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Abstract.  After reaching metaphase II, in vitro matured oocytes undergo the complex processes referred to as oocyte
aging.  Under our culture conditions, some aged oocytes remained at the stage of metaphase II, some underwent
spontaneous parthenogenetic activation and others underwent cellular death, either through apoptosis (fragmentation)
or lysis.  We investigated the effect of c-Jun N-terminal kinases (JNK) and p38 Mitogen-activated protein kinase (p38
MAPK) inhibition on pig oocyte aging and the activity of JNK and p38 MAPK during the aging period.  Inhibition of
JNK protected the oocytes from fragmentation (0% fragmented oocytes under JNK inhibition vs. 26% fragmented
oocytes in the control group).  Inhibition of p38 MAPK had no effect on fragmentation.  Inhibition of JNK also had an
influence on spontaneous parthenogenetic activation of aged oocytes.  The ratio of activated JNK to total JNK decreased
during aging of oocytes.  However, exit from MII had no effect on it.  The ratio of activated p38 MAPK to total p38
MAPK did not change significantly.  The phosphorylated form of JNK is present in fragmented and activated oocytes,
while lysed oocytes lack the active form of JNK.  Based on our data, we can conclude that JNK plays an active role in
fragmentation of pig oocytes and that p38 MAPK is not involved in this process.
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 rich source of high-quality oocytes is essential for reproduc-
tive biotechnologies.  In vitro matured oocytes are frequently

used for in vitro fertilization, cloning and transgenesis.  The mei-
otic maturation of oocytes is completed at the stage of metaphase
II, when oocyte meiosis is spontaneously blocked [1].  Exit from
this meiotic block depends on an activating stimulus, which
induces destruction or deactivation of the molecules responsible for
maintenance of meiotic block [2].

The quality of in vitro matured oocytes often does not meet all
the requirements for successful performance of various biotech-
niques.  This problem is sometimes dealt with by using prolonged
in vitro culture of the oocytes.  Oocytes cultured in vitro after
reaching the stage of metaphase II have been used for in vitro fertil-
ization [3, 4] cloning [5–7] and production of parthenogenetic
embryos [8].

Prolonged in vitro culture of mammalian oocytes is accompa-
nied by changes in stability of the oocyte cytoskeleton [9] and in
the activity of various enzymes [10].  This complex process is
referred to as aging.  Aging can result in spontaneous parthenoge-
netic activation, fragmentation or lysis in pig oocytes [11–13].  All
of these changes result in deterioration of the quality or viability of
the oocytes and therefore interfere with their success in reproduc-
tive biotechnologies [14].  The nature of these processes is not
completely understood.  Programmed cell death, or apoptosis, is

involved in these processes [15–18], and it is manifested in the
oocyte as fragmentation [16, 19, 20].  Apoptosis is triggered and
accomplished by a wide spectrum of specific bioactive molecules,
including caspases, proteases responsible for dismantling of the
cell and many pro- and anti-apoptotic factors from the Bcl-2 gene
family [21].

Sadler et al. [22] clearly demonstrated that induction of pro-apo-
ptotic factors in starfish oocytes is inhibited by oocyte activation,
which results in decreased activity of the maturation-promoting
factor (MPF) and mitogen-activated protein kinases (MAPK).
Without fertilization or parthenogenetic activation, elevated levels
of MAPK induce apoptosis in the oocyte.

The family of MAPKs is involved in regulation of many signal-
ling cascades in eukaryotic cells.  Five groups of MAPK have so far
been identified.  The first group consists of extracellular signal-reg-
ulated kinase (ERKs) 1 and 2.  The members of the second group
are c-Jun amino terminal kinase (JNKs) 1, 2 and 3.  Isoforms α, β,
γ and δ of kinase p38 (protein with an apparent molecular weight of
38 kDa) comprise the third group.  ERK3 and ERK4 are in the
fourth group.  The fifth group of MAPKs consists of large MAP
kinase 1 (BMK1 or ERK5) [23, 24].  ERKs play an important role
in cell proliferation and differentiation.  JNK and p38 MAPK are
involved in the stress response of the cell [25].  JNK and p38
MAPK have been found in Xenopus and mouse oocytes [26, 27],
and p38 MAPK has also been found in porcine oocytes, where it is
involved in meiotic maturation [28].

