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Detection of Lipid Peroxidation in Equine Spermatozoa
Based Upon the Lipophilic Fluorescent Dye C11-BODIPY581/591
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ABSTRACT: The lipophilic fluorescent probe, 4,4-difluoro-5-(4-phe-
nyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic
acid (C11-BODIPY581/591) was used to evaluate changes in lipid per-
oxidation in equine spermatozoa during both short-term exposure to
ferrous sulfate and sodium ascorbate in the presence of cumene
hydroperoxide as well as during storage of spermatozoa at 5�C for
48 hours. Peroxidation of C11-BODIPY581/591 was accompanied by a
shift in fluorescence from red to green, and the relative amount of
nonoxidized probe was determined as the ratio of red:(red � green)
fluorescence as detected by either fluorescence microplate reader
or by flow cytometry. The addition of Fe2SO4 (0 to 0.5 mM), low
concentrations of sodium ascorbate, and the addition of cumene hy-
droperoxide increased peroxidation of C11-BODIPY581/591. The addi-
tion of high concentrations (10 or 20 mM) of sodium ascorbate or �-
tocopherol reduced peroxidation of C11-BODIPY581/591 during short-

term incubations. During storage at 5�C in a skim milk–based ex-
tender, equine spermatozoa demonstrated a progressive decline in
motility and a small but significant increase in lipid peroxidation
based upon ratiometric analysis of C11-BODIPY581/591. The addition
of Fe2SO4 increased lipid peroxidation in cooled spermatozoa in a
dose-dependent fashion and decreased sperm motility. The addition
of �-tocopherol, however, did not reduce lipid peroxidation during
cooled semen storage. These data demonstrate that the lipophilic
fluorescent probe C11-BODIPY581/591 is a useful measurement of lipid
peroxidation in equine spermatozoa and that there is an increase in
lipid peroxidation during cooled storage of equine spermatozoa that
is increased in the presence of ferrous promoters.

Key words: Stallion, semen, oxidative stress, �-tocopherol, fluo-
rescent probe.

J Androl 2002;23:259–269

Equine spermatozoa, like those of other mammals,
have a relatively high content of polyunsaturated fat-

ty acids in their plasma membrane (Komarek et al, 1965;
Parks and Lynch, 1992). The high polyunsaturated fatty
acid content of spermatozoa is believed to be important
in maintaining the fluidity and fusogenicity of the mem-
brane, which are important in events such as acrosomal
exocytosis (Flesch and Gadella, 2000). Unfortunately, the
high polyunsaturated fatty acid content of sperm mem-
brane also increases the susceptibility of spermatozoa to
peroxidative damage (Jones and Mann, 1973; Aitken et
al, 1993b; Storey, 1997; Halliwell and Gutteridge, 1999).
Lipid peroxidation proceeds with the extraction of hydro-
gen and the formation of a number of reactive interme-
diates that can result in a chain reaction or propagation
of peroxidation within the membrane (Aitken et al,
1993b; Storey, 1997). Extensive membrane lipid peroxi-
dation results in a loss of membrane fluidity (Borst et al,
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2000) and a concomitant loss of sperm function (Aitken
et al, 1993b). Changes in sperm function as a conse-
quence of lipid peroxidation include decreased sperm-oo-
cyte fusion (Aitken et al, 1993a; Kodama et al, 1996),
reduced sperm motility (Alvarez and Storey, 1982, 1983,
1984; Aitken et al, 1993a), alteration in membrane per-
meability and metabolism (Jones and Mann, 1977; Jones
et al, 1979; Ohta et al, 1989), as well as damage to sperm
chromatin (Hughes et al, 1996; Kodama et al, 1997; Don-
nelly et al, 1999).

