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Abstract: In order to address the large percentage of unexplained male infertility in humans, more
detailed investigations using sperm functional tests are needed to identify possible causes for
compromised fertility. Since many environmental and lifestyle factors might be contributing to
infertility, future studies aiming to elucidate the effect of such factors on male fertility will need the
use of appropriate research models. The current study aimed to assess the effects of two heavy metals,
namely copper sulphate, and cadmium chloride, on non-human primate (NHP) sperm function in
order to establish the possibility of using these primate species as models for reproductive studies.
Our combined results indicated that the functionality of NHP spermatozoa is inhibited by the two
heavy metals investigated. After in vitro exposure, detrimental effects, and significant lowered
values (p < 0.05) were obtained for sperm motility, viability and vitality, acrosome intactness, and
hyperactivation. These metals, at the tested higher concentrations, therefore, have the ability to
impair sperm quality thereby affecting sperm fertilizing capability in both humans and NHPs.

Keywords: sperm motility; sperm vitality; hyperactivation; acrosome integrity; vervet monkey;
chacma baboon; rhesus monkey

1. Introduction

The decrease in human male fertility (lower sperm count and sperm motility) during
the last few decades may partly be due to exposure to environmental [1] and occupational
contaminants along with certain lifestyle practices [2]. Several lifestyle factors are associated
with male infertility, including cigarette smoking, alcohol intake, use of illicit drugs, obesity,
psychological stress, and dietary practices [3]. Humans are exposed to various types of
environmental contaminants at different stages of their life and there has been a growing
concern regarding the deleterious effects on the developing male reproductive system [4].
Environmental contaminants, such as plastics, pesticides, pharmacological agents, and
heavy metals are classified as gonadotoxins and are contributing factors in unexplained
(idiopathic) male infertility [5]. Growing evidence suggests that persistent contaminants
may adversely affect human fecundity; therefore, concerns have been raised regarding
reproductive health consequences after exposure [6]. The consequences involve disorders
in the functioning of the male and female reproductive systems, including birth defects,
pre-term birth, developmental disorders, low birth weight, impotence, reduced fertility,
and menstrual disorders [7]. Examples of these contaminants include Bisphenol A (BPA),
present in polycarbonate plastics and used in a variety of common consumer products. It
has been associated with lowered human sperm concentration, higher sperm velocity ratios
and lower sperm swing characteristics [8]. Another is glyphosate, an active ingredient of
the commonly used herbicide Roundup, which has been found to exert toxic and adverse
effects on sperm progressive motility at 0.36 mg/L of Glyphosate and sperm motility at
1 mg/L of Roundup [9,10].
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Exposure to heavy metals during pregnancy has been associated with adverse effects
on the development of the gonads [4]. They may act as testicular toxicants and correspond
to different compounds, which are related to social habits, life conditions, working hazards
or use of drugs and medicines [11-13]. Metals are present in food, dietary supplements,
water, air, alcoholic drinks, and tobacco [14]. Some heavy metals have demonstrated potent
estrogenic and androgenic activities in vivo and in vitro by directly binding to steroid
receptors, disrupting spermatogenesis and steroidogenesis, and resulting in decreased
sperm concentration and motility [1,15]. They can affect the testis size, the semen quality;,
the secretory function of the prostate and seminal vesicles, the reproductive endocrine
function and may lead to the loss of fertility and libido or to impotence [16-20]. Heavy metal
exposures can also increase the levels of reactive oxygen species (ROS), oxidative stress,
DNA damage, and disruption of the blood—testis barrier causing sperm apoptosis [21].
Lead (Pb), cadmium (Cd), and mercury (Hg) exert a negative impact on male reproductive
health either by a direct effect on the target gland or indirect effects on the neuroendocrine
system even at a low level of exposure [22]. Heavy metals such as manganese (Mn), copper
(Cu), chromium (Cr), molybdenum (Mo), selenium (Se), and zinc (Zn) are important for
maintaining good health by aiding as supplementing components for numerous enzymes;
however, an accumulation to toxic concentrations may be harmful to humans [23,24].

Given that half of the men with fertility problems suffer from idiopathic male in-
fertility [25] and the limited predictive value of basic semen analysis for pregnancy in
couples trying to achieve natural conception, the need for more extended sperm functional
testing has been highlighted [26,27]. Such in-depth assessment assists to identify sperm
dysfunction at the cellular and molecular level [28] and supports more accurate prediction
of the in vitro and in vivo fertilizing ability of human spermatozoa [29]. Several sperm
functions are required by spermatozoa to reach and ultimately fertilise the oocyte, includ-
ing sperm muotility, viability and vitality, cervical mucous penetration, acrosome reaction,
hyperactivation, and zona pellucida binding [30,31].

The current study has focused on two heavy metals recognised to have a negative
effect on the male reproductive system, namely copper and cadmium. Cigarette smoke is
one of the most important sources of cadmium exposure in the general non-occupationally
exposed population [14]. Copper has been listed as a pesticide by the United States Envi-
ronmental Protection Agency (USEPA, 2008) and its compounds are used extensively in
various agricultural settings [32], indicating a great risk of exposure through skin absorp-
tion. In a previous study, we reported on the detrimental effects of copper sulphate (CuSOy4)
and cadmium chloride (CdCl,) on human sperm motility and vitality at concentrations of
250 ug/mL and 500 pg/mL, respectively [33]. In particular, a significant decrease was ob-
served in the sperm velocity parameters, which are closely related to fertility prediction and
pregnancy outcomes in humans [34] and animals [35,36]. Moreover, Marchiani et al. [37]
indicated that human spermatozoa exposed to 10 pM CdCl, had decreased progressive
and hyperactivated motility and a higher percentage of induced sperm acrosome reaction.
There are various reports on the effect of heavy metals on human sperm quantity and
quality but similar studies on non-human primates (NHP) sperm structure and function
are limited.

Non-human primates (NHPs) have been identified as key models in human-related
studies and are often used in research on male fertility /infertility, in vitro fertilization (IVF)
or assisted reproductive technology (ART) procedures [38], male contraception [39], and
reproductive toxicology [40,41]. For an animal model to be pharmacologically relevant for
developmental and reproductive toxicity (DART) testing, the test extract must produce
a similar in vitro or in vivo pharmacokinetic effect as found in humans [42]. However,
comparing the results of NHP and human studies require objective, standardised, and
sensitive techniques to recognise compromised sperm function.

The purpose of our study was to evaluate the suitability and efficacy of sperm func-
tional tests using NHP spermatozoa. In this regard, a concomitant aim was to evaluate
the effect of CuSO,4 and CdCl; on selected sperm functions for three NHP species. It is
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envisaged that our results will assist to affirm the use of NHP models for reproductive
toxicology studies.

2. Materials and Methods

The optimization and standardization of sperm functional tests for primate spermato-
zoa have been described by Prag (2017) [43].

2.1. Species Studied

The species of focus for this study were the vervet monkey (Chlorocebus aethiops), the
chacma baboon (Papio ursinus) and the rhesus monkey (Macaca mulatta). All three species
are members of the family Cercopithecidae and sub-classified as Old World primates. The
vervet monkey is widely distributed in Africa and one of the few non-human primates
that are successfully bred under controlled captive conditions [44] throughout the year;
therefore, semen samples are readily available [45]. The only species of baboon studied in
any detail and reported in the literature is the olive baboon (Papio anubis); however, the
chacma baboon (Papio ursinus) is widely distributed in southern Africa [46]. Since baboons
have adapted to diverse habitats, they have broken free of the seasonal constraints of their
habitats, and therefore show virtually no seasonality in reproduction [47]. The rhesus
macaque has been used extensively as a model for ART and early human development
as well as for fertilization and embryonic development in primates [48]; however, they
are seasonal breeders and higher quality samples are only available for approximately
4 months of the year [45].

All three primates species were housed at the Primate Unit and Delft Animal Centre
of the South African Medical Research Council (Cape Town, South Africa) according to
the husbandry guidelines of the South African National Standard for the Care and Use of
Animals for Scientific Purposes (South African Bureau of Standards, SANS 10386).

Seven adult captive-bred male vervet monkeys, between the ages of 6 and 10 years [45]
and a weight ranging from 4.4 to 7.4 kg, were selected from an indoor breeding colony,
with a 30-year history of successful sixth-generation reproductive performance. The
environmental conditions were maintained at temperatures between 25 and 27 °C, a
humidity of 45%, 15-air changes/h and a photoperiod of 12 h. The monkeys were fed a
soft diet consisting of pre-cooked maize enriched with a protein supplement, vitamins,
minerals, trace elements, and supplemented with seasonal fruit. Drinking water was
available ad libitum via an automated water system.

Six adult wild-caught male baboons, with an average age of 15 years and weight
ranging from 24.1 to 28.7 kg, were housed outdoor in single cages, adjacent to a female
with full visual, olfactory, and auditory contact. Grooming was possible between adjacent
individuals through panels of wired mesh. Six captive-bred male rhesus monkeys ranged
between the ages of 10-14 years and 6.7-12.3 kg in weight were selected from an outdoor
breeding colony. The breeding stock is of Chinese origin and the colony has a fifteen-
year history of successful second-generation reproductive performance. These males
were temporarily housed indoors and each paired with a compatible breeding female
in double galvanized steel cages. Their environmental conditions were maintained at
temperatures ranging from 25 to 27 °C and 12 h light/dark controls. Both baboons and
rhesus monkeys were fed a standard diet of pelleted feed (Aquafeeds, Cape Town, South
Africa) and seasonal fruit or vegetables. The diet was supplemented with bread slices
covered with vitamin C syrup (Portfolio Pharmaceuticals, Johannesburg, South Africa). In
addition, the animals were provided with foraging logs three times per week and various
other enrichment devices. Drinking water was available ad libitum via an automated
water system.