In aged starfish oocytes, the stress kinases JNK and p38 MAPK
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play a key role in oocyte fragmentation [22].  These stress MAPKs
are also involved in regulation of many intracellular activities [24],
including programmed cell death through apoptosis [29–31].

The roles of JNK and p38 MAPK in oocyte aging in vertebrate
oocytes are not fully understood.  Sadler et al. [22] assumed that a
similar role of these kinases in starfish and mammals would open
up the possibility of therapeutic prolongation of mammalian oocyte
viability through inhibition of these kinases.  However, the validity
of this hypothesis remains to be verified.

The objective of this study was to investigate the activity of JNK
and p38 MAPK during oocyte aging and to test the effects of JNK
and p38 MAPK inhibition on the processes involved in aging of pig
oocytes.

Materials and Methods

Isolation and culture of oocytes
Pig ovaries were obtained from a local slaughterhouse from gilts

at an unknown stage of the estrous cycle and transported to the lab-
oratory within 1 h in a saline solution (0.9% sodium chloride) at 39
C.  Fully-grown oocytes were collected by aspirating follicles that
were 2–5 mm in diameter with a 20-gauge needle.  Only oocytes
with compact cumuli were selected for further study.  Before cul-
ture, the oocytes were washed three times in a maturation culture

medium.
The oocytes were cultured in a modified M199 medium (Gibco-

BRL, Life Technologies, Paisley, Scotland) containing sodium
bicarbonate (32.5 mM), calcium L-lactate (2.75 mM), gentamicin
(0.025 mg/ml), HEPES (6.3 mM), 13.5 IU eCG: 6.6 IU hCG/ml
(P.G.600; Intervet, Boxmeer, Holland) and 10% (v/v) fetal calf
serum (GibcoBRL).  The oocytes were cultured for 48 h in 3.5-cm
diameter Petri dishes (Nunc, Roskilde, Denmark) containing 3.0 ml
of the culture medium at 39 C in a mixture of 5.0 % CO2 in air.

Evaluation of oocytes
At the end of culture, the oocytes or embryos were mounted on

slides, fixed with acetic alcohol (1:3, v/v) for at least 24 h and
stained with 1.0% (w/v) orcein.  They were then examined under a
microscope and classified into four groups [13].  Activation was
considered to have occurred if the oocytes had reached the pronu-
clear stage.  Oocytes remaining at metaphase II or arrested at
anaphase II or telophase II were not considered to be activated.  In
cleaved parthenogenetic embryos, the numbers of nuclei were
counted at the end of culture.  Oocytes were designated as frag-
mented when fragmented “vesicles” were observed under the zona
pellucida.  “Fragmented vesicles” are indicated by arrows in Fig. 1
and are also described in the figure legend.  Rupture of the cyto-
plasmic membrane and loss of integrity of the oocyte were the main

Fig. 1. Categories of aged pig oocytes. MIIa, MIIb–metaphase
II oocyte (1 day of aging), Fa, Fb–fragmented oocyte (3
days of aging, fragment vesicles are indicated by
arrow), La, Lb–lysed oocyte (3 days of aging), Ac, Ad–
activated oocytes (oocytes with pronuclei, 3 days of
aging) and Aa, Ab–activated oocytes (cleaved oocytes,
3 days of aging). MIIa, Fa, La, Ab, Ac and Ad–oocytes
were fixed and stained with orcein (magnification 40×).
MIIb, Lb, Fb and Ab oocytes were scanned immediately
after cultivation without staining (magnification 20×).



77JNK AND p38 MAPK IN PIG OOCYTE

criteria for lysis (Fig. 1).

