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A B S T R A C T

Sperm cells can be damaged during the semen cryopreservation process, decreasing their fertilizing ability.
Physical damage and oxidative stress may occur during the freeze–thawing process. Antioxidants such as the
native antioxidant melatonin can potentially improve cryopreservation outcomes. In this study, we added
melatonin to cryoprotectant to examine its effect on frozen–thawed human sperm. We found that adding 0.1 mM
melatonin to cryoprotectant significantly increased sperm viability (24.80± 0.46% vs. 20.97±1.27%,
P<0.05) and membrane integrity (P<0.05), and decreased intracellular reactive oxygen species and lipid
peroxidation damage. Furthermore, mRNA levels of the transcription factor NF-E2-related factor-2 and its
downstream genes were significantly increased. Resistance to oxidative stress was enhanced and expression of
the antiapoptotic gene Bcl-2 was increased by inclusion of 0.1 mM melatonin in the cryoprotectant. Moreover,
0.1 mM melatonin upregulated the expression of heat shock protein 90 (HSP90), which confers resistance to
stressors in frozen–thawed sperm. Results obtained upon addition of inhibitors of melatonin receptors (luzindole
and 4-P-PDOT) and an HSP90 inhibitor (geldanamycin) in the cryoprotectant demonstrated that melatonin
promoted HSP90 translation via the melatonin receptor MT1 and increased adenosine triphosphate levels, thus
increasing the viability of thawed sperm.

1. Introduction

Semen cryopreservation is a procedure used to preserve sperm cells.
However, the freeze–thawing process affects the physiological function
and morphology of sperm. The cold shock and high concentrations of
free radicals generated during the freeze–thawing process can damage
sperm mitochondria, plasma, and acrosome membranes, and reduce
DNA integrity. Thereby, sperm quality is reduced because of changes to
the translation and function of sperm proteins [1]. Oxidative stress
refers to an imbalance between the oxidant/antioxidant systems that is
caused by the accumulation of radical molecules such as reactive
oxygen species (ROS) and reactive nitrogen species [2]. At physiolo-
gical levels, free radicals play critical roles in sperm hyperactivation,
capacitation, and the acrosome reaction. However, during the sperm
freezing process, excessive ROS production may result in high peroxide
and free radical levels that cause lipid peroxidation and destroy the
lipid bilayer structure of the spermatozoon membrane [3]. By

influencing the relative activities of oxidative and anti-oxidative en-
zymes, ROS reduce sperm motility and oxidation resistance. Human
sperm are very sensitive to free oxygen radical toxicity and reduced
repair capacity [4]. The transcription factor NF-E2-related factor-2
(Nrf2) plays a critical role in the defense against oxidative stress by
inducing the expression of antioxidant proteins and phase II detox-
ification enzymes as well as of genes encoding catalase (CAT), super-
oxide dismutase (SOD), glutathione S-transferase (GST), and heme
oxygenase-1 (HO-1). These genes are often used to monitor antioxidant
effects because the proteins they encode are involved in the anti-
oxidative responses that protect cells from oxidative stress [5].

Heat shock proteins (HSPs) are a group of molecular chaperones
whose expression is related to sperm motility and fertility. HSP90
protects cells against oxidative stress by adjusting the folding of key
proteins to maintain their three-dimensional structure. Furthermore,
HSP90 has been shown to be involved in signal transduction related to
sperm viability [6,7] and is associated with improved viability in
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frozen–thawed sperm [8]. In human sperm, HSP90 protein levels de-
crease after freezing, possibly as a result of protein degradation rather
than loss into seminal plasma [9].

Adding antioxidants to mammalian sperm during cryopreservation
has been shown to increase sperm motility [10,11]. Melatonin is a
neuroendocrine hormone with a natural antioxidant activity. Melatonin
is a potent free radical scavenger and interacts with antioxidant en-
zymes to promote their oxygen radical scavenging activities, thus pro-
tecting cells from oxidative stress [12]. Human seminal fluid contains
melatonin and spermatozoa possess membrane melatonin receptors
[13]. In humans, melatonin protects acrosomal integrity and promotes
development and mitochondrial activity, and decreases capacitation
and apoptosis, thus improving sperm quality [14,15]. A protective ef-
fect of melatonin during sperm cryopreservation has been reported for
various species [16,17], and melatonin has been shown to upregulate
the expression of HSP family genes [18]. In the present study, mela-
tonin was added to sperm cryopreservation solution to investigate
whether it can protect human sperm from the negative effects of
cryopreservation. Furthermore, the pathways mediating the regulation
of HSP90 by melatonin in thawed sperm were examined.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals used in this study were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise stated.

