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Green tea (Camellia sinensis) aqueous extract improved
human spermatozoa functions in vitro
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Background: Idiopathic causes of infertility is associated with oxidative stress. Antioxidants
are known to scavenge the excessive production of reactive oxygen species (ROS). Green tea
(Camellia sinensis) contains polyphenols that enhance its antioxidant potential.

Aim: This study focused on the impact of aqueous green tea extract on normozoospermic
human spermatozoa.

Setting: Department of Medical Biosciences, University of the Western Cape (UWC), South Africa.

Methods: Semen samples obtained using masturbation method following three to five days of
sexual abstinence from consenting men (n = 59) at the University of the Western Cape (UWC)
were liquefied and analysed. Normozoospermic samples were selected according to the World
Health Organization (WHO) 5th guideline. Thereafter, semen samples (7.5 x 10° /mL) were
washed in human tubular fluid (HTF; 10 min at 300 xg) and exposed to aqueous extracts of
green tea (0 png/mL, 0.4 pg/mL, 4 ng/mL, 40 pg/mL, 405 ng/mL) for 1 h with various
sperm parameters analyzed. Human tubular fluid supplemented with bovine serum albumin
(HTE-BSA; 10%) served as control.

Results: Sperm motility, reactive oxygen species production, across some reaction and
deoxyribonucleic acid (DNA) fragmentation decreased significantly, particularly at the highest
concentration (405 pug/mL; p < 0.001). A substantial increase in the percentage of viable
spermatozoa and those with intact mitochondrial membrane potential (MMP) were observed
(p <0.001).

Conclusion: Aqueous extract of green tea prolonged sperm viability and MMP while
reducing sperm intracellular ROS production, capacitation and across some reaction and
DNA fragmentation, and may be attributed to its antioxidant potential. However, a
high concentration of the extract appears to be detrimental to the functioning of human
spermatozoa.

Keywords: Camellia sinensis; green tea; human spermatozoa; antioxidants; infertility; medicinal
plants; oxidative stress.

Introduction

Infertility, defined as the inability to conceive following 12 months period of regular unprotected
sexual intercourse, impacts about 15% of couples and 7% of all men globally (Cardona Barberan
et al. 2020; Datta et al. 2016; Krausz & Riera-Escamilla 2018). About 40% — 50% of the infertility
incidence is attributed to the male factor (Kumar and Singh 2015). The aetiology of male
infertility is multifactorial, which can be classified as congenital, acquired and idiopathic
(Agarwal et al. 2021), with about 15% of male infertility cases being idiopathic (Hamada et al.
2012; Kumar & Singh 2015). Male oxidative stress infertility involves altered semen
characteristics (such as abnormal sperm morphology, low sperm concentration or poor sperm
motility) and oxidative stress, and affects about 37 million men with idiopathic male infertility
(Agarwal et al. 2019). In many cases of male infertility, a significant increase in seminal reactive
oxygen species (ROS) has been associated with poor semen parameters (Agarwal et al. 2014).
Elevated seminal oxidation reduction potential in 80% of infertile men validates the role of
oxidative stress as a cause of male infertility (Agarwal et al. 2019). Men with sperm parameters
below the World health Organization (WHO) normal values (semen volume [1.5 mL], sperm
concentration [15 x 10° spermatozoa/mL], total sperm count [39 x 10° spermatozoa/ejaculate],
morphology [4% normal forms] using ‘strict’ method, sperm vitality [58% live], progressive
motility [32%] and total motility [40%]) are taken into consideration to have male factor
infertility (WHO 2010).
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Factors that contribute to male infertility include oestrogens
and their derivatives, phytoestrogens, infections inside the
genitourinary tract, elevated scrotal temperatures (varicocele,
cryptorchidism and prolonged sauna exposure), radiation,
unhealthy lifestyle (cigarette smoking, drugs, alcohol abuse,
heat exposure or obesity) and elevated amounts of ROS,
among others (Agarwal et al. 2021; Opuwari & Henkel 2016).
An imbalance between ROS production and the ability of a
biological system to readily scavenge the reactive
intermediates or easily repair the resulting damage is
regarded as oxidative stress (Sharma et al. 2019). Spermatozoa
are susceptible to ROS because of the high content of
polyunsaturated fatty acid (PUFA) in the plasma membrane
(Bisht et al. 2017). Human spermatozoa lack cytoplasm,
which usually contains antioxidant enzymes in somatic cells
and acts as first line of defence against free radical attack,
thereby limiting their antioxidant defence level (Aitken,
Koopman & Lewis 2004).

The burden of oxidative stress-induced infertility brought
about by male factor infertility may be reduced with the aid
of an antioxidant regimen and modification of lifestyle
(Bisht et al. 2017). Although there is a high heterogeneity in
results in available literature, the usefulness of antioxidant
therapy in improving semen parameters and reducing
oxidative stress in men with infertility was demonstrated in
a systematic review (Gharagozloo & Aitken 2011). Vitamins
A, C and E act as major antioxidants that protect against
diseases and degenerative processes resulting from oxidative
stress (Akbari et al. 2022). Tea (made from the buds and
leaves of Camellia sinensis) is the second most consumed
beverage in the world (Rietveld & Wiseman 2003). Based
totally on the manufacturing method, it is classified as
white tea and green tea (unfermented), oolong (semi-
fermented) and black tea (fermented) (Cabrera, Artacho &
Giménez 2006; Dias et al. 2014). Green tea is produced from
the steamed and dried leaves of C. sinensis and is typically
consumed in China, Japan and surrounding Asian countries
as well as India (Chandra et al. 2011). Green tea comprises
pigments (1% — 2%), methylxanthines (3% — 4%), vitamins
(A, C, E and B) and minerals (5%), lipids (2% —7%), proteins
(15%), fibres (26%) and polyphenols (30% - 40%),
mostly flavonoids, and in particular catechins (Cabrera
et al. 2006). Catechins (i.e. epigallocatechin-3-gallate [EGCG],
epicatechin-3-gallate [ECG], epigallocatechin [EGC] and
epicatechin [EC]), with EGCG been too copious and
effective (Mazzanti, Di Sotto & Vitalone 2015; Yang & Hong
2013). The catechins and vitamins are associated with the
health benefits of green tea including its anti-inflammatory,
anticarcinogenic and antimicrobial properties (Reygaert
2017). Green tea has also been reported to reduce the risk
of cardiovascular disease (Landini, Rebelos & Honka
2021; Sumpio et al. 2006) and enhance oral health
(Gaur & Agnihotri 2014; Liao et al. 2021).

