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Abstract: Astaxanthin (Asta), a photo-protective red pigment of the carotenoid family, is
known for its multiple beneficial properties. In this study, the effects of Asta on isolated
human sperm were evaluated. Capacitation involves a series of transformations to let sperm
acquire the correct features for potential oocyte fertilization, including the generation of a
controlled amount of reactive oxygen species (ROS), cholesterol depletion of the sperm
outer membrane, and protein tyrosine phosphorylation (Tyr-P) process in the head region.
Volunteers, with normal spermiogram values, were divided in two separate groups on the
basis of their ability to generate the correct content of endogenous ROS. Both patient group
(PG) and control group (CG) were analysed for Tyr-phosphorylation (Tyr-P) pattern and
percentages of acrosome-reacted cells (ARC) and non-viable cells (NVC), in the presence
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or absence of Asta. In addition, the involvement of ROS on membrane reorganization and
the presence of Lyn, a Src family kinase associated with lipid rafts, were investigated.
Results show that Lyn is present in the membranes of human sperm, mainly confined in
midpiece in resting conditions. Following capacitation, Lyn translocated to the head
concomitantly with raft relocation, thus allowing the Tyr-P of head proteins. Asta succeeded
to trigger Lyn translocation in PG sperm thus bypassing the impaired ROS-related mechanism
for rafts and Lyn translocation. In this study, we showed an interdependence between ROS
generation and lipid rafts and Lyn relocation leading the cells to undergo the successive
acrosome reaction (AR). Asta, by ameliorating PG sperm functioning, may be utilised to
decrease male idiopathic infertility.

Keywords: astaxanthin; tyrosine kinase Lyn; human sperm capacitation; acrosome reaction;
cholera toxin subunit B (CTB)

1. Introduction

Routinely performed sperm tests, such as semen volume, colour, pH, liquefaction time, viscosity,
sperm count and motility, sperm morphology, concentration of round cells and polymorphonucleocytes,
sperm agglutination and sperm viability, often do not explain male inability to achieve a pregnancy after
12 months or more of regular, unprotected and well-timed intercourse. The term idiopathic infertility is
due to the fact that results of these tests typically fall within the normal range without clarifying the exact
reason why patients result infertile/subfertile [1].

In order to acquire the correct features for potential oocyte fertilization, human sperm has to undergo
a series of transformations, known as capacitation, which prepares the cell to undergo the acrosome
reaction (AR). During the capacitation process, the sperm outer membrane undergoes cholesterol
depletion [2,3], to augment membrane fusibility and enhance the acrosomal exocytosis, followed by
downstream signaling processes such as protein serine and tyrosine phosphorylation (Tyr-P) [4-6] and
reactive oxygen species (ROS) generation [7].

Capacitation-related efflux of cholesterol, a major component of lipid rafts [8,9], might also change
membrane fluidity and/or induce rearrangement of membrane lipid rafts [10,11].

Generally, lipid rafts are small microdomains ranging from 10 to 200 nm in size characterized by the
ganglioside GM1, a raft constituent and marker, which, by binding to the fluorescence-conjugated cholera
toxin B subunit (CTB) [12], may be identified and monitored during capacitation transformations [13].

Caveolin 1 (CAV 1) is one of rafts’ constituents [ 14] and provides the scaffolding of these microdomains,
also called caveolae [15], which can embed and inactivate many proteins and enzymes [ 14].

High ROS level and oxidative stress have been implicated in the pathophysiology of male
infertility [16] being correlated with sperm DNA damage, reduced sperm motility, and lipid and protein
denaturation [16,17]. However, growing evidence has been recently proposed [18] about the essential
role of a controlled ROS generation on the correct sperm functioning, thus giving ROS a key role in the
maturation process, other than the detrimental factor previously assessed [19].
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Moreover, the time-dependent ROS generation has been demonstrated to represent an important tool
to predict the potential ability of the cell to accomplish acrosome reaction [13,18-20], discriminating
sperms that, either for lower or higher ROS content, were prevented from being capacitated [18].
In addition, the close relationship between the Tyr-P of the sperm head and AR has been
demonstrated [18,19], although the molecular mechanisms involved in all these capacitation-related
processes remain to be characterized.

Phosphorylation is among the most common regulatory mechanisms for protein function, regulating
cell functions by inducing conformational changes in proteins via allosteric modification [21]. In human
sperm, several members of the Src kinase family have recently been described [22—-24], but, despite the
importance of the events triggered by Tyr-P such as hyperactivation [24], capacitation progress and
acrosome reaction regulation [25], protein tyrosine kinases (PTKs) identification remains to be
completely elucidated. At present, the most well characterized mechanisms of Tyr-P are regulated by
members of the Src family kinases (SFK), which is the largest family of non-receptor tyrosine kinases
widely expressed in many cell types and in different subcellular compartments [26]. SFKs induce cellular
responses associated with proliferation, growth control, survival, differentiation and cytoskeletal
arrangements [26] and many of their own functions have been clarified with the use of inhibitors of their
activities, such as 4-Amino-5-(4-chlorophenyl)-7-(¢-butyl)pyrazolo[3,4-d]pyrimidine (PP2) [27].

While the role of hormone therapy for men with an identified abnormality is well defined [28], the
literature remains inconclusive and controversial regarding the use of food supplements for men with
idiopathic infertility, mainly due to the incomplete knowledge of all the steps of the capacitation process.

Many medical therapies have been historically used for male infertility, including herbs, vitamins,
and nutritional supplements, and many of them rely on antioxidant properties. Astaxanthin (Asta), a
carotenoid nutrient widely distributed in algae, crustaceans, shellfish and various plants [29], inserts
within cell membranes protecting them with potent antioxidant and anti-inflammatory actions [30,31].
In a recent study [20], we described that Asta ameliorates viability and AR percentages of human sperm.
To test the hypothesis of whether Asta could induce protein-protein or protein-lipid dislocation at the
plasma membrane level, in the present study we evaluated the effect of Asta on sperm membrane raft
reorganization, in particular at the level of head/acrosome region. In addition, the presence of Lyn, a Src
family kinase found in lipid rafts [32,33], was investigated as potential Tyr-kinase involved in the
capacitation-related Tyr-P.

2. Results and Discussion

We have previously described that Asta can improve human sperm viability in a dose-dependent
manner with 2 uM dose representing optimal concentration for capacitation [20].

