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ongoing physiological phenomenon that has been documented to play a role in male infertility, if dereg-
n, externalization of phosphatidylserine, alteration of mitochondrial membrane potential and DNA frag-

mentation are markers of apoptosis found in ejaculated human spermatozoa. These markers appear in excess in subfertile men
and functionally incompetent spermatozoa. Sperm cryopreservation is a widely used procedure in the context of assisted reproduc-
tive techniques. Cryopreservation and thawing is a procedure that inflicts irreversible injury on human spermatozoa. The damage is
manifested by a decrease in recovery of viable spermatozoa with optimum fertilization potential. This review describes the impli-
cation of apoptosis as one of the possible mechanisms involved in sperm cryoinjury. Evidence shows significant increase in some
apoptosis markers following cryopreservation and thawing. On the other hand, the increase in sperm DNA fragmentation following
cryopreservation and thawing requires further investigation. Specific technical measures should be applied to minimize the induc-
tion of apoptosis in human spermatozoa during cryopreservation and thawing. These include standardization of freezing protocols

and cryoprotectant use. Selection of non-apoptotic spermatozoa may also prove to be of benefit. RBMOnline
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Apoptosis: general concepts

Apoptosis, a programmed cell death mechanism, is vital to
many eukaryotes as it regulates cell count and removes
unnecessary cells that compromise survival. It involves a
series of biochemical events that trigger cellular morpholog-
ter ª 2010, Reproductive Healthcare Ltd.
.011
ical alterations eventually leading to cellular termination.
Apoptotic changes are typified by nuclear fragmentation,
chromatin condensation, mitochondrial enlargement and
irregular changes to the plasmamembrane (Kerr et al., 1972).

The removal of dead cells by neighbouring phagocytic
cells has been termed efferocytosis. Dying cells that
undergo the final stages of apoptosis display phagocytotic
molecules, such as phosphatidylserine, on their cell surface.
Published by Elsevier Ltd. All rights reserved.
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Phosphatidylserine is normally found on the cytosolic sur-
face of the plasma membrane, but is redistributed during
apoptosis to the extracellular surface by a hypothetical pro-
tein known as scramblase. These molecules mark the cell
for phagocytosis by cells possessing the appropriate recep-
tors, such as macrophages. Upon recognition, the phagocyte
reorganizes its cytoskeleton for engulfment of the cell. The
removal of dying cells by phagocytes occurs in an orderly
manner without eliciting an inflammatory response (Li
et al., 2003; Martin et al., 2004; Vandivier et al., 2006).

Apoptosis is largely regulated by the activation of cys-
teine proteases called caspases. These are cysteinyl-aspar-
tate-specific proteases that are produced as inactive
zymogens, consisting of an NH2-terminal domain, a small
10 kDa subunit and a large 20 kDa subunit. Apoptosis is
achieved by activation of caspases which cleave with high
specificity at the aspartate residue (Fuentes-Prior and
Salvesen, 2004). Their stimulation leads to the morphologi-
cal changes and characteristics of apoptotic cells. Apoptotic
initiator caspases include caspases-2, 8, 9 and 10, which
activate effector caspases (3, 6 and 7) leading to cleavage
of various substrates and completion of the apoptosis pro-
cess. Caspase-3 activation decides the fate of the cell in
the apoptotic cascade, where the cell cannot be reverted
back to normal state, thus caspase-3 is considered the most
important effector caspase, and its activation marks the
‘point of no return’ in apoptosis (Earnshaw et al., 1999).

Different pathways are involved in apoptosis activation.
The Fas receptor plays an important role in activating effec-
tor caspases (Hetz et al., 2005; Medema et al., 1998; Thorn-
berry and Lazebnik, 1998). The presence of the Fas receptor
occurs in <10% of ejaculated healthy spermatozoa and
>50% of ejaculated semen with oligozoospermia (Sakkas
et al., 1999), suggesting that these apoptotic pathways
occur in spermatozoa and that a possible link between
sperm quality and Fas receptor presence exists.

Apoptosis manifestations in human spermatozoa

Apoptosis in human spermatozoa has not been fully under-
stood. The presence of caspases in spermatozoa is one of
the best markers for cellular apoptosis. Another marker of
apoptosis is the externalization of phosphatidylserine on
the sperm membrane. This is a relatively early apoptotic
marker (Martin et al., 1995). The exposed phosphatidylser-
ine is recognized by various receptors on phagocytes for
destruction. DNA fragmentation is a marker for late-stage
apoptosis in spermatozoa. DNA fragmentation can be
caused partially by activation of caspase-3 (Grunewald
et al., 2009), which inactivates poly(ADP-ribose) polymer-
ase (PARP), a DNA repair enzyme, subsequently inhibiting
reparation of the damaged DNA. A recent study showed a
positive correlation between PARP protein presence and
sperm maturity. PARP homologues were present in ejacu-
lated spermatozoa as PARP-1 (75 kDa), PARP-9 (63 kDa)
and PARP-2 (60 kDa). Upon staurosporine-induced apopto-
sis, immature spermatozoa showed moderately reduced
concentrations of PARP-1 and undetectable concentrations
of PARP-2, suggesting the involvement of PARP homologues
in the response to pro-apoptotic stimuli (Jha et al., 2009).
Another study showed an increase in the number of early
apoptotic spermatozoa upon exposure to oxidative stress
and PARP inhibition (Mahfouz et al., 2009). The release of
apoptosis-inducing factor from the mitochondria also pro-
motes DNA fragmentation in the nucleus (Martin et al.,
2007).

