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Abstract

Recent studies have investigated the use of plant bioactive substances, such as polyphenols, as antioxidants in assisted reproduction
technologies. Semen cryopreservation is a technique that can affect sperm quality. Indeed, cryopreservation of human semen produces reactive
oxygen species (ROS), which may cause damage in sperm cells. Antioxidants have been used in a number of studies to counter oxidative
stress, both as dietary supplements and as components of culture media for in vitro experiments. Quercetin, catechin and resveratrol are
three polyphenols produced by plants that exhibit antioxidant properties. Research has shown that these three compounds have the ability
to increase antioxidant activity in human or animal semen. The studies reported in this review show positive and negative effects of the
polyphenols, especially at high doses. More research is required to understand the cellular mechanisms involved in antioxidant activity and to
examine the dose-dependent effects of polyphenols in semen cryopreservation.
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Introduction

There has been a growing interest in the use of plant bioactive
substances, such as polyphenols, as antioxidants in assisted
reproduction technologies. Previous studies have focused on
the use of vitamins C and E as potent antioxidants for semen
cryopreservation in mammals [1,2]. However, some polyphenols
such as quercetin, a secondary metabolite in plants, have been
found to exhibit higher antioxidant activity and lower toxicity
than synthetic antioxidants [3,4]. Plant derived compounds and
their capacity for improvement of fertility have been previously
examined through intake as dietary supplements in humans and
in animals [5,6]. Assisted reproduction technologies, such as
cryopreservation and in vitro fertilization (IVF), may also involve
the use of antioxidant supplements in culture media [7,8].

Cryopreservation of semen consists of storing living
spermatozoa at a very low temperature. This technique allows
living cells to be stored for a long period before use in IVF [9].
Although sperm cryopreservation is a useful technique, it can affect
sperm quality parameters, such as morphology, motility, viability
and DNA integrity, through cryoinjury [10]. Cryopreservation of
human semen produces reactive oxygen species (ROS), which may

cause important damage in sperm cells. Spermatozoa were the

first type of cells to be cryopreserved. However, improvements in
cryopreservation are still needed since semen in infertile males
often exhibits low sperm survival rates [11].

Most studies on plant derived antioxidants and their use in
cryopreservation have been done on animals such as rams and
bulls [12,13]. This review examines the recent advances in the use
of three polyphenolic substances produced by plants, quercetin,
catechins and resveratrol, and their potential utility in human
semen cryopreservation. Studying the effects of natural plant
derived antioxidants can lead to new insights for the development
of assisted reproduction techniques and for the improvement of
male fertility [7].

Role of antioxidants in semen protection
from reactive oxygen species

ROS include oxidative radicals such as hydroxyl radicals (OH)
and non radical species such as hydrogen peroxide (H202). Both
species are byproducts of normal cellular metabolism [5]. Free
radicals, which are formed during energy production, are oxygen
molecules with at least one unpaired electron. Their chemical
structure makes them strongly reactive in the presence of
amino acids, lipids or nucleic acids [14]. ROS are required in low
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concentrations for normal cellular functions. Excess production
of ROS is controlled by natural antioxidants. Leukocytes and
immature spermatozoa are the most important producers of ROS
in semen. Spermatozoa produce ROS since they are required for a
number of functions. For example H202 is required for capacitation,
a process that allows spermatozoa to bind to the zona pellucida of
an oocyte and to fertilize the egg. Capacitation, hyper activation
and sperm-oocyte binding are all cellular processes that require
adequate levels of ROS [5,14].

Semen produces a number of enzymatic antioxidants which
defend spermatozoa from oxidative stress. Superoxide dismutase
and glutathione peroxidase are the main antioxidants that ensure
reduction of hydrogen peroxide to water and alcohol. Mature sperm,
which may be more sensitive because of their high concentration of
membrane unsaturated lipids, are protected from oxidative stress
by the seminal plasma. Indeed, the seminal plasma contains high
concentrations of antioxidants such as superoxide dismutase,
xanthine oxidase, nitric oxide, catalase, glutathione peroxidase,
ascorbic acid, thiols, uric acid, alpha-tocopherol and glutathione
[15]. Nonenzymatic antioxidants, which act as scavengers of ROS,
include vitamins C and E, glutathione, amino acids as well as other
compounds used as dietary supplements [15,16].

Excess amounts of ROS can affect semen characteristics such as
sperm concentration, morphology and motility. Infertility in men
may be influenced by several factors, including medical, dietary and
genetic factors. ROS can also cause DNA damage and cell death in
sperm. Sperm membranes are also sensitive to oxidative damage,
since they are made up of high levels of polyunsaturated lipids,
which react with ROS. Lipid peroxidation in the membrane can
cause deformations, impaired motility, DNA fragmentation and
cell death. An imbalance between oxidant and antioxidant levels
may cause oxidative stress in sperm [5,14]. Antioxidants have been
used in a number of studies to counter oxidative stress, as dietary
supplements in humans and in animals and as components of
culture media in in vitro experiments [1]. During the past years,
researchers have shown a growing interest in the antioxidant
properties of plant derived substances on semen quality in animals
and in humans [16].

