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Protective effects of exogenous gangliosides on
ROS-induced changes in human spermatozoa

Mirjana Gavella and Vaskresenija Lipovac

This article summarizes the available evidence on the efficacy of gangliosides to reduce the degree of reactive oxygen species
(ROS)-mediated damage. The antioxidative efficacy of exogenous gangliosides in protecting different cells encouraged us to examine
their ability to protect human spermatozoa. Gangliosides are sialic acid-containing glycosphingolipids with strong amphiphilic
character due to the bulky headgroup made of several sugar rings with sialic acid residues and the double-tailed hydrophobic lipid
moiety. The amphiphilicity of gangliosides allows them to exist as micelles in aqueous media when they are present at a concentration
above their critical micellar concentration. The protective effect of ganglioside micelles on spermatozoa is believed to stem from their
ability to scavenge free radicals and prevent their damaging effects. In our study, we particularly focused our attention on the protective
effect of ganglioside micelles on DNA in human spermatozoa exposed to cryopreservation. The results indicate that ganglioside
micelles can modulate the hydrophobic properties of the sperm membrane to increase tolerance to DNA fragmentation, thus protecting
the DNA from cryopreservation-induced damage. Further actions of ganglioside micelles, which were documented by biochemical and
biophysical studies, included (i) the modulation of superoxide anion generation by increasing the diffusion barrier for membrane events
responsible for signal translocation to the interior of the cell; (ii) the inhibition of iron-catalysed hydroxyl radical formation due to the

iron chelation potential of gangliosides; and (iii) inhibition of hydrogen peroxide diffusion across the sperm membrane.
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INTRODUCTION
To understand the causes of reduced fertilising potential, the mecha-
nisms responsible for impaired sperm function need to be identified.
An increasing body of evidence suggests that oxidative stress is a do-
minant feature in the aetiology of male infertility. Sperm damage is a
consequence of a variety of processes that occur during the life span of
human spermatozoa and induce the generation of excessive oxygen-
derived reactants, such as superoxide anion (O, "), hydrogen per-
oxide (H,0O,) and a highly toxic hydroxyl radical (OH-).IH
Spermatozoa are particularly susceptible to damage by processes
involving free radicals for several reasons. The sperm membrane is
rich in polyunsaturated fatty acids, which provide a sufficient fluidity
of the sperm membrane to allow it to participate in the membrane
fusion events that characterize fertilisation.>® Polyunsaturated fatty
acids are particularly prone to oxidative attack, as the presence of a
double bond weakens C-H bonds on adjacent carbon atoms and
facilitates hydrogen abstraction, which initiates a lipid peroxidation
cascade.”® The limited enzymatic antioxidative defence system in
spermatozoa also increases their susceptibility to oxidative stress.
There are two main mechanisms by which reactive oxygen species
(ROS) cause infertility. First, ROS damage the sperm membrane,
which in turn, reduces sperm motility and their ability to fuse with
the oocyte. Second, ROS directly damage sperm DNA, compromising
the paternal genomic contribution to the embryo.*® Recently, studies

have focused on assessing the effectiveness of in vivo and in vitro
supplementation with different antioxidants in an attempt to protect
spermatozoa exposed to oxidative stress.'>'* A beneficial effect of the
in vitro supplementation of different natural or chemically synthesized
antioxidant compounds on human spermatozoa has been observed;
however, their effect has also been shown to decrease at inadequate
concentrations and, even worse, to behave as pro-oxidants.''%!>1¢

Herein, we discuss the protective role of exogenous gangliosides
against ROS-induced changes based on our studies of human sper-
matozoa, leukocytes and cell-free systems. Of particular interest are
differences between the effects of various types of gangliosides on
the lipid peroxidation level, superoxide anion production'’™°
and H,O, and cryopreservation-induced DNA damage of human
spermatozoa.’"*