2.2. Ethics statement

Human semen was collected at the experimental station of the
Beijing Perfect Family Sterility Hospital, and all procedures were car-
ried out in accordance with a protocol approved by the Ethics
Committee of the Beijing Perfect Family Hospital.

2.3. Semen freeze–thawing

Semen was collected from 20 men (average age, 32 years). Semen
samples were examined for volume and sperm concentration, mor-
phology, and motility according to the 2010 World Health Organization
(WHO) guidelines. Mean sperm density was 60 × 106 cells/mL, and
mean sperm motility was>30%. The semen samples were allowed to
liquefy at room temperature. Samples from each donor were analyzed
separately. Each sample was divided into 5 parts, to which cryopro-
tectant with different concentrations of melatonin (0, 0.001, 0.01, 0.1,
and 1 mM) was added. Semen samples were mixed at a 1:1 ratio with
TEST-yolk buffer (Irvine Scientific, Santa Ana, CA, USA) in 2-mL
cryogenic vials and allowed to equilibrate to room temperature for
15 min. Then, the samples were suspended 10 cm above liquid nitrogen
for 1 h and finally transferred to liquid nitrogen.

For the inhibitor experiment, melatonin (0.1 mM) with either 10–7

M luzindole (a nonselective melatonin receptor (MT1/MT2) inhibitor),
10–7 M 4-PPDOT (a specific MT2 inhibitor), or 10–7 M geldanamycin
(GDA, an HSP90 inhibitor), was added to the semen extender. Semen
extender without supplements was used as a control. Samples were
cryopreserved as described above.

After 2 weeks, the samples were removed from the liquid nitrogen
and thawed as follows: the cryotubes were maintained at room tem-
perature for 2 min and were then transferred to a water bath at 37 °C
and incubated for 5 min. The samples were centrifuged at 300 × g, and
the supernatant was removed. Sperm-washing solution (HEPES-mod-
ified Biggers-Whitten-Whittingam with 5% albumin, Irvine Scientific)
was added.

2.4. Sperm motility and viability analyses

A subjective method was employed for sperm motility analysis.
When thawed semen reached room temperature, 10 μL of sperm sus-
pension was dropped onto a slide and covered with a coverslip. The
percentage of spermatozoa exhibiting forward progression was mea-
sured by optical microscopy at a magnification of 400×. At least 300
sperm were counted per sample and the counting was repeated thrice.
Propidium iodide (PI) was used to assess sperm viability. Sperm sam-
ples (20 μL, 1 × 106 cells/mL) were mixed with 980 μL of PI at a final
concentration of 10 μM and incubated at 37 °C for 10 min. Fluorescence
at the single-cell level was quantified by flow cytometry (FACS Aria III;
BD Biosciences, Franklin Lanes, NJ, USA). At least 10,000 spermatozoa
were examined for each assay. PI stained the nuclei of dead sperma-
tozoa red, whereas the nuclei of viable spermatozoa remained un-
stained.

2.5. Plasma membrane, acrosomal, and mitochondrial membrane integrity
analyses

After sperm were recovered, the group with the highest viability
was evaluated for plasma membrane, and acrosomal, and mitochon-
drial membrane integrity. Acrosomal integrity was detected by the
hypo-osmotic swelling method. Semen was diluted with a hypotonic
solution (0.735 g sodium citrate and 1.35 g fructose dissolved in
100 mL water) in a 1:10 ratio. The mixture was incubated at 37 °C for
30 min, and then, 10 μL of mixture was observed by phase-contrast
microscopy at a magnification of 200×. Sperm with a round tail loop
were considered functional, and those without were considered to have
a damaged plasma membrane. Mitochondrial function was examined
by the succinate dehydrogenase (SDH) method. SDH activity was as-
sessed according to the shade of bluish-violet granules that formed in
the middle of the sperm tail. Acrosome integrity was assessed by
fluorescein isothiocyanate-coupled peanut agglutinin (FITC–PNA;
Sigma l7381) staining. A 10-μL drop of sperm suspension was placed on
a slide, fixed with formalin, treated with 10 μL FITC–PNA, and in-
cubated at 37 °C for 10 min. Sperm with intact acrosomes were counted
under a fluorescence microscope at a magnification of 400×. A
minimum of 100 spermatozoa were examined for each sample.