Previously, detection of membrane lipid peroxidation
in spermatozoa has been based primarily on the detection
of end products of lipid peroxidation such as malondi-
aldehyde or 4-hydroxyalkenals (Jones and Mann, 1973;
Aitken et al, 1993b; Gomez et al, 1998; Baumber et al,
2000) or by the evaluation of extracted membrane lipids
using thin-layer chromatography (Jones and Mann, 1977;
Alvarez and Storey, 1992). Although these methods are
sensitive and can detect the end-point reaction products
of lipid peroxidation, they are relatively elaborate and
provide only an indirect measure of lipid peroxidation
without subcellular resolution of the membrane changes
(Pap et al, 2000).

As an alternative to the detection of end products such
as malondialdehyde, a variety of lipophilic fluorescent
probes have been used to assess lipid peroxidation in so-
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matic cells. These include cis-paranaric acid (van den
Berg et al, 1992) and various derivative of fluoroscein
(Makrigiorgos et al, 1997; Chung and Benzie 2000). Re-
cently, the application of a fluorescent fatty acid probe,
4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-
diaza-s-indacene-3-undecanoic acid (C11-BODIPY581/591)
has been described in a number of studies with somatic
cells as a means to monitor lipid peroxidation in living
cells (Naguib, 1998; Pap et al, 1999, 2000; Borst et al,
2000). The probe has the advantage of being used in a
ratiometric method to determine membrane lipid peroxi-
dation, which reduces problems with artifacts due to dif-
ferences in uptake and distribution of the probe (Pap et
al, 2000). The probe shifts from red (em � 581; ex �
591) to green (ex � 500; em � 510) upon oxidation, and
the ratio of red and green fluorescence has been used as
a measurement of lipid peroxidation in living cells (Pap
et al, 2000). The dye is relatively nonfluorescent in so-
lution and has been evaluated by fluorescence microplate
reader, by epifluorescence microscopy, by confocal mi-
croscopy, and by flow cytometry (Pap et al, 1999, 2000).
The fluorescence changes in C11-BODIPY581/591 reflect in-
directly the oxidation of unsaturated fatty acids (Borst et
al, 2000), and the peroxidation rate of C11-BODIPY581/591

is comparable to that of endogenous fatty acids (approx-
imately twofold greater than arachadonic acid; Pap et al,
1999). The probe possesses 2 conjugated double bonds
that are susceptible to oxidation, and oxidation of these
diene bonds results in a shift in the wave length for both
excitation and emission of the probe (Naguib, 1998; Borst
et al, 2000).

The objective of the study reported here was to eval-
uate lipid peroxidation of equine spermatozoa based upon
evaluation of the ratiometric fatty acid probe, C11-BOD-
IPY581/591, and to evaluate lipid peroxidation in sperma-
tozoa stored for 48 hours at 5�C.

Materials and Methods

Reagents
Unless otherwise noted, all chemicals and reagents were ob-
tained from Sigma Chemical Company, St Louis, Mo. C11-BOD-
IPY581/591 was obtained from Molecular Probes (Eugene, Ore).
Because bovine serum albumin (BSA) acts as an antilipoperox-
idative agent (Alvarez and Storey, 1995), a modified Tyrodes
medium (TALP) in which BSA was replaced by polyvinyl al-
cohol (1.0 mg/mL) was used in all experiments (Bavister, 1989).

Sample Preparation
Semen samples were collected from light-horse stallions with an
artificial vagina and filtered to remove gel. Raw semen was lay-
ered on a discontinuous Percoll gradient (40%/80%) and centri-
fuged (300 � g for 20 minutes) to isolate motile spermatozoa
from seminal plasma (Drobnis et al, 1991). Spermatozoa were

then washed in a modified TALP (325 mOsm) and resuspended
to a concentration of 200 � 106 cells/mL. Washed spermatozoa
were loaded with 10 �M C11-BODIPY581/591 in dimethyl sulfox-
ide (DMSO; final concentration �1%) for 30 minutes at 38�C.
Unbound probe was removed by centrifugation, and sperm were
resuspended to a concentration of 400 � 106 cells/mL in mod-
ified TALP.

