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Oxidative stress and tumor necrosis factor–a–induced
alterations in metaphase II mouse oocyte spindle
structure
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Objective(s): To examine the effect of exogenous exposure to hydrogen peroxide (H2O2) and tumor necrosis factor
(TNF)-a on mouse metaphase II (MII) oocyte spindle structure and to examine the potential benefits of supple-
menting the culture media with vitamin C.
Design: Prospective study.
Setting: Research laboratory in a tertiary hospital.
Intervention(s): None.
Main Outcome Measure(s): Microtubule changes and alterations in chromosomal alignment.
Result(s): Both concentration- and time-dependent alterations were seen in spindle structure after exposure to
H2O2. An H2O2 concentration as low as 12.5 mM increased the odds of an oocyte with altered microtubule and
chromosome alignment (score R3) by 93%. Significantly increased damage was seen with increasing period of
incubation. Higher scores were seen after exposure to both TNF-a alone and in combination with H2O2 compared
with controls. Changes in chromosomal alignment were comparable among the three groups. Oocytes coincubated
with H2O2 and vitamin C at 200 mM demonstrated less damage compared with those with H2O2 alone.
Conclusion(s): Oxidative stress results in concentration and time-dependent alterations in the spindle structure
and augments the effects induced by TNF-a. Proper oocyte handling in vitro may help reduce oxidative insult,
thus improving the oocyte quality. Antioxidants may have a protective effect and need to be further evaluated.
(Fertil Steril� 2007;88(Suppl 2):1220–31. �2007 by American Society for Reproductive Medicine.)
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Endometriosis accounts for nearly 10%–15% of female factor
infertility. Amid the collage of etiologies of this enigmatic
disease, the role of cytokines has been repeatedly emphasized
(1). It is also evident that patients with this disease have a poor
fertility outcome with in vitro techniques (2, 3). Increased ox-
idative stress markers have also been reported (4), with oxida-
tively modified lipoproteins contributing to altered immune
response suggested as a pathogenesis for the disease (4–6).
Reactive oxygen species (ROS) (7) such as hydroxyl radicals,
superoxide anion, and hydrogen peroxide (H2O2) are also
known to be detrimental for oocytes (8–10). They can affect
cell membrane lipids, affect DNA content, and accelerate
apoptosis (11, 12). It is also known to induce 2-cell block, ap-
optosis, and inhibition of the sperm-oocyte fusion (13–16).
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Several studies indicate that ROS affects the embryo devel-
opmental competence, DNA fragmentation, and fertilization
rate of the oocyte (17, 18). The in vitro culture environment
differs from in vivo conditions in many aspects: the oxygen
concentration is higher in vitro, and in such conditions there
is higher ROS concentration in simple culture media (19, 20).
The balance between ROS production and the scavenging
ability of antioxidants is an important factor that gives the
spermatozoa their fertilizing competence in vitro (21). Gen-
eration of ROS has been reported in some ovarian follicles
during the time of oocyte aspiration, which induces physio-
logical changes in oocytes that affect chromatin condensation
and developmental competence (22).

Oocytes appear to be protected against oxidative stress
(OS) by oxygen scavengers that are present in vivo. However,
when oocytes are removed from their natural environment
for assisted reproductive technologies (ART), this natural
defense is lost. In addition, elevated tumor necrosis factor
(TNF)-a levels are reported in patients with the disease com-
pared with patients with idiopathic infertility (7). TNF-a is
a pleiotropic cytokine that is mainly produced from neutro-
phils, macrophages, activated lymphocytes, natural killer
(NK) cells, and so on. Since this cytokine has a definite role
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in many inflammatory states, it may play an important role in
endometriosis and may have direct effects on gametes (23).

Human oocytes in the postovulatory stage achieve the
metaphase II (MII) stage by completion of meiosis I and
remain in that stage until the time of fertilization (24). The
normal MII spindle has a characteristic barrel shape, is
eccentrically placed in the cell, and is slightly pointed at
each pole, with the chromosomes being arranged on the meta-
phase plate at the equator (25). The meiotic spindles consist of
microtubules that are constructed by polymerization of tubu-
lin dimers a- and b-tubulin (26), and they polymerize and
depolymerize at various stages of the cell cycle (24, 27).

The meiotic spindle is essential not only for the mainte-
nance of chromosomal organization but also for the second
polar body formation (28). Disorganization of the meiotic
spindles could result in chromosomal dispersion, failure of
normal fertilization, and termination of development (29).
Most studies regarding microtubular damage of oocytes
have documented the sensitivity of the MII spindle to
cryopreservation (30–32). Recently, alteration of cellular
morphology and cytoskeleton has been demonstrated after
exposure to an oxidant in various cells, such as mouse mac-
rophage (33), ocular cell (26), intestinal epithelium (34),
and human cortical neurons (35).