Apoptosis induction in human spermatozoa

There are several factors that may lead to induction of apop-
tosis in human spermatozoa. High concentrations of reactive
oxygen species (ROS) is one of the factors that have been
positively correlated with induction of apoptosis (Wang
et al., 2003). When concentrations of antioxidant enzymes
fall or the ROS concentration rises, the ROS effect over-
whelms the cell leading to apoptosis. In these situations,
apoptosis is mediated by activation of the BCL-2 family of
proteins which sense the apoptotic stimuli and trigger the
permeabilization of the outer mitochondrial membrane
through the BAX and BAK proteins and the release of cyto-
chrome c (McClintock et al., 2002). In turn, caspase-9 is acti-
vated along with APAF-1 to form an apoptosome, resultantly
initiating the apoptosis cascade (Arnoult et al., 2003).

Toxins originating from salmonella and Chlamydia tracho-
matis have been shown to increase apoptosis and DNA frag-
mentation in human spermatozoa (Eley et al., 2005; Gorga
et al., 2001). The negative effects of chlamydia and myco-
plasma infections on the sperm DNA could be alleviated
using proper treatment. DNA fragmentation levels decreased
in men infected with chlamydia and mycoplasma following
antibiotic therapy (37.7% versus 24.2%; Gallegos et al.,
2008). The findings associated with chlamydia toxins may
be of special interest as the organism remains responsible
for a significant percentage of sexually transmitted diseases
in North America. Apoptosis in human spermatozoa was also
found to be higher in patients with Hodgkin disease and
patients with testicular cancer. Thus, the induction of apop-
tosis can be a basic response to neoplastic disease (Gandini
et al., 2000). Environmental toxins have also been docu-
mented as a cause of infertility in men. Exposure to pesticide
reduces the sperm quality and pregnancy rates (Roeleveld
and Bretveld, 2008). This may be due to compounds such
as dibromochloropropane, which exerts a direct damaging
effect on the sperm DNA (Bretveld et al., 2007).

Apoptosis and male fertility

Numerous studies have shown a relationship between apop-
tosis markers (caspase activation, phosphatidylserine exter-
nalization and DNA damage) and male infertility (Brugnon
et al., 2006; Moustafa et al., 2004; Said et al., 2004; Taylor
et al., 2004; Zedan et al., 2009). Phosphatidylserine exter-
nalization and DNA fragmentation were shown to occur
more frequently in spermatozoa that were positive for
active caspase-3 (Weng et al., 2002). Apoptosis markers
appeared significantly higher in low-motility spermatozoa
as compared with high-motility spermatozoa (Weng et al.,
2002). Similarly, percentage of apoptosis has been shown
to be negatively correlated with motility and normal mor-
phology and positively associated with sperm tail defects
(Chen et al., 2006). These findings suggest a possible rela-
tionship between increased caspase activity, DNA damage
and/or phosphatidylserine externalization and sperm qual-
ity in terms of routine parameters.
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Elevated apoptosis markers have also been found to neg-
atively correlate with oocyte penetration capacity. Semen
samples with lowered penetrative ability contained sperma-
tozoa with higher concentrations of apoptotic markers
(phosphatidylserine externalization, disrupted mitochon-
drial membrane potential, activated caspase-3) when com-
pared with semen samples with normal penetrative ability
(Grunewald et al., 2008).
Figure 1 Schematic diagram of the detrimental effects of
cryopreservation on sperm integrity and associated events
leading to apoptosis and to the decline in sperm function.
Appropriate use of sperm selection techniques and cryoprotec-
tants should be used to minimize these detrimental effects.
Sperm cryopreservation

The processes of freezing human semen and achieving suc-
cessful fertilization via intrauterine insemination were
established many decades ago (Bunge and Sherman, 1953).
Sperm cryopreservation provides a useful and effective
method in infertility management for many men. Cancer
patients can use cryopreservation to preserve their fertility
prior to treatments such as radiation and chemotherapy.
Also, men undergoing vasectomy procedures will use this
method to maintain fertility. Subsequent uses of the pre-
served semen include intrauterine insemination, IVF and
intracytoplasmic sperm injection. However, freezing and
thawing methods expose spermatozoa to much physical
and chemical damage, and thus several improvements have
been made to the process of cryopreservation and thawing
(Nawroth et al., 2005).

Cryoprotectants are low-molecular-weight and highly
permeable chemicals that serve to protect spermatozoa
from freeze damage by ice crystallization. There are four
main known cryoprotectants: glycerol, ethylene glycol,
dimethyl sulphoxide and 1,2-propanediol. Cryoprotectants
act by decreasing the freezing point of a substance, reduc-
ing the amount of salts and solutes present in the liquid
phase of the sample and by decreasing ice formation within
the spermatozoa (Royere et al., 1996).

