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Abstract:  In this study, we investigated the effect of
adding glucose to in vitro maturation (IVM) medium on
the nuclear maturation and ATP metabolism of cumulus
cell-enclosed porcine oocytes (COs).  When various
concentrations of glucose (0.00, 2.78, 5.55, 11.10 and
16.65 mM) were added to IVM medium, the nuclear
maturation rate up to the metaphase stage of the second
meiotic division (M-II stage) in the 2.78 mM group
(67.90%) was significantly higher than that of the non-
glucose (0.00 mM, 31.66%) group (p<0.05).  In addition,
when cumulus cell-denuded oocytes (DOs) were
matured in medium with or without 2.78 mM glucose, the
rate of DOs maturing to the M-II stage with glucose
(53.17%) was significantly higher (p<0.05) than that in
the group in which glucose was not added (23.53%).
However, these values for DOs were significantly lower
(p<0.05) than those for COs (with glucose:71.85% and
without glucose: 38.10%).  Conversely, the ATP content
of COs and DOs matured with glucose were almost the
same as those matured without glucose.  These results
indicate that glucose may stimulate nuclear maturation
without changing ATP metabolism.
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Introduction

Energy substrates such as glucose and pyruvate are
necessary for in vitro maturation of porcine oocytes [1,
2].  Glucose is metabolized via the glycolysis and/or
pentose phosphate pathways and it plays a key role in
the control of the nuclear and cytoplasmic maturation of
porcine oocytes in v i tro  [3] .   Therefore, in v i t ro

maturation (IVM) media such as TCM-199, NCSU23
and NCSU37 [1, 4], used for the culture of porcine
oocytes, typically contain glucose at concentrations in
the range of 5.55 to 5.56 mM.

Adenosine triphosphate (ATP) is necessary for
seve ra l  ce l l u l a r  f unc t i ons  i nc lud ing  mo t i l i t y ,
maintenance of homeostasis, and regulation of cell
su rv i va l  [ 5 ] .   ATP  i s  an  i nd i ca to r  o f  oocy te
developmental capacity after in vitro fertilization in
humans and cattle [6�8].  In the mouse, the ATP
content of the oocytes is dependent upon the addition of
glucose to the maturation medium [9].  Despite these
reports, no study has been conducted investigating ATP
content and porcine oocyte maturation with or without
glucose in the medium.

The present study was undertaken to investigate the
relationship between nuclear maturation of porcine
oocytes and their ATP content.

Materials and Methods

In vitro maturation
Porc ine  ova r ies  were  ob ta ined  f rom a  l oca l

slaughterhouse and immersed in physiological saline
(0.9% NaCl; 25�32°C) supplemented with 400 U/ml
penicillin G potassium salts (No. 26239-42; Nacalai
Tesque, Kyoto, Japan) and 500 µg/ml streptomycin
sulfate (No. 32237-72; Nacalai Tesque).  The oocytes
were aspirated from follicles (2 to 6 mm in diameter)
with an 18-gauge needle (No. NN-1838R; Terumo,
Tokyo, Japan) attached to a 5 ml syringe.  The syringe
contained a small amount of TCM-199 (Hank�s salt, No.
M-0393; Sigma-Aldrich Co., St. Louis, MO, USA)
supplemented with 2% (v/v) heat inactivated calf serum
(CS; 56°C for 30 minutes; No. 16170-086; Gibco BRL
Products, Grand Island, NY, USA).  Oocytes that were

Received: January 23, 2008
Accepted: March 25, 2008
*To whom correspondence should be addressed.
e-mail: a01207u@cc.miyazaki-u.ac.jp



