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IE?‘/, ‘;‘;Zﬁns"em of the hypothalamus-pituitary-gonadal axis. The current review outlines epidemiological observational
Cadmium findings from environmental and occupational exposure in humans, and reports experimental studies
Heavy metals in humans and animals. Lastly, a focus on the pathogenetic mechanisms of cadmium toxicity and on
Male reproduction the specific mechanisms of cadmium sensitivity and resistance, particularly assessed in animal models,
Fertility is included. Despite convincing experimental findings in animals and supporting evidences in humans
Endocrine disruptors identifying cadmium as reproductive toxicant, observational findings are controversial, suffering from
Semen quality heterogeneity of study design and pattern of exposure, and from co-exposure to multiple pollutants.
Testosterone © 2017 Elsevier Inc. All rights reserved.
Contents
B O o1 0T LF o ) U 106
2. Cadmium pollution: an underestimated threat to male fertility .. .......ooeeunirie et ittt e e ie e eiae e aaanans 106
I - c D521 107
4, Cadmium and male reproduction: epidemiological observational studies in hUmans .............oviiiiiiiiiiiini i it iie e eeenns 107
o O 23 1140 (03 000 (=) 012 040 0 1] 1 110
4.1.1. Effect of cadmium eXposure 0N SEMEN QUALIEY . ... ...ttt ettt ittt ittt et ettt et ie e et ee e et ee e e ieeeenaeeannns 110
4.1.2. Effect of cadmium exposure on endocrine fUNCHION. ... .. .uuu.i ittt ittt et ettt e et ee e ie e ie e eaaaeas 110
I O Tol o 1 1 o) s P-4 00 5] 1 111

Abbreviations: Cd, cadmium; Zn, zinc; Cu, copper; CdCl2, cadmium chloride; bCd, whole blood Cd; bpCd, blood plasma Cd; sCd, serum Cd; spCd, seminal plasma Cd;
uCd, urine Cd; 8 -OHdG, 8-hydroxy-2'-deoxyguanosine; E,, estradiol; FSH, follicle stimulating hormone; T, testosterone; LH, luteinizing hormone; INH-B, inhibin B; AMH,
anti-Mulleran hormone; BTB, blood-testis barrier; hCG, human chorionic gonadotropin; VE-cadherin, vascular endothelial cadherin; FAK, focal adhesion kinase; Se, selenium;
StAR, steroidogenic acute regulatory protein; GSH, glutathione; GSH-Px, glutathione peroxidase; ROS, reactive oxygen species; GSH-RXx, glutathione reductase; CAT, catalase;
SC, subcutaneous; miRNA, micro RNA; DNMT, DNA methyltransferase; Bcl2, B-cell lymphoma 2; Bax, Bcl2-Associated X; IP, intraperitoneally; Bcl-XL, B-cell lymphoma-extra
large; UPS, ubiquitin proteasome system; SAPK/JNK, stress-activated protein kinase/c-Jun N-terminal kinase; MTs, metallothioneins.

* Corresponding author at: Dipartimento di Medicina Clinica e Chirurgia, Sezione di Endocrinologia, Universita “Federico I1"di Napoli, Via Sergio Pansini 5, 80131 Naples,
Italy.

E-mail addresses: cristinadeangelis83@hotmail.it (C. de Angelis), mariano.galdiero@gmail.com (M. Galdiero), claudia.pivonello@unina.it (C. Pivonello),
cirosalzano89@gmail.com (C. Salzano), daniele.gianfrilli@uniromal.it (D. Gianfrilli), prisco.piscitelli@tiscali.it (P. Piscitelli), andrea.lenzi@uniromal.it (A. Lenzi),
colao@unina.it (A. Colao), rosario.pivonello@unina.it (R. Pivonello).

http://dx.doi.org/10.1016/j.reprotox.2017.07.021
0890-6238/© 2017 Elsevier Inc. All rights reserved.