There are two main freezing techniques used in sperm
cryopreservation – slow freezing and rapid freezing (vitri-
fication). The slow freezing method may be manual or
automated involving a semi-programmable freezer. It is
performed by simultaneously decreasing the temperature
of the semen while adding cryoprotectant in a stepwise
manner and eventually plunging the samples into liquid
nitrogen. This method can cause ice crystallization to form
if the cooling rate is too fast or too slow. The rapid freez-
ing method, vitrification, is a process by which the samples
are exposed to nitrogen vapour, equilibrated for some time
and are then directly plunged into liquid nitrogen. This
method does not allow ice crystallization to occur (Naw-
roth et al., 2005). Cryoinjury is not limited to the freezing
process but may also occur during thawing. Ice crystals
melt during thawing and could result in damage of the
sperm organelles. Therefore, the thawing phase and cryo-
protectant removal must be conducted in a stepwise man-
ner, similar to freezing (Verheyen et al., 1993).
Normozoospermic semen samples appear to be more toler-
ant to damage induced by freezing and thawing compared
with oligozoospermic samples. It was reported that motile
spermatozoa could be recovered after five refreeze–thaw
cycles in normozoospermic samples and after two
refreeze–thaw cycles in oligozoospermic specimens sam-
ples (Verza et al., 2009).
Mechanisms and manifestations of cryoinjury
in spermatozoa

There are many risks associated with cryopreservation.
Freezing to subzero temperatures causes irreversible injury
in spermatozoa, which gets aggravated during the thawing
procedure, thereby reducing the sperm cryosurvival rate.
Cryoprotectants themselves can be toxic if used in high con-
centrations since spermatozoa are vulnerable to osmotic
changes induced by cryoprotectants (Gao et al., 1993).
Spermatozoa can also undergo intracellular and extracellu-
lar ice formation, excessive dehydration (due to increased
solute concentration) and denaturation of proteins due to
shifts in pH as well as membrane damage caused by close
proximity freezing of cells (Figure 1).

The cooling rate plays an important role in determining
the extent of cryoinjury to the spermatozoa. During freez-
ing, ice nucleates in the extracellular matrix, eliciting an
osmotic gradient. During freezing, water will move across
the membrane from the intracellular to the extracellular
space and intracellular ice formation will occur with rapid
cooling rates. If the cooling rate is too slow, water can join
the ice phase of the extracellular space and the cells
become osmotically inactive due to intracellular ice forma-
tion and loss of cell membrane integrity (Frim and Mazur,
1983). Thus, the cooling rate is very critical – too rapid will
cause severe intracellular ice formation but too slow can
expose the cells to toxicity damage by high solute concen-
trations. Sperm motility, plasma membrane integrity and
mitochondrial function are inversely correlated with cooling
rates, which indicates that too fast or too slow cooling rates
can cause these parameters to be compromised (Henry
et al., 1993).

Osmotic changes during the cryopreservation process
expose spermatozoa to changes in osmotic conditions
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resulting in cellular damage. In relation to cryopreservation,
survival of human spermatozoa was decreased at hypoos-
motic conditions due to cellular swelling leading to lysis.
Spermatozoa were initially resistant to hyperosmotic condi-
tions; however, significant cell damage occurred when
returned to isosmotic conditions (Curry and Watson, 1994;
Meyers, 2005).

The membrane integrity is an important factor for the
sperm motility and viability. Membrane fluidity has been
positively correlated with the recovery of motile, viable
spermatozoa from a cryopreserved sample (Giraud et al.,
2000). The integrity of the sperm membrane is affected dur-
ing cryopreservation and thawing processes. Alterations in
sperm membrane integrity have been well observed in ultra-
structural studies (Barthelemy et al., 1990). The stability of
the membrane is affected by changes in temperature, vol-
ume changes associated with the movement of water, cryo-
protectants and osmotic stress due to increased salt
concentration. During cryopreservation, the initial cooling
process causes phase transitions of the membrane lipids
and impairs the function of membrane proteins, which are
responsible for ion transport and metabolism (Oehninger
et al., 2000). These changes compromise the membrane
integrity and causes loss of function. Glycerol has been
found to have a direct effect on the membrane by altering
its fluidity via increasing the order of the fatty acids (Ham-
merstedt et al., 1990). Cryopreservation of human sperma-
tozoa is also known to have negative effects on sperm
motility and velocity due to membrane swelling and acroso-
mal leakage and degeneration. It has been reported that
irregular interaction between DNA and nuclear proteins
can lead to impaired motion parameters in spermatozoa
(Royere et al., 1996).
Implication of apoptosis in sperm cryoinjury

Increased apoptosis in cryopreserved spermatozoa

Studies have revealed that apoptosis markers tend to
increase in spermatozoa following cryopreservation and
thawing. In an animal model, cryopreservation increased
apoptosis manifestations including mitochondrial membrane
potential, caspase activation, membrane permeability and
phosphatidylserine externalization (Martin et al., 2004).
One study has shown that cryopreservation was significantly
associated with activation of caspases-3, 8 and 9, as well as
disruption of the mitochondrial membrane potential. How-
ever, no significant changes were observed in DNA fragmen-
tation (Paasch et al., 2004). Similarly, cryopreservation led
to an increase in the percentage of spermatozoa showing
membrane translocation of phosphatidylserine in samples
collected from both patients and healthy donors, while this
increase was not associated with any significant changes in
DNA integrity (Duru et al., 2001).