GANGLIOSIDES

Gangliosides, which are sialic acid-containing glycosphingolipids, are
expressed in the outer leaflet of the plasma membrane of all mam-
malian cell membranes, including sperma’[ozoa,zl24 and are particu-
larly abundant in neuronal cell membranes.”> A large number of
gangliosides have been isolated from the brains of various organisms,
but only four structures, GM1, GD1a, GD1b and GT1b, constitute
more than 90% of gangliosides in the brains of various mammalian
species.”® Depending on the number of sialic acid residues on the inner
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galactose, gangliosides belong to either b-ganglio-series (GD1b and
GT1b) or a-ganglio-series (GM1 and GD1a).”” Studies of their molecu-
lar structures have shown that the number of sugar units and the
position and linkage type of sialic acids distinguish each ganglioside®®
and affect their physicochemical properties.?® Thus, the disialogan-
glioside GD1b has two sialic acids linked to the inner galactose,
whereas GD1a has one sialic acid on the inner galactose and another
on the terminal galactose. Figure 1 shows the structure of the mono-
and trisialogangliosides GM1 and GT1b. Both gangliosides have the
same hydrophobic ceramide and differently structured hydrophilic
parts made of several sugar rings, some of which are sialic acid resi-
dues. GM1 has one sialic acid residue on the inner galactose, while
GT1b has three sialic acid residues, two linked to the inner galactose
and one on the terminal galactose.”’

Gangliosides are involved in the regulation of a wide range of cel-
lular functions, serving as antigens, mediators of cell adhesion and
modulators of signal transduction.”® Gangliosides have been shown
to control cellular growth and differentiation and to play important
roles in the immune defence system. Gangliosides are not distributed
uniformly in the plasma membrane, and they are identified as con-
stituents of the raft microdomain, where they play important roles in
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the early events of signal transduction by arranging the environment of
ligand—receptor interactions.”>>"2

In addition to these naturally occurring, endogenous manifesta-
tions, exogenously added gangliosides have been shown to affect cell
properties and biological events, including reducing the ROS asso-
ciated with oxidative stress. Due to the importance of gangliosides
in the development and function of the nervous system, the majority
of studies have focused on the protective effects of gangliosides against
neuronal injuries.

Evidence that gangliosides might have an antioxidative capability in
cultures of other cell types has accumulated over the past decades based
on the observed protection against reactive oxygen formation in isolated
heart,”® epithelial lens and retinal lens cells®* and hepatocytes.”® Their
mode of action varies in different cell types, including altering the activ-
ity of several enzymes and specific proteins,”®*° membrane stabilisation
and fluidity,***> scavenging hydroxyl radicals.*!

Even if there were a consensus on the protective effects of ganglio-
sides against cellular damage, the mechanism(s) underlying these
effects and the models in which gangliosides are protective would still
require precise evaluation. If oxidative stress and apoptosis are chem-
ically induced in cultures of hepatocytes and rat liver epithelial cells,
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Figure 1 Structure of the monoganglioside GM1 and the trisialoganglioside GT1b. The chemical structural formula in the circle represents the sialic acid.
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exposure to the monosialoganglioside GM1 inhibits ROS and lipid
peroxidation (LPO) production in the cells.*® In vivo, GT1b prevents
chemically induced DNA damage in mice.*' There is evidence that the
antioxidative properties of GM1 are dependent on its effect on iron
ion exchange®®** because iron ions are involved in ROS and LPO
product formation in many cell types.

GANGLIOSIDES AND SPERMATOZOA

In earlier investigations conducted to identify the types of gangliosides
in the sperm membrane, endogenous mono-, di- and trisialoganglio-
sides (GM3, GM1, GD1a, GD1b and GT1b) have been observed in
animal® and human spermatozoa®* at low concentrations of approxi-
mately 1 pg-5 pg per 100 million spermatozoa,*’ although their exact
function has not been completely elucidated.