Some studies have also looked into the effects of oxidant
injury on spindle structure of immature oocytes in culture
as a consequence of aging (10, 36), and localization of alter-
ations in spindle affecting outcomes of ART is also a concern
(37, 38). However, there is a necessity to gather more
information about the effect of OS on the oocyte spindle
structure and chromosomal alignment.

The etiology for low fertility outcomes in patients with
endometriosis both in vivo and in vitro may be traced to
alteration in the oocyte spindle structure and chromosomal
alignment, which are essential for a normal meiotic division.
The objective of this study was to evaluate the effects of ex-
ogenous induction of OS by hydrogen peroxide and TNF-a
on the changes in microtubular structure and chromosomal
alignment to mimic the conditions that may exist in vitro and
in patients with endometriosis and to examine the protective
effect of vitamin C supplementation in reducing OS-induced
damage using MII mouse oocytes as the model.

MATERIALS AND METHODS

Preparation of Mouse Oocytes

Frozen mouse oocytes were obtained from a B6C3F1 mouse
crossed with a B6D2F1 mouse from Embryotech Laborato-
ries, Inc. (Wilmington, MA). The straws were thawed, and
mature MII oocytes identified by the presence of a polar
body were used. For thawing, each straw was carefully re-
moved from the liquid nitrogen container, wiped dry, and
placed at room temperature for 2 minutes. The straw was
cut, and the oocytes were released into a petri dish containing
500 mL of Dulbecco’s phosphate-buffered saline (PBS, pH
Fertility and Sterility�
7.4) and kept for 5 minutes (Irvine Scientific, Santa Ana,
CA). Subsequently, they were transferred into another petri
dish containing 500 mL PBS to equilibrate for 10 minutes
at room temperature. The oocytes were incubated for 1
hour in 5% CO2 at 37�C to allow the microtubules to be
completely repolymerized in an effort to counteract the
reversible injury to the spindle induced by cryopreservation.

Exogenous Induction of OS by H2O2

Optimal concentration for inducing OS To examine the
concentration effect, 12.5, 25, 50, and 200 mM of H2O2

(Sigma, St. Louis) were used to induce OS. An average of
40 oocytes were randomly divided into five groups each
day: group 1 (control, human tubal fluid [HTF] 500 mL
only), group 2 (HTF þ H2O2 12.5 mM), group 3 (HTF þ
H2O2 25 mM), group 4 (HTF þ H2O2 50 mM), and group 5
(HTF þ H2O2 200 mM). After 30 minutes of incubation in
5% CO2 at 37�C, oocytes were immunostained and evaluated
for microtubule and chromosomal changes.

Optimal time for inducing OS To study the time effect of
H2O2 exposure on the microtubule and chromosomal
changes, an average of 40 oocytes were divided into five
groups. H2O2 at a concentration of 25 mM was used for 15,
30, 45, and 60 minutes. Each set had its corresponding
control incubated in HTF only.

Exposure to different concentrations of TNF-a Recombinant
mouse TNF-a (Sigma-Aldrich, St. Louis) concentrations
(100, 200, 400, and 600 ng/mL) were prepared. An average
of 40 oocytes were divided into five groups each day: group
1 (control, HTF 500 mL only), group 2 (HTF þ TNF-a 100
ng/mL), group 3 (HTF þ TNF-a 200 ng/mL), group 4
(HTF þ TNF-a 400 ng/mL), and group 5 (HTF þ TNF-a
600 ng/mL). After 30 minutes of incubation in 5% CO2 at
37�C, oocytes were fixed, immunostained and evaluated for
alterations in microtubule and chromosomes. Another set
was treated with varying concentrations of TNF-a (200 and
400 ng/mL) and 25 mM H2O2.

Supplementation of culture media with antioxidant In this
experimental set, we examined whether antioxidant supple-
mentation in the culture medium was beneficial in reducing
the adverse effect of H2O2. A vitamin C (L-ascorbic acid;
Sigma-Aldrich) concentration (0, 50, 100, 200, and 400 mM)
was prepared. Vitamin C was added to the culture media si-
multaneously and coincubated with the oocytes alone and
with 25 mM of H2O2. The oocytes were stained and evaluated
under the confocal microscopy.

Microtubule and Chromosome Staining

Microtubules were detected by modified indirect immunocy-
tochemical techniques (25). Fixation and all subsequent incu-
bations were carried out at 37�C. For microtubule staining,
oocytes were fixed in fixation solution (2% formaldehyde,
0.2% Triton X-100 in 100 mL PBS) for 30 minutes and
then incubated in anti-a-tubulin monoclonal antibody
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(Sigma-Aldrich) (1:300) for 60 minutes, followed by incuba-
tion in fluorescein isothiocyanate (FITC)-labeled anti-mouse
IgG antibody (Sigma-Aldrich) (1:50) for 30 minutes. For chromo-
some staining, oocytes were incubated in propidium iodide
(PI) (Sigma-Aldrich) (10 mg/mL) for 15 minutes (39). Each
staining step was followed by a rinse in PBS for 10 minutes.

