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Abstract

Mitochondria play an important role in sperm cell maturation and function. Here, we examined whether (and
how) changes in sperm redox milieu affect the functional status of sperm mitochondria, that is, sperm func-
tionality. Compared with the control, incubation in Tyrode’s medium for 3 h, under noncapacitating conditions,
decreased sperm motility, the amount of nitric oxide (�NO), the number of MitoTracker� Green FM (MT-G)
positive mitochondria, and the expression of complexes I and IV of the mitochondrial respiratory chain. In turn,
superoxide dismutase (SOD) mimic (M40403) treatment restored/increased these parameters, as well as the
expression of endothelial nitric oxide synthase, manganese SOD, and catalase. These data lead to the hypothesis
that M40403 improves mitochondrial functional state and motility of spermatozoa, as well as �NO might be
involved in the observed effects of the mimic. Antioxid. Redox Signal. 18, 170–178.

Human Sperm Mitochondrial Function

In sperm cells, mitochondria play an important role in
spermatogenesis, differentiation, acrosome reaction, oocyte

fusion, and fertilization (5). It was firmly demonstrated re-
cently that mitochondrial functionality is positively correlated
with human sperm fertilization ability and quality (7). The
major determinants of sperm mitochondrial functionality are
the activity and expression of components of the electron
transport chain (ETC), as well as mitochondrial membrane
potential (MMP) (5). Thus, it is not surprising that any dis-
ruption of the mitochondrial ETC or MMP is associated with
decreased sperm motility, reduced sperm fertilization poten-
tial, and, subsequently, male infertility (5).

Conversely, mitochondria represent major production
sites and targets for reactive oxygen and nitrogen species
(ROS and RNS, respectively) (5). During the last decade, the
multiple regulatory effects of nitric oxide (�NO) on mito-
chondrial function have become evident. The roles of ROS/
RNS in reproduction have rapidly expanded with evidence
accumulating which show that, in physiological concen-
trations, in particular, the superoxide anion radical (O2

� - )
and �NO seem to be crucial in regulating sperm capacita-

tion and acrosome reactions, two processes required for
sperm to acquire fertilizing ability (1). However, the
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molecular basis of ROS/RNS actions on sperm functional-
ity, in particular their influence on the functional status of
sperm mitochondria (MMP and expression of respiratory
chain components), is still unknown.

To examine the role of O2
� - and �NO in reproduction, the

use of compounds that modulate the activity of enzymes in-
volved in their generation/removal have proved useful (1).
However, the use of native enzymes in clinical trials is limited,
and synthetic enzyme mimics have emerged as promising
candidates. Mn II pentaazamacrocyclic complexes represent
potent, low-molecular-mass mimics of superoxide dismutase
(SOD) with marked protective effects in inflammation, stroke,
atherosclerosis, and hypertension. A representative of this
class of mimics—M40403 (Fig. 1) is selective for O2

� - , lacks
peroxidase/catalase activity, and does not react with �NO (4).
Thus, we used M40403 in the present study to remove O2

� -

only; hence, M40403 can be used as a tool that increases the
bioavailability of �NO through the scavenging of O2

� - . Due to
the important implications of redox status in male (in)fertility
we aimed at examining the effects of M40403 on (i) �NO
content within sperm cells; (ii) mitochondrial functional sta-
tus, monitored using the cationic fluorescent probe Mito-
Tracker� Green FM (MT-G) and expression of ETC
components; (iii) sperm motility; and (iv) expression of sperm
enzyme systems that produce/remove �NO, O2

� - , and hy-
drogen peroxide (H2O2).

SOD Mimic and Human Sperm Mitochondrial Function

To assess the MMP of human sperm, the percentage of MT-
G positive sperm was scored by counting 200 cells per cov-
erslip in four different fields. The results of MT-G staining of
sperm cells are shown in Figure 2. When compared with the
control, the percentage of MT-G positive sperm decreased
after 3 h of incubation in Tyrode’s medium ( p < 0.001), while
treatment with M40403 restored the population of MT-G
positive sperm.