After gradient separation, sperm samples of each group were collected three by three in a single pool
to obtain a sufficient number of cells to perform all tests. Pools were divided in samples which were
immediately analysed (To), or incubated in the absence (C), or presence of Asta, PP2, an inhibitor of the
Src family kinase, or both (Asta + PP2). Before any further analysis, aliquots were then assessed for
sperm parameters by computer-assisted sperm analysis (CASA) (Supplementary Table S1). As expected,
samples C showed a net increase in the different motility parameters compared with To, thus confirming
that capacitation-related hyper-activation was occurred. No significant alteration was evident by
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comparing capacitated sperm (C) with those with Asta, or Asta + PP2, except for a minor increase in
patient group (PG) sperm treated with Asta, thus suggesting that hyperactivity was almost not affected
by these different conditions.

Another aliquot of each sample was analysed for the ROS generation in a luminometer for 180 min
with luminol as a luminescent source. Samples C generating ROS in a concentration sufficient to induced
luminescence between the values 0.05-0.08 Relative Luminescence Units (RLU) were considered
normal [18] and, therefore, belonging to the control group (CG, n = 15), whereas samples expressing
ROS below these values were inserted in the patient group (PG, n = 18). On the basis of this
classification, samples which did not meet the above criteria were discarded.

When analysed in the presence of Asta, no relevant alteration in the curves of ROS generation
(Figure 1) was observed in either CG (panel A) or PG (panel B) groups, although evaluating the
integrated values (as area under the curve, AUC) a modest, but significant (p < 0.01), reduction was
found in RLU of CG group, also in the presence of both Asta + PP2 (panel C). This fact suggests that
Asta has a modest role in preventing H2O2 formation in sperm in physiological condition but no effect
in patients.
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Figure 1. ROS generation curves of sperm samples and effects of Asta, PP2, or both. Sperm

AUC

from three volunteers for each experiment was collected to form a pool with a sufficient
number of cells. Sperm was incubated for up to 180 min in capacitating conditions in the
absence (C) or presence of Asta (2 uM), PP2 (6 uM), or both (Asta + PP2, 2 uM + 6 uM).
Luminol chemiluminescence was monitored during sperm capacitation. Results are
expressed as moving averages of Relative Luminescence Units (RLU)/30 s for 2 x 10° cells.
Figure 1 is representative of 11 separate experiments, conducted on samples belonging
to the control group (CG, panel A) or the patient group (PG, panel B). Detection was carried
out in triplicate. Graphs in panel C show AUC of the RLU data in both groups. ** p < 0.01
vs. C; Student’s ¢ test.

The close relation between the endogenous ROS content (Supplementary Figure S1) and sperm viability
(Supplementary Table S2) were further investigated by incubating CG sperm in the presence of ascorbic
acid (AA), and PG sperm with H202 (0.25 uM). As previously reported [18], AA greatly reduced ROS
content (panel A) and prevented capacitation as shown by Tyr-P and AR (Supplementary Table S2). On
the other hand, when PG sperm was treated in the presence of H2O2 to ameliorate ROS content (panel B)
and trigger capacitation, although a peak within the region of correct values of ROS was formed, no
improvement either in Tyr-P level and distribution or acrosome reacted cells (ARC) was shown
(Supplementary Table S2). In this case, it is hypothesized that the impairment, present in PG sperm, was
not accessible by exogenous ROS addition, probably due to its inner insertion within the membrane. Higher
ROS doses were not consistent with cell survival [18] as suggested by the increase of non-viable cells
(NVC) percentage (Supplementary Table S2).

At the end of incubation, aliquots of cells were withdrawn from all samples and analyzed for their
ability to undergo Tyr-P and AR.

The Tyr-P pattern was evaluated (Supplementary Figure S2 and Table S1). According to previous
reports [19] (Supplementary Figure S2, panel A), capacitation induced a net increase in the total cell lysate
Tyr-P level of two main bands at about 90 and 110 kDa, respectively, in the CG, with Asta showing only
a slight further enhancement and PP2 completely preventing any increase either alone or in co-addition
with Asta (lanes PP2 and Asta + PP2, respectively). On the other hand, in the PG, capacitation-related
increase of the Tyr-P was clearly lower (only 20% compared with To, p < 0.001) with Asta inducing a net
increase (40% compared with To, p < 0.001). PP2 completely inhibited Tyr-P increase in any conditions
(lanes PP2 and Asta + PP2).

When cells were analysed for Tyr-P distribution with immunocytochemistry (Supplementary Figure S2),
as previously reported [19], in sample To, Tyr-P was mainly located in the mid-piece region and tails of
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spermatozoa [19] and involved about 95% of the cells (Table 1, Tyr-P cells) in CG but only 48% of cells in
PG. Cells presenting Tyr-P also in the region of head (Tyr-P head) were about 10% or less in both CG and
PG. After 180 min in capacitating conditions (C), only a few cells of PG presented Tyr-P in the head region
(19% + 3%), as expected on the basis of ROS generation values expressed by cells (Figure 1B), compared
to C sample of CG (63% =+ 6%). Interestingly, the addition of Asta clearly increased the percentage of PG
sperm presenting Tyr-P in head (27% + 3% compared to 19% + 3% in C, p < 0.0001) although ROS
generation content was not affected at all (Figure 1B). On the contrary, in CG samples, Asta did not induce
any significant increase compared with C condition. When added, PP2, either alone or in co-addition with
Asta, drastically diminished the percentage of cells presenting Tyr-P in both groups (Table 1), thus
confirming the involvement of Src family kinase in the capacitation-related Tyr-P process.

Table 1. Sperm cells from control group (CG) or patient group (PG) at To, or incubated
for 180 min in capacitating conditions in the absence (C) or presence of Asta 2 uM,
PP2 6 uM or both (Asta + PP2), were analyzed for Tyr-P pattern (Supplementary Figure S2),
acrosome-reacted cells (ARC) and viability (non-viable cells, NVC) by immunofluorescence
cytochemistry (see Methods). Number of cells expressed as % of total number of cells
showing Tyr-P in any part of cell body or in head, were detected and reported as Tyr-P cells
and Tyr-P head, respectively. Percentages of cells undergoing acrosome reaction (ARC) or
NVC were also reported. Values are expressed as means = SD. T p < 0.01; 7T p < 0.001;
1 p <0.0001 comparison between various samples vs. C as reference; Student’s t-test for
paired data. * p < 0.05; ** p <0.001; *** p <0.0001 comparison C vs. To; Student’s #-test

for paired data.