2.2. Sample Collection and Evaluation

Ethical clearance for this study was obtained from the Ethics Committee of the Uni-
versity of the Western Cape (Ethical clearance number: 13/10/91) as well as the Ethics
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Committee for Research on Animals of the South African Medical Research Council (Project
number: 11/13). All the animals remained in good health and none of these males had
been used in other experimental procedures.

Samples were collected twice a week, including four males per week (two males per day).
Sampling took place in the early morning, due to the males’ high incidence of masturbation,
and males were separated from the females a day or 12 h before to prevent copulation. Semen
collection was performed under anaesthesia (ketamine hydrochloride (InterVet, Johannesburg,
South Africa) at a dose of 10-15 mg/kg by intramuscular injection) via rectal probe electro-
ejaculation, a method described by Seier et al. [49] and Cseh et al. [50], into sterile pre-warmed
15 mL or 50 mL plastic containers. The samples were incubated in a temperature-controlled
oven with a constant temperature at 37 °C for 5 min after collection to allow the semen
coagulum to liquefy. Twenty semen samples were selected from each species based on the
semen quantity and quality (volume > 350 uL, sperm concentration > 20 x 10° mL and
percentage total motility > 50%) for further experimentation.

Due to the limited availability of good quality semen samples, certain functional tests
could not be performed for the baboon (WST-1 assay and hyperactivation) and the rhesus
monkey (vitality and acrosome integrity), respectively. These limitations were due to, as
previously mentioned, the high incidence of male masturbation in the mornings as well as
seasonality of breeding.

2.3. Selection of Motile Spermatozoa

Human tubal fluid (HTF), supplemented with 1% human serum albumin (HSA), was
used for all experimental procedures [51]. All chemicals were supplied by Sigma Aldrich
(Cape Town, South Africa).

A double-density gradient centrifugation technique was employed to select motile
spermatozoa by using PureSperm (Kat Medical Laboratories, Johannesburg, South Africa).
This procedure involved layering 50-300 puL PureSperm 80 into a 1.7 mL conical centrifuge
tube, followed by equal volumes of PureSperm 40 and liquefied semen. The preparation
was centrifuged at 300 x g for 20 min, followed by removal of the supernatant. The sperm
pellet was then washed by resuspending it in 100 ul HTF (without HSA) and centrifugation
at 500x g for 10 min, followed by removal of the supernatant. The remaining pellet was
resuspended in 100 pL HTF (with HSA), with or without a specific metal concentration, to
result in a final concentration of 10-20 x 10® mL motile spermatozoa. Sperm preparations
were kept at 37 °C before sperm functional tests were performed.

2.4. Exposure of Spermatozoa to Heavy Metals

Sperm preparations were exposed to different concentrations of CuSOy (10, 50, 100,
and 250 ng/mL) and CdCl, (10, 50, 100, and 500 pg/mL) as reported in a previous study on
human spermatozoa [33]. All metal concentrations were prepared using HTF supplemented
with 1% HSA. Motile sperm preparations were exposed to these metal concentrations for
up to 3 h while being incubated at 37 °C and sperm functionality were assessed at various
time intervals as indicated in the tables and figures. All sperm motility assessments were
done in triplicate (n = 3) with three different males’” samples used for each experiment.
Sperm viability and vitality, acrosome intactness and hyperactivation were assessed using
3-7 individual semen samples for each test.

2.5. Sperm Structural and Functional Testing
2.5.1. Motility Analysis

All sperm parameters and sperm motion characteristics were evaluated using the Motility
module of the Sperm Class Analyzer® (SCA) (Microptic S.L., Barcelona, Spain) computer-
aided sperm analysis (CASA) system, Version 5.1. Capturing of the data involved a Basler
A602fc, A312fc or aVA 1000-100gc digital camera (Microptic S.L., Barcelona, Spain) that was
mounted (C-mount) onto a Nikon Eclipse 50i microscope (IMP, Cape Town, South Africa) or
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an Olympus CH2 microscope (Wirsam, Cape Town, South Africa), both equipped with a
10x phase contrast objective and a heated stage.

Sperm motility analysis involved pipetting 2 pL of sperm preparation into a 20 um
deep pre-warmed (37 °C) 8 chamber Leja slide (Leja Products B.V., Nieuw-Vennep, The
Netherlands) before it was assessed. Various motility parameters were determined such as
percentages total motility, progressive motility, and non-progressive motility, as well as rapid,
medium, and slow swimming spermatozoa. Eight kinematic parameters were calculated
by capturing tracks at 50 frames/s until a total of 200 motile spermatozoa were analysed.
The kinematic parameters included “Velocity” (curvilinear velocity (VCL), straight-line
velocity (VSL) and average path velocity (VAP)), “Linearity” (linearity (LIN = VSL/VCL)
and straightness (STR = VSL/VAP)) and “Vigour” (wobble (WOB = VAP/VCL), amplitude
of lateral head displacement (ALH) and beat-cross frequency (BCF)). The ALH parameter
was measured as half the width of the VCL track and not as the full VCL wave or doubling
of the riser values (risers method) as described by Mortimer [51,52]. The three sperm
subpopulations were determined using VCL cut-off values previously established [53] of
50 < 80 > 120 pm/s to identify slow, medium, and rapid swimming spermatozoa. Fields
were captured randomly to avoid bias toward higher sperm motility; however, fields
containing debris or clumps of spermatozoa were avoided to limit incorrect analysis.

2.5.2. Viability and Vitality Analysis
Eosin-Nigrosin (E-N)

Thirty microliters of preheated eosin-nigrosin staining solution were placed on a
coverslip on a heated stage (37 °C) whereafter 10 uL sperm preparation was mixed with
the solution for 30 s. From this mixture, smears were made using 10 ul aliquots and left
to air-dry overnight before being mounted with a coverslip and DPX (Sigma, Cape Town,
South Africa). Spermatozoa were assessed using a Nikon Eclipse 50i microscope (IMP,
Cape Town, South Africa) and a 40x objective. At least 100 spermatozoa per samples
were assessed for viability and the percentage live (white) and dead (pink) spermatozoa
were calculated.

Hoechst and Propidium Iodide (H&PI)

Staining solution aliquots (1 mg/mL) of Hoechst 33342 (trihydrochloride trihydrate)
and propidium iodide (PI, Sigma, Cape Town, South Africa) were pre-heated (37 °C).
Ten microlitres of sperm preparation were first added to 1 uL Hoechst and incubated for
5 min at 37 °C. Thereafter, 1 uL. PI was added to the mixture and incubated for another
5 min. After incubation, 10 puL of the mixture was placed on a slide with a coverslip and
viewed under a Nikon Eclipse 50i fluorescence microscope (IMP, Cape Town, South Africa),
equipped with a 20 x objective and a DAPI filter. At least 100 sperm were captured with
NIS Elements imaging software (IMP, Cape Town, South Africa) and manually assessed for
viability to calculate the percentage live (blue) and dead (red) spermatozoa.

WST-1 Cell Proliferation Reagent

WST-1(sodium 5-(2 4-disulfophenyl)-2-(4-iodophenyl)-3-(4-nitrophenyl)-2Htetrazoliuminner
salt; Cell Proliferation Agent; Cat No. 11 644 807 001) is commonly used in tissue culture stud-
ies for cell proliferation, vitality, and cytotoxicity assessments (Roche, Mannheim, Germany)
and has proven to be sensitive to changes in sperm vitality [33]. It is a ready to use solution,
containing WST-1 and an electron coupling reagent, diluted in phosphate-buffered saline
(PBS) [54]. This test is based on the principle that the tretrazolium salt WST-1 is cleaved to
formazan by cellular enzymes or reduced at the external surface of the plasma membrane
by NADH and NADPH oxidase [55]. An expansion in the number of viable cells results
in an increase in the overall activity of mitochodrial dehydrogenases in the sample. An
augmentation in enzyme activity leads to a increase in formazoan dye which correlates to
the number of metabolically active cells, indicating vitality.
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The WST-1 labeling reagent was prepared according to the manufacturer’s protocol by
mixing 200 uL. WST-1 reagent with 800 pL PBS. Equal volumes (50 pL) of sperm preparation
and labeling reagent were added to the wells of a microtitre plate in duplicate for each metal
concentration. A zero min reading was obtained where after plates were incubated at 37 °C
and 5% CO; until the next analysis. Measurements of the absorbance were carried out after
1,2, and 3 h of incubation using an ELISA reader (Microplate reader, Multiskan EX, Thermo
Scientific, Johannesburg, South Africa) set at 450 nm with a reference wavelength of 650 nm.
Using these absorbance measurements, ICsg values, defined as the concentrations of the
heavy metals required for 50% inhibition of sperm vitality, were determined as a parameter
for the toxicity of CuSO4 and CdCl, to NHP spermatozoa.

Evaluation of Acrosome Intactness

Fluorescein-conjugated Pisum sativum agglutinin (FITC-PSA) (Sigma, Cape Town,
South Africa) was used to determine the acrosomal intactness of the spermatozoa. FITC-
PSA working solution was prepared by adding 50 uL FITC-PSA to 450 uL PBS and was
kept at 4 °C. Sperm preparations were diluted with Ham’s F10 (Invitrogen, Thermo Fisher
Scientific, Johannesburg, South Africa) to yield a sperm concentration of 2 x 10° mL. Two
5 uL drops of the diluted sperm sample were placed on a slide, spread in a circle and left to
air dry overnight. Dried smears were fixed with 95% ethanol for 30 min at 4 °C and left to
air dry for a further 30 min. Five microlitres of FITC-PSA solution was added to each smear
and kept in the dark for 45 min. The slides were then washed in dH,O for a few seconds and
left to dry upright, whereafter they were mounted with coverslips using Dako fluorescent
mounting medium (Diagnostech, Johannesburg, South Africa). The slides were analysed
with a Nikon Eclipse 50i fluorescence microscope (IMP, Cape Town, South Africa) using
a green fluorescence filter and 100x objective. At least 100 spermatozoa were captured
with the NIS Elements software and manually assessed to calculate the percentage of intact
acrosomes (bright green) and reacted (dark or with a centre band) acrosomes.