In general, the occurrence of sperm DNA fragmentation
during cryopreservation remains to be elucidated. The
current body of evidence suggests that sperm DNA frag-
mentation is associated with an increase in oxidative stress
during cryopreservation, rather than the activation of casp-
ases and apoptosis (Thomson et al., 2009). The alteration
in the mitochondrial membrane fluidity that occurs during
cryopreservation will lead to a rise in mitochondrial mem-
brane potential and the release of ROS. Subsequently,
released ROS cause DNA damage in spermatozoa that pres-
ent with high frequencies of single- and double-strand DNA
breaks. The process of ROS generation during cryopreserva-
tion and thawing of spermatozoa has been well docu-
mented. It has been reported that ROS production by
both human spermatozoa and seminal leukocytes increases
on cooling to 4�C (Wang et al., 1997). Thus, cryopreserved
semen samples containing leukocytes may be more prone
to DNA fragmentation. In addition, the cryopreservation
process has been shown to diminish the antioxidant activity
of the spermatozoa making them more susceptible to
ROS-induced damage (Lasso et al., 1994). In a recent study,
the addition of an antioxidant to cryopreservation medium
was tested to see if it could improve the post-thaw integ-
rity of cryopreserved human spermatozoa; specifically from
men with abnormal semen parameters. It was found that
vitamin E was significantly associated with post-thaw motil-
ity, but neither sperm viability nor DNA fragmentation
were affected (Taylor et al., 2009). Similarly, increased
ROS concentrations in post-thaw spermatozoa were signifi-
cantly reduced by both ascorbate and catalase (Li et al.,
2009).

The occurrence of the sperm DNA fragmentation may
not be the result of cryopreservation but may be more
associated with the thawing. A rapid increase in sperm
DNA fragmentation over time was shown with the highest
rate of fragmentation occurring during the first 4 h after
thawing. Therefore, thawed sperm samples should be used
in the clinical setting as quickly as possible (Gosalvez
et al., 2009). The DNA integrity during cryopreservation
also appears to be independent of the method used (slow
versus vitrification) or presence of cryoprotectants (Isa-
chenko et al., 2004).

Comparison of fresh versus cryopreserved spermatozoa
has shown that cryopreservation significantly increases
the percentage of spermatozoa with activated pan-caspas-
es from 21% to 47%. Interestingly, the concentration of
activated caspase positively correlated with increasing
glycerol concentration from 7% to 14% (Grunewald et al.,
2005). In support, a significant increase of activated
caspase-1 in healthy donors, caspase-8 in unselected infer-
tility patients and caspase-9 in both patient and donor
groups were reported after cryopreservation (Wundrich
et al., 2006).

The extent of apoptosis in spermatozoa appears to be
related to the type of cryoprotectant used and the protocols
for cryopreservation. Annexin V binding was used to evalu-
ate phosphatidylserine externalization after different cryo-
preservation protocols. The percentage of annexin
V-negative spermatozoa was highest in spermatozoa cryo-
preserved by TEST-yolk buffer, followed by those cryopre-
served with sperm maintenance media. Spermatozoa
subjected to cryo-shock (no cryoprotectant) had the least
annexin V-negative presentation (Glander and Schaller,
1999). Similarly, the application of 14% glycerol resulted
in higher amounts of activated caspase than 7% glycerol.
Therefore it was postulated that glycerol may also contrib-
ute to activation of caspases directly via toxic effects to
mitochondria during sperm cryopreservation (Wundrich
et al., 2006).
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Apoptosis in cryopreserved subfertile semen
samples

Spermatozoa from infertile men seem to be more prone to
cryoinjury. It was noted that the severity of cryoinjury in
human spermatozoa was greater in subfertile males and
the extent of damage was correlated to the degree of oligo-
asthenoteratozoospermia (Oehninger et al., 2000). Poor
quality semen may be more prone to DNA damage and cell
death after cryopreservation than normal semen samples.
Increased concentrations of ROS cause peroxidative damage
to the sperm plasma membrane, leading to reduced mem-
brane integrity. This can deleteriously affect sperm motility
by damaging the axonemal structure of the spermatozoa
(Saleh and Agarwal, 2002). Annexin V, the early marker of
apoptosis, was detected at higher concentrations in sperma-
tozoa with low motility compared with spermatozoa with
high motility (Weng et al., 2002). Most importantly, more
recent findings documented that spermatozoa with lower
motility are more susceptible to cryodamage and, conse-
quently, have lower fertilizing capacity (Borges et al., 2007).