Groups Parameters T0 C Asta PP2 Asta + PP2
Tyr-P cells 95 +3 93 +4 94 +5 30+6 36+7%

cc Tyr-P head 10£2 63 + 6 *** 67+5 4+2% 5421
ARC 16+5 59 + 7 #** 63+6 5+£2% 6£1%
NVC 7+5 9+3 5+2°1 69+51 57+77
Tyr-P cells 48+ 6 57+5 64+5 24+6* 29+5+%

PG Tyr-P head 8+2 19 +£3 ** 27+3% 2+£1°% 3417
ARC 10+4 1544 ** 31+4*7 4427 4417
NVC 13+4 19+£2* 1227 65+81 58+4+%

Aliquots of sperm suspensions were analyzed for percentages of ARC and NVC. The values of cell
counts are reported in Table 1. As previously reported [19], the percentages of cells which underwent
acrosome reaction (ARC) had a trend similar to the corresponding values of Tyr-P in acrosome/head
region, once more confirming the correlation existing between these two parameters. Asta, ameliorating
the percentage of Tyr-P cells in PG, increased ARC values in this group (31% + 4% vs. 15% + 4%,
p <0.0001) but in CG, Asta did not induce any increase, compared to C (63% + 6% vs. 59% + 7%,
respectively). PP2, both alone or in co-addition with Asta, prevented cells from AR, as indicated by the
low percentages of ARC (5% + 2% or 6% =+ 1% compared to 59% = 7% of the C sample in CG, p <0.0001;
4% + 2% or 4% + 1% compared to 15% + 4% of the C sample in PG, p < 0.001) and seriously
compromised cell viability, as shown by the high number of NVC (69% + 5% compared to 9% = 3% of
the C sample in CG, p < 0.0001; 65% + 8% compared to 19% + 2% of the C sample in PG, p < 0.001)
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also in the presence of Asta. Results showed that Asta was an optimal support for PG sperm to achieve
capacitation status even in the absence of the correct ROS amount. Addition of Asta increased both
Tyr-P and ARC percentages with significant increase of PG-C values (Tyr-P head 27% + 3% in the
presence of Asta, compared to 19% + 3% of the corresponding sample C, and ARC 31% + 4% compared
to 15% + 4%, in the presence or absence of Asta, respectively). When added, PP2 greatly augmented the
percentages of NVC in both groups, which also showed a net decrease in all the other parameters. Asta
did not succeed in reversing PP2 negative effects on sperm functioning and viability.

Taking into account that, in other cells, rafts contain Lyn, another member of the Src family kinase,
we investigated the presence and the potential involvement of this enzyme in sperm functioning. In order
to determine if the enzyme was expressed all over sperm surface or in precise cellular compartments,
sperm was separated in membranes (M), cytosol (C), head (H) and flagellum (F), and successively
analysed by anti-Lyn antibody in a Western blotting assay. As indicated by Figure 2 panel A, Lyn was
present in human sperm with a subcellular localization in the plasma M, enveloping the cell. For this
reason, to further inquire about any potential alteration of Lyn position within the cells following
treatments, differently treated sperm samples were analysed with anti-Lyn and visualized by confocal
microscopy, to localize the enzyme (Figure 2). Sperm was also inquired with CTB, which, by binding
to membrane-inserted protein G1, allowed researchers to localize rafts and capacitation-related raft
translocation [13].

At To, Lyn was predominantly located at the neck of the sperm in both CG and PG, but after 180 min
of capacitation, Lyn spread over sperm heads, locating predominantly to the acrosome region in CG,
whereas, in PG, it remained in the neck or, at most, in the pre-acrosomal region, only rarely reaching the
acrosome region (Figure 2 and Table 2 for quantification). Asta increased the percentage of cells from
PG presenting both CTB and Lyn in the acrosome region, from 12% + 2% to 28% + 7% (CTB) and from
15% + 2% to 22% + 1% (Lyn) of samples C and Asta, respectively. These percentages accounted for
what observed in PG Tyr-P and ARC (Table 1). Interestingly, PP2, the inhibitor of Src kinase activity,
did not cause any Lyn displacement alteration either in the absence or presence of Asta in PG and CG,
thus confirming that Lyn activity was not a prerequisite for its translocation. However, even if Lyn
spread over the acrosome region, a net inhibition of acrosome reaction was observed, as indicated by the
percentage of ARC (5% + 2% in PP2 and 6% + 1% in Asta + PP2), compared to capacitated (C) samples
(59% + 7%).

The relative tyrosine kinase activities in samples from differently treated cells were also evaluated
(Table 2). Cells were lysed, and lysates were assayed as Protein Tyrosine Kinase (PTK) activity in the
total cell lysate, or, after immuno-precipitation (Ip) with anti-Lyn antibodies (Lyn-Ip). Results showed
that capacitating conditions (C) induced a net increase of both total lysate and Lyn activities in CG
(+73% and +81%, respectively, compared to To conditions), by far higher than those evidenced in PG
(+24% and +21%, compared to To) (Table 2). Asta addition induced further increase of both total lysate
and Lyn activities in PG (+16% in both samples, compared to C, p < 0.01), but not in CG.
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Figure 2. Subcellular localization of Lyn (panel A) and membrane rafts (panels B and B’) and
Lyn (panels C and C’) translocation in human sperm during capacitation in absence or presence
of Asta. (Panel A): Western blot analysis of subcellular localization of human sperm Lyn. The
presence of the Src family kinase Lyn was assessed in the non-capacitated sperm plasma
membrane (M), cytosol (C), flagellum (F) or head (H), obtained as described in Methods.
Aliquots from each fraction corresponding to 3 x 10° cells were loaded and analysed by
SDS-PAGE (10%), transferred to nitrocellulose and immuno-revealed with anti-Lyn antibody.
(Panels B, B’, C, and C’): Sperm cells from control group (CG, panels B and C) and patient
group (PG, panels B’ and C’), at To or incubated in capacitating conditions for 180 min in
absence (C) or presence of Asta (2 uM), were analysed for CTB labelling (panels B and B”) and
Lyn localization (panels C and C’) by immunofluorescence cytochemistry as described in
Methods. Corresponding phase-contrast images for each condition are shown. The figure is
representative of 11 separate experiments conducted in triplicate.
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Table 2. Membrane rafts localization, Lyn localization and activity in human sperm during
capacitation and effects of Asta, PP2, or both. Sperm cells from control group (CG, panel A) and
patient group (PG, panel B), at To or incubated in capacitating conditions for 180 min
in absence (C) or presence of Asta 2 uM (Asta), PP2 6 uM (PP2) or both (Asta + PP2),
were analysed for cholera toxin subunit B (CTB) labelling and Lyn localization by
immunofluorescence cytochemistry as described in Methods. Number of cells, expressed
as % of the total amount of cells showing labelling in acrosome, sub-acrosomal region
(Sub-acro), neck and tail, were detected and reported. Protein Tyrosine Kinase (PTK) activity:
aliquots of total sperm lysate or Lyn-Ip from each sample were analyzed for PTK activity as
described in Methods. The values were obtained as the ratio percentage of PTK activity
of samples to To (chosen as arbitrary comparison units). The figure is representative of
11 separate experiments. Values are expressed as means = SD. T p < 0.05; ' p < 0.01;
1 <0.001 comparison between various samples vs. C as reference; Student’s ¢-test for paired
data. * p <0.05; ** p <0.01; *** p <0.001 comparison C vs. To; Student’s ¢-test for paired data.

