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Abstract.  The present study was conducted to examine the comparative efficacy of potassium
simplex optimization medium (KSOM) and North Carolina State University (NCSU)-23 medium
supplemented with beta-mercaptoethanol (β-ME) and amino acids (AA) on the developmental
competence of porcine in vitro fertilized (IVF) embryos.  Four experiments were conducted.  KSOM
and NCSU-23 medium were used to culture porcine parthenogenetic (Exp. 1) and IVF (Exp. 2)
embryos.  KSOM and NCSU-23 were equally effective in supporting porcine parthenogenetic and IVF
embryo development from the 1-cell stage to blastocysts.  The NCSU-23 medium (Exp. 3) and KSOM
(Exp. 4) were supplemented with amino acid (AA; 5 µl/ml non-essential amino acids + 10 µl/ml
essential amino acids) and/or 10 µM beta-mercaptoethanol (β-ME).  The quality of blastocysts from
Exp. 3 and 4 was evaluated by counting the number of total cells and determining the ratio of the inner
cell mass (ICM) to trophoectoderm (TE) cells.  Supplementing with AA and β-ME or β-ME alone in
NCSU-23 produced significant (p<0.05) differences in terms of rate of cleavage to the 2- to 4- cell (80.8
to 85.4% vs. 73.6%) and blastocyst (30.4 to 30.5 vs. 23.5%) stages and the number of TE (51.4 to 53.8 vs.
35.8) and total cells (67.2 to 71.2 to 48.8) over the control group.  On the other hand, supplementing
KSOM with AA and/or β-ME produced significant (p<0.05) differences in terms of rate of cleavage to
the 2- to 4-cell (78.8% vs. 67.7%) and morula (57.8% vs. 46.3%) stages and the number of ICM (18.6 to
19.2 vs. 11.6) and total cells (62.8 to 70.6 vs. 42.8) over control group.  In conclusion, our study
demonstrates that both KSOM and NCSU-23 medium supplemented with AA and β-ME and/or only
β-ME alone are superior to normal KSOM and NCSU-23 for porcine IVF embryo culture in terms of
embryo developmental competence and quality.
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he establishment of an optimum culture
medium for embryos of domestic animals

derived from in vitro fertilization (IVF) and somatic
cell nuclear transfer (SCNT) is very critical for

applied as well as basic research.  Many factors are
known to influence in vitro  culture (IVC) of
mammalian embryos.  Among them, media
composition, culture atmosphere, temperature,
oxygen tension, osmotic pressure, free radical
scavengers, volume of culture drops, and embryo
manipulat ions such as microinject ion and
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cryopreservation, are reported to influence embryo
development and quality [1–6].  Factors that have a
negative impact on in vitro development of the
embryo include oxidative stress and composition of
the culture medium [3].

Although achievements have made early stages
of embryonic development feasible in vitro ,
a d e q u a t e  c u l t u r e  c on d i t i on s  f or  t h e
preimplantation porcine embryo have yet to be
determined.  There is much data showing that
embryonic development in vitro is retarded and
results in fewer cell numbers compared to those in
embryos developed in vivo, and this is true for the
pig as well [7–11].

Differential developmental competence in
response to various culture media has been
demonstrated between IVF and SCNT embryos
[12].   A previous report demonstrated that
potassium simplex optimization medium (KSOM)
[13] supported bovine IVF embryo development,
and the highest rate of hatched blastocyst
formation was observed in KSOM with amino acids
(KSOMaa) as compared with CR2 with amino acids
(CR2aa) and SOF with amino acids (SOFaa) [14].
Furthermore, mouse embryos cultured in KSOM
were closer to in vivo embryos in terms of gene
expression profiling [15].  The 4-cell developmental
block was overcome by using KSOM/AA media
and NCSU-23 in vivo porcine oocytes [16].