173Tsuzuki, et al.
enclosed in more than one layer of cumulus cells (COs)
were selected and washed four times with TCM-199
without CS.  These COs were matured with bovine
serum albumin and glucose-free NCSU37 medium [4]
for 42 to 46 hours under 5% CO2, 95% room air and
100% humidity at 39°C.  The NCSU37 medium used for
IVM was modified with 51.5 mM taurine (No.T-7146;
Sigma-Aldrich Co.), 1.2 mM cysteine (No. 10309-12;
Nacalai Tesque), 100 µM β-mercaptoethanol (No. M-
7522; Sigma-Aldrich Co.), 1% MEM essential amino
acid (No. 11130-051; Gibco BRL Products), 0.5% non-
essential amino acid (No. 11140-050; Gibco BRL
Products), 15 ng/ml epidermal growth factor (No. E-
4127; Sigma-Aldrich Co.), 5 µg/ml insulin (No. I-6634;
Sigma-Aldrich Co.), 0.23 µg/ml LH (No. L-9773; Sigma-
Aldrich Co.), 0.63 µg/ml FSH (No. F-2293; Sigma-
Aldrich Co.), 5% (v/v) heat inactivated fetal calf serum
(FBS; No. 16140-063; Gibco BRL Products), 100 U/ml
penicillin G potassium (No. P-4687; Sigma-Aldrich Co.),
100 µg/ml streptomycin sulfate (No.S-1277; Sigma-
Aldrich Co.), and 100 µg/ml dibekacin sulfate (No. DBK;
Meiji Seika Co., Tokyo, Japan).

[Experiment 1]: Nuclear maturation assay of the oocytes
matured with various concentrations of glucose

The COs collected from 5 replicates (approximately
60 COs/replicate) were matured in modified NCSU37
medium (described above) supplemented with 0.00,
2.78, 5.55, 11.10 or 16.65 mM glucose (No. 16806-25;
Nacalai Tesque), zero, 0.5, one, two and three times the
usual concentration of glucose (5.55 mM) found in
commonly-used maturation media [4].  The media
volume during maturation was 5 µl/CO for each group.
Af te r  IVM,  the  cumulus  ce l ls  o f  the  COs were
mechanically denuded by a vortex mixer.  The oocytes
were fixed with acetic alcohol (alcohol : acetic acid = 3 :
1; v/v) and stained with 1% acetic orcein (No. 7100;
Merck, Darmstädt, Germany).

[Experiment 2]: Nuclear maturation assay of the oocytes
matured with or without cumulus cells with or without
2.78 mM glucose

The COs collected from 6 replicates were randomly
divided into two groups.  For one group, the COs
(approximately 70 COs/replicate) were matured in
medium supplemented with or without 2.78 mM glucose
in 5 µl media/CO.  For the other group, the cumulus
cells were removed from the COs (approximately 70
COs/replication) by a vortex mixer (cumulus cell-
denuded oocytes; DOs), and were matured in medium
supplemented with or without 2.78 mM glucose in 5 µl

media/DO, the same volume as used for the CO groups.
After IVM, one aliquot from both the CO and the DO
groups (approximately 50 COs and DOs/replicate,
respectively) were fixed and stained for evaluation of
nuclear maturation.  The remaining aliquots from both
groups were used to measure the ATP content of each
group.

[Experiment 3]: ATP assay
The COs matured with or without 2.78 mM glucose in

four replicates had their cumulus cells denuded by a
vortex mixer for a few seconds.  Subsequently, they
were  washed  tw i ce  w i th  phys i o l og i c a l  sa l i ne
supplemented with 2% CS.  The oocytes in both groups
were transferred to 1.5 ml Eppendorf tubes (No. A-150;
Assist Co., Tokyo, Japan) with 50 µl of physiological
saline supplemented with 2% CS plus 400 µl of distilled
water.  The solution was then boiled at 100°C for four
minutes in a hot dry bath (No. HDB-1; As One Co.,
Osaka, Japan) and stored at �40°C until assay of the
ATP content was conducted.  The 2 mM ATP stock
solution was thawed and diluted with distilled water to
concentrations of 50 to 100 pmol/ml.  The 400-µ l
samples and the ATP stock solution were loaded into a
lumicounter (No. A-237; Advantec Co., Tokyo, Japan).
Then, to measure the ATP content, purified luciferase
(No. 60311; Kikkoman, Chiba, Japan) was added.  To
measure the ATP content of the immature and DOs
matured wi th  or  wi thout  2 .78 mM glucose in  6
replicates, a similar procedure was used.

