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RESUMO

RIBEIRO, Iara Magalhdes, M.Sc., Universidade Federal de Vigosa, fevereiro de 2021.
Exposicio a metais afeta parametros espermaticos em ruminantes domésticos? Um estudo
de meta-analise. Orientadora: Mariana Machado Neves.

Durante a ultima década, os toxicos ambientais foram sugeridos serem potenciais fatores de
risco para a infertilidade masculina. Ao contrario dos poluentes organicos, os metais ndo sao
facilmente degradados e se acumulam ao longo da cadeia alimentar, tornando-se uma das
principais causas da redu¢do da qualidade seminal em animais. No entanto, ainda ndo esté claro
se os efeitos desses contaminantes sdo negativos, neutros ou positivos para as células
espermadticas. Portanto, uma revisdo meta-analitica foi conduzida para determinar se a
exposi¢ao a doze metais afeta os parametros espermaticos de ruminantes domésticos. O modelo
de efeitos aleatdrios revelou que os metais provocaram um efeito forte e negativo na viabilidade
espermadtica, um efeito moderado e negativo em parametros andrologicos e na motilidade
espermadtica, e um efeito forte positivo na produ¢do de metabdlitos oxidativos. Por outro lado,
a exposicdo aos metais ndo afetou a defesa antioxidante, niveis hormonais, concentracao
espermadtica e a fertilidade dos espermatozoides. Em geral, os mecanismos toxicologicos dos
metais estdo relacionados a sua capacidade de gerar estresse oxidativo, ligar-se a grupos tiol de
proteinas e mimetizar minerais essenciais. O modelo de efeitos mistos mostrou que todos os
moderadores metodoldgicos, como o tipo de metal, concentragdo de metal administrada, via de
exposicdo, frequéncia de dosagem e modelo animal influenciaram de forma diferente os
parametros espermaticos, considerando a variabilidade dos modelos. Em conclusdo, nossos
achados indicam que a exposi¢do aos metais causa efeitos nocivos ao sistema reprodutor
masculino ao inibir os parametros funcionais dos espermatozoides, importantes para uma
fertilizagdo bem-sucedida. Além disso, devido a caracteristica ubiqua dos metais e sua alta
toxicidade, esta revisdo sugere que tais elementos podem contribuir para causas subjacentes de
infertilidade. Além disso, este estudo pode direcionar pesquisas futuras sobre as consequéncias

da contaminagdo por metais na fertiliza¢do e no desenvolvimento do embrido pré-implantacao.

Palavras-chave: Espermatozoides. Metais pesados. Microminerais. Sémen. Toxicologia.



ABSTRACT

RIBEIRO, Iara Magalhaes, M.Sc., Universidade Federal de Vigosa, February, 2021. Could
metal exposure affect sperm parameters of domestic ruminants? A meta-analysis review.
Adviser: Mariana Machado Neves.

During the last decade, environmental toxicants have been suggested to be potential risk factors
for male infertility. Unlike organic pollutants, metals are not easily degraded and accumulate
along the food chain, making it a major cause of declined semen quality in animals. However,
it is still unclear whether the effects of these contaminants are negative, neutral, or positive for
sperm cells. Therefore, a meta-analytical review was conducted to determine whether the
exposure to 12 metals affect the spermatozoa parameters and overall reproductive health of
domestic ruminants. The random-effects model revealed that metals elicited a strong and
negative effect on sperm viability, a moderate and negative effect on andrological parameters
and sperm motility, and a strong positive effect on oxidative metabolites production. By
contrast, metal exposure did not affect antioxidant defense, hormone levels, sperm
concentration, and sperm fertility. Overall, the toxicological mechanisms of metals are related
to their ability to generate oxidative stress, bind with thiol groups of proteins, and mimicry
essential minerals. The mixed-effects model showed that all methodological moderators such
as type of metal, metal concentration, exposure route, dosing frequency, and animal model
differently influenced the spermatozoa parameters, accounting for variability in the models. In
conclusion, our findings indicate that exposure to metals cause noxious effects to male
reproductive system by inhibiting functional sperm parameters, important for a successful
fertilization. Also, due to the ubiquitous characteristic of metals and its high toxicity, this review
suggests that such elements may contribute to underlying causes of infertility. Furthermore, this
study can direct future researches on the consequences of metal contamination on fertilization

and pre implantation embryo development.

Keywords: Spermatozoa. Heavy metals. Microminerals. Semen. Toxicology.
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Abstract

During the last decade, environmental toxicants have been suggested to be potential risk factors
for male infertility. Unlike organic pollutants, metals are not easily degraded and accumulate
along the food chain, making it a major cause of declined semen quality in animals. However,
it is still unclear whether the effects of these contaminants are negative, neutral, or positive for
sperm cells. Therefore, a meta-analytical review was conducted to determine whether the
exposure to 12 metals affect the spermatozoa parameters and overall reproductive health of
domestic ruminants. The random-effects model revealed that metals elicited a strong and
negative effect on sperm viability, a moderate and negative effect on andrological parameters
and sperm motility, and a strong positive effect on oxidative metabolites production. By
contrast, metal exposure did not affect antioxidant defense, hormone levels, sperm
concentration, and sperm fertility. Overall, the toxicological mechanisms of metals are related
to their ability to generate oxidative stress, bind with thiol groups of proteins, and mimicry
essential minerals. The mixed-effects model showed that all methodological moderators such
as type of metal, metal concentration, exposure route, dosing frequency, and animal model
differently influenced the spermatozoa parameters, accounting for variability in the models. In
conclusion, our findings indicate that exposure to metals cause noxious effects to male
reproductive system by inhibiting functional sperm parameters, important for a successful
fertilization. Also, due to the ubiquitous characteristic of metals and its high toxicity, this review
suggests that such elements may contribute to underlying causes of infertility. Furthermore, this
study can direct future researches on the consequences of metal contamination on fertilization

and pre implantation embryo development.

Keywords: Spermatozoa; heavy metals; microminerals; semen; toxicology.
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1. Introduction

Environmental pollution is one of the most serious global health concerns (Anirudhan
& Sreekumari, 2011; Rehman et al., 2018). Humans and animals are exposed daily to various
chemicals and metals through several contaminated sources. Particularly, inorganic metals
found in nature can become more available and accumulate in plant and animals as a
consequence of anthropic activities, such as agriculture, mining, smelting, refining, and
incineration of urban and industrial waste (Tavares & Carvalho, 1992). Altogether, these factors
may influence the impact of metal exposure on livestock (Leita et al., 1991; Souza et al., 2009).
For instance, plants can accumulate metals in their tissue and promote metal transfer through
the food chain (Maiga et al., 2005). Large quantities of concentrates and mineral supplements
are used to supply the productive demand of domestic animals (Abdalla et al., 2008; Da Silva
et al., 2008). These nutritional supplements, obtained from industries without any
bromatological or physio-chemical analysis, may have high concentrations of metals (Silva et
al., 2007). It increases the susceptibility to metal intoxication, directly affecting the metabolism
and reproductive performance of animals (Alkmim Filho, 2011; Costa et al., 2020).

