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Abstract

process that maintains ovarian cell homeostasis.

analysis on paraffin sections of ovarian tissue.

Background: It is known that caloric restriction extends lifespan and can minimize age-related dysfunction of the
reproductive system. We became interested in how caloric restriction influences apoptosis, which is a crucial

Methods: We examined ovarian cells in: 2.5-year-old wild type mice on caloric restriction (CR) or fed ad libitum (AL)
and Laron dwarf mice (GHR-KO) at the same ages on CR or fed AL. Apoptosis was assessed by histochemical

Results: Morphological and histochemical analysis revealed that CR improved reproductive potential in 2.5-year-old
WT littermates and GHR-KO female mice, as indicated by the increased number of ovarian follicles. The level of
apoptosis in ovarian tissue was higher in WT mice on a CR diet compared with WT mice on the AL diet. In GHR-KO
mice, the level of apoptosis in ovaries was similar for mice on CR and on AL diets and bigger than in WT mice on CR.

Conclusions: Morphological and histochemical analysis revealed a younger biological age of the ovaries in 2-year
-old WT littermates and GHR-KO female mice on CR compared with animals fed AL.
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Introduction

The ovary is a very dynamic structure, and proliferation
and apoptosis in this organ are in constant equilibrium,
affected by many factors, including hormones and nutri-
tion [1-5].

Dietary caloric restriction (CR) is known to extend
lifespan and minimize age-related dysfunction of many
organs, including those of the reproductive system [6].
In 1917, Osborne et al. observed that decreasing food in-
take increased lifespan in rats [7]. Masoro et al. [8]
found that a CR diet decreased plasma levels of glucose
and insulin, although these animals utilized glucose at
the same rate per metabolic mass unit as animals fed ad
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libitum (AL). The authors suggested that CR increases
insulin responsiveness and that low glucose and insulin
concentrations in plasma extend lifespan.

A direct benefit of a CR diet on reproductive life span
has also been demonstrated [4,5,9]. Reproductive senes-
cence in females is measured by the number of primor-
dial ovarian follicles, which may be recruited for further
development and maturation [5], and a lower number of
primordial follicles is a feature of older ovaries [10].
Selesniemi et al. [11] observed that CR has an influence
on the number of oocytes. Morphometric analysis of the
number of non-atretic follicles in 8-month-old mice in-
dicated that mice on CR possess almost double the
number of primordial follicles and an increased number
of primary follicles compared with mice fed AL. At the
same time, the number of atretic follicles was reduced
in these animals. The effectiveness of CR was also
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evaluated by weekly monitoring of body weight, which
showed that body weight of 8-month-old mice on CR
was approximately 25% lower than 8-month-old mice
fed AL [10].

Growth hormone receptor (GHR) knock-out mice
(GHR-KO), also called Laron dwarf mice, correspond to
one form of human dwarfism known as Laron syn-
drome. These patients have high levels of GH due to a
defect in the GHR and a very low level of insulin-like
growth factor-1 (IGF-1) circulating in plasma. These pa-
tients are dwarfs with marked obesity, delayed puberty
[12], and resistance to cancer. Laron mice (GHR-KO)
mimic human Laron dwarfism and are characterized as
long-living dwarf animals with high levels of GH and
very low levels of plasma IGF-1. Bonkowski et al. in the
longevity study of Laron dwarf mice observed lack of re-
sponse to CR in context of increase of lifespan in these
animals. Authors suggest that longevity depends on in-
sulin sensitivity which cannot be further increased in
GHRKO mice [13,14]. These mice are fertile but display
delayed sex maturation [15].

Our recent investigation revealed a less advanced bio-
logical age of ovaries isolated from 2.5-year-old GHR-
KO mice compared with ovaries of the 2.5-year-old wild
type (WT) littermates. The ovaries of GHR-KO mice
were smaller but had normal structure, including typical
cuboidal epithelium on the surface, and contained pri-
mary, preantral, antral, and Graafian follicles [10].