The changes in mRNA levels of ETC components in sper-
matozoa are presented in Figure 3. After incubation in Tyr-
ode’s medium for 3 h, mRNA levels of ND4 (Fig. 3a) and
Ndufa6 (Fig. 3b), components of complex I and subunits II and
IV of the cytochrome c oxidase complex (COX II and COX IV,
respectively) (Fig. 3c, d), were significantly decreased com-
pared with the control ( p < 0.05). Conversely, M40403 treat-
ment significantly increased the gene expression of both
Ndufa6 and COX IV ( p < 0.05) when compared with the un-
treated group. Transcript levels of cytochrome b (Fig. 3e) and
ATP synthase (Fig. 3f) were unchanged.

The percentage of motile sperm cells followed the same
pattern of change as the percentage of MT-G positive
spermatozoa (Table 1): Incubation in Tyrode’s medium for
3 h significantly decreased the percentage of motile sperm
when compared with the control ( p < 0.001), while in the
M40403-treated group, this percentage returned to the
control level.

M40403 and Level of �NO in Sperm Cells

The level of �NO, measured using an amperometric sensor,
after incubation in Tyrode’s medium for 3 h was significantly
decreased ( p < 0.01) in sperm cells when compared with the
control (Fig. 4). However, in the M40403-treated group, the
concentration of �NO was higher than in the control ( p < 0.01)
and the untreated group ( p < 0.001).

The localization and production of �NO, assessed by dia-
mino-fluorescein-2-diacetate (Daf2-DA), is shown in Figure 5.
�NO-specific fluorescence was not only located in sperm mi-
tochondria, but also in the head and flagellum. Analogous to
the amperometric measurements, incubation in Tyrode’s
medium for 3 h significantly decreased ( p < 0.001) the per-
centage of spermatozoa with a bright head (stained positively

FIG. 1. Structure of M40403.

FIG. 2. Percentage of MT-G-positive sperm cells. After the appropriate incubations, spermatozoa were loaded with MT-G
(20 lM) in Tyrode’s medium, incubated for 20 min, and evaluated by a dual-channel confocal microscope. MT-G-positive
(arrow) and MT-G-negative (dotted arrow) spermatozoa were observed. The values represent the mean – standard error of the
mean (SEM) for five samples per group. For each sample, 200 cells were evaluated in three different fields, and representative
staining was shown. Compared with the control, ***p < 0.001; compared with the untreated group, ###p < 0.001. Magnification:
· 63, orig. (To see this illustration in color the reader is referred to the web version of this article at www.liebertpub.com/ars.)
MT-G, MitoTracker Green FM.
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for �NO), as compared with those with a pale head. However,
the percentage of spermatozoa with bright heads (stained
positively for �NO) increased after the incubation of sperm
cells in Tyrode’s medium supplemented with 50 lM M40403
for 3 h ( p < 0.05, when compared with the control and p < 0.001
when compared with the untreated sample).

The incubation of spermatozoa in Tyrode’s medium did
not influence mRNA levels of endothelial nitric oxide syn-
thase (eNOS) (Fig. 6a) or NADPH oxidase (NOX) (Fig. 6b)
when compared with the control. However, M40403 signifi-
cantly increased the mRNA level of eNOS compared with the

untreated group ( p < 0.01). On the other hand, incubation in
Tyrode’s medium, with or without added mimic, did not in-
fluence the expression of the neuronal isoform of NOS in
sperm cells (results not shown), while the gene expression of
inducible NOS in the samples was not detected.

Antioxidative Defense of M40403-Treated Samples

Gene expression of manganese SOD (MnSOD) (Fig. 7a) and
glutathione peroxidase (GSH-Px) (Fig. 7d) in the untreated
group was lower than in the control ( p < 0.05), while the ex-
pression of catalase and copper, zinc SOD (CuZnSOD) (Fig.
7b, c) was unchanged. Treatment with M40403 SOD mimic,
however, increased the mRNA levels of MnSOD and catalase,
compared with the untreated group ( p < 0.05), but did not
have an impact on the mRNA content of CuZnSOD or GSH-
Px. Immunocytochemistry analyses confirmed the presence of
these enzymes in spermatozoa (data not shown).