Measurement of C11-BODIPY581/591 Fluorescence
After loading with C11-BODIPY581/591 and application of appro-
priate treatments, the samples were aliquoted in duplicate or trip-
licate wells of a 96-well microplate (100 � 106 cells/mL; 200
�L final volume), and fluorescence was determined with a mi-
croplate reader (Model HTS 7000, Perkin-Elmer; Norwalk,
Conn). Depending upon the experiment, plates were evaluated
at 5- to 15-minute intervals for red and green fluorescence for a
period of 30 to 120 minutes. Between times, plates were main-
tained at 38�C in 5% CO2. In order to determine both red and
green fluorescence of C11-BODIPY581/591 each microplate was
evaluated at the following excitation and emission wavelengths:
red, �excitation � 590 and �emission � 635 nm; green, �excitation � 485
and �emission � 535 nm.

In addition to red and green fluorescence, the ratio of red:(red
� green) fluorescence was determined as a measure of oxidation
of C11-BODIPY581/591 (Pap et al, 1999, 2000). Blank wells eval-
uated included sperm in modified TALP alone as well as C11-
BODIPY581/591 without sperm and modified TALP alone.

Experiment 1—Effect of Cumene Hydroperoxide and
Promoters
After loading with C11-BODIPY581/591 sperm were incubated with
cumene hydroperoxide (CuOOH: 0, 25, 50, 75, or 100 �M) in
the presence of 0.64 mM Fe2SO4 and 20 mM sodium ascorbate
(Gomez et al, 1998; Baumber et al, 2000; experiment a). In a
subsequent experiment, sperm loaded with C11-BODIPY581/591

were incubated with CuOOH (0 or 50 �M), Fe2SO4 (0, 0.01,
0.05, 0.10, or 0.50 mM) and sodium ascorbate (0, 0.1, 0.5, or
10 mM) (experiment b). In both experiments, red and green fluo-
rescence were determined at 15-minute intervals for 120 min-
utes.

Experiment 2a—Effect of �-Tocopherol
After loading with C11-BODIPY581/591, spermatozoa were incu-
bated with �-tocopherol (0, 100, or 500 �M) for 15 minutes.
Samples were then incubated with 50 �M CuOOH, Fe2SO4 (0.01
or 0.05 mM), and sodium ascorbate (0, 0.1, 10, or 20 mM). Red
and green fluorescence were determined at 15-minute intervals
for 75 minutes.

Experiment 2b—Effect of �-Tocopherol With Varying
CuOOH Concentrations
In an additional experiment, spermatozoa loaded with C11-BOD-
IPY581/591 were incubated with �-tocopherol (0, 50, or 500 �M)
for 15 minutes. Samples were then incubated with CuOOH (0,
25, 50, or 75 �M), 0.05 mM Fe2SO4, and sodium ascorbate (0
or 0.1 mM). Red and green fluorescence were determined at 10-
minute intervals for 30 minutes.

At the termination of each of these experiments, a separate
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Figure 1. Red (hatched bar) and green (solid bar) fluorescence intensity
(expressed as relative fluorescence units, rfu) for spermatozoa before
(sperm alone) and after (labeled sperm) loading with 10 �M C11-BODI-
PY581/591 and for TALP with or without 10 �M C11-BODIPY581/591.

aliquot of each sample was subjected to flow cytometry for the
simultaneous determination of red and green fluorescence. Sam-
ples were diluted to a concentration of 10 � 106 cells/mL in
modified TALP. A total of approximately 10 000-gated events
were analyzed per sample via flow cytometry (FACScan; Bec-
ton-Dickinson, Franklin Lakes, NJ). The green fluorescence
(FL1) was collected through a 525-nm bandpass filter and the
red fluorescence (FL2) was collected through a 635-nm bandpass
filter. The mean channel fluorescence was determined for both
red and green and a ratio of red:(red � green) was determined
as for the microplate reader.

