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Heavy metals are endocrine disruptors which interfere with processes mediated by endogenous hormones of the

organism, negatively affecting endocrine functions. Some studies have correlated heavy metal exposure with male

infertility. However, the number of studies conducted on humans are limited. 
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1. Introduction

The definition of infertility was established by the American Society for Reproductive Medicine and it is defined as the

failure to get pregnant after one year or more of regular sexual intercourse without the use of contraceptives. It can be due

to an impairment of the capacity of reproduction, individually or with the partner. Globally, 15% of worldwide couples suffer

infertility, which is equivalent to 48.5 million couples. Specifically, male partners are responsible for 20–30% of the overall

infertility cases . Further to that, those values change depending on the geographical region. The increased prevalence

of infertility could be due to social factors, changes in seminal quality due to lifestyle habits (alcohol and tobacco

consumption) and changes in sexual behavior . The decline of male fertility is a worldwide matter of concern since

available studies suggest a lower semen quality over the years. Worldwide data revealed a decrease in sperm

concentration (−0.64 million/mL per year) from 1973 to 2011 . Recent retrospective evidence and basic studies have

shown relationships between the decrease in sperm quality and a poor diet, increased obesity rates and exposure to

environmental toxins .

To address male infertility, a compilation of the patient’s sexual history, a complete physical examination, a serological test

and a semen analysis are needed . To evaluate male fertility and its management, the basic semen analysis has been

considered fundamental. However, despite sperm analysis being routinely used, it cannot help to discriminate between

infertile and fertile men. Thus, it is only useful to classify men as subfertile . Due to the intra-individual variability, the

World Health Organization  recommendation is the performance of two or three seminograms to obtain detailed

information on the patient’s seminal parameters. Furthermore, the etiological factors affecting male infertility are varied,

including environmental  and genetic factors, endocrine and immunological disorders, and obstructive lesions and

infections in the male reproductive tract .

Conventional semen parameters are not useful, since 30–40% of the cases suffer unexplained or idiopathic male infertility

. Therefore, the routine sperm analysis assessment itself is not sufficient to test the fertilizing ability of spermatozoa. As

a consequence, the development of new functional tests providing newer biomarkers of the sperm fertilizing capacity are

needed . Indeed, the physiology and functionality assessment of sperm should include studies on molecular

biomarkers, such as the acrosome reaction, reactive oxygen species (ROS), DNA damage and chromatin structure .

DNA fragmentation plays an important role in subfertile patients . This fact is a major matter of concern as DNA integrity

is important for a proper embryo development  and it could be implicated in in vitro fertilization processes, as in the

intracytoplasmic sperm injection, for instance . The main culprits for DNA damage are an abortive apoptosis, problems

during the protamine substitution in the spermatogenesis process and ROS production . In this context, oxidative stress

is considered an important cause of male infertility. Approximately 40% of patients show evidence of redox attack, thus

exhibiting high levels of lipid peroxidation and oxidative DNA damage. In addition, it has been observed that a certain

region in chromosome 15 may be especially vulnerable to oxidative attack and its genetic location is associated with male

infertility .

Up-to-date literature links environmental contaminants and human reproductive health worries . Male reproductive

function is vulnerable to different environmental and occupational factors, of which only a few have been well identified.

Different compounds are considered to be the main culprits for male fertility reduction, such as pesticides, dioxins,

solvents and heavy metals. . At this point, it is important to emphasize that environmental quality has recently
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decreased mainly due to anthropic activities that increase the level of environmental pollutants. Some of these pollutants

can act as certain endogenous hormones and are therefore a cause for concern. They are the so-called endocrine

disrupting compounds (EDCs) and are considered exogenous substances that are involved in the processes regulated by

endogenous hormones of the organism, thus disrupting endocrine functions . This group includes different substances,

such as dioxins, bisphenol A and heavy metals. Although there is no authoritative definition for the term heavy metals ,

this group of elements has been considered as “naturally occurring metals having atomic number (Z) greater than 20 and

an elemental density greater than 5 g cm ” . Therefore, a total of 51 different elements can be included in the category

of “heavy metals”. In most cases, contaminated food is the main source of exposure to these species .

Since the human body has no biochemical pathways to detoxify them, heavy metal exposition leads to an accumulation in

the body. For that, in the last century, the risks to health and development derived from the exposure to heavy metals

have become a matter of interest. In particular, the aforementioned chemical species can affect male fertility by lowering

the seminal quality, thereby causing infertility . For example, copper (Cu) and chromium (Cr) were found in the semen

samples of a father and his son from the “Land of Fires”, in Italy. This region is a highly environmentally polluted area,

exposed to diverse chemicals and heavy metals . Not only that, but the results obtained from this research showed

alterations in the content of sperm nuclear basic proteins (SNBP) and a low DNA binding affinity. In addition, the son’s

proteins showed unstable DNA binding, thus able to produce DNA damage . Such evidence highlights the

transgenerational inherited consequences of environmental-pollution exposition on molecular alterations in the sperm cell.