Sperm DNA in infertile men was found to be less resistant
to damage during cryopreservation compared with sperma-
tozoa from fertile men (Donnelly et al., 2001). Cryopre-
served semen samples from cancer patients were also
found to have higher DNA fragmentation compared with
healthy donors (Said et al., 2009). It has been reported that
men with oligozoospermia present with higher rates of
sperm DNA fragmentation both pre- and post-cryopreserva-
tion compared with fertile men (de Paula et al., 2006).
Methods to decrease apoptosis during sperm
cryopreservation

Optimization of the sperm preparation techniques, concen-
trations of cryoprotectant and freezing and thawing protocols
shouldminimize the induction of apoptosis during sperm cryo-
preservation, which in turn should translate into higher suc-
cess rates during assisted reproductive techniques
(Figure 1). Before freezing, semen samples should be pro-
cessed in a way to enhance the post-freeze sperm quality.
The swim-up method to separate motile spermatozoa and
the two density gradient centrifugation techniques are both
used to ensure the isolation of functionally and morphologi-
cally normal spermatozoa (Sakkas et al., 2000). In a compar-
ative study, it was found that semen samples from infertile
patients prepared by a double density-gradient technique
yieldedhigher recovery ofmotile spermatozoa following cryo-
preservation–thawcomparedwith those samples prepared by
swim-up (Allamaneni et al., 2005). On the other hand, both
density-gradient centrifugation and swim-up techniques were
demonstrated to significantly reduce the extent of apoptotic
spermatozoa compared with raw semen (Ricci et al., 2009).

The exclusion of apoptotic spermatozoa before cryopres-
ervation may lead to recovery of higher quality spermatozoa
that are functionally normal following thawing. Magnetic cell
sorting (MACS) using annexin V-conjugated microbeads is a
technique that has the ability to separate non-apoptotic from
apoptotic spermatozoa based on phosphatidylserine external-
ization. It has been well documented that the separation of a
distinctive population of non-apoptotic spermatozoa with
intact membranes using annexin V-MACS may optimize cryo-
preservation–thaw outcome. The technique if performed
prior to the freezing, was found to enhance the percentage
of spermatozoa with higher motility, intact membrane mito-
chondrial potential and survival rates following cryopreserva-
tion (Grunewald et al., 2006; Said et al., 2005). The use of
MACS can also improve motility and enhance oocyte penetra-
tion potential (Said et al., 2006a,b, 2008).

It is also important to consider the protective capacity of
the seminal fluid when performing cryopreservation. The
seminal plasma contains protective agents that can increase
the resistance to freezing damage; however, it remains a con-
troversy whether freezing raw or prepared samples yield bet-
ter results. Spermpreparationmethods are commonly used to
select mature and functional spermatozoa but these proce-
dures eliminate the presence of the antioxidant supply from
the seminal plasma. Supplements can always be included
in vitro to compensate for this deficiency. Multiple studies
show the advantage of using TEST-yolk buffer as a cryoprotec-
tant with glycerol to prevent damage in spermatozoa (Hallak
et al., 2000; Nallella et al., 2004). Using TEST-yolk buffer in
combination with glycerol is preferred compared with using
glycerol alone. This combined approach was shown to
preserve higher motility, morphology and sperm membrane
integrity (Hallak et al., 2000). It also decreases the number
of spermatozoa with phosphatidylserine externalization
(Duru et al., 2001) and prevents excess chromatin structure
damage and morphology changes (Hammadeh et al., 2001)
Conclusions

Cryopreservation is an integral component of fertility man-
agement and much of its successful application will affect
success rates of assisted reproduction treatments. Whether
sperm cryopreservation is applied as a fertility preservation
measure or for a backup for assisted reproduction, the
recovery rate of functionally competent spermatozoa is
critical. Apoptosis has been correlated with decreased fer-
tilizing capacity of spermatozoa and male infertility.
Increased apoptosis markers have been documented in
response to cryopreservation and thawing in human sperma-
tozoa. This poses a serious threat to success rates following
the use of cryopreserved spermatozoa for assisted repro-
duction. Thus, different aspects associated with apoptosis
deserve attention during sperm cryopreservation in order
to conserve vital sperm functions after thawing. Technical
measures should be applied to provide maximal protection
to the spermatozoa during cryopreservation and thawing
to prevent induction of apoptosis. Appropriate use of cryo-
protectants and sperm selection technologies appears to
have the most impact on preventing apoptosis and thereby
improving sperm cryosurvival rates.
References

Allamaneni, S.S., Agarwal, A., Rama, S., et al., 2005. Comparative
study on density gradients and swim-up preparation techniques
utilizing neat and cryopreserved spermatozoa. Asian J. Androl.
7, 86–92.

Arnoult, D., Gaume, B., Karbowski, M., et al., 2003. Mitochondrial
release of AIF and EndoG requires caspase activation down-



Apoptosis and sperm cryoinjury 461
stream of Bax/Bak-mediated permeabilization. EMBO J. 22,
4385–4399.

Barthelemy, C., Royere, D., Hammahah, S., et al., 1990. Ultra-
structural changes in membranes and acrosome of human sperm
during cryopreservation. Arch. Androl. 25, 29–40.

Borges Jr., E., Rossi, L.M., Locambo de Freitas, C.V., et al., 2007.
Fertilization and pregnancy outcome after intracytoplasmic
injection with fresh or cryopreserved ejaculated spermatozoa.
Fertil. Steril. 87, 316–320.

Bretveld, R., Brouwers, M., Ebisch, I., et al., 2007. Influence of
pesticides on male fertility. Scand. J. Work Environ. Health 33,
13–28.

Brugnon, F., Van Assche, E., Verheyen, G., et al., 2006. Study of
two markers of apoptosis and meiotic segregation in ejaculated
sperm of chromosomal translocation carrier patients. Hum.
Reprod. 21, 685–693.