Glutathione (GSH) is the major non-protein
sulfhydryl compound present in mammalian cells.
Multiple actions have been described for GSH,
including increasing amino acid transport,
stimulating DNA and protein synthesis, reduction
of disulfides, and protection against the toxic
effects of oxidative damage [17, 18].  It has been
demonstrated that adding β -ME increased
intracellular GSH in mouse lymphocytes [19].  In
the mouse embryo, it was reported that glutathione
co n t e n t  d e c r ea s es  a b o u t  t en f o l d  d u r i n g
preimplantation development, and later stage
embryos would be more sensitive to oxidative
stress because of their lower GSH content [20].  As
for the embryotrophic effect of β-ME in embryos,
Takahashi et al. [21] demonstrated that adding low
molecular weight thiols,  such as β-ME and
cysteamine, into culture medium enhanced
cysteine-mediated GSH synthesis and improved
the production of 6- to 8-cell bovine embryos in
vitro.  In addition to this, increased intracellular
GSH content in oocytes and embryos of varied

developmental stages improves embryonic
development and embryo quality, resulting in a
higher blastocyst yield [21].  The results obtained
by Bagis and Odaman [22] demonstrated that the
combined treatment of β-ME and amino acids to 1-
cell stage embryos not only enhanced in vitro
development to the blastocyst stage but also
improved both the cell numbers of blastocysts and
number of live fetuses in mice.

Although previous studies have reported using
mouse embryos, in porcine IVF embryo culture, the
effect of β-ME and AA supplement on porcine
embryo development is  largely unknown.
Therefore, the present study was conducted to
examine the comparative efficacy of KSOM and
NCSU-23 medium supplemented with β-ME and
AA on the developmental competence of porcine
IVF embryos in order to improve in vitro culture
conditions.

Materials and Methods

Reagents
All chemicals were obtained from Sigma-Aldrich

Corp.  (St. Louis, MO, USA) unless otherwise
stated.

Oocyte collection and in vitro maturation
Ovaries were retrieved from prepubertal gilts at

a local abattoir and transported to the laboratory in
0.9% (wt/vol) NaCl solution at 30 to 35 C within 2
h.  Follicular fluid and cumulus-oocytes complexes
(COCs) from follicles 3 to 6 mm in diameter were
aspirated using an 18-gauge needle attached to a 10
ml disposable syringe.  Compact COCs were
selected and cultured in tissue culture medium
(TCM)-199 (Invitrogen, Carlsbad, CA, USA)
supplemented with 10 ng/ml epidermal growth
factor, 4 IU/ml of equine chorionic gonadotropin
(eCG, Intervet, Boxmeer, Netherlands), 4 IU/ml of
human chorionic gonadotropin (hCG, Intervet),
and 10% (v:v) porcine follicular fluid (pFF).  The
pFF was aspirated from 3 to 7 mm follicles from the
prepubertal gilt ovaries.  After centrifugation at
1600 × g for 30 min, supernatants were collected
and filtered sequentially through 1.2 and 0.45 µM
syringe filters (Gelman Sciences, Ann Arbor, MI,
USA).  The prepared pFF was then stored at –20 C
until use.  COCs surrounded by a compact cumulus
mass and with evenly granulated cytoplasm were
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selected and washed 3 times in oocyte maturation
medium containing hormone supplements.  A
group of 50 to 60 oocytes were transferred into each
well of a Nunc 4-well multidish (Nunc, Roskilde,
Denmark) containing 500 µl of culture medium and
equilibrated in a 5% CO2 incubator.  After 20 to 22 h
of maturation culture, oocytes were washed 3 times
in the maturation medium without hormone
supplements and transferred into 500 µl drops of
the same medium for an additional 20 to 22 h of
culture.

Parthenogenetic embryo production and culture
At the end of maturation culture, the COCs were

then transferred to HEPES-buffered NCSU-23
medium containing 0.5 mg/ml hyaluronidase for 1
m in, and the cumulus cells were subsequently
removed by gentle pipetting.  The denuded oocytes
were  placed in  a  0 .3  M mannitol  solut ion
containing 0.5 mM HEPES, 0.1 mM CaCl2, and 0.1
mM MgCl2 for 4  min and transferred to a chamber
consisting of  two electrodes overlaid with
activation solution.  Then oocytes were activated
simultaneously with a single DC pulse of 2.0 kV/
cm for 30 µs using a BTX Electro-cell Manipulator
2001 (BTX Inc., San Diego, CA, USA).  The activated
oocytes were washed three times with NCSU-23
supplemented with 4 mg/ml of BSA and placed in
25 µl microdrops of culture medium according to
the experimental design.