Available data on the effects of green tea on reproductive
function in animal studies are quite contradictory. For
instance, green tea leaf extract reduced the weight of testes,
sperm motility and count, testosterone level, and activities of
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testicular A53- and 17-hydroxysteroid dehydrogenase, and
also altered the morphology and histology of testis and
accessory sex organs while increasing FSH and LH levels in
male rats (Chandra et al. 2011; Das & Karmakar 2015). Another
study revealed that the weight of male rat reproductive
organs as well as testosterone level and sperm motility
remained unchanged, while sperm concentration and vitality
significantly increased (Opuwari & Monsees 2020).
Apparently, there is limited study on the impact of green tea
on human spermatozoa. Algqawasmeh and Colleagues
showed that green tea extract (1.0 ng mL™) had a protective
effect on human sperm motility and deoxyribonucleic acid
(DNA) integrity following the induction of oxidative stress
with HO, as well as increased sperm motility and
DNA integrity when added to cryopreservation media
(Algawasmeh et al. 2020). This study examined the direct
effect of green tea aqueous extract on human sperm functions
under normal conditions.

Research methods and design
Source and preparation of aqueous extract

Green tea (Five Roses™; C. sinensis) was purchased from a
retail outlet (Cape Town, South Africa). To prepare a 2%
infusion, freshly boiled (100°C; 100 mL) distilled water
was added to green tea (2 g) for five min and stirred
(Opuwari & Monsees 2015). Then, the infusion was filtered
using a cheesecloth and a vacuum filtration system using
Whatman filter paper (Whatman, Maidstone, England)
and allowed to cool to room temperature. Thereafter, the
filtrate was frozen at —20°C and freeze-dried. The average
yield of the extract was 3.6 g/L (18%) and was stored in a
cool dry place until use. The extract (0.4 pg/mL, 4.0 ng/
mL, 40 pg/mL and 405 pg/mL) was reconstituted in
human tubular fluid supplemented with bovine serum
albumin (10%; HTF-BSA) (Sigma Aldrich, South Africa)
(Quinn, Kerin & Warnes 1985). The therapeutic
concentration calculated was 40.5 pg/mL using an average
weight of 80 kg and the daily consumption of tea to be six
cups (Dekant et al. 2017).

Collection and preparation of human semen

This study obtained ethical clearance from the Turfloop
Research Ethics Committee, University of Limpopo
(TREC/393/2019: PG) and the Biomedical Research Ethics
Committee, University of the Western Cape (BM18/3/17).
After signing the informed consent form, semen samples were
obtained from 59 healthy men (aged 1845 years) within the
semen donor programme at the University of the Western
Cape. Following three to five days of sexual abstinence and
using the masturbation method, semen samples were collected
inasterile vial and incubated (37°C for 30 min) for liquefaction.
Then, sperm concentration and motility were evaluated using
a Sperm Class Analyzer 5.0 (SCA Evolution SL, Microptic,
Barcelona, Spain) and normozoospermic samples (total
motility > 40%; progressive motility > 32%; sperm
concentration > 15 million/mL) were used (WHO 2010).
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The samples were mixed with HTF-BSA (1:6) (Moichela et al.
2021; Takalani et al. 2021), washed by centrifugation (300xg;
10 min) and re-suspended. Sperm suspensions (15 x 10°/mL)
were subsequently incubated for 1 h with green tea aqueous
extracts (0 pg/mL, 0.4 png/mL, 4.0 pg/mL, 40 pg/mL and
405 pg/mL) at 37 °C. Human tubular fluid supplemented
with BSA served as the control. After 1 h incubation,
sperm motility, vitality, capacitation and acrosome reaction,
DNA fragmentation, intracellular ROS production, and
mitochondrial membrane potential (MMP) were investigated.

Analysis of sperm motility

Motility was evaluated on a preheated microscope stage
(37 °C). A minimum of 360 spermatozoa were analysed using
the SCA. Sperm parameters analysed included total motility
(%), non-progressive motility (%), progressive motility (%),
the amplitude of lateral head displacement (ALH; nm), beat
cross frequency (BCF; Hz), linearity (LIN; %), straightness
(STR; %), velocity average path (VAP; um/s), velocity curve
line (VCL; nm/s) and velocity straight line (VSL; pm/s).

Assessment of sperm vitality

In order to evaluate sperm vitality, the one-step
eosin-nigrosin (E&N) staining technique was used (WHO
2010). After treatment with the tea extract, the sperm
suspension (50 uL) was mixed with E&N stain (1:1), and
smear was prepared on a slide and viewed with a bright field
microscope (100x; oil immersion objective). Live and dead
spermatozoa, respectively, appeared white and red. Two
hundred sperm cells were evaluated, and sperm vitality
was recorded as the percentage of live spermatozoa.

Assessment of sperm capacitation and
acrosome reaction

The chlortetracycline (CTC) fluorescence test was used
(Green et al. 1996) in evaluating capacitation and acrosome
reaction. The sperm suspension was mixed with Hoechst
stain and incubated for two min at room temperature (RT).
Thereafter the mixture was washed by centrifugation
(900xg; 5 min) in HTF containing 2% polyvinylpyrrolidone.
Subsequently, the CTC (750 pM) solution was added. The
mixture (10 pL) was then placed on a slide, with a drop of
1,4-diazabicyclo (2,2.2) octane; 0.22 M (DABCO) dissolved in
glycerol and phosphate buffered saline (PBS) (9:1) to avoid
fading. Slides were then evaluated under a fluorescent
microscope (Zeiss, Oberkochen, Germany; 100x) with an
excitation and emission filter of 488/520 nm. Two hundred
spermatozoa were assessed for the following CTC staining
patterns: non-capacitated, acrosome-intact, capacitated,
acrosome-intact and capacitated, and acrosome-reacted
(Takalani et al. 2022).

Assessment of mitochondrial membrane
potential in human sperm

Mitochondrial membrane potential was evaluated using a space
closer together, 5,5,6,6"-tetrachloro-1-1,1',3,3"- tetraethylbenzimi
dazolylcarbocyanine iodide according to the manufacturer’s
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instructions (DePsipher™, Trevigen, Minneapolis, MN, USA).
The midpiece of spermatozoa with intact MMP emitted intense
red or orange fluorescence, while those with disrupted MMP
fluoresced green. Spermatozoa were assessed (200) and the
result was expressed as the percentage of spermatozoa with
intact MMP.