Some progress was achieved over the past decade. The endogenous
ganglioside GM1 has been found in the plasma membrane overlying the
acrosome of the sperm head in several mammalian species** or over the
whole sperm surface in human spermatozoa.*> GM1 is known to influ-
ence several signalling pathways in somatic cells and its importance in
sperm functional maturation, such as capacitation, has been recently
established. It has been localized in lipid raft microdomains, which serve
as platforms for the assembly of key recognition molecules on the sperm
surface during capacitation.**™ In animal sperm, increasing evidence
suggests that capacitation is regulated by the redistribution of GM1 on
the plasma membrane.*® For example, when murine sperm migrate to
the uterine cavity, GM1 shifts from the postacrosomal region and dis-
appears from the sperm head in the oviduct, at which time, spermato-
zoa can undergo the acrosome reaction.*’

While the role of endogenous gangliosides in sperm signalling sys-
tems has been described in the literature, no information on the pro-
tective role of exogenously supplied gangliosides against ROS-induced
changes in human spermatozoa was available. Our biochemical and
biophysical studies have provided evidence of the ability of ganglio-
sides to protect human sperm against LPO, superoxide and hydroxyl
formation and ROS-induced DNA damage.'”

The protective effect of gangliosides on the lipid peroxidation level
As amodel for studying the ability of different gangliosides to counter-
act lipid peroxidation in human spermatozoa, we used ferrous/ascor-
bate-induced LPO. In this system, LPO is not initiated through
hydroxyl radical generation, but rather through the ferrous ion-cata-
lysed breakdown of pre-existing lipid hydroperoxide in the sperm
plasma membrane and the subsequent propagation of the lipid per-
oxidation chain reaction via alkoxyl radical generation.’*’
According to our experiments, the monosialoganglioside GM1 and
the disialoganglioside GD1la have no effect on LPO propagation.
However, the generation of malondialdehyde as a breakdown product
of lipid peroxide decompensation was significantly decreased
(P<0.01) in the presence of the disialoganglioside GD1b and the
trisialoganglioside GT1b."” This could be explained by the specific
position of sialic acid residues in the gangliosides of the b-ganglio-
series (two sialic acids linked to the inner galactose)27_29 and their
ability to chelate ferrous ions and inhibit the propagation of the lipid
peroxidative chain reaction and malondialdehyde production.
Determining the malondialdehyde level only provides an indirect
measure of the lipid peroxidation process, without subcellular resolu-
tion of membrane changes.* A few reports have been published on the
application of physical methods for investigating membrane fluidity
in human spermatozoa®~>’ and on the ability of some agents to pre-
vent changes in membrane fluidity induced by free radical attack.”®*®
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Several agents are known to act as stabilizers or protectors of the cell
membrane due to their inhibition of lipid peroxidation.®®®*

To investigate the effect of the ganglioside GT1b on the changes in
sperm membrane fluidity induced by external oxidative stimuli, we
used electron paramagnetic resonance (EPR) spectroscopy. The spec-
tral analysis obtained by spin label 5-doxylstearic acid nitroxide, for
which the paramagnetic centre resides are near the lipid/water inter-
face in the sperm membrane,’® indicated that the oxidation-induced
changes were significantly suppressed (P<<0.001) in the presence of the
trisialoganglioside GT1b."®'® Furthermore, when using electron spin
resonance spectroscopy with the DMPO spin trap, a difference was
detected in the effect of gangliosides on changes in the molecular
ordering of the sperm membrane upon iron-induced oxidation."”
The presence of free iron in human seminal plasma is sufficient to
promote a lipid peroxidation cascade in spermatozoa.®* Iron is
believed to be one of the main mediators of the Fenton reaction and
therefore to contribute to the formation of hydroxyl radicals.* Our
EPR study of ganglioside antioxidant properties in a Fenton-type
reaction demonstrated the ability of ganglioside micelles to bind
oppositely charged ferrous ions, thus reducing their concentrations
and consequently inhibiting hydroxyl radical formation (Figure 2).*°
Both biophysical and biochemical analyses have therefore clearly
shown the ability of gangliosides to decrease the level of iron-induced
lipid peroxidation in human spermatozoa.

