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Melatonin protects human spermatozoa from
apoptosis via melatonin receptor– and extracellular
signal–regulated kinase-mediated pathways
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Objective: To evaluate whether the protective effect of melatonin on H2O2-induced caspase activation and DNA
fragmentation depends on the interaction between melatonin and its surface receptors.
Design: Laboratory study.
Setting: Center for assisted human reproduction at a Spanish hospital.
Patient(s): Twenty-one healthy donors.
Intervention(s): Human spermatozoa were treated with increasing concentrations of hydrogen peroxide (H2O2;
1mM, 10 mM, 100 mM, 1mM) and preincubated with 1 mM melatonin.
Main Outcomes Measure(s): Activation of caspase-3 and -9 as well as DNA fragmentation were examined by
fluorescence methods.
Result(s): Our findings showed that H2O2 induced a significant increase in caspase-9 and caspase-3, which was
dose independent. Conversely, pretreatment with melatonin reduced H2O2-mediated caspase activation in
a dose-dependent way. Moreover, the antiapoptotic effects of melatonin in ejaculated human spermatozoa may
involve membrane melatonin receptor MT1. In addition, we found that the survival-promoting pathway
extracellular signal–regulated kinase (ERK) is likely to have a role in the protective actions of melatonin in
ejaculated human spermatozoa. Finally, we confirmed these results further by demonstrating that melatonin
prevention of H2O2-induced DNA fragmentation is dependent on both MT1 receptor and ERK signaling.
Conclusion(s): These results indicate that the stimulation with melatonin triggers a set of events culminating in cell
death prevention in ejaculated human spermatozoa. (Fertil Steril� 2011;95:2290–6. �2011 by American Society
for Reproductive Medicine.)
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Considering the morphologic and biochemical criteria, it is assumed
that somatic cells can die in an apoptotic, autophagic, or necroticman-
ner (1, 2); however the mechanisms of sperm death are not clear.
Although the mature spermatozoa are transcriptionally inactive and
the typical apoptosis features seen in somatic cells are absent, recent
publications have suggested that human spermatozoa have the
ability to undergo apoptosis or apoptosis-like conditions (3–6). We
have demonstrated previously that hydrogen peroxide (H2O2) and P
are able to induce a mitochondria-dependent apoptosis in ejaculated

human spermatozoa, which requires rises in cytosolic calcium
concentration ([Ca2þ]c) and calcium entry into mitochondria (4).
Nevertheless, apoptosis also can be stimulated by oxidative stress,
as it has been demonstrated in several cell types (7). Oxidative
stress-induced sperm damage may occur when the intracellular
reactive oxygen species (ROS) levels are in excess of the cells’
scavenging capacity (8). Although physiologic levels of ROS are
required for normal sperm function (9), spermatozoa have a limited
amount of cellular cytoplasm inwhich scavenging enzymes are found,
thus making them highly susceptible to ROS damage (10).

The pineal gland hormone melatonin may be involved in the
protection of different cell types against damage-induced apoptosis
(11, 12). Melatonin acts on practically all cell types by binding
specific receptors and interactors, such as the plasma membrane
receptors MT1/MT2 (13), thereby eliciting specific signal transduc-
tion pathways (14). Furthermore, melatonin and its metabolites
potently scavenge ROS (15), thus altering redox-sensitive events
and preventing oxidative damage. The effects of melatonin and its
metabolites on ROS fluxes and mitochondrial protection (16) are ex-
pected to influence the activation of fundamental signaling pathways
such as stress-activated/mitogen-activated protein kinases (SAP/
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MAPKs). These protein kinases aremediators of the signal transduc-
tion from the cell surface to the nucleus, to control virtually all the
physiologic processes in eukaryotic cells (17, 18). In this regard, it
has been proposed recently that extracellular signal–regulated
kinase (ERK) plays a central role in the decision-making process
that determines whether cells will live or die in response to apoptotic
stimuli (19).

Because the sperm processing procedures used for assisted
reproductive techniques (ART) aimed to improve sperm quality by
increasing the number of progressive motile and morphologically
normal sperm cells, protection of functional spermatozoa is a vital
component of ART. Although a melatonin-enhanced motility has
been recently reported in human spermatozoa (20), little is known
about the protective effects of melatonin against apoptosis and
oxidative damage in ejaculated human spermatozoa (21). For this
reason, the goal of this study was to evaluate whether the protective
effect of melatonin on sperm apoptosis induced by the oxidizing
agent H2O2 depends on the interaction between melatonin and its
surface receptors. In addition, we also analyzed whether melatonin
sperm protection is linked to ERK, phosphoinositide 3-kinase
(PI3K) activation, or both.