Assessment of intracellular reactive oxygen
species

Dihydroethidium (DHE; Molecular Probes, Eugene, OR,
USA) was used to access intracellular ROS production as
described by Henkel et al. (2012). Each sample (100 puL) was
mixed with HTF-BSA (1:5), centrifuged (300xg; 10 min), and
the pellets were subsequently re-suspended in PBS (100 pL)
and DHE stock solution (20 pL; 20 uM, pH 7.4) and incubated
(87 °C; 15 min). Each sample (10 pL) was then viewed with
a fluorescence microscope (Zeiss, Oberkochen, Germany;
1000x;488 nm excitation and 590 emission filters). Spermatozoa
with excessive ROS production fluoresced bright orange
colour. Spermatozoa were assessed (200) and the result was
recorded as percentage of ROS-positive spermatozoa.

Assessment of DNA fragmentation in human
spermatozoa

In accordance with the manufacturer’s instructions, the
terminal deoxynucleotidyl transferase mediated dUTP-biotin
nick end labelling (TUNEL; Dead End™ Fluorometric,
Promega, Madison, WI, USA) assay was used to assess DNA
fragmentation. Terminal deoxynucleotidyl transferase dUTP
nick end labelling-negative spermatozoa showed just slight
background staining (intact DNA), while TUNEL-positive
spermatozoa (fragmented DNA) fluoresced bright green.
Spermatozoa were assessed (200), and the result obtained
was recorded as the percentage of spermatozoa with
fragmented DNA.

Statistical analysis

Graph Pad Prism version. 5.01 (Graph Pad Software Inc., San
Diego, CA, USA) was used to analyse the data obtained.
Normally distributed data were analysed with one-way
analysis of variance (ANOVA) and Tukey’s post-test.
Not normally distributed data were analysed with
Kruskal-Wallis test and Dunnetts’ multiple post-test. A p-value
of less than 0.05 was considered statistically significant.

Ethical consideration

Ethical clearance to conduct the study was obtained from the
Turfloop Research Ethics Committee, University of Limpopo
(TREC/393/2019: PG) and the Biomedical Research Ethics
Committee, University of the Western Cape (BM18/3/17).

Results
Baseline results on semen samples

Table 1 shows the baseline analysis for the samples used in
the study. Semen volume (mean + standard deviation [SD]:
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2.8 +0.9; Min: 1.5; Max: 5.5; mL), sperm concentration (mean
+ SD: 53.1 = 18.6; Min: 16.8; Max: 82.5; million/mL), total
motility (mean + SD: 63.8 + 15.0; Min; 40.0; Max: 98.1; %) and
progressive motility (mean + SD: 52.6 + 19.0; Min: 32.0; Max:
95.4; %) were assessed.

Effect of green tea aqueous extract on
sperm motility

Table 2 shows the impact of aqueous green tea extract on
sperm motility. One-way ANOVA revealed a statistically
significant difference between groups for total motility
(p = 0.0039). Post hoc test revealed a significant difference
between 0.4 and 405 ng/mL (p = 0.0025) and 4 pg/mL and
405 pg/mL (p = 0.0245) for total motility. Also, a statistically
significant difference in means was observed for progressive
motility (p = 0.0118; one-way ANOVA). Although the
percentage of progressive motile spermatozoa was not
significantly different between the treated groups and the
control (p > 0.05), it was significantly higher at 0.4 pg/mL
compared to 405 pg/mL (p = 0.0110). A significant difference
in the means for non-progressive motility was also
observed (p = 0.0042), with the percentage of non-progressive
motility significantly reduced at 405 pg/mL compared to
0.4 pg/mL (p = 0.0016).

Table 2 also demonstrates the effect of green tea on
sperm kinematic parameters. Velocity curve line remained
unchanged after the treatment period (p = 0.0584), although
a post hoc test showed that VCL was significantly higher
in the control group compared to 405 pug/mL (p = 0.0302).

TABLE 1: Baseline analysis of semen samples (n = 40) obtained from donors.

Sperm parameters Mean + SD
Semen volume (mL) 2.8+0.9

Sperm concentration (106 sperm per mL) 53.1+18.6
Total motility (%) 63.8+15.0
Progressive motility (%) 52.6+19.0

Note: Sperm parameters were expressed as mean * SD.
SD, standard deviation.
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A statistically significant difference in means between groups
for VAP was observed as determined by one-way ANOVA
(p =0.0093), with the significant difference shown to be between
40 ng/mL and 405 png/mL (p = 0.0006). A significant difference
in the means for VSL was also observed (p = 0.0006), with post
hoc test showing a statistically significant difference between 0
pg/mL and 405 pg/mL (p = 0.0147), 0.4 pg/mL and 405 pg/mL
(p =0.0081), 4 pg/mL and 405 pg/mL (p = 0.0299) as well as 40
pg/mL and 405 pg/mL (p = 0.0005). A statistically significant
difference was also observed for STR (p < 0.0001). Post hoc test
showed a significant difference between 0 pg/mL and 4 pg/mL
(» < 0.0001), 0 pg/mL and 405 pg/mL (p = 0.0124), 0.4 pg/mL
and 4 pg/mL (p < 0.0001), 04 pg/mL and 405 pg/mL
(p =0.0303), 4 pg/mL and 40 pg/mL (p < 0.0001), 4 ng/mL and
405 pg/mL (p < 0.0001) and 40 pg/mL and 405 pg/mL
(p = 0.0018). The means for LIN were statistically different
among the groups (p = 0.0020), with a significant difference
between 0 ug/mL and 405 pg/mL (p = 0.0180) as well as 40 pug/
mL and 405 pg/mL (p = 0.0011). Furthermore, a significant
difference was also observed for wobble (WOB) (p = 0.0179)
that was significantly higher at 40 ug/mL compared to 405 pg/
mL (p =0.0090). In addition, significant difference in means was
also observed for BCF (p = 0.0094), with significant difference
noted between 0 pg/mL and 405 pg/mL (p = 0.0204) as well as
0.4 pg/mL and 405 ug/mL (p = 0.0191). Lastly, no change was
observed between the means of the treated groups and the
control for ALH (p > 0.05).

Effect of green tea aqueous extract on human
sperm viability

Figure 1 depicts the percentage of viable spermatozoa
following 1 h incubation with green tea aqueous extract.
The percentage of viable spermatozoa was significantly
higher at 40 pg/mL and 405 pg/mL compared to the
control (p <0.0001). Also, a statistically significant difference
in the means was observed among the treated groups
(p < 0.0001). A higher percentage of viable spermatozoa
was observed at4 pug/mL (p =0.0134), 40 pg/mL (p <0.0001)

TABLE 2: Effect of green tea aqueous extract on sperm motility and kinematic parameters.