Determination of JNK and p38 MAPK activity
Phosphorylation of tyrosine and threonine is necessary for acti-

vation of JNK and p38 MAPK [20].  The Cellular Activation of
Signalling ELISA (CASE) kit (SuperArray, Frederick, MD, USA)
was used to determine JNK and p38 MAPK activity.  The oocytes
were cultured in a modified M199 medium (as described above)
and were denuded of cumulus cells.  The zona pellucida was
removed by 0.1 N HCl, and the oocytes were fixed with a fixing
buffer [9.4 ml of PBS, 2.6 ml of 3.7% (w/v) formaldehyde and 10
ml of the cultivation medium].  The fixed oocytes were stored at 4
C until processing.  Determination of JNK and p38 MAPK activity
was performed according to the SuperArray CASE kit user’s man-
ual as follows.  The fixed oocytes (50 and 20 oocytes in each
sample for determination of JNK and p38 MAPK, respectively)
were incubated with primary antibodies.  Two primary antibodies
were used, one for the phosphorylated form of proteins (anti-phos-
pho-JNK antibody, dilution 1:150, and anti-phospho-p38 MAPK
antibody, dilution 1:100) and the other for the total target proteins
(anti-pan-JNK antibody, dilution 1:200, and anti-pan-p38 MAPK
antibody, dilution 1:100).  The oocytes were then incubated with
secondary antibodies (dilution 1:160 and 1:16 for determination of
JNK and p38 MAPK, respectively), and the absorbance was mea-
sured (wavelength 450 nm) by an ELISA plate reader (Rainbox
Reader, SLT Laboratory Instruments, Salzburg, Austria).  The
specificity of the antibodies for JNK and p38 MAPK activity in pig
oocytes was confirmed by Western blot (data not shown).

Laser-scanning confocal microscopy
After the aging period, the zonae pellucidae of the oocytes and

embryos were removed by treatment in 0.1% (w/v) pronase
(Sigma-Aldrich, St. Louis, MO, USA).  The oocytes and embryos
were then washed three times in PBS-BSA and fixed in 2.5% (w/v)
paraformaldehyde in PBS for 60 min.  After treatment in PBS-
BSA-Triton X-100 (Sigma-Aldrich) for 2 h, they were incubated in
PBS-BSA-Tween 20 (Sigma-Aldrich) containing mouse mono-
clonal anti-phospho-JNK (1:100, Sigma-Aldrich) at 4 C overnight.
After being washed three times in PBS-Tween 20 (10 min each),
the oocytes and embryos were incubated in PBS-BSA-Tween 20
containing fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG (1:100, Sigma-Aldrich) for 60 min at room temperature.
Negative control experiments were performed by first antibody
omission.  After repeated washing in PBS-Tween 20 (three times,
10 min each), the DNA was stained with Hoechst 33258 (0.5% w/
v, Sigma-Aldrich, 10 min).  The oocytes and embryos were
mounted on slides using a SlowFade antifade kit (Invitrogen, Carls-
bad, CA, USA) and observed under a laser-scanning confocal
microscope (Leica TCS SPE, Leica Microsystems, Wetzlar,
Germany).

Experimental design
The purpose of Experiment 1 was to investigate the fates of pig

oocytes aged in vitro.  In vitro matured oocytes were denuded of
cumulus cells, placed in an M199 culture medium and cultured for
another 1, 2, 3, 4 or 5 days.  At the end of culture, the oocytes were

evaluated as described above.
Experiment 2 was performed to investigate the effects of JNK

inhibition on the aging of pig oocytes.  Oocytes matured in vitro
were cultured for another 3 days in a medium supplemented with
the following concentrations of JNK 1,9-pyrazoloanthrone (Calbio-
chem): 0, 5, 10, 20 or 30 μM.  Control experiments were performed
on oocytes aged for 3 days in an inhibitor-free medium.  In another
control experiment, the in vitro matured oocytes were cultured with
N1-methyl-1,9-pyrazoloanthrone (Calbiochem, concentrations of 0,
5, 10, 20 or 30 μM), which is known as an inactive form of JNK
inhibitor 1,9-pyrazoloanthrone.  At the end of culture, the oocytes
were evaluated as described above.

