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Cadmium (Cd) is a heavy metal and a major environmental pollutant. The general population is exposed
to Cd mainly via drinking water and food products. It accumulates and is proved to cause severe damage
to a variety of organs such as lung, brain, testis, kidney, liver, blood system and bone. Cd exerts direct
cytotoxicity within the testis, mainly targeting two specific cell populations, the Sertoli cells and the Ley-
dig cells, with consequent impairment of spermatogenesis and endocrine function. Cd induced oxidative
stress in somatic and germ cells, mainly mediated by mimicry and interference with essential ions, beyond
apoptosis occurring in germ cells. After Cd treatment disturbance of the hypothalamus-pituitary-gonadal
axis is also reported.
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Cadmium, in its pure form, is a soft silver-white metal, which is present in the earth
crust in association with multiple different metals. Cd is indeed extracted as a secondary
product, during the processing of different metals, such as zinc (Zn), lead (Pb), or cop-
per (Cu). The presence of Cd and Cd compounds in the environment is a consequence
of both natural and anthropic processes. Natural sources of Cd include volcanic activity,
weathering consumption of rocks, sea aerosols, forest fires and mobilization from soils
and landfills. As a derivative of anthropic activities, Cd and Cd compounds, such as Cd-
chloride (CdCl,), Cd-acetate and Cd-carbonate, derive from batteries, pigments, plastic
stabilizers, pesticides and fertilizers, and photovoltaic devices, as well as from rubber
processing, galvanization process, fossil combustion and waste incineration [6]. For the
majority of animal species tested, the absorption of Cd can range from 0.5% to 3.0%,
while in humans from 3.0% to 8.0% of the dose administered [20]. Factors influenc-
ing the uptake are chemical components of the diet, the body’s nutritional status, age
and gender proportionally to dosage used and time exposure to Cd [44]. Independently
from the dietary Cd uptake, women seem to be more prone to Cd-related health effects,
suggesting that a gender difference might exist in the susceptibility to Cd toxicity or in
the body burden of Cd, probably because of differences in Cd absorption [13]. Indeed,
the gastrointestinal absorption of dietary Cd is influenced by dietary intake of essential
nutrients, including iron (Fe), Zn and selenium (Se) [6]. Cd concentration in blood is a
marker of both recent and cumulative exposure, whereas urinary concentration mainly
mirrors cumulative exposure [6, 13]. Among environmentally exposed population, to-
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bacco smokers are the most exposed subjects, since tobacco leaves accumulate large
amounts of Cd, making tobacco smoke the main source of Cd in smokers [6]. Non-
smokers are exposed to Cd by dietary intake of contaminated food (particularly cereals
and grains, leafy vegetables, potatoes and offal) and contaminated water, and vegetar-
ians intake of Cd from food is almost double, compared to non vegetarians [13]. The
occupational exposure occurs almost exclusively by inhalation of Cd-polluted fumes or
dust and by ingestion through dust-contaminated hands. Workers in the metal refinery
industry that release Cd have been shown to suffer from impaired health, such as dam-
aged lungs, diarrhoea, stomach pains and severe vomiting, bone fracture, reproductive
failure and possibly even infertility, damage to the central nervous system, psychologi-
cal disorder, possibly DNA damage or cancer development [47].

It has been suggested that Cd is involved in carcinogenesis in multiple organs
including kidney, prostate, liver and pancreas [4]. In fact, the International Agency for
Research on Cancer (IARC) [18] classified Cd as a known human carcinogen in 1993
and Cd is ranked the 7™ toxicant in the Priority List of Hazardous Substances of the
Agency for Toxic Substances and Disease Registry [5, 49]. International and govern-
mental agencies have made efforts to control and lower the Cd exposure to the general
public in recent years. Nevertheless, Cd has a long biological half-life (2040 years in
humans) and it accumulates in the body over a considerable period of time. It accumu-
lates and is proved to cause severe damage to a variety of organs such as lung, brain,
testis, kidney, liver, blood system and bone [44, 55]. After absorption Cd is transported
by blood and stored in organs rich in metallothionein (heart, intestine, kidney, liver,
lung, pancreas, spleen and stomach), which exhibits high binding affinity for Cd [53].