A Localization PTK Activity
Treatment Compartment CTB (%) Lyn (%) Total Lysate Lyn-Ip
Acrosome 0+0 0+£0
Sub-acro 1+1 442
TO 100 £ 1 101 £2
Neck 89 +8 96 £4
Tail 92 +4 11+6
Acrosome 91 £ 8 *** 93 £ 6 ***
Sub-acro 91 &+ 5 *** 90 + 8 ***
C 173 £ 9 *** 181 £ 7 ***
Neck 92 +4 77 £ 6 ***
Tail 78 £ 10 9+4
Acrosome 95+3 915
Sub-acro 92+2 93+6
CG Asta " 178 = 11 183 £ 8
Neck 90+6 72+7
Tail 76 £7 10+5
Acrosome 31+8% 26+8%
Sub-acro 37+117F 290+31%
PP2 ; 20+6"F 2414
Neck 79+ 10 89+ 7
Tail 78 +9 7+3
Acrosome 52+7% 34+5%
Sub-acro 54+61 31+61 .
Asta + PP2 30+5¢ 1+1%
Neck 85+9 79+5

Tail 84 £5 8+4
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Table 2. Cont.

B Localization PTK Activity
Treatment Compartment CTB (%) Lyn (%) Total Lysate Lyn-Ip
Acrosome 0£0 0+0
Sub-acro 0+1 241
TO 101 £1 102 £ 1
Neck 75+9 95+4
Tail 93+6 16 £5
Acrosome 12 £ 2 *** 15 £ 2 ***
Sub-acro 7 £ xE* 6+2%*
C 125 £ 7 *** 123 £ 5 ***
Neck 89 + 10 ** 90 +6
Tail 93 +4 12+5
Acrosome 28 +7TF 22417
Sub-acro 32+9 71 21 +4 7T .
PG Ast 141 £4 7 139£6
s Neck 92+ 7 96 + 3
Tail 90+6 13+4
Acrosome 9+ 1" g+2ff
Sub-acro 5+2 1+17
PP2 . 2417 1+2¢%
Neck 71£97 68 11"
Tail 84+ 8T 9+4
Acrosome 6+4F 9+ 1Tt
Sub-acro 7+£3 3+£2 N N
Asta + PP2 3414 1+14%
e Neck 8248 7371
Tail 83+6" 9+3

These data strengthen the efficacy of Asta in ameliorating sperm unable to undergo correct
capacitation leading to AR. On the other hand, normal sperm did not benefit from Asta positive effects
for AR, probably due to the fact that sperm cells were working to the best of their capacity so that any
further improvement was quite impossible. In any case, in both groups the presence of Asta in the
incubation medium decreased the number of NVC (Table 1), thus confirming the efficacy of this
compound to prevent sperm apoptosis.

PP2, an inhibitor of the Src family kinase, induced cell denaturation leading to apoptosis. This
confirmed the involvement of one or more members of this family, not only in the capacitating process
but also in spermatozoa survival. Previous investigations [32,33] indicated p60src as responsible for
capacitation progress in human sperm, though this enzyme was found predominantly in the neck, tail
and pre-acrosome region. In the present study, Lyn, rather than p60src, better represents the key enzyme
to the Tyr-P process involving sperm head. In fact, Lyn migrates from neck to the acrosome region,
probably enveloped in raft caveolae/microdomains. Only when located in acrosome, Lyn activity highly
increased, thus allowing the Tyr-P of the head.

Statistical analysis indicated close relationships between acrosomal CTB, acrosomal Lyn and Lyn-Ip
activity values vs. ARC, as showed by the statistically significant linear regressions obtained through
data points (p < 0.0001) in both groups (Figure 3). Moreover, the trend lines show clearly the
phenomenon of increase in all the considered parameters following Asta treatment in PG.