MATERIALS AND METHODS
Reagents
Melatonin, H2O2, 2-benzyl-N-acetyltryptamine (luzindole), PD98059,

LY294002, nonidet-P-40 substitute (NP40), MES hydrate, HEPES, CHAPS,

dithiothreitol (DTT), RPMI 1640 medium, and N-acetyl-Asp-Glu-Val-Asp-

7-amido-4-methylcoumarin (AC-DEVD-AMC) were purchased from Sigma

(Madrid, Spain). The MT2-specific antagonist 4-phenyl-2-propionamidote-

tralin (4P-PDOT) was acquired from Tocris (Bristol, UK). N-acetyl-Leu-

Glu-His-Asp-7-amino-4-methylcoumarin (AC-LEHD-AMC) was obtained

from Bachem (Bubendorf, Switzerland). The in situ cell death detection

kit was acquired from Roche Diagnostics (Mannheim, Germany). Hoechst

33342 was purchased from Calbiochem (San Diego, CA). All others reagents

were of analytical grade.

Sample Collection and Preparation
Human semen was obtained from 21 healthy donors according to World

Health Organization guidelines (22) at the Extremadura Center of Human

Assisted Reproduction (Badajoz, Spain). This study was approved by the In-

stitutional Review Board of the University of Extremadura and by the ethics

committee of the Infantile Hospital (Badajoz, Spain). Samples were collected

by masturbation after 4 or 5 days of sexual abstinence. Semen was washed

twice in RPMI 1640 medium (250 � g, 10 min), the supernatant was

discarded, and the pellet was resuspended in RPMI 1640 medium.

Melatonin action on MT1/MT2 receptors was antagonized by luzindole

and 4P-PDOT. Luzindole and 4P-PDOT were added at concentrations of

50 mM and 50 nM, respectively (23). Experiments of SAP/MAPK inhibition

were performed by using a selective pharmacologic inhibitor of ERK,

namely PD98059. Similarly, a selective pharmacological inhibitor of PI3K,

LY294002, was used to inhibit the PI3K/Akt pathway. PD98059 and

LY294002 were added at final concentrations of 1 and 10 mM, respectively

(24). Each of these inhibitors was added 30 min before the preincubation

with melatonin.

Assay for Caspase Activity
Stimulated or resting cells were pelleted and washed once with phosphate-

buffered saline (PBS). After centrifugation, cells (4 � 107 cells/ml) were

again resuspended in PBS. Fifteen microliters of the cell suspension was

added to a microplate and mixed with the appropriate peptide substrate

dissolved in a standard reaction buffer, which was composed of 100 mM

HEPES, pH 7.25, 10% sucrose, 0.1% CHAPS, 5 mM DTT, 0.001% NP40,

and 40 mMof caspase-3 substrate (AC-DEVD-AMC) or 0.1 MMES hydrate,

pH 6.5, 10% PEG , 0.1% CHAPS, 5 mMDTT, 0.001%NP40, and 100 mMof

caspase-9 substrate (AC-LEHD-AMC). Substrate cleavage was measured

with a microplate reader (Tecan Infinite M200) with an excitation wave-

length of 360 nm and emission at 460 nm (25). Data were calculated as fluo-

rescence units per milligram of protein and were presented as fold-increase

over the pretreatment level (experimental/control).

In Situ Detection of DNA Fragmentation by TUNEL and
Hoechst Staining
At the end of a treatment protocol, human spermatozoa were harvested and

washed once with PBS. The cells were then fixed with 4% paraformaldehyde

(in PBS, pH 7.4, at least 6 hours, room temperature [RT]) and air-dried on

slides for 24 hours. Afterward, the air-dried cells were washed twice with

PBS and incubated in permeabilization solution (0.1% Triton-X-100 in

0.1% sodium citrate, 15 min, RT). The permeabilization solution was then re-

moved, deoxyuride-5ʹ-triphosphate biotin nick end labeling (TUNEL) reac-

tion mixture (50 mL) was added, and the cells were incubated (1 hour, 37�C)
in a humidified chamber. The cells were washed again with PBS and counter-

stainedwithHoechst 33342 (1mg/mL) for 5min to identify cellular nuclei. The

incidence of apoptosis was assessed under an epifluorescence microscope

(BX51, Olympus Spain S.A.U., Barcelona, Spain) using an FITC filter. Cells

with TUNEL-positive nuclei were considered apoptotic (26). Hoechst staining

was used to determine the total number of cells in each field. A minimum

of five fields per slide were used to calculate the percentage of apoptotic cells.

