected in a subset of oocytes (Fig. 1). These

signals exhibited a homogenous pattern, but differed in sub-

cellular localization: pentosidine immunoreactivity was

confined to the cytoplasm; ubiquitin immunoreactivity was

found mainly in the cytoplasm but also in the nucleus;

caspase 12 immunoreactivity was found mainly in the

nucleus but also in the cytoplasm; and TUNEL positivity

was restricted to the nucleus. None of these signals was

detected in the negative control sections, whereas all of

these signals were detected at reasonable locations in the

positive control sections, confirming the propriety of our

immunohistochemical and TUNEL procedures.

In order to determine whether these signals colocalize

in the same oocyte or not, we examined serial sections from

ten cases (three for twenties, thirties, forties and one for

fifties of age). As shown in Figure 2, colocalization of

these signals was demonstrated in a majority of oocytes in

all cases. We used two sets of 3 serial sections, because

the size of oocytes was too small for 4 serial sections.

Relationships between labeling indices and aging

To evaluate the relationship between pentosidine,

ubiquitin and caspase 12 immunoreactivities or TUNEL

positivity and aging, regression analysis was performed

using labeling index. The pentosidine labeling index was

moderately positive-correlated with aging in oocytes in the

primordial (Fig. 3A), and primary (Fig. 3B) follicles, while

it was strongly positive-correlated with aging in oocytes in

the atretic (Fig. 3C) follicles. The ubiquitin labeling index

was also moderately positive-correlated with aging in oo-

cytes in the premordial (Fig. 3D), primary (Fig. 3E), atretic

(Fig. 3F) follicles. The caspase 12 labeling index was weak-

ly positive-correlated with aging in oocytes in the premordi-

al (Fig. 3G) and atretic (Fig. 3I) follicles, while was faintly

correlated with aging in oocytes in the primary (Fig. 3H) fol-

licles. The TUNEL labeling index was moderately positive-

correlated with aging in oocytes in the primordial (Fig. 3J)

and atretic (Fig. 3L) follicles, while it was strongly positive-
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Fig. 1. Photomicrographs of sections processed with immunohistochemical staining for pentosidine (A–C), ubiquitin (D–F), caspase 12 (G–I)

and TUNEL stainings (J–L). Positive signals for these substances were undetectable on negative reaction control sections for pentosidine (A),

ubiquitin (D), caspase 12 (G), and TUNEL (J). Pentosidine immunoreactivity is localized in the cytoplasm of oocytes (B) and in the cytoplasm

of epithelial cells of proximal tubuli in the kidney of diabetic nephropathy as a positive reaction control (C). Ubiquitin immunoreactivity is

localized in the cytoplasm and nucleus of oocytes (E) and in neurofibrillary tangles in the cerebral cortex of Alzheimer’s disease as a positive

reaction control (F). Caspase 12 immunoreactivity is localized in the nucleus of oocytes indicative of nuclear translocation of the activated form

(H) and in the cytoplasm of cardiocytes of the heart as a positive reaction control with a dotlike pattern indicative of microsomal localization of

the inactive form (I). TUNEL positivity is localized in the nucleus of oocytes (K) and in large lymphocytes in the germinal center of a mucosal

lymph follicle in catarrhal appendicitis as a positive reaction control (L). Bar=50 µm.
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correlated with aging in oocytes in the primary (Fig. 3K)

follicles.

IV. Discussion

The formation processes of glycoxidation-induced

carbonyl-modified end products, synonymous with ad-

vanced glycation end products (AGEs), are diverse [33, 34].

Pentosidine is produced by oxidative crosslinking of the

protein arginine and lysine residues with pentose. Previous

investigations have suggested that glycolytic activity is

lower in oocytes compared to granulosa cells, and energy

metabolism in oocytes depends on the products of glycoly-

sis, such as pyruvate, which is supplied by the surrounding

granulosa cells [19, 38]. These observations could indicate

that oocytes uptake and metabolize glucose, mainly to

pentose, and that intracellular levels of pentose in oocytes

are much higher than those of glucose in oocytes. Recent

studies have demonstrated increased intracellular accumu-

lation of pentosidine in aging [18], and in age-related

disorders such as neurodegenerative disorders and inter-

vertebral discopathies [27, 37], that is to say, pentosidine

may gradually occur in response to mild oxidative stress and

accumulate in the body for lengthy periods. Thus, our result

that pentose-derived pentosidine accumulation in oocytes

increased with age was consistent with previous studies.

