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OBJECTIVE: To estimate the effect of protein supplementa-
tion of culturemedia on reactive oxygen species production
and incidence of apoptosis in preimplantation mouse
embryos.

METHODS: A total of 72 two-cell mouse embryos were
cultured in human tubal fluid (HTF) alone (HTF-alone,
control) and 71 embryos in HTF with protein supplemen-
tation (10% serum substitute supplement; HTF-SSS) for 72
hours. Total cell number per embryo was determined by
staining with Hoechst 33258. Allocation of inner cell mass
and trophectoderm in blastocysts and incidence of apopto-
sis were determined by confocal microscopy. Levels of
reactive oxygen species in culture media weremeasured by
chemiluminescence assay using luminol as probe.

RESULTS: Blastocyst development, total cell number, and
the inner cell mass/trophectoderm ratio were similar be-
tween the 2 groups. The blastocyst hatching rate was signif-
icantly higher in theHTF-SSS group than in theHTF-alone
group (20% compared with 4%, P� .007). Level of reactive
oxygen species was significantly higher in HTF-alone com-
paredwithHTF-SSS at 24 hours (median and interquartile
range 28 �13, 43� compared with 0 �0, 1�, P� .02), 48 hours
(24 �21, 26� compared with 2 �1, 2�, P � .02), and 72 hours
(26 �9, 32� comparedwith 2 �2, 3�,P� .03). The incidence of
apoptosis in blastocysts cultured in HTF-SSS was signifi-
cantly lower than those in HTF-alone group (mean �
standard deviation 2.38 � 0.68 and 5.81 � 1.11, respec-
tively, P � .001).

CONCLUSION: Protein supplementation of culture media
improves the hatching rate and reduces reactive oxygen
species levels and the incidence of apoptosis in mouse
preimplantation embryos. (Obstet Gynecol 2005;105:
653–60. © 2005 by The American College of Obstetri-
cians and Gynecologists.)

The quality of in vitro–produced blastocysts continually
lags behind those of blastocysts produced in vivo.1,2

Postfertilization culture environment has a huge impact on
the blastocyst formation, irrespective of the origin of the
zygote.3 In vitro culture conditions, although capable of
producing blastocysts in relatively high numbers, are far
from optimal.4,5 These differences are manifested at the
level of morphology,6 metabolism,7 and gene expression.8

One of the major differences between in vivo and in
vitro environment for the embryo is oxygen tension.7

The relatively high oxygen concentrations in the micro-
environment surrounding preimplantation embryos in
vitro may disturb the balance between the formation of
reactive oxygen species and antioxidants, leading to
oxidative stress.9–11 Oxidative stress has been implicated
in many different types of injuries, including membrane
lipids peroxidation, oxidation of amino acids and nucleic
acids, apoptosis, and necrosis. Cell death by apoptosis is
a physiologic phenomenon occurring during several pro-
cesses, including embryogenesis. Although apoptosis
takes place as a normal part of embryonic development
in vivo, but it is more likely to occur during in vitro
embryo culture due to suboptimal conditions.12–14 Apo-
ptosis is characterized by DNA fragmentation, cell
shrinkage, and multiple cellular fragments, and more
frequent apoptosis is seen in blastocysts cultured in vitro
than in vivo.15

Normally, both oocytes and embryos are protected
against oxidative stress by oxygen radical scavengers
that are present in follicular and oviductal fluids.11 A
large number of antioxidants have been studied in bo-
vine and murine embryo culture such as �-mercapto-
ethanol,16 cysteamine,17 vitamins C and E,18 taurine,19

allopurinol,20 hypotaurine,21 thiols,16,17,22,23 and super-
oxide dismutase.21,24,25 Despite the undefined and vari-
able nature of serum composition, the supplementation
of embryo culture media with serum is practiced widely.
The complex molecules comprising serum can maintain
embryo function by preventing cellular stress due to
suboptimal culture conditions in vitro. Overexpression
of superoxide dismutase protects embryos from cell
death in different systems.26
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The objective of our study was 1) to clarify the role of
protein supplementation (serum substitute supplement)
on preimplantation embryo development, ie, early, ex-
panding, and expanded blastocysts using hatching as the
endpoint and 2) to assess its effect on reactive oxygen
species production and incidence of apoptosis in cultured
embryos.