Statistical Analysis
Data are expressed as means � SEM of the numbers of determinations.

Statistical significance was calculated by one-way analysis of variance

followed by the Tukey’s multiple comparison test. P<0.05 was considered

statistically significant.

RESULTS
To examine the effect of oxidizing agents on caspase activation,
human spermatozoa were treated with increasing concentrations of
H2O2 (1 mM–1 mM) for 1 hour. Treatment of spermatozoa with
H2O2 for 1 hour induced caspase-9 activation, an initiator caspase
that is involved in the initial steps of mitochondrial apoptosis (27),
in a dose-independent trend. Cell stimulation with H2O2 causedmax-
imum stimulation at 10 mM (1.66 � 0.19 fold-increase; P<0.05;
Fig. 1A). Similar findings were obtained for caspase-3 activation,
the maximum effect being produced at 10 mM (1.68 � 0.11 fold-
increase; P<0.05; Fig. 1B). Because the dose of 10 mM H2O2 dis-
played the most detrimental effects, in terms of caspase activation,
such a dose was used to induce apoptosis in subsequent experiments.

Because we previously proved that melatonin protects against
apoptosis and oxidative damage in ejaculated human spermatozoa
(21), we also analyzed whether melatonin protection is dose depen-
dent. To this end, increasing doses of melatonin (1 mM–1 mM) were
added 1 hour before apoptosis induction by 10 mM H2O2. Although
the dose of 1 mM melatonin proved to be ineffective, the inhibiting
actions of melatonin on caspase-9 activation seem to be dose depen-
dent, the highest dose of melatonin (1 mM) being themost protective
(1.17 � 0.02 vs. 1.95 � 0.09 fold-increase in H2O2-treated sperma-
tozoa in the presence or absence of melatonin, respectively; P<0.05;
Fig. 1C). Similar results were found regarding H2O2-induced
caspase-3 activation. Thus, melatonin administration diminished
caspase-3 activity evoked by 10 mM H2O2, the highest dose of mel-
atonin (1 mM) being the most efficient (1.05 � 0.07 vs. 1.80� 0.08
fold-increase in H2O2-treated spermatozoa in the presence or
absence of melatonin, respectively; P<0.05; Fig. 1D). For this
reason, the dose of 1 mM melatonin was used to prevent apoptosis
in subsequent experiments.

To investigate whether the protective effect of melatonin on
sperm apoptosis actually depends on the interaction between
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melatonin and its cell surface receptors, we also analyzed whether
luzindole, which specifically antagonizes melatonin binding and ac-
tivation of MT1/MT2 receptors, is able to counteract the inhibiting
actions of 1 mM melatonin on H2O2-induced caspase activation. As
shown in Figure 2A, in the presence of luzindole (50 mM), melatonin
is no longer able to forestall H2O2-induced caspase-9 activation
(1.89� 0.09 vs. 1.17� 0.02 fold-increase in the presence or absence
of luzindole, respectively; P<0.05). Similar findings were obtained
regarding caspase-3 activity (Fig. 2B). These results show that the
signal transduction elicited by MT1/MT2 receptor stimulation af-
fects the protective effect of melatonin on sperm apoptosis.

As an alternative, we also studied the involvement of melatonin
receptors on melatonin anti-apoptotic actions. 4P-PDOT, which
selectively antagonizes melatonin binding and activation of the
MT2 receptor, was added at the concentration of 50 nM. In the pres-
ence of 4P-PDOT, melatonin is able to counteract H2O2-induced
caspase-9 activation (1.30 � 0.06 vs. 1.17 � 0.02 fold-increase in
the presence or absence of 4P-PDOT, respectively; Fig. 2A). Similar
results were obtained regarding caspase-3 activity (Fig. 2B); there-
fore, MT2 receptor does not appear to be involved in the protective
effect of melatonin on sperm apoptosis, thereby suggesting that the

antiapoptotic effects displayed by melatonin are likely mediated
through the MT1 receptor.