Sperm motility and kinematic 0 (pg/mL) 0.4 (pg/mL) 4.0 (ng/mL) 40 (pg/mL) 405 (pg/mL) p-value
Parameters

Total motility (%) 16.4 £ 10.6 21.2+14.3§ 19.7 £ 14.3§ 15.2+8.6 11.3+10.49 0.0038

Progressive motility (%) 6.8+7.0 7.8+8.2§ 8.0+9.6 5.0+3.7 3.6+4.79 0.0118

Non-progressive motility (%) 9.4+6.0 12.6 £ 6.8§ 10.7 £5.7 10.5+6.4 7.3+5.89 0.0042

VCL 74.3+14.0 70.9+11.3 70.4+19.4 71.2+11.9 55.0 £ 29.7% 0.0584

(um s7)

VSL 26.7+8.9 26.7 £10.1§ 25.4+9.4§ 28.1+7.6§ 17.8+12.11 0.0006

(ums™)

VAP 36.6+7.5 35.9+94 34.7+9.6 38.7+9.0§ 27.2+15.09 0.0093

(ums™)

LIN (%) 37.4+99 35.7+10.6 34.1+94 39.1+8.3§ 26.1+16.619 0.0020

STR (%) 67.1+13.0 65.9+12.7§ 25.4+9.4%1 69.0 + 8.0§q 48.2 +27.9%1§ <0.0001
BCF (HZ) 19.8 £5.0 19.8 +4.9§ 18.0+5.9 19.1+4.4 14.1 +8.919 0.0094

ALH (um) 21+04 20+0.4 2.1+0.6 21+04 1.7+0.9 0.6887

WOB (%) 51.2+7.1 49.3+8.4 50.1+7.4 53.1+7.4 40.3 £21.59 0.0179

Note: The results follow 1-h incubation with the aqueous extract of green tea in different concentrations (0 pg/mL, 0.4 pg/mL, 4 pg/mL, 40 ug/mL and 405 pg/mL). Data are represented as

mean t SD of normozoospermic semen samples.

BCF, beat across frequency; LIN, linearity; STR, straightness; VAP, velocity average path; VCL, velocity curvilinear; VSL, velocity straight line; ALH, amplitude of lateral head displacement; WOB,

wobble; SD, standard deviation.

T, Indicates statistical difference of treatment groups compared to the control; §9, Indicates treatment groups in each row with similar symbols have no significant difference (p > 0.05)

The percentage of STR is significantly different between 4 and 405 pg/ml of the extract (p < 0.05).
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and 405 pg/mL (p < 0.0001) compared to 0.4 png/mL. A
higher percentage of viable spermatozoa was also observed
at 40 pg/mL (p = 0.0013) and 405 pg/mL (p = 0.0247)
compared to 4 ng/mL.

Effect of green tea aqueous extract on
mitochondrial membrane potential in human
spermatozoa

The results on the percentage of intact MMP in human
sperm after the treatment with green tea aqueous extract
are highlighted in Figure 2. The percentage of spermatozoa
with intact MMP was significantly higher at 4 png/mL

p=0.0247

I
p=0.0013

e
p <0.0001

p <0.0001

P <0.0001

009 7 1 <0.0001

1
50 p=0.0134

1
—
60 -
40 -
20 -
=
0 0.4 4 40 405

Green tea [ug/mL]

Sperm viability [%]

FIGURE 1: Effect of green tea aqueous extract on human sperm viability. Data
are represented as mean * standard deviation from normozoospermic semen
samples (n = 40).
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1
P <0.0001
I 1
150 - P <0.0001
»<0.0001 !
f p <0.0001 '
_ " p=0.0184 !
S 100 —
-9
=
=
-
(%)
[y}
E 50+
o -
0 0.4 4 40 405
Green tea [ug/mL]

MMP, mitochondrial membrane potential.

FIGURE 2: Effect of green tea aqueous extract on intact mitochondrial membrane
potential. Data are represented as mean + standard deviation from
normozoospermic semen samples (n = 40).
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(p = 0.0184), 40 pg/mL (p < 0.0001) and 405 pg/mL
(p < 0.0001) compared to the control (Figure 2). Also, a
significant increase was observed at 40 pug/mL
(p <0.0001) and 405 pg/mL (p < 0.0001) compared to 0.4
pg/mL.  Furthermore, the significant increase in
MMP was also observed at 40 pg/mL (p = 0.0094)
and 405 pg/mL (p = 0.0005) compared to 4 pg/mL
(Figure 2).

Effect of green tea aqueous extract on
intracellular reactive oxygen species production
in human spermatozoa

The level of intracellular ROS production declined in a
concentration-dependent manner in the treated samples
compared to their control (p < 0.001; Figure 3). Also, a
significant decrease in the percentage of intracellular ROS
production was observed between treated groups — for
instance, between 0.4 and 40 ug/mL (p < 0.0001), 0.4 ug/mL
and 405 pg/mL (p < 0.0001) and 4 pug/mL and 40 ug/mL
(p = 0.0124) (Figure 3).

Effect of green tea aqueous extract on the
acrosome reaction

The percentage of capacitated and acrosome-reacted
spermatozoa significantly reduced in a concentration-
dependent manner in the treated human spermatozoa
compared to the control (p < 0.0001), specifically at 4 png/
mL (p = 0.0005), 40 pg/mL (p < 0.0001) and 405 pg/mL
(p <0.0001) (Figure 4). Furthermore, a significant difference
was observed between treatment groups, that is, 40 pug/
mL (p < 0.0001) and 405 ng/mL (p < 0.0001) compared to
0.4 pg/mL, as well as for 40 ng/mL (p < 0.0001) and
405 pg/mL (p = 0.0021) compared to 4 ug/mL (Figure 4).
Trend analysis also showed a significant negative trend
(» < 0.05).
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FIGURE 3: Effect of green tea aqueous extract on intracellular reactive oxygen
species. Data are represented as mean + standard deviation from
normozoospermic semen samples (n = 40).
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FIGURE 4: Effect of green tea aqueous extract on capacitated and acrosome
reacted spermatozoa. Data are represented as mean = standard deviation from
normozoospermic semen samples (n = 40).
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FIGURE 5: Effect of green tea aqueous extract on deoxyribonucleic acid
fragmentation of human spermatozoa. Data are represented as mean + standard
deviation from normozoospermic semen samples (n = 40).