Notwithstanding, livestock health is susceptible to the impact of catastrophes caused by
human. For example, Brazil has faced two big mining disasters involving iron tailing rupture
in 2015 and 2019, which spread millions cubic meters of tailing into Doce and Paraopeba rivers
and their surrounding areas, causing devastation along its way (Quadra et al., 2019; Vergilio et
al., 2020). In the end, the mud wave affected more than 41 cities (Davila et al., 2020; Girotto et
al., 2020) that were involved in farming and dairy production. Chemical analysis confirmed the
occurrence of several elements in water, sediment, soil, and vegetation from areas affected by
Mariana and Brumadinho disasters, such as aluminum (Al), cadmium (Cd), chromium (Cr),
copper (Cu), lead (Pb), iron (Fe), manganese (Mn), mercury (Hg), nickel, (Ni), and zinc (Zn)

(Thompson et al., 2020; Vergilio et al., 2020).
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Deleterious effects of metal exposure rely on the type of metal, exposure route, dosing
frequency, exposure time, and concentrations (Hardneck et al., 2018). Other factors such as
species, age, genetic and nutritional factors need attention concerning ruminants (Avila et al.,
2003). Heavy metals as Cd, Pb, Hg, and the metalloid arsenic (As) are known as relevant toxic
metals. They do not exert physiological functions in living organisms and, even in low
quantities, they are harmful and toxic to body systems, including reproductive tract (Flora et
al., 2011; Renu et al., 2018; Mohammadi et al., 2020). On the other hand, other metals, such as
cobalt (Co), Cu, Fe, Mn, magnesium (Mg), and Zn, have physiological functions in the body
(Lapointe et al., 1996; Hernandez-Meléndez et al., 2015; Arangasamy et al., 2018b, 2018c).
They are co-factors of various enzymes in major metabolic pathways and are indispensable for
physiological reproductive function (Mertz, 1981; Kendall et al., 2001). Despite they are not
toxic per se, they can cause physiological disturbance when their concentration exceeds a
certain threshold (Appenroth, 2010; Knazicka et al., 2012; Roy et al., 2014a), reducing testis
functionality and impairing the sperm count, quality, and motility (Danadevi et al., 2003;
Yousef et al., 2006; Roy et al., 2014b; Leahy et al., 2016). In fact, spermatozoa are susceptible
to toxic metals due to their main three mechanisms of action: (1) excessive production of
reactive oxygen species (ROS) with loss of oxidative defense capabilities, leading to oxidative
stress; (2) binding to thiol/sulthydryl groups of proteins, as well as (3) mimicry and
displacement of important minerals such as zinc and calcium, interfere with its migration in
sperm cells (Tchounwou et al., 2012; de Angelis et al., 2017).

Thus, understanding the disorders these metals may cause, as well as the molecular and
biochemical mechanisms involved in these changes, can provide useful information about the
potential impact on male reproductive health. Nevertheless, the number of published articles
evaluating the effect of metals on spermatozoa of domestic ruminants is very scarce. Therefore,

this review aimed to use a meta-analytical approach to determine the effect of Al, As, Cd, Cr,
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Co, Cu, Fe, Pb, Mg, Mn, Hg, and Ni exposure on reproductive parameters of domestic
ruminants, with focus on spermatozoa. This review also determined the magnitude of those
effects and measure the influence of methodological moderators on the variables analyzed. The
findings are expected to reveal the potential damage of these toxic chemicals on sperm

parameters, with possible consequences to male fertility.

2. Methods

2.1.Search strategy

This study was conducted in accordance with the Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Liberati et al., 2009). The search strategy
for the present meta-analysis was designed to identify studies evaluating the effects of twelve
metals (Al, As, Cd, Cr, Co, Cu, Fe, Pb, Mg, Mn, Hg, and Ni) on spermatozoa. The review
included all studies published up to 2020. To perform the meta-analysis, an extensive
bibliography search was conducted using the electronic databases Medline/PubMed, Web of
Science, and Scopus, completed on February, 2020. For all databases, the searches were
performed separately for each one of the twelve metals along with the following terms:
‘sperm™’ OR ‘semen’. The wildcard symbol “*’ was used to expand the search. In the case of
Pb, the keywords ‘lead acetate’ and ‘lead chloride’ were used to reduce the number of irrelevant
articles. Similarly, the keywords ‘magnesium chloride’, ‘magnesium citrate’, ‘magnesium
sulfate’, and ‘magnesium acetate’ were used to expand the search field for Mg. When important

studies were unavailable, there was an attempt to contact the corresponding author.
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2.2. Selection criteria

To be considered eligible for this review, studies were required to meet the following
criteria: (1) be published in a peer-reviewed journal; (2) used domestic ruminants (goat, ram,
bull, and buffalo) as animal models; (3) presented control (without metal exposure) and
treatment (with metal exposure) groups, for experimental studies; and (4) reported means,
sample size, and a measure of variance (standard deviation or standard error for both the control
and treatment groups). Ruminants were chosen as animal model here because they have similar
semen features concerning sperm concentration, ejaculate volume, and mass motility (Salamon
and Maxwell, 2000; Jiménez-Rabadan et al., 2016). Studies were excluded for the following
reasons: (1) the study used females to perform the animal exposure or monogastric animals; (2)
the study was a review article, letter to the editor, case study, comment, or editorial; (3) data
content was not applicable or statistics were not reported or not adequate; and (4) full-text
articles were unavailable. Two independent reviewers screened the search results to assess
whether they met the selection criteria, with disagreement resolved with a third reviewer.
Response mean values (Xcontrol and Xireatment), standard deviations (Scontrol and Sreatment), and
sample sizes (Ncontrol and Niyeatment) Were collected from the text, tables, and/or figures from each
study included in this review. When data were available in figures, these were digitized, and
means and measurements of variance were obtained using the software Imagel® after
calibrating each picture to the nearest 0.01 mm. Measurements of variance were all converted
to standard deviations of the mean using MetaWin Statistical Calculator (Rosenberg et al.
2000).