In vitro oocyte fertilization and embryo culture
Frozen semen was thawed at 39 C for 1 min in a

water bath, diluted in 10 ml Dulbecco’s PBS
(Invitrogen) supplemented with 0.1% BSA, 75 µg/
m l  p o t a s s i u m  p e n i c i l l i n  G  a n d  5 0 µ g / m l
streptomycin sulfate, and centrifuged twice at 350 ×
g for 2 min.  The sperm pellet was resuspended in
m od i f i e d  T r i s - b u f f er ed  m e diu m  (m T BM )
containing 113.1 mM NaCl, 3 mM KCl, 7.5 mM
CaCl2 · 2H2O, 20 mM Tris, 11 mM glucose, 5 mM
sodium pyruvate and 0.1% (w/v) BSA.  Each group
of 15 matured oocytes was placed into 50 µl mTBM
d r o p l e t s  a nd  i n s em i n a t ed  w i t h  2  ×  1 0 6

spermatozoa/ml for 6 h at 39 C.  Embryos were
cultured in KSOM [23] and NCSU-23 [11].  Both
m ed ia  w er e  su p p le m en t e d  w i t h  5  µ l / m l
nonessential (MEM; Gibco, Invitrogen, Cat. No.-
11140-050) and 10 µl/ml essential AA (MEM;
Gibco, Invitrogen, Cat. No.-11130-051) and/or 10
µM β-ME diluted with embryo-tested water.  They

were then filter-sterilized (0.2 µm Millipore filters).
Osmolarity measured by freeze point depression
osmometer (Osmomat 030, Gonotec) was 260 ± 5
mOsm for KSOM and 280 ±  5 for NCSU-23.
Embryos were cultured in KSOM supplemented
w i t h  o r  w i t h o u t  β - M E  a n d  e s s e n t i a l  a n d
nonessential AA covered with mineral oil in 5% O2,
5% CO2, and 90% N2 at 39 C for 7 days without any
replacement with fresh medium.

Embryo evaluation and blastocysts cell count
Throughout in  vitro  embryo culture,  the

progress ion of  developmental  s tages  and
m o r p h o l o g y  w e r e  o b s er v e d  b y  i n v e r t e d
microscope (Zeiss) and recorded daily.  The
embryos in each group were kept out of the
incubator for counting and evaluation for 5 min.
The 2- to 4-cell, 8- to 16-cell, morula, and blastocyst
stages were distinguished.  At the end of embryo
culture at 7 days, total cell numbers per blastocyst
were determined using the Hoechst 33342 (B-2261)
fluorescent DNA staining technique [4, 5].  The
quality of blastocysts was assessed by differential
staining of  the  inner  ce l l  mass  ( ICM) and
trophectoderm (TE) cells according to the modified
staining procedure of Thouas et al. [24].  Briefly,
untreated hatched blastocysts were used and non-
hatched blastocysts were treated with 0.25%
pronase (wt/vol) for 5 min to dissolve the zonae
pellucidae.  After rinsing in NCSU-23 washing
medium, the zona-free blastocysts were stained
with 0.01% (wt/vol) Hoechst 33342 for 1 h.  After
rinsing in NCSU-23 washing medium, the
blastocysts were treated with 0.04% (v:v) Triton X-
100 for 3 min followed by treatment with 0.005%
(wt/vol) propidium iodide for 10 min.  After
rinsing in NCSU-23 washing medium, the stained
blastocysts were mounted onto glass slides under a
cover slip and examined under an inverted
epifluorescence microscope (Nikon).  The ICM
nuclei labeled with Hoechst 33342 appeared blue,
and TE cell nuclei labeled with both Hoechst 33342
and propidium iodide appeared pink.  Any
blastocysts without dual stain and/or with less
than 20 total cell nuclei were excluded from data
analysis.

Experimental design
Four experiments were performed, each with a

completely randomized design involving 4 to 6
replicates of treatments.  In order to compare the
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comparative efficacy of the KSOM and NCSU-23
medium, KSOM and NCSU-23 medium were used
to culture porcine parthenogenetic (Exp. 1) and IVF
(Exp. 2) embryos.  The NCSU-23 medium (Exp. 3)
and KSOM (Exp. 4) were supplemented with amino
acid (AA; 5 µl/ml non-essential amino acids + 10
µl/ml essential amino acids) and/or 10 µM β-ME.
Embryo development was monitored and the
quality of blastocysts was evaluated by counting
the number of total cells and determining the ratio
of the inner cell mass (ICM) to trophoectoderm (TE)
cells.

