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Abstract

We investigated the ability of reactive oxygen species (ROS), such as hydrogen peroxide (H,O,), hydroxyl radical (*OH),
and hypochlorous acid (HOCI), to overcome the defensive capacity of cumulus cells and elucidate the mechanism through
which ROS differentially deteriorate oocyte quality. Metaphase Il mouse oocytes with (n = 1634) and without cumulus cells
(n = 1633) were treated with increasing concentration of ROS, and the deterioration in oocyte quality was assessed by the
changes in the microtubule morphology and chromosomal alignment. Oocyte and cumulus cell viability and cumulus cell
number were assessed by indirect immunofluorescence, staining of gap junction protein, and trypan blue staining. The
treated oocytes showed decreased quality as a function of increasing concentrations of ROS when compared to controls.
Cumulus cells show protection against H,O, and "OH insult at lower concentrations, but this protection was lost at higher
concentrations (>50 pmol/L). At higher H,O, concentrations, treatment dramatically influenced the cumulus cell number
and viability with resulting reduction in the antioxidant capacity making the oocyte more susceptible to oxidative damage.
However, cumulus cells offered no significant protection against HOCI at any concentration used. In all circumstances in
which cumulus cells did not offer protection to the oocyte, both cumulus cell number and viability were decreased.
Therefore, the deterioration in oocyte quality may be caused by one or more of the following: a decrease in the antioxidant
machinery by the loss of cumulus cells, the lack of scavengers for specific ROS, and/or the ability of the ROS to overcome
these defenses.
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critical as they function as primary means of disseminating
information to and from the oocyte and also serve the important
function of anchoring the CCs within the COC to protect the
oocyte. It is known that oocytes, under pathological conditions,

Introduction

Oocytes are surrounded by tightly packed, highly organized
layers of cumulus cells (CCs) that exist in spatial and temporal
heterogeneity, forming the cumulus—oocyte complex (COC).'”
In addition to their role in providing nutrition to the oocyte, the
CCs provide a communication network between the oocyte and
its extracellular microenvironment.'**> The manner through
which CCs communicate within the COC are specialized con-
nections called gap junctions, which are aggregates of protein-
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based intercellular channels that directly connect adjacent
cells, allowing the bidirectional movement of molecules.®
These channels known as connexins (Cx) have been described
in many tissues; however, Cx37 is the only one identified on
the oocyte and forms connection with CCs, while Cx43 is the
main gap junction protein found on CCs. Loss of Cx proteins
has been attributed to disrupted folliculogenesis, CC dysfunc-
tion, and altered cell and tissue viability.>® Therefore, Cxs are
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protect themselves against the toxicity of reactive oxygen
species (ROS) through a scavenging enzymatic (eg, catalase
and glutathione peroxidase) and nonenzymatic antioxidant
(eg, ascorbic acid and reduced glutathione) network pro-
vided by the surrounding CCs.'>'! Translational research
has shown that patients with these conditions have higher
rates of adverse reproductive outcomes and poor oocyte
quality compared to those without such disorders, suggest-
ing that inflammation may be central to the decrease in fer-
tility potential.'*'®