We became interested in how CR influences ovarian
apoptosis in these animals. Apoptosis is detectable in
human and animal ovaries throughout fetal and adult
life [1,16,17]. It is believed to be a crucial process for
maintaining ovarian homeostasis, and during life, most
of follicles undergo apoptosis [18]. In fetal life, apoptosis
is mainly confined to oocytes; however, in adult life it is
found in granulosa cells of preantral and antral follicles
and in theca cells, both in humans and in other mam-
mals. Apoptosis limits the number and development of
ovarian follicles in the menstrual cycle, so that only one
or a few follicle-enclosed oocytes will reach the stage of
Graafian follicle and ovulate, and this process is essential
for preventing multiple embryos during pregnancy.
Apoptosis causes follicle atresia before they become cap-
able of ovulation and is responsible for regression of the
corpora lutea. The apoptotic process in corpora lutea is
crucial for preserving cyclicity and for ensuring the
release of progesterone during the menstrual cycle
[1,16,17,19-21]. Hutas-Stasiak et al. [17] observed that
both autophagy and apoptosis are involved in follicular
atresia in mice. While autophagy is responsible for fol-
licular atresia at the moment of birth, apoptosis is the
dominant form of postnatal ovarian atresia [17]. Interest-
ingly, Danilovich et al. [22] postulated that GH and
IGF-1 prevent the apoptosis of granulosa cells.
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The aim of this study was to examine the influences of
CR on ovarian apoptosis in GHR-KO mice, with low cir-
culating plasma levels of IGF-1, compared with age-
matched WT animals.

Materials and methods

Animals

Two and half year-old female mice were used in our ex-
periment, including GHR-KO Laron dwarf and WT
animals.

We employed female Laron dwarf (growth hormone re-
ceptor, GHR™", also known as GHR-KO) mice derived
from a population produced by crossing 1290la/BALB/c
GHR*'~ animals (generously provided by Dr. J. J. Kopchick)
with mice derived from crosses of C57BL/6 ] and
C3H/]J strains and normal (wild type) animals from the
same strain. These mice were produced at the animal
facility at Southern Illinois University of Medicine School
[15] from a closed colony with inbreeding minimized
by avoiding brother x sister mating. The experiment
were conducted with approval of Southern Illinois
University School of Medicine Protocols. Protocol number
178-02-001.

Experimental design

The female mice were divided into four groups. We
compared WT mice (n=10) on a CR diet (WT-CR) to
WT mice (n=10) on a normal AL diet (WT-AL) and
Laron dwarf (GHR-KO) mice (n=10) on a CR diet
(GHR-KO-CR) to GHR-KO mice (n=10) on a normal
AL diet (GHR-KO-AL).

The animals were housed under temperature- and
light-controlled conditions (20-23°C, 12-hr light/12-hr
dark cycle) until the age of 30 months, when the animals
were sacrificed and the ovaries collected. The animals
on a normal AL diet were given free access to nutrition-
ally balanced diet (commercial chaw) and tap water. The
animals on CR were fed with reduced amounts of food
(30% CR) every day. The CR was initiated at the age of
2 months.

Morphological analysis of ovarian tissue

The murine ovarian tissue was fixed in 4% buffered
paraformaldehyde and subsequently embedded in paraf-
fin. The ovaries were sectioned at a thickness of 3 pm
with a Microtome HM 325. The sections of each ovary
were mounted on glass slides, counterstained with
hematoxylin and eosin and examined by light micros-
copy (BX41 Olympus).

Hematotoxylin and eosin (H&E) staining

For H&E staining, the sections were deparaffinized and
rehydrated. The hematoxylin was applied for 3 min, and
subsequently the sections were rinsed in tap water for
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10 min. Next, the eosin was applied for 30 sec and the
slides washed in distilled water, dehydrated, and sealed
in mounting medium with a coverslip.

Histochemistry

Detection of apoptosis by the TUNEL reaction (terminal
deoxynucleotidyltransferase-mediated dUTP nick end-
labelling)

The paraffin sections were mounted on poly-lysine-coated
glass slides. After deparaffinization and rehydration, the tis-
sue sections were digested with proteinase K (DAKO), and
the endogenous peroxidase activity inhibited with Pero-
xidase Blocking Reagent (DAKO). Next, in a humidified
chamber at room temperature, the sections were incuba-
ted with terminal deoxynucleotidyltransferase (TdT) and
digoxigenin-conjugated deoxynucleotides for 60 min, and
the anti-digoxygenin antibody conjugated with peroxidase
was applied for 30 min (ApopTag’Peroxidase In Situ Apop-
tosis Detection Kit, Millipore). Next, diaminobenzidine
(DAB) was employed to visualize the reaction. The sec-
tions were counterstained with hematoxylin, dehydrated,
mounted, and coverslipped. After each step of this proced-
ure, the sections were rinsed with PBS and examined by
light microscopy (BX41 Olympus).
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Results

Ovaries of 2.5-year-old WT mice on AL and CR diets

The ovaries of 2.5-year-old WT mice on normal AL diet
were characterized by a blurred border between cortex
and medulla. The majority of ovaries lacked primordial,
primary, preantral, antral, and Graafian follicles (PRF, PF,
PAF, AF, and GF respectively). We were able to detect
single follicles in only a few ovaries. By contrast, these
ovaries were characterized by abundant interstitial tissue,
small degenerative follicles, and numerous hypertro-
phied corpora lutea. We observed that large degenera-
tive AF developed into cysts (Figure 1, panel A) and
small degenerative follicles into interstitial tissue.
We also observed an increase in inflammatory cells,
macrophages, and blood vessels. The cells in intersti-
tial tissue were often surrounded by empty spaces.
The surface of these ovaries was covered by a simple
cuboidal epithelium. Cell apoptosis was observed in a
few stromal and granulosa cells (Figure 1, panel C
and Table 1).