Statistical analysis
The effects of all treatments were examined by a

one-way ANOVA.  Significant differences between
treated and control  (untreated) cel ls  were
determined using Dunnett’s test, which guards
against high alpha size (type I) error rates across
hypothesis tests [25].  Data are presented as means
± SEM.  Each value from the Dunnett’s tests was
converted to rank for statistical analysis.  All
statistical analyses were performed with SAS (SAS
Institute, Cary, NC, USA).  p<0.05 was considered
statistically significant.

Results

Experiment 1
The effect of NCSU-23 and KSOM on the

development of porcine parthenogenetic embryos
is shown in Table 1.  Both media were equally
effective in embryo development to cleavage,
morula, and blastocysts (P>0.05).  No statistically
significant differences were observed in total cell
numbers of blastocysts obtained from the two
media.

Experiment 2
In this experiment, NCSU-23 and KSOM were

used to compare the comparative developmental
efficacies of porcine in vitro fertilized embryos.  As
shown in Table 2, no statistically significant
differences were observed for cleavage rate (55.2 vs.
75.2%), development to the morula (48.9 vs. 61.9%)
and blastocyst (22.9 vs. 17.6%) stages or total cell
number (47.3 vs. 44.0) between NCSU-23 and
KSOM.

Experiment 3
The effect of β-ME and/or AA supplement of

NCSU-23 medium is shown in Tables 3 and 4.  As

Table 1. Effect of North Carolina State University (NCSU)-23 medium and potassium simplex optimization
medium (KSOM) on preimplantation development of porcine parthenogenetic embryos

Embryo development, n (mean ± SEM)*
Medium n (r) Cleaved Morula Blastocysts Total cells

(mean ± SEM)

NCSU-23 374 (6) 297 (82.0 ± 5.0) 76 (25.4 ± 5.9) 38 (11.8 ± 2.5) 46.7 ± 4.7
KSOM 382 (6) 307 (82.7 ± 4.7) 65 (17.6 ± 7.1) 16 (4.4 ± 2.9) 39.2 ± 3.6

*Mean ± SEM obtained from the average percentages of each replicate.
Embryo development calculated from cleaved embryos.
n: number of embryos.
r: replication number.

Table 2. Effect of North Carolina State University (NCSU)-23 medium and potassium simplex optimization
medium (KSOM) on preimplantation development of porcine in vitro fertilized embryos

Embryo development, n (mean ± SEM)*
Medium n (r) Cleaved Morula Blastocysts Total cells

 (mean ± SEM)

NCSU-23 190 (4) 107 (55.2 ± 9.1) 51 (48.9 ± 8.0) 23 (22.9 ± 7.8) 47.3 ± 3.0
KSOM 190 (4) 143 (75.2 ± 6.4) 93 (61.9 ± 10.6) 26 (17.6 ± 1.3) 44.0 ± 5.4

*Mean ± SEM obtained from the average percentages of each replicate.
Embryo development calculated from cleaved embryos.
n: number of embryos.
r: replication number.
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shown in Table 3, supplementing NCSU-23
medium with AA and β-ME improved embryo
development to the 2- to 4-cell (85.4 vs. 73.6%) and
blastocyst (30.4 vs. 23.5%) stages compared with the
c o n t r o l  N C S U - 2 3  m e d i u m  ( P < 0 . 0 5 ) .
Supplementing NCSU-23 medium with β-ME alone
also improved embryo development to the 2- to 4-
cell (80.8 vs. 73.6%), morula (47.2 vs. 39.5%) and
blastocyst (30.5 vs. 23.5%) stages compared with the
control NCSU-23 medium.  No difference was
observed between supplementing AA + β-ME and
β-ME alone in terms of embryo development,
except to the morula stage.  Supplementing NCSU-
23 with AA alone increased cleavage (85.1 vs.
73.6%) only compared with the control NCSU-23
medium.  As shown in Table 4, an increased
number of TE (53.8 vs. 35.8) and total cells (71.2 vs.
48 .8)  were  observed in  NCSU-23 medium
supplemented with AA + β-ME compared with the
control NCSU-23 medium.  Supplementing NCSU-
23 with AA or β-ME also increased total cells (63.8
and 67.2 vs. 48.8) compared with the control NCSU-
23 medium.  On the other hand, β-ME alone
significantly increased TE (51.4 vs. 35.8) and total

cells (67.2 vs. 48.8) compared with the control
NCSU-23 medium.