To confirm the involvement of the signal transduction, we analyzed
a different downstream step of a more generalized nature—that is,
activation of ERK, PI3K, or both, which may be contrasted by the
inhibitors PD98059 and LY294002, respectively. Therefore, in the
presence of PD98059 (1 mM), the inhibitory effects of melatonin on
H2O2-induced caspase-9 activation were abolished (1.82 � 0.09 vs.
1.17 � 0.02 fold-increase in the presence or absence of PD98059,
respectively; P<0.05; Fig. 3A). However, LY294002 (10 mM) was
unable to modify the inhibitory effects of melatonin on H2O2-evoked
caspase-9 activation (1.24� 0.03 vs. 1.17� 0.02 fold-increase in the
presence or absence of LY294002, respectively; Fig. 3B). These
results highlight the possible implication of the survival-promoting
pathway ERK on the protective actions of melatonin in human
spermatozoa, whereas PI3K seems to lack a role in this system.

Because TUNEL assay is a well-established method for detecting
DNA cleavage, a relatively late apoptotic marker (26), we assessed
the proportion of spermatozoa depicting DNA fragmentation in the
presence of H2O2 to verify whether caspase activation induced by
the oxidant agent, in turn, leads to cell death. Treatment of

FIGURE 1

Melatonin reverses hydrogen peroxide (H2O2)-induced caspase activation in a dose-dependent manner. (A andB) Human spermatozoa were

stimulated for 1 hour with increasing concentrations of H2O2 (1 mM, 10 mM, 100 mM, and 1mM). (C andD) Spermatozoa were preincubated for
1 hour with increasing concentrations of melatonin (Mel; 1 mM, 10 mM, 100 mM, and 1mM) and then stimulated with 10 mM H2O2. Caspase-9

and -3 activity was estimated as described in the Materials and Methods section. Values are presented as means � SEM of six independent

samples and expressed as fold-increase over the pretreatment level (experimental/control). *P<0.05 compared with control values; #P<0.05.

Espino. Melatonin prevents sperm apoptosis. Fertil Steril 2011.
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spermatozoa with H2O2 (10 mM for 1 hour) substantially enhanced
the proportion of spermatozoa depicting DNA fragmentation (18.6
� 2.8% vs. 2.7 � 1.0% in the presence or absence of H2O2, respec-
tively; P<0.05; Fig. 4), thus showing that the oxidant agent H2O2

succeed in triggering an apoptotic program. Interestingly, the prein-
cubation of human spermatozoa with melatonin (1 mM for 1 hour)
was able to completely counteract the stimulatory effect of H2O2 on
DNA fragmentation (7.4 � 1.3%; Fig. 4). In the presence of either

the MT1/MT2 receptor antagonist luzindole or the ERK inhibitor
PD98059, melatonin is no longer able to reverse H2O2-induced
DNA fragmentation (14.5 � 0.7 and 15.1 � 2.1% in the presence
of luzindole and PD98059, respectively; P<0.05; Fig. 4). These
findings indicate that the signal transduction elicited by MT1 recep-
tor stimulation by melatonin triggers a set of events culminating in
cell death prevention.

FIGURE 2

Melatonin receptors mediated inhibiting effects of melatonin on

hydrogen peroxide (H2O2)-induced caspase activation. Human
spermatozoa were preincubated with 1 mM melatonin (Mel) for 1

hour in the absence or the presence of its MT1/MT2 receptor

antagonists luzindole (Luz) and 4P-PDOT, and then stimulated

with 10 mM H2O2 to check caspase-9 (A) and caspase-3 (B)
activity. Luzindole and 4P-PDOT were added at the concentration

of 50 mM and 50 nM, respectively, 30 min before other treatments.

Caspase activity was estimated as described in the Materials and

Methods section. Values are presented as means � SEM of six
independent samples and expressed as fold-increase over the

pretreatment level (experimental/control). *P<0.05 compared with

control values; #P<0.05.

Espino. Melatonin prevents sperm apoptosis. Fertil Steril 2011.

FIGURE 3

MAPK signaling mediated the inhibiting effects of melatonin on

hydrogen peroxide (H2O2)-induced caspase activation. Human
spermatozoa were preincubated with 1 mM melatonin (Mel) for 1

hour in the absence or presence of the kinase inhibitors PD98059

(ERKi) and LY294002 (PI3Ki), and then stimulatedwith 10 mMH2O2

to check caspase-9 (A) and caspase-3 (B) activity. PD98059 and
LY294002 were added at concentrations of 1 mM and 10 mM,

respectively, 30min before other treatments. Caspase activity was

estimated as described in the Materials and Methods section.