By contrast, the ovaries of 2.5-year-old WT mice on a
CR diet appeared to be younger at the morphological
level, than ovaries of WT mice on an AL diet and single
follicles were present (PE, PAF, AF, and GF). The amount
of interstitial tissue in these ovaries was smaller

e st SO o AR ) 5

Figure 1 Ovaries of WT mice. Ovaries of 2.5-year-old WT mice fed AL (panels A and C) and WT mice on CR (panels B and D). In WT mice on
an AL diet (panels A and C), a cyst (asterisk) is visible that shows a positive reaction for apoptosis in a few granulosa cells (black arrow) inside
the cyst and in a few stromal cells (yellow arrow) surrounding the cyst (panel C). In WT mice on caloric restriction (panels B and D), single antral
follicles (AF), single Graffian follicle, enlarged interstitial tissue (IT), and macrophages (M) are visible. A positive apoptotic reaction is detectable in a
few granulosa cells in apical parts (cross section) of Graffian follicle (black arrow, panels B and D). Magnification: panels A and B x40; panels C
and D x400. Insert in panel D represents OSE with absence of apoptotic cells. Magnification: x800.
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Table 1 Detection of apoptosis in various ovarian cells
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Stromal cells

Granulosa cells

Theca cells Epithelial surface (OSE) cells

WT-AL + +

WT-CR + ++
GHR-KO-AL - +++
GHR-KO-CR - +++

- ++

- ++

Table legend: +++, a high number of positive cells; ++, a moderate number of positive cells, +, a low number of positive cells; -, an absence of apoptosis.

than in mice on an AL diet. The apoptotic reaction was
detectable in WT mice on CR at a higher level than
in AL controls in granulosa cells and in some stromal
cells. In both groups, we observed atretic follicles,
macrophages, and, on the surface, cuboidal epithelium

Ovaries of 2.5-year-old Laron dwarf mice on AL and CR
diets

The morphology of ovaries in 2.5-year-old GHR-KO
mice on an AL diet resembled ovaries of younger mice
that are still fertile. We observed a high number of folli-

(Figure 1, panels B and D and Table 1). cles at different stages of development (PRF, PF, PAF, AF,

(panels B, D, and F). In both groups, primordial (PRF), primary (PF), preantral (PAF), antral (AF) and Graafian (GF) follicles are visible. A positive
reaction for apoptosis was detectable in granulosa cells (arrow) and in ovarian surface epithelium (arrowhead) in both groups. Interstitial cells (IT),
macrophages (M). Magnification: panels A and B x40; panels C and D x200; panels E and F x400. Insert in panel E represents primordial follicles
located under OSE. Magnification: x800. Insert in panel F represents OSE with positive apoptotic reaction. Magnification: x800.
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and GF) and cuboidal epithelium on the surface.
However, we also detected some degenerative follicles,
macrophages, and blood vessels in ovarian medulla.
Moreover, the interstitial tissue (Figure 2, panels A, C,
and E) was less abundant. In contrast, the ovaries of 2.5-
year-old GHR-KO mice on CR had significant numbers
of PAF, AF, and GF, and we observed more PRF and PF
compared with GHR-KO mice on an AL diet (Figure 2,
panels C and D).

The apoptosis reaction was in granulosa cells and in
ovarian surface epithelium (OSE) positive at a similar
level in AL and CR Laron dwarf mice. The non-specific
positive reaction was observed in macrophages and in
interstitial tissue (Figure 2, panels A, B, C, D, E, and F
and Table 1).

Discussion

Nutritional status is one of the major factors controlling
fertility in domestic animals by affecting follicle growth
and development as well as oocyte quality. As previously
reported, increase of food intake in farm animals en-
hances insulin and IGF-1 levels which further leads
to increase of number of developing follicles, decreases
apoptosis and improves ovulation [2,3]. It is a beneficial
effect in terms of breeding of those animals. In longer
period of time increase of food intake may lead to obes-
ity which in turn may cause fertility decreased [23]. In
standard condition laboratory animals, including mice,
are slightly overfed and the beneficial effect of increase
of food intake and IGF-1 level would not be visible. In
opposite,the effect of low level of IGF-1 was shown in
Laron dwarf mice [24].This was corroborated by our
previous study where we reported a lower biological age
of 2-year-old Laron dwarf mouse ovaries, which have
very low levels of circulating plasma IGF-1 compared
with ovaries from 2-year-old WT animals [10].