Furthermore, men from highly contaminated regions showed higher zinc (Zn), Cr and Cu and lower iron (Fe)

concentrations in semen, lower sperm motility and higher DNA damage than those that had not been exposed to

environmental pollutants .

2. Heavy Metals on Human Male Fertility

2.1. Heavy Metals Effects in the Reproductive Processes

Heavy metal exposure has been identified as an influential factor on male sperm production and fertility .

However, the mechanisms that alter the reproductive processes are complex. The toxicant effects can be directly

produced by the action on the reproductive organs, or, indirectly, by impairing the hormonal regulation . Moreover,

different biological matrices are used to evaluate male reproductive risks. The biological matrices usually analyzed are

blood, serum, semen, seminal plasma, urine, or hair. Heavy metals are found at higher concentrations in blood or urine

.

There is some controversy about the impact of heavy metal exposure on biological matrices. Thus, semen had been

considered a less informative marker of occupational exposure. Furthermore, it is recognized that the heavy metals

determination in spermatozoa cells is not a more enlightening marker of the occupational (or non-occupational) exposure

than the biological and traditional monitoring by urine and blood. In contrast, for some specific research and clinical

purposes, the study of spermatic cells and semen could be appropriate . Following this idea, a recent study from the

EcoFoodFertility initiative concluded that semen could be considered an early biomarker of environmental exposure to Zn,

Cr and Cu, since higher concentrations of these elements had been demonstrated in men residing in areas with high

environmental impact . In particular, the sperm DNA fragmentation assessment has been recently proposed as a

marker of air pollution . Regarding environmental pollution, a retrospective observational study in China carried out

during the COVID-19 outbreak showed higher susceptibility to poorer sperm motility . Due to that, air pollution and

COVID-19 may be currently considered hazardous to male fertility. Interestingly, according to a recent study performed in

China, a higher percentage of apoptotic cells in the testis was present in COVID-19-infected patients and a decreased

sperm concentration (39.1% of COVID-19 patients) was found in semen . Those findings highlight that, in air polluted

countries such as China, COVID-19 may exacerbate the effects of environmental contaminants, leading to impaired male

fertility.

Most EDCs have intrinsic estrogenic or androgenic activity, being the gonads the targets of most of these compounds .

Different endpoints are used to study the masculine reproductive function, and the seminal quality and the endocrine and

cellular secretion function have been the most frequently used . Among others, Cd, arsenic (As) and Pb were recently

identified as major toxicants affecting the reproduction function. The toxicity mechanisms include oxidative stress,

inflammation, apoptosis and endocrine disruption . Cd effects have been widely studied. Different toxicity mechanisms

are linked to Cd exposition, including inflammation, cytotoxicity, oxidative stress, apoptosis and disruption of signaling

pathways, which regulate the reproductive functions .
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Almost all the masculine reproductive tract units are targets of EDCs. Testes are the direct target of a lot of toxicants, such

as Cd . Elements such as Cd, mercury (Hg) and Pb produce a dysfunction in Sertoli cells (SCs) . Toxicants affecting

Leydig cells can cause anomalies in the testosterone secretion, which results in an impaired SCs function and in a

defective spermatogenesis. Moreover, the Leydig cells and SCs affectation can lead to the seminiferous epithelium

reduction . In addition, the affectation of the spermatogenesis process can occur through the alteration of the adhesion

between germ cells or SCs . Most of the studies where the role of the SCs is assessed have been carried out in vitro.

Note that comparisons between the results found in vitro and in vivo studies are difficult . Besides, a brief exposure of

the testes to Cd could alter the molecular defense system. Cd reaches its molecular targets (FAK and cadherins),

impairing the cell adhesion function and interrupting the spermatogenesis process .

There is evidence that certain toxicants interact with the secretion of hypothalamic releasing factors, luteinizing hormone

(LH) and follicle-stimulating hormone (FSH), all of which play a major role in sperm quality . Besides, the endocrine-

hormone levels could inform about the functionality of the testicular cells, although it is not a well considered biomarker

. The hypothalamic–pituitary–testis (HPT) axis is also an EDC target , which results in the alteration of the

physiological function of the testis . During the steroidogenesis process, heavy metals disrupt the androgen production.

This could be mediated by receptors or by direct effects on gene transcription.