2.6. Assessment of sperm DNA fragmentation

Sperm DNA fragmentation was assessed using a human-sperm
Halomax kit (Halotech DNA SL, Madrid, Spain) and the sperm chro-
matin dispersion test. Sperm DNA fragmentation was evaluated in
frozen–thawed samples (5 × 106 sperm/mL) processed according to the
manufacturer's instructions. A minimum of 100 spermatozoa were
evaluated in each sample. Intact sperm exhibited a small, compact,
intensely colored halo around the spermatozoon head. Spermatozoa
with fragmented DNA exhibited a soft, widespread halo of dispersed
chromatin. Spermatozoa exhibiting such a dispersed halo were con-
sidered to have a high DNA fragmentation index [19].

2.7. Quantitative real-time (q)PCR

Total RNA and protein were extracted from frozen–thawed sperm
samples with an RNA/protein extraction kit (Tiangen, Beijing, China)
according to the manufacturer's protocol. qPCR was used to analyze the
mRNA expression of HSP90AA1, the apoptosis-related genes (Bax and
Bcl-2), the oxidant-encoding gene Nox5, and the antioxidant-related
genes (HO-1, SOD2, GSTM1, CAT, and Nrf2 [20,21]). The primer se-
quences used for qPCR are listed in Table 1. cDNA was synthesized
using 2 μL of total RNA using a commercial kit (Promega, Madison, WI,
USA) according to the manufacturer's protocol. qPCR reactions were
conducted using a Real Master Mix SYBR Green kit (Tiangen) and a
MX300 P quantitative PCR system (Stratagene; Agilent Technologies
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Inc., Santa Clara, CA, USA). The fold-change in gene expression was
calculated using the 2−ΔΔCt method. Expression levels in the treated
samples were calculated relative to the expression level in the control
sample.

2.8. Western blotting and immunofluorescence

Thawed semen were analyzed by western blotting with anti-MT2
(Abcam, Cambridge, UK; ab203346), anti-MT1 (Biorbyt, UK;
orb11085), and anti-HSP90 (Abcam; ab13492) antibodies. β-Tubulin
served as a control. The proteins were electrophoresed under reducing
conditions on 12% sodium dodecyl sulfate-polyacrylamide gels and
transferred to nitrocellulose membranes. The blots were blocked in 5%
bovine serum albumin and incubated overnight at 4 °C with primary
antibody, then incubated with secondary antibody for 1 h at room
temperature. The protein bands were visualized using enhanced che-
miluminescence detection reagents (Applygen Technologies, Beijing,
China) on X-OMAT BT film (Eastman Kodak, Rochester, NY, USA).

Additionally, thawed sperm were analyzed by immunofluorescence.
Briefly, cells were fixed in 70% alcohol for 2 h, washed twice with
phosphate-buffered saline (PBS), permeabilized with 0.5% Triton-X100
for 1 h and blocked with 1% bovine serum albumin for 1 h at room
temperature. Anti-HSP90 antibody (final concentration 1:200) was
added to the solution for 4 h, secondary antibody was added, and the
cells were incubated for another 1 h. The cells were washed as de-
scribed above, and the nuclei were stained with DAPI and visualized
with a microscope.

2.9. ELISA and ATP and ROS assays

Thawed semen were prepared for HSP90AB1 (CSB-EL010808HU)
and ATP2B1 (CSB-EL002335HU) detection using an ELISA kit
(CUSABIO, Hubei, China), following the manufacturer's protocols. ATP
content was determined according to the manufacturer's instructions
(Nanjing Jiancheng Bioengineering Institute). Intracellular ROS were
detected using PI and 2′,7′-dichlorofluorescin diacetate (DCFH-DA)
double fluorescence staining (Genmed Scientifics, USA) as follows:
sperm were loaded with DCFH-DA at a final concentration of 40 μM and
PI at a final concentration of 10 μM, incubated for 25 min at 37 °C, and
centrifuged at 2000 rpm for 3 min. After two washes with PBS, at least
10,000 spermatozoa were examined for each assay by flow cytometry.

