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Summary

Purpose: This study examined whether regular exercise can improve ovarian angiogenic factors expression, oocyte quality, and fer-
tility in aged female mice. Materials and Methods: Aged C57BL female mice (30-32 weeks) were treated with regular exercise or with-
out exercise for six weeks and then mated with male mice. After mating, the pregnancy outcome was examined. Female mice of two
age groups (6-8 and 30-32 weeks) were regularly exercised for six weeks. After superovulation, mating, and zygote retrieval, ovarian
VEGF and eNOS expression, and ovarian apoptosis were examined. Results: The number of pregnant mice, offspring, and embryo de-
velopment rate in aged mice were significantly higher in the exercise group compared with controls. Ovarian VEGF and eNOS ex-
pression was increased, but ovarian apoptosis was decreased in the exercise group. Conclusions: This study demonstrates that regular
exercise in aged mice improves oocytes quality and fertility, possibly by regulating ovarian eNOS and VEGF expression.
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Introduction

Nowadays many women have delayed first childbearing
to advanced ages [1, 2]. Female age is one of THE signif-
icant factors affecting a fertility because of ovarian aging,
decrease in sexual behavior, and increase in risks of other
disorders affecting fertility such as fibroids, tubal discases,
and endometriosis [3]. This trend for age-related decline of
fertility is clearly shown in assisted reproductive technique
(ART) cycle as well as in natural cycle [4-7]. Likewise, fe-
male age is an impact factor in fertility and advancing age
is an important factor contributing to an increasing inci-
dence of infertility. Nevertheless, female reproductive
aging remains a difficult problem in infertility treatment.

Oocyte aging is stimulated as the ovary ages [8]. It re-
sults in gradual decreases in the quality and quantity of
oocytes, including decreased number of ovulated oocytes,
decreased viability of preimplantation embryos, and in-
creased percentages of abnormal/degenerating oocytes [9,
10]. Therefore, oocyte aging is a common cause of ART
failures [11]. However, the reason for the oocyte aging-re-
lated decline in oocyte quality is not clearly understood, al-
though it seems that endocrine, paracrine, genetic, and
metabolic factors are effective. Chromosomal aneuploidy
and injury of mitochondrial DNA of oocyte and embryo
may be mainly considered as causes of the age-related de-
cline in oocyte quality [1, 10, 12]. However, the finding of
Tatone et al. that age-related nuclear and cytoplasmic dam-
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age may occur as a result of inadequate ovarian angiogen-
esis in primordial follicles, as well as in ovarian stroma ves-
sels, suggests that dysfunction in ovarian angiogenesis can
be an important cause of oocyte aging [13].

The ovary and uterus have cyclic angiogenic processes
to facilitate follicular development and implantation
processes. Especially, in ovarian angiogenesis, vascular
density markedly increased in follicles undergoing devel-
opment from preantral to antral stage [14]. Gaulden pro-
posed that a deficient microvasculature develops around
the dominant follicles with aging, resulting in the hypoxia
of follicles [15]. Atretic follicles have a decreased vascu-
larity during follicular development, while the selected fol-
licles show a more elaborate microvasculature and the
mature follicles have an increased vascular density [16,
17]. These results indicate that ovarian angiogenesis plays
a critical role in follicular development processes that re-
quire neovascularization, including follicular growth, se-
lection of dominant follicles, inhibition of follicular
atresia, ovulation, and corpus luteum formation [18, 19].
Vasculature of the follicle plays an important role in the
preferential delivery of gonadotropin, oxygen, and nutri-
ents essential for follicular development [20]. Indeed, dys-
function in ovarian angiogenesis may be an important
cause of anovulation, polycystic ovarian syndrome
(PCOS), pregnancy loss, and possibly infertility. There-
fore, it can be postulated that the activation of ovarian an-
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giogenesis may be a good strategy for the improvement of
age-related decline in oocyte quality.

Vascular endothelial growth factor (VEGF) is well
known to be a critical regulator of angiogenesis and it is
expressed not only in follicles, but also in the stroma of the
ovary, and it plays an important role in follicular develop-
ment and ovulation [21]. Nitric oxide (NO), known to be a
potent vasodilator and angiogenic factor, plays an important
role in ovarian angiogenesis during folliculogenesis and
ovulation, including in the determination of oocyte quality
and embryo developmental competence and the inhibition
of atresia and apoptosis of the growing follicles [22, 23].
NO also mediates the vascular permeability of VEGF [24].