Furthermore, EDCs induce oxidative stress, which plays an important role in male infertility . In physiological conditions,

ROS are molecules that affect normal sperm functionality, whereas seminal plasma contains antioxidant molecules and

biomolecules that help to maintain the balance . However, exposure to heavy metals increases the production of ROS

and decreases the antioxidant defenses. This fact induces alterations in SCs, such as DNA damage, lipid peroxidation

and, ultimately, apoptosis . Patients with an elevated ROS production in semen may benefit from an antioxidant

therapy. Antioxidant supplements can be separated in two categories, synthetic or natural. Synthetic antioxidants are

chemically synthesized and isolated compounds, while natural antioxidants are spontaneously present in foods. The

consumption of natural antioxidants seems to increase the total antioxidant capacity . In agreement with this, a diet rich

in carotenoids, for instance, could improve the sperm motility and morphology . In addition, lower rates of aneuploid

sperm were correlated with dietary folate intake . Hence, dietary supplementation with antioxidants may be interesting

to ameliorate seminal quality, thus improving male reproductive health.

2.2. Sources of Heavy Metals Exposure

Localized exposure to heavy metals, e.g., due to one’s occupation, or to one’s lifestyle habits, is the most common type of

exposure. Generally, the human population is exposed to heavy metals voluntarily. The voluntary way of exposure to

these toxicants can be by oral supplementation. On the contrary, involuntary exposure can be through the intake of

contaminated water or food. Nowadays, the environment is a matter of concern because heavy metals are widely

distributed .

Food Exposure

Although diet, which includes daily intakes of antioxidants, may be useful to improve the ROS production in semen, it is

also a common way to consume heavy metals.

The intake of contaminated food is a usual source of exposure to heavy metals, as described above. Contamination can

happen during the handling of food and its processing. Contaminated soils may also contribute to the pollution of food of

both vegetable and animal origin . Drinking water contaminated with As has arisen as an important health problem in

Asia, India and China, among other countries . Focusing on food, fruits may contain Cu, Pb and Zn at high

concentrations . Moreover, strawberries, dates, spinach and cucumber contain Cd, in addition to the above-mentioned

elements . In milk, meat and meat-derived products, elements such as As, Cd and Pb were detected . In seafood,

inorganic As was found in algae . Additionally, in cereals such as Indian rice, As, Pb, Cd and Hg were found, although

the values did not exceed the maximum residue limits .

Environmental Exposure

Environmental exposure includes the exposure to environmental pollutants, including tobacco smoke. They have the

potential to alter the male reproductive system, thus worsening the capacity of conceiving a healthful offspring . The

environmental pollutants also have transgenerational genetic effects, which may affect future generations. This problem is

currently an important matter of concern . Studies with environmentally realistic exposure levels to heavy metals and

their impact on male reproductive outcomes are scarce, while those with high occupational-exposure levels had been

widely documented. However, low-exposure effects have been evidenced, being stronger for elements such as Cd, Pb

and Hg .
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A meta-analysis found that the environment pollution reduced sperm motility. There is some concern about the decline of

male fertility in metropolitan areas  and, especially, in countries with a higher risk of exposure, such as Nigeria . The

sperm concentration in the African population has decreased significantly by 73% during the last 50 years . This

problem is caused by multiple exposures to environmental toxins, including Cd and Pb. Future studies should analyze the

relationship among the nature of the duration, the intensity of the exposure and the degree of infertility, as the effect on

male fertility depends on those parameters . Although the influencing factors are multiple, exposure to pesticides and

heavy metals is the main culprit .

Heavy metals such as Pb or As are present in tobacco smoke, as well as Cu, Cd , Cr and nickel (Ni) . As

mentioned above, some studies suggest a relationship between tobacco smoke and adverse reproductive outcomes .

Hg is another highly toxic environmental pollutant. Recent research found that it may cause impairments in the

reproductive function, leading to deformations in the seminiferous tubules and in Leydig cells and giving rise to a final

testicular deterioration .

Environmental toxicants lead to ROS formation. This stress is associated with several deleterious effects, such as

testicular apoptosis, erroneous protamination, abnormal sperm functionality and viability, and oxidative DNA damage,

causing male infertility . This pro-oxidative microenvironment is produced, among others, by certain heavy metals

(Cd, Pb, Cr, manganese (Mn), Hg, Zn and Cu). Cd is a widely studied heavy metal, which increases the activity of ROSs

and induces changes in the enzymatic activity systems and inflammatory reactions . As mentioned above, Cr and Cu

are two heavy metals responsible for an altered content of SNBP in men environmentally exposed to pollutants. In

addition, they are correlated with spermatic DNA damage due to an unstable DNA binding . Further to this, an altered

protamines/histones ratio was found in 84% of men residing in air polluted areas and, thus, exposed to these elements.

Moreover, a different DNA binding pattern was found in men with a normal protamines/histone ratio. Unexpectedly, in

those samples, SNBP were involved in the oxidative damage present in the spermatic DNA . Some studies performed

on animal models, such as Mytilus galloprovincialis L., yielded similar conclusions as those drawn for humans. For

instance, in the presence of Cd, protamine-like proteins (PL) as PL-II suffered complete conformational changes,

promoting a different DNA-binding mode. This resulted in affecting the sperm chromatin organization, which is crucial for a

successful fertilization .