Oocytes (four to five) were loaded in a microdrop of
antifade (Slow Fade Light Antifade, Molecular Probes,
Inc., Eugene, OR) solution (3 mL) on the slide, and a coverslip
was placed on the slide. The preparation was sealed with
clear nail varnish. Alterations in the microtubule structure
were observed both by epifluorescence microscopy using
the blue filter (excitation 450–490, suppression 515) for
microtubules and green filter (excitation 546, suppression
580) for chromosomal alignment. Slides were stored at
�20�C and protected from light until they were evaluated
for more details by confocal microscopy.

Confocal Microscopic Analysis and Scoring

Slides were examined using a laser-scanning confocal micro-
scope Leica TCS- SP2 (Leica Lasertechnik Gmbh, Heidel-
berg, Germany) equipped with an argon ion laser for the
excitation of FITC for microtubule and PI for chromosome
(excitation 488 nm, barrier 500–555 nm for FITC; excitation
568 nm, barrier 575-675 nm for PI). Microtubule distribution
and chromosome alignment of each oocyte were examined.

Scoring of morphological changes in microtubules and al-
terations in chromosomal alignment were scored according
to the method described by Boiso et al. (39) with slight mod-
1222 Choi et al. Oxidative stress and changes in oocyte s
ifications (Fig. 1). Briefly, spindle configuration was catego-
rized as good (score 1, 2) when a barrel-shaped structure with
slightly pointed poles formed by organized microtubules
transverse from one pole to another was observed and as
abnormal or poor (score 3, 4) when there was a reduction
in the longitudinal dimension of the spindle or when there
was partial or total disorganization; complete absence or
remnant of dispersing spindle was scored as 4.

Chromosomal configuration was regarded as good (score 1,
2) when chromosomes were arranged in a compact metaphase
plate at the equator of the spindle. The chromosomal organi-
zation was regarded as abnormal or poor (score 3, 4) based
on the degree of chromosomal displacement from the plane
of the metaphase plate. When chromosomes were dispersed
or aberrant or showed less condensed appearance, a score of
4 was assigned. All images were recorded and archived on
a CD and downloaded to a dye sublimation printer using
Adobe Photoshop Software (Adobe, Mountain View, CA).

Statistical Analysis

The frequency and proportion of good (score of 1 or 2) and
poor (score of 3 or 4) outcomes were calculated for each level
of concentration or time. Logistic regression models were
used to evaluate the effect of hydrogen peroxide or TNF-
a concentration or exposure time and the likelihood of
a poor outcome. Generalized estimating equation (GEE)
methods were used to account for possible correlations be-
tween oocytes evaluated within the same set. Overall c2 tests
were performed to evaluate differences among all groups, and
FIGURE 1

Diagrammatic representation of scoring criteria of microtubule and chromosomal changes based on
microscopic evaluation.

Choi. Oxidative stress and changes in oocyte spindle. Fertil Steril 2007.
pindle Vol. 88, Suppl 2, October 2007



then c2 tests were used to make paired comparisons of each
individual group with the control groups.

In these models, microtubule alteration or chromosome
alignment score, dichotomized as good or poor, was used
as the response and concentration, or time was used as
a predictor. When experiments included both H2O2 and
TNF-a concentrations, H2O2 and vitamin C, along with their
interaction, were included in the model. The interaction
between H2O2 and vitamin C was tested to evaluate whether
the combined effect of the two factors differed from what
would be expected if the measures acted independently for
both H2O2 and TNF-a. In all models, concentration and
time effects were nonlinear on the scale of analysis, so
each was treated as a categorical factor. For all comparisons,
P<.05 was considered statistically significant. Analyses were
performed using SAS (version 9.1, Cary, NC).

RESULTS

Optimal Concentration for Inducing OS

Exogenous exposure to H2O2-induced OS caused alter-
ations in spindle structure as evident by changes in
microtubule morphology and alterations in chromosomal
alignment in the MII mouse oocytes. There was a dose-
dependant effect of exposure to H2O2. Figure 2A shows
the impact of increasing levels of H2O2 on microtubule
alteration (MT) and chromosome alignment (CH). Signifi-
cantly different overall results were seen across the groups
(P<.0001) in both microtubule alteration and chromosome
alignment (Fig. 2A).

Exposure to H2O2 concentration as low as 12.5 mmol in-
creased the odds of a poor oocyte outcome by at least 90%
(odds ratio [OR]¼ 1.90 for MT, OR¼ 2.03 for CH). The per-
centage of a poor outcome in microtubule alteration and
chromosome alignment increased from 16% and 19% in
the controls to 27% and 32% in this group. We assume inde-
pendence (unadjusted for same dish effects) and the GEE
model (adjusted for common dish effects). The results from
the logistic regression model did not differ greatly in this or
in any of the measures examined. Figure 2A shows the
proportions of poor outcomes plotted by exposure level and
outcome measure. The changes are also evident in the confo-
cal images (Fig. 3C–3E).