Statistical analysis
The percentage of the oocytes that developed to the

M-II stage in each group and the ATP content of those
oocytes were analyzed by Duncan�s multiple range test.

Results

The percentages of the oocytes that developed to the
M-II stage in the IVM medium supplemented with
various concentrations of glucose are presented in
Table 1.  Of the 108 immature oocytes collected in five
replicates, 83.38% were in the germinal vesicle stage.
The percentages for the 2.78 and 5.55 mM groups were
significantly higher than that of the non-glucose (0.00
mM) group (p<0.05).  The percentage for the 2.78 mM
group was the highest of all the groups.

For the oocytes matured with or without cumulus
cells, the nuclear maturation rates up to the M-II stage
are presented in Table 2.  For the COs, the percentage
of the oocytes matured with 2.78 mM glucose that
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reached the M-II stage after IVM was significantly
higher than that of the COs matured without glucose
(p<0.05).  For the DOs matured with 2.78 mM glucose,
the percentage that reached the M-II stage was
significantly higher than that of the DOs matured without
glucose (p<0.05).  However, the values in both DO
groups were significantly lower than those of both CO
groups (p<0.05).

The ATP content of the oocytes in each group are
presented in Table 3.  Although the ATP content of the
oocytes derived from COs matured with or without 2.78
mM glucose was significantly higher than that of the
immature oocyte group (p<0.05),  there was no
significant difference between both CO groups after IVM
with or without glucose.  For DOs matured with or
without 2.78 mM glucose, the ATP content was
significantly lower than that of immature oocytes group
(p<0.05).  However, like the CO groups, when the ATP
content of DOs matured with or without glucose was
compared, no significant difference was observed.

Discussion

COs matured with both 2.78 and 5.55 mM glucose
exhibited high nuclear maturation rates up to the M-II
stage and these were significantly higher than that of

the non-glucose group (p<0.05).  This finding indicates
that the addition of 2.78 to 5.55 mM of glucose to the
maturation medium was suitable for the nuclear
maturation of the oocytes.  Previous studies reported
that the glucose concentration of the porcine follicular
fluid freshly collected from oocytes 3 to 6 mm in
diameter (the same size as those used in the present
s tudy ) ,  r anged  f r om 2 .1  t o  4 .8  mM up  t o  t he
preovulatory stage [10, 11].  Our study found that
concentrations similar to follicular glucose were optimal
for the nuclear maturation of the oocytes.

The ATP content from the oocytes derived from COs
matured with or without glucose were significantly
higher than that of the immature oocytes.  These finding
are comparable to those of a previous study [12].
Conversely, the ATP content of both DO groups
matured with or without glucose was less than that of
the immature group.  In our preliminary study, the
survivability assessed by 1.7% Eosin-Y staining [13] of
the DOs matured with glucose was 78.68%; the
percentage of those matured without glucose was
74.72%; these percentages were not significantly
different from those of the immature group (76.78%).
Thus, the ATP decrease observed in DO groups after
IVM in the present study may not be caused by a

Table 1. Effects of various concentrations of glucose added to the maturation
medium on the nuclear maturation of poricine oocytes

Glucose concentration (mM) N No. (%) of matured oocytes

0.00 268   84 (31.66 ± 2.37)d

2.78 255 176 (67.90 ± 5.19)a

5.55 273 178 (64.60 ± 2.18)ab

11.10 275 143 (51.64 ± 6.54)bc

16.65 266 130 (48.44 ± 4.50)c

a, b, c, d: Values with different superscripts in a column differ significantly
(p<0.05).  Values are mean ± SE.

Table 2. Effects of glucose on the nuclear maturation of
oocytes matured with or without cumulus cells

Treatment N No. (%) of matured oocytes

COs � 303 113 (38.10 ± 5.58)c

COs + 312 224 (71.85 ± 0.92)a

DOs � 341   79 (23.53 ± 5.33)d

DOs + 313 166 (53.17 ± 3.28)b

a, b, c, d: Values with different superscripts in a column
differ significantly (p<0.05).  Values are mean ± SE.  +;
presence of 2.78 mM glucose, �; absence of glucose
(0.00 mM glucose).