Previous studies have demonstrated that AR closely depends on a controlled range of ROS generation
leading to the Tyr-P process of the sperm head [18,19]. In sperm unable to produce them or in the
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presence of strong anti-oxidants, such as ascorbic acid, spermatozoa undergo a kind of general
impairment, which prevents not only their ability to undergo AR but also cell survival [18]. This close
relation between the endogenous ROS content and sperm viability were further confirmed in the present
study. In fact, when CG sperm was incubated in the presence of AA capacitation was prevented as shown
by the inhibition of ROS production (Supplementary Figure S1, panel A), Tyr-P and AR (Supplementary
Table S2). On the other hand, when PG sperm was treated in the presence of H202 (0.25 uM) to
ameliorate ROS content (Supplementary Figure S1, panel B) and trigger capacitation, no improvement
either in Tyr-P level and distribution or ARC was shown (Supplementary Table S2). In this case, it is
hypothesized that the impairment present in PG sperm, being inserted in the membrane, was not
achievable by exogenously added ROS.
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Figure 3. Correlations between acrosomal CTB, acrosomal Lyn and Lyn-Ip activity
(Lyn-Ip %) values vs. ARC in both groups (CG on left, PG on right). Linear regression
parameters are indicated, as well as Pearson’s coefficient of correlation » (p < 0.0001 in
all cases).
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In the present study, sperm samples were incubated in a buffer which guaranteed an optimal ROS
production in normal CG as shown by the high ARC percentage but not sufficient to trigger capacitation
in PG. In any case, low percentages of apoptosis (NVC) were ensured, and, more interestingly, viability
impairment was prevented, as indicated by the net increase of ARC following Asta addition, thus
indicating that cells were in a sort of resting conditions ready for a potential successive activation.
This important aspect shed light also to the possible mechanism of action of Asta. In fact, the main
difference evidenced in PG was the failure in raft shifting and relocation, compared to the high
percentage of CG cells easily achieving capacitating membrane adjustment. By displacing rafts together
with rafts-inserted-Lyn to the acrosome region, Asta markedly induced the conformational change
required for AR, thus bypassing the impairment present in these cells for the capacitation-related
arrangement. Possibly Asta, by inserting in the lipid bilayer, disengages rafts from the blocks that
maintain the membrane in non-capacitated form, thus allowing both rafts and relative inserted proteins
to reach the capacitated-related relocation. It is hypothesized that mechanisms other than cholesterol
extraction may be involved in the membrane reorganization induced by capacitation, since Asta
inserts itself into the bilayer, probably disrupting protein-protein or protein-lipid interactions, thus
allowing/facilitating both the correct engagement of proteins in newly formed complexes, such as in the
case of actin polymerization [34], and the correct relocation of enzymes, such as Lyn, to the acrosome
region. This Lyn relocation had to be accompanied by its activation in order to achieve correct level of
Tyr-P. Only when Tyr-P process involved the acrosome region capacitation was accomplished, as
demonstrated by the high percentage of ARC in the corresponding cells. Taken together, these results
show for the first time the close relation between endogenous ROS correct generation and raft migration
to the sperm head as “sine qua non condicio” for the successive AR. In addition, Lyn, probably
embedded and co-migrating with lipid rafts, is activated and catalyzes Tyr-P of proteins localized in
the sperm head, third and further step of sperm preparation to achieve AR. When ROS content is
insufficient [13,18] (PG), rafts cannot migrate, thus blocking successive phases, and this may be the
limiting step for distinguishing PG from CG samples, even if routine test values fall into the normal range.

3. Experimental Section
3.1. Semen Collection and Analysis

Twenty-four healthy male donors of proven fertility (with 1-3 children) (age range: 2437 years,
average age: 31.4 years) together with patients (n = 27) (age range, 26—38 years; average age: 32.5 years),
from couples who had failed to conceive after at least one year of regular unprotected intercourse, were
enrolled at the Department of Medicine-Endocrinology, University of Padova, Italy. The female partners
of the patients resulted normal after gynaecologic evaluations. After three days of abstinence, semen
samples were collected by masturbation in a sterile container and then assessed for sperm parameters.
All sperm samples used in this study were normal in terms of sperm count, motility, morphology,
volume, fructose level and pH, according to the World Health Organization criteria [35]. All samples
presenting any kind of contamination were discarded. This study was approved by the Ethics Committee
for Research and Clinical Trials of our University (02-13-2012), and all recruited donors gave their
informed written consent and provided detailed lifestyle histories.
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3.2. Chemicals

Anti-P-Tyr mouse monoclonal, goat anti-mouse and anti-rabbit IgG-fluorochrome fluorescein
isothiocyanate (FITC) conjugate antibodies were purchased from Upstate (Becton Dickinson Italia SpA,
Milan, Italy) and Santa Cruz Biotechnology (Heidelberg, Germany), respectively. Anti-Lyn rabbit
polyclonal antibody was obtained by Millipore (Temecula, CA, USA). Density gradient (Pure Sperm
40/80) and pure sperm wash buffer (PSW) were obtained from Nidacon International AB (Go6teborg,
Sweden). Asta was supplied by FERpharma s.r.I. (Milan, Italy). In addition, 12-myristate-13-acetate
phorbol ester (PMA) was purchased from Calbiochem (Nottingham, UK) and all other reagents and
anti-tubulin antibodies from Sigma-Aldrich (Milan, Italy).

3.3. Sample Preparation

After semen analysis, samples were laid on a discontinuous gradient (Pure Sperm 40/80%) and
centrifuged at 500x g for 30 min at room temperature. The seminal plasma and sperm from the 40%
gradient interface were discarded, and the sperm cells from the bottom pellet (80% gradient) were
gathered. After gradient separation, sperm samples of each group were collected three by three in a single
pool to obtain a sufficient number of cells to perform all tests (ROS, AR status and viability, Tyr-P, etc.)
for each experiment. Cells were washed with PSW, re-analysed for concentration, motility, viability
and morphology, and collected in a single vial (stock sample) at a concentration adjusted to 80 x 10°
sperm cells/mL in PSW. Stock samples were prepared in aliquots and analysed immediately (To) or
incubated for up to 180 min in capacitating conditions, in the absence (C) or presence of Asta 2 uM from
stock solutions of 100 mM dissolved in dimethyl sulphoxide (DMSO) (Asta), PP2 6 uM (PP2), or
together (Asta + PP2).

3.4. ROS Enhanced Chemiluminescence (ECL)

Production of ROS was measured by the chemiluminescence assay method with luminol
(5-amino-2,3-dihydro-1,4-phthalazinedione) as probe [19,36]. Briefly, 2 uL. of 25 mM luminol and
4 uL of 10 mg/mL horseradish peroxidase, both prepared in DMSO, were added to 200 pL of a sperm
suspension at a concentration of 10 x 10° cells/mL. ROS levels were determined by a luminometer
(Fluoroskan Ascent FL, Labsystems, Helsinki, Finland) in the integrated mode for 180 min at 37 °C.
Results are expressed as Relative Luminescence Units (RLU) per 2 x 10° sperm cells. Lastly, 2 uL of a
10 mM N-formylmethionyl-leucyl-phenylalanine (FMLP) stock was added and, after a further 10 min
of incubation, 4 uLL of a 1 nM stock solution of PMA was added, to exclude leukocyte contamination [37].
Only samples with negative response to FLMP and PMA were processed.

3.5. Computer Assisted Sperm Analysis (CASA)

Sperm motility and hyperactivation were analysed using a computer-assisted sperm analyzer (CASA).
For each sample, the following parameters were evaluated: the percentage of motile spermatozoa and
VCL (curvilinear velocity), VAP (average path velocity), VSL (straight-line velocity) and ALH
(amplitude of lateral head displacement) to determine the percentage of hyper-activated (HA) cells. Only
cells with VCL > 150 um/s, LIN (VSL/VCL) < 50%, and ALH > 7 um [36] were considered HA. All
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measurements were performed at 37 °C. A minimum of 100 cells and 5 fields were analysed for each
aliquot [38].