Experiment 3—Lipid Peroxidation in Chilled
Spermatozoa
Immediately after collection, raw semen was diluted (1:1 v/v)
with a nonfat, dried skim milk extender (NFDSM extender, EZ-
mixin; Animal Reproduction Resources, Chino, Calif). Sper-
matozoa were separated from seminal plasma by centrifugation
(300 � g for 10 minutes at 20�C), and resuspended to 200 �
106 cell/mL in extender. Washed spermatozoa were loaded with
10 �M C11-BODIPY581/591 in DMSO (final concentration �1%)
for 30 minutes at 38�C. Unbound dye was removed by centri-
fugation, and sperm were resuspended to a concentration of 50
� 106 cells/mL in NFDSM extender. Treatments were as follows:
control (0 mM Fe2SO4 and 0 mM sodium ascorbate), promoters
(Fe2SO4, 0, 0.05, 0.1, 0.5 mM), and sodium ascorbate (0 or 0.1
mM), as well as �-tocopherol (1.0 or 10 mM). Triplicate samples
were prepared for each treatment (1.0 mL final volume in a 1.5-
mL microcentrifuge tube) for subsequent analysis at 0, 24, and
48 hours. Samples were transferred to a 600-mL water bath
(30�C) in a polystyrene box and stored at 5�C. At 0, 24, and 48
hours, sperm motility was determined via computer-assisted se-
men analysis (CASA; HTM CEROS, Hamilton-Thorne Re-
search, Beverly, Mass) after samples were warmed to 37�C for
10 minutes (except for the sample at 0 hours, which was ana-
lyzed immediately).

Motility analysis was conducted by CASA, and fluorescence
of C11-BODIPY581/591 was determined at 0, 24, and 48 hours after
spermatozoa were washed by centrifugation (300 � g for 10
minutes) and resuspended in modified TALP before determining
red and green fluorescence intensity.

Statistical Analysis
Data were analyzed by repeated measures analysis of variance,
and differences between individual means were compared with
the Fisher protected least-significant difference. In some exper-
iments, data were analyzed by regression analysis or by the Pear-
son correlation coefficient (Statview, SAS Institute, Cary, NC).
Data are presented as least-squares means 	 SEM.

Results

Experiment 1—Effect of CuOOH and Promoters
After initial loading of the probe, green fluorescence of
spermatozoa loaded with C11-BODIPY581/591 was similar
to that of spermatozoa without the probe, whereas red

fluorescence was significantly increased in spermatozoa
loaded with probe compared with spermatozoa alone
(Figure 1). Spermatozoa loaded with the probe had a
higher red fluorescence but similar green fluorescence in-
tensity compared to 10 �M C11-BODIPY581/591 in TALP
alone (Figure 1).

There was a significant (P � .001) effect of CuOOH
concentration and time on peroxidation of C11-BODI-
PY581/591 in the presence of promoters as determined by
changes in green and red fluorescence as well as the ratio
of red:(red � green) during the 120-minute incubation
period (Figure 2). Cumene hydroperoxide concentrations
of 
75 �M resulted in a decreased green and subsequent-
ly an increased red:(red � green) ratio. Regression anal-
ysis indicated a significant (P � .0001) concentration de-
pendent effect of CuOOH on green and red fluorescence
as well as the ratio after 120 minutes of incubation based
upon a second-order polynomial regression (Figure 3).
Oxidation of the probe was greatest (P � .01) during the
first 30 minutes of incubation; however, red, green, and
ratio fluorescence differed at 0 hours, indicating that per-
oxidation of the probe was well underway before the first
analysis.

In experiment 1b, there were significant (P � .05) ef-
fects of Fe2SO4, CuOOH, sodium ascorbate, and time on
peroxidation of C11-BODIPY581/591 as determined by
changes in ratio fluorescence (Figure 4). There was a sig-
nificant (P � .05) time by treatment interaction for
Fe2SO4 and ascorbate. Across all concentrations of
Fe2SO4 and sodium ascorbate, peroxidation of C11-BOD-
IPY581/591 was increased (P � .01) in the presence of
CuOOH. In the absence of CuOOH and ascorbate, there
was a significant (P � .05) concentration-dependent effect
of Fe2SO4. The addition of CuOOH or low (0.1 or 0.5
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Figure 2. Effect of CuOOH (0 �M, �; 25 �M, �; 50 �M, �; 75 �M, �; or 100 �M, �) in the presence of 0.64 mM Fe2SO4 and 20 mM sodium
ascorbate on relative fluorescence intensity (rfu: green and red) and ratiometric fluorescence intensity (red:(red � green)) of equine spermatozoa
loaded with 10 �M C11-BODIPY581/591 during a 120-minute incubation. Data are mean 	 SEM.