Experiment 4
The effect of β-ME and/or AA supplement of

KOSM is shown in Tables 5 and 6.  As shown in
Table 5, supplementing KSOM with AA and β-ME
improved embryo development to the 2- to 4-cell
(78.8 vs. 67.9%) and blastocyst (32.1 vs. 24.2%)
stages compared with the control KSOM medium.
Supplementing KSOM medium with β-ME alone
improved embryo development to the morula stage
(57.8 vs. 46.3%) compared with the control KSOM.
Supplementing KSOM with AA alone did not
increase embryo development from cleavage to the
blastocyst stage compared with the control KSOM.
No  d i f fe re n c e  w a s  o b s er v ed  be t we e n
supplement ing β -ME alone and AA alone
compared with the control in terms of blastocyst
formation (29.2 to 25.4 vs. 24.2%).  As shown in
Table 6, increased numbers of ICM (18.6 vs. 11.6),
TE (52.0 vs. 31.2), and total cells (70.6 vs. 42.8) were
observed in the KSOM supplemented with AA + β-
M E  c o m p a r e d  w i t h  t h e  c o n t r o l  K S O M .

Table 3. Effect of beta-mercaptoethanol (β-ME) and amino acids (AA) in North Carolina State University (NCSU)-23 medium
on the development of in vitro fertilized porcine embryos 

Supplement Embryo development, n (mean ± SEM)*
AA β-ME n 2–4 cells 8–16 cells Morula Blastocysts

– – 320 236 (73.6 ± 1.2)a 169 (71.4 ± 4.3) 93 (39.5 ± 1.5)a 55 (23.5 ± 2.1)a

+ – 260 225 (85.1 ± 1.7)b 152 (65.7 ± 5.0) 88 (37.4 ± 2.3)a 58 (24.7 ± 2.0)a

– + 290 248 (80.8 ± 3.5)b 168 (69.2 ± 3.4) 115 (47.2 ± 2.2)b 74 (30.5 ± 2.3)b

+ + 325 281 (85.4 ± 1.8)b 194 (66.8 ± 5.3) 120 (41.3 ± 3.6)a 88 (30.4 ± 2.4)b

*Mean ± SEM obtained from the average percentages of each replicate.
Data were obtained from six replicates.
Embryo development calculated from cleaved embryos.
a, bWithin the same column, values with different superscripts are significantly different (p<0.05).

Table 4. Effect of beta-mercaptoethanol (β-ME) and amino acids (AA) in North Carolina State
University (NCSU)-23 medium on the number of inner cell mass (ICM), trophectoderm
(TE), and total cells of porcine in vitro fertilized embryos

Supplement Cell numbers (mean ± SEM)
AA β-ME ICM TE Total TE/ICM

– – 15.0 ± 1.4 35.8 ± 2.0a 48.8 ± 3.0a 2.6 ± 0.2
+ – 15.6 ± 2.7 48.2 ± 2.4a 63.8 ± 2.9b 3.5 ± 0.7
– + 15.8 ± 1.9 51.4 ± 6.7b 67.2 ± 5.6b 3.6 ± 0.7
+ + 17.4 ± 0.9 53.8 ± 3.5b 71.2 ± 3.6b 3.1 ± 0.3

*Values shown were obtained with 15 embryos from three replicates.
a, bWithin the same column, values with different superscripts are significantly different (p<0.05).
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Supplementing KSOM with β-ME alone also
increased the numbers of ICM (19.2 vs. 11.6) and
total cells (62.8 vs. 42.8) compared with the control
KOM.  Supplementing KSOM with AA only
increased total cells (55.6 vs. 42.8) compared with
control KOM.