Bunge, R.G., Sherman, J.K., 1953. Fertilizing capacity of frozen
human spermatozoa. Nature 172, 767–768.

Chen, Z., Hauser, R., Trbovich, A.M., et al., 2006. The relationship
between human semen characteristics and sperm apoptosis: a
pilot study. J. Androl. 27, 112–120.

Curry, M.R., Watson, P.F., 1994. Osmotic effects on ram and human
sperm membranes in relation to thawing injury. Cryobiology 31,
39–46.

de Paula, T.S., Bertolla, R.P., Spaine, D.M., et al., 2006. Effect of
cryopreservation on sperm apoptotic deoxyribonucleic acid
fragmentation in patients with oligozoospermia. Fertil. Steril.
86, 597–600.

Donnelly, E.T., Steele, E.K., McClure, N., et al., 2001. Assessment
of DNA integrity and morphology of ejaculated spermatozoa
from fertile and infertile men before and after cryopreservation.
Hum. Reprod. 16, 1191–1199.

Duru, N.K., Morshedi, M.S., Schuffner, A., et al., 2001. Cryopres-
ervation–thawing of fractionated human spermatozoa is asso-
ciated with membrane phosphatidylserine externalization and
not DNA fragmentation. J. Androl. 22, 646–651.

Earnshaw, W.C., Martins, L.M., Kaufmann, S.H., 1999. Mammalian
caspases: structure, activation, substrates, and functions during
apoptosis. Annu. Rev. Biochem. 68, 383–424.

Eley, A., Hosseinzadeh, S., Hakimi, H., et al., 2005. Apoptosis of
ejaculated human sperm is induced by co-incubation with
Chlamydia trachomatis lipopolysaccharide. Hum. Reprod. 20,
2601–2607.

Frim, J., Mazur, P., 1983. Interactions of cooling rate, warming
rate, glycerol concentration, and dilution procedure on the
viability of frozen-thawed human granulocytes. Cryobiology 20,
657–676.

Fuentes-Prior, P., Salvesen, G.S., 2004. The protein structures that
shape caspase activity, specificity, activation and inhibition.
Biochem. J. 384, 201–232.

Gallegos, G., Ramos, B., Santiso, R., et al., 2008. Sperm DNA
fragmentation in infertile men with genitourinary infection by
Chlamydia trachomatis and Mycoplasma. Fertil. Steril. 90,
328–334.

Gandini, L., Lombardo, F., Paoli, D., et al., 2000. Study of
apoptotic DNA fragmentation in human spermatozoa. Hum.
Reprod. 15, 830–839.

Gao, D.Y., Ashworth, E., Watson, P.F., et al., 1993. Hyperosmotic
tolerance of human spermatozoa: separate effects of glycerol,
sodium chloride, and sucrose on spermolysis. Biol. Reprod. 49,
112–123.

Giraud, M.N., Motta, C., Boucher, D., et al., 2000. Membrane
fluidity predicts the outcome of cryopreservation of human
spermatozoa. Hum. Reprod. 15, 2160–2164.

Glander, H.J., Schaller, J., 1999. Binding of annexin V to plasma
membranes of human spermatozoa: a rapid assay for detection
of membrane changes after cryostorage. Mol. Hum. Reprod. 5,
109–115.
Gorga, F., Galdiero, M., Buommino, E., et al., 2001. Porins and
lipopolysaccharide induce apoptosis in human spermatozoa.
Clin. Diagn. Lab. Immunol. 8, 206–208.

Gosalvez, J., Cortes-Gutierez, E., Lopez-Fernandez, C., et al.,
2009. Sperm deoxyribonucleic acid fragmentation dynamics in
fertile donors. Fertil. Steril. 92, 170–173.

Grunewald, S., Paasch, U., Wuendrich, K., et al., 2005. Sperm
caspases become more activated in infertility patients than in
healthy donors during cryopreservation. Arch. Androl. 51,
449–460.

Grunewald, S., Paasch, U., Said, T.M., et al., 2006. Magnetic-acti-
vated cell sorting before cryopreservation preserves mitochon-
drial integrity in human spermatozoa. Cell Tissue Bank 7,
99–104.

Grunewald, S., Said, T.M., Paasch, U., et al., 2008. Relationship
between sperm apoptosis signalling and oocyte penetration
capacity. Int. J. Androl. 31, 325–330.

Grunewald, S., Kriegel, C., Baumann, T., et al., 2009. Interactions
between apoptotic signal transduction and capacitation in
human spermatozoa. Hum. Reprod. 24, 2071–2078.

Hallak, J., Sharma, R.K., Wellstead, C., et al., 2000. Cryopreser-
vation of human spermatozoa: comparison of TEST-yolk buffer
and glycerol. Int. J. Fertil. Womens Med. 45, 38–42.

Hammadeh, M.E., Greiner, S., Rosenbaum, P., et al., 2001.
Comparison between human sperm preservation medium
and TEST-yolk buffer on protecting chromatin and mor-
phology integrity of human spermatozoa in fertile and subfer-
tile men after freeze-thawing procedure. J. Androl. 22,
1012–1018.

Hammerstedt, R.H., Graham, J.K., Nolan, J.P., 1990. Cryopreser-
vation of mammalian sperm: what we ask them to survive. J.
Androl. 11, 73–88.