Evaluation of Hyperactivation

Caffeine was used to induce sperm hyperactivation in vervet and rhesus monkey
samples, similar to a previous study on human spermatozoa [56]. The effect of CuSO4 and
CdCl; on sperm hyperactivation was evaluated by exposing spermatozoa to 100 pug/mL
of both heavy metals respectively. Using a positive displacement pipette, 1 pL of semen
was placed into individual chambers of a pre-heated 4 chamber Leja slide. Following the
flush technique [57], 2 uL of caffeine (5 mM), CuSO,, CdCl, or a mixture of the caffeine
and heavy metal suspension was used to flush the semen into the Leja slide chambers,
whilst keeping the slide on a heated stage. Sperm motility was immediately evaluated
(see Section 2.5.1) and every 15 min thereafter for an h or until motility decreased below
the WHO [58] reference limits (motility > 40%). The kinematic parameter cut-off values
employed for identifying hyperactivated sperm for the rhesus monkey, were adapted to
VCL > 130 pm/s, LIN < 69%, and ALH > 7.5 um (>3.75 um), as previously described by
Baumber and Meyers [59].

Statistical Analysis

The MedCalc®-software 12.3.0 (Mariakerke, Belgium) was used for statistical analysis.
One-way analysis of variance analysis (ANOVA) was performed for parametric data distri-
butions. Any significant differences indicated in the ANOVA table between groups were
analysed further using the Student-Newman-Keuls test for pairwise comparisons. The
Kruskal-Wallis test was employed for non-parametric data distributions and further elabo-
rated for individual differences using the Mann—-Whitney test for independent samples.
Data are presented as the mean percentage + standard deviation (SD) in the tables and
p < 0.05 was considered significant.
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3. Results
3.1. Motility

Sperm motility parameters presented a tendency to decrease over time (Supplementary
Tables S1 and S2) and indicated the negative effect of the higher metal concentrations (50,
100, 250, or 500 pg/mL). In all three primate species, a significant decrease (p < 0.05)was
found in a combination of percentage sperm muotility (total, progressive, rapid-, and
medium-swimming) (Supplementary Tables S3, S5, S7, S9, S11 and S13) and sperm velocity
(VCL, VSL, and VAP) as well as the linearity (LIN and STR) and vigour (WOB, ALH,
and BCF) of swimming tracks (Supplementary Tables 54, S6, S8, S10, S12 and S14) after
exposure to CuSO, and CdCly.

Examples of the effect of these two metals on percentage motility, swimming speed
and linearity of sperm tracks of individual males are displayed in Figures 1-3. In both
the vervet and rhesus monkey, these three motility parameters presented an onset of
significant data at the highest metal concentrations from the 15 min time point and also at
the 50 and/or 100 pg/mL concentrations from the 60 min time point (Figures 1 and 2). In
the baboon, the most significant effects on sperm motility were found from the 45 min time
point for the highest metal concentrations (Figure 3).
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Figure 1. Vervet sperm motility parameters (progressive motility, VCL and LIN) over 120 min of
exposure to five concentrations of CuSOy (0-250 ug/mL) (a—c) and CdCl, (0-500 pug/mL) (d-f). Each
graph represents the data for one male to these metal concentrations.
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Figure 2. Rhesus sperm motility parameters (progressive motility, VCL and LIN) over 120 min of exposure to five
concentrations of CuSOy (0250 ug/mL) (a—c) and CdCl, (0-500 ug/mL) (d—f). Each graph represents the data for one male
to these metal concentrations.
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3.2. Viability and Vitality
3.2.1. Eosin-Nigrosin (E-N) and Hoechst and Propidium Iodide (H&PI) Staining

After CuSOy4 and CdCl, exposure, there was no significant effect on viability with
E-N staining for vervet spermatozoa. After 120 min of exposure to 250 pg/mL CuSOy,
the percentage live spermatozoa were 28.4% compared to the control (27.4%) and for
500 pg/mL CdCl,, the percentage was 31.8% compared to the control (32.4%) (data not
shown). However, with H&PI staining the percentage live vervet monkey spermatozoa was
significantly decreased at 100 pg/mL and 250 ug/mL CuSOy (p = 0.018) and 500 pug/mL
CdClI; (p = 0.001) after 120 min of exposure (Table 1). For baboon spermatozoa with E-N
staining, exposure to CuSO;4 revealed no significant effect for both time points. Exposure
to CdCl, revealed a significant decrease in the percentage live baboon spermatozoa after
15 min at the highest concentration, 500 ug/mL (p = 0.043). After 90 min of exposure, a
general trend was noted for a decrease in percentage live spermatozoa with an increase
in CdCl, concentration (Table 1), albeit no significance was found, possibly due to large
standard deviations. These large standard deviations are due to the heterogeneity of
primate spermatozoa causing individual differences in semen quality for each sample
and/or ejaculate in response to the metals. For H&PI staining, only one sample was
evaluated for baboon spermatozoa and a potential decrease in percentage live spermatozoa
was noted after exposure to the highest concentrations of CuSO4 and CdCl, after 60 and
75 min (data not shown).

Table 1. Effect of CuSO4 and CdCl, on sperm viability percentages (mean + SD) of vervet monkey
(n =5) and baboon (n = 3) after 15-120 min incubation.

Time CuSOy4 Live Spermatozoa CdcCl, Live Spermatozoa
(min) (ug/mL) (%) (ug/mL) (%)
Vervet # Baboon § Vervet # Baboon §
0 54.0 +37.1 629+ 114 0 532 +30.7 45.0+£395°%
10 54.5 + 33.9 46.8 +13.5 10 493 +298 43.6+10.32
15 50 48.6 £ 37.5 579 + 8.8 50 575+245 39.6 £11.3°
100 3324333 343 + 14.8 100 414+294  361+15.32
250 19.3 £29.8 515+ 184 500 46.6 + 38.3 1254+ 12.0P
0 26.1 £28.32 51.5 +20.6 0 509 £ 36.52 33.8 +£31.3
10 30.0 £404°2 55.7 £15.1 10 409 +28.82 27.1+13.8
90/120* 50 229+ 39.62 404 +£75 50 384 +38.8? 28.7 £25.1
100 0.0+0.0P 319+9.7 100 37.6 £36.12 19.9 +24.1
250 0.0£0.0° 55.7 £17.1 500 02+05P 9.8+9.1

* = 90 min for baboon, 120 min for vervet; # = H&PI staining; § = E-N staining. a,b = yalues in columns with
different superscript letters were significantly different among the concentrations of CuSO4 and CdCl, (p < 0.05).

3.2.2. Vervet WST-1 Cytotoxicity Assay

The WST-1 cytotoxicity assays for vervet monkey spermatozoa upon exposure to
both metals revealed significant decreases in absorbance readings after 180 min at most
concentrations of the metals (Supplementary Table S15). These absorbance readings were
used to calculate the ICs) values for CuSOy4, namely, 21.2 pg/mL, while the ICsj value for
CdCl; could not be determined. However, due to irregular absorbance readings brought
on by the heterogeneity of the data, the results reported here should only be seen as an
estimate of the effect of heavy metals on NHP sperm vitality.

3.3. Acrosome Intactness

Vervet monkey sperm acrosomes were not affected by exposure to the two metals
up to 120 min exposure time points (Table 2). Baboon spermatozoa revealed a significant
decrease in percentage intact acrosomes (p = 0.005) after 15 min of exposure to 250 pg/mL
CuSOy. A similar significant decrease was found after 90 min (p < 0.001) at 50, 100, and
250 ug/mL CuSOy. Interestingly, no effect was found on the percentage intact acrosomes
for baboon sperm at the different CdCl, concentrations for both time points (Table 2).
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Table 2. Effect of CuSO, and CdCl, on intact acrosome percentages (mean + SD) of vervet monkey
(n =7) and baboon (n = 6) after 15-120 min incubation.

Time CuSO,4 Intact Acrosome CdcCl, Intact Acrosome
(min) (ug/mL) (%) (ug/mL) (%)
Vervet Baboon Vervet Baboon
0 26.2 +229 743 +18.12 0 435+ 35.0 941+72
10 35.6 +24.8 779 +£11.22 10 54.1 + 40.8 91.1 + 104
15 50 21.1 +26.9 60.2+319° 50 52.1+394 90.6 + 12.5
100 28.2 +33.3 55.6 £31.22 100 47.2 + 36.5 92.6 +£ 8.8
250 24.4 + 28.3 19.2 +29.8b 500 48.8 +£37.6 844 +75
0 344+ 204 71.7 £13.22 0 37.8 +36.1 915+47
10 34.2 + 26.6 75.0 +£12.82 10 475 + 355 909 £ 89
90/120 * 50 27.8 +30.8 69.7 +17.5b 50 41.1 +£33.1 902 +5.6
100 282 +24.7 454 +230°¢ 100 30.9 + 35.8 916 +74
250 25.0 +35.0 17.3 +27.04 500 28.9 +23.2 852+ 5.6

* = 90 min for baboon, 120 min for vervet. *P ¢4 = values in columns with different superscript letters were
significantly different among the concentrations of CuSOy (p < 0.05).

3.4. Hyperactivation

A definite trend was noted for the effect of CuSO,4 with the lowest percentage hyperac-
tivation recorded when spermatozoa were exposed to 100 pg/mL CuSOj at each time point
(Table 3); however, a significant decrease was only found at 40 min of exposure (p = 0.012).
When vervet monkey spermatozoa were exposed to 100 pg/mL CdCl,, a significantly
lower percentage hyperactivation (p = 0.007) was recorded at each time point compared to
the control, caffeine, or metal—caffeine combination.