Reactive oxygen species such as superoxide (O, "),
hydroxyl radical (*OH), hydrogen peroxide (H,0,), and
hypochlorous acid (HOCI) are highly disruptive to cellular
function.'*'”*!® The major intracellular sources of H,O, are
spontaneous production, superoxide dismutase-catalyzed
reaction of O,"~,'"?%7! generation through the mitochon-
drial electron transport chain, and the nicotinamide adenine
dinucleotide phosphate oxidase system in the cellular plasma
membrane.'*?'?%7? Hydrogen peroxide is found in physiolo-
gic concentrations ranging from 10 to 20 pmol/L and up to
100 pmol/L in pathologic circumstances.”> Exposure of
mouse oocytes to higher HO, concentrations (200 pmol/L)
completely inhibited cleavage and caused arrest of the zygote
at the 1-cell stage.”**> A link between the concentration of
endogenous H,O, and the occurrence of apoptosis in human
embryos has been suggested.”>® There are other ways that
H,0, can indirectly affect oocyte quality, for example, we
have recently shown that OH generated by the H,O,-
induced Fenton reaction caused instantaneous oocyte damage,
which has been estimated indirectly in plasma at levels of
250 to 500 umol/L.'”* More recently, we have demonstrated
that diffused intra-oocyte H,O, is normally found in the
oocyte and its microenvironment. This H,O,, in the presence
of chloride, can subsequently trigger the catalytic activity of
MPO generating the toxic oxidant, HOCL,*>%" a substance
known to deteriorate oocyte quality.'® Activated neutrophils,
the major cellular releaser of myeloperoxidase (MPO), gener-
ate around 150 to 425 pum HOCI/h, whereas at sites of
inflammation, the HOCI level is estimated to reach as high
as 5 mm.’! Previously, it has been shown that higher levels
of MPO exist in the peritoneal and follicular fluids of women
with inflammatory conditions such as endometriosis.**~>
Macrophages, neutrophils, and monocytes are the major cel-
lular sources of MPO, which function to generate HOCI and
other ROS.* The current study investigates the ability of the
antioxidant system of the CCs to deflect the H,O,-mediated
oxidative damage from mouse oocytes and highlights the
mechanism through which H,O, deteriorates oocyte quality.
Our results provide a previously undescribed mechanistic link
between excess H,O, accumulation and poor oocyte quality,
namely, through the disassembly and decreased viability of
the protective CC cloud, which allows the dismantling of the
spindle and chromosomal alignment (CH). These effects may
cause poor oocyte quality and thus poor reproductive out-
comes, which are associated with various inflammatory
conditions.

Materials and Methods

Materials

All the materials used were of highest grade of purity and without
further purification. Hydrogen peroxide, sodium hypochlorite
(NaOCl), ammonium ferrous sulfate (Fe(Il)), human tubular
fluid (HTF) media, anti-o tubulin antibody, fluorescein isothio-
cyanate (FITC)-conjugate antigoat antibody, propidium iodide
(PI), 1% bovine serum albumin (BSA), 0.1% mol/L glycine,
and 0.1% Triton X-100 were obtained from Sigma-Aldrich
(St Louis, Missouri). Normal goat serum (2%) was from Invitro-
gen (Grand Island, New York), and 0.2% powder milk from gro-
cery. Metaphase II (MII) oocytes (with and without CCs) from a
B6C3F1 mouse crossed with a B6D2F1 mouse were obtained
commercially (Embryotech Inc, Haverhill, MA) in cryopre-
served straws using ethylene glycol-based slow freeze cryopre-
servation protocol. We used mature MII oocytes for the purpose
of understanding the defense rendered by the CCs at the mature
cell stage level. Although it is understood that there may be some
loss of antioxidant defense during the expansion as a physiologic
mechanism for preparation of ovulation, we believe that preex-
istence of intact gap junctions for delivery of antioxidant
defense is essential for the prevention of spindle damage during
maturation process in inflammatory states. It is known that the
oocyte spindle repolymerizes to normal structure when incu-
bated in media for 60 to 120 minutes at 37°C and 5% CO,>>->¢
prior to induction of oxidative stress. This mechanism actually
has helped support utilization of frozen oocytes for studying
spindle damage. The use of frozen—thawed oocytes is well
accepted, as many studies have been published in the past utiliz-
ing frozen—thawed oocytes and effects of oxidative stress on
spindle morphology.*’-*%

Methods

Metaphase II mouse oocytes with and without CCs, in triplicate
for each ROS experiment, were transferred from straws to
phosphate-buffered saline (Dulbecco phosphate-buffered sal-
ine [PBS]) and washed to remove excess cryoprotectant for
3 minutes. Oocytes were then transferred to HTF media and
incubated at 37°C and 5% CO, for 60 minutes to allow spindle
repolymerization and attainment of normal oocyte architecture.
The oocytes were then screened for the presence of the polar
body confirming their MII stage. Ten to 20 oocytes from each
group were discarded as they were found to be immature or dis-
played disrupted zona pellucidas. In each ROS experiment, MII
oocytes with and without CCs were divided into 3 groups:
H,0,, "OH, and HOCI treatments.