Open Questions

The present study demonstrates that the incubation of
human spermatozoa in Tyrode’s medium for 3 h, under
noncapacitating conditions, decreased the amount of sperm

FIG. 3. Changes in mRNA level
of respiratory chain components.
Real-time PCR analysis of mRNA
expression of ND4 and Ndufa6
components of electron transport
chain complex I (a and b, respec-
tively) and subunits II and IV
of COX (c and d, respectively)
cytochrome b (e) and ATP syn-
thase (f) in sperm cells. Results
are given as mean –
SEM for all genes normalized to
GAPDH transcription (n = 30, 10
per group). Compared with the
control, *p < 0.05; Compared with
the untreated group, #p < 0.05.
COX, cytochrome c oxidase;
GAPDH, glyceraldehyde 3-
phosphate dehydrogenase

Table 1. Sperm Motility

Control
group

Untreated
group

SOD mimic-
treated group

Percentage of motile
spermatozoa
(mean – SEM)

90 – 4.2 68 – 3.8a 83 – 4.5b

aComparison with the control group, p < 0.001.
bComparison with the untreated group, p < 0.001.
SOD, superoxide dismutase; SEM, standard error of the mean.
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�NO, sperm motility, percentage of MT-G-positive mito-
chondria, expression of ETC components—complex I and IV,
and spermatozoa antioxidative defense—MnSOD and GSH-
Px. The most important finding in this work was that the
administration of M40403 SOD mimic for 3 h increased �NO
amount, restored sperm motility, and the population of MT-
G-positive mitochondria, as well as the expression of complex
I and IV of mitochondrial ETC within sperm cells. These ef-
fects were accompanied by the up-regulation of mRNA ex-
pression of eNOS, MnSOD, and catalase.

It is known that sperm samples with a higher percentage
of active mitochondria have higher fertilization potential
and that the determination of mitochondrial activity by MT-
G staining might be a good method for selection of the most
potent/functional spermatozoa in assisted fertilization (7).
These data along with the observed results of sperm MT-G
staining lead to the hypothesis that M40403 SOD mimic
could improve the functional status of sperm mitochondria
and, subsequently, sperm quality. In line with this is
M40403-stimulated increase of mRNA expression of the
nucleus encoded subunits of both ETC components—
complex I and IV, in relation to the untreated group. Con-
sidering that the expression of mitochondrial ETC proteins
is related to metabolic rate and sperm quality, the physio-
logical significance of this finding rests in the suggestion
that M40403 might increase the mitochondrial energy pro-
ducing potential. Besides, the data indicate that changes in
spermatozoa redox state, after treatment with the SOD
mimic, may affect the transcription of nuclear genes en-
coding mitochondrial proteins. In addition, in accordance
with the hypothesized improvement in the functional status
of sperm mitochondria and so, the fertilizing ability of

FIG. 4. Detection of �NO. Concentration of �NO in sperm
cells incubated in Tyrode’s medium supplemented or not
with 50 lM M40403 SOD mimic, evaluated immediately or
after 3 h of incubation. �NO content was assessed electro-
chemically, by the inNO-II �NO measurement system, using
the amino-700 sensor electrode. Relative �NO concentra-
tions are presented as percentages of the control, which was
taken as 100%. Data represent the mean – SEM (n = 30, 10
per group). Compared with the control, **p < 0.01; com-
pared with the untreated group, ###p < 0.001. SOD, super-
oxide dismutase; �NO, nitric oxide.