Previous several studies have revealed the relation be-
tween exercise and fertility. Female athletes with intense
physical activities can result in menstrual dysfunction and
infertility [25, 26]. Morris et al. reported that regular exer-
cise before IVF negatively affects pregnancy outcomes, es-
pecially in women who exercised four or more hours per
week for 1-9 years [27]. However, some data has suggested
that exercise for weight loss in overweight women im-
proves ovulation and subsequent fertility [28, 29]. Loucks
contradicted that the observational design of the Morris et
al. study does not warrant any conclusion because they did
not consider energy intake and the expenditure of IVF pa-
tients [30, 31]. It has been recommended that pregnant
women should engage in moderate intensity exercise for at
least 30 minutes on most if not all days of the week in the
absence of any contraindications [32]. Moderate activity
may be beneficial to implantation by increasing insulin sen-
sitivity [33]. Recently, Palomba ef al. showed that implan-
tation, clinical pregnancy, and live birth rates are
significantly increased in women who performed physical
activity regularly compared with those who did not [34].
Likewise, the relation between exercise and fertility re-
mains controversial because it is complex, absolutely de-
pends on the type, intensity, and duration of exercise, and
difficult to define exercise intensity affecting fertility po-
tential.

Some studies have reported the relation between exer-
cise and angiogenesis [35, 36]. A single bout of moder-

Figure 1. — Exercise treatment
protocol. Aged female mice (30-
32 weeks) are illuminated with in-
candescent lights (60 Watts,
220V), placed on the top of the
cage, starting at 11:00 a.m. for 30
minutes daily (A). This illumina-
tion increases the temperature
within the cage by causing heat
and finally stimulates physical ac-
tivity of mice compared to mice
of control group (B).

ately intense treadmill running upregulates VEGF ex-
pression of skeletal muscle in rats [37] and upregulation
of VEGF mRNA also occurs during exercise in humans in
both normal healthy individuals and patients with heart
failure [35, 38]. Bloor et al. reviewed the possibility that
exercise can induce angiogenesis process by stimulating
the expression of angiogenetic factors such as VEGF [39].
However, there is no study on the effect of regular exercise
on reproductive outcome in aged female. Therefore this
study aimed to examine whether regular exercise can im-
prove the expression of ovarian anigogenic factors, oocyte
quality, and fertility potential in aged females using the
mouse model.

Materials and Methods

This study was approved by the institutional review board of
Pusan National University Hospital.

In all experiments, C57BL inbred mice were used and pur-
chased from Korea Experimental Animal Center (Daegu, South
Korea). Mice were maintained on a light-dark cycle, with light on
at 5:00 a.m. and off at 7:00 p.m., and with food and water avail-
able ad libitum.

Forty C57BL female mice of 30-32 weeks were divided into
the two groups. One group (n=20) were regularly exercised to
stimulate physical activity by illuminating incandescent lights (60
Watts, 220V), placed on the top of the cage, starting at 11:00 a.m.
for 30 minutes daily (Figure 1). The other group (n=20) served as
control without the induction of exercise.

To examine whether the exercise treatment influences the preg-
nancy outcome of aged female mice (30-32 weeks-old), after four
weeks, the female mice were mated with the same strained indi-
vidual male mice (12 weeks-old) during two weeks, maintaining
the exercise treatment protocol. Then, the pregnancy outcome was
observed for subsequent two weeks (1% observation). Mice that
were not pregnant were re-mated during further two weeks and
re-examined the pregnancy outcome for the following two weeks
(second observation).

To examine whether the exercise treatment improves ovarian
response and oocyte quality, such as developmental competency
of oocytes, female mice of the two age groups (6-8 weeks and 30-
32 weeks) were treated with exercise protocol for six weeks, and
then superovulated by intraperitoneal co-injection with 0.1 mL of
51U of pregnant mare’s serum gonadotropin (PMSG), followed
by injection of 5 IU of human chorionic gonadotropin (hCG) ap-
proximately 48 hours later. Then the mice were immediately
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paired with an individual male. The following morning the mice
were inspected, and those with a confirmed vaginal plug were
considered fertilized. The control group was superovulated with
PMSG and hCG without exercise treatment. Ten mice per each
group were used.

Female mice with a confirmed vaginal plug were sacrificed by
cervical dislocation 18 hours after the hCG injection, and zygotes
(one-cell embryos) were retrieved from the oviductal ampulae.
Cumulus-enclosed zygotes were denuded by incubation for one
minute with 1 mg/mL hyaluronidase in Dulbecco’s phosphate
buffer saline (dPBS). Zygotes were pooled and washed three
times in human tubal fluid (HTF) media supplemented with 10%
human follicular fluid (hFF). Only healthy zygotes were cultured
in 30-mL drops of media (HTF + 20% hFF) under paraftin-oil at
37°C in a 5% CO2 incubator for four days, and the media was
changed daily. The number of zygotes retrieved and fragmented
per mouse was counted, and embryo development to blastocyst
stage was evaluated.