Optimal Time for Inducing OS

Figure 2B shows the effect of time on the outcome measures.
Again, increased exposure appeared to be related to increased
poor outcomes. In the control group, although approximately
25% of oocytes had poor outcomes, exposure for as short as
15 minutes to OS significantly increased the odds of a poor
outcome by at least 6-fold (OR ¼ 8.55 for MT and 6.05 for
CH). A similar increase was seen at both 15 and 30 minutes
of exposure compared with the control oocytes. Confocal
images demonstrate obvious changes (Fig. 3F–3I). The
poor outcomes in the control group could be due to the rem-
nant effect of cryopreservation even after repolymerization of
Fertility and Sterility�
the spindle by incubating for an hour with 5% CO2 at 37�C.
But the comparative effects were significant enough at the
increased concentration or time.

Effect with TNF-a

Figure 4A shows the results of exposure to varying TNF-a
concentration on the spindle formation. The proportion of
poor outcomes increased from the control at each level, al-
though the proportion of poor outcomes was not significantly
higher at 100 ng/mL of TNF-a than in the control for both mi-
crotubular alteration and chromosomal alignment outcomes.
However, at 200 ng/mL, the odds of a poor outcome were at
least 3.8 times higher in both measures. At 600 ng/mL of

FIGURE 2

The proportions of oocytes with poor outcome
(scores >2) in microtubule alterations and
chromosomal alignment. (A) Varying H2O2

concentrations: 0, 12.5, 25, 50 and 200 mM; (B)
varying H2O2 exposure time: 0, 15, 30, 45 and 60
minutes; (C) H2O2 and vitamin C exposure alone and
in combination.

Choi. Oxidative stress and changes in oocyte spindle. Fertil Steril 2007.
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FIGURE 3

Confocal images of oocyte spindle structure after staining with anti-a-tubulin monoclonal antibody and FITC for
microtubules (green) and chromosomes alignment with PI (red). (A and B) Normal spindle configuration with
chromosome alignment on a compact metaphase plate at the equator. (B) Three-dimensional view of normal
spindle showing distinct barrel shape with chromosomes aligned in the center. (C–E) Effects of increasing
H2O2 concentrations: 12.5, 25, and 50 mM. (F–I) Varying exposure time: 15, 30, 45, and 60 minutes
with 25 mM H2O2. Bar ¼ 20 mm; B ¼ zoom 2�; G–H ¼ zoom 1.5�.

Choi. Oxidative stress and changes in oocyte spindle. Fertil Steril 2007.
TNF-a, all microtubule alterations were poor, so this group
was not included in the model. The proportion of poor out-
comes increased from between 10% and 21% to more than
50% by the time 200-ng/mL group was included.
1224 Choi et al. Oxidative stress and changes in oocyte sp
The doses of TNF-a that were used in combination with
H2O2 were 200 and 400 ng/mL because the lower doses did
not demonstrate significant alterations in spindle structure.
The smallest dose of both H2O2 and TNF-a showed
indle Vol. 88, Suppl 2, October 2007



significant increase in risk over the control sets. This was
observed within each individual inducer and also using
both inducers. In microtubule alteration, with just H2O2 at
12.5 mmol, the odds of a bad result increased by 93%, while
with 200 ng/mL of TNF-a, the odds of a poor result increased
over the control by nearly 500%. With these same levels of
both measures combined, the odds of a poor response were
6.8 times as high as those of the control oocytes (Fig. 4B).
In these models, the correlation between oocytes used at the
same time appeared to be small, as the unadjusted and adjusted
measures were small. Figure 5A–5F shows confocal images
of effects of TNF-a alone and in combination with H2O2.

Supplementation of Culture Media with Antioxidant

Figure 2C shows the comparison between exposure to differ-
ent concentrations of H2O2 and vitamin C for both microtu-
bule alteration (MT) and chromosome alignment (CH). The
interaction between H2O2 and vitamin C was not statistically

FIGURE 4

The proportions of oocytes with poor outcome
(scores >2) in microtubule alteration and
chromosomal alignment are presented by (A)
varying TNF-a concentrations: 0, 100, 200, 400, and
600 ng/mL and (B) H2O2 and TNF-a exposure alone
and in combination.

Choi. Oxidative stress and changes in oocyte spindle. Fertil Steril 2007.
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significant for MT (P¼.26) but was significant for CH
(P¼.026). This indicates that the pattern of change in poor
outcomes for CH with increases in vitamin C levels was dif-
ferent among those with H2O2 as compared with those with-
out H2O2. In MT, low concentration of vitamin C (50 and 100
mM) alone had little effect on the results compared with the
control group. At the 200-mM concentration of vitamin C,
there was a decrease in poor outcomes, but this difference
was not statistically significant. At 400 mM, the proportion
of oocytes with alterations in the microtubule morphology
or chromosomal alignment increased significantly (P¼.039)
compared with the control group. With a combination of
H2O2 þ vitamin C, the abnormalities increased with 50 mM
of vitamin C and were comparable to the changes observed
in the H2O2-alone group (P¼.11). Exposure to 25 mM of
H2O2 þ 100 mM of vitamin C group resulted in complete
alteration of microtubule morphology and alterations in
chromosome alignment (scores ¼ 4).