Data showed that Cd affects the male reproductive system from embryonic stages
to adulthood, and has adverse effects on gonadal development [52]. In mouse embryos,
administration of Cd caused reduced genital ridge size and retarded migration of pri-
mordial germ cells into the genital ridges, resulting in attenuated populations of germ
cells, aberrant maturation of gametes and subfertility [1, 51]. Cd has been demonstrated
to affect spermatogenesis and/or semen quality and endocrine function, by different
pathogenetic mechanisms. Cd severely affects testis structure, by damaging vascular
endothelium and blood-testis barrier (BTB) integrity, and by inducing inflammation
and apoptosis within the testis [24, 25]. Moreover, Cd exerts direct cytotoxicity within
the testis, mainly targeting two specific cell populations, the Sertoli cells and the Ley-
dig cells. It induced oxidative stress in somatic and germ cells, mainly mediated by
mimicry and interference with essential ions, beyond apoptosis occurring in germ cells
(Fig. 1) [13]. The interference with selected signaling pathways and the interference
with the epigenetic regulation of genes involved in the regulation of the reproductive
function, have been hypothesized as additional mechanisms of Cd-induced reprotoxici-
ty, but have not been specifically investigated. Lastly, disturbance of the hypothalamus-
pituitary-gonadal axis is also reported after Cd treatment.

Cadmium induces oxidative stress damage by decreasing the biological activities of
some antioxidants, such as superoxide dismutase and glutathione peroxidase [23, 40, 45]
with significant reductions in testicular function and androgen secretion [33]. Oxidative
stress induced by Cd was associated with production of reactive oxygen species compris-
ing mainly superoxide radical anion, hydrogen peroxide and hydroxyl radical. Oxidative
stress is a common factor in about half of the infertile men, illustrating the importance of
Cd [33]. It either leads to oxidative damage or activates signal transduction pathways to
initiate defense responses [38]. Exposure to Cd is associated with elevated lipid peroxida-
tion in many organs, inclusive the testis [33]. In birds, Cd affects various structures and
metabolic processes, such as nucleic acids, carbohydrates, energy metabolism, protein
synthesis and enzyme systems and serum testosterone levels [11].
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Fig. 1. Schematic overview of the proposed pathogenetic mech-
anisms of Cd-induced reprotoxicity by de Angelis et al. [2017]

Based on variability of testicular damage, several pathological mechanisms of
Cd- induced testicular toxicity have been proposed. In mammals, among the most fre-
quent mechanisms proposed were morphologic alterations and dysfunction in blood
vessels [33]. Cadmium causes specific injury to the internal spermatic artery, its tes-
ticular and epididymal branches and the pampiniform plexus. It was suggested that
Cd in almost all species with scrotal testis, acts principally on the blood vessels of the
testis and epididymis, making them more permeable [46], which in turn determines
fluid leakage into testis interstitium, followed by edema, hemorrhage, inflammation,
hypoxia and, consequently, necrosis of the testis [3]. It was shown that Cd produced this
effect by causing the breakdown of the junctions between endothelial cells of testicular
capillaries and venules [39]. In particular, Cd was shown to induce alterations in the
expression and function of the calcium-dependent cell adhesion molecule as vascular
endothelial cadherin (VE-cadherin) at the cell-cell contacts, and a reorganization of
the actin cytoskeleton [26, 42]. Cadmium induces a form of programmed necrosis in
endothelial cells through disintegration of lysosomes followed by proteolysis, lipidoly-
sis and digestion of nucleic acids resulting in the deterioration of physiological func-
tions [33]. A specific metal ion transporter, ZIP8, has been identified as an enhancer of
Cd uptake by vascular endothelial cells in the testis of mice, and its expression has been
found to be associated to sensitivity to Cd-induced testis injury [12]. Thus reinforcing
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the hypothesis that this transporter might be implicated in the differential susceptibility
of animals to Cd toxic effects on vascular endothelial cells. The results of these studies
suggest that vascular endothelium damage resulting in necrosis within the testis, may
ultimately affect spermatogenesis and testis endocrine function [13].

Vascular smooth muscle cells (VSMC) can perform both contractile and synthetic
functions, which are characterised by changes in morphology, proliferation and migra-
tion rates, and the expression of different marker proteins [33, 43]. VSMC are involved
in physiological functions and pathological changes taking place in the vascular wall. In
general, VSMC are sensitive to Cd cytotoxicity without any species-related differences,
mainly due to a higher accumulation of the metal within cells [22]. Cadmium blocks
the binding of androgen to the receptor but did not alter its affinity, suggesting that the
metal is an inhibitor of hormone binding and may play a role in regulating testicular
function and male fertility [33, 35].