For H,0, treatment (experiments performed in triplicate),
oocytes were divided into 4 different groups: (group 1,
n = 620) oocytes without CCs incubated with increasing con-
centrations of H,O, (10, 17, 25, 50, and 100 pmol/L), (group 2,
n = 611) oocytes with CCs incubated with increasing concen-
trations of H,O, (10, 17, 25, 50, and 100 pmol/L), (group 3,
n = 62) untreated oocytes with CCs, and (group 4, n = 62)
untreated oocytes without CCs.
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For "OH treatment (experiments performed in triplicate),
oocytes were divided equally into 8 groups: oocytes with
(group 1, n = 171) and without (group 2, n = 171) CCs treated
with increasing concentrations of H,O, (5, 10, and 20 umol/L);
oocytes with (group 3, n = 60) and without (group 4, n = 61)
CCs treated with a fixed concentration of Fe(II), 100 pumol/L;
oocytes with (group 5, n = 173) and without (group 6, n =
191) CCs preincubated with a fixed concentration of Fe (II),
100 pmol/L, and treated with increasing concentrations of
H,0, (5, 10, and 20 pmol/L), under these circumstances all
H,0, was converted to *OH; and untreated oocytes with (group
7, n = 60) and without (group 8, n = 73) CCs. Due to the
instability of "OH and its instant effect on oocyte quality, all
sets were exposed for less than 10 minutes. This short incuba-
tion time also eliminates the effect of H,O, and Fe(Il) alone as
described previously.'” The concentration of Fe(IT), 100 pmol/
L, used in the current study to establish the s OH generating
system has been widely used in previous studies.*”

For HOCI treatment (experiments performed in triplicate),
oocytes were divided into 4 different groups: (group 1, n =
324) oocytes with CCs and (group 2, n = 391) oocytes without
CCs treated with increasing concentrations of HOCI (10, 25,
50, and 100 pmol/L); and (group 3, n = 73) untreated oocytes
with CCs and (group 4, n = 64) untreated oocytes without CCs.
The treated and untreated oocytes were incubated with HOCI
for 15 minutes to ensure maximum effect.

Immunofluorescence Staining and Fluorescence
Microscopy

All treated and untreated oocytes were fixed in a solution prepared
from 2% formaldehyde and 0.2% Triton X-100 for 30 minutes at
25°C.%° The fixed oocytes were treated with blocking solution
(PBS, 0.2% powdered milk, 2% normal goat serum, 1% BSA,
0.1 mol/L glycine, and 0.1% Triton X-100) for 30 minutes, then
washed with PBS for 3 minutes.'** Subsequently, the oocytes
were subjected to indirect immunofluorescence staining by incu-
bating in mouse primary anti-o tubulin antibody against the
microtubule morphology (MT) for 60 minutes and secondary
FITC-conjugated antigoat antibody for 30 minutes.*® The chro-
mosomes were stained using PI and incubated for 15 minutes.*°
Stained oocytes were loaded into an antifade agent on slides with
2 etched rings, and cover slips were affixed using nail varnish. The
alterations in the MT and CH were compared with controls and
scored by 3 blinded observers based on a previously published
scoring system (Figure 1)."%4'%2 Scores of 1 to 4 were assigned
for both MT and CH alterations, with scores 1 and 2 combined for
good outcomes meaning microtubules were organized in a barrel
shaped with slightly pointed poles formed by organized micro-
tubules crosswise from pole to pole, and chromosomes were nor-
mally arranged in a compact metaphase plate at the equator of
the spindle.*'*** Scores of 3 and 4 signified poor outcomes and
consisted of spindle length reduction, disorganization and/or
complete spindle absence, and chromosome dispersion or aber-
rant condensation appearance.*'**> Images were obtained utiliz-
ing both immunofluorescence and confocal microscopy.