MATERIALS AND METHODS

Frozen 2-cell mouse embryos were obtained from
B6C3F1 mouse crossed with B6D2F1 mouse. A culture
system using 2-cell mouse embryos was used to evaluate
the effects of protein supplementation in culture me-
dium. Cryopreserved mouse embryos (Embryotech
Laboratories, Inc., Wilmington, MA) were used. The
straws were thawed, and embryos with intact blas-
tomeres were used for the study. Embryos were incu-
bated in 2 groups: human tubal fluid (HTF, Irvine
Scientific, Santa Ana, CA) alone (HTF-alone) (n � 72)
and HTF with 10% serum substitute supplement, (HTF-
SSS) (n � 71).
Culturing embryos in groups enhances their develop-
ment potential. In the HTF-alone group, 9 sets consisting
of 8 embryos/mL of culture medium in each set totaling
72 embryos were used. In theHTF-SSS group also, 9 sets
were used. Of these, 8 sets had 8 embryos each (64
embryos) and 1 set had 7 embryos, giving a total of 71
embryos. Before starting the culture, each dish contain-
ing 1 mL of culture mediumwas incubated overnight for
equilibration at 37°C in 5% CO2 in air (20%). Embryos
in both groups were monitored daily at the same time in
the morning using Normarski and bright field inverted
optics. The number of embryos cleaving to 4- to 8-cell,
morula, blastocysts (early, expanding, expanded), and
hatching as endpoint was recorded. We only observed
the hatching process and did not study the embryos after
hatching.
Levels of reactive oxygen species in culture media
were measured after 0 hours (baseline), 24 hours, 48
hours, and 72 hours by the chemiluminescence assay
method using luminol (5-amino-2,3-dihydro-1,4-phthala-
zinedione; Sigma Chemical Co., St. Louis, MO) as the
probe.27 Ten microliters of 5 mM luminol was prepared
in dimethyl sulfoxide (Sigma Chemical Co.). Aliquots of
400 �l of culture media were prepared in duplicate along
with the blank and control. Blank consisted of 400 �l of
phosphate buffered saline (PBS, pH 7.4) instead of cul-
ture medium, and control consisted of an equal volume
(400 �l) of PBS and 10 �l luminol. Luminol combines
with hydrogen peroxide, superoxide anion, and the hy-
droxyl radicals present in the culture medium to produce
the photons. These were measured in the integrated

mode for 15 minutes using a luminometer (LKB 953,
Wallac Inc., Gaithersburg,MD). The amount of reactive
oxygen species produced was expressed as 104 photons
counted per minute (cpm).27

Individual embryos were stained with the terminal
deoxynucleotide transferase (TdT)–mediated deoxyuri-
dine triphosphate (dUTP)–biotin nick end–labeling
(TUNEL) technique (in situ cell death detection system;
Roche Diagnostic Corporation, Indianapolis, IN). To
distinguish apoptosis from necrosis, embryos were
stained with propidium iodide (Sigma Chemical Co.)
before the TUNEL assay was performed. Embryos were
incubated in 20 �g/mL propidium iodide in HTF for 10
minutes. Propidium iodide is membrane impermeant
and generally excluded from viable cells. It is commonly
used for identifying dead cells in a population and as a
counterstain in multicolor fluorescence techniques. The
plasma membrane integrity is lost in necrotic but not
apoptotic cells. We validated apoptosis by exclusion of
propidium iodide stain.28