In mice, the pool of ovarian follicles is established
after birth as a reserve store of primordial follicles
(PRF), which are available during their reproductive life-
span [4], and the positive effect of CR on reproductive
lifespan has been shown both in mice and rats [4,5,11].
In these reports, the authors found increased numbers
of PRF and a decrease in the numbers of atretic follicles
in ovaries [4,5,11].

In our experiment, we compared morphology and the
level of apoptotic cells in the ovaries of 2.5-year-old WT
mice (aged mice) and 2.5-year-old GHR-KO mice. The
mice were divided into four groups. We compared wild
type (WT) mice on a CR diet to WT mice on a standard
AL diet and GHR-KO mice on a CR diet to GHR-KO
mice on a standard AL diet.

At the morphological level, we observed that the ovar-
ies of 2.5-year-old WT mice on CR appeared to be
younger than the ovaries of WT mice on an AL diet.
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Accordingly, the ovaries of WT mice on CR still
contained some single follicles at different stages of
development, which were not present in the ovaries of
WT mice on an AL diet. Additionally, in many ovaries
of WT mice on an AL diet, we found large cysts
surrounded by interstitial tissue, and the presence of
such cysts and a lack of follicles in the ovaries of aged
mice was observed by other authors [25].

Furthermore, it was reported that on CR have an
increased pool of primordial follicles and a decreased
number of atretic follicles [4,5,11]. Li et al. [4] showed
that the percentage of secondary follicles and corpora
lutea decreases with duration of CR; however, the total
number of surviving follicles increases with the length of
CR. It is known that CR results in decreased IGF-1 levels
in blood plasma and thus inhibits the process of transi-
tion from a primordial follicle to a PF and reduces fol-
licle atresia. Thus, by lowering plasma IGF-1 levels, CR
augments the reserve oocyte pool and delays the age-
dependent depletion of follicles [4,26]. Gutierrez et al.
[9] showed that an increase in food uptake in cattle leads
to recruitment of primordial follicles and an increase
in the number of developing follicles. In our study,
the higher number of follicles in mice on CR indicates
prolonged period of ovulatory cycles; it is beneficial for
overall animal health.

We also evaluated the level of apoptosis in ovaries of
WT mice on CR and on an AL diet. We found larger
numbers of cells with apoptosis in follicular granulosa
and stromal cells in mice on CR. By contrast, a lower
number of apoptotic cells was observed in ovaries of
mice on an AL diet, which might be partially explained
by the lower numbers of granulosa and stromal cells.

It is known that ovarian cell death is a crucial process
for maintaining ovarian homeostasis., and apoptosis in
the ovary is required for efficient clearance of cells that
are no longer needed, resulting in proper oocyte matur-
ation [1,16,17,19-21]. In the processes of follicular re-
cruitment and maturation, IGF-1 plays a key role: the
high level of this factor increases recruitment and im-
proves survival of developing follicles, while low levels of
systemic IGF-1 correlates with lower levels of recruit-
ment and increased apoptosis. Absence of GH signaling
in Laron dwarf mice results in decrease in circulating
IGF-1 and also decrease in ovarian IGF-1 mRNA levels.
These levels may be sufficient to allow development of
reduced number of functional preantral follicles and re-
duced litter size [24]. It is known that the IGF-1 level is
decreased during CR [6], which may explain the higher
apoptosis reaction in ovaries of mice on CR. In support
of such a linkage, in vitro exposure of follicles to IGF-1
and GH leads to a decrease in apoptosis [27,28].

Of note, the increased level of apoptosis during
CR was found not only in ovarian tissue. Muskhelishvili
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et al. [29] and Selman et al. [30] reported that the rate of
apoptosis cell death was significantly higher in the livers
of mice on CR than in AL-fed mice, which suggests that
chronic CR promotes spontaneous apoptotic cell death
of defective hepatocytes and may explain the significant
reduction in the development of spontaneous hepatomas
in these animals [29,30]. Based on this finding, an in-
crease in apoptosis protects tissue from accumulation of
damaged cells, which may be a potential source of can-
cer. In fact, cancer incidence decreases in rodents on CR
[29,30].