Table 3. Effects of glucose added to the IVM medium on the
ATP contents of the oocytes matured with or without
cumulus cells

Treatment ATP content of the oocytes (p mol/CO and DO)

Immature 0.97 ± 0.14b

COs � 1.35 ± 0.25a

COs + 1.44 ± 0.01a

DOs � 0.39 ± 0.05c

DOs + 0.50 ± 0.09c

a, b, c: Values with different superscripts in a column differ sig-
nificantly (p<0.05).  Values are mean ± SE.  +; presence of 2.78
mM glucose, �; absence of glucose (0.00 mM glucose).
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decrease in the survival rate of the oocytes during
maturation.  In cattle, cumulus cells require more
glucose than the oocytes during IVM [14].  This
phenomenon may cause variance in the ATP content of
the oocytes matured with or without cumulus cells after
IVM.

In the present study, both COs and DOs, cultured with
2.78 mM glucose, had increased maturation rates up to
the M-II stage when compared with those cultured
without glucose.  In the mouse, glucose is metabolized
to pyruvate by cumulus cells; thus, promoting the
nuclear and cytoplasmic maturation of the oocytes [15].
Downs et al. [16] suggested that mouse DOs can use
not only pyruvate but also glucose for IVM.  Increase of
the maturation rate of DOs cultured with glucose, in the
present study, indicates that porcine DOs may also
utilize glucose during IVM.

Although the nuclear maturation rates from the CO
and DO groups matured with 2.78 mM glucose were
significantly higher than those in both groups matured
without glucose (p<0.05), the ATP content of the
oocytes derived from COs matured with 2.78 mM
glucose was the same as that of the COs matured
without glucose; this finding was repeated in the DO
groups.  This indicates that glucose can accelerate
nuclear maturat ion up to the M-II  stage without
changing the ATP content.  Downs [9] noted that
glucose-free maturation medium decreased nuclear
maturat ion and ATP content of  mouse oocytes.
Although the similar ATP content of oocytes matured
with or  wi thout  g lucose in the present  study is
inexplicable, some hypotheses can be proposed.

It is possible that porcine oocytes may use an
intracellular lipid as an energy substrate for maturation
[17, 18].  Since the oocytes derived from COs or DOs
matured without glucose, the lipid droplets might be
used for ATP production, substituting for glucose; this
would result in maintenance of the ATP content at the
oocyte levels of both CO and DO groups matured with
glucose.  FBS usually contains approximately 6.66 mM
of glucose [19].  In view of this, our maturation medium
which was supplemented with 5% FBS contained
approximately 0.33 mM glucose; thus, the f inal
concentrations of glucose in the non-glucose group was
0.3 mM and 3 mM in the 2.78 mM group.  The ATP of
the oocytes matured without addit ional glucose
supplementation may have been produced via the
utilization of the low concentration of glucose in the 0.00
mM group; however, this low level concentration of
glucose could not support the nuclear maturation of the
oocytes.

In conclusion, glucose can accelerate the nuclear
maturation without changing the ATP content of porcine
oocytes during IVM.

Acknowledgement

The authors would l ike to thank to Miyakonojo
Wellness Meat Co. Ltd, Miyakonojo City, for providing
the porcine ovaries.

References

1) Sutton, M.L., Gilchrist, R.B. and Thompson, J.G. (2003):
Effects of in-vivo and in-vitro  environments on the
metabolism of the cumulus-oocyte complex and its
influence on oocyte developmental capacity. Hum. Reprod.
Update, 9, 35�48.

2) Sato, H., Iwata, H., Hayashi, T., Kimura, K., Kuwayama,
T. and Monji, Y. (2007): The effect of glucose on the
progression of the nuclear maturation of pig oocytes. Anim.
Reprod. Sci., 99, 299�305.

3) Herrick, J.R., Brad, A.M. and Krisher, R.L. (2006):
Chemical manipulation of glucose metabolism in porcine
oocytes: effects on nuclear and cytoplasmic maturation in
vitro. Reprod., 131, 289�298.