Exposure to 25 mM of H2O2þ 200 mM of vitamin C caused
a significant decrease in poor outcomes (fewer numbers of
score 3 or 4) compared with the H2O2-alone group
(P<.001). At the 400-mM concentration of vitamin C, the
proportion of bad outcomes increased but was comparable
to the control or H2O2-alone group. However, the dichotomi-
zation does obscure the appearance of more grade 2 oocytes
in the 25 mM of H2O2 and 200 mM of vitamin C group. It
appears that there are few oocytes having a score of 1 with
25 mM of H2O2 and 200 mM of vitamin C and that most
good outcomes had a score of 2.

When chromosomal alterations were examined, exposure
to vitamin C alone seemed to have little effect on oocyte qual-
ity and was comparable to the control group. Lower concen-
trations of vitamin C (<400 mM) þ H2O2 (25 mM) showed
a slight but not significant increase in poor outcomes (scores
of 3 and 4) compared with the 25 mM of the H2O2-alone
group. However, although 200 mM of vitamin C was included
with the 25 mM of H2O2, the proportion of poor outcomes was
significantly lower compared with 25 mM of the H2O2 alone
group and was comparable with the control group. A similar
decrease was observed with the 25 mM H2O2 þ 400 mM
vitamin C group. Confocal images for the effects of vitamin
C alone and in combination with H2O2 are shown in Figure
6A–6D.

DISCUSSION

It is well known that patients with endometriosis have high
levels of cytokines and ROS in the peritoneal fluid (40).
The pathogenesis of the disease relates to the regulation of
cytokines and ROS in the peritoneal environment in the
pelvis. OS has been implicated in the pathogenesis of endo-
metriosis (41–43). The combined effects of OS and TNF-a
might alter the oocyte quality and subsequently result in
low fertility outcomes both in vivo and in vitro.

Currently, morphological assessment of oocytes is performed
by microscopic evaluation only before selection in ART.
1225



FIGURE 5

Confocal images showing changes in microtubule structure and chromosomal alignment after exposure to
TNF-a. (A–D) Increasing concentrations of TNF-a: 100, 200, 400, and 600 ng/mL. (E–F) Exposure to H2O2

25 mM/mL þ TNF-a 200 ng/mL and H2O2 25 mM/mL þ TNF-a 400 ng/mL. Bar ¼ 40 mm; C ¼ zoom 1.5�.

Choi. Oxidative stress and changes in oocyte spindle. Fertil Steril 2007.
Spindle and chromosomal alterations are not evident during
normal morphological assessment. However, there appears to
be a correlation between aberrant spindles and unaligned chro-
mosomes at MII and errors in chromosome segregation and
induction of aneuploidy due to postovulatory aging or in
response to chemical exposures of oocytes (44, 45).

Our study was designed to examine the changes in the
spindle structure and the alterations in the chromosomes
caused by induction with an exogenous exposure to OS
inducer H2O2 and TNF-a (alone and in combination) to study
whether this may be a cause of altered oocyte quality. This
alteration may be the etiology for poor fertility outcomes in
patients with endometriosis or may even account for aneu-
ploidy simulating effects of aging on oocyte quality (46, 47).

Although the alteration of spindle structure and chromo-
somal alignment of MII mouse oocytes by OS has been
reported (10), our study highlights these effects in both a con-
centration- and time-dependant manner and explores the
effects of TNF-a alone and in combination with H2O2 on
the same organelles. Alterations in the spindle apparatus
1226 Choi et al. Oxidative stress and changes in oocyte s
induced by TNF-a seem to be augmented when combined
with H2O2. We have for the first time demonstrated the
damaging effects of oxidants and cytokines in combination
on oocyte microtubular structure and chromosomal
alignment.

The concentrations of H2O2 and TNF-a used were similar
to those that may be seen in pathological conditions in endo-
metriosis patients and during in vitro conditions (5, 48). H2O2

is the most common exogenous inducer of OS. Both H2O2 and
TNF concentrations were standardized in our setting. These
concentrations were derived from the pathological levels
that have been reported earlier in the literature (5, 48–51).
These studies have assessed the toxic damage of these concen-
trations on embryos and their deleterious effects on fertiliza-
tion. In a study by Takahashi et al. (49), a single brief exposure
(10 minutes) to OS (100 mM H2O2) significantly reduced the
fertilization rates in aged versus fresh oocytes. When oocytes
were fertilized, a high incidence of blastocyst developmental
abnormalities, including lower blastocyst formation and the
appearance of fragmented oocytes, was observed.
pindle Vol. 88, Suppl 2, October 2007



FIGURE 6

Confocal images showing changes in microtubule structure and chromosomal alignment after exposure to
vitamin C alone and in combination with 25 mM of H2O2. (A and B) The 200- and 400-mM concentrations of vitamin
C alone. (C and D) The 200- and 400-mM of vitamin C and 25 mM of H2O2. Bar ¼ 40 mm; B ¼ zoom 1.5�.