Discussion

The most critical step in the production of
porcine embryos from oocytes matured and
fertilized in vitro is perhaps the culture of the
presumptive zygotes to the blastocyst stage.  The
present study was conducted to compare the
comparative efficiency of two culture media,
namely NCSU-23 medium and KSOM.  Among the
two, NCSU-23 medium is a basic medium for in
vitro culture of porcine embryos and KSOM is a
medium for mouse embryo culture [13, 15, 23, 26,
27].  KSOM has also been used successfully for
culturing bovine and rabbit embryos [28, 29].
E x p e r im e n t s  I  a n d  I I  w er e  c o n d u c t e d  o n
parthenogenetic and IVF embryos to compare

NCSU-23 medium and KSOM, respectively.  No
differences were observed in the present study
between NCSU23 and KSOM in terms of morula,
blastocysts, and total cell numbers.  Machaty et al.
[16] showed that porcine embryos developed in
NCSU-23 medium had more blastocysts and a
higher mean number of inner cell mass (ICM)
nuclei compared with those developed in KSOM/
AA (P=0.025).  They also had a higher number of
trophectoderm (TE) cells and a higher total nuclear
number (P=0.001).  This contradicts the findings of
our present results.  We did not see any significant
differences using NCSU-23 medium and KSOM for
porcine IVF embryos.  However, the above
experiments were conducted using in vivo collected
oocytes.  This difference in the source of the oocytes
could produce the differences found between ours
and the previous study [16].  Moreover, there are
differences between KSOM and NCSU23, such as
osmolarity, composition and specific nutrients.  In
the present study, osmolarity was maintained at
260 ± 5 mOsm for KSOM and 280 ± 5 for NCSU-23.
There  are  a l so  d i f ferences  in  the  g lucose
concentrations of both media.  KSOM also contains

Table 5. Effect of beta-mercaptoethanol (β-ME) and amino acids (AA) in potassium simplex optimization medium
(KSOM) on the development of in vitro fertilized porcine embryos 

Supplement Embryo development, n (mean ± SEM)*
AA β-ME n 2- to 4-cell 8- to 16-cell Morula Blastocysts

– – 263 178 (67.9 ± 3.0)a 131 (74.6 ± 4.0) 81 (46.3 ± 3.5)a 42 (24.2 ± 2.1)a

+ – 261 197 (74.4 ± 2.9)a 133 (67.8 ± 7.4) 103 (52.3 ± 2.5)a 50 (25.4 ± 2.2)a

– + 250 175 (70.1 ± 1.7)a 124 (73.0 ± 6.0) 98 (57.8 ± 5.3)b 51 (29.2 ± 1.4)a

+ + 258 206 (78.8 ± 2.1)b 145 (71.4 ± 2.3) 113 (55.0 ± 2.5)a 63 (32.1 ± 2.7)b

*Mean ± SEM obtained from the average percentages of each replicate.
Data were obtained from five replicates.
Embryo development calculated from cleaved embryos.
a, bWithin the same column, values with different superscripts are significantly different (p< 0.05). 

Table 6. Effect of beta-mercaptoethanol (β-ME) and amino acids (AA) in potassium simplex
optimization medium (KSOM) on the number of inner cell mass (ICM), trophectoderm
(TE), and total cells of porcine in vitro fertilized embryos

Supplement Cell numbers (mean ± SEM)*
AA β-ME ICM TE Total TE/ICM

– – 11.6 ± 1.0a 31.2 ± 2.8a 42.8 ± 2.0a 2.8 ± 0.5
+ – 16.4 ± 1.2a 39.2 ± 4.4a 55.6 ± 5.6b 2.4 ± 0.1
– + 19.2 ± 2.7b 43.6 ± 1.4a 62.8 ± 2.3b 2.5 ± 0.4
+ + 18.6 ± 2.1b 52.0 ± 6.7b 70.6 ± 5.1b 3.1 ± 0.6

*Values shown were obtained with 15 embryos from three replicates.
a, bWithin the same column, values with different superscripts are significantly different (p<0.05).
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lactate and pyruvate, but absent from NCSU-23
medium.  These differences between the media in
our study did not produce any significant
differences in parthenogenetic or IVF embryo
development.