A separate random-model effect of meta-analysis was conducted for each one of the
following six variables related to sperm parameters affected by metals: (1) sperm viability, (2)
andrological parameters, (3) sperm motility, (4) oxidative metabolites production, (5)

antioxidant defense, (6) hormone levels, (7) sperm concentration, and (8) sperm fertility.
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Hormone levels and andrological parameters were considered in this meta-analytical study once
they are indirectly associated with sperm production. The parameters included in each variable

are shown in Table 1.

Table 1. Parameters collected from the eligible studies and grouped into eight variables

analyzed under random-effects model for meta-analysis review.

Variables Parameters

Sperm viability Normal sperm morphology, viability, HOST reactive cells,
acrosome integrity, sperm membranes integrity, DNA
integrity, mitochondrial membrane potential

Andrological parameters Semen volume, testicular weight, length, width, and
scrotal circumference

Sperm motility Subjected evaluations under phase contrast microscopy
and computer-assisted semen analysis

Oxidative metabolites Concentration of malondialdehyde, protein carbonyls,
hydrogen peroxide, reactive oxygen species, and
superoxide anion generation

Antioxidant defense Total antioxidant capacity, superoxide dismutase, catalase,
glutathione S-transferase and glutathione peroxidase,

reduced glutathione, myeloperoxidases, nuclear factor
erythroid 2-like 2

Hormone levels Testosterone, FSH, LH
Sperm concentration Sperm count, sperm concentration
Sperm fertility Cyclic AMP concentration, Ca* concentration, transcript

expression of genes related to fertility, in vitro fertilization,
sperm zona binding, nuclear chromatin stability, acrosin
proteolytic activity, capacitation patterns

AMP: adenosine monophosphate; Ca': calcium ion. DNA: deoxyribonucleic acid; FSH: follicle-

stimulating hormone; HOST: Hypo-osmotic swelling test; LH: luteinizing hormone.

Only variables that generated at least five independent comparisons were included in the
analysis. According to the information provided by the authors, a mixed-effects model of meta-
analysis was performed by categorizing the studies according to five methodological moderators:
type of metal, metal concentration, exposure route, dosing frequency, and animal model. These

categories are presented in Table 2.
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Table 2. Methodological moderators categorized according to the variables collected from the

eligible studies included in the mixed-effects model of meta-analysis review.

Moderators
Metal Exposure Dosin
Type of metal concentration P & Animal model
route frequency
(mg/L)
Arsenic Bull
Categories Cadmium Upto1.99  Oral r‘oute Single dose Buffalo
Copper 5t0 65 In vitro Dail Goat
Iron More than 80 incubation y
Ram
Mercury

2.3. Meta-analysis

The standardized difference between the control and the treatment group was used to
interpret and summarize the effects of metals/metalloids on male gamete and reproductive
parameters. For each study, the magnitude of effect (d) was calculated as d = (X; — X. / SD) *
J, where X; is the response of the treatment group, X. is the response of the control group, SD
is the pooled standard deviation, and J is the correction term to remove bias towards small
sample sizes (Rosenberg et al., 2000). J reaches 1.0 when the sample sizes > 25.

After the calculation of Hedge’s d for each independent comparison, the cumulative
effect (d++) for each of the variables surveyed was calculated using a random-effect model.
This review also used mixed-effects models for the analysis of the moderators, as these models
assume that the differences between studies within a class are determined by sampling errors
and random variation. Upper and lower confidence intervals (Cls) were calculated according to
the average cumulative effect, and intervals that did not overlap with zero, with n — 1 degree of
freedom (df), were considered significant. By convention, a d++ values around 0.2 is considered
to indicate a weak effect, 0.5 is considered to indicate a moderate effect, and 0.8 is considered

to indicate a strong effect (Cohen, 1992). Additionally, positive d++ values indicate that the
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chemicals have a positive effect on the variables measured, whereas negative values indicate a
negative influence of the chemicals on the measured effects.

Finally, heterogeneity analyses (Q statistic) were employed to test whether categorical
groups in mixed models were homogeneous concerning the calculated effect sizes. The total
heterogeneity (Qt) for all effects tested and the heterogeneity within (Qw) and between groups
(OB) were calculated. The significance of these statistics was evaluated according to a chi-
square distribution with n - 1 df. Because the analyses were based on only published studies,
and studies showing large and significant effects may be more likely to be published than
studies that show weak or no effects (the ‘file-drawer problem’, sensu Rosenthal 1979), fail-
safe numbers were calculated for each effect tested. Fail-safe numbers indicate the number of
non-significant, unpublished, or missing studies that would need to be added to the sample to
change its results from significant to non-significant (Rosenberg et al. 2000). As a rule of
thumb, fail-safe results are considered robust if the fail-safe number exceeds 5k + 10, where &
is the number of comparisons in the analysis. All analyses were conducted using MetaWin 2.1

(Rosenberg et al. 2000), and figures were made using Sigma Plot 10.0 software.

3. Results

3.1. Literature search and study selection

The initial search resulted in a total of 12.839 records identified through database
searches in Medline/PubMed, Web of Science, and Scopus. Following the removal of
duplicates and exclusions, 36 studies were eligible for this meta-analysis study: As (n=4), Cd
(n=8), Cu (n=13), Fe (n =2), Mn (n =4), Hg (n = 5). Two studies were included in more
than one metal. Figures 1 show the diagram of the articles search and selection process for each

metal. Studies identified for the remaining metals, Al, Co, Cr, Pb, Mg, and Ni, did not meet the
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inclusion criteria of the current meta-analysis, and were not analyzed. The reasons for their

exclusion are shown in Supplementary Table 1.

Y
Records identified through
_E database searching in:
® PubMed/MEDLINE (3.013)
P Web of Science (4.401)
] Scopus (5.425)
2 (n = 12.839)
— Records after duplicates removed
(n = 6.052)
(=2}
g Records excluded (n = 5.952)
']
% Records screened by title and Not metal exposure (3.635)
* abstract » Not domestic ruminants as animal
(n =6.052) model (1.663)
Not sperm* studies (619)
PR Review studies (35)
> Records excluded (n = 64)
E Full-text aréllflties"?tssessed for Content not applicable (36)
2 (n g 1 08’) Statistical data not reported (15)
B Inadequate statistical data (5)
Full-text not available (8)
'
Articles elegible for meta-analysis
e (n = 36)
ES
T=> As (n=4); Cd (n =8); Cu (n = 13);
= Fe (n=2); Mn (n = 4); Hg (n = 5)
—

Fig. 1. Search study and selection process to As, Cd, Cu, Fe, Mn, and Hg articles. (n) =

number of studies.