Choi. Oxidative stress and changes in oocyte spindle. Fertil Steril 2007.
Similarly, even a brief exposure (15 minutes) to 200 mm
H2O2 completely inhibited the cleavage and caused arrest
of the zygote at the 1-cell stage (48). Fatehi et al. (50)
reported that exposure of denuded oocytes to hydrogen per-
oxide (10 and 50 mm) resulted in oocyte death and a complete
block of first cleavage. Yang et al. (51) suggested a linkage
between concentrations of endogenous H2O2 and the occur-
rence of apoptosis in human embryos. Hence, from the liter-
ature, concentrations with varying ranges have been used,
and 12.5–400 mm of H2O2 have been reported to be toxic
to the oocytes/embryos. We therefore standardized our con-
centrations using these as intermediate ranges to specifically
study their effect on spindle structure.

Abnormally high levels of TNF-a have been reported in the
peritoneal fluid of females with endometriosis (5, 7, 40, 52,
53). In addition, spermatozoa may be exposed to abnormally
high levels of TNF-a in the male reproductive tract or during
Fertility and Sterility�
their passage into the female reproductive tract (in cases of
endometriosis). In our earlier studies (54), using an in vitro
model, we examined concentrations of TNF-a ranging from
100 to 500 pg/mL and 2.5 mg/mL. We examined the toxic ef-
fect on sperm exposed to the pathological effects of TNF-a
in the female tract of patients with endometriosis. Similarly,
concentrations of 0, 100, 400, or 800 U/mL in the peritoneal
fluid of patients with endometriosis were seen to affect the
sperm motility in vitro (52, 53). These concentrations were
shown to cause a reduction in sperm motility, suggesting
that this may be a mechanism for the infertility observed in
women with minimal endometriosis. Hence, we chose to se-
lect the intermediate concentrations of TNF-a (in the nano-
gram/microliter range) in the present study.

This is the first study to observe the in vitro effects of
exogenous exposure to H2O2 and TNF-a alone and in combi-
nation as well as to study the protective effect of vitamin C
1227



alone and in combination with H2O2 on MII oocyte spindle
structure. In this study, we focused on the alterations of spin-
dle structure as a likely cause of altered oocyte quality, which
might result in poor fertilization or pregnancy outcomes both
in vivo and after IVF.

The oviduct and uterus may contain substances that sustain
embryo development or help remove toxic factors. However,
oocytes aspirated for IVF in patients with endometriosis may
already have compromised quality from damage by OS and
cytokines in vivo. These oocytes are again exposed to in-
creased ROS that may be generated in an external culture me-
dium (17). The oxygen (O2) concentration under in vivo
conditions (i.e., in the oviduct and uterus) is around 5%–
8% (55), whereas it is about 20% during in vitro culture of
mammalian oocytes and embryos.

It is well known that OS generated in the normal process of
aging alters oocyte quality in elderly women and may serve
as a contributor to low fertility outcomes (10, 36, 46, 56).
The present study examined the effect of OS on the microtu-
bule and chromosome alignment of the matured stage MII of
mouse oocytes with various concentrations as well as various
exposure times, specifically seeking the minimum concentra-
tion and time that could induce these changes.

We selected MII oocytes in our study because the
ovulated oocyte is arrested at the MII stage, which indicates
that the chromosomes are attached to the labile microtu-
bules of the second meiotic spindle. The MII oocyte was
also chosen selectively to emphasize that patients with en-
dometriosis or inflammatory diseases have higher levels of
ROS in the peritoneal fluid that (5) bathes the fallopian
tube where the MII oocyte resides after being taken up by
the tube after ovulation. Our study also emphasizes the
effects of a very common oxidant such as the hydrogen
peroxide that is generated during in vitro culture. Hence,
oocytes are more likely to be exposed to this insult both
in vivo and in vitro.

Our results show that both microtubule and chromosomal
alignment are damaged by OS induced exogenously by hy-
drogen peroxide and are concentration and time dependent.
We have also demonstrated that chromosomal alignment in
metaphase II oocytes is more resistant to the effects of OS
compared with microtubules.

In this study, we have established the minimal concentra-
tion of H2O2 that results in damage to the cytoskeleton and
chromosomal alignment. Exposure of oocytes to 25 mM of
H2O2 for any duration was sufficient to trigger microtubule
and chromosomal damage. Paszkowski et al suggested that
OS is present in the oocyte environment in infertile women
and that a lack of antioxidant activity negatively affects the
fertilizing ability of the oocyte (57). It is possible that an
imbalance in pro-oxidants/antioxidants in culture conditions
may lead to abnormal development of oocytes and impaired
fertility as well as damage to the oocyte’s DNA, cytoskeleton,
or membrane. We hypothesize that this altered balance can be
detrimental for microtubule and chromosomal alignment in
1228 Choi et al. Oxidative stress and changes in oocyte
the MII oocyte and might be an important cause of lowered
success of fertilization and subsequent embryo development.