Henry, M.A., Noiles, E.E., Gao, D., et al., 1993. Cryopreservation
of human spermatozoa. IV. The effects of cooling rate and
warming rate on the maintenance of motility, plasma membrane
integrity, and mitochondrial function. Fertil. Steril. 60,
911–918.

Hetz, C.A., Torres, V., Quest, A.F., 2005. Beyond apoptosis:
nonapoptotic cell death in physiology and disease. Biochem.
Cell Biol. 83, 579–588.

Isachenko, V., Isachenko, E., Katkov, I.I., et al., 2004.
Cryoprotectant-free cryopreservation of human spermatozoa
by vitrification and freezing in vapor: effect on motility,
DNA integrity, and fertilization ability. Biol. Reprod. 71,
1167–1173.

Jha, R., Agarwal, A., Mahfouz, R., et al., 2009. Determination of
poly (ADP-ribose) polymerase (PARP) homologues in human
ejaculated sperm and its correlation with sperm maturation.
Fertil. Steril. 91, 782–790.

Kerr, J.F., Wyllie, A.H., Currie, A.R., 1972. Apoptosis: a basic
biological phenomenon with wide-ranging implications in tissue
kinetics. Br. J. Cancer 26, 239–257.

Lasso, J.L., Noiles, E.E., Alvarez, J.G., et al., 1994. Mechanism of
superoxide dismutase loss from human sperm cells during
cryopreservation. J. Androl. 15, 255–265.

Li, M.O., Sarkisian, M.R., Mehal, W.Z., et al., 2003. Phosphatidyl-
serine receptor is required for clearance of apoptotic cells.
Science 302, 1560–1563.

Li, Z., Lin, Q., Liu, R., et al., 2009. Protective Effects of Ascorbate
and Catalase on Human Spermatozoa During Cryopreservation. J
Androl. October 15 [Epub ahead of print].
doi:10.2164/jandrol.109.007849.

Mahfouz, R.Z., Sharma, R.K., Poenicke, K., et al., 2009. Evaluation
of poly(ADP-ribose) polymerase cleavage (cPARP) in ejaculated
human sperm fractions after induction of apoptosis. Fertil.
Steril. 91, 2210–2220.

Martin, S.J., Reutelingsperger, C.P., McGahon, A.J., et al., 1995.
Early redistribution of plasma membrane phosphatidylserine is a

http://dx.doi.org/10.2164/jandrol.109.007849


462 TM Said et al.
general feature of apoptosis regardless of the initiating stimulus:
inhibition by overexpression of Bcl-2 and Abl. J. Exp. Med. 182,
1545–1556.

Martin, G., Sabido, O., Durand, P., et al., 2004. Cryopreservation
induces an apoptosis-like mechanism in bull sperm. Biol. Reprod.
71, 28–37.

Martin, G., Cagnon, N., Sabido, O., et al., 2007. Kinetics of
occurrence of some features of apoptosis during the cryopres-
ervation process of bovine spermatozoa. Hum. Reprod. 22,
380–388.

McClintock, D.S., Santore, M.T., Lee, V.Y., et al., 2002. Bcl-2
family members and functional electron transport chain regulate
oxygen deprivation-induced cell death. Mol. Cell. Biol. 22,
94–104.

Medema, J.P., Scaffidi, C., Krammer, P.H., et al., 1998. Bcl-xL acts
downstream of caspase-8 activation by the CD95 death-inducing
signaling complex. J. Biol. Chem. 273, 3388–3393.

Meyers, S.A., 2005. Spermatozoal response to osmotic stress. Anim.
Reprod. Sci. 89, 57–64.

Moustafa, M.H., Sharma, R.K., Thornton, J., et al., 2004. Rela-
tionship between ROS production, apoptosis and DNA denatur-
ation in spermatozoa from patients examined for infertility.
Hum. Reprod. 19, 129–138.

Nallella, K.P., Sharma, R.K., Allamaneni, S.S., et al., 2004.
Cryopreservation of human spermatozoa: comparison of two
cryopreservation methods and three cryoprotectants. Fertil.
Steril. 82, 913–918.

Nawroth, F., Rahimi, G., Isachenko, E., et al., 2005. Cryopreser-
vation in assisted reproductive technology: new trends. Semin.
Reprod. Med. 23, 325–335.

Oehninger, S., Duru, N.K., Srisombut, C., et al., 2000. Assessment
of sperm cryodamage and strategies to improve outcome. Mol.
Cell. Endocrinol. 169, 3–10.

Paasch, U., Sharma, R.K., Gupta, A.K., et al., 2004. Cryopreser-
vation and thawing is associated with varying extent of activa-
tion of apoptotic machinery in subsets of ejaculated human
spermatozoa. Biol. Reprod. 71, 1828–1837.

Ricci, G., Perticarari, S., Boscolo, R., et al., 2009. Semen prepa-
ration methods and sperm apoptosis: swim-up versus gradi-
ent-density centrifugation technique. Fertil. Steril. 91,
632–638.

Roeleveld, N., Bretveld, R., 2008. The impact of pesticides on male
fertility. Curr. Opin. Obstet. Gynecol. 20, 229–233.

Royere, D., Barthelemy, C., Hamamah, S., et al., 1996. Cryopres-
ervation of spermatozoa: a 1996 review. Hum. Reprod. Update
2, 553–559.