2.10. Measurement of malondialdehyde (MDA), lactate dehydrogenase
(LDH), and oxidative stress-related enzymes

Thawed samples were subjected to biochemical assays. Semen
samples were centrifuged at 800 × g for 10 min. The pelleted sperm
cells were washed three times by resuspension in PBS and centrifuga-
tion. The supernatant was used for the assay. Total antioxidant capacity
(T-AOC) and MDA, glutathione peroxidase (GSH-Px), GSH, total SOD
(T-SOD), CAT, LDH, and NADPH oxidase concentrations were de-
termined using commercial kits according to the manufacturer's in-
structions (Nanjing Jiancheng Bioengineering Institute, Nangjing,
China).

2.11. Statistical analyses

At least six samples of each group were used in all experiments.
Experimental data were first analyzed by the homogeneity of variance
test and normality test. Test data displayed normal distribution and
homogeneity of variance. One-way ANOVA followed by Duncan's test
for multiple comparisons was used to determine statistically significant
differences between groups. Statistical analysis was conducted using
Statistical Analysis System software (SAS Institute, Cary, NC, USA). All
data are expressed as the mean± standard error of the mean (SEM).
Differences were considered significant when P<0.05.

3. Results

3.1. Melatonin increases motility and membrane integrity of frozen–thawed
sperm

Western blot analysis indicated that the melatonin receptors MT1
and MT2 are expressed in human sperm (Fig. 1A). Semen extender
supplemented with 0.1 mM melatonin significantly increased motility
as compared with the melatonin-free control (38.03± 7.06% vs.
19.49±4.24%, P<0.05) (Fig. 1B). Supplementation with 0.1 mM
melatonin significantly increased frozen–thawed sperm viability
(24.80±0.46% vs. 20.97± 1.27%, P<0.05; Fig. 1C and D) and
sperm membrane integrity (P<0.05; Fig. 1E, F and G) after cryopre-
servation, as compared with the control.

3.2. Melatonin decreases oxidative lipid damage in frozen–thawed sperm

Lipid peroxides are derived from the peroxidation of poly-
unsaturated fatty acids. The most abundant lipid peroxide is MDA [22].
Levels of MDA after thawing were significantly lower in the 0.01 mM
and 0.1 mM melatonin-treated groups than in the melatonin-free group
(P<0.05) (Fig. 2A), while 0.001 and 1 mM had no significant effect.
There was no obvious difference in DNA fragmentation between the
0.1 mM melatonin-treated group and the melatonin-free group
(P>0.05; Fig. 2B).

3.3. Melatonin promotes Bcl-2 expression in frozen–thawed human sperm

Relative transcript levels of the pro-apoptotic gene Bax and the anti-
apoptotic gene Bcl-2 were measured by qPCR. Supplementation of the
cryopreservation medium with 0.1 mM melatonin significantly in-
creased Bcl-2 expression and decreased Bax expression when compared
with the melatonin-free control (P<0.05; Fig. 3).

3.4. Melatonin decreases the ROS content of frozen–thawed human sperm

Expression of NADPH oxidase, which promotes ROS generation, is
regulated by Nox5. ROS levels were significantly lower in all melatonin-
treated groups than in the melatonin-free group, with the largest effect
being observed for 0.01 mM melatonin (P<0.05; Fig. 4A). Ad-
ditionally, NADPH oxidase activity was suppressed by 0.1 mM

Table 1
The primer sequences.

Gene (Accession no.) Primer sequence Product size
(bp)

HSP90AA1
(KJ905786.1)

5′ AAGTCTGGGACCAAAGCGTTC 3′ 218
5′ GTTCCACGACCCATAGGTTCAC 3′

SOD2 (AY267901.1) 5′ CAAAGGGGAGTTGCTGGAAG 3′ 117
5′ AAACCAAGCCAACCCCAAC 3′

GSTM1 (CR541868.
1)

5′ GGACTTTCCCAATCTGCCCT 3′ 139
5′ CTCCAAAATGTCCACACGAATCT 3′

CAT (NM_001752.3) 5′ ACCCCTCCTGGACTTTTTACATC 3′ 115
5′ GGGATGAGAGGGTAGTCCTTGTG 3′

HO-1 (NM_002133.2) 5′ ATCCCCTACACACCAGCCAT 3′ 205
5′ CAATGTTGGGGAAGGTGAAGA 3′

Nrf2 (S74017.1) 5′ ATTCCTTCAGCAGCATCCTCTC 3′ 192
5′ GCCCATTTAGAAGTTCAGAGAGTG 3′

Bax (KJ890756.1) 5′ ACGGCAACTTCAACTGGGG 3′ 237
5′ GCACTCCCGCCACAAAGAT 3′

Bcl-2 (NM_000633.2) 5′ CTTCTTTGAGTTCGGTGGGGT 3′ 196
5′ CCAGGAGAAATCAAACAGAGGC 3′

β-actin (HQ154074.
1)