OS originating within the in vitro culture media can nega-
tively affect the microtubule and chromosomal alignment.
Also, short exposure time (as early as 15 minutes) can trigger
damage to the microtubule and affect chromosomal align-
ment. Our study shows that damaged microtubule and alter-
ations in chromosomal alignment were not reversible when
the oocyte was incubated for 60 minute with H2O2, indicat-
ing that damage from OS is permanent, unlike in cryopreser-
vation.

We did not measure ROS levels in HTF media after induc-
tion of OS with H2O2. Studies assessing OS by using H2O2 as
an inducer have been reported earlier by Liu and Keefe (8).
Liu and Keefe reported that exposure of fertilized mouse oo-
cytes to 200 mM H2O2 for 15 minutes completely inhibited
cleavage and caused arrest of the zygote at the 1-cell stage
(8). Similarly Takahashi et al. reported that a single brief ex-
posure of fresh oocytes to OS (100 mM H2O2) significantly
reduced the fertilization rate. Since the microtubule is the
most important structure during fertilization, our results can
explain the failure of these oocytes to fertilize (49). Earlier
we demonstrated that ROS generated in day 1 in vitro culture
does have detrimental effects on embryo development. High
ROS levels are associated with lower fertilization and
blastocyst rates and increased cleavage and fragmentation
of embryos (18).

ROS levels have been reported in the peritoneal fluid of pa-
tients with endometriosis and idiopathic infertility and in
those who underwent tubal ligation (4, 5). The investigators
in those studies found that ROS in the peritoneal fluid may
not affect fertility directly in women with endometriosis.
However, they may play a role in patients with idiopathic in-
fertility (4). We feel that elevated levels of ROS in patients
with idiopathic infertility may affect the microtubule struc-
ture and play a key role in reducing oocyte quality.

At the molecular level, production of TNF-a and other cy-
tokines may induce progressive cell damage. Inflammatory
mediators such as TNF-a are found in increased concentra-
tions in the peritoneal fluid and may induce alterations in
the oocyte during its passage in the peritoneal cavity or affect
the oocyte as it waits for the sperm at the time of fertilization
in the fallopian tube. TNF-a has also been related to oocyte
atresia in rats, including the apoptosis at low levels (58). Re-
ceptors for TNF-a have been identified in human oocytes
(59), including the primordial follicles (60). Studies have
demonstrated the relationship between TNF-a and reduced
follicle numbers in the ovary (58). Increased concentrations
of TNF-a have generated attention regarding its effects on
oocytes since it is already known that cytokines affect/alter
sperm function (40).

Higher levels of TNF-a are reported in poor-quality
oocytes (61). The poor-quality oocytes may lead to abnormal
pronucleus formation or result in low fertilization rates by in
vitro methods in patients with endometriosis. Since the
spindle Vol. 88, Suppl 2, October 2007



process of endometriosis includes inflammation and immu-
nopathology, a high level of OS is generated in the perito-
neum along with the liberation of the cytokines from the
macrophages drawn to fight the tissue debris. This high level
of ROS and cytokines could alter the MII oocyte spindle
structure after ovulation and produce a poor-quality oocyte
available for fertilization in vivo or in vitro.

We demonstrated that at a concentration of 200 ng/mL,
TNF-a induces damage to the microtubules and chromo-
somal alignment of MII oocyte. This effect gets amplified
with the increasing concentration of the cytokine com-
pared with controls. We also demonstrated that when
combined with 25 mM of H2O2, the ill effects are aug-
mented. Raised levels of ROS are known to modulate
the activity of the various cytokine gene expressions of
immune regulators and antigen responses generated in
the disease (4, 62, 63).

Exposure of the oocyte to increased cytokines and high
ROS in patients with endometriosis may occur [1] during
its transit through the peritoneal cavity before being picked
up by the fimbrae at the end of the tubes, [2] during exposure
inside the fallopian tube itself where it is bathed by the peri-
toneal fluid, which contains a raised level of this cytokine, or
[3] during the in vitro setup for ART where an oocyte already
exposed to TNF-a has to bear the brunt of OS. The fact that
OS and TNF-a can affect oocyte quality raises concerns
regarding the nature of these alterations and the poor quality
of the gamete. In this study, we did not examine the fertiliza-
tion of the oocytes, as our focus was to examine the
alterations in the morphology of the spindle structure as
a predictor of poor oocyte quality.