3.6. Anti-P-Tyr and Anti-Lyn Evaluations at Confocal Microscopy

Aliquots of sperm (15 x 10° cells) from each sample were washed with phosphate buffer saline (PBS)
containing vanadate 1 mM and protease inhibitor cocktail, fixed with 2% (w/v) paraformaldehyde and
incubated overnight at 4 °C on slides pre-coated with poly-L-lysine [19]. Slides were rinsed twice with
PBS and sperm cells were permeabilized with 0.2% (v/v) Triton X-100 for 15 min at 4 °C and then
incubated with anti-P-Tyr or anti-Lyn antibodies for 1 h at 37 °C in a humid chamber. Slides were
washed with PBS, stained with anti-mouse or anti-rabbit IgG-FITC conjugate for 1 h at 37 °C in a humid
chamber and then rinsed with PBS and mounted. Staining without primary antibody was used as negative
control. Fluorescence was detected with the UltraView LCI confocal system (Perkin Elmer, Waltham,
MA, USA) equipped with a fluorescence filter set for excitation at 488 nm.

3.7. Evaluation of Acrosome Reaction

Acrosome status was monitored with acrosome-specific FITC-labeled peanut (4rachis hypogaea)
agglutinin (FITC-PNA) in conjunction with DNA-specific fluorochrome propidium iodide (PI) as a
viability test [39]. Briefly, in order to induce AR, aliquots (15 x 10° cells) of each sample were incubated
for 30 min at 37 °C, in the presence of 10 uM Ca*" ionophore A23187 [19]. Samples contained DMSO,
but not ionophore, were used as control. After incubation sperm cells were centrifuged, resuspended in
PBS and treated for 10 min at room temperature with 12 uM PI. Sperm was washed with PBS, fixed
with 2% (w/v) paraformaldehyde and incubated overnight at 4 °C on poly-I-lysine-treated slides.
Permeabilized sperm cells, as described above, were stained with 1 mg FITC-PNA/mL for 15 min
at 37 °C in the dark, washed and mounted. At least 200 cells were evaluated for each sample, and
fluorescence was detected as described above. Only sperm cells showing evenly distributed fluorescence
over the acrosomal region were considered acrosome-intact.

3.8. Evaluation of Membrane Rafts

GM1 membrane raft marker was visualized in live human spermatozoa by staining with the cholera
toxin subunit B (CTB)-FITC [13,14]. For this purpose, suspensions of cells (15 x 10° cells) from each
sample were mixed with an equal volume of CTB (50 pg/mL) and incubated for 15 min at 37 °C. The
sperm cells were then washed twice in PBS before being fixed in 2% paraformaldehyde for 30 min,
mounted on poly-L-lysine coated glass microscope slides and viewed using the confocal microscope as
described above. For each treatment, at least 200 cells were counted and categorized into four different
fluorescent patterns (acrosome, sub-acrosome region, neck and tail).
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3.9. Protein Tyrosine Kinase (PTK) Activity Assays and Distribution
3.9.1. Total Cells Lysate

Sperm cells (20 x 10°) from each sample, were resuspended in 300 pL of PBS (containing 1 mM
sodium orthovanadate and protease inhibitor cocktail) and treated with 2 mM (final concentration) of
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulphonate hydrate (CHAPS) [19] at 0 °C for
10 min.

Thirty pL of this total cell lysate (corresponding to about 2 x 10° cells) was assayed PTK activity.

3.9.2. Anti-Lyn Immunoprecipitations (Ip-Lyn)

The remaining volume of total cell lysates were extracted in Igepal buffer (Igepal 1% final
concentration, Tris-HCI1 20 mM, EDTA 2 mM, NaCl 300 mM EGTA 10 mM, 1 mM sodium orthovanadate
and protease inhibitor cocktail) at 4 °C for 1 h in agitation. After centrifugation, supernatants were
pre-cleared with protein A-Sepharose, and then incubated overnight at 4 °C with anti-Lyn antibody
bound to protein A-Sepharose. Immune complexes were washed three times in 50 mM Tris-HC1 pH 7.5,
1 mM vanadate and protease inhibitor cocktail, and subjected to Tyr-protein kinase activity assay.

Tyr-phosphorylation assays were performed by incubating total sperm lysate (2 x 10°) or Lyn-Ip for
10 min at 30 °C in 40-pL reaction mixtures containing 50 mM Tris-HCl, pH 7.5, 10 mM MnClz, 20 uM
[y-3*PJATP (3 x 10° cpm/nmol) and 0.1 mM vanadate and 200 pM cdc2 peptide, which served as specific
substrates for Src family tyrosine kinases. Reactions were stopped by the addition of 2% sodium dodecyl
sulphate (SDS) and 1% B-mercaptoethanol (final concentrations) incubated for 5 min at 100 °C, and
analyzed by SDS-PAGE and revealed by a Cyclone Storage Phosphor Imager (Perkin Elmer, Downers
Grove, IL, USA) [40].

3.9.3. Lyn Distribution

To determine whether Lyn was present in the plasma membrane, head or flagellum, intact
spermatozoa (3 x 107 cells) were sonicated three times (30 s followed by a 30 s rest period each) on ice,
and heads and flagellar fragments were then separated by a 15 min centrifugation (700x g) at 4 °C
through a 75% Percoll layer in PSW. Flagellar fragments were recovered at the surface of the Percoll
layer while the heads were found in the pellet. The purity of each fraction was assessed by microscopy
prior to proceeding to analysis. The supernatant was centrifuged for 10 min (10,000x g, 4 °C) and
the resulting supernatant was further centrifuged (100,000x g) to separate the membrane from the
cytosol [22]. Each resulting fraction (membranes M, cytosol C, head H and flagella F) was diluted with
PBS to the initial volume except for membranes which were concentrated three times, and further
processed as described above for total cell lysate. The presence of Lyn was investigated by Western
blotting and immuno-revealed with anti-Lyn antibody.

3.10. Statistical Analysis

Results are expressed as means = SD. Comparisons were obtained with Student’s #-test for paired or
unpaired data and statistical significance was set at p < 0.05 (two-tailed). Relationships between pairs of
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variables were tested by least-squares linear regression. Pearson’s correlation coefficient » was used to
quantify the strength of the relationships. The statistical significance of » was determined by ANOVA.
All statistical analyses were performed with JIMP® 10 software (SAS Institute, Cary, NC, USA).

4. Conclusions

Many efforts have been recently spent in the study of diagnosis and prognosis of mammal infertility,
including Tyr-P regulation of capacitating process [41].