FIG. 5. Localization and measurement of �NO in spermatozoa. At the end of appropriate incubations, spermatozoa were
loaded with diamino-fluorescein-2-diacetate (10 lM) in Tyrode’s medium and evaluated by a dual-channel confocal micro-
scope. The upper frame shows the fluorescence image, and the lower frame shows the same field viewed by phase contrast.
The proportions of spermatozoa with a bright head (arrow), as compared with those with a pale head (dotted arrow) was
evaluated. The results of a representative experiment are shown. The values represent the mean – SEM for five samples per
group. For each sample, 200 cells were evaluated in three different fields, and representative staining was shown. Compared
with the control, *p < 0.05; ***p < 0.001; compared with the untreated group, ###p < 0.001. Magnification: · 63, orig. (To see this
illustration in color the reader is referred to the web version of this article at www.liebertpub.com/ars.)
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spermatozoa by M40403 is, here detected in an increase in
sperm motility, which is a crucial parameter of semen
fertility (9).

Although the precise mechanism of this SOD mimic-act-
ing remains to be elucidated, an interesting finding in this
study was the increase in the �NO level in spermatozoa
caused by M40403. This finding implies the involvement of
�NO in the observed effects of the drug. It is well-known that
�NO and its precursors increase the motility of spermatozoa
by increasing energy production originating in the mito-
chondrial compartment (8) and that �NO regulates various
mitochondrial functions (1). Thus, in future studies, de-
signed to define the precise mechanism behind the increase
in the population of MT-G-positive sperm cells and motile
spermatozoa, potential �NO involvement warrants further
consideration.
�NO and O2

� - play decisive roles in regulating multiple
functions within the male reproductive system either sepa-
rately or through mutual interactions (1). �NO rapidly reacts
with O2

� - , with a three-fold higher rate constant than that of
the dismutation reaction catalyzed by SOD (2). Thus, an in-
creased level of �NO in mimic-treated sperm cells may be due
to the decreased bioavailability of O2

� - by the action of

M40403. However, the increased amount of �NO in the
M40403-treated group was accompanied by an increased ex-
pression of eNOS mRNA. Therefore, the increase in �NO
bioavailability after M40403 treatment may also depend, at
least partly, on the drug-elicited induction of eNOS. To the
best of our knowledge, this is the first time that the stimula-
tory effect of this class of SOD mimics on both �NO content
and eNOS gene expression has been reported in sperm cells
in vivo. Although many questions regarding the mechanisms
of SOD mimic acting remain open, the data allow us to hy-
pothesize that M40403 could be used as a molecular tool
which manipulates the sperm-redox state, by removing O2

� -

and stimulating �NO production.
Modulation of the spermatozoa redox environment by the

SOD mimic was further demonstrated here by the increase in
catalase and MnSOD mRNA levels, compared with the un-
treated group. These data addressed, for the first time, the
effect of M40403 SOD mimic on sperm antioxidative enzyme
gene expression. The observed increase in catalase mRNA
expression seems quite understandable and could be con-
sidered as the adaptive phenotype of the enzyme directed to
accommodate elevated H2O2 production, due to the SOD
mimic. On the other hand, the induction of gene expression

FIG. 6. Gene expression of eNOS
and NOX. Changes in eNOS (a) and
NOX (b) transcript levels in sperma-
tozoa incubated in Tyrode’s medium
supplemented or not with 50 lM
M40403 SOD mimic, evaluated imme-
diately or after 3 h of incubation. Re-
sults are given as mean – SEM for all
genes normalized to GAPDH tran-
scription (n = 30, 10 per group). Com-
pared with the untreated group,
##p < 0.01. NOX, NADPH oxidase.