Score Microtubule Chromosome
1 1 i
2 | i
i i i
4 Missing %

Figure |. Schematic diagram demonstrating scoring system of micro-
tubule morphology (MT) and chromosomal alignment (CH) alteration
based on previous study by Choi et al*' and Banerjee et al.'®

Confocal Microscopy, Assessment of Microtubules,
and CH

Slides were examined with the Axiovert 25 inverted microscope
(Zeiss, Thornwood, New York) using Texas Red (red) and FITC
(green) fluorescent filters with excitation and emission wave-
lengths of 470 and 525 nm and 596 and 613 nm, respectively.
Confocal images were obtained utilizing a Zeiss LSM 510 META
NLO microscope (Zeiss, Germany). Oocytes were localized
using a 10x magnification lens and spindle alterations assessed
using 40x oil immersion lens. The MT was stained fluorescent
green, which was distinct from the fluorescent red staining of the
chromosomes. Following completion of the experiments, each
oocyte was closely examined for spindle status by 3 independent
observers blinded to the assigned treatment groups. Observers
used comprehensive evaluation of the individual optical sections
and the 3-dimensional reconstructed images.

Viability assay (measurement of COC viability). We used oocytes
with CCs (n = 100) exposed to 10 and 25 pmol/L of each ROS
before fixing followed by addition of 10 pL of trypan blue dye
(Sigma) into the HTF media for 4 minutes. The untreated
oocytes were also subjected to trypan blue dye to determine the
number of viable cells (the dye exclusion test) in the media.
This test is based on the fact that living cells possess intact cell
membranes that will keep out certain dyes (trypan blue and pro-
pidium), whereas dead cells will not. Both control and exposed
groups were examined under the Axiovert 25 light microscope,
and CCs were counted for staining with images obtained.

Connexin 43 immunostaining and fluorescence confocal microscopy.
In this experiment, we grouped the MII mouse cumulus oocytes
(n = 30) in 2 sets in the HTF culture media: (A) control cumu-
lus oocytes and (B) cumulus oocytes incubated with 100 pmol/L
H,0, oocytes for 45 minutes. Then as mentioned earlier,
oocytes were fixed in a solution prepared from 2% formalde-
hyde and 0.2% Triton X-100 for 30 minutes. The fixed oocytes
were treated with blocking solution as described previously for
1 hour, and then washed with PBS for 3 to 5 minutes.
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Figure 2. The effect of increasing concentration of hydrogen peroxide (H,O,), hydroxyl radical (*OH), and hypochlorous acid (HOCI) on
microtubule morphology (MT) of metaphase-ll mouse oocytes in the absence (gray bars) and the presence (green bars) of cumulus cells. A,
The percentage of oocytes with poor scores in MT treated with 0, 10, 17, 25, 50, and 100 umol/L H,O,. B, The percentage of oocytes with
poor scores in MT treated with 0, 5, 10, and 20 umol/L "OH. C, The percentage of oocytes with poor scores in MT treated with 0, 10, 25,
50, and 100 umol/L HOCI. One-way analysis of variance (ANOVA) and independent t test employing SPSS 21.0 were used for statistical analysis.
3P < .05 noncumulus oocytes as compared to control, °P < .05 cumulus oocytes as compared to control, and °P < .05 cumulus compared to
noncumulus oocytes at each concentration. The experiments were conducted with 3 replications, and the error bars represent the standard
error of the mean. (The color version of this figure is available in the online version at http://rs.sagepub.com/)

Subsequently, the oocytes were subjected to indirect immunos-
taining for Cx43 by incubating them in monoclonal anti-Cx43
antibody produced in mouse (1:100; C8093, from Sigma-
Aldrich) over night at 4°C followed by secondary FITC-
conjugated antigoat antibody (1:50) for 30 minutes (green
color). The chromosomes were stained using PI (1:50) and
incubated for 15 minutes to count the granulosa cells before
and after H,O, treatment. Stained oocytes were loaded into
an antifade agent on slides with 2 etched rings, and cover slips
were placed using nail varnish.