As opposed to vascular mediated toxicity, it has been postulated that Cd exerts its
effects via the physical and chemical properties of the Cd** ion, namely its similarities
to calcium and zinc. As such, Cd is likely to substitute calcium or zinc in crucial physi-
ological processes that are mediated by these ions, resulting in the activation and/or in-
hibition of several signaling pathways [48]. Zinc has a relationship with many enzymes
in the body and can prevent cell damage through activation of the antioxidant defense
system [33]. Decreased utilization of zinc by spermatogenic cells due to competitive
action of Cd may cause disturbance in sperm developing process [2]. Several experi-
mental studies in animals showed that Cd migh interfere with Se at multiple levels. Se
is an essential element with pivotal functions in the maintenance of male reproduction,
by influencing structure of the testis, spermatogenesis, semen quality and, ultimately,
fertility [13].

An experimental in vivo study in animals showed that Cd exposure induced tes-
tis inflammation. Cd-loaded rats developed signs of testis inflammation, with signifi-
cantly increased expression of inflammation markers, including inducible nitricoxide
synthase, cyclooxygenase-2, tumor necrosis factor-o, nuclear factor-kB, and heme oxy-
genase-1, in testis homogenates [15]. Cd-induced testis inflammation resulted in wide-
spread necrosis and vacuolization of the seminiferous epithelium cells, together with
interstitial tissue edema and hemorrhage. These pathological changes were associated
to an impairment of spermatogenesis [13, 15].

Sertoli cells show the major structural and functional alterations after Cd exposure,
even at doses that do not result in visible damage within the testis [13]. Sertoli cells play
crucial roles in supporting the self-renewal and differentiation of spermatogonial stem
cells into mature sperm [27]. In vitro studies suggest that the Sertoli cell is the most
vulnerable target of cadmium chloride and they are more sensitive than Leydig cells to
Cd- induced damage [33]. The morphological changes in Sertoli cells after Cd exposure
are associated with the induction of apoptosis [57]. Cadmium may selectively compro-
mise the development and maintenance of the inter-Sertoli cell tight junctions (TJ),
without affecting their secretory activity or the cell number and viability. In mouse,
rat and cock Sertoli cells treated with Cd assumed chromatin condensation, nuclear
cleaved into dense bodies, lamellar slight endoplasmic reticulum expansion, swelling
mitochondria, and pathological vacuoles [7, 8, 31, 33].

The blood-testis-barrier (BTB) is a unique structure, formed by the tight junctions
between adjacent Sertoli cells, which bisects the seminiferous epithelium into the basal
and the apical/adluminal compartments, by segregating meiotic and post-meiotic germ
cells behind the barrier in the apical compartment. Therefore BTB prevents not only
the passage of cytotoxic agents from the blood into the seminiferous tubules, but also
the passage of antigenic products of germ cell maturation into the circulation, which
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might generate autoimmunity against germ cells [9, 13]. Although BTB is not a static
ultrastructure, but undergoes massive remodeling during spermatogenesis in order to
permit the transit of spermatocytes (preleptotene spermatocytes) [9, 13]. A damage of
the BTB is associated with germ cells loss and reduced total sperm count, which deter-
mine subfertility or infertility conditions. Cadmium has been shown to dose- depend-
ently affect BTB integrity, by inhibiting the establishment or inducing the disruption
of the TJ between rat Sertoli cells in vitro, through a down regulation of occludin, a TJ
integral membrane protein [10]. Setchell and Waites [46] demonstrated that the BTB
is more vulnerable to Cd toxicity than the microvessels in adult rat testes, since the
damage to the BTB occurred prior to the microvessels found in the interstitium. In ad-
dition, a single low dose of Cd at 1 mg/kg b.w. disrupted TJ associated microfilaments
in rat Sertoli cells and also induced spermiation failure without visible vascular le-
sion in the testes [48]. Other studies have shown that E-cadherin is one of the primary
targets of Cd toxicity in epithelial cells, since Cd interacts with the putative calcium-
binding motif in E-cadherin, causing a disruption of the cadherin-based cell adhesion.
But since E-cadherin coexists with tight junction-proteins (e.g., occludin, claudins,
JAM-A) at the BTB, Cd would have immediate access to E-cadherin, making the testis
more susceptible to Cd toxicity. Moreover, testosterone counteracted the Cd disruptive
effects, possibly by inducing the expression of TJ integral membrane proteins such as
occludin. Therefore, testosterone plays a crucial role in the regulation of Sertoli cells
TJ-permeability barrier [10], which is consistent with data that androgen promotes the
BTB integrity and cell adhesion function in the testis [36, 54]. These observations also
illustrate that androgen (or a manipulation of the androgen receptor in Sertoli cells) can
be a potential target candidate to manage Cd-induced testicular toxicity.