FIG. 7. Changes in mRNA levels of
enzymes involved in antioxidative
defense. mRNA expression of MnSOD
(a), CuZnSOD (b), catalase (c), and
GSH-Px (d) in sperm cells incubated in
Tyrode’s medium supplemented or
not with 50 lM M40403 SOD mimic,
evaluated immediately or after 3 h of
incubation. Results are given as
mean – SEM for all genes normalized
to GAPDH transcription (n = 30, 10 per
group). Compared with the control,
*p < 0.05; compared with the untreated
group, #p < 0.05. MnSOD, manganese
superoxide dismutase; CuZnSOD,
copper, zinc SOD; GSH-Px, glutathi-
one peroxidase.
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of the mitochondrial-specific O2
� - removing enzyme by

M40403 raised a new hypothesis that some necessity of
maintaining an optimal level of endogenous MnSOD in
sperm mitochondria exists. Despite the fact that all SOD
isoenzymes catalyze the same reaction, the function of iso-
forms in cell physiology is different, and often one SOD
cannot compensate for another, suggesting that the subcel-
lular location of SOD is crucial in the physiological functions
of these enzymes. In line with this was the unchanged
transcript level of CuZnSOD after M40403 treatment ob-
served in the present study. Concepts that developed from
the current study include the presence of co-ordinated reg-
ulation of mRNA expression of MnSOD and catalase by
M40403, and the determination of the mechanism of this
class of SOD mimic on spermatozoa antioxidative defense
expression require additional studies. Further research along
these lines is now in progress.

Results from the present study shed new light on this class
of SOD mimic, which affects sperm mitochondrial functional
state and motility, and, thus, the functionality of spermatozoa
led to the hypothesis that M40403 could be considered a
promising pharmacological tool for the improvement of
sperm function during assisted fertilization and for the
treatment of infertile states accompanied by mitochondrial
impairments and/or disturbed sperm-redox state. These re-
sults contribute to the knowledge of redox processes in re-

productive biology and could assist in the development of
new pharmacological strategies that treat infertility, by se-
lective production/removal of certain reactive species, using
novel redox modulators.

Notes

M40403 synthesis

The synthesis and purification of M40403 were carried out
following a previously published procedure (6).

Sperm preparations and treatments

The ethics committee of the Clinic for Gynecology and
Obstetrics ‘‘Narodni Front’’ and of the Institute for Biolo-
gical Research at the University of Belgrade approved the
study. Thirty patients, who had signed an informed con-
sent, were recruited from couples applying for reproduc-
tive technology procedures at the Artificial Reproductive
Technology Department of the Clinic for Gynecology and
Obstetrics ‘‘Narodni front,’’ Belgrade, Serbia. Character-
istics of native semen samples are summarized in Table 2.
Of these couples, women suffered from infertility, while the
male semen samples were classified as normospermic, ac-
cording to criteria established by the World Health Orga-
nization. Semen samples were obtained after 3–5 days of
abstinence. To eliminate debris such as nonsperm cells and
dead spermatozoa, the samples were purified by centrifu-
gation using Cook density gradients (40% and 80%) (Cook�

Medical, Inc.). After centrifugation, the upper and interface
layers containing the dead cells and other somatic con-
taminants were aspirated off, leaving the sperm enriched
fraction (80% gradient layer). All 80% gradient layer frac-
tions were then washed in 5 ml of modified Tyrode’s me-
dium (consisting of 117.5 mM NaCl, 0.3 mM NaH2PO4,
8.6 mM KCl, 25 mM NaHCO3, 2.5 mM CaCl2, 0.5 mM
MgCl2, 2 mM glucose, 0.25 mM Na pyruvate, and 19 mM
Na lactate) devoid of bovine serum albumin, centrifuged at
600 g for 10 min, and divided into three groups consisting of
10 patients. The pellets (spermatozoa) were than collected,
resuspended to a final concentration of 40 · 106 cells/ml in
the required volume of modified Tyrode’s medium, and
supplemented or not with 50 lM M40403. One group was
evaluated immediately after resuspension in Tyrode’s me-
dium and served as the control. For the other two groups
(untreated and SOD mimic treated group, respectively) the
spermatozoa were resuspended in Tyrode’s medium sup-
plemented or not with 50 lM M40403 SOD mimic and
evaluated after incubation in an atmosphere of 6% CO2 for