Effect of green tea aqueous extract on
sperm deoxyribonucleic acid
fragmentation

The percentage of spermatozoa with fragmented DNA was
significantly lower in the treated samples compared to
the controls (p < 0.0001), specifically between 4 nug/mL
(p=0.0003), 40 pg/mL (p < 0.0001) and 405 pg/mL (p < 0.0001)
(Figure 5). Furthermore, a significant decrease was observed
between treated groups, thatis, between 4 pg/mL (p =0.0165),
40 pg/mL (p < 0.0001) and 405 pug/mL (p < 0.0001) compared
to 0.4 pg/mlL, as well as between 4 pg/mL and 405 ug/mL
(p = 0.0056). Trend analysis showed a significant decreasing
trend (p < 0.0001).
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Discussion

Despite the antioxidant properties of green tea, in vivo studies
using animal models revealed heterogeneous results on the
male reproductive functions, which may be attributed to
differences in treatment mode, length of treatment and
concentrations of extracts. For instance, oral administration
of green tea aqueous extract (1.25 pg/mL, 2.5 ng/mL and
5g/100 mL; 1 mL/100g per body weight) to rodents for 26 days
resulted in a dose-dependent reduction of sperm counts,
subdued activities of testicular A53- and 17-hydroxysteroid
dehydrogenase and dwindled testosterone levels in serum
(Chandra et al. 2011). On the other hand, ad Iibitum
administration of aqueous green tea leaf extract (2 g/100 mL)
had no impact on sperm motility and concentration following
10 weeks of treatment, with oxidative stress induced in the
last two weeks (Awoniyi et al. 2012). In another study, sperm
concentration, vitality and acrosome reaction were found to
be elevated, while sperm motility and testosterone level
stayed unaltered after treatment of male rats with aqueous
extract of green tea (2 g/100 mL and 5 g/100 mL) for 52 days
ad libitum (Opuwari & Monsees 2020). To the best of the
authors” knowledge, there is limited study on the effect of
green tea on human spermatozoa. This study demonstrates
the direct effects of aqueous extract of green tea on human
spermatozoa in vitro on various sperm functional parameters
under normal conditions. The authors hypothesised that the
antioxidants present in aqueous extracts of green tea
might improve semen qualities. Baseline analysis for semen
samples used in the current study demonstrated the use of
normozoospermic samples (WHO 2010). In summary, this
study demonstrated that sperm motility and kinematic
parameters, DNA fragmentation, intracellular ROS production
and acrosome reaction decreased with increasing concentration
of green tea aqueous extract, while sperm vitality and intact
MMP increased significantly.

This study showed a huge reduction in the percentage of
total motility, and progressive motility at the highest
concentration (405 pg/mL) compared to the control. In
another study, human spermatozoa treated with various
concentrations of green tea extract (0.1 ng/mL, 1.0 ng/mL,
10 ng/mL and 100 ng/mL) before induction of oxidative
stress with H,O, for 15 min greatly augmented the percentage
of total and progressive motility at lower concentrations,
while a decline was seen at higher concentrations (10 ng/mL
and 100 ng/mL) (Alqawasmeh et al. 2020). Like the current
study, this indicates that higher concentrations of green tea
extract adversely affect sperm motility, particularly total
motility. Furthermore, analysis of sperm kinematic parameters
showed a significant reduction at the highest concentration
for VAP, VSL, VCL, STR, LIN and BCF compared to the
control but not for WOB and ALH. This could also further
explain the significant reduction observed in total motility at
the highest concentration compared to the control. The
mechanism for which green tea influences sperm motility
and its kinematics needs to be investigated at the molecular
level. Despite the decline in sperm motility, the percentage of
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viable spermatozoa was significantly higher in the treated
group compared to the control group. The determination of
pre-treatment sperm viability may also have been beneficial
in comparing with those obtained after treatment to gain
insight into the effect of green tea on sperm viability.

Mitochondrial membrane potential manages the intact
functional mitochondria and is connected with the sperm
motility and can likewise be utilised in assessing sperm
viability (Marchetti et al. 2002, 2004). Likewise, Ruiz-Pesini
et al. (2000) showed that mitochondrial enzyme activities
profoundly correspond with sperm concentration, motility
and vitality. The currentstudy demonstrated a concentration-
dependent increase in the level of intact MMP as well as the
percentage of viable spermatozoa, despite the significant
decrease in sperm motility observed at the highest
concentration of the extract. An extended time of incubation
of the extract may give further insight into the impact of the
extract on sperm motility and intact MMP.

The primary sources of excessive ROS production are
contaminating leukocytes, dysfunctional spermatozoa,
semen laboratory processing such as centrifugation and
cryopreservation, and semen handling (Aitken et al. 2014;
Henkel 2011). In any case, a physiological amount of ROS is
required and fundamental for specific sperm functions, for
example, motility, capacitation, acrosome reaction, binding
to zona pellucida, oocyte fusion and sperm hyperactivation
(Dutta, Majzoub & Agarwal 2019). Then again, an excessive
amount of ROS and/or a disproportion between the level of
ROS production and the scavenging ability of the antioxidant
scavenging system affect the normal sperm function and
could bring about damaged sperm membranes, DNA and
proteins (Zini & Al-Hathal 2011). Spermatozoa and seminal
plasma contain antioxidant compounds (enzymatic and non-
enzymatic) that can scavenge ROS (Ko et al. 2014).
Subsequently, the supplementation of media utilised with
antioxidants might be gainful in decreasing ROS generation.
This study shows a decrease in ROS generation, which may
contribute to the decreased motility observed at the highest
concentration.

Oxidative stress is viewed as one of the components in
which DNA damage is initiated in the spermatozoa, adding
to its high rate of DNA fragmentation (Aitken & Marshall
Graves 2002). Several studies have reported on the effects of
antioxidants in forestalling a decrease in sperm motility, just
as sperm DNA damage after semen processing and
incubation (see review; Zini & Al-Hathal 2011). This study
highlights a decrease in the level of spermatozoa with
fragmented DNA with increasing concentration of the
extract, which mightbe credited to the antioxidant properties
in green tea. In accordance with the current study,
supplementation of a cryopreservative with green tea
extract (1.0 ng/mL) likewise brought down DNA
fragmentation in human sperm compared to the control
(Algawasmeh et al. 2020).
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Conclusion

Regarding normozoospermic samples, this study demonstrated
that green tea aqueous extract increased the percentage of
viable spermatozoa and intact MMP, and, on the other hand,
reduced sperm intracellular ROS production, which in turn,
brought about the diminished level of acrosome reaction and
spermatozoa with fragmented DNA. These effects might be
attributed to the polyphenols and vitamins present in green
tea that potentiate the antioxidant properties of the plant.
However, higher concentrations of the extract decreased
sperm motility. Further investigations are required to
additionally comprehend the protective and antioxidative
impact of green tea on human spermatozoa as well as to
additionally expound on the mechanism of action of
the extract on human sperm at the molecular level. The
determination of the oxidative reduction potential of the
extract is also necessitated to obtain its optimal function on
human spermatozoa.

Acknowledgements

The authors thank the donors and the comparative
spermatology laboratory of the University of the Western
Cape, under the supervision of Dr Liana Maree for granting
access to the sperm class analyser.

Competing interests

The authors have declared that no competing interests exist.