3.2. Qualitative data

From those 36 studies, we have got 212 independent comparisons for the effects of
metals on spermatozoa parameters of ruminants. Among them, 14 studies were conducted in

bulls, 12 in goats, eight in rams, and two in buffalos. Overall, 24 studies were performed in
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vitro, administered as single doses, and 12 was performed in vivo, orally in daily doses. Further,
12 studies tested the effects of metals at concentrations up to 1.99 mg/L, 14 used concentrations
between 5 and 65 mg/L, and 11 tested concentrations higher than 80 mg/L. One study tested
more than one concentration (Roy et al., 2014a). Twenty-four studies analyzed the effects of
metals for a period of time up to 1 day, five between 7 and 84, and ten tested exposure for a
period longer than 100 days. From those, two studies were included in more than one of these
categories (Lymberopoulos et al., 2003; Arangasamy et al., 2018a). The majority of studies (32)
used ejaculated semen, which were collected using artificial vagina (21) and electro-ejaculator
(11). The other four studies collected epididymal sperm by sperm washing. Supplementary

Table 2 shows detailed qualitative data of each study included.

3.3. Meta-analysis

Metal exposure elicited a strong and negative effect on sperm viability, and a moderate
and negative effect on sperm motility (Fig. 4). Moreover, exposure to these elements exhibited
a strong and positive effect on the production of oxidative metabolites (Fig. 4). Rosenthal’s fail-
safe number for these effects were fairly high relative to the number of independent
comparisons (Sperm viability: 984.9; Sperm motility: 3,196.9; oxidative metabolites: 288.9).
Although the variable andrological parameters showed a moderate and negative influence of
metal exposure, it showed a low Rosenthal’s fail-safe number (27.9). By contrast, metal
exposure did not affect neither antioxidant defense, hormone levels, sperm number, and sperm

fertility (P > 0.05; Fig. 4).
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|
. (36) |
Sperm viability - —e— |
|
) 19)
Andrological parameters —e—
|
.. (75) |
Sperm motility - e |
|
S . | 21)
Oxidative metabolites - | f * i
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. @1) |
Antioxidant defense - ——H
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Sperm number A I ; * i
. I (17)
Sperm fertility - f : » !
|
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Effect size (Hedge's d)
Fig. 2. Effects of As, Cd, Cu, Fe, Mn and Hg on spermatozoa and reproductive parameters
analyzed. The cumulative effect size is reported with its 95% confidence interval and effects
are significant if confidence intervals do not overlap with zero. (n) = number of independent

comparisons.

3.4. Methodological moderators

Only variables statistically significant on random-effect model were analyzed by the
methodological moderators. In this sense, the mixed-effects model revealed that the type of
metal, and metal concentration influenced the variables andrological parameters, sperm motility
and viability, as well as oxidative metabolites production. Dosing frequency, exposure route,
and animal model, in turn, influenced all of those variables, except andrological parameters.

With respect to the type of metal, As exerted the strongest and negative effect on
andrological parameters and sperm viability (Fig. 5). On the contrary, Cu showed a moderate

and positive effect on sperm viability. Sperm motility, in turn, was mainly affected after Fe
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exposure when compared to Cd and Hg (Fig. 5). The exposure to Hg elicited the strongest and
positive response in oxidative metabolites production (Fig. 5). Moreover, metal concentrations
between 5 and 65 mg/L elicited a stronger and negative effect on andrological parameters,
sperm motility, and sperm viability. The latter variable, additionally, exhibited a moderate and
positive influence after exposure to metals at concentrations > 80 (Fig. 5). Oxidative
metabolites exhibited a strong and positive influence under exposure to concentrations < 1.99
mg/L.

Furthermore, in vitro sperm incubation with metals caused the strongest and negative
effects on sperm motility and viability, and the strongest and positive effect on oxidative
metabolites production compared to oral route (Fig. 6). Likewise, single dose exerted the
strongest effects on those variables instead of daily doses (Fig. 6).

Buffalo was the animal model mainly affected negatively at a strong magnitude by metal
exposure, followed by ram, when the variables sperm motility and viability were analyzed (Fig
7). On the other hand, metal exposure exhibited a stronger positive effect on oxidative

metabolites production in bulls than goats (Fig. 7).
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reported for each effect measured with its 95% confidence intervals, and effects are significant
if confidence intervals do not overlap with zero. Numbers in parentheses indicate the number

of independent comparisons for each effect. O indicates heterogeneity between groups.
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4. Discussion

Overall, the findings of the random-effects model of meta-analysis indicate that
exposure to metals negatively impact spermatozoa parameters of domestic ruminants. Herein,
we observed that these toxicants elicit a strong and negative effect on sperm viability, a
moderate negative effect on andrological parameters and sperm motility, and a strong positive
effect on oxidative metabolites production. By contrast, metals did not exert significant
difference on antioxidant defense, hormone levels, sperm number, and sperm fertility, revealing
the scarcity of data in the literature. Metal pollution is one amongst the most serious
environmental issues (Anirudhan & Sreekumari, 2011). These elements are directly or
indirectly discharged into seawater and ecosystems, and have an impact on the aquatic
environment and animal health (Tchounwou et al., 2012; Kumar et al., 2017; Fakhri et al.,
2018). Heavy metals such as Cd, Cr, Pb, Hg and metalloids such as As, are typically toxic even
at low concentrations, and non-biodegradable, generally resisting to conventional elimination
treatments (Sall et al., 2020). The bioaccumulation and high reactivity of such elements make
toxicity a serious public health problem. In Brazil, due to continued environmental disasters
committed by mining companies, there are increasing concern about the harmful effects these
chemicals can cause to human and animal health. Indeed, a large part of the livestock properties
use superficial springs as a source of water, both for animals and for irrigation (Costa et al.,
2020), increasing the susceptibility of domestic ruminants to poisoning. Several metals are
considered reproductive toxicants and endocrine disruptors, due to impairment of
hypothalamic-pituitary axis or by direct effect on Leydig and Sertoli cells, resulting in poor
semen quality (Chowdhury, 2009; Mendiola et al., 2011; Pizent et al., 2012).