After overnight fixation at 4°C (3.7% paraformalde-
hyde in PBS), embryos were washed thrice in PBS
containing 0.3% polyvinylpyrrolidone and permeabil-
ized in 0.5% Triton X-100 on ice for 2 minutes. After
repeating the washing in PBS with polyvinylpyrroli-
done, the embryos were incubated in TUNEL reaction
cocktail at 37°C for 1 hour in the dark.
The total blastomere count per embryo was deter-
mined by staining the embryos with bisbenzimide
(Hoechst dye 33258, Sigma Chemical Co.). The em-
bryos were washed extensively and mounted with slight
coverslip compression in Vectashield anti-bleaching so-
lution (Vector Labs, Burlingame, CA). The slides were
sealed with clear nail polish and stored at 4°C in the dark
for up to 1 week until confocal analysis.
Images were collected with a Leica TCS-SP2 laser
scanning spectral confocal microscope (Leica Lasertech-
nik GmbH, Heidelberg, Germany) using an HCX Plan
Apo 63X, 1.32 NA objective at a zoom of 2. The speci-
men was excited at 364 nm (ultraviolet) for bisbenzim-
ide, 488 nm for TUNEL–fluorescein isothiocyanate, and
514 nm for propidium iodide. The emitted fluorescence
from each of the 3 probes was detected with 3 separate
photomultiplier detectors, whose spectrophotometer
slits were set for 400–490, 500–550, and 585–810 nm,
respectively.
The whole blastocyst was captured as a Z series of
optical sections from the top of the blastocyst to the bottom.
A projection of the 3-dimensional stack of images was then
created with the Leica software. Images were collected
sequentially at each level of the specimen to prevent cross
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talk of the fluorophores. These were collected along the Z
axis of the sample with a step size of 1–3 pm.
Each optical section of the blastocyst was analyzed for
total number of nuclei and number of TUNEL-labeled
nuclei in inner cell mass and trophectoderm. Trophecto-
derm nuclei were distinguished from inner cell mass
nuclei by a combination of examination of their position
and morphology.29 In general, trophectoderm nuclei are
smaller and more intensely stained, whereas inner cell
mass nuclei are larger, rounded, and less intensely
stained.
Experiments were designed in a clustered manner in
that 8 embryos were used in each trial clustered within
the complete experiment. All statistical analyses used the
fact that per-embryo findings were clustered with other
embryos during each trial. Therefore, comparisons be-
tween treatments used treatment as the sole independent
variable, with embryos treated as clustered observations
within each experiment. Mixed model analysis of vari-
ance was performed for calculating total cell number
(continuous dependent variable) and logistic regression
using generalized estimating equation for calculating per-
centage blastocyst development rate (binary dependent
variable). These analyses used each experiment as a
clustered variable within each treatment to adjust for any
within-trial correlation and treatment as the sole inde-
pendent variable. A compound symmetry model was
used to model the correlation structure. Summary statis-
tics for these variables are presented as mean and stan-
dard deviation, with the exception of total cells. Total
cells was not normally distributed and transformed with
base-10 logarithms, and summary statistics are presented
as median and interquartile range (IQR).

Correlations of reactive oxygen species with other
variables were performed with Spearman’s nonparamet-
ric method. Clustered data methodology was not used
because reactive oxygen species was measured as the
trial level (rather than per embryo) and correlated with
the average of the measures of the 8 embryos. Reactive
oxygen species comparisons were performed with Wil-
coxon rank sum tests, and summary statistics for these
variables are presented as median and IQR.
Statistical significance was assessed with 2-tailed tests,
using P � .05 as Type I error rates. The sample size had
90% power to detect a difference of 1.5 apoptotic cells per
blastocyst between groups, and 90% power to detect a
0.17� 104 cpmdifference in reactive oxygen species. Initial
trial experiments indicated a between-trial standard devia-
tion of 0.75 apoptotic cells per blastocyst, and 0.085� 104

cpm between-trial standard deviation in reactive oxygen
species. The sample size calculations were performed on a
per trial basis to be conservative. Mixed and generalized
estimating equation models should be more powerful than
analyses on the level of trial that would ignore the within-
trial clusters. Calculations were performed with SAS 8.1
software (SAS Institute Inc., Cary, NC).

RESULTS

The percentage and number of embryos cleaving to 4- to
8-cell, morula, blastocyst, and hatching blastocysts in
HTF-alone and HTF-SSS media are shown in Table 1.
The percentage of blastocyte formation in a given period
of time (48 hours and 72 hours) was not affected by
protein supplementation. The early blastocyst formation
after 48 hours was higher (47%) but not significant in the

Table 2. The Allocation of Inner Cell Mass and Trophectoderm in Blastocyst After Culture in HTF-alone and HTF-SSS

Group Total Cell Number Inner Cell Mass Trophectoderm
Inner Cell Mass/
Trophectoderm

HTF-alone 55.36� 2.80 14.37� 0.75 41.89� 1.99 0.35 (0.03)
HTF-SSS 52.57� 8.68 13.61� 1.50 39.18� 2.81 0.37 (0.02)
P .36 .16 .046 .91
HTF, human tubal fluid; SSS, serum substitute supplement.
Values are mean � standard deviation and n (%).
P � .05 was considered significant using mixed-model analysis of variance.