mM) concentrations of ascorbate resulted in an increased
lipid peroxidation at all concentrations of Fe2SO4 of more
than zero; however, in the absence of ferrous promoter,
CuOOH or ascorbate did not increase lipid peroxidation.
The addition of 10 mM sodium ascorbate reduced the
peroxidation of C11-BODIPY581/591 compared with lower
concentrations of sodium ascorbate (Figure 4).

Experiment 2a—Effect of �-Tocopherol
There were significant (P � .05) effects of Fe2SO4, so-
dium ascorbate, �-tocopherol, and time on peroxidation
of C11-BODIPY581/591 as determined by ratiometric anal-
ysis of fluorescence intensity (Figure 5). There was a sig-
nificant (P � .0001) time by treatment interaction for all
treatments. The addition of �-tocopherol reduced (P �
.01) peroxidation of C11-BODIPY581/591 in a dose-depen-
dent manner. The addition of 0.05 mM Fe2SO4 increased
peroxidation of the probe compared with 0.01 mM
Fe2SO4. The addition of 0.1 mM sodium ascorbate in-

creased (P � .05) peroxidation of C11-BODIPY581/591,
whereas the addition of higher concentrations (10 or 20
mM) of sodium ascorbate decreased (P � .05) peroxi-
dation of the probe (Figure 5).

There was a strong positive correlation between mean
channel fluorescence determined by flow cytometry and
relative fluorescence intensity measured via the micro-
plate reader for ratiometric fluorescence values (R � 0.80;
P � .0001). Within individual replicates, correlation co-
efficients ranged from 0.85 to 0.99 (data not presented).

Experiment 2b—Effect of �-Tocopherol With Varying
CuOOH Concentrations
There were significant (P � .001) main effects of Cu-
OOH, sodium ascorbate, �-tocopherol, and time on per-
oxidation of C11-BODIPY581/591 as determined by ratiom-
etric analysis of fluorescence intensity (Figure 6). There
was a significant (P � .0001) time-by-treatment interac-
tion for all treatments as well as a significant interaction
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Figure 3. Regression plots for CuOOH concentration versus green, red,
and ratio fluorescence of equine spermatozoa loaded with 10 �M C11-
BODIPY581/591 after 120-minute incubation in the presence of 0.64 mM
Fe2SO4 and 20 mM sodium ascorbate. Data are expressed as second-
order polynomial regressions, and the regression equations are pre-
sented within individual graphs.

between ascorbate and �-tocopherol. The addition of 0.1
mM ascorbate increased (P � .0001) peroxidation of C11-
BODIPY581/591. In the absence of ascorbate, CuOOH did
not affect peroxidation of the probe, and the addition of
500 �M �-tocopherol reduced (P � .05) peroxidation of
the probe (data not shown). In the presence of 0.1 mM
ascorbate, the addition of all concentrations of CuOOH
increased (P � .05) peroxidation of the probe; however,
there was no dose response detected across the range of
concentrations used. In the presence of 0.1 mM ascorbate,
�-tocopherol reduced (P � .05) peroxidation of the probe
in a dose-dependent manner.