In this study, we showed that metals elicited a strong and negative effect on sperm
viability. This variable indicate the functional quality of sperm to move toward an egg

(Eskandari & Momeni, 2016b), and is known as a useful parameter to differentiate between
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fertility and infertility conditions of males (Guzick et al., 2001). Therefore, attention to
parameters estimating integrity of sperm or reflecting its metabolic state can provide
information about the competence of sperm for fertilization process (Eskandari & Momeni,
2016a). The decrease in cell viability may be due to the increase in ROS production (Koizumi
& Li, 1992; Figueiredo-Pereira et al., 1998) and decrease in cellular antioxidant defense
systems, including catalase (CAT), glutathione (GSH), and GSH peroxidase (GPx) (Yang et
al., 1996). A diminution of antioxidant reserves caused by toxic metals would increase the
susceptibility of the sperm membrane to peroxidative injuries (Koizumi & Li, 1992), followed
by changes in the membrane of cell organelles and loss of its functions. It can also cause a rapid
decrease in mitochondrial membrane potential, change the activity of mitochondrial enzymes,
cause significant changes in morphology, and disrupt the internal integrity of organs (De
Vizcaya-Ruiz et al.,, 2009), consequently interfering with cell morphology percentage.
Oxidative stress not only disrupts sperm's fertilization ability, but also reduces the integrity of
sperm chromatin, leading to high frequency of single- and double-stranded DNA breaks (Aitken
& Krausz, 2001; Saleh et al., 2003). Also, one possibility of reducing sperm integrity may be
related to a decrease in ATP. Disruption of ATP supply through mitochondrial membrane
disturbance is an important mechanism for decreased viability in sperm samples treated with
metal ions (Au et al., 2000). Significant decrease in sperm viability seems to be mediated
through compromised mitochondrial function due to depletion of ATP, cytochrome-c release
and consequent activation of apoptotic cascade (Shenker et al., 2000).

Metals also exhibited a moderate negative effect on andrological parameters.
Eliminating animals with low reproductive performance as early as possible is one of the main
goals to be achieved in genetic selection programs. In this case, a thorough andrological
examination should be performed to identify sub or infertile animals, as well as animals ready

to breed (Henry et al., 2017). Andrological parameters such as semen volume, testicular weight,



26

length, width, and scrotal circumference of animals exposed to metals in this study was
significantly reduced, which can be attributed to a reduction in testosterone levels, leading to
subnormal androgenic stimulation or damage to accessory sex glands (Mann, 1964; Hogue et
al., 1984), which are responsible for seminal plasma production (Ansa et al., 2017). The
reduction of testosterone, in turn, may be due to the generation of ROS during mitochondrial
respiration (Chen et al., 2005), as well as by the cytochrome P450 enzymes of the steroidogenic
pathway in Leydig cells (Hornsby, 1989; Peltola et al., 1996), with consequent atrophy of the
latter. Also, metal exposure can induce reduction of serum levels of FSH and LH, which may
occur as a result of the high levels of glucocorticoids secreted by the adrenal glands (Bernstam
& Nriagu, 2000). The increased concentration of corticosterone might inhibit the sensitizing
activity of gonadotroph cells to GnRH, leading to the cessation of gonadotropin secretion
(Kamel & Kubajak, 1987). Besides low semen volume, as a consequence of low testosterone
concentration, reduced sperm production and concentration is likely to occur, once high level
of testosterone is crucial for normal spermatogenesis (Anahara et al., 2006). Metals such as
cadmium and arsenic have been reported to induce necrotic degeneration of the testis (Predes
et al., 2010) and to destroy testicular germ cells due to seminiferous tubules damage (Zubair et
al., 2016b), probably causing a cessation of spermatogenesis (Qadori & Al-shaikn, 2012), what
may contribute to reduced testicular weight, length, width, and scrotal circumference.

Metals also elicited a moderate negative effect on sperm motility, which is considered
to be one of the most important parameter of mature sperm (Alabi, 1985; Eskandari & Momeni,
2016a), obtaining a central role in the routine diagnosis of male fertility (Aitken, 1990).
Previous published studies suggests that sperm motility may be one of the most sensitive
parameters altered by metals exposure (Dawson et al., 1998; Xu et al., 2003). The mechanisms
involved in the impairment of spermatozoa motility by such elements are multiple. Generally,

when these metals are ingested through food or water, they are acidified and oxidized to their
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oxidative states (As**, Cd*", Hg?", e.g.), which can readily bind to biological molecules, such
as proteins and enzymes, and form stable and strong bonds (Chrestensen et al., 2000; Engwa et
al., 2019). The most common functional group that metals bind is the thiol/sulthydryl group
(SH group of cysteine and SCH3 group of methionine), which are located in proteins of
flagellum and chromatin of sperm (Zubair et al., 2014). The sulthydryl group of tubulins, the
main component of sperm axonemal microtubules, disrupts the interaction between axonemal
microtubular proteins and dynein motors, which are essential for sperm flagellar movement.
Furthermore, accumulating evidence suggests that production of excessive ROS or depletion of
oxidative defense capacity with consequent induction of oxidative stress plays a major role in
mediating metal-induced cellular injuries (Kasprzak, 1995; Tchounwou et al., 2012). The
plasma membranes of spermatozoa contain large amounts of polyunsaturated fatty acids
(PUFA), which are particularly susceptible to damage from excessive ROS production, leading
to generation of lipid peroxides and aldehydes. There is a significant negative correlation
between lipid peroxidation (LPO) in the plasma membrane, the production of toxic aldehydes
(such as MDA), and motility loss in caprine (Bucak et al., 2009), buffalo (Singh et al., 1989),
rabbit (Alvarez & Storey, 1984) and boar (Cerolini et al., 2000) spermatozoa.

This meta-analytical review showed that metals elicited a strong positive effect on
oxidative metabolites. Metal ions, as transition metals, cause cell damage by the formation of
hydroxyl radicals (OH¢), which are derived from superoxide anions and hydrogen peroxide
under the Haber-Weiss reaction (Arabi, 2005, 2006). Hydroxyl radical is the most common free
radical produced by metals oxidation, and can react with proteins, lipids and DNA, causing
deleterious effects to them (Kerkeni et al., 2016). It is well established that metal-induced
production of ROS can attack PUFAs, such as phospholipids present in sperm membranes,
through LPO. The main aldehyde product of this process MDA, which is a marker of this

process (Kerkeni et al., 2016). The increase in the formation of ROS leads to a reduction in
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plasma membrane fluidity and structural integrity, which affects membrane transport and
ultimately leads to immotile sperm (EIl Sisy et al., 2016). According to previous reports, the
specific structure of sperm and its plasma membrane, damage to mitochondria, low cytoplasm
and low antioxidants in sperm make these cells more susceptible to damage by free radicals
(Jones et al., 1979; Aitken et al., 1989; Aitken, 1995; Amidi et al., 2016), which can cause DNA
damage and reduce fertility (Chen et al., 1997). Fertilization, in turn, might be still feasible,
since the oxidative damage of sperm DNA is not directly related to the reduction of sperm
motility, which leads to subsequent detrimental consequences: increased embryonic death and
malformation (Mao et al., 2018).