Table 1. The Effect of Protein Supplementation on Mouse Embryo Development

Group
Morula
(48 h)

Blastocyst
(48 h)

Blastocyst
(72 h)

Hatching Blastocyst
(72 h)

HTF-alone 37 (53) 34 (47) 66 (92) 3 (4)
HTF-SSS 46 (68) 23 (32) 65 (92) 14 (20)
P .02 .13 .9 .007
HTF, human tubal fluid; SSS, serum substitute supplement.
Values are n (%).
P � .05 was considered significant using logistic regression with generalized estimating equations.
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embryos that were cultured in HTF-alone compared
with those that were cultured in HTF-SSS (32%). How-
ever, after 72 hours, the overall blastocyst development
rate (binary dependent variable) was similar in the 2
culture systems. The hatching rate was significantly
higher in HTF-SSS compared with the embryos that
were cultured in HTF-alone (P � .007). During the in
vitro culture, no cytoplasmic fragmentation was ob-
served in either group.
The total cell number for the embryos that were
cultured in the 2 systems is shown in Table 2. The total
cell number in the HTF-SSS group was similar to that of
the blastocysts that were cultured in HTF-alone. How-
ever, the hatching blastocysts that were cultured inHTF-
SSS had a significantly higher total cell number (median
and IQR 70.5 �67, 73�) than embryos cultured in HTF-

alone (63 �60, 66�, P � .04). The inner cell mass and
inner cell mass/trophectoderm ratio in HTF-SSS group
was similar to HTF-alone group (Table 2).
Baseline levels of reactive oxygen species at 0 hourswere
similar in the 2 culture media. However, significantly
higher levels of reactive oxygen species (104 cpm)were seen
inHTF-alone comparedwith those inHTF-SSS at 24 hours
(median and IQR 28 �13, 43� compared with 0 �0, 1�, P�
.02), 48 hours (24 �21, 26� comparedwith 2 �1, 2�, P� .02),
and 72 hours (26 �9, 32� compared with 2 �2, 3�, P� .03).
Positive TUNEL labeling in apoptotic cells was de-
fined as a bright fluorescence-staining pattern (Fig. 1).
We did not exclude any of the blastocyst because of
extensive propidium iodide staining. Positive labeling
was observed in 98% of the blastocysts that were cul-
tured in HTF-alone and in 94% of the blastocysts that
were cultured in the HTF-SSS media. However, in the
growth-retarded or arrested embryos before morula
stage, a positive labeling could not be identified. Apopto-
sis was first detected at the morula stage in the growth-
retarded embryos.
Protein supplementation reduced the incidence of apo-
ptosis in the cultured embryos, as evidenced by the signifi-
cantly lower percentage of apoptosis in the blastocysts
(Table 3) and of apoptotic cells per blastocyst (mean and
standard deviation 2.38 � 0.68 in HTF-SSS and 5.81 �
1.11 in HTF-alone, P � .001). Positive TUNEL labeling
was seen in both the inner cell mass and trophectoderm in
both groups. Cell death in the blastocysts occurred primar-
ily in the inner cell mass in both groups.
No significant correlation was seen between the levels
of reactive oxygen species and embryo development in
the HTF-SSS group. There was a positive correlation
between the levels of reactive oxygen species at 24 hours
and blastocyst development after 48 and 72 hours in the
control group (r� 1, P� .05). However, in embryos that
were cultured in HTF-alone, a negative correlation was
seen between the levels of reactive oxygen species at
48 hours and 72 hours with hatching of blastocysts
(r� �0.81, P� .005). A significant correlation was seen
between the levels of reactive oxygen species at 48 hours

Fig. 1. Confocal photomicrograph of mouse hatching blas-
tocyst stained for apoptosis (� 400, original magnifica-
tion). The embryo is labeled with bisbenzimide, terminal
deoxynucleotide transferase (TdT)–mediated deoxyuridine
triphosphate (dUTP)–biotin nick end–labeling (fluorescein
isothiocyanate), and propidium iodide. All nuclei of the
blastocyst are labeled with bisbenzimide (blue channel)
and apoptotic nuclei with terminal deoxynucleotide trans-
ferase (TdT)–mediated deoxyuridine triphosphate (dUTP)–
biotin nick end–labeling (green channel).
Esfandiari. Protein Supplementation in Embryos. Obstet Gynecol 2005.