Table 3. Effect of CuSOy (100 pg/mL), CdCl, (100 ng/mL) and caffeine (5 mM) on percentage sperm
hyperactivation (mean + SD) of vervet (n = 5) and rhesus monkey (n = 1) after 15-50 min incubation.

Time CuSO;  Caffeine Hyperactivation CdCl, Caffeine Hyperactivation
(min) (ug/mL)  (mM) (%) (ug/mL)  (mM) (%)
Vervet Rhesus Vervet Rhesus
0 0 10.1 £ 10.6 63.5 0 0 6.0+122 41.1
15 (V) 0 5 120 £3.2 70.4 0 5 14.1 £ 12.8" 71.2
10 (R) 100 0 42436 71.9 100 0 04+£08¢ 37.8
100 5 16.8 £1.9 71.1 100 5 12.8 + 1854 61.5
0 0 76+77 59.1 0 0 77 +662 17.7
20 (V) 0 5 70+£71 68.8 0 5 112+163% 82.3
35 (R) 100 0 34+51 35.6 100 0 08+17P 26.4
100 5 132+ 124 64.1 100 5 92+157°¢ 66.1
0 0 56+632 65.6 0 0 39+50? 16.3
40 (V) 0 5 6.7+852 78.8 0 5 6.8 £13.5% 66.5
50 (R) 100 0 1.1+£14° 411 100 0 04+09P 15.0
100 5 56+£51¢ 71.7 100 5 724+107°¢ 54.0

V =vervet, R =rhesus, a, b, ¢, d = values in columns with different superscript letters were significantly different
among the concentrations of CuSOy, CdCl, and caffeine (p < 0.05).

Although 5 mM caffeine does not seem to induce hyperactivation in vervet monkey
spermatozoa, the metal—caffeine combination maintained the percentage hyperactivation
compared to the control. For the rhesus monkey spermatozoa, only one sample was
evaluated for each metal and thus the metals’ true effect could not be deduced, but a
definite effect was seen. Exposure to the metals revealed a similar effect and after 50 min
of exposure, the 100 pg/mL metal concentrations caused a decrease in the percentage
hyperactivation of 43-78%, while the metal-caffeine combination maintained the values to
equal or slightly higher than the control (Table 3).

4. Discussion

During the past four decades, living populations have been exposed to rising levels of
environmental contaminants which ultimately accumulate in the organisms and induce
multiple organ alterations due to its toxicity [37]. These compounds are present in the
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environment (air, water, and soil), mass-consumer products and food products where
it may operate as endocrine disruptors. Subsequently, environmental (bisphenol A and
parabens), nutritional (diet, and body mass index (BMI)) and lifestyle factors (physical
activity, and smokers), could all be risk factors linked to increased incidence of male
infertility and the decline of human semen quality [60,61].

Although some persistent contaminants have been quantified in seminal fluids, limited
information has been reported on what these chemical concentrations may mean for
reproductive function. Studies have been evaluating a select number of chemicals with
basic semen analysis that focus on sperm count, motility, and morphology despite modern
methods to evaluate additional functional measures that have been related to fecundity [6].
This calls for more investigation into alternative methods for functional testing, the use
of non-human primates as research models and toxicity tests. Similar to findings in
humans [33], the two heavy metals investigated in our study, namely, copper sulphate
(CuS0Oy) and cadmium chloride (CdCl,), indicated a detrimental effect at high doses on
NHP sperm function and may possibly contribute to impaired sperm fertilising capabilities
and idiopathic male infertility.

4.1. The Effect of Heavy Metals on Sperm Motility

Motility is one of the most important characteristics associated with the fertilising
ability of spermatozoa; thus, the examination of this parameter constitutes an integral part
of semen analysis [62]. Exposure of NHP spermatozoa to various metal concentrations
presented a decrease in sperm motility parameters (percentages in sperm subpopulations
as well as velocity, linearity, and vigour of swimming tracks) over time for the higher
concentrations of both CuSO4 and CdCl,. Although a slight stimulatory effect is noted
at the 60 and 45 min time point for the lower concentrations, this might be an indication
of the phenomenon of hormesis, where low doses of an agent may be beneficial, but
are however, toxic at high doses. Therefore, it is clear that high concentrations of these
metals had negative effects on sperm motility parameters. A decline in control samples
was also evident and expected, as sperm motility naturally declines over time; however,
even though this is a noticeable change, the spermatozoa exposed to the heavy metals
always presented a lower motility than the control over time. For human spermatozoa, a
significant decrease was reported in percentage total and progressive motility after 24 h of
exposure to 10 uM CdCl, as well as VAP, VCL and STR. Similarly, Hardneck et al. [33] also
found a significant negative effect on sperm motility at the highest concentrations of these
two metals (250 pg/mL and 500 ug/mL). In turkey spermatozoa, it was reported that after
30 min of exposure, CuSO4 (12.5 pg/mL to 50 ug/mL) significantly lowered the percentage
total and progressive motility, as well as the values for VCL, ALH, and BCF [63].

Metals may impair progressive sperm motility by accumulating in the epididymis,
prostate, vesicular seminalis, or seminal fluid [64]. More so, the potential for chemicals to
cross the placental barrier [65,66] in trace concentrations may result in serious damage in
new-borns and raises great concern. Copper toxicity leads to ROS production followed
by protein and lipid oxidation [67], which negatively correlate with sperm motility and
viability [68]. Once the copper is taken up into a cell, the excess of it is reduced to cuprous
ions that readily bind with sulfhydryl groups [69], interfering with electron transport and
inhibiting ATP production [70]. Copper also accumulates in the sperm mitochondria [71],
decreasing the mitochondrial membrane potential while causing ROS formation and
resulting in oxidative damage [72]. The action of cadmium chloride may be explained
by its effects on microtubules and sperm mitochondrial function [73]. Previous studies
have indicated that cadmium inhibits microtubule sliding and affects sperm mitochondrial
function [73,74]. Cadmium also competes with calcium for calmodulin binding, and
therefore this inhibition results in a decrease in sperm motility [75,76]. Albeit all the
aforementioned studies investigated the in vitro effect of these metals on sperm motility,
it is conceivable that if a male is exposed to high concentrations of the metals, it could be
detrimental to the fertilization potential of sperm. Therefore, the objective measurement
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and quantification of sperm motility parameters, using CASA instruments, are preferred,
rather than subjective manual sperm motility assessments [77-79].

4.2. The Effect of Heavy Metals on Sperm Viability and Vitality

Viability and vitality represent two different aspects of cell functions, and both are
required for the estimation of the physiological state of a cell after exposure to various
types of stressors and factors [80]. While viability defines the percentage of live cells in the
whole population, vitality defines the physiological capabilities of a single cell. The toxic
effects of chemicals or physical factors do not necessarily lead to cell death, but may cause
several morphological, intracellular, or metabolic alterations [80], which are not defined by
viability tests such as staining techniques. These metabolic alterations may therefore be
determined through vitality tests such as cytotoxicity assays.

Previous studies have indicated a significant decrease in sperm viability after exposure
to CuSOy [81] and CdCl, [82] when utilizing the E-N stain on mammalian spermatozoa;
however, this was not always the case in the current study. A significant decrease in the
percentage of live vervet spermatozoa, at higher concentrations of both heavy metals,
was observed after 120 min of exposure as indicated by the H&P stain. In addition, only
CdCl; exposure caused a significant decrease in the percentage live baboon spermatozoa
as indicated by E-N staining. The use of the E-N stain to test NHP spermatozoa viability,
after exposure to the two heavy metals, thus requires an extended incubation period to
validate its sensitivity, in particularly to CuSO4. The reason for this anomaly is not clear; the
possibility that the technique used is not compatible with NHP spermatozoa can be ruled
out due to previous studies on spermatozoa from drill (African forest baboon) [83] and
rhesus monkey [84] successfully employing E-N viability testing of primate spermatozoa.

The H&PI stain revealed a significant effect only at the last time point for both metals,
suggesting an extended incubation period, over 120 min, for the test to detect a more
noticeable change in vervet sperm viability. The E-N baboon results indicated that only
the 500 ug/mL CdCl, affected viability with significant changes observed from the first
time point of testing. In a Drosophila study, the LIVE/DEAD assay (SYBR® and Propidium
iodide) was used to measure sperm viability after exposure to CdCl, (10 uM to 500 uM
CdCly) and reported an increase in the number of dead sperm proportional to increasing
amounts of CdCl, [85]. In rats, the possible mechanism behind this effect was reportedly
DNA fragmentation after CdCl, exposure [73]. Although DNA fragmentation was not
assessed in our study, these previous findings support the effects of copper and cadmium
seen on sperm viability for NHPs.

The WST-1 assay proved to be successful in demonstrating the negative effects of both
metals on vervet sperm vitality. According to Roche [54], the reagent (tetrazolium salt)
is cleaved by enzymes (mitochondrial dehydrogenase) to formazan. The higher number
of viable spermatozoa results in higher dehydrogenase activity which in turn increases
the amount of formazan formed; this directly correlates to the number of metabolically
active spermatozoa [54]. Significant decreases in absorbance were found for most CuSOy4
concentrations and all concentrations of CdCl, after 180 min of exposure. These results
are in accordance with a previous study investigating human sperm vitality, during which
the WST-1 assay indicated the direct proportion of vital cells [33]. This correlates with
our motility results, as a significant decrease was observed over time for both metals after
exposure to the higher concentrations for all three primates (see Section 3.1). Furthermore,
in order to determine the exact concentration at which the metals exert their effect, we
calculated the ICs( values to obtain the cut-off concentrations. Taking into consideration
the WST-1 readings determined from the vervet spermatozoa, the calculated average ICsg
value for CuSO, was 21.2 ug/mlL, which is less than the 50.3 pug/mL determined for
human spermatoza [33]. Since 30-200 png/mL copper in water has moderate to severe
effects on human health (ranging from gastrointestinal irritation, nausea, and vomiting)
and >200 pg/mL leading to poisoning with possible fatalities [86], these calculated ICsq
values for both vervet and human sperm indicate that similar copper concentrations will
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also affect sperm function. The lower value for vervet spermatozoa might be an indication
that NHP spermatozoa are more sensitive to CuSO4 but needs to be validated due to the
general heterogeneity of NHP samples in this study. Although the aforementioned studies
validate our results for the vervet samples, future investigations are required to prove the
sensitivity of WST-1 for other NHP species.