Experiment 3 was performed to investigate the effects of p38
MAPK inhibition on the aging of pig oocytes.  Oocytes matured in
vitro were cultured for another 3 days in a medium supplemented
with the following concentrations of the specific inhibitor of p38
MAPK 2-(4-chlorophenyl)-4-(4-fluorophenyl)-5-pyridin-4-yl-1,2
dihydropyrazol-3-one (Calbiochem): 0, 0.1, 0.5, 1, 2.5 and 5 μM.
Control experiments were performed on oocytes aged for 3 days in
an inhibitor-free medium.  At the end of culture, the oocytes were
evaluated as described above.  The active and inactive forms of the
JNK inhibitors and the p38 MAPK inhibitor were dissolved in
DMSO and then added to the culture medium.  The content of
DMSO in the medium was no higher than 0.7%.  Control experi-
ments were conducted using a medium with a corresponding
amount of DMSO but without inhibitors.

In experiment 4 we assayed the activity of JNK and p38 MAPK
in aging oocytes.  Oocytes matured in vitro were cultured for
another 0, 1, 2 or 3 days, and the activity of the respective kinase
was then assayed using a CASE kit as described above.  The activ-
ity of kinases was evaluated by comparison of the absorbance of
samples that were incubated with antibodies against a total target
protein and samples that were incubated with antibodies against
phosphorylated forms of proteins.

Experiment 5 was performed to investigate the JNK activity of
activated MII oocytes.  Three groups of oocytes matured in vitro
were studied.  MII oocytes comprised the first group.  The second
group of aged oocytes was cultured for another 12 h.  The third
group was activated using calcium ionophore A23187 (Sigma-Ald-
rich, 25 μM for 5 min) and then cultured in a medium
supplemented with 2 mM of 6-dimethylaminopurine (Sigma-Ald-
rich) [32].  The activated oocytes were cultured for another 10 h to
complete an overall culture time of 12 h.  The control group of 40
oocytes was checked 12 h after activation treatment, and the activa-
tion rate was 85%.  The activity of JNK in all three groups of
oocytes was assayed using a CASE kit as described above.

Experiment 6 was performed to detect the subcellular localiza-
tion of the phosphorylated form of JNK in aging oocytes.  The
oocytes matured in vitro were cultured for another 1, 2 or 3 days.
There were at least twelve oocytes in each group.  The localization
of phosphorylated JNK in oocytes was assayed as described above.

Statistical analysis
Data from all the experiments were subjected to statistical anal-

ysis.  Experiments 1, 2 and 3 were each performed four times.  The
differences between the groups of oocytes (days of aging, concen-
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trations of inhibitors) were evaluated by analysis of variance
(Scheffes’ test) using the STATISTICA statistical software pack-
age (STATISTICA 8.0; StatSoft, Tulsa, OK, USA).  A P value of
less than 0.05 was considered significant.

Measurement of JNK and p38 MAPK activity was repeated four
times.  The differences between the groups of oocytes were evalu-
ated by analysis of variance using the SAS statistical software
package (SAS V9.1; SAS Institute, Cary, NC, USA).  A P value of
less than 0.05 was considered significant.

Results

Oocytes cultured in vitro for 48 h reached the stage of metaphase
II in 98% of cases.  The remaining oocytes were at the stage of
metaphase I, anaphase I or telophase I.

Representative photographs of aged oocytes are shown in Fig. 1.
During the first day of aging, the oocytes remained mostly at the
stage of metaphase II.  During the second day of aging, there was a
significant decrease in oocytes remaining at the stage of metaphase
II.  Simultaneously, there was a significant increase in the ratio of
oocytes that underwent spontaneous parthenogenetic activation or
fragmentation.  During the third day of oocyte aging, the ratio of
oocytes at the stage of metaphase II further decreased, and the ratio
of fragmented oocytes further increased.  On the fourth day of
aging, the ratio of parthenogenetically activated oocytes decreased
as did the ratio of fragmented oocytes.  There were no significant
changes in oocytes on the fifth day of aging with the exception of

lysed oocytes.
The most significant changes were observed on the third day of

aging, when the ratio of metaphase II oocytes was low, but it was
not significantly different from the MII ratio after 4 and 5 days of
aging.  The ratios of fragmented and spontaneously activated
oocytes reached their maximums on the third day of aging.  For
these reasons, we used oocytes aged for 3 days in the subsequent
experiments.