By contrast, antioxidant defense, hormone levels, sperm number, and sperm fertility
were not significantly reduced by the metals. Although some individual studies indicate a
decrease in hormone levels (Lymberopoulos et al., 2003; Zubair et al., 2016a; Arangasamy et
al., 2018a; Mayasula et al., 2019), and sperm concentration (Lymberopoulos et al., 2000; Zubair
et al., 2016a) by metals exposure, in the present review, those were insufficient to affirm such
reduction is these variables. As hormonal level is an indirect parameter of sperm quality, only
a few studies provided information about this variable here. The methodological variation may
also have influenced, once some authors analyzed testosterone on seminal plasma (Mayasula et
al., 2019) while others analyzed this hormone on blood plasma (Lymberopoulos et al., 2003;
Zubair et al., 2016a; Arangasamy et al., 2018a). The non-significance of sperm number might
also have been influenced by the sperm collection method. The majority of authors used electro-
ejaculator (Lymberopoulos et al., 2000; Arangasamy et al., 2018a; Narasimhaiah et al., 2018;
Mayasula et al., 2019), which is known to stimulate a greater release of seminal plasma,
decreasing sperm concentration. Albeit sperm concentration is used routinely in the field, it is
important to note that there are other parameters for sperm count evaluation, such as daily sperm

production from testis or epididymal transit (Martinez et al., 1994; Sousa et al., 2014), providing
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a more accurate analysis. Further, antioxidant defense was not significantly reduced by the
metals, despite the negative effect exerted by Fe in bovine and buck spermatozoa (Tvrda et al.,
2015b) and Hg (Arabi, 2005; Da Silva et al., 2019; Kushawaha et al., 2020). This may be
explained by the influence of Cu that, as an essential trace mineral, showed a positive influence
in this variable, and might not promote an increase in ROS production strong enough to
deteriorate the antioxidant balance. According to Dutta et al. (2019), the intracellular ROS
concentration depends on the balance between the rate of ROS generation and its clearance
through various antioxidant defense mechanisms. Thus, when the production of ROS does not
exceed the antioxidant threshold, or the production of antioxidants is not reduced, oxidative
stress might not occur. Indeed, Arangasamy et al. (2018c), Narasimhaiah et al. (2018) and
Mayasula et al. (2020) reported that organic Cu supplemented goats exerted an opposite effect
than that of Fe and Hg, increasing antioxidant enzyme activities and reducing oxidative stress.
Finally, the prediction of in vitro fertilization ability of sperm cells must be carried out with
caution, once this process is a chain of events, rather than an isolated phenomenon. A successful
fertilization requires several attributes, and the interruption of any step may certainly cause
fertilization failure. For instance, during fertilization, sperm should maintain functional
membrane integrity for oocyte binding and acrosome reaction. It also involves an influx of
extracellular calcium, increase in cyclic AMP, and decrease in intracellular pH. In addition,
optimal fertility in males depends on whether the acrosome is structurally and biochemically
intact, which contains the enzymes necessary to penetrate the outer layer of the egg and achieve
fertilization (Selvaraju et al., 2011; Anchordoquy et al., 2019; Kushawaha et al., 2020). The
few parameters included in this variable were analyzed individually and represents only part of
the analyzes performed to clearly determine sperm fertility, influencing the non-significance of

the results.
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The mixed-effects model of meta-analysis revealed that the type of metal, metal
concentration, animal model, exposure route and the dosing frequency influenced the variables
analyzed. Arsenic elicited the strongest and negative effect on andrological parameters.
Surprisingly, Cd did not exert statistical difference for this variable. There are no studies
assessing the testicular damage or the susceptibility of spermatogenesis to both As and Cd in
goats and rams. Nonetheless, in murine models, Cd is proved to cause detrimental damage to
seminiferous tubules (Cupertino et al., 2017b; Da Silva et al., 2020; Mouro et al., 2020).
Although As also damage the histological structure of testis (Awal et al., 2015), creating
vacuoles within the seminiferous tubules (Zubair et al., 2020), the main effect of this metalloid
on spermatogenesis is the disruption of the meiotic and post-meiotic stages of spermatogenesis
(Li et al., 2015), reduction of the meiotic index (Couto-Santos et al., 2020), and impairment of
the differentiation of spermatozoa from round to elongated spermatids (Li et al., 2015; Han et
al., 2020). In relation to Cd, it induced testicular dystrophic calcification, in which the testicular
capsule, tubular and intertubular compartments were targets of calcium deposition (Cupertino
et al., 2017a). Cd was also reported to cause interstitial injuries such as hemorrhage, edema,
fibrosis, disorganization (collagen fibers), necrosis, and inflammation (Masséanyi et al., 1996).
In addition, Cd cause several changes in seminiferous tubules including necrosis,
calcification/mineralization, and the presence of multinucleated giant cells (Cupertino et al.,
2017a). One study have also confirmed that the damaged tubular area is replaced by fibrous
connective tissue or amorphous mass (Da Silva et al., 2020). Altogether, these findings suggest
that Cd causes a more severe damage to testicular histological architecture than As, with
increased fibrosis, calcification, and edema, which might explain the increased testicular
biometric parameters after Cd exposure.

Arsenic also elicited the strongest and negative effect on sperm viability than that of Cd

and Hg. Some authors report that this metalloid stimulates an important disruption of the
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electron transfer chain and subsequent generation of ROS, which leads to hydrogen abstraction
from the PUFA-rich cell membrane of spermatozoa and the generation of cytotoxic aldehydes
(Aitken et al., 2012), with consequent lipid peroxidation (Hosseini et al., 2013; Eskandari &
Momeni 2016b). Once the cell has entered a state of oxidative state, activation of the intrinsic
apoptotic cascade may occur, culminating with loss of sperm motility, vitality and DNA
integrity. Although spermatozoa have a unique antioxidant matrix that can neutralize free
radicals, this ability is lost once the antioxidant defenses become overwhelmed (Gibb et al.,
2016), which occurs with As exposure (Souza et al., 2018, 2020). Thus, any slight increase in
oxidative stress experienced by sperm cells may spread rapidly and cause deleterious damage
to sperm motility, viability and fertility (Aitken et al., 2012; Aitken & Baker, 2008). Arsenic
has also the ability to bind with SH group of proteins, thereby depleting the content of
mitochondrial GSH, which is a necessary factor for maintaining the thiol group of
mitochondrial proteins in a reduced state (Zhang et al., 2008). Under oxidative stress, thiol
groups oxidation by As might lead to mitochondrial permeability transition pore dysfunction,
leading to unlimited movement of protons into the mitochondria, and the subsequent collapse
of mitochondrial membrane potential (Shen et al., 2000; Eskandari & Momeni 2016b).