Just after the one-cell embryos were retrieved, both ovaries were
collected and provided to examine the expression of VEGF and
endothelial nitric oxide synthase (eNOS) by Western blot analysis
and immunohistochemistry. Some portions of ovaries were pro-
vided in assessment of ovarian apoptosis.

Proteins were extracted by mechanical homogenization of
ovaries in the presence of 200 mL ice-cold lysis buffer (50 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, and 1 mM
EDTA). The protein content of cell lysate was determined with
Bradford reagent using bovine serum albumin (BSA) as the stan-
dard. The authors separated 20 mg of cell lysate by SDS-PAGE
and transferred to PVDF (immobilon-P) membrane.

The transfer was performed at a constant voltage of 15 V for 30
minutes. For Western blotting, the membrane was incubated with
anti-mouse VEGF antibody (1:1000 dilution) and anti-mouse
NOS antibody (1:1000 dilution) in TBS containing 1% skim milk
for four. hours and one hour, respectively, at room temperature.
After washing three times with TBS-T (containing 0.04% Tween-
20), the blotted membranes were incubated with horseradish per-
oxidase—conjugated goat antibody for 30 minutes at room
temperature. After washing three times with TBS-T, the proteins
were visualized by the enhanced chemiluminescence detection
system according to the recommended procedure.

Serial sections (4 um) of formalin-fixed, paraffin-embedded
ovarian tissues were spread on the coated slides and placed in an
oven at 60°C for one hour. Then the slides were deparaffinized in
xylene and dehydrated in a graded series of ethanol. The endoge-
nous peroxidase was quenched with 0.3% hydrogen peroxide at
room temperature for five minutes, and then the tissues were
rinsed four times for five minutes each time in PBS. The samples
were incubated with normal serum and then incubated with rab-
bit anti-mouse VEGF polyclonal rabbit IgG antibody and anti-
mouse eNOS rabbit IgG antibody at a dilution of 1:100 in
PBS/BSA overnight at 4°C. After four washing with PBS for 15
minutes each time, the samples were incubated with biotinylated
secondary antibody for 30 minutes at room temperature and
washed three times. Then the samples were incubated with strep-
tavidin—peroxidase conjugate in PBS for 30 minutes at room tem-
perature and incubated with 3,30 diaminibenzidine chromogen.
Counterstaining was performed with Mayer’s hematoxylin. The
results were assessed under a light microscope by two blinded
pathologists.

Serial sections (4 pm) of formalin-fixed paraffin-embedded
ovarian tissues collected from each age group were spread on the
coated-slides, and placed in an oven at 60°C for one hour, and
then the slides were deparaffinized in xylene and dehydrated in a
graded series of ethanol.

In situ TUNEL analyses were performed, according to the in-
structions of a commercial assay kit. Briefly, sections were first
washed in equilibration buffer, incubated with TdT enzyme in a
humidified chamber at 37°C for one hour, and then, the cells were
washed and incubated at room temperature for 30 minutes in the
dark with fluorescein-conjugated anti-digoxigenin. The washed
specimens were counterstained with propidium iodide (1 pg/ml)
and visualized with fluorescent microscope. Apoptotic cells show
an intense yellow fluorescence, whereas normal cells appear red
when stained with propidium iodide.

All data were presented as mean =+ standard deviation. Statisti-
cal analysis was performed using the unpaired Student’s #-test and
chi-square test. P < 0.05 was considered statistically significant.

Results

In order to examine whether exercise treatment improves
fertility ability in aged female, the authors firstly tested the
pregnancy rate and the number of offspring delivered of
aged female mice (30-32 weeks) after mating with male
mice. The pregnancy of female was checked at the two time
periods; two weeks (first observation) and four weeks (sec-
ond observation) after mating. At the first observation, the
pregnancy rate was significantly higher in the exercise
group (45%) than the control group (20%) (p <0.05). At
second observation for the remaining female who did not
achieve pregnancy, a significant higher pregnancy rate was
also found in the exercised group (30%) compared to the
control group (5%) (p<0.05). Overall, the total pregnancy
rate of the first and second observation showed 75% in the
exercise group and 25% in the control group (p < 0.05).
The mean number of offspring delivered per mice was 9.2
and 6.3 in the exercise and control group, respectively with
a significant difference (p < 0.05) (Table 1).

Next, in order to elucidate whether the beneficial effect
of exercise treatment on fertility outcome is attributed to
the improved oocyte quality, the authors examined devel-
opmental competence of oocytes of aged female mice (30-
32 weeks) after the exercise treatment. The mean number
of one-cell embryos (zygotes) flushed was 12.6 in the ex-
ercise group which was statistically significantly higher
compared with 10.8 in the control group (p < 0.05). The
embryo development rate to blastocyst was also statisti-
cally significantly increased in the exercise treatment
(43.8%) compared with the control group (8.1%; p <
0.05). A noticeably larger number of developing embryos
were arrested in the control group at the two-cell stage
(Table 2).