Authors’ contributions

M.AS. conducted the experiments and performed the
statistical analysis. S.S.R.C. is the co-supervisor. R.H. revised
the manuscript. C.S.O. conceptualised the study, analysed
the data and wrote the article. All authors read and approved
the final version of the manuscript to be published.

Funding information

This study was supported by the National Research
Foundation of South Africa (grant no. TTK170426228930).

Data availability

The data that support the findings of this study are available
upon request from the corresponding author. The data
are not publicly available because of privacy or ethical
restrictions.

Disclaimer

The views and opinions expressed in this article are the those
of the authors and do not necessarily reflect the official policy
or position of the institution or funders.

References

Agarwal, A., Baskaran, S., Parekh, N., Cho, C-L., Henkel, R., Vij, S. et al., 2021, ‘Male
infertility’, The Lancet 397(10271), 319-333. https://doi.org/10.1016/S0140-
6736(20)32667-2



http://www.jomped.org
https://doi.org/10.1016/S0140-6736(20)32667-2
https://doi.org/10.1016/S0140-6736(20)32667-2

Agarwal, A., Parekh, N., Selvam, P., Kumar, M., Henkel, R., Shah, R. et al., 2019, ‘Male
oxidative stress infertility (MOSI): Proposed terminology and clinical practice
guidelines for management of idiopathic male fnfertility’, World Journal of Mens
Health 37(3), 296—312. https://doi.org/10.5534/wjmh.190055

Agarwal, A., Sharma, R.K., Sharma, R., Assidi, M., Abuzenadah, A.M., Alshahrani, S.
et al., 2014, ‘Characterizing semen parameters and their association with reactive
oxygen species in infertile men’, Reproductive Biology and Endocrinology 12, 33.
https://doi.org/10.1186/1477-7827-12-33

Aitken, R.J., Finnie, .M., Muscio, L., Whiting, S., Connaughton, H.S., Kuczera, L. et al.,
2014, ‘Potential importance of transition metals in the induction of DNA damage
by sperm preparation media’, Human Reproduction 29(10), 2136-2147. https://
doi.org/10.1093/humrep/deu204

Aitken, R.J., Koopman, P. & Lewis, S.E., 2004, ‘Seeds of concern’, Nature 432, 48-52.
https://doi.org/10.1038/432048a

Aitken, R.J. & Marshall Graves, J.A., 2002, ‘Human spermatozoa: The future of sex’,
Nature 415(6875), 963-963. https://doi.org/10.1038/415963a

Akbari, B., Baghaei-Yazdi, N., Bahmaie, M. & Mahdavi Abhari, F., 2022, ‘The role of
plant-derived natural antioxidants in reduction of oxidative stress’, BioFactors
48(3), 611-633. https://doi.org/10.1002/biof.1831

Algawasmeh, O.A., Zhao, M., Chan, C.P,, Leung, M.B., Chow, K.C., Agarwal, N. et al.,
2020, ‘Green tea extract as a cryoprotectant additive to preserve the motility and
DNA integrity of human spermatozoa’, Asian Journal of Andrology 23(2), 150-156.
https://doi.org/10.4103/aja.aja_58_20

Awoniyi, D.O., Aboua, Y.G., Marnewick, J. & Brooks, N., 2012, ‘The effects of rooibos
(Aspalathus linearis), green tea (Camellia sinensis) and commercial rooibos and
green tea supplements on epididymal sperm in oxidative stress-induced rats’,
Phytotheraphy Research 26(8), 1231-1239. https://doi.org/10.1002/ptr.3717

Bisht, S., Faig, M., Tolahunase, M. & Dada, R., 2017, ‘Oxidative stress and male
infertility’, Nature Reviews Urology 14, 470-485. https://doi.org/10.1038/
nrurol.2017.69

Cabrera, C., Artacho, R. & Giménez, R., 2006, ‘Beneficial effects of green tea - A review’,
Journal of the American College of Nutrition 25(2), 79-99. https://doi.org/
10.1080/07315724.2006.10719518

Cardona Barberan, A., Boel, A., Vanden Meerschaut, F., Stoop, D. & Heindryckx, B.,
2020, ‘Diagnosis and treatment of male infertility-related fertilization failure’,
Journal of Clinical Medicine 9(12), 3899. https://doi.org/10.3390/jcm9123899

Chandra, A.K., Choudhury, S.R., De, N. & Sarkar, M., 2011, ‘Effect of green tea (Camellia
sinensis L.) extract on morphological and functional changes in adult male gonads
of albino rats’, Indian Journal of Experimental Biology 49(9), 689-697.

Das, S.K. & Karmakar, S.N., 2015, ‘Effect of green tea (camellia sinensis .) leaf extract
on reproductive system of adult male albino rats’, International Journal of
Physiology, Pathophysiology and Pharmacology 7(4), 178-184.

Datta, J., Palmer, M.J., Tanton, C., Gibson, L.J., Jones, K.G., Macdowall, W. et al., 2016,
‘Prevalence of infertility and help seeking among 15 000 women and men’, Human
Reproduction 31(9), 2108-2118. https://doi.org/10.1093/humrep/dew123

Dekant, W., Fujii, K., Shibata, E., Morita, O. & Shimotoyodome, A., 2017, ‘Safety
assessment of green tea based beverages and dried green tea extracts as
nutritional supplements’, Toxicology Letters 277, 104-108. https://doi.org/
10.1016/j.toxlet.2017.06.008

Dias, T.R., Alves, M.G., Tomas, G.D., Socorro, S., Silva, B.M. & Oliveira, P.F.,, 2014,
‘White tea as a promising antioxidant medium additive for sperm storage at room
temperature: A comparative study with green tea’, Journal of Agricultural and
Food Chemistry 62(3), 608-617. https://doi.org/10.1021/jf4049462

Dutta, S., Majzoub, A. & Agarwal, A., 2019, ‘Oxidative stress and sperm function: A
systematic review on evaluation and management’, Arab Journal of Urology 17(2),
87-97. https://doi.org/10.1080/2090598X.2019.1599624

Gaur, S. & Agnihotri, R., 2014, ‘Green tea: A novel functional food for the oral health
of older adults’, Geriatrics and Gerontology Internatoinal 14(2), 238-250. https://
doi.org/10.1111/ggi.12194

Gharagozloo, P. & Aitken, R.J., 2011, ‘The role of sperm oxidative stress in male
infertility and the significance of oral antioxidant therapy’, Human Reproduction
26(7), 1628-1640. https://doi.org/10.1093/humrep/der132