The studies focused on the correlation between exposure to Cd at environmental
concentrations and semen quality are controversial. Several studies found a significant
negative correlation between Cd concentration and semen parameters, whereas some
studies failed to demonstrate a clear correlation between Cd exposure and semen qual-
ity [13]. Many studies in man and in various species of mammals showed that Cd in-
duces various changes in testicular histopathology. A marked reduction of seminiferous
tubular diameter after the high dose of Cd, along with the conspicuous decrease of
the tubular volume density was reported [14, 33]. Repeated injections of low doses of
Cd also impair spermatogenesis. Microscopical changes were observed in the germi-
nal epithelium like necrosis, irreversible degeneration of germ cells and progressive
sloughing from the basement membrane [33]. All testicular germ cell populations can
be affected by Cd. This includes a decrease in number of spermatogonia and spermato-
cytes, aberrant morphology in all developing stages, release of immature cells into the
lumen [4, 34, 41 58] and failure in spermiation [17]. Elongated and round spermatids,
as well as spermatocytes were found in the tubule lumen in > 98% of tubules [37]. Sper-
matocytes displayed morphological characteristics of apoptosis, including chromatin
condensation, cell shrinkage and apoptotic body formation in fowl [31, 33]. Besides
sperm concentration, sperm motility is also severely affected by Cd. Sperm motility
is recognized to be more sensitive to this trace element, as reduced sperm motility has
been observed at a dose far below the dose affecting sperm production. However, it is
concluded that Cd accumulation in germinal cells and Cd effects on sperm count and
sperm motility are dose- and time dependent [1]. Data by Ige et al. [19] demonstrated
that pre-treatment of rat model with Allium cepa extract prevented CdSO,-induced re-
productive toxicity by improving sperm quality and enhancing testicular lipid peroxida-
tion status.

In male rodents, it is well established that Cd significantly alters the circulating
levels of several hormones (e.g., testosterone, LH, FSH, Inhibin-B) [28, 32]. Previous
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studies have shown that Cd impairs the testosterone production in isolated Leydig cells
without affecting their viability [30, 56], demonstrating that steroidogenic disruption in
Leydig cells is likely to be an initial target of Cd toxicity as an endocrine modulator. Cd
can also modify hormone levels by affecting the hypothalamic-pituitary-testicular axis
in different aspects, not only via its effects on Leydig cells. It was also shown that, in
the testis of mice and rats, Cd affects the expression of steroidogenesis enzymes, such
as StAR, cholesterol C20-22 desmolase, 17 B-hydroxylase, 17 B-hydroxysteroid dehy-
drogenase [21], and suppresses the expression of LH receptor [16, 28]. A large number
of studies documented that Cd mimics the function of steroid hormones; therefore, this
“metallohormone” has been proposed as endocrine disruptor interfering with endog-
enous endocrine system. It has been shown that Cd can directly bind to estrogen recep-
tor and androgen receptor, and that Cd exerts strong estrogenic-like and androgenic-like
actions, both in vivo and in vitro [13]. Estrogenic effects of Cd are mediated by the high
affinity binding to the ligand-binding domain of estrogen receptor [50], the receptor
isoform that drives the mitogenic actions of E, in target organs. Cd has been shown to
prevent androgens from binding to their receptor, and to mimic the actions of androgens
on cell growth and gene expression in vitro [35]. Moreover, in vivo studies in castrated
rats demonstrated that low doses of Cd dose-dependently increased the weight of the
prostate gland and of the seminal vesicles and this effect was blocked by an antiandro-
gen, thus suggesting that Cd actions are mediated by androgen receptor [13, 35]. All
of these Cd effects on the endocrine system involved not only direct effects on target
organs and cells, but also impairment of the circadian release of noradrenaline, with
subsequent changes in GnRH secretion from the hypothalamus, in LH and prolactin
secretion from the pituitary, and in testosterone circulating concentrations, in male rats
[28, 29]. In summary, the results of these studies suggest that disruption of the hypo-
thalamus-pituitary-gonadal axis may mediate the toxic effect of Cd on spermatogenesis
and endocrine function of the testis [13].

Conclusions

Despite the heterogeneity of study designs in animal models and epidemiological stud-
ies in man, the data in literature strongly determine cadmium as reprotoxic element.
Cadmium directly affect selected cell populations of the testis, which include direct
cytotoxicity and functional impairment of Sertoli and Leydig cells, induced oxidative
stress in both somatic and germ cells. It affects germ cell populations leading to reduced
semen density and quality. Cadmium treatment causes a direct disturbance of the hy-
pothalamus-pituitary-gonadal axis, which might impair spermatogenesis and endocrine
function of the testis.
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