Thirdly, the authors tested whether the beneficial effect of
exercise treatment shown in aged mice can also be applied
in young mice of 6-8 weeks. However, exercise effect was
not found in young mice. As shown in Table 3, the number
of zygotes retrieved and the embryo development rate was
very higher than those of aged mice of 30-32 weeks shown
in Table 2, but they were similar in both the exercise treat-
ment and control groups.



842 B.S. Joo, J.B. Son, M.J. Park, J.K. Joo, C.W. Kim, K.S. Lee

Table 1. — Effect of exercise treatment on the pregnancy
outcomes in aged female mice.

Exercise group  Control group p-value

(n=20) (n=20)

No. of pregnant mice within o o

first observation 9 (45%) 4 (20%) <0.05
No. of pregnant mice within o 0

second observation 6 (30%) L(5%) <0.05
No. of total pregnant mice 15 (75%) 5(25%) <0.05
No. of total offspring/mice 99413 63427 <0.05

(mean = SD)

Finally, the authors examined ovarian VEGF and eNOS
expression by Western blot and immunohistochemistry
whether the beneficial effect of exercise relates to the acti-
vation of ovarian angiogenesis. The authors also tested
ovarian apoptosis by TUNEL apoptosis assay. VEGF and
eNOS expression showed a remarkable increase in the ex-
ercise treatment group compared to the control group (Fig-
ures 2 and 3). Imunohistochemistry especially showed that
VEGF and eNOS expressions were usually localized in
granulosa cells, stromal cells, and endothelial cells. This
result suggests that the exercise treatment induces an in-
crease of VEGF and eNOS expression in ovarian cells.

Conversely, ovarian apoptosis was decreased in the ex-
ercise group compared to the control group. The remaining
follicles after ovulation were shown and few apoptotic cells
were detected (red color) in the ovary of exercise treatment,
However, in the ovary of control group, no follicle were
found, whereas apoptotic cells (yellow color) were ap-
peared all over the ovary (Figure 4).

Discussion

The present study shows that exercise for the stimulation
of physical activity improves ovarian function and oocyte
quality, and finally fertility of aged female mice. As far as
is known, this report is the first study aimed to examine the
relation between fertility and exercise in aged female, al-
though this study was done in the mouse model, not human
design.

Exercise has been known to have many health benefits,
but the relation between exercise and fertility remains con-
troversial because of difference in the study design for the
type, intensity, and duration of exercise. Several studies re-
ported that physical activity affects implantation: moderate
activity can be beneficial to implantation, whereas vigorous
activity negatively affects implantation by lowering leptin
levels, which is an important factor in regulating embryo
implantation and endometrial receptivity [33]. Some stud-
ies strongly suggest that frequent vigorous activity can be
a risk factor as infertility [40, 41] and women who had a
vigorous exercise were less likely to conceive and have a
live birth than women without a history of exercising [27].
Recently Evenson ef al. showed that an active lifestyle in
the preceding year favorably impacted the IVF outcome
[42]. Collectively these results indicate that moderate ac-
tivity may be more beneficial in fertility than vigorous ac-
tivity. In the present study, the fact that the present exercise
protocol resulted in a beneficial effect on fertility means
that the intensity of this exercise may be moderate for aged
female mice.

Aerobic exercise led to a 40% higher rate of ovulation in
comparison with dietary restriction (800 kcal/d), (25% vs.
65%, respectively) [43]. Physical activity can restore ovar-
ian function by insulin sensitization [44, 45]. In a prospec-
tive study, individualized aerobic exercise of 16 weeks

Table 2. — Effect of exercise treatment on ovarian function and oocyte developmental competency in female mice aged

30-32 weeks.

Exercise No. of No. of No. of No. of No. of No. of No. of
offspring zygotes zygotes zygotes zygotes 2-cell blastocyst
females flushed flushed/mouse fragmented (%) cultured embryos (%) (%)

~ (Control) 10 107 10.822.7° 21 (19.6%) 86 22 (25.6%) 7 (8.1%)

+ (Exercise) 10 133 12.6£1.97 12 (9.0%)" 121 77 (63.6%) 53 (43.8%)'

"Mean+SD. p < 0.05 (vs. control).

Table 3. — Effect of exercise treatment on ovarian function and oocyte developmental competency in female mice aged

6-8 weeks.

Exercise No. of No. of No. of No. of No. of No. of No. of
offspring zygotes zygotes zygotes zygotes 2-cell blastocyst
females flushed flushed/mouse fragmented (%) cultured embryos (%) (%)

— (Control) 10 189 19.0+2.9%* 6 (3.2%) 183 131 (71.6%) 94 (51.3%)

+ (Exercise) 10 198 19.3+3.3 7 (3.5%) 192 141 (73.4%) 97 (50.5%)

*Mean + SD.
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Figure 2. — Western blot analy-
sis for VEGF and eNOS expres-
sions in ovaries in young and
aged female mice. Tubulin ex-
pression was used as control.
Ovaries were isolated just after
the flushing of zygotes 17-18
hours post-hCG injection.