Solutions Preparation

The H,0, solution was prepared fresh in phosphate buffer (PH
7.4), while the concentrations of the working solutions were
determined spectrophotometrically (extinction coefficient of
43.6 mol/L™" cm™! at 240 nm).*>*

The HOCI was prepared as described previously with some
modifications.** Briefly, a stock solution of HOCI was pre-
pared by adding 1 mL of NaOCI solution to 40 mL of 154
mmol/L NaCl, and the pH was adjusted to around 3 by adding
HCI. The concentration of active total chlorine species in solu-
tion, expressed as [HOCI]" (where [HOCI]" = [HOCI] + [Cl,]
+ [Cl57] 4+ [OCI7]) in 154 mmol/L NaCl, was determined by
converting all the active chlorine species to OCl™ by adding a
bolus of 40 pL of 5 mol/L NaOH and measuring the concentra-
tion of OCl ™. The concentration of OCl™ was determined spec-
trophotometrically at 292 nm (¢ = 362 mol/L™' cm™'). As
HOCI is unstable, the stock solution was freshly prepared on
a daily basis, stored on ice, and used within l1hour of prepara-
tion. For further experimentation, dilutions were made from the
stock solution using 200 mmol/L phosphate buffer, pH 7.0, to
give working solutions of lower HOCI concentrations.*® Dur-
ing and after the preparation process, all solutions were kept
on ice to minimize decomposition.

Statistical Analysis

Statistical analyses were performed using SPSS version 22.0
(SPSS Inc, Chicago, Illinois). One-way analysis of variance
procedures were performed to compare the percentage of
oocytes with poor outcomes (scores 3 and 4) for MT and CH
between controls and oocytes treated with various oxidant con-
centrations. No transformation was used because a good por-
tion of the data ranged between 0.2 and 0.8. The Tukey post
hoc procedure was used for pairwise comparisons among treat-
ment groups. Statistical significance was indicated by P < .05.
Independent ¢ tests were conducted to compare the cumulus
and noncumulus oocytes for each oxidant concentration.

Results

Effect of ROS on Cumulus Enclosed and Denuded
Oocytes

The majority of both cumulus-enclosed and denuded control
oocytes had good scores (98% and 90%, respectively; Figure 2).
Exposure to HO,, "OH, and HOCI resulted in various detri-
mental effects on oocyte quality as assessed by the poor scoring
of MT and CH. These detrimental effects depended on the pres-
ence or absence of CCs, relative strength of the oxidizing agent,
and its concentration. As shown in Figures 2A and 3 (upper
panel), in the absence of CCs, increasing H,O, concentrations
(10, 17, 25, 50, and 100 pmol/L) were associated with signifi-
cant increases in poor scores of MT (45%, 74.4%, 93.5%,
100%, and 100%, respectively; P <.001). In contrast as shown
in Figure 3 (lower panel), in the presence of CCs, the frequency
of poor MT scores also increased when subjected to similar
concentrations of H,O, but to a lesser extent: 19.8% (P > .05),
33.9% (P < .05), 46.7% (P < .001), 96.7% (P < .001), and
100% (P < .001), respectively (Figures 2A and 3). Similar
results were observed for CH. A similar trend was observed for


http://rs.sagepub.com/

502

Reproductive Sciences 23(4)
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Figure 3. Images showing the effect of different hydrogen peroxide (H,O,) concentrations on oocyte quality obtained using Confocal Zeiss
LSM 510 META NLO microscope. A, Control oocyte without cumulus cells with normal microtubule morphology (MT) and chromosomal align-
ment (CH). B, Oocyte without cumulus cells with altered MT and CH exposed to 25 pmol/L H,O,. C, Oocyte without cumulus cells treated
with 50 pmol/L H,O,;. D, Control oocyte with cumulus cells with normal MT and CH. E, Oocyte with cumulus cells with normal MT and CH
exposed to 25 pmol/L H,O,. F, Oocyte with cumulus cells treated with 50 pmol/L H,O; with altered MT and CH. Scale bars: | pixel, 5 mm for
images A-C and | pixel, 3 mm for images D-F. Red arrows show the MT and the CH alterations. The experiments were conducted with 3

replications.

oocytes treated with increasing concentration of H,O, in the
presence of fixed amounts of Fe(Il), 100 pmol/L. Under these
circumstances, H,O, was immediately converted to "OH in a
1:1 ratio."” Poor scores of MT were higher in the noncumulus
groups at 5, 10, and 20 umol/L (80.3%, 92.2%, and 96.6%,
respectively, P < .001) compared to oocytes with CCs
(10.5%, P> .05; 49.8%, P <.001; and 56.6%, P < .001, respec-
tively), suggesting CC protection (P < .001; Figure 2B).