FIG. 8. Purity of mRNA samples. Agarose gel showing
the PCR product for specific markers of leukocytes (CD45),
germ cells (c-kit), and epithelial cells (E-cad) used as posi-
tive controls in lines 4, 8, and 12, respectively. Each sperm
sample from all examined groups was examined for the
presence of CD45, c-kit, and E-cad. PCR products of all
samples per each group are coupled and loaded onto lines:
1, 5, 9—control group; 2, 6, 10—untreated group; 3, 7, 11—
SOD mimic-treated group; Each of the examined samples
showed the absence of RNA from contaminating cells (lines
1–4, CD45; 5–8, c-kit; 9–12, E-cad). Monocytes and endo-
metrial epithelial cells were used as positive markers of
CD45 and E-cad, respectively. Human semen samples
contaminated by testicular germ cells were used as positive
controls for the c-kit.

Table 2. Characteristics of Native (Before Processing by Density Gradient) Semen Samples

Parameters Average (of 30 samples) Min/max Normal values

Age of donors (years) 35 30/37
Volume of semen (ml) 3.0 2.2/3.4 > 2
Semen pH 7.5 7.2/7.9 7.2–8.0
Sperm concentration (106/ml) 61.3 30/83 ‡ 20
Motility (%) 72 68/98 ‡ 50
Normal morphology (%) 46.1 50/72 ‡ 30
Number of leukocytes 0.5 0/3 < 6
Number of erythrocytes ( - ) absent ( - ) absent ( - ) absent
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Table 3. Primer Sequences and Cycling Conditions

Gene Sequence Cycle number

ND4
Forward 5¢-ACA AGC TCC ATC TGC CTA CGA CAA-3¢
Reverse 5¢-TTA TGA GAA TGA CTG CGC CGG TGA-3¢ 40
Cycle protocol 15† at 95�C, 15† at 58�C, 30† at 72�C

Ndufa 6
Forward 5¢-CAA GAT GGC GGG GAG CGG-3¢
Reverse 5¢-GTA TAG TGA GTT TAT TTG TGC TC-3¢ 40
Cycle protocol 15† at 95�C, 15† at 59�C, 30† at 72�C

COX II
Forward 5¢-TGC CCT TTT CCT AAC ACT CAC AA-3¢
Reverse 5¢-CGC CGT AGT CGG TGT ACT CG-3¢ 40
Cycle protocol 15† at 95�C, 15† at 59�C, 30† at 72�C

COX IV
Forward 5¢-AGG TGG CCC ATG TCA AGC AC-3¢
Reverse 5¢-CAT GAT AAC GAG CGC GGT GA-3¢ 40
Cycle protocol 15† at 95�C, 15† at 59�C, 30† at 72�C

Cytochrome b
Forward 5¢-TCC TCC CGT GAG GCC AAA TAT CAT-3¢
Reverse 5¢-AAA GAA TCG TGT GAG GGT GGG ACT-3¢ 40
Cycle protocol 15† at 95�C, 15† at 59�C, 30† at 72�C

ATP synthase
Forward 5¢-AGC TCA GCT CTT ACT GCG G-3¢
Reverse 5¢-GGT GGT AGT CCC TCA TCA AAC T-3¢ 40
Cycle protocol 15† at 95�C, 15† at 56�C, 30† at 72�C

Catalase
Forward 5¢-CTC GTG GGT TTG CAG TGA AAT-3¢
Reverse 5¢-TCA GGA CGT AGG CTC CAG AAG-3¢ 40
Cycle protocol 15† at 95�C, 15† at 56�C, 30† at 72�C

GSH-Px
Forward 5¢-CCA GTC GGT GTA TGC CTT CTC-3¢
Reverse 5¢-GAG GGA CGC CAC ATT CTC G-3¢ 40
Cycle protocol 15† at 95�C, 15† at 56�C, 30† at 72�C

MnSOD
Forward 5¢-CCT CAC ATC AAC GCG CAG AT-3¢
Reverse 5¢-CGT TCA GGT TGT TCA CGT AGG-3¢ 40
Cycle protocol 15† at 95�C, 15† at 56�C, 30† at 72�C