Figure 3. — Representative pho-
tomicrograph of VEGF and
eNOS immunohistochemistry in
ovaries in aged female mice.
Ovaries were isolated just after
the flushing of zygotes and fixed.
Control was immunostained
without primary antibody (pur-
ple color). Cells immunostained
with VEGF and eNOS specific
antibody showed brown color.
G: granulosa cells; S: stroma
cells; E: endothelial cells. Final
magnification, x400.

Figure 4. — Ovarian apoptosis
using the TUNEL assay. In the
ovary of exercise treatment, the
remaining follicles after ovula-
tion are shown and few apoptotic
cells are detected (red color).
However, in the ovary of control
group, no follicles were found,
whereas apoptotic cells (yellow
color) were appeared all over the
ovary.
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improves ovarian morphology independent of changes in
body composition [46]. These results have suggested the
possibility that the improved effect of physical activity on
fertility may be related to the ovarian function as well as
implantation processes of endometrium. However, there are
very few studies on the direct relation between exercise and
ovarian function and oocyte quality, especially in the as-
pect of female age. In this respect, another notable finding
in the present study was that exercise for the stimulation of
physical activity may increase fertility ability in aged fe-
male by improving ovarian function and oocyte quality,
such as developmental competency

In addition, this result seems to be more meaningful con-
sidering the two facts: one is that many women undergoing
fertility treatment make poor lifestyle choices that may af-
fect treatment outcome [47] and the other is that advancing
female age continuously increases as an important and fas-
tidious infertility cause. Therefore our result indicates that
the choice of favorable lifestyle such as a moderate physi-
cal activity or exercise may be very important for female
with advancing age to achieve pregnancy.

This study did not clearly elucidate the mechanism that
exercise treatment results to improve ovarian function and
oocyte quality. However, this study showed the increased
ovarian VEGF and eNOS expression and decreased ovar-
ian apoptosis. This result is very consistent with the previ-
ous study that exercise upregulates VEGF and eNOS
expression [35, 37, 39, 48]. It has been well known that NO
production is an important element of VEGF signaling [49]
and these factors play a critical role in angiogenesis. Several
studies demonstrated an importance role of VEGF in follic-
ular development: direct injection of VEGF gene fragment
or VEGF into the ovary increases angiogenesis and the num-
ber of follicles to be ovulated [50-52] and suppression of
follicular angiogenesis by the inhibition of VEGF inhibits
antral follicular development and ovulation [53]. Thus, it is
likely that VEGF regulation in the ovarian follicular phase
can benefit ovarian stimulation for poor responders. Our
study group also have previously demonstrated that the ac-
tivation of ovarian angiogenesis improve ovarian function
and oocyte quality in aged female mice [54-56]. Therefore
it is speculated that the beneficial effect of exercise on ovar-
ian function and oocyte quality may be attributable to the
activation of ovarian angiogenesis through the increased ex-
pression of ovarian VEGF and eNOS.

However, in young mice, beneficial effect of exercise on
fertility was not found although ovarian VEGF and eNOS
expression was increased in the exercise group compared to
in the control group. This result is somewhat expected be-
cause fertility ability of young female is enough high to
counter balance the beneficial effect of exercise. In addi-
tion, we observed this similar result in our previous studies
[54-56].

The current study also has several limitations. First, this
study did not use a general exercise equipment or protocol,

such as treadmill because it was not available. Thus the
present authors designed an exercise method to stimulate
physical activity by illuminating with incandescent lights
(60 Watts, 220V), placed on the top of the cage because this
illumination method has been widely used to collect circu-
lating blood from tail vein of the mouse. This method in-
creases physical activity enough to be dripping wet with
sweat, and results to increase blood flow and extend blood
vessel. As a result, this method facilitates the collection of
blood. Another demerit of this method is not to standardize
and quantify the intensity of exercise. This study did not
compare the effect of exercise according to the intensity of
illumination or exercise treatment time and used just a con-
stant illumination for 30 minutes daily. Nevertheless, the
present exercise protocol by illuminating with incandescent
lights may fully show the exercise-like effect by increas-
ing expression of ovarian angiogenic factors and by im-
proving ovarian function and oocyte quality, and finally
fertility ability in aged female mice. This result indicates
that an optimal exercise treatment can improve the age-re-
lated decline in fertility. Second, this study did not exam-
ine the effect of exercise on implantation because many
studies have shown that physical activity can affect im-
plantation of endometrium [33]. This indicates that we can-
not assess the possibility that the beneficial effect of this
exercise treatment on fertility may be attributed to the im-
proved implantation, as well as on the increased ovarian
function and oocyte quality. Therefore further study is
needed to warrant this possibility.