In Experiment 2, we investigated the effect of JNK inhibition on
pig oocyte aging.  The ratio of fragmented oocytes decreased in a
dose-dependent manner after JNK inhibition using 1,9-pyrazoloan-
throne (Table 2), and this indicated the involvement of JNK in
oocyte fragmentation.  At the same time, the ratio of the spontane-
ously parthenogenetically activated oocytes increased in a dose-
dependent manner.  Up to 10 μM, the ratio of oocytes remaining at
the stage of metaphase II and undergoing lysis did not change sig-
nificantly.  Oocytes with pronuclei or cleaved oocytes were
designated as parthenogenetically activated.  The ratio of oocytes
to pronuclei significantly increased in a dose-dependent manner as
the dose of JNK inhibitor increased.  The ratio of cleaved oocytes
increased with up to 10 μM of the JNK inhibitor (38% of all
cleaved oocytes) and then decreased to 0% of cleaved oocytes at a
concentration of 30 μM of JNK inhibitor.  Therefore, inhibition of
JNK promoted oocyte activation but suppressed cleavage of parthe-
nogenetic embryos.

Culture with an inactive analog of the JNK inhibitor N1-methyl-
1, 9-pyrazoloanthrone at concentrations of 0, 5, 10, 20 and 30 μM

Table 1. The fates of pig oocytes aged in vitro

In vitro aging Type of oocyte (% ± SE)
 (days) Metaphase II Activated Fragmented Lysed 

1 98 ± 1A 2 ± 1A 0 ± 0A 0 ± 0A

2 35 ± 1B 39 ± 3BC 17 ± 1B 9 ± 1B

3 22 ± 1C 45 ± 2C 31 ± 2C 3 ± 1A

4 16 ± 1C 30 ± 2B 24 ± 2BC 30 ± 2C

5 23 ± 1C 34 ± 1B 20 ± 3B 23 ± 0D

Oocytes were matured in vitro for 48 h and then further cultured for another 1, 2, 3, 4 or 5 days.  The total number
of oocytes in each group is 120.  A, B, C Statistically significant differences between oocytes of different ages
within the same type of oocyte (i.e., differences within columns) are indicated by different superscripts (P<0.05).
The same letters indicate statistical insignificance.

Table 2. The effect of the JNK inhibitor 1,9-pyrazoloanthrone on the aging and spontaneous parthenogenetic activation of aged pig oocytes

Concentration Type of oocyte (% ± SE)
of JNK inhibitor Metaphase II Fragmented Lysed Activated (sum) Activated (oocytes Activated (cleaved

(μM) with pronuclei)  oocytes)

0 24 ± 2A 25 ± 1A 5 ± 3A 46 ± 3A 25 ± 1A 21 ± 3A

5 22 ± 1A 20 ± 2A 6 ± 3A 52 ± 3A 23 ± 3A 29 ± 2AB

10 15 ± 3B 9 ± 1B 0 ± 0A 76 ± 4B 38 ± 3B 38 ± 2B

20 23 ± 0AB 0 ± 0C 0 ± 0A 77 ± 2B 67 ± 3C 10 ± 1C

30 14 ± 1B 0 ± 0C 0 ± 0A 86 ± 3B 86 ± 3D 0 ± 0D

Oocytes were matured in vitro for 48 h and then further cultured for another 3 days with the respective concentrations of the JNK inhibitor.  The total
number of oocytes in each group is 120.  A,B,C,D Statistically significant differences between oocytes of the same type after different treatments with
JNK inhibitor (i.e., differences within columns) are indicated by different superscripts (P<0.05). The same letters indicate statistical insignificance.
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did not result in any change compared to oocyte aging in a medium
without any supplementation.  After 3 days of aging with the high-
est concentration of N1-methyl-1,9-pyrazoloanthrone (30 μM),
only 20% of the oocytes remained at the stage of metaphase II, 42%
were spontaneously activated, 30% underwent fragmentation and
8% were lysed.