dx.doi.org/10.1016/j.reprotox.2017.07.021
http://www.sciencedirect.com/science/journal/08906238
http://www.elsevier.com/locate/reprotox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reprotox.2017.07.021&domain=pdf
mailto:cristinadeangelis83@hotmail.it
mailto:mariano.galdiero@gmail.com
mailto:claudia.pivonello@unina.it
mailto:cirosalzano89@gmail.com
mailto:daniele.gianfrilli@uniroma1.it
mailto:prisco.piscitelli@tiscali.it
mailto:andrea.lenzi@uniroma1.it
mailto:colao@unina.it
mailto:rosario.pivonello@unina.it
dx.doi.org/10.1016/j.reprotox.2017.07.021

106 C. de Angelis et al. / Reproductive Toxicology 73 (2017) 105-127

4.2.1. Effect of cadmium exposure on semen quality and endocrine fUnCtion ...........ooviiiiiiiiiiiiiiii et 111

4.3. Concluding remarks on observational studies in humans.......
Cadmium and male reproduction: experimental studies in humans

S

Cadmium and male reproduction: experimental studies in animals

7.  Mechanisms of cadmium reprotoxicity..........ccoovveuiivieininnan..

7.1.  Structural damage within the testis......
7.1.1. Vascular endothelium damage....

7.1.2. Blood-testis barrier disruption.........................

7.2, Inflammation Within the teStiS .. ... ou ettt et e et ittt ittt et e e e e ettt e e et e e e et e e e,

7.3.  Apoptosis withinthe testis.............c.ooiiiiiiiiiiii...
7.4. Direct cytotoxicity on testiscellS..........coeeviiiiiiiiinann..

7.4.1. Sertoli cells
7.4.2. Leydig cells

7.5.  Mimicry and interference with essential ions: a focus on zinc and selenium
7.5.1.  Mimicry and interference with zinc...................
7.5.2. Interference with selenium............................
7.6.  OXIdatiVe STI@SS . ...ttt ettt ettt eeeeeeennnanns
7.7. Interference with signaling pathways...........................

7.7.1.  Ubiquitin proteasome system signaling pathway ..

7.7.2.  Calcium and cyclic AMP signaling pathways..........

7.8. Interference with epigenetic gene regulation...........

7.9. Disruption of hypothalamus-pituitary-gonadal axis............
8. Sensitivity and resistance to cadmium reprotoxicity...................
LS o) ol LT (o) s -
Conflict Of INTETeSTS. . ...ttt ettt eeenes

Authors’ contributions
Acknowledgement............

S (5 () s Lol =

1. Introduction

A significant trend towards a worldwide decline in human fer-
tility has been reported by international literature over the last
five decades [1]; the progressive deterioration of couple fertility
cannot be justified exclusively by changes in lifestyle (increase in
women occupational rate, increase in women age at pregnancy),
prevention of undesired parenthood (use of contraceptives, inten-
tional abortions), or economic issues (decrease of income, increase
of expense). A significant overall decline in male fertility, conse-
quence of a progressive impairment of semen quality, was reported
since early ‘90s, in a metanalysis of studies published between 1938
and 1991 [2]. Nevertheless, a recent re-analysis of the same stud-
ies, revealed heterogeneous results, mainly attributable to marked
geographical variations in semen quality [3]. These conflicting and
inconclusive results suggested the hypothesis of a possible impact
of local persistent environmental pollution on male fertility [4].
Therefore, the contribution of concurrent, global and local factors,
should be taken into account to explain the differences among
the studies. Environmental exposure to toxic pollutants, which
are present in the background ambience, as well as occupational
exposure to specific toxic pollutants, which are consequence of job-
related activities, have been demonstrated to negatively affect male
fertility in humans [5,6].