CuZnSOD
Forward 5¢-AGG GCA TCA TCA ATT TCG AGC-3¢
Reverse 5¢-GCC CAC CGT GTT TTC TGG A-3¢ 40
Cycle protocol 15† at 95�C, 15† at 56�C, 30† at 72�C

NOX-4
Forward 5¢-CTC AGC GGA ATC AAT CAG CTG TG-3¢
Reverse 5¢-AGA GGA ACA CGA CAA TCA GCC TTA G-3¢ 40
Cycle protocol 15† at 95�C, 15† at 58�C, 30† at 72�C

eNOS
Forward 5¢-TTG GCG GCG GAA GAG GAA GGA GT-3¢
Reverse 5¢-CAA AGG CGC AGA AGT GGG GGT ATG-3¢ 40
Cycle protocol 15† at 95�C, 15† at 59�C, 30† at 72�C

iNOS
Forward 5¢-ACG TGC GTT ACT CCA CCA ACA A-3¢
Reverse 5’-CAT AGC GGA TGA GCT GAG CAT T-3¢ 40
Cycle protocol 15† at 95�C, 45† at 58�C, 30† at 72�C

nNOS
Forward 5¢-TTG GGG GCC TGG GAT TTC TGG-3¢
Reverse 5¢-CGT TGG CAT GGG GGA GTG AGC-3¢ 40
Cycle protocol 15† at 95�C, 45† at 55�C, 30† at 72�C

GAPDH
Forward 5¢-CCA GTG CAA AGA GCC CAA AC-3¢
Reverse 5¢-GCA CGG ACA CTC ACA ATG TTC-3¢ 40
Cycle protocol 15† at 95�C, 15† at 58�C, 30† at 72�C

MnSOD, manganese superoxide dismutase; COX, cytochrome c oxidase; eNOS, endothelial nitric oxide synthase; GSH-Px, glutathione
peroxidase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NOX, NADPH oxidase.
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3 h at 37�C. The dose of M40403 has been used, according to
Salvemini et al. (6). In addition, we examined the potent
toxicity and optimal dose of the complex by incubating
spermatozoa with 25, 50, or 100 lM M40403, for 3 h. The
dose of 50 lM was clearly nontoxic to cells, based on un-
changed sperm viability, number, and morphology after
treatment. Before sample processing, sperm purity was
confirmed using bright phase microscopy and by the ab-
sence of mRNA amplification in testicular germ cells, en-
dothelial cells, or leukocytes (Fig. 8).

At the end of the incubation, spermatozoa were centri-
fuged at 2000 g for 10 min. The pellets from all 30 patients
(n = 10 per group) were used to measure �NO and mRNA
contents. For Daf2-DA and MT-G staining, five sperm ali-
quots per group were used. Depending on the experiment,
sperm pellet aliquots were diluted differently. All steps in
each experiment are explained in greater detail in the ap-
propriate section next.

Motility assessment

Sperm motility was determined by assessing at least 400
sperms in each semen sample. Each spermatozoon was cate-
gorized as belonging to one of the three motility categories
(progressive, nonprogressive, and immotile), using tech-
niques for assessment and quality control according to the
World Health Organization. For comparisons in this study,
the percentages of motile sperm (the sum of the two categories
of motile sperm) were used.

Measurement of �NO

�NO production in the sperm suspension of 40 · 106 cells/ml
was measured in real-time, electrochemically, by the inNO-II
nitric oxide measurement system, using the amino-700 sensor
electrode (Innovative Instruments) (n = 30, 10 per group). The
sensor was calibrated by the conversion of nitrite to �NO in an
acidic solution containing potassium iodide, as suggested by
the manufacturer (Innovative Instruments). The sensor was
polarized in an aqueous solution for a minimum of 12 h before
calibration or implantation in the sperm suspension.