Green, C.M., Cockle, S.M., Watson, P.F. & Fraser, L.R., 1996, ‘A possible mechanism of
action for fertilization promoting peptide: A TRH-related tripeptide that promotes
capacitation and fertilizing ability in mammalian spermatozoa’, Molecular
Reproduction and Development 45(2), 244-252. https://doi.org/10.1002/
(SICI)1098-2795(199610)45:2<244::AID-MRD19>3.0.C0;2-0

Hamada, A., Esteves, S.C., Nizza, M. & Agarwal, A., 2012, ‘Unexplained male infertility:
Diagnosis and management’, International Brazilian Journal of Urology 38(5),
576-594. https://doi.org/10.1590/51677-55382012000500002

Henkel, R., Fransman, W., Hipler, U.-C., Wiegand, C., Schreiber, G., Menkveld, R. et al.,
2012, ‘Typha capensis (Rohrb.)N.E.Br. (bulrush) extract scavenges free radicals,
inhibits collagenase activity and affects human sperm motility and mitochondrial
membrane potential in vitro: A pilot study’, Andrologia 44(S1), 287-294. https://
doi.org/10.1111/j.1439-0272.2011.01179.x

Henkel, R.R., 2011, ‘Leukocytes and oxidative stress: Dilemma for sperm function and
male fertility’, Asian Journal of Andrology 13(1), 43-52. https://doi.org/10.1038/
aja.2010.76

Page 8 of 8 . Original Research

Ko, E.Y., Sabanegh Jr, E.S. & Agarwal, A., 2014, ‘Male infertility testing: Reactive oxygen
species and antioxidant capacity’, Fertility and Sterility 102(6), 1518-1527.
https://doi.org/10.1016/].fertnstert.2014.10.020

Krausz, C. & Riera-Escamilla, A., 2018, ‘Genetics of male infertility’, Nature Reviews
Urology 15, 369-384. https://doi.org/10.1038/s41585-018-0003-3

Kumar, N. & Singh, A.K., 2015, ‘Trends of male factor infertility, an important cause of
infertility: A review of literature’, Journal of Human Reproductive Sciences 8(4),
191-196. https://doi.org/10.4103/0974-1208.170370

Landini, L., Rebelos, E. & Honka, M.-J., 2021, ‘Green tea from the Far East to the drug
store: Focus on the beneficial cardiovascular effects’, Current Pharmaceutical
Design 27(16), 1931-1940. https://doi.org/10.2174/138161282666620110
2104902

Liao, Y-C., Hsu, L-F., Hsieh, L-Y. & Luo, Y-Y., 2021, ‘Effectiveness of green tea
mouthwash for improving oral health status in oral cancer patients: A single-blind
randomized controlled trial’, International Journal of Nursing Studies 121, 103985.
https://doi.org/10.1016/].ijnurstu.2021.103985

Marchetti, C., Jouy, N., Leroy-Martin, B., Defossez, A., Formstecher, P. & Marchetti, P.,
2004, ‘Comparison of four fluorochromes for the detection of the inner
mitochondrial membrane potential in human spermatozoa and their correlation
with sperm motility’, Human Reproduction 19(10), 2267-2276. https://doi.
org/10.1093/humrep/deh416

Marchetti, C., Obert, G., Deffosez, A., Formstecher, P. & Marchetti, P., 2002, ‘Study of
mitochondrial membrane potential, reactive oxygen species, DNA fragmentation
and cell viability by flow cytometry in human sperm’, Human Reproduction 17(5),
1257-1265.

Mazzanti, G., Di Sotto, A. & Vitalone, A., 2015, ‘Hepatotoxicity of green tea: An
update’, Archives of Toxicology 89, 1175-1191. https://doi.org/10.1007/s00204-
015-1521-x

Moichela, F.T., Adefolaju, G.A., Henkel, R.R. & Opuwari, C.S., 2021, ‘Aqueous leaf
extract of Moringa oleifera reduced intracellular ROS production, DNA
fragmentation and acrosome reaction in human spermatozoa in vitro’, Andrologia
53(1), €13903. https://doi.org/10.1111/and.13903

Opuwari, C. & Henkel, R., 2016, ‘An update on oxidative damage to spermatozoa and
oocytes’, BioMed Research International 2016, 9540142. https://doi.
org/10.1155/2016/9540142

Opuwari, C. & Monsees, T., 2015, ‘Reduced testosterone production in TM3 Leydig
cells treated with Aspalathus linearis (Rooibos) or Camellia sinensis (tea)’,
Andrologia 47(1), 52-58. https://doi.org/10.1111/and.12221

Opuwari, C. & Monsees, T, 2020, ‘Green tea consumption increases sperm
concentration and viability in male rats and is safe for reproductive, liver and
kidney health’, Scientific Reports 10, 1-14. https://doi.org/10.1038/s41598-020-
72319-6

Quinn, P., Kerin, J.F. & Warnes, G.M., 1985, ‘Improved pregnancy rate in human in
vitro fertilization with the use of a medium based on the composition of human
tubal fluid’, Fertility and Sterility 44(4), 493-498. https://doi.org/10.1016/s0015-
0282(16)48918-1

Reygaert, W.C., 2017, ‘An update on the health benefits of green tea’, Beverages 3(1),
6. https://doi.org/10.3390/beverages3010006

Rietveld, A. & Wiseman, S., 2003, ‘Antioxidant effects of tea: Evidence from human
clinical trials’, The Journal of Nutrition 133(10), 32855-3292S. https://doi.
org/10.1093/jn/133.10.3285S

Ruiz-Pesini, E., Lapefia, A.C., Diez, C., Alvarez, E., Enriquez, J.A. & Lopez-Pérez, M.J.,
2000, ‘Seminal quality correlates with mitochondrial functionality’, Clinica
Chimica Acta 300(1-2), 97-105. https://doi.org/10.1016/S0009-8981(00)
00305-3

Sharma, S., Singh, V.K., Kumar, A. & Mallubhotla, S., 2019, ‘Effect of nanoparticles
on oxidative damage and antioxidant defense system in plants’, in
A. Roychoudhury & D. Tripa (eds.), Molecular plant abiotic stress, pp. 315-333,
John Wiley & Sons, Hoboken, NJ.

Sumpio, B.E., Cordova, A.C., Berke-Schlessel, D.W., Qin, F. & Chen, Q.H., 2006, ‘Green
tea: The “Asian paradox,” and cardiovascular disease’, Journal of American College
of Surgeons 202(5), 813-825. https://doi.org/10.1016/j.jamcollsurg.2006.01.018

Takalani, N.B., Adefolaju, G.A., Henkel, R. & Opuwari, C.S., 2021, ‘In vitro effects of
aqueous extract of fermented rooibos (Aspalathus linearis) on human sperm
function’, Andrologia 53(8), e14114. https://doi.org/10.1111/and.14114

Takalani, N.B., Adefolaju, G.A., Henkel, R.R. & Opuwari, C.S., 2022, ‘In vitro effects of
aqueous extract of unfermented rooibos on human spermatozoa’, Andrologia
54(8), €14452. https://doi.org/10.1111/and.14452

WHO, 2010, WHO laboratory manual for the examination and processing of human
semen, WHO, viewed 16 October 2019, from https://apps.who.int/iris/
handle/10665/44261.