Nevertheless, further studies focusing on the molecular mechanisms are needed. In addition, the epigenetic modifications

implicated in smoking cigarettes needs to be known, since tobacco smoke is a widely present environmental contaminant.

More importantly, as these modifications are heritable, it would be interesting to study the transgenerational effects of

tobacco smoke through the paternal line .

Occupational Exposure

Hazardous occupations in reproductive terms are evaluated based on years of service and agents of exposure. Normally,

exposure data and other cause–effect parameters are insufficient to indicate which chemical factor is responsible for

reproductive dysfunctions . Workers exposed to heavy metals present a high risk of suffering a reproductive

dysfunction . Pb was one of the most studied elements which had a negative relationship with male fertility. Others,

such as Cd and Cr, also have negative effects on fertility . It must be borne in mind that the effects overlap due to

multiple exposures. Observed adverse effects include reduced fertility, poor seminal quality, enhanced risk of lower birth

weight, miscarriages and permanent sterility .

Some reports have suggested a decline in sperm concentration and an increase in reproductive disorders over the past

50 years. Occupational exposure to heavy metals such as inorganic Pb and Hg occurs in professions related to metal

smelting or welding, or boron mining . Specifically, welding is considered as one of the main occupational agents that

negatively affects male fertility . Welding is an occupation that endangers workers, because of the exposure to fumes

and dust that contain, among others, metals. In this area, the exposure level in the western world has declined, but some

specific workers still work in such industries, so fertility remains threatened . It can be concluded that occupational

exposure to metals is associated with an impaired male reproductive function. The evidence of this effect is stronger for

some metals, such as Pb, Mn and Hg, than for others, such as Cd, Cr and Ni .

3. Conclusions

The masculine reproductive function is vulnerable to several environmental and occupational hazards. Those compounds

have not been totally identified, but substances as dioxins, polychlorinated biphenyls, phthalates, polycyclic aromatic

hydrocarbons, pesticides, alkylphenols, bisphenol A and heavy metals (Hg, Cd, Pb, As, Pb, etc.) are some of them .
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Exposure to heavy metals, which can happen through occupational or environmental exposure, is, nowadays, a threat to

reproductive health (Figure 1).

Figure 1. Summary of the effects of heavy metal exposure on men’s reproductive health. ROS, reactive oxygen species;

SHBG, Sex Hormone Binding Globulin.

Those chemicals can mimic hormonal functions, so they are also known as endocrine disrupting compounds (EDCs). Man

exposed to heavy metals have lower seminal quality, which is related to infertility or to a subfertility status. The negative

effects are produced through the inhibition of the normal function of Sertoli and Leydig cells, the disruption of

spermatogenesis and by the induction of oxidative stress in testes (indirect and direct reactive oxygen species

production). Abnormal parameters of sperm count, motility, viability, morphology and DNA fragmentation, together with

alterations in hormones levels, can also be found in men exposed to EDCs. Along with the design of appropriate

therapeutic strategies to prevent located exposures to heavy metals, defects and deficiencies need to be considered. This

is very relevant to overcome male factor fertility problems. To combat this, it is necessary to develop adequate tools

(sensitive, non-invasive, fast and reliable) for heavy metal assessment in order to clear the diagnosis and improve seminal

parameters.

Human studies are scarce and there is a lack of homogeneity in the methodology. In addition, the nature of the biological

matrix (urine, blood, blood plasma, seminal plasma, semen, etc.) shows different results, making it difficult to choose one

as the best option due to the different information that they provide. However, it should be noticed that the sperm content

could be an accurate indicator of the impact of certain toxic substances on the reproduction potential.

Nevertheless, despite the discrepancies among the different methodologies observed in the studies, they generally

emphasize the existence of a significant correlation between exposure to heavy metals and lower seminal quality, related

to a lower fertility rate. Further to this, we found evidence suggesting that scientific research has proved that Pb and Cd

are the analytes that most negatively affect seminal quality. Both have been correlated by different researchers with lower

sperm concentrations, an abnormal spermatic morphology and lower sperm viability.

Further investigation is needed to completely understand on a molecular and cellular basis, how environmental and

occupational exposure to heavy metals is related to infertility and, ultimately, its impact on reproductive outcomes. Due to

the available facts, a greater collaboration between clinicians, epidemiologists and scientists is needed to identify the

environmental chemicals, as well as the molecular and cellular processes, responsible for reproductive problems. If the

aforementioned information is verified, it would be highly useful to introduce a heavy metal assessment in the biological

analysis of samples of patients attending an assisted-reproduction center, allowing a personal diagnosis and prognosis

and preventing men infertility. This would improve the success of the assisted reproductive techniques.
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