5′ TGCCCTGAGGCTCTTTTCC 3′ 117
5′ GGCATACAGGTCTTTGCGGAT 3′
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melatonin (Fig. 4B). Addition of 0.1 mM melatonin to the cryopre-
servation medium significantly downregulated Nox5 transcription
(P<0.05; Fig. 4C). We concluded that 0.1 mM melatonin effectively
decreased the free radical content of semen, and thus potentially re-
duced ROS damage to sperm.

3.5. Melatonin promotes antioxidant enzyme expression in frozen–thawed
human sperm

Melatonin increased the T-AOC of frozen–thawed semen only when
used at a concentration of 0.1 mM (Fig. 5A). GSH and GSH-Px activities
were significantly higher in the 0.01 and 0.1 mM melatonin-treated
groups than in the melatonin-free group, with the strongest effect noted
for 0.1 mM (P<0.05; Fig. 5B and C). CAT and T-SOD activities were
also higher in the melatonin-treated group than in the melatonin-free
group (P<0.05; Fig. 5D and E). Furthermore, expression levels of the
antioxidant-related gene Nrf2 and its downstream genes SOD2, CAT,

Fig. 1. Sperm motility, viability, mitochondrial integrity, membrane integrity, and acrosome integrity in frozen–thawed human semen. A) Protein expression of the melatonin receptors
MT1 and MT2 in human sperm, detected by western blotting. B) Evaluation of the effects of the indicated concentrations of melatonin on sperm motility after cryopreservation. C)
Evaluation of the effects of the indicated concentrations of melatonin on sperm viability after cryopreservation using a fluorescence-activated cell sorting (FACS) system. D) Viability of
frozen–thawed sperm was detected by flow cytometry in the 0.1 mMmelatonin-treated group; cryopreservation medium without melatonin was used as a control. Dead spermatozoa were
labeled with PI (Q1), viable spermatozoa were non-fluorescent (Q4). E) Plasma-membrane integrity assessed by the hyperosmotic swelling test. F) FITC-PNA staining to assess sperm
acrosomal integrity. G) Succinate dehydrogenase assay to detect mitochondrial membrane integrity. Control, 0 mM melatonin; melatonin-treated group, 0.1 mM melatonin. n = 15 in
each experiment. Data are shown as the mean± SEM. Different superscript letters (a–c) in each column represent statistically significant differences (P<0.05).

Fig. 2. Melatonin decreases lipid oxidative damage in frozen–thawed
human semen. A) MDA levels in sperm after cryopreservation with the
indicated concentrations of melatonin. B) Evaluation of DNA frag-
mentation. n = 6 in each experiment. Data are shown as the
mean±SEM. Different superscript letters (a, b) in each column re-
present statistically significant differences (P<0.05).

Fig. 3. Melatonin decreases Bax expression and increases Bcl-2 expression in fro-
zen–thawed human semen. n = 6 in each experiment. Relative expression data obtained
by qPCR are shown as the mean±SEM. Different superscript letters (a, b) in the 0.1 mM
and 0 mM melatonin-treated groups represent statistically significant differences
(P<0.05).
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HO-1, and GSTM1 were significantly upregulated in the melatonin-
treated group (P<0.05) (Fig. 5F). This suggests that melatonin pro-
moted antioxidant enzyme expression and increased Nrf2 expression,
and consequently enhanced antioxidant capacity in the frozen–thawed
sperm.

3.6. Melatonin promotes HSP90 expression in frozen–thawed human sperm
via MT1

Before the acrosome reaction, HSP90 was detected in the sperm
neck and tail, whereas after acrosome reaction, HSP90 was observed in
the sperm equatorial region. Immunofluorescence analysis revealed
HSP90 in the neck region of the frozen–thawed sperm (Fig. 6A). HSP90
expression was higher in the 0.1 mM melatonin-treated group than in
the melatonin-free group (Fig. 6B). Moreover, HSP90AA1 transcript
levels were higher in the 0.1 mM melatonin-treated group than in the
melatonin-free group (P<0.05; Fig. 6C). This suggests that melatonin
promoted HSP90 expression in the frozen–thawed sperm.