Table 3. Apoptosis in Blastocyst After Culture in HTF-alone and HTF-SSS

Group
Apoptotic
Blastocyst

Apoptosis per
Blastocyst

Apoptosis in
Inner Cell Mass

Apoptosis in
Trophectoderm

HTF-alone 65 (98) 5.81� 1.11 2.51� 0.75 3.50 (1.14)
HTF-SSS 61 (94) 2.38� 0.68 1.52� 0.41 1.19 (0.69)
P .30 � .001 � .001 � .001
HTF, human tubal fluid; SSS, serum substitute supplement.
Values are n (%) or mean � standard deviation.
P � .05 was considered significant using generalized estimating equation logistic regression for percentage of apoptotic blastocysts and
mixed-model analysis of variance for the remaining variables.
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and the incidence of apoptosis in the HTF-alone group
(r � 1, P � .0001).

DISCUSSION

Several major developmental events take place in the
embryos during the postfertilization window.3,8 These
include the first cleavage division,19 the switching on of
the embryonic genome,30 and compaction of the morula.
Clearly, any modifications of the culture environment,
which could affect any or all of these processes, could
have a major effect on the quality of the embryo. Efforts
to improve culture media raise the question of whether
degree of fragmentation and developmental potential,
cell number, and apoptosis bear any correlation with
embryos cultured in different media. Although apoptosis
takes place as a normal part of embryonic development
in vivo, it is more likely to occur during in vitro embryo
culture due to suboptimal conditions.12–14 Paradoxi-
cally, higher levels of apoptosis have been reported even
in embryos of excellent morphology, suggesting a possi-
ble role in regulation of cell number31 and preventing
overgrowth of the inner cell mass.32 Spontaneous apo-
ptosis occurs frequently in in vitro cultured bovine
morulae/blastocysts when cultured under both low oxy-
gen33 and high oxygen tension.12 Oviductal and uterine
environment where early embryos develop naturally are
characterized by an oxygen tension approximately one
quarter to one third of atmospheric oxygen tensions.
Supraphysiologic oxygen tension can generate the
formation of reactive oxygen species during embryo
culture.9,34 In our present study, the effect of protein
supplementation using 10% serum substitute supple-
ment on reactive oxygen species production and apopto-
sis in mouse embryos was examined. Our results dem-
onstrate that despite a similar rate of development and
embryo quality between the HTF-alone and HTF-SSS
culture systems, profound differences existed at the mo-
lecular level for apoptosis and amount of reactive oxygen
species. Use of 10% serum substitute supplement inHTF
medium may serve as a survival factor and a reactive
oxygen species scavenger to suppress cell death in the
preimplantation embryos. In our study, we did not de-
tect apoptosis in earlier developmental stages (4-cell to
morula). This is similar to the findings of other investi-
gators.35,36 Supplementation of the media with protein
significantly improved the blastocyst hatching. The
hatchability of embryos cultured in HTF-alone could be
rescued by returning the embryos to HTF medium
supplemented with serum at the early blastocyst stage.37

The zona pellucida of mouse oocytes undergoes sponta-
neous zona hardening when cultured in serum-free me-
dium.38 This renders oocytes refractory to sperm pene-

tration, fertilization, and development. Addition of
serum to culture medium has been shown to inhibit
spontaneous zona hardening.39 The serum substitute
supplement used in our present study as the protein
source is a defined mixture of 84% human serum albu-
min and 16% human globulins. These globulins (pre-
dominantly �- and �-globulins) are known to promote
mouse embryo development and in particular the blas-
tocyst hatching.40 It seems that �- and �-globulins and/or
other unknown growth-promoting factors in the globu-
lin fraction in 10% serum substitute supplement may
stimulate the blastocyst hatching. Similar effects on
hatching have been observed by adding growth factors
to the culture medium.41