Values are presented as means � SEM of six independent
samples and expressed as fold-increase over the pretreatment

level (experimental/control). *P<0.05 compared with control

values; #P<0.05.

Espino. Melatonin prevents sperm apoptosis. Fertil Steril 2011.

Fertility and Sterility� 2293



FIGURE 4

Melatonin counteracts H2O2-mediated DNA fragmentation throughmelatonin receptor- and ERK-dependent pathways. Human spermatozoa

were preincubated with melatonin (Mel; 1 mM) for 1 hour in the absence or presence of and luzindole (Luz) and PD98059 (ERKi), and then
stimulated with H2O2 (10 mM) to check the proportion of cells depicting DNA fragmentation. Luzindole and PD98059 were added at

concentrations of 50 mM and 1 mM, respectively, 30 min before other treatments. DNA fragmentation was estimated as described in the

Materials andMethods section. Left panel: differential interference contrast (DIC) images of cultured cells.Center and right panels: pictures of

TUNEL-positive cells (green) and Hoechst 33342 nuclear stain (blue), respectively. Scale bars, 10 mm. Values inside the central panel are
presented as means � SEM of three separate experiments and expressed as a percentage of cells depicting DNA fragmentation. *P<0.05,

regarding control group; #P<0.05, regarding H2O2 þ Mel group.

Espino. Melatonin prevents sperm apoptosis. Fertil Steril 2011.
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DISCUSSION
In the last decade, several studies have investigated apoptosis in
ejaculated sperm. The existence of a caspase-dependent apoptotic
pathway in ejaculated human spermatozoa has been extensively
demonstrated (4, 28), and the evaluation of caspase activation has
been suggested as a sensitive assay for detection of sperm
apoptosis (29). Other somatic apoptotic markers, such as DNA frag-
mentation and phosphatidylserine (PS) exposure, have been used to
detect sperm apoptosis (5, 6). In the present study, we have shown that
increasing concentrations of the oxidant agent H2O2 induce activation
of caspase-3 and caspase-9 in a dose-independent fashion. Moreover,
we also demonstrated that H2O2-mediated caspase activation, in turn,
leads to cell death, because H2O2-treated spermatozoa depicted in-
creased DNA fragmentation, a late detectable event on nucleus during
apoptosis. These results are consistent with previous findings report-
ing anH2O2-induced apoptosis that is dependent on the mitochondrial
pathway and mediated by the mitochondrial calcium overload (4, 5).
Likewise,Mahfouz et al. (30) have recently described that exposure to
H2O2 significantly reduced sperm viability and increased the percent-
age of dead sperm in neat sperm, as well as in immature and mature
sperm fractions.

Emerging evidence suggests that the pineal gland hormone
may be involved in some important processes, such as the protec-
tion of different cell types against damage-induced apoptosis (11,
12). In this sense, we have recently described the protective
effects of melatonin against apoptosis and oxidative damage in
ejaculated human spermatozoa (21). In addition, we have report
herein that the antiapoptotic actions displayed by melatonin in
human spermatozoa are clearly dose dependent, the highest

dose of melatonin tested (1 mM) being the most efficient to pre-
vent apoptotic events.

Regardless of whether we initially indicated that melatonin
protection in human spermatozoa was likely due to its free-radical
scavenger properties, we have proved that antiapoptotic actions of
melatonin in ejaculated human spermatozoa may also involve MT1
membrane melatonin receptor. In fact, the inhibiting actions of mela-
tonin on H2O2-induced apoptosis was abolished by the addition of the
MT1/MT2 melatonin receptor antagonist luzindole to the incubation
medium, whereas the addition of the specific MT2 antagonist 4P-
PDOT was incapable of altering the protective effects of melatonin.
In this regard, previous reports have described that melatonin antago-
nizes apoptosis via membrane melatonin receptors in several cell
types (23, 31). We have also found that the ERK defense pathway is
likely to have a role in the protective actions of melatonin on sperm
apoptosis. Again, our findings are consistent with previous reports
postulating a connection between melatonin’s antiapoptotic actions
and MAPK signaling in several cell types (32, 33).