In contrast to HO, and "OH, nonsignificant independent
t tests revealed that CCs do not offer protection against HOCI
at concentrations of 10 to 100 umol/L (Figure 2C). Poor scores
were noted following increasing HOCI concentrations (10, 25,
50, and 100 pmol/L) for both cumulus (20.7%, 57.9%, 66.1%,
and 100%, respectively) and noncumulus oocytes (30%,
58.3%, 64.6%, and 100%, respectively) compared to controls
(P <.001). Thus, antioxidant machinery provided by CCs may
have selective protection against ROS.

Effect of ROS on Cumulus Cell Number, Dispersion, and
Cx43

To determine the mechanism by which different concentrations
of ROS overwhelm the protective antioxidant machinery pro-
vided by CCs, we next investigated the effect of increasing
concentrations of H,O,, “OH, and HOCI on COC organization,
CC number, and cumulus—CC interaction through staining of

gap junction protein, Cx43, utilizing confocal imaging as well
as cumulus oocytes viability using trypan blue dye exclusion
method. As shown in Figure 4A, untreated oocytes were sur-
rounded by tightly packed highly organized layers of CCs.
After treatment with lower concentrations of H,0, (<25
pmol/L), the COC remained intact and organized with similar
number of CCs observed as compared to controls, reflecting the
preservation of oocyte quality (Figure 4B and C). Treatment
with high H,O, concentrations changed the organized compact
CC mass into a dispersed structure of cells (Figure 4D). In some
cases, these clouds of CCs are small, scattered, and remain
loosely linked to the oocyte (Figure 4). Collectively, these altera-
tions in the oocyte microenvironments upon exposure of the
oocytes with CCs to higher ROS concentrations could explain
the damaging effect of H;O, and "OH to oocyte quality. As
shown in Figure 5A, the control COC, stained for Cx43 (green)
and CH (red), showed organized clustering of CCs surrounding
the oocyte. Oocyte with CCs exposed to a higher H,O, concen-
tration (eg, 100 pmol/L) showed significant decrease in the CCs
number or in some cases complete removal of the CCs compared
with untreated COCs (data not shown). However, the intensity of
Cx43 staining appears similar to control.

Finally, the trypan blue dye exclusion method was used to deter-
mine the viability of the cells after exposure to HOCl and to explain
the failure of CCs to protect oocyte against HOCI. Oocytes without
CCs exposed to higher HOCI concentrations (>25 pmol/L) had a



Shaeib et al

503

Control 10 uM H,0,

A C D
» k]
N

25 uM H,0, 50 uM H,0,

Figure 4. Images of cumulus—oocyte complexes as a function of increasing concentrations of hydrogen peroxide (H,O,) obtained using a
microscope-mounted Axiocam camera with Axiovision software (Zeiss). Panel A is a control of cumulus—oocyte complex (COC) with normal
microtubule morphology (MT), chromosomal alignment (CH), and good organized cluster of cumulus cells surrounding the oocyte. Panels B-D,
oocytes treated with 10, 25, and 50 pmol/L H,O,, respectively. Scale bar: | pixel, 2 mm. Arrow shows decrease in cumulus cells. The experi-

ments were conducted with 3 replications.