The protective effect of gangliosides against superoxide anion
(0, 7) production

There are few reports concerning the beneficial effect of exogenously
applied gangliosides on ROS generation. Gangliosides have been
found to directly scavenge superoxide anions in the rat heart and to
modulate signal transduction in rat brain synaptosomes.**>”** Qur
study on human spermatozoa revealed that the exogenously added di-
and trisialogangliosides GD1b and GT1b could reduce the level of
superoxide anions generated by phorbol,12-myristate acetate
(PMA)-stimulated human spermatozoa.’” Our recent research on
ROS production in PMA-activated human leukocytes modulated by
gangliosides demonstrated that exogenous GM1 and GT1b micelles
could decrease the extracellular production of superoxide radicals in a
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Figure 2 The EPR study of DMPO-OH spin adduct formation in a Fenton-type
reaction in the presence and absence of different concentrations of GM1 (M) and
GT1b (OJ). The data are normalized with respect to the EPR intensity of control
samples without gangliosides. Significant differences are *P<0.05 for GM1 and
*P<0.05 for GT1b compared to control values. EPR, electron paramagnetic
resonance.
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concentration- and structure-dependent manner. The observed effect
can be attributed to the ability of ganglioside micelles attached to the
cell surface to provide a diffusion barrier and consequently delay
membrane events responsible for superoxide anion production
(Figure 3).%* The presence of leukocytes on the sperm surface and
the similarity of their cellular mechanisms for superoxide generation
to those of activated spermatozoa could explain the decrease in super-
oxide anion generation in spermatozoa.®>®® It is believed that leuko-
cytes and spermatozoa share a similar mechanism for ROS generation:
an NADPH oxidase located in or near the cell membrane.®” Although
controversy exists regarding the form of this enzyme,®® exogenous
gangliosides undeniably decrease the extracellular production of
superoxide radicals.

The protective effect of gangliosides on DNA damage
Many studies have clearly shown that excessive ROS generation affects
the DNA integrity of spermatozoa. In vitro experiments in which
spermatozoa were exposed to initiators of oxidative stress such as
H,0, revealed a significant increase in DNA damage in the form of
either single- and double-strand breaks or DNA modification pro-
ducts.®7! Our investigations have provided evidence showing that
DNA fragmentation in human spermatozoa after in vitro exposure to
H,0, could be prevented by the addition of exogenous gangliosides.
Flow cytometric analyses revealed that the pre-treatment of spermato-
zoa with GT1b micelles almost completely abolished H,O, passage
through the cell membrane (Figure 4).*' Reduced DNA fragmentation
as a result of decreased cellular H,O, suggests that the ganglioside GT1b
acts as an inhibitor of H,O, diffusion across the sperm membrane.
DNA integrity is also compromised during human sperm cryopre-
servation, which is routinely used in the management of human male
infertility. The freezing/thawing process has been shown to generate
sperm DNA damage including DNA fragmentation, base modifica-
tions, chromatin cross-linking and other alterations, although the
exact mechanisms of the cryoinjury to sperm DNA have not been fully
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Figure 3 The influence of GT1b and GM1 micelles on the onset of superoxide
production by PMA-activated PMNs (5x10° miI~!) detected by EPR spectro-
scopy in the presence of the DEPMPO spin trap. The time-dependent superoxide
anion generation by PMA-stimulated PMNs in the absence (filled circles) or
presence (filled squares) of 100 pmol I”* GM1 and GT1b (filled triangles). The
data represent the mean=s.e.m. of five experiments. The typical experimental
spectrum of the DEPMPO-OO0H spin adduct is shown in the inset. *P<0.005 with
GT1b compared to untreated cells. EPR, electron paramagnetic resonance;
PMA, phorbol 12-myristate 13-acetate; PMN, polymorphonuclear neutrophils;
DEPMPO, 5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide; DEPMPO-OOH,
DEPMPO superoxide adduct.
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Figure 4 Flow cytometric analysis of H,O, internalisation across the sperm
membrane. The shaded histograms show the fluorescence intensity after the
exogenous addition of H,0, in the absence (a) or presence (b) of the ganglioside
GT1b. The open histograms show the DCFH fluorescence of cells pre-incubated
with GT1b only. A representative result of six separate experiments. Pl-labelled
dead cells were excluded from the analysis.