Aitken et al. [87], indicated that human spermatozoa can chemically reduce the WST-1
reagent and this significant effect was also seen after 180 min of incubation. A further study
by Knazicka et al. [88] found sperm vitality to be decreased by all concentrations of copper
(3.9 uM/L to 1000 pM /L) via MTT (metabolic activity) assay and reported that high doses
of copper are toxic to sperm motility. In a study by Dawson [89], the effect of cadmium
in seminal plasma, was compared to sperm viability and it was found that the metals’
levels were inversely correlated with the percentage of live sperm, (cadmium, p < 0.01).
Previous studies also found that cigarette smoking (of which cadmium is a component) has
detrimental effects on sperm vitality [90]. This cadmium-induced toxicity effect is believed
to be due to increased oxidative stress [91], the generation of ROS resulting in oxidative
deterioration of lipids, proteins, and DNA [92], which impairs sperm quality.

4.3. The Effect of Heavy Metals on Acrosome Intactness

The acrosome cap is part of the sperm head and surrounds the upper 40 to 60% of the
sperm nucleus [93]. Mammalian fertilization requires sperm capacitation and acrosome
reaction; the latter process being a major event before spermatozoa can penetrate the zona
pellucida and subsequently fuse with the egg membrane [94].

Vervet monkey and baboon sperm acrosomes were evaluated for intactness; however,
only baboon spermatozoa were found to present with a significant decrease in percentage
intact acrosomes after exposure to CuSOy. Although our results indicated that CdCI, had
no significant effect on both vervet monkey and baboon spermatozoa, the test did detect a
difference between intact and reacted acrosomes. It is however possible that either metal
did not affect the acrosome intactness of the spermatozoa, or the reagent inaccurately
stained the acrosomal contents.

A rabbit study by Roychoudhury et al. [95] reported a higher occurrence of spermato-
zoa with disordered membranes after copper exposure (3.57 to 4.85 ng CuSO4/mL), which
proposed alterations in the anterior part of the head (acrosome). These findings support
the decrease in intact acrosomes observed in the baboon samples, suggesting that the
metal affected the acrosomal membrane resulting in the release of the acrosomal content.
Misro et al. [96], reported that a high release of copper drastically lowers human sperm
motility and viability, but only marginally affected the acrosome status. This supports the
insignificant results obtained when evaluating the vervet samples and indicates possible
species differences in the effect of this heavy metal on sperm acrosome intactness.

4.4. The Effect of Heavy Metals on Sperm Hyperactivation

Hyperactivation is characterised by the development of asymmetrical, high ampli-
tude flagellar beats, causing vigorous and sometimes the non-directed movement of free-
swimming spermatozoa [97]. The flush technique [56] was implemented, where sperma-
tozoa would subsequently swim into the hyperactivation medium with the technique
showing a high positive correlation with routine swim-up preparations and appeared to
accelerate the process of hyperactivation [62]. Vervet spermatozoa were found to have a
significantly decreased percentage hyperactivation after exposure to CuSOy at the last time
point (40 min). In contrast, the same concentration of CdCl, caused a significant decrease
at each time point (15, 20, and 40 min) for all three experimental groups.

When rhesus monkey spermatozoa were exposed to environmental tobacco smoke
(of which cadmium is a major component [98]) it resulted in decreased percentages sperm
motility and hyperactivation after incubation in cAMP and caffeine [99]. These results
agree with the current study where the vervet samples were affected, as well as the lower
values obtained for the rhesus sample.
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5. Conclusions

The purpose of the current study was to evaluate the suitability of three NHP species
as research models for sperm functional testing. This would allow comparisons of human
and NHP sperm function after exposure to environmental contaminants, which may reveal
or explain the high infertility rates in humans. While the vervet monkey samples were
successfully used for all testing, providing results for analysis performed over time, all three
NHP species could be used for sperm functional testing when acquired during breeding
season. The two heavy metals, CuSO,4 and CdCl,, provided substantial detrimental effects
on sperm function by inhibiting sperm motility, viability, and vitality (observed via H&PI
staining and the WST-1 assay), acrosome intactness and hyperactivation. Albeit these
results prove that NHPs would be suitable models for toxicity testing and reproductive
studies, future studies should include a larger sample size from all three species. Periods
of analysis should be lengthened to further investigate whether the metals need time
to elicit a more prominent effect for some functional tests. The evaluation of additional
sperm functional tests and their sensitivity could also contribute to the assessment of NHP
sperm function and should include the evaluation of sperm morphology, location and
viability of sperm mitochondria, cervical-mucus penetration, zona pellucida binding, DNA
fragmentation, and acrosome reaction induction.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/ijerph18126200/s1, Table S1: Vervet sperm motility parameters over 75 min, Table S2: Vervet
sperm kinematic parameters over 75 min, Table S3: Vervet sperm motility parameters over 120 min of
exposure to CuSOy (0-250 pg/mL) (n = 4), Table S4: Vervet sperm kinematic parameters over 120 min
of exposure to CuSOy (0-250 pug/mL) (n =4), Table S5: Vervet sperm motility parameters over 120 min
of exposure to CdCl, (0-500 pg/mL) (n = 4), Table S6: Vervet sperm kinematic parameters over
120 min of exposure to CdCl, (0-500 pg/mL) (n = 4), Table S7: Baboon sperm motility parameters
over 75 min of exposure to CuSOy4 (0-250 pg/mL) (n = 4), Table S8: Baboon sperm kinematic
parameters over 75 min of exposure to CuSO, (0250 pg/mL) (n = 4), Table S9: Baboon sperm
motility parameters over 75 min of exposure to CdCl, (0-500 pg/mL) (n = 4), Table S10: Baboon
sperm kinematic parameters over 75 min of exposure to CdCl, (0-500 pg/mL) (n = 4), Table S11:
Rhesus sperm motility parameters over 120 min of exposure to CuSO, (0250 ug/mL) (n = 3), Table
S12: Rhesus sperm kinematic parameters over 120 min of exposure to CuSOy (0-250 pg/mL) (n = 3),
Table S13: Rhesus sperm motility parameters over 120 min of exposure to CdCl, (0-500 pg/mL)
(n = 3), Table S14: Rhesus sperm kinematic parameters over 120 min of exposure to CdCl, (0-500
ug/mL) (n = 3). Table S15: Effect of CuSO4 and CdCl2 on sperm vitality percentages (mean =+ SD) of
vervet monkey (n = 3-4) after 60-180 min incubation.

Author Contributions: Conceptualization, L.M., EH. and C.d.V,; methodology, L M., FH. and C.d.V,;
software, L.M., EH. and C.d.V,; validation, FH. and L.M.; formal analysis, FH.; investigation, FH.;
resources, L.M. and C.d.V,; data curation, FH.; writing—original draft preparation, F.H.; writing—
review and editing, L.M. and C.d.V,; visualization, FH. and L.M.; supervision, L.M. and C.d.V.;
project administration, L.M. and EH.; funding acquisition, L.M. and EH. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation through the Scarce Skills
Masters Scholarship (Grant UID: 89411) and the Thuthuka Funding Instrument (TTK13061319161).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the University of the Western Cape
(Ethical clearance number: 13/10/91 on 14-02-2014) as well as the Ethics Committee for Research on
Animals of the South African Medical Research Council (Project number: 11/13 on 05-12-2013).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors express their gratitude to the staff of the PUDAC-Delft Animal
Facility, South African Medical Research Council, Cape Town, for assistance during sample collection.


https://www.mdpi.com/article/10.3390/ijerph18126200/s1
https://www.mdpi.com/article/10.3390/ijerph18126200/s1

Int. J. Environ. Res. Public Health 2021, 18, 6200 16 of 19

Conflicts of Interest: The authors declare that there is no conflict of interest that would prejudice the
impartiality in this study.

References

1.  Mathur, P.P; D’Cruz, S.C. The effect of environmental contaminants on testicular function. Asian J. Androl. 2011, 13, 585-591.
[CrossRef] [PubMed]

2. Jurewicz, J.; Radwan, M.; Sobala, W.; Radwan, P.; Bochenek, M.; Hanke, W. Effects of occupational exposure—Is there a link
between exposure based on an occupational questionnaire and semen quality. Syst. Biol. Reprod. Med. 2014, 60, 227-233.
[CrossRef] [PubMed]

3. Durairajanayagam, D. Lifestyle causes of male infertility. Arab J. Urol. 2018, 16, 10-20. [CrossRef] [PubMed]

4. Puluputturi, S.R.; Dayapulae, ].R. Metals: Male reproductive function. Int. J. Pharm. Sci. Rev. Res. 2012, 16, 56-60.

5. Maartens, PJ.; Aboua, Y.G.; DuPlessis, S.S. Role of environmental factors and gonadotoxin exposure in unexplained male
infertility. In Unexplained Infertility: Pathophysiology, Evaluation and Treatment; Springer: New York, NY, USA, 2015. [CrossRef]

6.  Mumford, S.L.; Kim, S.; Chen, Z.; Gore-Langton, R.E.; Barr, D.B.; Louis, G.M.B. Persistent organic pollutants and semen quality:
The life study. Chemosphere 2015, 135, 427-435. [CrossRef]

7. Alharbi, OM.L,; Arsh, A ; Khattab, R.A.; Ali, I. Health and environmental effects of persistent organic pollutants. J. Mol. Lig.
2018, 263, 442-453. [CrossRef]