Experiment 3 revealed no significant effect of inhibition of
kinase p38 MAPK on the fragmentation of aged oocytes.  The ratio
of fragmented oocytes remained the same up to a concentration of
5 μM of the p38 MAPK inhibitor 2-(4-chlorophenyl)-4-(4-fluo-
rophenyl)-5-pyridin-4-yl-1,2 dihydropyrazol-3-one.  At a higher
concentration, the p38 MAPK inhibitor had detrimental effects
because a significant portion of the oocytes underwent lysis (data
not shown).  Other categories of aged oocytes, i.e., activated, lysed
or intact oocytes remaining at the stage of metaphase II, remained
unchanged when exposed to the p38 MAPK inhibitor at concentra-

tions of up to 5 μM (Table 3).  Similar to the inhibition of JNK, an
increased dose of the p38 MAPK inhibitor significantly reduced the
portion of cleaved parthenogenetic embryos and significantly
increased the ratio of activated oocytes with pronuclei.

In Experiment 4, we determined the activity of JNK and p38
MAPK (Fig. 2).  The ratio of the activated JNK to total JNK signif-
icantly decreased during the first day of aging compared with the
MII oocyte ratio.  This significant difference remained during the
entire period of oocyte aging (Fig. 2B).  The ratio of activated p38
MAPK to total p38 MAPK did not significantly change during
aging of the pig oocytes (Fig. 2A).

In Experiment 5, the activity of JNK during activation of oocytes
was determined.  We compared MII oocytes with oocytes after 12 h
of aging and with activated oocytes.  No significant differences
were found between the groups in terms of the ratio of activated
JNK to total JNK (Fig. 3).

Table 3. Effect of the p38 MAPK inhibitor 2-(4-chlorophenyl)-4-(4-fluorophenyl)-5-pyridin-4-yl-1,2 dihydropyrazol-3-one on the aging and
spontaneous parthenogenetic activation of aged pig oocytes

Concentration Type of oocyte (% ± SE)
of p38 MAPK Metaphase II Fragmented Lysed Activated Activated Activated
inhibitor (μM) (sum) (oocytes with (cleaved 

pronuclei) oocytes)

0 20 ± 3A 29 ±1A 7 ± 2A 44 ± 4A 22 ±2A 22 ± 2A

0.1 17 ± 2A 31 ±2A 9 ± 1A 43 ± 2A 23 ±1A 20 ± 1AB

0.5 20 ± 1A 33 ±2A 6 ± 3A 41 ± 2A 30 ±2AB 11 ± 1C

1.0 18 ± 1A 32 ±1A 2 ± 1A 48 ± 1A 35 ±2B 13 ± 1BC

2.5 15 ± 1A 34 ±2A 7 ± 2A 44 ± 3A 35 ±3B 9 ± 2C

5 14 ± 1.8A 36 ±3.0A 4 ± 2A 46 ± 2A 39 ±2B 7 ± 1C

Oocytes were matured in vitro for 48 h and then further cultured for another 3 days with the respective concentrations of the p38 MAPK inhib-
itor.  The total number of oocytes in each group is 120.  A,B,C Statistically significant differences between oocytes of the same type after differ-
ent treatments with the p38 MAPK inhibitor (i.e., within the columns) are indicated by different superscripts (P<0.05). The same letters
indicate statistical insignificance.

Fig. 2. Activity of p38 MAPK and JNK in aged pig oocytes. The ratio of phosphorylated p38 MAPK (p p38 MAPK) to total p38 MAPK
(t p38 MAPK) (A) and the ratio of phosphorylated JNK (p JNK) to total JNK (t JNK) (B) are shown in the graphs. While the ratio
p p38 MAPK/t p 38 MAPK was not significantly different in all groups of oocytes, the ratio p JNK/t JNK in all groups of aged
oocytes (A1, A2 and A3) was significantly lower than that in MII oocytes (* - significant difference, P < 0.05). The values
represent the means ± SE. MII, A1, A2, A3–oocytes were aged for 0, 1, 2 or 3 days, respectively.
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In Experiment 6, subcellular localization of the phosphorylated
form of JNK in aged oocytes was performed (Fig. 4).  Phosphory-
lated JNK was localized in the cortex region in MII oocytes and
under the plasma membrane in fragmented oocytes.  Phosphory-
lated JNK was found to be localized under the plasma membrane of
cleaved oocytes and was also concentrated in the nucleoli of
embryos.  However, only a weak signal was found in lysed oocytes.