Our findings of the colocalization of positive signals

for pentosidine, ubiquitin, caspase 12 and TUNEL in oo-

cytes in a subset of the primordial, primary and atretic folli-

cles could be seen as collateral evidence that intracellular

pentosidine accumulation and subsequent proteasome inhi-

bition and ER stress induce apoptosis of these cells. Several

studies have shown that proteasome inhibition is caused by

increased oxidative stress and subsequent carbonyl stress by

exposure of the cell to AGEs [2, 27]. Ubiquitinated (mis-

folded) proteins accumulate in the cells when the UPS is dis-

rupted [23], and misfolded proteins accumulate in the ER in

several pathological conditions including diabetes mellitus,

ischemic heart and brain diseases, and neurodegenerative

diseases [15, 25]. In addition, some studies have suggested

that a close relationship exists between oxidative stress,

aging, ER stress and proteasome inhibition [9, 21, 25, 41].

ER stress-induced apoptosis is mediated by the emancipa-

tion of caspase 12 from a complex consisting of its inactive

precursors [28, 36]. The activated form of caspase 12 in-

duces apoptosis directly in the nucleus or via caspase 3

activation [11, 28]. Another study reported that it arises

from the binding of Fas ligand, expressed on the cell surface

of oocytes, to its receptor Fas expressed on the cell surface

of granulosa cells, resulting in the activation of caspases

8, 9 and 3 to induce apoptosis of granulosa cells [3]. How-

ever, we could not find apoptosis of oocytes via caspase 8,

9 and 3 activation because of the lack of antibodies for

the activated form of caspase 8, 9 and 3.

Fig. 2. Comparison of localization between positive signals for immunohistochemical and TUNEL staining on two groups of consecutive sec-

tions (A–C) and (D–F). Pentosidine immunoreactivity is localized in the cytoplasm of oocytes (A, E). TUNEL positivity is in the nucleus of

oocytes (B, F). Ubiquitin immunoreactivity is localized in the cytoplasm and nucleus of oocytes (C). Caspase 12 is mainly localized in the

nucleus of an oocyte (D). Bar=50 µm.
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A recent experimental study on mice has indicated that

caspase 3 activity significantly increases in aged oocytes

compared with young oocytes, and that both caspase 8 and

caspase 9 activities significantly decrease in aged oocytes

compared with young oocytes [31]. This reminds us of the

implications for caspase 12 activation in apoptosis of aged

oocytes. However, in light of the lack of correlation between

the caspase 12 labeling index and aging in oocytes in the pri-

mary follicles, it should be considered with the caveat that

oocyte apoptosis in the primary follicles is not necessarily

Fig. 3. Relationship between aging and the pentosidine, ubiquitin, caspase 12 and TUNEL labeling index in oocytes. The graphs show correla-

tion between age and the labeling index of pentosidine in the primordial (A), primary (B) and atretic (C), the labeling index of ubiquitin in the

primordial (D), primary (E) and atretic (F), the labeling index of caspase 12 in the primordial (G), primary (H) and atretic (I), and the labeling

index of TUNEL in the primordial (J), primary (K) and atretic (L) follicles.
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mediated only by caspase 12 but rather may be mediated col-

laboratively by caspase 8 and caspase 9. Because protea-

some inhibition-induced apoptosis is mediated not only by

triggering ER stress but also by additional mechanisms,

proteasome inhibition allows intranuclear accumulation of

phosphorylated p53 that induces the caspase 9-mediated

apoptosis [24].

However, there are some limitations in this study. In

this study, it is unclear whether the examined ovaries were in

the luteal or follicular phase. However, since pentosidine

gradually accumulates in the body over several years, it is

evident that there is no significant change in the accumu-

lating levels during the relatively short, 28-day menstrual

cycle. This study focuses on the primordial, primary and

atretic follicles as markers of aging because they are not

significantly influenced by sex hormones. Furthermore,

we have attempted to employ the immunohistochemical

technique of caspase 8 and caspase 9. But the caspase 8 anti-

body which is commercially available has a positive reaction

to both active and inactive caspase 8, making it impossible

to distinguish between the active and the inactive forms

morphologically. Further, the positive signals for caspase 9

were very unclear, and accordingly we have not showed the

results for caspase 8 and caspase 9.

In conclusion, these results suggested that pentosidine

accumulation in human oocytes was related to apoptosis and

increased with age. Further studies are necessary to clarify

the involvement of pentosidine accumulation, proteasome

inhibition and endoplasmic reticulum stress in age-related

apoptosis of oocytes in human ovaries. Determining the cel-

lular and molecular mechanisms of toxic cell signaling in

age-related oocyte apoptosis should improve understanding

of the aging and infertility processes and to develop appro-

priate therapeutic strategies.
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