Conclusion

In conclusion, the present study demonstrates that regu-
lar exercise induced by illumination with incandescent
lights in aged mice improves their reproductive outcomes
by improving ovarian function and developmental compe-
tence of oocytes. This result suggests the possibility that
the beneficial effect of an optimal exercise on oocyte qual-
ity and fertility may be associated with the activation of
ovarian angiogenesis by increasing ovarian eNOS and
VEGEF expression. Finally this research provides a promis-
ing strategy that exercise could be effective in the treatment
of age-related decline of fertility.

References

[1] te Velde E.R., Pearson P.L.: “The variability of female reproductive
ageing”. Hum. Reprod. Update, 2002, 8, 141.

[2] Virtala A., Vilska S., Huttunen T., Kunttu K.: “Childbearing, the de-
sire to have children, and awareness about the impact of age on fe-
male fertility among Finnish university students”. Eur. J. Contracept.
Reprod. Health Care, 2011, 16, 108.

[3] Committee on Gynecologic Practice of American College of Obste-
tricians and Gynecologists. Practice Committee of American Society
for Reproductive Medicine. “Age-related fertility decline: a com-
mittee opinion”. Fertil. Steril., 2008, 90, 486.

[4] Lass A.: “The fertility potential of women with a single ovary”. Hum.



Effect of regular exercise on reproductive function of aged female in mouse model 845

Reprod. Update., 1999, 5, 546.

[5] Klein J., Sauer M. V.; “Assessing fertility in women of advanced re-
productive age”. Am. J.Obstet. Gynecol., 2001, 185, 758.

[6] Broekmans F.J., Knauff E.A., te Velde E.R., Macklon N.S., Fauser
B.C.: “Female reproductive ageing: current knowledge and future
trends”. Trends. Endocrinol. Metab., 2007,18, 58.

[7] Harlow S.D., Gass M., Hall J.E., Lobo R., Maki P., Rebar R.W., et
al.: “STRAW 10 Collaborative Group. Executive summary of the
Stages of Reproductive Aging Workshop 10: addressing the unfin-
ished agenda of staging reproductive aging”. Fertil. Steril., 2012, 97,
843.

[8] Tatone C., Amicarelli F.: “The aging ovary—the poor granulosa
cells”. Fertil. Steril., 2013, 99, 12.

[9] Tarin J.J., Perez-Albala S., Cano A.: “Cellular and morphological
traits of oocytes retrieved from aging mice after exogenous ovarian
stimulation”. Biol. Reprod., 2001, 65, 141.

[10] Thouas G.A., Trounson A.O., Jones G.M.: “Effect of female age on
mouse oocyte developmental competence following mitochondrial
injury”. Biol. Reprod., 2005, 73, 366.

[11] Wilcox A.J., Weinberg C.R., Baird B.D.: “Post-ovulatory ageing of
the human oocyte and embryo failure”. Human. Reprod., 1998, 13,
394.

[12] Keefe D.L., Niven-Fairchild T., Powell S., Buradagunta S.: “Mito-
chondrial deoxyribonucleic acid deletions in oocytes and reproduc-
tive aging in women”. Fertil. Steril., 1995, 64, 577.

[13] Tatone C., Amicarelli F., Carbone M.C., Monteleone P., Caserta D.,
Marci R., et al.: “Cellular and molecular aspects of ovarian follicle
ageing”. Hum. Reprod. Update., 2008, 14, 131.

[14] Suzuki T., Sasano H., Takaya R., Fukaya T., Yajima A., Nagura H.:
“Cyclic changes of vasculature and vascular phenotypes in normal
human ovaries”. Hum. Reprod., 1998, 13, 953.

[15] Gaulden M.E.: “Maternal age effect: the enigma of Down syndrome
and other trisomic conditions”. Mutat. Res., 1992, 296, 69.

[16] Bedaiwy M.A., Mahmoud R., Hussein M.R., Biscotti C., Falcone T.:
“Cryopreservation of intact human ovary with its vascular pedicle”.
Hum. Reprod., 2006, 21, 3258.

[17] Martinez-Madrid B., Donnez J.: “Cryopreservation of intact human
ovary with its vascular pedicle—or cryopreservation of hemio-
varies?” Hum. Reprod., 2007, 22, 1795.

[18] Geva E., Jaffe R.B.: “Role of vascular endothelial growth factor in
ovarian physiology and pathology”. Fertil. Steril., 2000,74, 429.

[19] Redmer C.A., Reynolds L.P.: “Angiogenesis in the ovary”. Rev. Re-
prod., 1996, 1, 182.