The ovaries of 2.5-year-old GHR-KO mice both on
an AL diet and on CR exhibited morphology typical of
younger animals at reproductive age, corresponding to
our recent report [10]. Interestingly, the direct compari-
son of ovaries of GHR-KO mice on an AL diet to GHR-
KO mice on CR revealed a lower number of developed
follicles in mice on CR.

In aged GHR-KO mice, we observed follicles at differ-
ent stages [10]. Bachelot et al. [31] observed all follicular
stages in 18-month-old GHR-KO mice and found that
they were able to bear litters. It is in agreement with our
recent data but our Laron mice were older (2 years
old GHR-KO mice) [10]. It is known that in normal
mice ovarian failure occurs at 15-17 months of age [11].
Zaczek et al. [24] noted that in adult GHR-KO mice,
the number of pre-ovulatory follicles and corpora lutea
was significantly reduced. Similar data were obtained by
Slot et al. [32], who observed lower numbers of healthy
growing primary, preantral, and antral follicles and an
increased percentage of atretic follicles in GHR-KO mice
compared with WT mice. The authors also noted higher
numbers of primordial follicles in ovaries of GHR-KO
animals [32].

In all these reports, the authors observed an increased
number of atretic follicles in the ovaries of adult GHR-
KO mice compared with WT mice [24,31,32]. In normal
WT mice, the increase in IGF-1 concentration can mod-
ify ovarian folliculogenesis. In particular, it activates the
development of preantral follicles, helps to maintain the
larger pool of small antral follicles, is responsible for re-
cruitment of more follicles to the cohort of developing
follicles, and finally enables the selection process i.e. of
two or more dominant follicles [33].

Since apoptosis is the cause of atresia of ovarian
follicles, we should observe increased apoptosis in the
ovaries of GHR-KO mice compared with normal WT
animals. Danilovich et al. [22] showed that in transgenic
(Tg) mice overexpressing GH, the level of apoptosis in
ovarian follicles was significantly reduced compared with
normal mice. On the other hand, an increase in ovarian
cell apoptosis is also observed in animals on CR [29,30].
Interestingly, as reported in this paper, we observed
similar numbers of apoptotic cells in GHR-KO animals
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on CR and on an AL diet, which can be explained by the
fact that similar numbers of follicles undergo growth
and maturation in ovaries of GHR-KO mice on CR and
on an AL diet, and the rate of apoptosis is limited to
developing follicles. Thus, this data suggests that CR
do not improve the number of primordial follicles in
GHR-KO mice on CR, and doesn’t influence apoptosis.
Bonkowski et al. in the longevity study of Laron dwarf
mice observed lack of response to CR in context of in-
crease of lifespan in these animals. Authors suggest that
longevity depends on insulin sensitivity which cannot be
further increased in GHRKO mice [13,14]. We imply
that in ovaries of GHR-KO mice the lack of response to
CR may be due to very low level of IGF-1 which cannot
be further decreased by CR.

It is known that a decrease in calorie intake improves
the reproductive potential of females, but an increase in
caloric intake is needed for further “usage” of these folli-
cles in reproduction [2-5].

High levels of apoptosis in cells of ovarian surface epi-
thelium (OSE) observed in GHR-KO mice have import-
ant implications. Specifically, apoptosis is responsible for
elimination of cells, including also mutated cells in dif-
ferent organs, e.g., liver [29,30]. GHR-KO mice are char-
acterized by a very low incidence of cancer [34-36], and
one plausible explanation of this fact is that a low circu-
latory and ovarian IGF-1 level in GHR-KO keeps stem
cells, including very small embryonic-like stem cells
(VSELs), in quiescence and thus protects them from un-
controlled proliferation [37]. On the other hand, it is
also possible that the high level of apoptosis in OSE, due
to a low systemic level of IGF-1, is responsible for elim-
ination of mutated cells and thus a lower incidence of
cancer. As previously reported, OSE contains a signifi-
cant number of stem cells with early embryonic develop-
mental markers, such as SSEA-4, Oct-4, Nanog, Sox2,
and c-kit [38]. In OSE, Bhartiya et al. [39] identified
stem cells that express Oct-4 and SSEA-4 in addition to
other pluripotent markers that correspond to the popu-
lation of VSELs identified in adult tissues [40]. It is pos-
sible, that elimination of cells by apoptosis protects OSE
from cancer development and corresponds to the lower
incidence of cancer in GHR-KO mice, with very low
levels of IGF-1 in circulating plasma.

Conclusion

Morphological and histochemical analysis revealed a
younger biological age of ovaries in 2.5-year-old WT and
Laron dwarf (GHR-KO) mice on CR compared with
control littermate animals at the same age on an AL
diet.
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