There is a great interest in protecting spermatozoa from ROS and
apoptosis during their manipulation and cryopreservation for ART
purposes. In this sense, it has been reported that ART may show sig-
nificant improvement in in vitro supplementation of antioxidants or
metal chelators to achieve a better success (34). For this reason,
melatonin may be used as a powerful free-radical scavenger and
antiapoptotic agent to supplement sperm preparation media and to
obtain successful ART outcome. Nonetheless, our findings cannot
be generalized back to the male population, because this study
was performed only with normozoospermic men. Additional studies
using subfertile men should be conducted.

REFERENCES

1. Green DR, Reed JC. Mitochondria and apoptosis.

Science 1998;281:1309–12.

2. Lemasters JJ, Qian T, He L, Kim JS, Elmore SP,

Cascio WE, et al. Role of mitochondrial inner mem-

brane permeabilization innecrotic cell death, apoptosis,

and autophagy. Antioxid Redox Signal 2002;4:769–81.

3. Grunewald S, Paasch U, Said TM, Sharma RK,

Glander HJ, Agarwal A. Caspase activation in human

spermatozoa in response to physiological and patho-

logical stimuli. Fertil Steril 2005;83:1106–12.

4. Bejarano I, Lozano GM, Ortiz A, Garc�ıa JF,

Paredes SD, Rodr�ıguezAB, et al. Caspase 3 activation

in human spermatozoa in response to hydrogen perox-

ide and progesterone. Fertil Steril 2008;90:1340–7.

5. Lozano GM, Bejarano I, Espino J, Gonz�alez D,

Ortiz A, Garc�ıa JF, et al. Relationship between cas-

pase activity and apoptotic markers in human sperm

in response to hydrogen peroxide and progesterone.

J Reprod Dev 2009;55:615–21.

6. Barroso G, Taylor M, Morshedi M, Manzur F,

Gavi~no F, Oehninger S. Mitochondrial membrane po-

tential integrity and plasma membrane translocation

of phosphatidylserine as early apoptotic markers:

a comparison of two different sperm subpopulations.

Fertil Steril 2006;85:149–54.

7. Brookes PS, Yoon Y, Robotham JL, Andrews MW,

Sheu SS. Calcium, ATP, and ROS: a mitochondrial

love-hate triangle. Am J Physiol Cell Physiol

2004;287:C817–33.

8. Agarwal A, Allamaneni SS. The effect of spermDNA

damage on assisted reproduction outcomes: a review.

Minerva Ginecol 2004;56:235–45.

9. Agarwal A, Prabakaran SA. Mechanism, measure-

ment, and prevention of oxidative stress in male re-

productive physiology. Indian J Exp Biol 2005;43:

963–74.

10. Henkel R. The impact of oxidants on sperm function.

Andrologia 2005;37:205–6.

11. Mayo JC, Sainz RM, Uria H, Antolin I, Esteban MM,

Rodr�ıguez C. Melatonin prevents apoptosis induced

by 6-hydroxydopamine in neuronal cells: implications

for Parkinson’s disease. J Pineal Res 1998;24:179–92.

12. Espino J, Bejarano I, Paredes SD, Barriga C, Reiter

RJ, Pariente JA, et al. Melatonin is able to delay endo-

plasmic reticulum stress-induced apoptosis in leuko-

cytes from elderly humans. Age (Dordr.). DOI:

10.1007/s11357-010-9194-0.

13. Dubocovich ML, Markowska M. Functional MT1

and MT2 melatonin receptor in mammals. Endocrine

2005;27:101–10.

14. Rodriguez C, Mayo JC, Sainz RM, Antol�ın I,

Herrera F, Mart�ın V, et al. Regulation of antioxidant

enzymes: a significant role for melatonin. J Pineal

Res 2004;36:1–9.

15. Tan DX, Manchester LC, Terron MP, Flores LJ,

Reiter RJ. One molecule, many derivatives: a never

ending interaction of melatonin with reactive oxygen

and nitrogen species? J Pineal Res 2007;42:28–42.

16. Acu~na-Castroviejo D, Escames G, Rodr�ıguez MI,

L�opez LC. Melatonin role in the mitochondrial func-

tion. Front Biosci 2007;12:947–63.

17. McCubrey JA, Lahair MM, Franklin RA. Reactive

oxygen species-induced activation of the MAP kinase

signaling pathways. Antioxid Redox Signal

2006;8:1775–89.