Addition of the MT1/MT2 inhibitor luzindole to the semen extender
decreased sperm viability as compared with treatment with melatonin
alone (P<0.05). GDA, an inhibitor of HSP90, also decreased sperm

viability (P<0.05; Fig. 7A) and resulted in higher MDA levels than
those observed in sperm treated with melatonin alone (Fig. 7B).
HSP90AA1 and HSP90AB1 transcript levels were similar in the two
groups (Fig. 7C and D). GDA suppressed HSP90AA1 transcription and
HSP90AB1 translation, and HSP90AB1 expression was downregulated
in the melatonin- and luzindole-treated groups (P<0.05). There was
no significant difference in HSP90AB1 between the group treated with
melatonin plus the specific MT2 inhibitor 4-PPDOT and the group
treated with melatonin alone (P>0.05). ATP2B1 expression and ATP
content were significantly higher in the melatonin-alone group and the
GDA-treated group compared with the control group (P<0.05)
(Fig. 7E and F). These results revealed that melatonin promoted HSP90
expression and increased ATP expression via MT1.

3.7. Melatonin has no obvious cytotoxic effect in frozen–thawed human
sperm

LDH is released from damaged sperm plasma membranes into the
extracellular fluid. The cytotoxic effect of melatonin was therefore
evaluated by assessing LDH leakage (Fig. 8). The mean level of LDH
leakage slightly but insignificantly (P>0.05) increased in the

Fig. 4. Melatonin decreases ROS generation in frozen–thawed human semen. A) Evaluation of the effects of the indicated concentrations of melatonin on sperm ROS levels after
cryopreservation using a FACS system. B) NADPH oxidase activity in frozen–thawed human sperm. C) qPCR detection of Nox5 expression. n = 6 in each experiment. Data are shown as
the mean±SEM. Different superscript letters (a, b) in each column represent statistically significant differences (P<0.05).

Fig. 5. Melatonin promotes antioxidant enzyme expression in frozen–thawed human semen. A) T-AOC, B) GSH-Px, C) GSH, D) CAT, and E) T-SOD concentrations in sperm after
cryopreservation with melatonin at the indicated concentrations. n = 6 in each experiment. Data are shown as the mean± SEM. Different superscript letters (a–c) in each column
represent statistically significant differences (P<0.05). F) qPCR detection of Nrf2, CAT, SOD2, GSTM1, and HO-1 mRNA expression in sperm cryopreserved in the presence of 0.1 mM
melatonin. Different superscript letters (a, b) in the 0.1 mM and 0 mM melatonin-treated groups represent statistically significant differences (P<0.05).
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melatonin-supplemented media in a concentration-dependent manner
as compared with the melatonin-free media. This result indicated that
cryopreservation medium supplemented with 0.1 mM melatonin is not
cytotoxic to frozen–thawed human sperm.

4. Discussion

Under normal physiological conditions, low levels of ROS are gen-
erated by oxidation–reduction reactions in the mitochondrial re-
spiratory chain and play important roles in sperm motility, capacita-
tion, and the acrosome reaction. However, high ROS levels may impair
sperm motility, damage acrosomal membranes, and oxidize DNA, ren-
dering sperm cells unable to fertilize oocytes [23]. During the free-
ze–thawing process, excess ROS are produced [24]. The plasma

Fig. 6. Melatonin promotes HSP90 expression in frozen–thawed
human semen. A) Immunofluorescence analysis of HSP90 in fro-
zen–thawed sperm. Green fluorescence represents HSP90; blue
fluorescence represents nuclei. B) HSP90 expression as evaluated
by western blotting. C) qPCR detection of HSP90AA1 mRNA ex-
pression. n = 6 in each experiment. Data are shown as the
mean± SEM. Different superscript letters (a, b) in each column
represent statistically significant differences (P<0.05).

Fig. 7. Melatonin promotes HSP90 expression in frozen–thawed human semen via MT1. A) Sperm viability, B) MDA concentration, C) HSP90AA1 mRNA transcription, D) HSP90AB1
protein content, E) ATP2B1 protein content, and F) ATP content in frozen–thawed sperm treated with the indicated combinations of melatonin, luzindole, 4-P-PDOT and GDA. n = 6 in
each experiment. Data are shown as the mean± SEM. Different superscript letters (a–d) in each column represent statistically significant differences (P<0.05).