Iron elicited a stronger and negative effect on sperm motility compared to Cd and Hg.
Numerous studies have shown that promoter systems based on ferrous and ascorbate ions are
extremely suitable for inducing oxidative stress in sperm cells (Baker & Aitken, 2005; Bansal
& Bilaspuri, 2008). A gradual decline in bovine sperm motility and a simultaneous increase in
superoxide concentration was observed in the experimental groups supplemented with high Fe
doses (Tvrda et al., 2015a, 2015b). This might be attributed to the critical oxidative stress on
the sperm during in vitro culture (Aitken et al., 1993). The excessive production of ROS due to
Fe overload has been shown to affect glyceraldehyde 3-phosphate dehydrogenase, a key

enzyme of glycolytic process, resulting in a decrease in intracellular ATP levels, which
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indicates that sperm motility and viability are gradually lost after oxidative damage (de
Lamirande & Gagnon, 1992).

Mercury showed the strongest and positive effect on oxidative metabolites. The harmful
effects of Hg are mainly due to its capacity to provide elevated amounts of free radicals by
releasing accumulated lipid hydroperoxides from sperm membranes or by directly generating
oxygen derivatives. This process might induce the peroxidation cascade, with consequent
depletion of GSH content in many tissues and propagation of LPO process (De Flora et al.,
1994), triggering the increased production of ROS. Exposing sperm cells to this oxidative
environment significantly increases DNA damage (Arabi, 2005; Hansen et al., 2006; Martinez
et al., 2016), once Hg has a high affinity for macromolecules and binds to DNA (Ariza &
Williams, 1996) modifying all bases and generating base-free sites, deletions, defective frame
shifts and DNA cross-links (Duru et al., 2000). In addition, Hg is capable of inhibiting
antioxidants, such as glutathione peroxidase (GPx), glutathione S-transferase (GST),
superoxide dismutase (SOD) and catalase (CAT) (Kalender et al., 2013).

Concentrations between 5 to 65 mg/L elicited the strongest negative effect on sperm
motility, sperm viability and andrological parameters. This dosage is much higher than the
maximum metal concentration tolerated in drinking water for As (0,01 mg/L), Cd (0,003 mg/L),
Cu (2 mg/L), Fe (0,3 mg/L), Hg (0,006 mg/L) (World Health Organization [WHO] 2017). In
addition, concentrations > 80 mg/L was not significantly different on these variables, except
for sperm viability, once the metals may reach a threshold at a certain point, so that increasing
concentrations might not change the response of metals. By contrast, this concentration
increased sperm viability, probably due to the influence of Cu, which is an essential metal that
stimulated a positive effect in this variable. Concentrations up to 1.99 mg/L showed a strong

positive effect on oxidative metabolites, and this may be explained by the greater number of in
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vitro studies performed with this dosage, which elicit a direct impact on sperm cells, increasing
the magnitude of the effects.

In vitro exposure and metal administration in single doses elicited the strongest negative
effect on antioxidant defense, sperm motility, viability and positive on oxidative metabolites.
This kind of study was the experimental design mostly used to analyze the effect of metals on
spermatozoa. In recent years, the use of in vitro systems in toxicology research has grown
rapidly (Sandrini et al., 2009). This type of exposure may provide a direct and controlled
environment that increases the magnitude of the effects, with basic information about the nature
of the tested metal and/or cellular response (Binelli et al., 2009a). However, it occurs outside
of living organisms, and they may not replicate the complexity of metabolism of an animal. On
the other hand, in vivo experiments comprise the whole organism, so it can permit exploring
the full effects of the toxicant without excluding any biochemical pathways (Binelli et al.,
2009b). Similarly, single doses are usually administered in larger quantities for a short period
of time, generating strong and acute effects. Daily doses are generally administered at lower
concentrations for a longer time, resulting in subtle effects. These facts may suggest the
strongest negative effect of in vitro exposure and single doses on sperm motility, sperm
viability, and oxidative metabolites.

In relation to animal model, buffalo elicited a stronger and negative effect on sperm
motility and sperm viability than ram and bulls. Buffalo sperm cells might be more susceptible
to LPO and oxidative damage than that of cattle and rams, once its plasma membrane has higher
quantity of PUFAs, such as arachidonic acid and docosahexaenoic acid (Singh et al., 1989).
High concentrations of PUFA contribute to increased levels of fluidity and elasticity (Aurich et
al., 2018). This makes sperm cells more susceptible to lipid membrane peroxidation, especially
when combined with high concentrations of ROS (Aitken & Fisher, 1994). During LPO,

cytotoxic aldehydes are produced, including acrolein, 4-hydroxynonenol (4HNE) and MDA.



34

Once produced, these cytotoxic aldehydes may further destroy electron transport chain by
covalent bind to exposed proteins, thereby impairing sperm motility, membrane integrity and
fertility (Aitken et al., 1993). On the other hand, bulls showed a stronger and positive effect on
oxidative metabolites than goats. Studies using buffalos did not analyze the production of
oxidative metabolites. There are no studies comparing the concentration of PUFA on sperm
plasma membrane of bulls and goats. The cause of the higher positive effect of bulls on

oxidative metabolites is unknown.

5. Review limitations

This review faced some limitations regarding methodological diversity. The eligible
studies present relevant divergence in methodology, such as different animal models (goat, ram,
bull, buffalo), and exposure route (in vitro, in vivo). Moreover, this review revealed the scarcity
of studies evaluating spermatozoa parameters of domestic ruminants after metals exposure. For
instance, this meta-analysis did not include results of Al, Co, Cr, Pb, Mg, or Ni. Even within
the literature available, there is insufficient information of metals intoxication regarding
methodological moderators, such as chemical form, and variables as sperm damage and
number, what increases the confidence interval and Rosenthal’s number. Also, as a
consequence of scarcity of studies, the random-effect model could not be performed for each
metal separately, probably masking and making it difficult to interpret the true impact of each

metal on the different variables.
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6. Conclusion