8.  Ji, H,; Miao, M,; Liang, H.; Shi, H.; Ruan, D,; Li, Y.; Wang, ].; Yuan, W. Exposure of environmental bisphenol A in relation to
routine sperm parameters and sperm movement characteristics among fertile men. Sci. Rep. 2018, 8, 1-9. [CrossRef]

9.  Anifandis, G.; Amiridis, G.; Dafopoulos, K.; Daponte, A.; Dovolou, E.; Gavriil, E.; Gorgogietas, V.; Kachpani, E.; Mamuris, Z.;
Messini, C.I; et al. The in vitro impact of the herbicide roundup on human sperm motility and sperm mitochondria. Toxics 2017,
6, 2. [CrossRef]

10. Anifandis, G.; Katsanaki, K.; Lagodonti, G.; Messini, C.; Simopoulou, M.; Dafopoulos, K.; Daponte, A. The effect of glyphosate on
human sperm motility and sperm DNA fragmentation. Int. |. Environ. Res. Public Health 2018, 15, 1117. [CrossRef]

11.  Johnson, A.; Gomes, W.; van Denmark, N. The Testis; Academic Press: Cambridge, MA, USA, 1970; Volume 3.

12.  Monseny, ] M.P,; Arrondo, J.L.A. Practica Andrologia, Scientific; Masson-Salvat: Barcelona, Spain, 1993.

13. Bustos-Obregon, E. Adverse effects of exposure to agro pesticides on male reproduction. APMIS 2001, 109, 233-242. [CrossRef]

14. Pizent, A.; Tariba, B.; Zivkovic, T. Reproductive toxicity of metals in men. Arch. Ind. Hyg. Toxicol. 2012, 63, 35. [CrossRef]

15. Rana, S.V.S. Perspectives in endocrine toxicity of heavy metals—A review. Biol. Trace Elem. Res. 2014, 160, 1-14. [CrossRef]

16. Apostoli, P; Kiss, P; Porru, S.; Bonde, J.P.; Vanhoorne, M. Male reproductive toxicity of lead in animals and humans. Occup.
Environ. Med. 1998, 55, 364-374. [CrossRef]

17.  Benoff, S.; Jacob, A.; Hurley, I.R. Male infertility and environmental exposure to lead and cadmium. Hum. Reprod. Update 2000, 6,
107-121. [CrossRef]

18.  Apostoli, P; TeliSman, S.; Sager, PR. Reproductive and developmental toxicity of metals. In Handbook on the Toxicology of Metals;
Elsevier: Amsterdam, The Netherlands, 2007; pp. 213-249. [CrossRef]

19. Wirth, J.J.; Mijal, R.S. Adverse effects of low level heavy metal exposure on male reproductive function. Syst. Biol. Reprod. Med.
2010, 56, 147-167. [CrossRef]

20. Apostoli, P; Catalani, S. Metal ions affecting reproduction and development. Metal Ions Life Sci. 2011, 8, 263-303. [CrossRef]

21. Carette, D.; Perrard, M.-H.; Prisant, N.; Gilleron, J.; Pointis, G.; Segretain, D.; Durand, P. Hexavalent chromium at low concentra-
tion alters Sertoli cell barrier and connexin 43 gap junction but not claudin-11 and N-cadherin in the rat seminiferous tubule
culture model. Toxicol. Appl. Pharmacol. 2013, 268, 27-36. [CrossRef]

22.  Mima, M,; Greenwald, D.; Ohlander, S. Environmental toxins and male fertility. Curr. Urol. Rep. 2018, 19, 393—400. [CrossRef]

23.  Adejuwon, C.A,; Ilesanmi, A.O.; Ode, E.O.; Akinlade, K.S. Biophysical and biochemical analysis of semen in infertile Nigerian
males. Afr. J. Med. Med. Sci. 1996, 25, 217-219.

24. Yuyan, L.; Junqing, W.; Wei, Y.; Weijin, Z.; Ersheng, G. Are serum zinc and copper levels related to semen quality? Fertil. Steril.
2008, 89, 1008-1011. [CrossRef]

25. Kumar, N.; Singh, A. Trends of male factor infertility, an important cause of infertility: A review of literature. J. Hum. Reprod. Sci.
2015, 8, 191-196. [CrossRef] [PubMed]

26. Barratt, C.L.R.; Bjorndahl, L.; de Jonge, C.J.; Lamb, D.J.; Martini, FO.; McLachlan, R.; Oates, R.D.; van der Poel, S.; John, B.S.;
Sigman, M.; et al. The diagnosis of male infertility: An analysis of the evidence to support the development of global WHO
guidance-challenges and future research opportunities. Hum. Reprod. Update 2017, 23, 660-680. [CrossRef]

27.  Oehninger, S.; Franken, D.R.; Ombelet, W. Sperm functional tests. Fertil. Steril. 2014, 102, 1528-1533. [CrossRef] [PubMed]

28. Kizilay, F; Altay, B. Klinik uygulamadaki sperm fonksiyon testleri. Turk. J. Urol. 2017, 43, 393-400. [CrossRef]

29. Nizanski, W,; Partyka, A.; Prochowska, S. Evaluation of spermatozoal function—Useful tools or just science. Reprod. Domest. Anim.
2016, 51, 37-45. [CrossRef] [PubMed]

30. Abu, D.A.H.; Franken, D.R.; Hoffman, B.; Henkel, R. Sequential analysis of sperm functional aspects involved in fertilisation: A
pilot study. Andrologia 2012, 44, 175-181. [CrossRef] [PubMed]

31. Vander Horst, G.; du Plessis, S.S. Not just the marriage of figaro: But the marriage of WHO/ESHRE semen analysis criteria with

sperm functionality. Postepy Andrologii Online 2017, 4, 6-21.


http://doi.org/10.1038/aja.2011.40
http://www.ncbi.nlm.nih.gov/pubmed/21706039
http://doi.org/10.3109/19396368.2014.907837
http://www.ncbi.nlm.nih.gov/pubmed/24702586
http://doi.org/10.1016/j.aju.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29713532
http://doi.org/10.1007/978-1-4939-2140-9_12
http://doi.org/10.1016/j.chemosphere.2014.11.015
http://doi.org/10.1016/j.molliq.2018.05.029
http://doi.org/10.1038/s41598-018-35787-5
http://doi.org/10.3390/toxics6010002
http://doi.org/10.3390/ijerph15061117
http://doi.org/10.1111/j.1600-0463.2001.tb05772.x
http://doi.org/10.2478/10004-1254-63-2012-2151
http://doi.org/10.1007/s12011-014-0023-7
http://doi.org/10.1136/oem.55.6.364
http://doi.org/10.1093/humupd/6.2.107
http://doi.org/10.1016/B978-012369413-3/50067-7
http://doi.org/10.3109/19396360903582216
http://doi.org/10.1515/9783110436624-016
http://doi.org/10.1016/j.taap.2013.01.016
http://doi.org/10.1007/s11934-018-0804-1
http://doi.org/10.1016/j.fertnstert.2007.04.028
http://doi.org/10.4103/0974-1208.170370
http://www.ncbi.nlm.nih.gov/pubmed/26752853
http://doi.org/10.1093/humupd/dmx021
http://doi.org/10.1016/j.fertnstert.2014.09.044
http://www.ncbi.nlm.nih.gov/pubmed/25450304
http://doi.org/10.5152/tud.2017.96646
http://doi.org/10.1111/rda.12786
http://www.ncbi.nlm.nih.gov/pubmed/27670939
http://doi.org/10.1111/j.1439-0272.2010.01156.x
http://www.ncbi.nlm.nih.gov/pubmed/21729136

Int. J. Environ. Res. Public Health 2021, 18, 6200 17 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.
55.

56.

57.

58.

59.

60.

Husak, V. Copper and copper-containing pesticides: Metabolism, toxicity and oxidative stress. J. Vasyl Stefanyk Precarpathian Natl. Univ.
2015, 2, 38-50. [CrossRef]

Hardneck, F; Israel, G.; Pool, E.; Maree, L. Quantitative assessment of heavy metal effects on sperm function using computer-aided
sperm analysis and cytotoxicity assays. Andrologia 2018, 50, 1-9. [CrossRef]

Shibahara, H.; Obara, H.; Ayustawati; Hirano, Y.; Suzuki, T.; Ohno, A.; Takamizawa, S.; Suzuki, M. Prediction of pregnancy by
intrauterine insemination using CASA estimates and strict criteria in patients with male factor infertility. Int. ]. Androl. 2004, 27,
63-68. [CrossRef]

Nagy, A Polichronopoulos, T.; Gaspardy, A.; Solti, L.; Cseh, S. Correlation between bull fertility and sperm cell velocity
parameters generated by computer-assisted semen analysis. Acta Vet. Hung. 2015, 63, 370-381. [CrossRef]

Ahmed, H.; Andrabi, SM.H.; Anwar, M.; Jahan, S. Use of post-thaw semen quality parameters to predict fertility of water buffalo
(Bubalus bubalis) bull during peak breeding season. Andrologia 2017, 49. [CrossRef]

Marchiani, S.; Tamburrino, L.; Farnetani, G.; Muratori, M.; Vignozzi, L.; Baldi, E. Acute effects on human sperm exposed in vitro
to cadmium chloride and diisobutyl phthalate. Reproduction 2019, 158, 281-290. [CrossRef]

Dancet, E.A.E,; Spiessens, C.; Vangenechten, R.; Billiet, J.; de Tavernier, J.; Welkenhuysen, M.; D'"Hooghe, T.M. Acceptability
of preclinical research on nonhuman primates in reproductive medicine: The patient perspective. Reprod. Sci. 2011, 18, 70-78.
[CrossRef]

Van der Horst, G. Reproduction: Male. In The Laboratory Primate; Elsevier: Amsterdam, The Netherlands, 2005. [CrossRef]
Chellman, G.J.; Bussiere, ].L.; Makori, N.; Martin, PL.; Ooshima, Y.; Weinbauer, G.F. Developmental and reproductive toxicology
studies in nonhuman primates. Birth Defects Res. Part B 2009, 86, 446—-462. [CrossRef]

Faqi, A.S. A critical evaluation of developmental and reproductive toxicology in nonhuman primates. Syst. Biol. Reprod. Med.
2012, 58, 23-32. [CrossRef]

Subramanyam, M.; Rinaldi, N.; Mertsching, E.; Hutto, D. Selection of relevant species. In Preclinical Safety Evaluation of
Biopharmaceuticals: A Science-Based Approach to Facilitating Clinical Trials; John Wiley and Sons, Inc.: Hoboken, NJ, USA, 2007.
[CrossRef]

Prag, F.C. Evaluation of Standard and Development of New Sperm Function Tests in Selected Primate Species. Master’s Thesis,
University of the Western Cape, Cape Town, South Africa, 2017.