[20] Fraser H.M.: “Regulation of the ovarian follicular vasculature”. Re-
prod. Biol. Endocrinol., 2006, 4, 18.

[21] Kaczmarek M.M., Schams D., Ziecik A.J.: “Role of vascular en-
dothelial growth factor in ovarian physiology—an overview”. Re-
prod. Biol., 2005, 5, 111.

[22] Jablonka-Shariff A., Olson L.M.: “The role of nitric oxide in oocyte
meiotic maturation and ovulation: meiotic abnormalities of en-
dothelial nitric oxide synthase knock-out mouse oocytes.” En-
docrinology, 1998, 139, 2944.

[23] Sengoku K., Takuma N., Horikawa M., Tsuchiya K., Komori H.,
Sharifa D., et al.: “Requirement of nitric oxide for murine oocyte
maturation, embryo development, and trophoblast outgrowth in
vitro”. Mol. Reprod. Dev., 2001, 58, 262.

[24] Murohara T., Horowitz J.R., Silver M., Tsurumi Y., Chen D., Sulli-
van A., et al.: “Vascular endothelial growth factor/vascular perme-
ability factor enhances vascular permeability via nitric oxide and
prostacyclin”. Circulation, 1998, 97, 99.

[25] Chen E.C., Brzyski R.G.: “Exercise and reproductive outcome”. Fer-
til. Steril., 1999, 71, 1.

[26] Rich-Edwards J.W., Spiegelman D., Garland M., Hertzmark E.,
Hunter D.J., Colditz G.A., et al.: “Physical activity, body mass index,
and ovulatory disorder infertility”. Epidemiology, 2002, 13, 184.

[27] Morris S.N., Missmer S.A., Cramer D.W., Powers R.D., McShane
P.M., Hornstein M.D.: “Effects of lifetime exercise on the outcome
of in vitro fertilization”. Obstet. Gynecol., 2006, 108, 938.

[28] Clark A.M., Ledger W., Galletly C., Tomlinson L., Blaney F., Wang
X., et al.: “Weight loss results in significant improvement in preg-
nancy and ovulation rates in anovulatory obese women”. Hum. Re-
prod., 1995, 10, 2705.

[29] Hollmann M., Runnebaum B., Gerhard L.: “Effects of weight loss on
the hormonal profile in obese, infertile women”. Hum. Reprod.,
1996, 11, 1884.

[30] Loucks A.B.: “Effects of lifetime exercise on the outcome of in vitro
fertilization”. Obstet. Gynecol., 2007, 109, 456.

[31] Loucks A.B.: “Energy availability and infertility”. Curr. Opin. En-
docrinol. Diabetes Obes., 2007b, 14, 470.

[32] American Congress of Obstetricians and Gynecologists. “Exercise
during pregnancy and the postpartum period. ACOG Committee
opinion no. 267”. Obstet. Gynecol., 2002, 99, 171.

[33] de Salles B.F., Simao R., Fleck S.J., Dias I., Kraemer-Aguiar L.G.,
Bouskela E.: “Effects of resistance training on cytokines”. Int. J.
Sports. Med., 2010, 31, 441.

[34] Palomba S., Falbo A., Valli B., Morini D., Villani M.T., Nicoli A., et
al.: “Physical activity before IVF and ICSI cycles in infertile obese
women: an observational cohort study.” Reprod. Biomed. Online,
2014, 29, 72.

[35] Gustafsson T., Bodin K., Sylvén C., Gordon A., Tyni-Lenné R., Jans-
son E.: “Increased expression of VEGF following exercise training
in patients with heart failure”. Eur. J. Clin. Invest., 2001, 31, 362.

[36] Prior B.M., Yang H.T., Terjung R.L.: “What makes vessels grow
with exercise training?” J. Appl. Physiol. 2004, 97, 1119.

[37] Breen E.C., Johnson E.C., Wagner H., Tseng H.M., Sung L.A., Wag-
ner P.D.: “Angiogenic growth factor mRNA responses in muscle to
a single bout of exercise”. J. Appl. Physiol., 1996, 81, 355.

[38] Gustafsson T., Puntschart A., Kaijser L., Jansson E., Sundberg C.J.:
“Exercise-induced expression of angiogenesis-related transcription
and growth factors in human skeletal muscle”. Am. J. Physiol., 1999,
276, H679.

[39] Bloor C.M.: “Angiogenesis during exercise and training”. Angio-
genesis, 2005, 8, 263.

[40] Green B.B., Daling J.R., Weiss N.S., Liff J.M., Koepsell T.: “Exer-
cise as a risk factor for infertility with ovulatory dysfunction”. 4m.
J. Public Health., 1986, 76, 1432.