Evaluation of spermatozoa loaded with C11-BODIPY581/591

by flow cytometry after a 30-minute incubation revealed

significant (P � .001) effects of CuOOH, sodium ascorbate,
and �-tocopherol on the ratio of mean channel fluorescence
(Figure 7). The addition of �-tocopherol reduced the per-
oxidation of C11-BODIPY581/591 (P � .0001) based upon
the ratio of mean channel fluorescence in a dose-depen-
dent manner. The addition of 0.1 mM ascorbate increased
(P � .0001) peroxidation of C11-BODIPY581/591, and the
addition of all concentrations of CuOOH increased (P �
.0001) peroxidation of the probe; however, there was no
dose response detected across the range of CuOOH con-
centrations used.

There was a strong positive correlation between the
ratio of mean channel fluorescence determined by flow
cytometry and the ratio of relative fluorescence intensity
measured via the microplate reader (R � 0.80; P � .0001;
Figure 8). For individual replicates, correlation coeffi-
cients ranged from 0.71 to 0.92.

Experiment 3—Lipid Peroxidation in Chilled
Spermatozoa
There were significant (P � .0001) effects of Fe2SO4 and
time, but not sodium ascorbate on peroxidation of C11-
BODIPY581/591 as determined by the ratio of red:(red �
green) fluorescence (Figure 9a) as well as on sperm mo-
tility (Figure 9b). The addition of increasing concentra-
tions of Fe2SO4 increased (P � .01) peroxidation in a
dose-dependent manner (Figure 9a). However, only the
highest concentration of Fe2SO4 (0.5 mM) significantly
reduced sperm motility (Figure 9b). The addition of either
1 or 10 mM �-tocopherol did not affect peroxidation of
C11-BODIPY581/591 or progressive motility during sperm
storage at 5�C for 48 hours (data not shown). In the ab-
sence of either promoters or �-tocopherol, there was a
slight but significant (P � .01) increase in peroxidation
during the 48-hour storage at 5�C (Figure 9a).

Discussion

Application of C11-BODIPY581/591 to Evaluate Oxidative
Stress in Equine Spermatozoa
In the present study, the lipophilic probe C11-BODIPY581/591

was used to determine the oxidation status of equine sper-
matozoa. Based upon previous reports, this probe appears
to have several advantages over other oxidation-sensitive
fluorescent probes (Pap et al, 1999, 2000), and our present
findings support the usefulness of this probe to evaluate
oxidative stress in equine spermatozoa. Because the C11-
BODIPY581/591 probe is lipophilic, it is readily loaded into
cell membranes. Although not critically tested in our stud-
ies, the probe did not appear to adversely affect sperm
viability during prolonged exposure (up to 48 hours for
cooled spermatozoa; data not presented), and as such, is
compatible with evaluation of lipid oxidation status of



264 Journal of Andrology · March/April 2002

Figure 4. Effect of Fe2SO4 (0.0 mM, �; 0.01 mM, �; 0.05 mM, �; 0.1 mM, �; and 0.5 mM, �), sodium ascorbate (0, 0.1, 0.5, or 10 mM) in the
presence of 50 �M CuOOH on ratiometric fluorescence of equine spermatozoa loaded with 10 �M C11-BODIPY581/591. Data are mean 	 SEM.

live spermatozoa. In the present study, results obtained
with the fluorescence microplate reader agreed well with
those obtained via flow cytometry based upon the ratiom-
etric evaluation of the red (nonoxidized) and green (oxi-
dized) form of the probe when compared at either 30 or
75 minutes after the application of an oxidative stress.
The multi-well approach is particularly well suited for the
evaluation of the effects of multiple promoters and anti-
oxidants in dose-response studies as presented here.

Effect of CuOOH, Promoters, and Antioxidants on
Oxidation of C11-BODIPY581/591

Organic hydroperoxides such as CuOOH have been used
frequently in the study of lipid peroxidation (van den
Berg et al, 1992; Borst et al, 2000). Cumene hydroper-
oxide appears to act via the addition of a hydroperoxide
to unsaturated double bonds, and the reaction is signifi-
cantly increased in the presence of metal ions (van den