Mdhluli, M.C; Seier, ].V.; van der Horst, G. The male vervet monkey: Sperm characteristics and use in reproductive research.
Gymnecol. Obstet. Investig. 2004, 57, 17-18.

De Villiers, C. A comparison between the semen and sperm parameters from the captive-bred vervet monkey (Chlorocebus aethiops)
and rhesus monkey (Macaca mulatta). |. Med. Primatol. 2018, 47, 211-216. [CrossRef]

Bornman, M.S.; van Vuuren, M.; Meltzer, D.G.; van der Merwe, C.A.; Rensburg, S.].v. Quality of semen obtained by electroejacula-
tion from chacma baboons (Papio ursinus). J. Med. Primatol. 1988, 17, 57-61. [CrossRef]

Alberts, S.C.; Altmann, J. Reproductive behavior in wild baboons. Gynecol. Obstet. Investig. 2004, 57, 10-13.

Sparman, M.L.; Ramsey, C.M.; Thomas, C.M.; Mitalipov, S.M.; Fanton, ].W.; Maginnis, G.M.; Stouffer, R.L.; Wolf, D.P. Evaluation
of the vervet (Clorocebus aethiops) as a model for the assisted reproductive technologies. Am. ]. Primatol. 2007, 69, 917-929.
[CrossRef] [PubMed]

Seier, ].V.; Fincham, ].E.; Menkveld, R.; Venter, E.S. Semen characteristics of vervet monkeys. Lab. Anim. 1989, 23, 43—-47. [CrossRef]
[PubMed]

Cseh, S.; Chan, PJ.; Corselli, J.; Bailey, L.L. Electroejaculated baboon (Papio anubis) sperm requires a higher dosage of pentoxifylline
to enhance motility. J. Assist. Reprod. Genet. 2000, 17, 449-453. [CrossRef] [PubMed]

Mortimer, D. Practical Laboratory Andrology; Oxford University Press: Oxford, UK, 1994.

Mortimer, S.T. A critical review of the physiological importance and analysis of sperm movement in mammals. Hum. Reprod. Update
1997, 3, 403-439. [CrossRef]

Maree, L.; van der Horst, G. Quantification and identification of sperm subpopulations using computer-aided sperm analysis and
species-specific cut-off values for swimming speed. Biotech. Histochem. 2013, 88, 181-193. [CrossRef]

Roche Diagnostics. Cell Proliferation Reagent WST-1; Roche Diagnostics: Mannheim, Germany, 2018.

Berridge, M.V.; Tan, A.S. Trans-plasma membrane electron transport: A cellular assay for NADH- and NADPH-oxidase based on
extracellular, superoxide-mediated reduction of the sulfonated tetrazolium salt WST-1. Protoplasma 1998, 205, 74-82. [CrossRef]
Ntanjana, N. Hyperactivation in Human Semen and Sperm Subpopulations by Selected Calcium Modulators. Master’s Thesis,
University of the Western Cape, Cape Town, South Africa, 2015.

Boshoff, N.H.; Lambrechts, H.; Maree, L.; Cloete, S.\W.P,; van der Horst, G. A novel flush technique to simulate natural dispersal
of spermatozoa in the female reproductive tract and expedite motility assessment of fresh ejaculated merino (Ovis aries) sperm. S.
Afr. J. Anim. Sci. 2018, 48, 469. [CrossRef]

World Health Organization. Laboratory Manual for the Examination and Processing of Human Semen; World Health Organization:
Geneva, Switzerland, 2010. [CrossRef]

Baumber, J.; Meyers, S.A. Changes in membrane lipid order with capacitation in rhesus macaque (Macaca mulatta) spermatozoa.
J. Androl. 2006, 27, 578-587. [CrossRef]

Levine, H.; Jorgensen, N.; Martino-Andrade, A.; Mendiola, J.; Weksler-Derri, D.; Mindlis, I.; Pinotti, R.; Swan, S.H. Temporal
trends in sperm count: A systematic review and meta-regression analysis. Hum. Reprod. Update 2017, 23, 646-659. [CrossRef]


http://doi.org/10.15330/jpnu.2.1.38-50
http://doi.org/10.1111/and.13141
http://doi.org/10.1111/j.0105-6263.2004.00437.x
http://doi.org/10.1556/004.2015.035
http://doi.org/10.1111/and.12639
http://doi.org/10.1530/REP-19-0207
http://doi.org/10.1177/1933719110380277
http://doi.org/10.1016/B978-012080261-6/50031-3
http://doi.org/10.1002/bdrb.20216
http://doi.org/10.3109/19396368.2011.648821
http://doi.org/10.1002/9780470292549.ch9
http://doi.org/10.1111/jmp.12349
http://doi.org/10.1111/j.1600-0684.1988.tb00360.x
http://doi.org/10.1002/ajp.20413
http://www.ncbi.nlm.nih.gov/pubmed/17358011
http://doi.org/10.1258/002367789780887019
http://www.ncbi.nlm.nih.gov/pubmed/2724914
http://doi.org/10.1023/A:1009469319596
http://www.ncbi.nlm.nih.gov/pubmed/11062856
http://doi.org/10.1093/humupd/3.5.403
http://doi.org/10.3109/10520295.2012.757366
http://doi.org/10.1007/BF01279296
http://doi.org/10.4314/sajas.v48i3.7
http://doi.org/10.1038/aja.2008.57
http://doi.org/10.2164/jandrol.05135
http://doi.org/10.1093/humupd/dmx022

Int. J. Environ. Res. Public Health 2021, 18, 6200 18 of 19

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Minguez-Alarcén, L.; Williams, P.L.; Chiu, Y.H.; Gaskins, A ]J.; Nassan, FL.; Dadd, R.; Petrozza, J.; Hauser, R.; Chavarro, J.E.
Secular trends in semen parameters among men attending a fertility center between 2000 and 2017: Identifying potential
predictors. Environ. Int. 2018, 121, 1297-1303. [CrossRef]

Van der Horst, G.; Maree, L.; du Plessis, S.S. Current perspectives of CASA applications in diverse mammalian spermatozoa.
Reprod. Fertil. Dev. 2018, 30, 875-888. [CrossRef]

Slanina, T.; Miskeje, M.; Petrovictova, I.; Luka¢, N.; Massanyi, P. Changes in turkey spermatozoza motility parameters after
addition of copper sulphate in vitro. J. Microbiol. Biotechnol. Food Sci. 2015, 4, 98-100. [CrossRef]

Hess, R.A. Effects of environmental toxicants on the efferent ducts, epididymis and fertility. J. Reprod. Fertil. Suppl. 1998, 53,
247-259.

Waliszewski, S.M.; Aguirre, A.A.; Infanzén, R.M.; Siliceo, J. Carry-over of persistent organochlorine pesticides through placenta
to fetus. Salud Publica de México 2000, 42, 384-390. [CrossRef]

Ojemaye, C.Y,; Petrik, L. Occurrences, levels and risk assessment studies of emerging pollutants (pharmaceuticals, perfluoroalkyl
and endocrine disrupting compounds) in fish samples from Kalk bay harbour, South Africa. Environ. Pollut. 2019, 252, 562-572.
[CrossRef]

Olivari, FA.; Hernandez, P.P,; Allende, M.L. Acute copper exposure induces oxidative stress and cell death in lateral line hair
cells of zebrafish larvae. Brain Res. 2008, 1244, 1-12. [CrossRef]

Tvrda, E.; Lukd¢, N.; Schneidgenova, M.; Lukacova, J.; Szabo, C.; Goc, Z.; Greni, A.; Massanyi, P. Impact of seminal chemical
elements on the oxidative balance in bovine seminal plasma and spermatozoa. J. Vet. Med. 2013, 2013, 1-8. [CrossRef]
Viarengo, A.; Pertica, M.; Mancinelli, G.; Zanicchi, G.; Orunesu, M. Rapid induction of copper-binding proteins in the gills of
metal exposed mussels. Comp. Biochem. Physiol. Part C 1980, 67, 215-218. [CrossRef]

Wimalasena, D.S.; Wiese, T.].; Wimalasena, K. Copper ions disrupt dopamine metabolism via inhibition of V-H+-ATPase: A
possible contributing factor to neurotoxicity. J. Neurochem. 2007, 101, 313-326. [CrossRef]

Earnshaw, M.].; Wilson, S.; Akberali, H.B.; Butler, R.D.; Marriott, K R.M. The action of heavy metals on the gametes of the marine
mussel, Mytilus edulis (L.)-III. The effect of applied copper and zinc on sperm motilityin relation to ultrastructural damage and
intracellular metal localisation. Mar. Environ. Res. 1986, 20, 261-278. [CrossRef]

Krumschnabel, G.; Manzl, C.; Berger, C.; Hofer, B. Oxidative stress, mitochondrial permeability transition, and cell death in
cu-exposed trout hepatocytes. Toxicol. Appl. Pharmacol. 2005, 209, 62-73. [CrossRef]