Discussion

In the present study, we demonstrated the changes in porcine
oocytes during aging under in vitro conditions and the effect of
JNK and p38 MAPK inhibition on aging.  JNK inhibition sup-
pressed the fragmentation of in vitro aged pig oocytes, which is one
of the manifestations of aging [16, 19, 20].  Inhibition of p38
MAPK did not induce a similar effect.

Oocyte aging is accompanied by inactivation of the cytostatic
factor (CSF) [10], which stabilizes MPF and maintains the oocyte
at the second meiotic arrest [33].  This CSF inactivation allows
spontaneous parthenogenetic activation of aged oocytes.  Inactiva-
tion of CSF and decrease of MPF could activate pro-apoptotic
factors and/or could inactivate anti-apoptotic factors.  When this
occurs, aged oocytes become fragmented [34].

It seems that in contrast to starfish oocytes, in which apoptosis
during aging depends on both JNK and p38 MAPK [17, 22], apop-
tosis of aged porcine oocytes is connected only with the activity of
JNK.  The reason for this difference is not clear.  However, p38
MAPK can play a different role in aging in invertebrates and verte-
brates, similar to that during meiosis.  While entry to the first
meiotic metaphase in the starfish oocyte depends on inactivation of
the p38 MAPK homologue designated as Mipk [35], the p38
MAPK kinase is activated in the pig oocyte after resumption of
meiosis, and it remains active during metaphase I up to metaphase

II [28].
The observed suppression of oocyte fragmentation after JNK

inhibition is in accordance with the important role of JNK in apop-
tosis in both vertebrates and invertebrates.  JNK is involved in
signalling, which is induced by cell stress and triggers apoptosis
[36].  However, the precise role of JNK in induction of apoptosis is
not yet well understood.  JNK may act through inhibition of the
anti-apoptotic factors Bcl-2 and Bcl-XL, which loose their anti-apo-
ptotic effects after phosphorylation by JNK [36], or it may act
through activation of the pro-apoptotic factors Bax, Bak, Bid or
Bim [37–40].

JNK inhibition caused an increase in the portion of spontane-
ously activated oocytes in the present study, and this was
accompanied by a significant reduction in cleaved parthenogenetic
embryos.  We can only speculate about the reasons for this effect.
In mammalian oocytes, the arrest of meiosis at metaphase II is
induced by activation of a complex formed by cyclin B and cyclin-
dependent kinase Cdc2 and by stabilization of this complex (MPF)
by CSF [41].  These events are dependent on the Mos-MAP kinase
signalling pathway, which induces inhibition of the anaphase-pro-
moting complex/cyclosome (APC/C) [41].  Exit from the stage of
metaphase II is dependent on destabilization of the Cdc2-cyclin B
complex and cyclin destruction [33].  JNK phosphorylates many
different regulatory proteins, including the tumor suppressor pro-
tein p53 [42, 43].  The protein p53 plays an important role in
regulation of apoptosis [36] but is also known as an effective regu-

Fig. 3. The JNK activity of activated MII oocytes. The ratio of
phosphorylated JNK (p JNK) to total JNK (t JNK) is
shown in the graph. The ratio p JNK/t JNK was not
significantly different in all groups of oocytes (P<0.05).
The values represent means ± SE. MII–matured oocytes,
PA–parthenogenetically activated oocytes (by calcium
ionophore A23187 and 6-dimethylaminopurine) after 12
h of aging and A–oocytes aged for 12 h. Fig. 4. Subcellular localization of phosphorylated JNK in aged

pig oocytes. Representative pictures of the JNK
localization are shown. MII–metaphase II oocyte (1 day
of aging), K–MII (control oocyte exposed only to the
second antibody), F–fragmented oocyte (3 days of aging),
L–lysed oocyte (3 days of aging) and A–activated oocyte
(cleaved oocyte, 3 days of aging). The oocytes were
stained with mouse anti-phospho-JNK and anti mouse
IgG-FITC (g reen)  and  Hoechs t  33258 (b lue ) .
Magnification 40×.
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lator of c-Mos protein [44], which is involved in establishment of
meiotic blockage in matured oocytes at the stage of metaphase II.
It is possible that p53 mediates the effect of JNK on CSF and spon-
taneous activation of aged oocytes.  However, additional
experiments are necessary for an explanation of the JNK-inhibitor
effect on spontaneous parthenogenetic activation of aged oocytes
and the embryos that originated from this activation.