Said, T.M., Paasch, U., Glander, H.J., et al., 2004. Role of caspases
in male infertility. Hum. Reprod. Update 10, 39–51.

Said, T.M., Grunewald, S., Paasch, U., et al., 2005. Effects of
magnetic-activated cell sorting on sperm motility and cryosur-
vival rates. Fertil. Steril. 83, 1442–1446.

Said, T., Agarwal, A., Grunewald, S., et al., 2006a. Selection of
nonapoptotic spermatozoa as a new tool for enhancing assisted
reproduction outcomes: an in vitro model. Biol. Reprod. 74,
530–537.

Said, T.M., Agarwal, A., Grunewald, S., et al., 2006b. Evaluation of
sperm recovery following annexin V magnetic-activated cell
sorting separation. Reprod. Biomed. Online 13, 336–339.

Said, T.M., Agarwal, A., Zborowski, M., et al., 2008. Utility of
magnetic cell separation as a molecular sperm preparation
technique. J. Androl. 29, 134–142.
Said, T.M., Tellez, S., Evenson, D.P., et al., 2009. Assessment of
sperm quality, DNA integrity and cryopreservation protocols in
men diagnosed with testicular and systemic malignancies.
Andrologia 41, 377–382.

Sakkas, D., Mariethoz, E., St John, J.C., 1999. Abnormal sperm
parameters in humans are indicative of an abortive apoptotic
mechanism linked to the Fas-mediated pathway. Exp. Cell Res.
251, 350–355.

Sakkas, D., Manicardi, G.C., Tomlinson, M., et al., 2000. The use of
two density gradient centrifugation techniques and the swim-up
method to separate spermatozoa with chromatin and nuclear
DNA anomalies. Hum. Reprod. 15, 1112–1116.

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

Taylor, S.L., Weng, S.L., Fox, P., et al., 2004. Somatic cell
apoptosis markers and pathways in human ejaculated sperm:
potential utility as indicators of sperm quality. Mol. Hum.
Reprod. 10, 825–834.

Taylor, K., Roberts, P., Sanders, K., et al., 2009. Effect of
antioxidant supplementation of cryopreservation medium on
post-thaw integrity of human spermatozoa. Reprod. Biomed.
Online 18, 184–189.

Thomson, L.K., Fleming, S.D., Aitken, R.J., et al., 2009. Cryopres-
ervation-induced human sperm DNA damage is predominantly
mediated by oxidative stress rather than apoptosis. Hum.
Reprod. 24, 2061–2070.

Thornberry, N.A., Lazebnik, Y., 1998. Caspases: enemies within.
Science 281, 1312–1316.

Vandivier, R.W., Henson, P.M., Douglas, I.S., 2006. Burying the
dead: the impact of failed apoptotic cell removal (efferocytosis)
on chronic inflammatory lung disease. Chest 129, 1673–1682.

Verheyen, G., Pletincx, I., Van Steirteghem, A., 1993. Effect of
freezing method, thawing temperature and post-thaw dilu-
tion/washing on motility (CASA) and morphology characteristics
of high-quality human sperm. Hum. Reprod. 8, 1678–1684.

Verza Jr., S., Feijo, C.M., Esteves, S.C., 2009. Resistance of human
spermatozoa to cryoinjury in repeated cycles of thaw-refreez-
ing. Int. Braz. J. Urol. 35, 581–590, discussion 591.

Wang, A.W., Zhang, H., Ikemoto, I., et al., 1997. Reactive oxygen
species generation by seminal cells during cryopreservation.
Urology 49, 921–925.

Wang, X., Sharma, R.K., Sikka, S.C., et al., 2003. Oxidative stress is
associated with increased apoptosis leading to spermatozoa DNA
damage in patients with male factor infertility. Fertil. Steril. 80,
531–535.

Weng, S.L., Taylor, S.L., Morshedi, M., et al., 2002. Caspase
activity and apoptotic markers in ejaculated human sperm. Mol.
Hum. Reprod. 8, 984–991.

Wundrich, K., Paasch, U., Leicht, M., et al., 2006. Activation of
caspases in human spermatozoa during cryopreservation – an
immunoblot study. Cell Tissue Bank 7, 81–90.

Zedan, H., El-Mekhlafi, A.W., El-Noweihi, A.M., et al., 2009.
Soluble Fas and gonadal hormones in infertile men with
varicocele. Fertil. Steril. 91, 420–424.

Declaration: The authors report no financial or commercial
conflicts of interest.

Received 12 January 2010; refereed 13 May 2010; accepted 18 May
2010.


	Implication of apoptosis in sperm cryoinjury
	Apoptosis in ejaculated human spermatozoa
	Apoptosis: general concepts
	Apoptosis manifestations in human spermatozoa
	Apoptosis induction in human spermatozoa
	Apoptosis and male fertility

	Sperm cryopreservation
	Mechanisms and manifestations of cryoinjury in spermatozoa
	Implication of apoptosis in sperm cryoinjury
	Increased apoptosis in cryopreserved spermatozoa
	Apoptosis in cryopreserved subfertile semen samples

	Methods to decrease apoptosis during sperm cryopreservation
	Conclusions
	References