[41] Gudmundsdottir S.L., Flanders W.D., Augestad L.B.: “Physical ac-
tivity and fertility in women: the North-Trondelag Health Study”.
Hum. Reprod., 2009, 24, 3196.

[42] Evenson K.R., Calhoun K.C., Herring A.H., Pritchard D., Wen F.,
Steiner A.Z.: “Association of physical activity in the past year and
immediately after in vitro fertilization on pregnancy”. Fertil. Steril.,
2014, 101, 1047.e5.

[43] Palomba S., Giallauria F., Falbo A., Russo T., Oppedisano R., Tolino
A., et al.: “Structured exercise training programme versus
hypocaloric hyperproteic diet in obese polycystic ovary syndrome
patients with anovulatory infertility: a 24-week pilot study”. Hum.
Reprod., 2008, 23, 642-50.

[44] Yusuf'S, Anand S.: “Body-mass index, abdominal adiposity, and car-
diovascular risk”. Lancet, 2011, 378, 226.

[45] Palomba S., Falbo A., Russo T., Orio F., Tolino A., Zullo F.: “Sys-
temic and local effects of metformin administration in patients with
polycystic ovary syndrome (PCOS): relationship to the ovulatory re-
sponse”. Hum. Reprod., 2010, 25, 1005.

[46] Redman L.M., Elkind-Hirsch K., Ravussin E.: “Aerobic exercise in
women with polycystic ovary syndrome improves ovarian morphol-
ogy independent of changes in body composition”. Fertil. Steril.,
2011; 95: 2696-99.

[47] Gormack A.A., John C., Peck J.C., Derraik J.G.B., Gluckman P.D.,
Young N.L., ef al.: “Many women undergoing fertility treatment
make poor lifestyle choices that may affect treatment outcome”.
Hum. Reprod., 2015, 30, 1617-24.

[48] Lloyd P.G., Prior B.M., Yang H.T., Terjung R.L.: “Angiogenic growth
factor expression in rat skeletal muscle in response to exercise train-
ing”. Am. J. Physiol. Heart Circ. Physiol. 2003, 284, H1668.

[49] Morbidelli L., Chang C.H., Douglas J.G., Granger H.J., Ledda F.,



846 B.S. Joo, J.B. Son, M.J. Park, J.K. Joo, C.W. Kim, K.S. Lee

Ziche M.: “Nitric oxide mediates mitogenic effect of VEGF on coro-
nary venular endothelium”. Am. J. Physiol., 1996, 270, H411.

[50] Shimazu T., Jiang J.Y., Liijjima K., Miyabayashi K., Oogawa Y.,
Sasada H., et al.: “Induction of follicular development by direct sin-
gle injection of vascular endothelial growth factor gene fragments
into the ovary of miniature glits”. Biol. Reprod., 2003, 69,1388.

[51] Danforth D.R., Arbogast L.K., Ghosh S., Dickerman A., Rofagha R.,
Friedman C.1.: “Vascular endothelial growth factor stimulates preantral
follicle growth in the rat ovary”. Biol. Reprod., 2003, 68, 1763.

[52] Iijima K., Jiang J.Y., Shimazu T., Sasada H., Sato E.: “Acceleration
of follicular development by administration of vascular endothelial
growth factor in cycling female rats”. J. Reprod. Dev. 2005, 51, 161.

[53] Wulff C., Wilson H., Wiegand S.J., Rudge J.S., Fraser H.M.: “Pre-
vention of thecal angiogenesis, antral follicular growth, and ovula-
tion in primate by treatment with vascular endothelial growth factor
trap R1R2”. Endocrinology, 2002, 43, 2797.

[54] Lee D.H.,Joo B.S., Suh D.S., Park J.H., Choi Y.M., Lee K.S.: “Sodium
nitroprusside treatment during the superovulation process improves
ovarian response and ovarian expression of vascular endothelial growth

factor in aged female mice”. Fertil. Steril., 2008, 89, 1514-21.

[55] Joo J.K., Joo B.S., Kim S.C., Choi J.R., Park S.H., Lee K.S.: “Role
of leptin in improvement of oocyte quality by regulation of ovarian
angiogenesis”. Ani. Reprod. Sci., 2010, 119, 329.

[56] Choi K.H., Joo B.S., Sun S.T., Park M.J., Son J.B., Joo J.K., Lee
K.S.: “Administration of visfatin during superovulation improves
developmental competency of oocytes and fertility potential in aged
female mice”. Fertil. Steril., 2012, 97, 1234.¢3.

Corresponding Author:

KYU-SUP LEE, M.D., Ph.D.

Department of Obstetrics and Gynecology
Medical Research Institute

Pusan National University School of Medicine
1-10 Amidong

Seuku, Busan, 602-739 (Korea)

e-mail: kuslee@pusan.ac.kr