Contrary to results for JNK, inhibition of p38 MAPK had no sig-
nificant effect on the fragmentation of aging pig oocytes, nor did it
have any significant effect on spontaneous activation of aging pig
oocytes (Table 3).  It only decreased parthenogenetic cleavage and
increased the portion of oocytes that formed pronuclei.  This indi-
cates that inhibition of p38 MAPK did not prevent parthenogenesis,
but instead suppressed cleavage of parthenogenetic embryos.  This
is no great surprise with respect to the well-known role of p38
MAPK in regulation of the cell cycle [45].  The final effect of p38
MAPK depends on the type of cell and type of stimulus.  According
to these conditions, inhibition of p38 MAPK induces blockage of
the cell cycle at many different stages, such as entry, transition
from the G1 to S phase and transition from the G2 to M phase [45].
Similar effects of p38 MAPK have been observed in embryos, but
the data are contradictory.  Natale et al. [46] observed blockage of
development in mouse pre-implantation embryos after inhibition of
p38 MAPK, while Wang et al. [47] observed the activity of p38
MAPK during in vitro culture of embryos.  An increase of active
forms of the kinase induces blockage of embryo development.  On
the other hand, Madan et al. [48] did not observe any effect of p38
MAPK inhibition on the pre-implantation development of cattle
embryos.

Activated JNK and p38 MAPK were detected in pig oocytes
matured in vitro and in aging pig oocytes.  The phosphorylated
form of JNK was localized in parthenogenetic embryos and frag-
mented oocytes under the plasma membrane and nucleus.  We did
not detect it in lysed oocytes.  While the ratio of activated p38
MAPK to total p38 MAPK did not change during aging, the ratio of
activated JNK to total JNK decreased.  This decrease was probably
not due to the increased portion of spontaneously activated oocytes
because parthenogenetic activation of oocytes by calcium iono-
phore was not associated with the change in JNK activity, and
phosphorylated JNK was present in the parthenogenetic embryos.
A decrease in the ratio of activated JNK to total JNK could be
caused by loss of JNK activity in lysed oocytes, which was
observed in our experiment during aging.  Based on these data, we
can assume that the decrease in JNK activity was caused by the
aging of oocytes only and not by their exit from the metaphase II
stage.

JNK activity does not change after oocyte activation, but signif-
icantly decreases during further oocyte aging.  We can speculate
that even this decreased activity of JNK is sufficient to trigger apo-
ptosis.  Further decrease of JNK activity using a specific JNK
inhibitor could prevent the onset of apoptosis.  The activity of p38
MAPK has no significant effect on the fragmentation of aging pig
oocytes.

Based on our experiments, it can be concluded that fragmenta-
tion of aging pig oocytes is induced by active JNK.  Morphological
cell changes like membrane blebbing and apoptotic body formation

are JNK-dependent processes [49], and we detected the phosphory-
lated form of JNK in fragmented oocytes.  However, further
experiments are necessary for exact elucidation of the JNK role in
this process because JNK isoforms can play different roles in these
cells.  While one isoform can be translocated to the nucleus, the
others remain localized in the cytoplasm [50] or can be associated
with mitochondrial membranes [51].  The primary antibody used in
our experiment reacts with activated diphosphorylated (Thr 138 and
Tyr 185) forms of all isoforms of JNK.  Although the antibody does
not recognize any form of p38 MAPK, it can weakly cross-react
with non-phosphorylated or monophosphorylated tyrosin peptides
of JNK.

Further studies are needed for elucidation of the processes
involved in the aging of mammalian oocytes.  However, inhibition
of JNK seems to be a possible way of preventing detrimental pro-
cesses accompanying the aging of mammalian oocytes.
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