This meta-analysis provides the first compilation of data on the effects of metals
intoxication on spermatozoa of domestic ruminants. We have summarized the impacts of As,
Cd, Cu, Fe, and Hg on spermatozoa parameters, as well as their mechanisms of action. A
negative effect of metals on sperm motility, viability, andrological parameters, and a positive
effect on oxidative metabolites was certainly established. This outcome is probably driven by
three main mechanisms: production of excessive ROS or depletion of oxidative defense
capacity with consequent induction of oxidative stress; binding to thiol/sulfhydryl groups, and
mimicry and displacement of essential minerals such as zinc and calcium, interfering with its
migration in sperm cells during maturation. These findings elucidate the risks of these metals
for domestic ruminants, since they are naturally present in the ecosystem and have the ability
to bioaccumulate in the organism, causing deleterious effects in the reproductive system. Also,
our findings indicate that exposure to metals cause deleterious effects to male reproductive
system by inhibiting functional sperm parameters, important for successful fertilization.
Therefore, due to the ubiquitous characteristic of metals and its high toxicity, this review
suggests that such elements may contribute to underlying causes of infertility in farm animals.
This study can direct future researches on the consequences of metal contamination on

fertilization and pre implantation embryo development.
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Supplementary Table S1. Exclusion reasons for the metals that did not meet the inclusion criteria of the current meta-analysis.

Metal Identification Screening: Eligibility: Included:
Records identified through database Records screened by Full-text articles assessed  Articles eligible
search title and abstract for eligibility for meta-
analyses
Aluminum Total number of studies identified = 642 Records excluded (n =404):  Records excluded (n = 1): N studies =0
e PubMed/MEDLINE (n=199) e Duplicates (294) e Content not applicable
e Web of Science (n = 132) e Not aluminum exposure (H
e Scopus (n=311) (154)

e Not domestic ruminants
as animal model (193)

Cobalt Total number of studies identified = 1.025 Records excluded (n = Records excluded (n =9): N studies =0

e PubMed/MEDLINE (n = 337) 1.016): ¢ Content not applicable
e Web of Science (n = 229) e Duplicates (471) 3)
e Scopus (n=459) e Not cobalt exposure (408) e Statistical data not

e Not sperm* studies (63) reported (4)

e Not domestic ruminants e Full-text not available

as animal model (72) 2)
e Review studies (2) .

Chromium Total number of studies identified = 618 Records excluded (n=617):  Records excluded (n = 1): N studies =0

e PubMed/MEDLINE (n = 150) e Duplicates (341) ¢ Not adequate statistical
e Web of Science (n = 184) e Not chromium exposure data (1)
e Scopus (n=284) (117)

e Not domestic ruminants
as animal models (127)
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Lead Total number of studies identified = 904
e PubMed/MEDLINE (n = 133)
e Web of Science (n=411)
e Scopus (n=360)

Nickel Total number of studies identified = 814
e PubMed/MEDLINE (n=261)
e Web of Science (n =216)
e Scopus (n=337)

Magnesium  Total number of studies identified = 1.112
e PubMed/MEDLINE (n = 358)
e Web of Science (n = 105)
e Scopus (n = 649)

e Not sperm* studies (27)
e Review studies (5)

Records excluded (n = 900):

Duplicates (371)

Not lead exposure (320)
Not domestic ruminants
as animal models (192)
Not sperm* studies (8)
Review studies (9)

Records excluded (n = 802):

Duplicates (399)

Not nickel exposure (237)
Not sperm* studies (61)
Not domestic ruminants
as animal model (98)
Review studies (7)

Records excluded (n =
1.103):

Duplicates (530)

Not magnesium exposure
(510)

Not sperm* studies (35)
Not domestic ruminants
as animal model (28)

Records excluded (n = 4): N studies =0

Content not applicable
()

Statistical data not
reported (1)

Full-text not available

(1)

Records excluded (n=12): N studies =0

Content not applicable
(8)

Statistical data not
reported (1)

Not adequate statistical
data (2)

Full-text not available (1)

Records excluded (n =9): N studies =0

Content not applicable
3)

Statistical data not
reported (3)

Not adequate statistical
data (3)

N: number of studies
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Supplementary Table S2. Detailed qualitative data of each study included in this meta-analysis review.

Metal Animal Chemical Observational Methodological Methodological Sperm Semen Number of
model element studies design of in vitro  design of in vivo source collection independen
studies study t
comparison
s*k
Arsenic (4) Goat (2) Sodium - (2): up to 1 d (2): orally on diet Ejaculate (2) AV (2) 19
arsenite (4) incubation at at concentrations
Ram (2) concentrations up between 5 to 65 Epididymal SW (2)
to 1.99 mg/L, in mg/L, in daily (2)
single doses doses during 7 to
84 d
Cadmium  Ram (4) Cadmium (1): orally on (5): up to 1 d (2): orally by Ejaculate(7) AV (3) 44
(8) chloride (7)  diet at incubation at dosimetric
Bull (2) concentration  concentrations up syringe at  Epididymal EE (4)
Unknown of more than 80 to 1.99, 5 to 65 concentration (1
Goat (1) chemical mg/L, in daily and more than 80 between 5 to 65 SW (1)
form (1) doses for longer mg/L, in single mg/L, in daily
Buffalo than 100 d doses doses during 7 to
(1 84 d and for

longer than 100 d
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Copper
(13)

Iron (2)

Manganese

(4)

Goat (8)
Bull (3)
Ram (1)

Buffalo
(1)

Bull (2)

Bull (4)

Organic
copper (6)

Cu?"(3)

Copper
sulphate (3)

Unknown
chemical
form (1)

Di and
trivalent
iron chloride

(1)

Ferrous
ascorbate

(1)

Manganese
chloride (1)

Unknown
chemical
form (1)

Divalent
manganese

2)

(7): wp to 1 d
incubation at
concentrations up
to 1.99 and 5 to 65
mg/L, in single
doses

(2): up to 1 d
incubation at
concentrations
between 5 to 65
mg/L, in single
doses

(2): up to 1 d
incubation at
concentrations up
to 199 and
between 5 to 65
mg/L, in single
doses

(6): orally on diet
at concentrations
of more than 80
mg/L, in daily
doses during 7 to
8 d and for
longer than 100 d.

Ejaculate

(12)

Epididymal
0]

Ejaculate (2)

Ejaculate (4)

AV (6)
EE (6)

SW (1)

AV (2)

AV (4)

93

11

14
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Mercury Bull (3) Mercury - (5): up to 1 d - Ejaculate (5) AV (4) 31

(5) chloride (5) incubation at
Goat (1) concentrations up EE (1)
to 1.99, between 5
Ram (1) to 65, and more
than 80 mg/L

d: days; AV: artificial vagina; EE: electro-ejaculator; SW: sperm washing
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