Daf 2-DA staining for detection of �NO

After washing and centrifugation at 2000 g for 10 min,
spermatozoa (n = 5 per group) were resuspended at a con-
centration of 10 · 106 cells/ml in Tyrode’s medium. Daf 2-DA
was added to the suspension for a final concentration of 10 lM
and incubated in an atmosphere of 6% CO2 at 37�C for 30 min
as described by de Lamirande et al. (1). The sperm cells were
then mounted with Mowiol� 4-88 (Polysciences Europe
GmbH) as an anti-fading agent, and observed under a Carl
Zeiss LSM510 confocal laser microscope (Carl Zeiss Micro-
Imaging). Overall, 200–300 cells were evaluated for each
sample in this experiment.

MT-G staining

Mitochondrial function was monitored using MT-G (Mo-
lecular Probes, Inc.), the cationic fluorescent probe, which
accumulates in mitochondria depending on the transmem-
brane electrochemical gradient, according to Sousa et al. (7).

These authors showed that (i) this probe stains human sperm
mitochondria according to MMP; (ii) all sperm samples ex-
hibit two subpopulations: MT-G positive and MT-G negative;
and (iii) MT-G staining is negligible. For this examination, five
samples per group were used, and the pellet was resuspended
at 20 · 106 cells/ml in Tyrode’s medium containing 20 nM
MT-G and incubated at 37�C for 20 min in an atmosphere
containing 6% CO2, as previously described (7). After incu-
bation, sperm cells were mounted with Mowiol� 4-88 (Poly-
sciences Europe GmbH) as an anti-fading agent, and observed
under a Carl Zeiss LSM510 confocal laser microscope (Carl
Zeiss MicroImaging). The percentage of stained sperm cells
was determined by counting 200 cells per coverslip in four
different fields, and representative staining is shown.

RNA extraction and real-time PCR

For the analysis of mRNA expression of mitochondrial
respiratory chain components and antioxidative defense
enzymes, sperm aliquots (200 lL) containing 20 · 106

cells/ml from all 30 patients (n = 10 per group) were in-
cubated. After incubation and centrifugation at 2000 g for
10 min, the cells were resuspended in 1 ml TRIzol reagent
(Invitrogen, Life Technologies). The extraction of RNA
was carried out according to the manufacturer’s recom-
mendation. Then, one microgram of total RNA was re-
verse transcribed to cDNA using an iScript� cDNA
synthesis kit (Bio Rad Laboratories). Real-time PCR was
preformed using SYBR Green technology on the ABI
Prism 7000 Sequence Detection System (Applied Biosys-
tems). The sequences and cycle protocols of the used
primers (Metabion International AG) are listed in Table 3.
The reaction optimization and content of the mastermix
has been previously described (3). Results were normal-
ized to the expression of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), to compensate for variations in
input RNA amount and the efficiency of reverse tran-
scription. The amplified sperm mRNA was not contami-
nated with mRNA from testicular germ cells, endothelial
cells, or leukocytes as primers to c-kit (germ cells),
E-cadherin (epithelial cells), and CD45 (leukocytes) did
not amplify these transcripts in isolated sperm mRNA
(Fig. 8).

Statistics

Analysis of variance was used for within-group com-
parisons. If the F test showed an overall difference,
Tukey’s test was applied to evaluate the significance of
the differences. Statistical significance was accepted at
p < 0.05.
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COX¼ cytochrome c oxidase
CuZnSOD¼ copper, zinc SOD

Daf2-DA¼diamino-fluorescein-2-diacetate
ETC¼ electron transport chain

eNOS¼ endothelial nitric oxide synthase
GAPDH¼ glyceraldehyde 3-phosphate dehydrogenase
GSH-Px¼ glutathione peroxidase

H2O2¼hydrogen peroxide
MMP¼mitochondrial membrane potential

MnSOD¼manganese superoxide dismutase
MT-G¼MitoTracker Green FM
�NO¼nitric oxide

NOX¼NADPH oxidase
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
O2
�-¼ superoxide anion radical
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