4) Petters, R.M. and Wells, K.D. (1993): Culture of pig
embryos. J. Reprod. Fertil. Suppl., 48, 61�73.

5) St. John, J.C. (2002): The transmission of mitochondrial
DNA following ass isted reproductive techniques.
Theriogenology, 57, 109�123.

6) Van Blerkom, J., Davis, P.W. and Lee, J. (1995): ATP
content of human oocytes and developmental potential and
outcome after in-vitro fertilization and embryo transfer.
Hum. Reprod., 10, 415�424.

7) Stojkovic, M., Machado, S.A., Stojkovic, P.,
Zakhartchenko, V., Hutzler, P., Gonçalves, P.B. and Wolf,
E. (2001): Mitochondrial distribution and adenosine
triphosphate content of bovine oocytes before and after in
vitro maturation: correlation with morphological criteria
and developmental capacity after in vitro fertilization and
culture. Biol. Reprod., 64, 904�909.

8) Nagano, M., Katagiri, S. and Takahashi, Y. (2006): ATP
content and maturational/developmental ability of bovine
oocytes with various cytoplasmic morphologies. Zygote,
14, 299�304.

9) Downs, S.M. (1995): The influence of glucose, cumulus
cells, and metabolic coupling on ATP levels and meiotic
control in the isolated mouse oocyte. Dev. Biol., 167, 502�
512.

10) Chang, S.C.S., Jones, J.D., Ellefson, R.D. and Ryan, R.J.
(1976): The porcine ovarian follicle: I. selected chemical
analysis of follicular fluid at different developmental
stages. Biol. Reprod., 15, 321�328.

11) Sakamoto, A., Iwata, H., Sato, H., Hayashi, T., Kuwayama
T. and Monji, Y. (2006): Effect of modification of ovary
preservation solution by adding glucose on the maturation



176 J. Mamm. Ova Res. Vol. 25, 2008
and development of pig oocytes after prolonged storage. J.
Reprod. Dev., 52, 669�674.

12) Brevini, T.A.L., Vassena, R., Francisci, C. and Gandolfi, F.
( 2 0 0 5 ) :  R o l e  o f  a d e n o s in e  t r ip h o sp h a t e ,  a c t i v e
mitochondria, and microtubules in the acquisition of
developmental competence of parthenogenetically
activated pig oocytes. Biol. Reprod., 72, 1218�1223.

13) Bellvé, A.R. (1973): Development of mouse embryos with
abnormalities induced by parental heat stress. J. Reprod.
Fertil., 35, 393�403.

14) Thompson, J.G., Lane, M. and Gilchrist, R.B. (2007):
Metabolism of the bovine cumulus-oocyte complex and
influence on subsequent developmental competence. Soc.
Reprod. Fertil. Suppl., 64, 179�190.

15) Leese, H.J. and Barton, A.M. (1985): Production of
pyruvate by isolated mouse cumulus cells. J. Exp. Zool.,
234, 231�236.

16) Downs, S.M., Gilles, R., Vanderhoef, C., Humpherson,
P.G. and Leese, H.J. (2006): Differential response of
cumulus cell-enclosed and denuded mouse oocytes in a
meiotic induction model system. Mol. Reprod. Dev., 73,
379�389.

17) Sturmey, R.G. and Leese, H.J. (2003): Energy metabolism
in pig oocytes and early embryos. Reprod., 126, 197�204.

18) Brevini, T.A.L., Cillo, F., Antonini, S. and Gandolfi, F.
(2007): Cytoplasmic remodeling and the acquisition of
developmental competence in pig oocytes. Anim. Reprod.
Sci., 98, 23�38.

19) Van Langendonckt, A., Donnay, I., Schuurbiers, N.,
Auquier, P., Carolan, C., Massip, A. and Dessy, F. (1997):
Effects of supplementation with fetal calf serum on
development of bovine embryos in synthetic oviduct fluid
medium. J. Reprod. Fertil., 109, 87�93.