18. Johnson GL, Lapadat R. Mitogen-activated protein

kinase pathways mediated by ERK, JNK, and p38

protein kinases. Science 2002;298:1911–2.

19. Junttila MR, Li SP, Westermarck J. Phosphatase-me-

diated crosstalk between MAPK signaling pathways

in the regulation of cell survival. FASEB J

2008;22:954–65.

20. Ortiz A, Espino J, Bejarano I, Lozano GM,Monllor F,

Garc�ıa JF, et al. High endogenous melatonin concen-

trations enhance sperm quality and short-term in vitro

exposure to melatonin improves aspects of spermmo-

tility. J Pineal Res 2011;50:132–9.

21. Espino J, Bejarano I, Ortiz A, Lozano GM, Garc�ıa JF,

Pariente JA, et al. Melatonin as a potential tool against

oxidative damage and apoptosis in ejaculated human

spermatozoa. Fertil Steril 2010;94:1915–7.

22. World Health Organization. WHO Laboratory Man-

ual for the Examination of Human Semen and

Semen-Cervical Mucus Interaction. 4th ed. Cam-

bridge: Cambridge University Press; 1999.

23. Radogna F, Cristofanon S, Paternoster L,

D’Alessio M, De Nicola M, Cerella C, et al. Melato-

nin antagonizes the intrinsic pathway of apoptosis via

mitochondrial targeting of Bcl-2. J Pineal Res

2008;44:316–25.

24. Prieto P, Cuenca J, Trav�es PG, Fern�andez-Velasco M,

Mart�ın-Sanz P, Bosc�a L. Lipoxin A4 impairment of

apoptotic signaling in macrophages: implication of

the PI3K/Akt and the ERK/Nrf2 defense pathways.

Cell Death Differ 2010;17:1179–88.

25. Espino J, Bejarano I, Redondo PC, Rosado JA,

Barriga C, Reiter RJ, et al. Melatonin reduces

apoptosis induced by calcium signaling in human

leukocytes: Evidence for the involvement of mito-

chondria and Bax activation. J Membrane Biol

2010;233:105–18.

26. Heatwole VM. TUNEL assay for apoptotic cells.

Methods Mol Biol 1999;115:141–8.

27. Li P, Nijhawan D, Budihardjo I, Srinivasula SM,

Ahmad M, Alnemri ES, et al. Cytochrome c and

dATP-dependent formation of Apaf-1/caspase-9

complex initiates an apoptotic protease cascade.

Cell 1997;91:479–89.

Fertility and Sterility� 2295



28. Said TM, Paasch U, Glander HJ, Agarwal A. Role of

caspases in male infertility. Hum Reprod Update

2004;10:39–51.

29. Marchetti C, Marchetti P. Detection of apoptotic

markers in human ejaculated spermatozoa as new

methods in human reproductive biology. Gynecol

Obstet Fertil 2005;33:669–77.

30. Mahfouz RZ, du Plessis SS, Aziz N, Sharma R,

Sabanegh E, Agarwal A. Sperm viability,

apoptosis, and intracellular reactive oxygen spe-

cies levels in human spermatozoa before and after

induction of oxidative stress. Fertil Steril

2010;93:814–21.

31. Das A, McDowell M, Pava MJ, Smith JA,

Reiter RJ, Woodward JJ, et al. The inhibition of

apoptosis by melatonin in VSC4.1 motoneurons

exposed to oxidative stress, glutamate excitotoxic-

ity, or TNF-alpha toxicity involves membrane

melatonin receptors. J Pineal Res 2010;48:

157–69.

32. Luchetti F,BettiM,CanonicoB,ArcangelettiM,Ferri P,

Galli F, et al. ERKMAPK activation mediates the anti-

apoptotic signaling ofmelatonin in UVB-stressed U937

cells. Free Radic Biol Med 2009;46:339–51.

33. Yoo YM, Jeung EB. Melatonin-induced calbindin-

D9k expression reduces hydrogen peroxide-

mediated cell death in rat pituitary GH3 cells. J Pineal

Res 2010;48:83–93.

34. Sikka SC. Role of oxidative stress and antioxidants in

andrology and assisted reproductive technology.

J Androl 2004;25:5–18.

2296 Espino et al. Melatonin prevents sperm apoptosis Vol. 95, No. 7, June 2011