Activity of Polyphenols As Antioxidants

Polyphenols may act as free radical scavengers and sometimes,
as metal chelates [3]. Zhong and Zhou [4] emphasized the need
to study bioactive compounds in plants and to understand their
chemical structure and their mechanism of action. Recent studies
have examined the effect of dietary polyphenols on semen
quality and antioxidant activity [6,17]. This review examines the
inclusion of polyphenols in assisted reproduction techniques, more
specifically in semen cryopreservation for in vitro fertilization.

Quercetin

Quercetin is a dietary flavonoid produced by plants. It is
known to have antiviral, anti-inflammatory and antioxidant
properties [10]. This reddish pigment is found in many foods such
as apple skin, red wine and red onions [18]. Quercetin acts as an
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antioxidant by scavenging free radicals and chelating divalent
cations. This compound might have a role in reducing hydrogen
peroxide, increasing sperm antioxidant defenses and preventing
DNA damage induced by oxidative stress [10]. The antioxidant
properties of flavonoids like quercetin can be explained by their
chemical structure. The number and the position of the hydroxyl
group in flavonoids influence antioxidant activity. However, it is
important to note that flavonoids exhibit antioxidant activity at
low concentration, but may cause cytotoxicity and cell death at
high concentration. Several studies have focused on quercetin as a
potent antioxidant for semen quality [7].

Studies have shown that quercetin can improve the quality of
ram and stallion sperm after cryopreservation. Quercetin can also
increase the longevity of spermatozoa in fresh semen by inhibiting
glycolysis. Quercetin can prevent ROS formation through both
enzymatic and nonenzymatic cellular systems such as NADPH
oxidase and NADPH-dependent oxide-reductase [12]. Ardeshirnia
et al. [19] have studied the effects of quercetin on the fertility of
frozen ram spermatozoa. Their results show that the viability
of frozen-thawed spermatozoa and the mean number of zygote,
morula, and blastocyst stage embryos were increased by using 5
and 10 pg/mL quercetin in the freezing extender. This study also
shows that viability, motility and fertility of spermatozoa decreased
when higher concentrations, over 20 pg/mL, of quercetin were
used [19]. Thus, the effects of quercetin are dose dependent.

Zribi et al. [10] tested the effects of quercetin on human sperm
survival and DNA integrity during cryopreservation and thawing
by adding the antioxidant in the cryoprotective medium. They
noted that a concentration of 50 pM improved sperm motility and
viability and also decreased sperm DNA damage after thawing.
The authors also suggest testing a larger number of samples with
different concentrations to examine the dose dependent effects of
quercetin on human sperm cryopreservation [10].

Although flavonoid compounds exhibit strong antioxidant
properties in vitro, their effects are minimized in vivo due to their
low water-solubility, weak absorption and lower bioavailability. In
another study on human spermatozoa, Moretti et al. [7] developed
a particular strategy to overcome this problem. They loaded
quercetin into water-soluble liposomes, which act as carriers for
the antioxidant. They compared the potential of quercetin-loaded
liposomes and of quercetin alone in preventing oxidative damage in
human sperm. Results show a dose-dependent effect of quercetin on
sperm viability and motility. Quercetin-loaded liposomes showed
lower toxicity for sperm viability and motility than quercetin alone.
However, quercetin administered through liposomes increased
genotoxicity in DNA at high concentrations. The authors suggest
that this negative effect may be due to the particular mechanism
of action of liposomes, which deliver quercetin directly inside the
sperm cell and affect DNA. Although quercetin alone appeared
more effective at reducing oxidative stress than liposomes, the
authors suggest further investigations on the use of liposomes to
carry compounds into human sperm cells [7].
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Catechins

Catechin polyphenols are the most important bioactive
components in green tea. Their antioxidant activity is 20 times
higher than that of vitamin C. These flavonoid compounds can
reduce ROS levels by quenching free radical species and chelating
transition metals [20]. Green tea catechins include epigallocatechin
gallate (EGCG), epicatechin gallate (ECG), epicatechin (EC) and
epigallocatechin (EGC) [21]. Some studies have focused on the
effects of green tea extract on cryopreservation of ram semen,
without describing the chemical components involved in semen
protection [22]. Zhang and Zhou [4] emphasize the need to
describe in detail the bioactive components of plant extracts and to
understand their chemical structure and mode of action. Although
Catechins exhibit strong antioxidant activity, more studies are
required to understand their potential beneficial effects in human
reproduction [20].

Green tea catechins can exhibit antioxidant activity. They can
steal metal ions by the catechin moieties in polyphenol molecules.
Their B-ring is the main site of antioxidant reactions. Their
structure allows electron delocalization, hence their ability to
quench free radicals. Although catechins do not all have the same
ability in chelating metals, they share similar molecular structures.
Although catechins have antioxidant properties, studies have also
emphasized their pro-oxidant activity. As catechins are unstable,
they can generate ROS through auto-oxidation. Reaction of EGCG
and EGC with hydrogen peroxide causes oxidation in their A-ring,
decarboxylation and formation of oxidation products. Thus, a
hydroxyl radical is created and exhibits pro-oxidant activity. The
stability of EGCG is dependent on several environmental variables,
such as pH, oxygen level and temperature [20]. Moretti et al. [18]
studied the effect of four flavonoids, epicatechin, rutin, naringenin
and quercetin, on lipid peroxidation in swim-up selected human
sperm. Although quercetin and rutin were potent antioxidants,
epicatechin did not show any antioxidant activity at a concentration
of 200 uM. The authors hypothesize that this result is due to the
chemical structure of epicatechin. Since epicatechin is the only one
among the four molecules that does not have a carbonyl group, its
structure may influence antioxidant activity and make it less potent
than quercetin [18].