mentation can be primarily attributed to cryopreservation-induced
ROS.”7 In contrast to superoxide anion, the more stable H,O, readily
crosses the plasma membrane and is responsible for DNA oxidative
damage.”® Because DNA integrity is essential for achieving fertilisation
and enabling embryo development in assisted reproductive technolo-
gies, the preservation of DNA during cryostorage is of extreme import-
ance. Several studies have examined antioxidative compounds that can
protect sperm DNA from cryopreservation and thawing injuries.'>””

The cryopreservation-induced damage of the sperm membrane
manifests as changes in the organisation and lipid composition of
the membrane, leading to changes in sperm permeability.”®”
Several reports on mammalian sperm have demonstrated the protec-
tive capacity of phospholipid-based cryoprotectants. The most impor-
tant role of phospholipids could be coating the cell membrane, resulting
in reinforcement during cryostorage.*’

Because the freezing/thawing process results in the loss of sperm
surface hydrophobicity,®' one of the proposed mechanisms of sperm
resistance to cryostorage-induced stress is its ability to shed hydro-
philic lipids, thus increasing the hydrophobic properties of the mem-
brane and enhancing sperm tolerance to cryopreservation.*> The
exogenous addition of specific lipid compounds to the cell suspension
can therefore be hypothesized to improve cell hydrophobicity and
protect from cryopreservation-induced stress.

Such a protective effect of gangliosides has been confirmed in our
recent report. We demonstrated that exogenously supplying both
GM1 and GT1b at concentrations above the critical micellar concen-
tration to the cryoprotective media protected human sperm DNA
integrity during the freeze—thaw process (Figure 5).%*

This could be due to ganglioside micelles associating with the sperm
cell surface, thereby providing a physical diffusion barrier against
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Figure 5 The effects of the monosialoganglioside GM1 and the trisialoganglio-
side GT1b on a Comet assay parameter (tail moment) in cryopreserved human
spermatozoa. The data are presented (a) as mean=s.e. in the control samples
and in the GM1-treated samples before freezing (BF) and after thawing (AT)
(n=8) and (b) the mean=s.e. in the control samples and in the GT1b-treated
samples before freezing (BF) and after thawing (AT) (n==8). *P<0.05 vs. control
cells before freezing. #P<0.05 vs. control cells after thawing.

freeze—thaw damage. This is in agreement with our previous findings
that exogenous GT1b acts as an inhibitor of H,O, diffusion across the
sperm membrane.”' We established that 43% and 73% of ganglioside
micelles are removed in two washes, respectively,64 and they can there-
fore be assumed to simply adhere to the membrane surface through
ion or hydrogen bonds.?” It appears that ganglioside micelles, which
are loosely attached to the sperm cell membrane, increase membrane
hydrophobicity during cryopreservation. Data on the effect of
ganglioside micelles on neuronal cells have suggested a possible medi-
ation of monomers, which escape from micelles during the micelle—
membrane interaction.*>~*

Under our experimental conditions, ganglioside monomers from
the surrounding cryoprotective media are not likely to have been
inserted into the ganglioside-containing membrane lipid rafts because
their insertion is known to be temperature-dependent and quite
unlikely to occur at 4 °C.%° At the present stage of research, these
hypotheses require further investigations that rely on direct physico-
chemical methods.