Berg et al, 1992; Borst et al, 2000). In our study, CuOOH
induced a dose-dependent increase in oxidation of C11-
BODIPY581/591 in the presence of 0.64 mM Fe2SO4 and 20
mM ascorbate. In contrast, in the absence of a ferrous
promoter and ascorbate, CuOOH did not induce an in-
crease in peroxidation of C11-BODIPY581/591. In experi-
ment 1a, C11-BODIPY581/591 was oxidized in a dose-de-
pendent manner in the presence of CuOOH plus promot-
ers; however, concentrations of CuOOH greater than 75
�M appeared to result in a decline in green fluorescence
and a slight increase in red fluorescence. This change re-
sulted in a higher ratio of red:(red � green) fluorescence.
The reason for the reduced green fluorescence with
CuOOH concentrations higher than 75 �M is not clear,
although self-quenching or resonance energy transfer has
been suggested to alter fluorescence intensity with this
probe (Pap et al, 2000).

In subsequent experiments there was not a significant
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Figure 5. Effect of �-tocopherol on peroxidation of equine spermatozoa loaded with 10 �M C11-BODIPY581/591 in the presence of 50 �M CuOOH, 0.01
mM Fe2SO4, and sodium ascorbate (0, 0.1, 10, or 20 mM). Spermatozoa were incubated with �-tocopherol (0 �M, �; 100 �M, �; 500 �M, �; or 1.0
mM, �). Data are mean 	 SEM.

dose-response effect for the addition of CuOOH in the
presence of lower concentrations of promoters. In these ex-
periments, it appears that the promoter concentration may
have limited the rate of oxidation of C11-BODIPY581/591. Sim-
ilar observations were made previously in experiments in
which hemin concentrations limited the rate of oxidation of
C11-BODIPY581/591 with CuOOH (Pap et al, 1999).

As previously demonstrated, the addition of low con-
centrations of ferrous promoter and ascorbate significantly
increased lipid peroxidation in the absence of CuOOH.
Ascorbate plus Fe2� promoters have been used extensive-
ly to induce rapid lipid peroxidation in a variety of cell
types including spermatozoa (Jones and Mann 1977; Ait-
ken et al, 1993b; Kodama et al, 1996; Storey, 1997; Gom-
ez et al, 1998). The ferrous ion promotes the catalysis of
lipid peroxides to alkoxyl and peroxyl radicals, which ap-
pear to be important in the propagation of the chain re-
action of lipid peroxidation in the sperm membrane (Ait-

ken et al, 1993b). Ferrous sulfate increased oxidation of
C11-BODIPY581/591 in a dose-dependent fashion in the ab-
sence of CuOOH, and low concentrations of sodium
ascorbate appeared to enhance the oxidation of C11-BOD-
IPY581/591. This effect appears to be due to the pro-oxidant
effect of low concentrations of ascorbate, which act to
promote oxidation by redox cycling of Fe3� to Fe2�

(Buettner and Jurkiewicz 1996). At higher concentrations
ascorbate acted as an antioxidant. This concentration-de-
pendent crossover effect of ascorbate has been well char-
acterized (Buettner and Jurkiewicz 1996).

Higher concentrations of the water-soluble antioxidant,
ascorbate, and �-tocopherol decreased oxidation of C11-
BODIPY581/591 in a dose-dependent manner. Although �-
tocopherol reduced the rate of lipid peroxidation, some
oxidation of C11-BODIPY581/591 continued in the presence
of CuOOH and promoters during incubation. The anti-
oxidant is eventually consumed, and the resulting toco-
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Figure 6. Effect of �-tocopherol (0 �M, �; 50 �M, �; or 500 �M, �) in the presence of 0.1 mM ascorbate, and CuOOH (0 �M, 25 �M, 50 �M, or 75
�M) on peroxidation of spermatozoa loaded with 10 �M C11-BODIPY581/591. Data are mean 	 SEM.

pheroxyl radical must be reduced to regenerate �-tocoph-
erol (Niki, 1996). Ascorbate appears to act synergistically
with �-tocopherol via the regeneration of �-tocopherol
from its oxidized form (Buettner and Jurkiewicz 1996;
Niki, 1996). In our study, there were significant interac-
tions between ascorbate and �-tocopherol in the extent of
lipid peroxidation induced by CuOOH and promoters.