Oliveira, H.; Spano, M.; Santos, C.; Pereira, M.D.L. Adverse effects of cadmium exposure on mouse sperm. Reprod. Toxicol. 2009,
28, 550-555. [CrossRef]

Kanous, K.S.; Casey, C.; Lindemann, C.B. Inhibition of microtubule sliding by Ni2+ and Cd2+: Evidence for a differential response
of certain microtubule pairs within the bovine sperm axoneme. Cell Motil. Cytoskelet. 1993, 26, 66-76. [CrossRef]

Lindemann, C.B.; Gardner, TK.; Westbrook, E.; Kanous, K.S. The calcium-induced curvature reversal of rat sperm is potentiated
by CAMP and inhibited by anti-calmodulin. Cell Motil. Cytoskelet. 1991, 20, 316-324. [CrossRef]

Schlingmann, K.; Michaut, M.A.; Mcelwee, J.L.; Wolff, C.A; Travis, A.].; Turner, R M. Calmodulin and CaMKII in the sperm
principal piece: Evidence for a motility-related calcium/calmodulin pathway. |. Androl. 2007, 28, 706-716. [CrossRef]
Rodriguez-Martinez, H.; Saravia, F.; Wallgren, M.; Roca, J.; Pefia, EJ. Influence of seminal plasma on the kinematics of boar
spermatozoa during freezing. Theriogenology 2008, 70, 1242-1250. [CrossRef]

Tsakmakidis, I.A.; Lymberopoulos, A.G.; Khalifa, T.A.A. Relationship between sperm quality traits and field-fertility of porcine
semen. J. Vet. Sci. 2010, 11, 151-154. [CrossRef]

Amann, R.P,; Waberski, D. Computer-assisted sperm analysis (CASA): Capabilities and potential developments. Theriogenology
2014, 81, 5-17. [CrossRef] [PubMed]

Kwolek-Mirek, M.; Zadrag-Tecza, R. Comparison of methods used for assessing the viability and vitality of yeast cells. FEMS
Yeast Res. 2014, 14, 1068-1079. [CrossRef] [PubMed]

Tabassomi, M.; Alavi-Shoushtari, S.M. Effects of in vitro copper sulphate supplementation on the ejaculated sperm characteristics
in water buffaloes (Bubalus bubalis). Vet. Res. Forum 2013, 4, 31-36. [PubMed]

Zhao, X.; Cheng, Z.; Zhu, Y,; Li, S.; Zhang, L.; Luo, Y. Effects of paternal cadmium exposure on the sperm quality of male rats and
the neurobehavioral system of their offspring. Exp. Ther. Med. 2015, 10, 2356-2360. [CrossRef]

Maya-Soriano, M.]J.; Abello, M.T.; Fernandez-Bellon, H.; Martin, M.; Vidal, J.; Salvador, C.; Lopez-Bejar, M. Reproductive
assessment and preliminary evaluation of assisted reproductive technologies in drills (Mandrillus leucophaeus). J. Zoo Aquar. Res.
2015, 3, 116-122.

Talwar, G.P; Naz, RK,; Das, C.; Das, R.P. A practicable immunological approach to block spermatogenesis without loss of
androgens. Proc. Natl. Acad. Sci. USA 1979, 76, 5882-5885. [CrossRef]

Cardaci, PJ. Apical Testis Structure and the Effects of Cadmium Treatment on Spermatogenesis in Drosophila. Ph.D. Thesis, Seton
Hall University, South Orange, NJ, USA, 2016.

Department of Water Affairs and Forestry. South African Water Quality Guidelines, 2nd ed.; Domestic Water Use; Copper;
Department of Water Affairs and Forestry: Pretoria, South Africa, 1996; Volume 1, pp. 57-59.

Aitken, R.J.; Ryan, A.L.; Curry, B.J.; Baker, M.A. Multiple forms of redox activity in populations of human spermatozoa. Mol.
Hum. Reprod. 2003, 9, 645-661. [CrossRef]


http://doi.org/10.1016/j.envint.2018.10.052
http://doi.org/10.1071/RD17468
http://doi.org/10.15414/jmbfs.2015.4.special2.98-100
http://doi.org/10.1590/S0036-36342000000500003
http://doi.org/10.1016/j.envpol.2019.05.091
http://doi.org/10.1016/j.brainres.2008.09.050
http://doi.org/10.1155/2013/125096
http://doi.org/10.1016/0306-4492(80)90021-0
http://doi.org/10.1111/j.1471-4159.2006.04362.x
http://doi.org/10.1016/0141-1136(86)90052-8
http://doi.org/10.1016/j.taap.2005.03.016
http://doi.org/10.1016/j.reprotox.2009.08.001
http://doi.org/10.1002/cm.970260107
http://doi.org/10.1002/cm.970200407
http://doi.org/10.2164/jandrol.106.001669
http://doi.org/10.1016/j.theriogenology.2008.06.007
http://doi.org/10.4142/jvs.2010.11.2.151
http://doi.org/10.1016/j.theriogenology.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24274405
http://doi.org/10.1111/1567-1364.12202
http://www.ncbi.nlm.nih.gov/pubmed/25154541
http://www.ncbi.nlm.nih.gov/pubmed/25593683
http://doi.org/10.3892/etm.2015.2777
http://doi.org/10.1073/pnas.76.11.5882
http://doi.org/10.1093/molehr/gag086

Int. J. Environ. Res. Public Health 2021, 18, 6200 19 of 19

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Knazicka, Z.; Tvrda, E.; Bardos, L.; Lukac, N. Dose- and time-dependent effect of copper ions on the viability of bull spermatozoa
in different media. J. Environ. Sci. Health Part A 2012, 47, 1294-1300. [CrossRef] [PubMed]

Dawson, E.B,; Ritter, S.; Harris, W.A.; Evans, D.R.; Powell, L.C. Comparison of sperm viability with seminal plasma metal levels.
Biol. Trace Elem. Res. 1998, 64, 215-219. [CrossRef]

Chia, S.E.; Xu, B.; Ong, C.N.; Tsakok, EM.H.; Lee, S.T. Effect of cadmium and cigarette smoking on human semen quality. Int. |.
Fertil. Menopausal Stud. 1994, 39, 292-298.

Liu, R.; Gao, ].C.; Zhang, H.G.; Wang, R.X.; Zhang, Z.H.; Liu, X.Y. Seminal plasma zinc level may be associated with the effect of
cigarette smoking on sperm parameters. . Int. Med. Res. 2010, 38, 923-928. [CrossRef]

Kaur, S.; Sharma, S. Evaluation of toxic effect of cadmium on sperm count, sperm motility and sperm abnormality in albino mice.
Int. ]. Adv. Res. 2015, 3, 335-343.

University of Utah. Male Fertility Tests and Procedure. Available online: https://healthcare.utah.edu/fertility /treatments/
diagnostic-testing /all-tests.php#long (accessed on 29 June 2020).

Guraya, S.S. Cellular and molecular biology of capacitation and acrosome reaction in spermatozoa. Int. Rev. Cytol. 2000, 199,
1-64. [CrossRef]

Roychoudhury, S.; Bulla, J.; Massanyi, P.; Choudhury, M.D. Copper affects spermatozoa motility, morphology and cell membrane
integrity in rabbits in vitro. J. Biotechnol. 2010, 150, 451. [CrossRef]

Misro, M.M.; Chaki, S.P.; Chandra, M.; Maheshwari, A.; Nandan, D. Release of copper from CuT 380a co-incubated with human
semen and its effect on sperm function in vitro. Indian J. Physiol. Pharmacol. 2008, 52, 267-273. [PubMed]

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

Mukhopadhyay, D.; Nandji, P.; Varghese, A.C.; Gutgutia, R.; Banerjee, S.; Bhattacharyya, A K. The in vitro effect of benzo[a]pyrene
on human sperm hyperactivation and acrosome reaction. Fertil. Steril. 2010, 94, 595-598. [CrossRef]

Hung, PH.; Baumber, J.; Meyers, S.A.; VandeVoort, C.A. Effects of environmental tobacco smoke in vitro on rhesus monkey
sperm function. Reprod. Toxicol. 2007, 23, 499-506. [CrossRef]


http://doi.org/10.1080/10934529.2012.672135
http://www.ncbi.nlm.nih.gov/pubmed/22540654
http://doi.org/10.1007/BF02783337
http://doi.org/10.1177/147323001003800318
https://healthcare.utah.edu/fertility/treatments/diagnostic-testing/all-tests.php#long
https://healthcare.utah.edu/fertility/treatments/diagnostic-testing/all-tests.php#long
http://doi.org/10.1016/s0074-7696(00)99001-6
http://doi.org/10.1016/j.jbiotec.2010.09.655
http://www.ncbi.nlm.nih.gov/pubmed/19552058
http://doi.org/10.1093/humrep/13.8.2139
http://www.ncbi.nlm.nih.gov/pubmed/9756285
http://doi.org/10.1016/j.fertnstert.2009.02.031
http://doi.org/10.1016/j.reprotox.2007.03.005

	Introduction 
	Materials and Methods 
	Species Studied 
	Sample Collection and Evaluation 
	Selection of Motile Spermatozoa 
	Exposure of Spermatozoa to Heavy Metals 
	Sperm Structural and Functional Testing 
	Motility Analysis 
	Viability and Vitality Analysis 


	Results 
	Motility 
	Viability and Vitality 
	Eosin-Nigrosin (E-N) and Hoechst and Propidium Iodide (H&PI) Staining 
	Vervet WST-1 Cytotoxicity Assay 

	Acrosome Intactness 
	Hyperactivation 

	Discussion 
	The Effect of Heavy Metals on Sperm Motility 
	The Effect of Heavy Metals on Sperm Viability and Vitality 
	The Effect of Heavy Metals on Acrosome Intactness 
	The Effect of Heavy Metals on Sperm Hyperactivation 

	Conclusions 
	References