In this study, the close relationship among ROS, Tyr-P of sperm head and AR [18,19] was further
confirmed, but, more interestingly, our results suggest an interdependence between ROS generation and
lipid rafts relocation leading to the acquisition of a correct membrane arrangement for the successive
AR. The evidence that only samples generating the correct amount of ROS and presenting rafts
concentrated mainly on the head are able to achieve AR suggests that ROS may be responsible for lipid
rearrangement. ROS, in fact, would induce lipid peroxidation, thus disrupting lipid-lipid interaction and
allowing rafts to shift over the head where they concentrate.

Hereby we show that Asta induced raft migration even in the absence of the correct ROS generation
(PG), bypassing the ROS-induced membrane alterations. It is likely that inserting Asta within the bilayer
enables mechanical translocation of rafts, setting them free from the blocking sites.

However, raft shifting is only a part of the mechanism involved in this membrane remodeling, the
second being represented by Lyn co-migration with rafts. This Src family kinase, in fact, has the main
role in the sperm head Tyr-P, another condition for the AR to occur [18,19]. In this study, Lyn location
and activation were demonstrated to be prerequisite for the successive acrosome reaction.

Acknowledgments

This work was supported by the Italian Ministero dell’Universita e della Ricerca Scientifica e
Tecnologica (MURST).

Author Contributions

Alessandra Andrisani and Gabriella Dona took part in the acquisition, analysis and interpretation
of data and in the drafting of the manuscript, giving final approval of the version to be published.
Elena Tibaldi, Anna Maria Brunati, Chiara Sabbadin, Decio Armanini, Gualtiero Alvisi, Salvatore Gizzo
and Guido Ambrosini, took part in the acquisition and elaboration of data, and in the drafting of the
manuscript, giving final approval of the version to be published. Eugenio Ragazzi gave his contribution
to the interpretation and statistical analysis of data, and drafted and revised manuscript critically for
important intellectual content, giving final approval of the version to be published. Luciana Bordin gave
substantial contributions to conception and design, acquisition, analysis and interpretation of data and
drafted manuscript, giving final approval of the version to be published.

Conflicts of Interest

The authors declare no conflict of interest.



Mar. Drugs 2015, 13 5549

References

10.

11.

12.

13.

14.

15.

Kovac, J.R.; Pastuszak, A.W.; Lamb, D.J. The use of genomics, proteomics, and metabolomics in
identifying biomarkers of male infertility. Fertil. Steril. 2013, 99, 998—-1007.

Cross, N.L. Role of cholesterol in sperm capacitation. Biol. Reprod. 1998, 59, 7-11.

Jacobson, K.; Mouritsen, O.G.; Anderson, R.G.W. Lipid rafts: At a crossroad between cell biology
and physics. Nat. Cell Biol. 2007, 9, 7-14.

Liguori, L.; de Lamirande, E.; Minelli, A.; Gagnon, C. Various protein kinases regulate human sperm
acrosome reaction and the associated phosphorylation of Tyr residues and of the Thr-Glu-Tyr motif.
Mol. Hum. Reprod. 2005, 11,211-221.

Visconti, P.E.; Bailey, J.L.; Moore, G.D.; Pan, D.; Olds-Clarke, P.; Kopf, G.S. Capacitation of
mouse spermatozoa. I. Correlation between the capacitation state and protein tyrosine
phosphorylation. Development 1995, 121, 1129-1137.

Aitken, R.J.; Harkiss, D.; Knox, W.; Paterson, M.; Irvine, D.S. A novel signal transduction cascade
in capacitating human spermatozoa characterised by a redox-regulated, cAMP-mediated induction
of tyrosine phosphorylation. J. Cell Sci. 1998, 111, 645—656.

Pasqualotto, F.F.; Sharma, R.K.; Nelson, D.R.; Thomas, A.J.; Agarwal, A. Relationship between
oxidative stress, semen characteristics, and clinical diagnosis in men undergoing infertility
investigation. Fertil. Steril. 2000, 73, 459—464.

Simons, K.; Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 2000, 1, 31-39.
Simons, K.; Vaz, W.L. Model systems, lipid rafts, and cell membranes. Annu. Rev. Biophys. Biomol.
Struct. 2004, 33, 269-295.

Davis, B.K.; Byrne, R.; Hungund, B. Studies on the mechanism of capacitation. II. Evidence for
lipid transfer between plasma membrane of rat sperm and serum albumin during capacitation
in vitro. Biochim. Biophys. Acta. 1979, 558, 257-266.

Nixon, B.; Bielanowicz, A.; McLaughlin, E.A.; Tanphaichitr, N.; Ensslin, M.A.; Aitken, R.J.
Composition and significance of detergent resistant membranes in mouse spermatozoa. J. Cell.
Physiol. 2009, 218, 122—-134.

Ratajczak, M.Z.; Reca, R.; Wysoczynski, M.; Kucia, M.; Baran, J.T.; Allendorf, D.J.; Ratajczak, J.;
Ross, G.D. Transplantation studies in C3-deficient animals reveal a novel role of the third complement
component (C3) in engraftment of bone marrow cells. Leukemia 2004, 18, 1482—1490.

Andrisani, A.; Dona, G.; Ambrosini, G.; Bonanni, G.; Bragadin, M.; Cosmi, E.; Clari, G.;
Armanini, D.; Bordin, L. Effect of various commercial buffers on sperm viability and capacitation.
Syst. Biol. Reprod. Med. 2014, 60, 239-244.

Nixon, B.; Mitchell, L.A.; Anderson, A.L.; McLaughlin, E.A.; O’bryan, M.K.; Aitken, R.J.
Proteomic and functional analysis of human sperm detergent resistant membranes. J. Cell. Physiol.
2011, 226, 2651-2665.

Sleight, S.B.; Miranda, P.V.; Plaskett, N.W.; Maier, B.; Lysiak, J.; Scrable, H.; Herr, J.C;
Visconti, P.E. Isolation and proteomic analysis of mouse sperm detergent-resistant membrane
fractions: Evidence for dissociation of lipid rafts during capacitation. Biol. Reprod. 2005, 73,
721-729.



Mar. Drugs 2015, 13 5550

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tremellen, K. Oxidative stress and male infertility-a clinical perspective. Hum. Reprod. Update.
2008, /4, 243-258.

Hamada, A.J.; Montgomery, B.; Agarwal, A. Male infertility: A critical review of pharmacologic
management. Expert Opin. Pharmacother. 2012, 13,2511-2531.