Fig. 8. Toxicity assay. Melatonin in cryopreservation medium at the indicated con-
centrations is not cytotoxic. n = 6 in each experiment. Data are shown as the
mean± SEM.
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membrane and acrosomal and mitochondrial membranes can therefore
be damaged by freeze–thawing. ATP-dependent translocase functions to
maintain the integrity of sperm membranes [25]. It has been reported
that ROS induce mitochondrial membrane lipid peroxidation, thus al-
tering ATPase activity, impairing mitochondrial respiratory function,
reducing the energy produced by the tricarboxylic acid cycle, and ul-
timately impairing sperm motility [26]. It has been shown that mela-
tonin increased the activity of mitochondrial respiratory complexes I
and IV in a time- and dosage-dependent manner [27] and enhanced the
efficiency of the membrane electron transport chain, resulting in re-
duced ROS generation [28]. Furthermore, Succu et al. demonstrated
that supplementation of cryopreservation medium with 1 mM mela-
tonin significantly enhanced ram sperm motility and survival rate, de-
creased oxidative damage to the sperm plasma membrane, and in-
creased intracellular ATP concentration [29]. Because melatonin
receptors may be desensitized by exposure to melatonin at low and high
concentrations, it is possible that the reduction of the effects of exo-
genous melatonin in the antioxidant defense system occurs via mela-
tonin receptor desensitization [30]. In the current study, ROS levels
were lower in sperm cryopreserved in semen extender containing
0.1 mM melatonin after freeze–thawing than in sperm cryopreserved in
the absence of melatonin. Melatonin treatment significantly increased
sperm motility, sperm viability, and membrane integrity, and promoted
ATPase expression, which could increase ATP levels in sperm.

SOD and GSH-Px are two important antioxidant enzymes, which
may help sperm to resist oxidative damage and maintain the dynamic
ROS equilibrium in semen under normal physiological conditions
[31,32]. Relatively high levels of SOD and GSH-Px activities are found
in highly motile sperm [33]. MDA levels are closely related to SOD
activity in sperm and thus, indirectly reflect the degree of ROS damage
[34]. Melatonin promotes GSH-Px activation and enhances GSH cycle
efficiency [35]. In the present study, melatonin induced SOD, GSH-Px,
and CAT activation, increased levels of antioxidant substances, and
decreased ROS concentration and MDA levels in frozen–thawed sperm.
Consequently, melatonin effectively inhibited sperm plasma membrane
lipid peroxidation. It has been suggested that melatonin treatment
might upregulate Nrf2-mediated HO-1 activity and increase the Bcl-2/
Bax ratio [36]. Here, we found that melatonin promoted expression of
Bcl-2 and of Nrf2 and its downstream genes, and thus enhanced re-
sistance to damage caused by freezing. Apoptosis destroys the integrity
of DNA [37]. Sperm DNA fragmentation is associated with an increase
in oxidative stress during cryopreservation [38]; melatonin may be
useful in reducing this effect [39]. However, in this study, 0.1 mM
melatonin had no significant effect on DNA fragmentation in fro-
zen–thawed sperm.

HSPs protect cell function, and HSP90 content is correlated with
sperm vitality [40,41]. HSP90 levels in bull spermatozoa gradually
decline following freeze–thawing, which may affect sperm plasma
membrane integrity and acrosome integrity [42]. HSP90 has been
shown to repair chromosome damage caused by freeze–thawing and to
maintain DNA integrity [43]. Low concentrations of melatonin induce
HSP90 production [44,45], and HSP90 recruits ATPase, thus promoting

ATP degradation [46]. In this study, we found that melatonin promoted
HSP90 expression via MT1, and that higher HSP90 levels were present
in sperm with higher mobility. This may be a result of rapid HSP90-
induced ATP hydrolysis providing energy for motility.

In summary, our study showed that melatonin had multiple effects
on frozen–thawed sperm, including enhancing sperm motility and vi-
tality, protecting sperm membrane integrity, enhancing antioxidative
enzyme activation, effectively suppressing ROS generation, and de-
creasing oxidative damage in frozen–thawed sperm (Fig. 9). Further-
more, 0.1 mM melatonin had no cytotoxic effect on frozen–thawed
sperm. Therefore, adding melatonin to cryoprotectant may help to
protect human sperm during cryopreservation.
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