The negative correlation between the amount of reac-
tive oxygen species and blastocyst hatching in embryos
cultured in HTF-alone observed in our study may per-
haps be due to lack of the promoting effect of protein
supplementation on blastocyst hatching. Upon differen-
tiation at the early blastocyst stage, trophectoderm se-
cretes zona lysin, which is necessary for zona hatching.42

However, continued exposure to increasing levels of
reactive oxygen species and the lack of or inadequate
antioxidant capacity in the culture environment could
affect normal cell function. This results in a decrease in
the total lysin production by trophectoderm cells below
the threshold level necessary to promote zona thinning.
This subsequently inhibits blastocyst hatching.37

Excessive production of intracellular reactive oxygen
species during embryo culture is generally thought to be
detrimental to the embryo development. In our present
study we found a slightly higher development rate and
total cell number in embryos cultured in HTF-alone
compared with HTF-SSS, which might be due to the
reactive oxygen species promoting effect on embryo
development. Also we found a positive correlation, al-
though not statistically significant, between the amount
of reactive oxygen species produced and the embryo
development rate. The slightly higher development rate
and total cell number observed in embryos cultured in
HTF-alone compared with HTF-SSS might be due to the
reactive oxygen species promoting effect on embryo
development. In the spermatozoa, small amounts of
reactive oxygen species are necessary for capacitation,
hyperactivation, acrosome reaction, and oocyte fusion.43

Presence of antioxidants can exert a beneficial effect
on embryo development and influence the incidence of
apoptosis. The increase in cell death in blastocyst forma-
tion in vitro may be attributed either to the absence of
growth or survival factors from the maternal tract or to
suboptimal culture conditions.36,44 Albumin is the major
protein component of serum substitute supplement and
participates in the antioxidant defense of embryos. Albu-
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min along with other low molecular weight thiol com-
pounds has been used to supplement oocyte maturation
media17,23 and embryo culture.16,22 They serve as pre-
cursors for glutathione formation in the embryo. Gluta-
thione is required for detoxification of lipid peroxides
and thiolated proteins and may be involved in removal
of H2O2 in embryos.

10 Several reports have demon-
strated that cell death in blastocysts is most predominant
in inner cell mass cells and is occasionally seen in tro-
phectodermal lineage.44 The differences in metabolic
requirement, cell positioning, and microenvironments
are considered to be some of themajor causes underlying
the differential sensitivity of inner cell mass and trophec-
toderm cell lines to embryotoxic agents.45 Although
zona-intact trophectodermal vesicles could hatch at nor-
mal rates in the absence of inner cell mass,37 a critical
number of inner cell mass blastomeres are necessary for
normal postimplantation development that may be reg-
ulated by apoptosis.44 In our study, a higher incidence of
apoptosis was often detected in the inner cell mass of
embryos cultured in HTF - alone, indicating that our
findings may also have implications for protein supple-
mentation in culture media.
Blastocoele fluid induces apoptosis in inner cell mass
cells, and H2O2 is the cytotoxic substance present in the
blastocoele fluid.46 Supplementing the embryo with al-
bumin as we did in our study tends to increase the
intracellular glutathione content, resulting in removal of
H2O2 and lowering the incidence of apoptosis in inner
cell mass cells. Addition of several growth factors could
further decrease cell death. It is likely that �- and �-glob-
ulins or other unknown growth-promoting factors in the
globulin fraction of serum substitute supplement may
have a similar effect on the incidence of apoptosis in
embryos cultured in vitro.
In conclusion, using a serum substitute supplement in
culture medium with a well-defined composition of albu-
min and globulins is beneficial for the embryos in reduc-
ing the incidence of apoptosis. This may help minimize
the adverse effects observed by other investigators using
fetal calf serum or serum from other biologic sources.
Different sources of serum may have other, undefined
components that may negate the beneficial effects. The
beneficial effects reported in our study may occur by
scavenging embryotoxic component(s) such as excessive
amount of reactive oxygen species that result in oxida-
tive stress or by closely mimicking in vivo culture condi-
tions possibly due to the presence of certain growth
factors. In addition, protein supplementation improves
the hatching rate, and this may help increase both im-
plantation and pregnancy. Our study may have implica-
tions for human in vitro fertilization and could serve as a

model for further research to optimize in vitro culture
system for human embryos.
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