e

Untreated

100 uM H,0,

Figure 5. Metaphase-ll mouse cumulus—oocyte complexe (COC)
images obtained with Confocal Zeiss LSM 510 META NLO microscope
showed the effect of hydrogen peroxide (H,O,) on Connexin (Cx) 43
density (n = 20). A, Control COC stained for Cx43 (green) with chro-
mosomal alignment (CH; red) with organized clustering of cumulus cells
surrounding the oocyte. B, COC exposed to 100 pmol/L of H,O, with
significant decrease in the cumulus cells number with decrease in Cx43
staining compared with untreated COC. Results depict observations
from 3 experiments. Scale bar: | pixel, 2 mm. (The color version of this
figure is available in the online version at http://rs.sagepub.com/)

higher intensity of staining compared with untreated controls and
oocytes exposed to lower concentrations of HOCI (Figure 6, upper
panels). Cumulus oocytes showed greater intensity of staining and
significant decrease in CC number at higher concentrations of
HOCI, specifically at 100 pmol/L (Figure 6, lower panels). This
signifies that exposure to HOCl rendered the CCs nonviable, which
could explain the failure of the CCs to provide antioxidant defense
as trypan blue staining was similar between cumulus and noncu-
mulus oocytes (Figure 6). Collectively, the mechanism through
which CCs lose their ability to defend against the effects of ROS
is largely through the partial or complete loss of CCs, which can
be explained by the loss of CC viability.

Discussion

In this work, we investigated the ability of CCs to protect the
oocyte against ROS and elucidate the mechanism and details
of this action. Our results showed that oocytes, with and

without the surrounding CCs, treated with increasing concen-
trations of various ROS exhibited deterioration in oocyte qual-
ity as a function of concentration, when compared to untreated
controls. Cumulus cells demonstrated protection against H,O,
and "OH insult at low concentrations, but this protection was
lost at higher concentrations. Cumulus cells offered no statisti-
cally significant protection against HOCI at any concentration.
In all circumstances in which CCs did not offer protection to
the oocyte, both CC number and viability were decreased as
judged by confocal immunofluorescence and viability staining.
Collectively, the deterioration in oocyte quality may be caused
by a decrease in the antioxidant machinery of the COC by loss
of CCs or the lack of scavengers for specific ROS, and/or the
ability of the ROS to overwhelm these defenses.

Hydrogen peroxide is known to generate cellular toxicity
both independently and through its involvement in the produc-
tion of other ROS.?**”*® Hydroxyl radical, produced by the
H,O,-driven Fenton reaction, is known to be associated with
disorders of iron overload, such as endometriosis and hemo-
chromatosis, in which reproductive failure linked to oxidative
stress is common.'”*”*=! Our current investigation supports
the notion that CC’s, the major components of the cellular layers
directly surrounding the oocyte, provide protection against ROS
only to a certain extent. Indeed, oocyte exposure to low concen-
trations of H,O, in the absence or in the presence of Fe(Il),
where H,0, is instantly converted to *OH, induced little or no
effect on the organized arrangement of surrounding CCs. Under
these circumstances, the oocyte’s protection against H,O,/*OH
insult is due to the antioxidant machinery provided by the CCs
rather than that provided locally by the oocyte. This conclusion
is based on a significant decrease in the percentage of oocytes
with poor scores in the presence versus absence of CCs as a func-
tion of increasing concentration of H,O,/"OH (Figure 2A and
B). In addition to a number of nonenzymatic small molecule
antioxidants that are known to be present in the intact COC,
there are a number of enzymes responsible for H,O, detoxifica-
tion including catalase, glutathione peroxidase, and peroxire-
doxin.*>® These enzymes display the capacity to scavenge
lower concentrations of both H,O,/"OH and protect the oocytes
from their damaging effects.’>*>
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Figure 6. Images of oocytes without (upper panel) and with (lower panel) cumulus cells as a function of increasing concentrations of hypochlor-
ous acid (HOCI) obtained using a microscope-mounted Axiocam camera with Axiovision software (Zeiss). Trypan blue viability staining with
increased stain uptake in oocytes exposed to 0, 10, 25, 50, and 100 pmol/L HOCI). Scale bars: | pixel, 4 mm for images A-C and | pixel, 2 mm for

images D-F. The experiments were conducted with 3 replications.