Accordingly, in order to further improve the
preimplantation porcine IVF embryos, we added
AA and β-ME into both media.  Several reports
have found that the addition of AA and β-ME to
maturation and IVC medium has beneficial effects
on subsequent embryo development in different
species [19, 21, 22, 28–33].  The results of the present
study indicate that supplementing porcine IVC
medium with β-ME and amino acids (essential and
no n - e s s en t i a l )  o r  β - M E  a l o n e  a t  c e r t a i n
concentrations has beneficial effects on subsequent
embryo development to the blastocyst stage.  Both
amino acids and β-ME can play a vital role in
preventing oxidative stress of embryos [30, 32–37].
There is a positive correlation between GSH and
oxidative stress of the embryo.  Glutathione is a
tripeptide thiol synthesized by glutamic acid,
cysteine, and glycine in the pathway of the γ-
glutamyl cycle [38, 39].  Most cells do not take GSH
intact from outside the cell; instead, GSH is broken
down at the cell membrane, the constituent AA is
taken up, and GSH is resynthesized inside the cell
or the AA is used for other pathways [36].  It has
been reported that during IVC, the GSH level drops
approximately tenfold beginning at the unfertilized
oocyte to blastocyst stage in the mouse [37, 40].  The
availability of precursor AA is a regulatory factor in
GSH synthesis, and it is likely that AA supplied
from outside the cell provides a control point in
mammalian cells [35].  It has been reported that
nonessential AA and glutamine accelerate the
timing of the first three cleavage divisions, increase
the time required for the first three cleavage
divisions, and increase the time of compaction in
the mouse when added to culture medium [32].
Thuan et al. [41] demonstrated that the addition
essential and non-essential amino acids stimulated
the development of parthenogenetic diploids from
the 4-cell stage to the expanded blastocyst stage.  In
the present study, a significant difference was only
observed at the 2- to 4-cell stage compared with the
control group when AA was added to NCSU-23
medium.  In another finding, NEAA was observed
to improve development during cleavage, whereas
EAA was observed to support development after
the 8-cell stage [42].

On the other hand, low molecular weight thiol
compounds, such as β-ME, have been reported to
reduce cystine to cysteine and also to promote the
uptake of cysteine-enhancing glutathione synthesis
[33].  Moreover, it has been reported that β-ME
transports cystine, forming a mixed disulphide that
is taken up to facilitate the uptake of cysteine into
the cells [34].  The data available on the effect of the
concentration of β-ME is conflicting.  Abeydeera et
al. [39] reported that adding 0 to 50 µM β-ME
during in vitro maturation of pig oocytes increased
the intracellular glutathione concentration,
subsequent embryo development, and blastocyst
cell numbers.  The concentration (10 µM) of β-ME
used in the present study was different from that
(50 µM) reported by Takahashi et al., (1993) but it
was the same as that reported by Hamano et al.
(1997) (10 to 50 µM).  In a recent study, Kitagawa et
al. [43] reported that β-ME enhanced the blastocyst
yield of porcine embryos at concentrations of 5-50
µM.  Glutathione has many important functions in
cells and embryos for the mechanism of cell defense
during oxidative stress and against toxicants [39].
It is possible that GSH synthesis was increased in
embryos by the addition of both β-ME and AA to
the NCSU-23 medium and KSOM and that this
resulted in higher blastocyst and total cell numbers
than in the control group (Tables 3–6).  Based on
our results, we also suggest that β-ME alone may
show the same effect as the combination of AA and
β-ME (Tables 3–6).  This indicates that porcine in
vitro fertilized embryos need antioxidants like β-
ME in the IVC medium to overcome the oxidative
stress factors associated with reactive oxygen
species (ROS).  Moreover, when only amino acids
were added to the NCSU23 medium, similar results
to the control were obtained for blastocyst
formation.  But when β-ME alone or AA + β-ME
were added to the NCSU23 medium, similar but
better results than the control and AA alone were
obtained (P<0.05).  However, in the case of KSOM,
when AA + β-ME were added, better results were
obtained compared with the control, AA, or β-ME
alone.  This means that particular dose of AA in
NCSU23 medium had no significant effect on
blastocyst formation and that in KSOM it has better
results when added along with β-ME.

In conclusion, our results suggest that NCSU-23
medium or KSOM supplemented with AA and β-
ME support better embryo development and better
quality porcine IVF embryos compared with
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normal NCSU-23 medium or KSOM.
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