MECHANISMS OF SPERM PROTECTION BY GANGLIOSIDES

The protective roles of gangliosides against ROS-induced changes in
the sperm membrane that we observed appear to be associated with
ganglioside amphiphilicity. The sugar moieties of gangliosides, speci-
fically the sialic acid residues, are the basis of the observed protection
against superoxide anions and iron-induced LPO. The protective
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mechanism of gangliosides against LPO is related to the ability of sialic
acid to bind oppositely charged ferrous ions and reduce their concen-
tration. The more pronounced effect of trisialoganglioside GT1b
micelles than that of monosialoganglioside GM1 micelles can be attri-
buted to their higher negative charge, which is the result of a higher
sugar unit and sialic acid residue content.'” Similarly, the antioxidant
effect of GT1b on free radical generation is greater than that of GM1,
which has five sugar rings and only one sialic acid residue in contrast to
GT1b, which has seven sugar rings and three sialic acid residues.”> As a
consequence, GT1b micelles exhibit a higher negative charge due to a
higher sialic acid content. Because of their greater hydrophilic repulsive
contribution and larger number of hydrogen-bonding groups, GT1b
molecules are prone to form smaller and more spherical aggregates that
exhibit a two-fold lower aggregation number (176) than GM1 (301).°
The difference in their respective surface curvatures has been evidenced
in their mean hydrodynamic diameters, which we found to be lower in
GT1b micelles (9 nm) than in GM1 micelles (11 nm).?° Based on
reports demonstrating the importance of the GM1 and GT1b head-
groups in the conformational properties of aggregate surfaces, the
more pronounced effect observed in the presence of GT1b micelles
compared to that of GM1 micelles can be ascribed to better steric
shielding when smaller GT1b aggregates are adhered at the cell surface.

Another aspect of the protective activity of gangliosides determined
in our studies is their potential to reduce H,O, and cryopreservation-
induced DNA damage. The ceramide moiety plays the predominant
role in the ability of gangliosides to protect the sperm membrane. We
have observed that GM1 and GT1b, having a different number of
negatively charged sialic acid residues in the oligosaccharide chain
and a similar hydrophobic moiety composition, have the same ability
to protect sperm DNA from cryopreservation-induced damage.? This
demonstrates that the ceramide moiety, rather than the charges of the
polar head groups, is involved in the reduction of DNA fragmentation.
The presumed mechanism of spermatozoa protection during the
freezing/thawing process might be explained by a hydrophobic inter-
action between the ceramide moiety of gangliosides and the lipid
bilayer of the sperm cell membrane. Gangliosides are inserted into
the membrane, intercalating with other hydrophobic components of
the membrane and modulating the hydrophobic character of the
sperm membrane, which is responsible for the increased tolerance
to DNA fragmentation. It is possible that ganglioside micelles at the
sperm surface increase the diffusion barrier against toxic oxidants,
protecting against DNA damage, as shown in Figure 6.

CONCLUDING REMARKS

Due to their chemical and physical properties, gangliosides, which
are sialic acid-containing glycophospholipids, are comparable with
antioxidants whose in vitro and in vivo application has provided effi-
cient protection of spermatozoa from oxidative stress-induced
damage. The protective effect of ganglioside micelles against ROS-
induced changes is believed to stem from their ability to scavenge free
radicals and prevent their damaging effects.

Due to their multiple activities, gangliosides have advantages over
many other antioxidant agents. The activities of ganglioside micelles
include modulating superoxide anion generation by increasing the
diffusion barrier for the membrane events responsible for signal trans-
location to the interior of the cell and inhibiting iron-catalysed
hydroxyl radical formation through the iron chelation ability of gang-
liosides (Figure 6).

In addition, they are able to modulate the hydrophobic membrane
properties that are responsible for better tolerance to DNA fragmentation
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Figure 6 Exogenous ganglioside micelles attached to the outer part of the cell
membrane increase membrane hydrophobicity and induce the following
changes: (a) modulation of superoxide anion (O,-~) generation by increasing
the diffusion barrier for the membrane events responsible for signal translocation
to the interior of the cell; (b) inhibition of H,0, diffusion across the sperm mem-
brane; (c) inhibition of iron-catalysed hydroxyl radical (OH-) formation due to iron
chelation.

following in vitro exposure to H,O, and during the cryopreservation
process. This last effect deserves special attention because it differentiates
gangliosides from other antioxidants. While other antioxidants may
reduce cryopreservation-induced DNA damage only to a certain extent,
gangliosides are able to completely abolish DNA fragmentation.

The ganglioside activity that we observed in our in vitro experiments
may open new possibilities for the development of cryostorage media
to preserve DNA integrity, which will be essential for achieving
optimal fertilisation and enabling embryo development in assisted
conception therapy.
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