Although a large number of antioxidants have been exam-
ined in the literature for their potential beneficial effects, we
narrowed these down to the vitamins C and E because of the
increasing use of these as potential antioxidants. In our earlier
study, we standardized the concentrations of vitamin C
(0–400 mm) and vitamin E (0–800 mm) for studying the bene-
ficial effects in preventing or reducing the OS-induced
decrease in blastocyst development rates (64). We showed
that vitamin C was more effective in reversing ROS-induced
embryo toxicity than vitamin E. Hence, in the present study,
vitamin C was selected and concentrations were standardized
by examining its effects on spindle structure of MII oocyte.

It is documented that higher concentrations of vitamin C
might be detrimental to cells (65, 66), and this may explain
the poor outcomes seen in our study at 400 mM. Effects of vi-
tamin C on the stabilization of the microtubular or chromo-
somal structure of oocytes have not been demonstrated
earlier. Vitamin C showed reduced oxidative damage when
incubated simultaneously with H2O2 in the media at 200
mmol and showed no detrimental effect on oocyte quality.
To our knowledge, this is the first study to evaluate the effect
of hydrogen peroxide and vitamin C on alterations in the mi-
crotubule and chromosomal alignment in MII oocytes alone
as well as in combination as a preventive modality. Our study
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demonstrates the protective effect of vitamin C on the
microtubular structure and chromosomal alignment in MII
cumulus-free oocytes in vitro.

One of the advantages of our study was the use of cryopre-
served oocytes, which bypasses the intricacies of animal use
and ovarian stimulation protocols. The oocyte stimulation
process and the selection of adequate cells are strictly
regulated using established quality control methods. Using
cryopreserved oocytes is also cost-effective. However, the
issue of whether frozen-thawed oocytes are chosen is impor-
tant, owing to the fact that cryopreservation can itself alter
spindle structure in oocytes (27, 29).

Most studies on microtubule and chromosomal alignment
of oocytes that examined the effect of cryopreservation dem-
onstrate that cryopreservation using the slow, rapid, and ultra-
rapid methods results in disorganization or disappearance of
spindle structure (29, 67–69). Recovery of spindles in thawed
oocytes was shown to depend on the post-thaw incubation
time ranging from 1 to 3 hours at 37�C (67, 68, 70). Almost
complete recovery (repolymerization) of spindles is seen in
mouse oocytes that underwent slow freezing and were
incubated for 60 minutes post-thaw, and it positively affects
fertilization and cytoskeletal damage (29). These oocytes
behave in a manner similar to unfrozen oocytes. Reports
also indicate that in human oocytes treated with a slow freez-
ing protocol involving the use of high sucrose concentrations,
the meiotic spindle undergoes transient disappearance and
reappearance immediately after thawing but is reorganized
in the majority of the oocytes after 3–5 hours of culture
(27, 71–73). We agree that while differences may exist be-
tween the uses of fresh versus frozen oocytes, it should be
stated that in our study, although oocytes in the control group
showed about 25% alteration in spindles, which may be at-
tributed to the use of frozen oocytes, our results clearly dem-
onstrate a significant difference in spindle score when treated
with the inducers or antioxidant.

One of the limitations of our study was that while we used
an animal (mouse) model to examine the hypothesis of the
role of OS, cytokines, and the potential benefits of antioxi-
dants in the etiology of endometriosis, the purpose of our
study was to identify spindle damage and its response to OS
(ROS), cytokines, and antioxidants. Although these findings
in our animal study do not confirm the exact etiopathogenesis
of poor fertility outcomes in patients with endometriosis ei-
ther in vivo and in vitro, it definitely draws attention to a likely
or probably similar condition that might exist in humans. The
involvement of a large number of human oocytes to establish
similar findings along with the ethical issues involved
prevented us from performing similar studies with human
oocytes. However, we strongly believe this study lays the
foundation for future studies in this direction.

In conclusion, our results demonstrate that OS induced by
exogenous exposure to H2O2 can damage both microtubule
and chromosomal alignment in a dose- and time-dependant
manner. The effect was similar when oocytes were treated
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with exogenous TNF-a at different concentrations, which
were augmented when combined with H2O2. We were able
to demonstrate these changes with hydrogen peroxide concen-
trations as low as 25 mM for exposure of less than 30 minutes or
at 12.5 mM for 15 minutes and also with 200 ng/mL of TNF-a.

This increased accumulation of ROS results in depolymer-
ization of the microtubules, which are more susceptible to OS
compared with alterations in the chromosomal alignment.
This may be one of the reasons for poor oocyte quality and
subsequent low fertilization and poor pregnancy outcomes
both in vitro and in patients with endometriosis. The pro-
tective effect of vitamin C on the oocyte spindle and
chromosomal alignment that is seen when it is added simul-
taneously with the exogenous OS inducer in the media needs
further validation. It may also be prudent to examine the
effects of TNF-a inhibitors on microtubular structure and
chromosomal alignments that are aimed at reducing
alterations induced by the cytokine and to study the potential
benefits of combining such inhibitors with antioxidants in an
effort to optimize quality oocytes.
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