Evaluation of Lipid Peroxidation in Equine Spermatozoa
Stored at 5�C
Although a decline in sperm motility and viability is not-
ed during cooled storage, there has been little research to
examine changes in membrane lipid peroxidation in
equine spermatozoa during storage at 5�C. Our present
results indicate that during storage for 48 hours, there was
an increase in peroxidation of C11-BODIPY581/591 accom-
panied by a decline in motility. Further, the addition of a

ferrous promoter increased lipid peroxidation and de-
creased motility of equine spermatozoa stored at 5�C. Al-
though there is little information available concerning lev-
els of either free or bound iron in stallion semen, a recent
report indicated that the iron-binding protein, lactoferrin,
was a major secretory protein in the equine epididymis
(Fouchecourt et al, 2000). It appears that lactoferrin may
associate with spermatozoa (Jin et al, 1997) and may act
to decrease the amount of free iron available to initiate
lipid peroxidation. Together, these studies suggest that
metal ion contamination of semen during processing
could result in adverse effects on semen storage due to
increased lipid peroxidation.

The addition of micromolar amounts of �-tocopherol
did not decrease oxidative stress in equine spermatozoa
stored at 5�C. Likewise, we previously reported that the
addition of similar concentrations of �-tocopherol did not
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Figure 7. Effect of CuOOH (0, 25, 50, or 75 �M) and �-tocopherol (0
�M, solid bar; 50 �M, hatched bar; 500 �M, open bar) on the ratio of
mean channel fluorescence (red:(red � green)) of equine spermatozoa
loaded with 10 �M C11-BODIPY581/591 after 30-minute incubation in the
presence of 0.05 mM Fe2SO4 in the absence of ascorbate (a) or in the
presence (b) of 0.1 mM sodium ascorbate.

Figure 8. Relationship between the ratio of mean channel fluorescence
(red:(red � green)) determined by flow cytometry and the ratio of fluo-
rescence intensity determined by the microplate reader for equine sper-
matozoa loaded with 10 �M C11-BODIPY581/591 after 30-minute incubation
in the presence of 0.05 mM Fe2SO4 as determined by linear regression
analysis. Regression equations and corresponding coefficients of deter-
mination are shown for individual experiments.

Figure 9. Effect of Fe2SO4 on peroxidation of equine spermatozoa loaded
with 10 �M C11-BODIPY581/591 as determined by the ratio of red:(red �
green) fluorescence (top panel) as well as progressive motility (bottom
panel) of spermatozoa (determined by CASA) during 48-hour storage at
5�C.

improve the maintenance of motility of equine sperma-
tozoa during storage at 5�C (Ball et al, 2001). These ob-
servations for equine semen differ from a recent study
with boar semen in which the addition of �-tocopherol
improved both the maintenance of motility as well as de-
creased levels of malondialdehyde present during storage
at 19�C (Cerolini et al, 2000). These differences suggest
that considerable species or technical differences exist in
the effect of vitamin E on maintenance of sperm motility
and viability. For example, positive effects have been re-
ported in stored turkey spermatozoa (Donoghue and Don-
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oghue 1997), but not in ram spermatozoa (Upreti et al,
1997). In addition, a number of factors may alter the rate
of lipid peroxidation in spermatozoa. The rate of lipid
peroxidation increases with temperature, dissolved O2

content, decreased pH, and the relative unsaturation of
membrane lipids (Storey, 1997). There also appear to be
wide differences in the type and relative antioxidant ca-
pacity between semen samples from different species
(Ball et al, 2000) that may also influence susceptibility to
lipid peroxidation. The composition of media or extender
used may further affect antioxidant capacity of a sample
(Storey, 1997). Therefore, differences in the relative effect
of Vitamin E may be due to storage conditions (5�C vs
19�C), membrane lipid composition, or relative levels of
antioxidants and enzyme scavengers between semen from
different species.
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