We have also shown that treatment with high H,O, and *OH
concentrations changed the organized compact CC mass into a
dispersed structure of cells. With high but physiological con-
centrations of these oxidants, the compact clouds of CCs are
scattered and remain loosely linked to the oocyte. At patholo-
gical H,O, and "OH concentrations, the CCs are stretched fur-
ther and finally disconnected from the oocyte. Once the CCs
are dispersed or disconnected from the oocyte, the oocyte has
lost its protection and therefore becomes as susceptible to
ROS insult as noncumulus oocytes.?>’ The loss of CC protec-
tion is due to the partial or complete loss of CC number, which
could be caused by either the loss of CC viability or by the dis-
ruption of CC—cell interactions (Cx43). Our results show the
major factor is the loss of CC viability, which may explain
the mechanism for oxidative stress associated reproductive
failure.

Hydrogen peroxide is also known to be involved in the
production of HOCI mediated by MPO.2%%¢ At all concentra-
tions tested, HOCI treatment was harmful and directly affected
the viability and the number of CCs through its ability to react
with a range of biological molecules, particularly those with
thiol, thiolether, heme proteins, and amino groups leading to
tissue injury.”®>° Recently, we showed that HOCI, in a feed-
back mechanism, degraded the heme ring in MPO, which
released free iron*® and led to "OH generation.'”*” In contrast
to treatment with H,O, and "OH, CCs showed no significant
sign of protection against HOCI at any concentration.
We have recently shown that ONOO™, like HOCI, mediates
damage to MT and CH alignment.*® After exposure to both
reagents, CCs were stripped from the oocyte, and oocyte viabi-
lity was significantly compromised. Such compromise could
occur either due to the deficiency of specific enzymatic and
nonenzymatic antioxidants that help to scavenge ROS through-
out the female reproductive tract.®*!

The CCs undergo cytodifferentiation, proliferation, and
expansion and are important during early oocyte growth and
development, maturation, ovulation, and fertilization.>**
Most infertility disorders are associated with decline in CC
number, spindle abnormalities, and an altered cumulus oocyte
association, leading to poor oocyte quality, as well as poor
reproductive outcomes.*?#627:95-¢7 Therefore, the presence
of CCs maintained in correct organization relative to the oocyte
appears necessary for the protection and function of the oocyte.
Fatehi et al have demonstrated that intact CCs during in vitro
fertilization protected bovine oocytes against oxidative stress
and improved first cleavage.®’ In addition, incomplete denuda-
tion of oocytes prior to intracytoplasmic sperm injection (ICSI)
enhances embryo quality and blastocyst development.®’
Furthermore, the removal of CCs before complete oocyte
maturation showed a premature migration with partial exocyto-
sis of cortical granules®® as well as adversely affects early
embryonic development.®®-"°

It has also been shown that apoptosis rates of human CC
from morphologically abnormal oocytes were significantly
higher than morphologically normal oocytes examined under
transmission electron microscopy.” An increase in CC apopto-
sis has also been associated with immaturity of human oocytes,
impaired fertilization, and suboptimal embryo development.?
The mutual dependency of the oocyte and the CCs involves a
complex and varied set of interactions, and the functionality
of COC depends on the individual competence and cooperation
of both the CCs and the oocyte.?

In conclusion, the intact arrangement of viable, functional
CCs around the oocyte is paramount to the quality and repro-
ductive capacity of the oocyte. Enhancement in the production
or defective elimination of ROS and subsequent oxidative
stress may be associated with infertility through a mechanism
that involves the COC dysfunction and deterioration in oocyte
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quality. The mechanisms through which the different ROS
affect oocyte quality are through CC apoptosis, causing decreased
number of CCs or decrease in CC viability. H,O, like "OH,
decreased the viability of CCs; however at high concentrations
decreased the number as well. HOCI, like ONOQO™, stripped the
CCs from the oocyte as well as dissolved the zona pellucida. The
severity of the insult of ROS on cumulus—cumulus and cumu-
lus—oocyte interaction depends mainly on the bioavailability
of the antioxidant machinery provided by CCs and the scaven-
ging ability of these antioxidants. When increasing ROS con-
centrations overwhelm the antioxidant machinery provided by
the oocyte and/or CCs, the mechanism of damage is most likely
to be similar in both CCs and oocyte.
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