Gadani et al. [23] studied the effect of different concentrations
of EGCG in thawing extender for boar sperm after cryopreservation.
Indeed, thawing is a delicate step during which ROS can damage
sperm cells because of rapid oxygen metabolism after a dormant
metabolic stage. Adding EGCG to the thawing extender for 1 hour
did not improve sperm viability. However, a higher penetration rate
during fertilization was observed for all concentrations. Results
show that the addition of different concentrations of EGCG to
thawed spermatozoa for one hour did not affect sperm viability
and acrosome integrity, but it significantly improved in vitro
penetration rate [23].

Animal models have been used in studies to examine the
potential of green tea catechins in improving semen quality
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[20].Tissue culture medium 199 (TCM-199) is used to preserve
reproductive cells. TCM-199 contains catechins EC, EGC, ECG and
EGCG. A study by Barakat et al. [24] has shown that a green tea
extract supplement in TCM-199 at 0.3 mg/ml improved in vitro
maturation and embryo development of sheep cumulus oocyte
complexes to blastocyst formation. Although some studies show
effective antioxidant activity in animal tissues, more research is
required to determine the potential of green tea catechins in human
fertility [20].

Resveratrol

Resveratrol is a phytoalexin, or plant antibiotic, produced
by leaf tissues when the plant defends against fungal infection
or exposure to ultraviolet light. This polyphenol can be found in
many plant species, but mainly in grapes and red wine. Heat and
ultraviolet radiation can cause isomerization of trans-resveratrol
into cis-resveratrol [25]. Resveratrol is a potent antioxidant and
scavenger of superoxide, hydroxyl and metal-induced radicals.
It can also prevent lipid peroxidation in cell membranes as well
as DNA damage caused by ROS [26]. Although resveratrol is a
stilbenoid and quercetin is a flavonoid, these two polyphenols
have similar antioxidant effects. They can prevent ROS formation
by enzymatic and non-enzymatic systems, such as NADPH-oxidase
and NADH-dependent oxido reductase [3].

The effect of resveratrol on human semen has been studied
during the past few years. Aitken et al. [27] analyzed the effects
of several polyphenols on mitochondrial membrane potential,
oxidative stress and DNA structure. Human spermatozoa were
incubated with polyphenols in concentrations ranging from 25 uM
to 200 pM. At doses below 100 uM, resveratrol showed effective
antioxidant functions and limited lipid peroxidation without causing
mitochondrial damage. Although the effects of resveratrol were
positive, this compound can inhibit the activity of topoisomerase,
an enzyme involved in DNA replication and transcription. Thus,
more studies are necessary to understand the benefits and the risks
associated with the use of resveratrol to improve sperm quality
[27].

Garcez et al. [11] studied the effects of resveratrol as a
supplement in cryopreservation medium of human semen.
They noted that although resveratrol was able to prevent lipid
peroxidation, the effect was not dose dependent. A decrease in
sperm motility was also observed in both fertile and infertile men.
Resveratrol could not improve sperm motility. Although resveratrol
could not restore motility of spermatozoa, this compound was
able to prevent oxidative damage caused by cryopreservation
of semen [11]. Longobardi et al. [13] conducted a study on the
effect of resveratrol supplementation in semen extender for
cryopreservation of buffalo sperm. Sperm quality parameters,
including viability, motility, capacitation and fertilizing ability,
were evaluated after thawing. Results show a dose-dependent
effect of resveratrol on sperm capacitation status. There was a
significant reduction in capacitation at higher concentrations.
Supplementation of semen extender with resveratrol improved
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membrane integrity and antioxidant capacity. Moreover, IVF was
carried out by using semen treated with 50 mM resveratrol. The
fertilization rate improved significantly compared with the control
groups not supplemented with resveratrol. Thus, supplementation
of 50 mM resveratrol decreased capacitation, decreased oxidative
stress and improved membrane stability and in vitro fertilizing
ability [13]. Studies conducted on animals and on humans show
both positive and negative effects of resveratrol as an antioxidant.

Conclusion

Quercetin, catechin and resveratrol are three polyphenols that
have been the subject of recent experiments in cryopreservation of
human semen and assisted reproduction technologies. The three
substances can act as antioxidants and exhibit potential for sperm
protection against oxidative stress. The studies reported in this
review show positive effects as well as some negative effects of the
polyphenols, especially at high doses. More research is required
to understand the cellular mechanisms involved in antioxidant
activity, to examine the dose dependent effects of polyphenols and
to find the most effective dosage to be used in semen handling and
preservation.
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