Yang, C.S. & Hong, J., 2013, ‘Prevention of chronic diseases by tea: Possible
mechanisms and human relevance’, Annual Review of Nutrition 33, 161-181.
https://doi.org/10.1146/annurev-nutr-071811-150717

Zini, A. & Al-Hathal, N., 2011, ‘Antioxidant therapy in male infertility: Fact or
fiction?’, Asian Journal of Andrology 13, 374. https://doi.org/10.1038/
2ja.2010.182

http://www.jomped.org . Open Access



http://www.jomped.org
https://doi.org/10.5534/wjmh.190055
https://doi.org/10.1186/1477-7827-12-33
https://doi.org/10.1093/humrep/deu204
https://doi.org/10.1093/humrep/deu204
https://doi.org/10.1038/432048a
https://doi.org/10.1038/415963a
https://doi.org/10.1002/biof.1831
https://doi.org/10.4103/aja.aja_58_20
https://doi.org/10.1002/ptr.3717
https://doi.org/10.1038/nrurol.2017.69
https://doi.org/10.1038/nrurol.2017.69
https://doi.org/10.1080/07315724.2006.10719518
https://doi.org/10.1080/07315724.2006.10719518
https://doi.org/10.3390/jcm9123899
https://doi.org/10.1093/humrep/dew123
https://doi.org/10.1016/j.toxlet.2017.06.008
https://doi.org/10.1016/j.toxlet.2017.06.008
https://doi.org/10.1021/jf4049462
https://doi.org/10.1080/2090598X.2019.1599624
https://doi.org/10.1111/ggi.12194
https://doi.org/10.1111/ggi.12194
https://doi.org/10.1093/humrep/der132
https://doi.org/10.1002/(SICI)1098-2795(199610)45:2<244::AID-MRD19>3.0.CO;2-0
https://doi.org/10.1002/(SICI)1098-2795(199610)45:2<244::AID-MRD19>3.0.CO;2-0
https://doi.org/10.1590/S1677-55382012000500002
http://N.E.Br
https://doi.org/10.1111/j.1439-0272.2011.01179.x
https://doi.org/10.1111/j.1439-0272.2011.01179.x
https://doi.org/10.1038/aja.2010.76
https://doi.org/10.1038/aja.2010.76
https://doi.org/10.1016/j.fertnstert.2014.10.020
https://doi.org/10.1038/s41585-018-0003-3
https://doi.org/10.4103/0974-1208.170370
https://doi.org/10.2174/1381612826666201102104902
https://doi.org/10.2174/1381612826666201102104902
https://doi.org/10.1016/j.ijnurstu.2021.103985
https://doi.org/10.1093/humrep/deh416
https://doi.org/10.1093/humrep/deh416
https://doi.org/10.1007/s00204-015-1521-x
https://doi.org/10.1007/s00204-015-1521-x
https://doi.org/10.1111/and.13903
https://doi.org/10.1155/2016/9540142
https://doi.org/10.1155/2016/9540142
https://doi.org/10.1111/and.12221
https://doi.org/10.1038/s41598-020-72319-6
https://doi.org/10.1038/s41598-020-72319-6
https://doi.org/10.1016/s0015-0282(16)48918-1
https://doi.org/10.1016/s0015-0282(16)48918-1
https://doi.org/10.3390/beverages3010006
https://doi.org/10.1093/jn/133.10.3285S
https://doi.org/10.1093/jn/133.10.3285S
https://doi.org/10.1016/S0009-8981(00)00305-3
https://doi.org/10.1016/S0009-8981(00)00305-3
https://doi.org/10.1016/j.jamcollsurg.2006.01.018
https://doi.org/10.1111/and.14114
https://doi.org/10.1111/and.14452
https://apps.who.int/iris/handle/10665/44261
https://apps.who.int/iris/handle/10665/44261
https://doi.org/10.1146/annurev-nutr-071811-150717
https://doi.org/10.1038/aja.2010.182
https://doi.org/10.1038/aja.2010.182

	Green tea (Camellia sinensis) aqueous extract improved human spermatozoa functions in vitro
	Introduction
	Research methods and design
	Source and preparation of aqueous extract
	Collection and preparation of human semen 
	Analysis of sperm motility 
	Assessment of sperm vitality 
	Assessment of sperm capacitation and acrosome reaction 
	Assessment of mitochondrial membrane potential in human sperm
	Assessment of intracellular reactive oxygen species
	Assessment of DNA fragmentation in human spermatozoa
	Statistical analysis
	Ethical consideration

	Results
	Baseline results on semen samples 
	Effect of green tea aqueous extract on sperm motility
	Effect of green tea aqueous extract on human sperm viability
	Effect of green tea aqueous extract on mitochondrial membrane potential in human spermatozoa
	Effect of green tea aqueous extract on intracellular reactive oxygen species production in human spermatozoa
	Effect of green tea aqueous extract on the acrosome reaction
	Effect of green tea aqueous extract on sperm deoxyribonucleic acid fragmentation

	Discussion
	Conclusion
	Acknowledgements
	Competing interests
	Authors’ contributions
	Funding information
	Data availability 
	Disclaimer

	References
	Tables
	TABLE 1: Baseline analysis of semen samples (n = 40) obtained from donors.
	TABLE 2: Effect of green tea aqueous extract on sperm motility and kinematic parameters.

	Figures
	FIGURE 1: Effect of green tea aqueous extract on human sperm viability. Data are represented as mean ± standard deviation from normozoospermic semen samples (n = 40).
	FIGURE 2: Effect of green tea aqueous extract on intact mitochondrial membrane potential. Data are represented as mean ± standard deviation from normozoospermic semen samples (n = 40).
	FIGURE 3: Effect of green tea aqueous extract on intracellular reactive oxygen species. Data are represented as mean ± standard deviation from normozoospermic semen samples (n = 40).
	FIGURE 4: Effect of green tea aqueous extract on capacitated and acrosome reacted spermatozoa. Data are represented as mean ± standard deviation from normozoospermic semen samples (n = 40).
	FIGURE 5: Effect of green tea aqueous extract on deoxyribonucleic acid fragmentation of human spermatozoa. Data are represented as mean ± standard deviation from normozoospermic semen samples (n = 40).