Dona, G.; Fiore, C.; Andrisani, A.; Ambrosini, G.; Brunati, A.; Ragazzi, E.; Armanini, D.; Bordin, L.;
Clari, G. Evaluation of correct endogenous reactive oxygen species content for human sperm
capacitation and involvement of the NADPH oxidase system. Hum. Reprod. 2011, 26, 3264-3273.
Dona, G.; Fiore, C.; Tibaldi, E.; Frezzato, F.; Andrisani, A.; Ambrosini, G.; Fiorentin, D.;
Armanini, D.; Bordin, L.; Clari, G. Endogenous reactive oxygen species content and modulation of
tyrosine phosphorylation during sperm capacitation. Int. J. Androl. 2011, 34, 411-419.

Dona, G.; Kozuh, 1.; Brunati, A.M.; Andrisani, A.; Ambrosini, G.; Bonanni, G.; Ragazzi, E.;
Armanini, D.; Clari, G.; Bordin, L. Effect of astaxanthin on human sperm capacitation.
Mar. Drugs 2013, 11, 1909-1919.

Lu, W.; Fang, W.; Li, J.; Zhang, B.; Yang, Q.; Yan, X.; Peng, L.; Ai, H.; Wang, J.J.; Liu, X_; et al.
Phosphorylation of tyrosine Y1070 at the GluN2B subunit is regulated by synaptic activity and
critical for surface expression of NMDA receptors. J. Biol. Chem. 2015, doi:10.1074/jbc.
M115.663450.

Leclerc, P.; Goupil, S. Regulation of the human sperm tyrosine kinase c-yes. Activation by cyclic
adenosine 3’,5’-monophosphate and inhibition by Ca(2+). Biol. Reprod. 2002, 67, 301-307.
Lawson, C.; Goupil, S.; Leclerc, P. Increased activity of the human sperm tyrosine kinase SRC by
the cAMP-dependent pathway in the presence of calcium. Biol. Reprod. 2008, 79, 657—-666.
Shahar, S.; Wiser, A.; Ickowicz, D.; Lubart, R.; Shulman, A.; Breitbart, H. Light-mediated
activation reveals a key role for protein kinase A and sarcoma protein kinase in the development of
sperm hyper-activated motility. Hum. Reprod. 2011, 26, 2274-2282.

Tomes, C.N.; Roggero, C.M.; De Blas, G.; Saling, P.M.; Mayorga, L.S. Requirement of protein
tyrosine kinase and phosphatase activities for human sperm exocytosis. Dev. Biol. 2004, 265,
399-415.

Thomas, S.M.; Brugge, J.S. Cellular functions regulated by Src family kinases. Annu. Rev. Cell.
Dev. Biol. 1997, 13, 513-609.

Hanke, J.H.; Gardner, J.P.; Dow, R.L.; Changelian, P.S; Brissette, W.H.; Weringer, E.J.; Pollok, B.A.;
Connelly, P.A. Discovery of a novel, potent, and Src family-selective tyrosine kinase inhibitor. Study
of Lck- and FynT-dependent T cell activation. J. Biol. Chem. 1996, 271, 695-701.

Kim, H.H.; Schlegel, P.N. Endocrine manipulation in male infertility. Urol. Clin. North Am. 2008,
35,303-318.

Kobayashi, M.; Kakizono, T.; Nishio, N.; Nagai, S.; Kurimura, Y.; Tsuji, Y. Antioxidant role of
astaxanthin in the green alga Haematococcus pluvialis. Appl. Microbiol. Biotechnol. 1997, 48,
351-356.

Wolf, A.M.; Asoh, S.; Hiranuma, H.; Ohsawa, I.; lio, K.; Satou, A.; Ishikura, M.; Ohta, S.
Astaxanthin protects mitochondrial redox state and functional integrity against oxidative stress.
J. Nutr. Biochem. 2010, 21, 381-389.

Pashkow, F.J.; Watumull, D.G.; Campbell, C.L. Astaxanthin: A novel potential treatment for
oxidative stress and inflammation in cardiovascular disease. Am. J. Cardiol. 2008, 101, 58D—68D.



Mar. Drugs 2015, 13 5551

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Varano, G.; Lombardi, A.; Cantini, G.; Forti, G.; Baldi, E.; Luconi, M. Src activation triggers
capacitation and acrosome reaction but not motility in human spermatozoa. Hum. Reprod. 2008, 23,
2652-2662.

Mitchell, L.A.; Nixon, B.; Baker, M.A.; Aitken, R.J. Investigation of the role of SRC in
capacitation-associated tyrosine phosphorylation of human spermatozoa. Mol. Hum. Reprod. 2008,
14,235-243.

Lee, J.S.; Kwon, W.S.; Rahman, M.S.; Yoon, S.J.; Park, Y.J.; Pang, M.G. Actin-related protein
2/3 complex-based actin polymerization is critical for male fertility. Andrology 2015,
doi:10.1111/andr.12076.

World Health Organization. WHO Laboratory Manual for the Examination and Processing of
Human Semen; Cambridge University Press: Cambridge, UK, 2010.

Saleh, R.A.; Agarwal, A. Oxidative stress and male infertility: From research bench to clinical
practice. J. Androl. 2002, 23, 737-752.

Aitken, R.J.; Buckingham, D.W.; West, K.M. Reactive oxygen species and human spermatozoa
analysis of the cellular mechanisms involved in luminol- and lucigenin-dependent chemiluminescence.
J. Cell. Physiol. 1992, 151, 466—4717.

Mortimer, S.T.; Swan, M.A.; Mortimer, D. Effect of seminal plasma on capacitation and
hyperactivation in human spermatozoa. Hum. Reprod. 1998, 13, 2139-2146.

Lukoseviciute, K.; Zilinskas, H.; Januskauskas, A. Effect of exogenous progesterone on post-thaw
capacitation and acrosome reaction of bovine sperm. Reprod. Domest. Anim. 2004, 39, 154-161.
Tibaldi, E.; Brunati, A.M.; Massimino, M.L.; Stringaro, A.; Colone, M.; Agostinelli, E.;
Arancia, G.; Toninello, A. Src-Tyrosine kinases are major agents in mitochondrial tyrosine
phosphorylation. J. Cell. Biochem. 2008, 104, 840—849.

Kwon, W.S.; Rahman, M.S.; Pang, M.G. Diagnosis and prognosis of male infertility in mammal:
The focusing of tyrosine phosphorylation and phosphotyrosine proteins. J. Proteome Res. 2014, 13,
4505-4517.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