Heavy metals represent one of the most common categories
of pollutants in the environment. Heavy metals are nearly ubiqg-
uitous, being released in the environment mainly by anthropic
emission into the biosphere due to their wide use in industry, and
represent a threat to human health, because of their long-term per-
sistence in the environment and accumulation in the organic matter
(bio-accumulation). Although a large body of evidence on the neg-
ative role of heavy metals on reproduction has been provided by
experimental preclinical animal studies, little experimental clini-
cal investigation has been performed in humans, with limitation to
experimental studies on spermatozoa. Moreover, the translation
of the results of in vivo studies from animals to humans is chal-
lenging: a precise correspondence between experimental dosage

and the real environmental or occupational exposure in humans,
as well as the relevance to humans of the length of experimental
animal exposure, have not been fully established. Therefore, animal
findings are not strictly applicable to humans, and may not be com-
pletely useful for a reliable risk assessment of exposure in humans.
Lastly, the interpretation of epidemiological observational studies
on heavy metals in humans is often complicated by confounding
variables, such as smoking habits, and by the simultaneous expo-
sure to multiple environmental pollutants exerting toxic effects on
the malereproductive system (reprotoxicity), including bisphenols,
dioxins, phthalates, pesticides, solvents, and additional hazardous
compounds.

Cadmium (Cd) has been repeatedly proven to be one of the major
heavy metal exerting reprotoxicity in the male.

2. Cadmium pollution: an underestimated threat to male
fertility

Cd pollution has become a real concern in industrialized and,
especially, rapidly industrializing countries, because of the sus-
tained pace of industrial activities, which represent one of the main
sources of Cd production, that has been progressively rising during
the decades, therefore arousing the interest on Cd-related health
harm. The international literature has given a strong evidence of
severe reprotoxicity driven by diverse patterns of Cd exposure;
therefore, Cd has to be considered as a current menace to male
fertility, and can be considered an important agent of reprotoxic
pollution, deserving specific scientific insights.

The current review discusses the detrimental effects of Cd expo-
sure on male fertility, by providing an overview of epidemiological
observational studies in humans, and by reporting experimental
studies in humans and animal models. The pathogenetic molecular
mechanisms underlying the effects of Cd exposure on male repro-
ductive system are critically discussed in a specific section, which
reports the major findings in humans and animals, cathegorized by
type of pathogenetic mechanism.
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3. Cadmium

Cd, 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 copper (Cu) [7].
The presence of Cd and Cd compounds in the environment is a con-
sequence 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
[7]. As a derivative of anthropic activities, Cd and Cd compounds,
such as Cd-chloride (CdCI2), Cd-acetate and Cd-carbonate, derive
from batteries, pigments, plastic stabilizers, pesticides and fertil-
izers, and photovoltaic devices, as well as from rubber processing,
galvanization process, fossil combustion and waste incineration [ 7].
In recent years, safety regulations restricting Cd usage, particularly
in the European Union, were introduced, due to concerns on the
toxicity of Cd and Cd compounds [8]. Airborne particles of Cd and Cd
compounds are transported and deposited in soil and water; mean
total Cd concentrations in the air depend on the proximity to indus-
trial source and might range between 0.1 ng/m3 up to 100 ng/m?3,
in remote areas and at source of emission, respectively [8]. Mean
Cd concentrations in ocean range from <5 to 110 ng/L, and are pri-
marily due to natural weathering and erosion phenomena, and to
atmospheric fall-out from both natural and anthropic emissions
[8]. Sediment Cd concentrations have been reported to range from
0.03-1 mg/kg in marine sediments to up to 5mg/kg in river and
lake sediments, whereas average Cd concentration in soil is about
0.1-0.2 mg/kg, although >1 mg/kg concentrations have been mea-
sured in the soil near smelters and industrialized areas [8]. Cd bio-
accumulates in the organic matter by entering the food chain [8].

The exposure to Cd might be classified according to the target
population and source of exposure; the general population is sub-
jected to environmental exposure to relatively low concentrations
of Cd commonly found in the background environment, whereas
professionals manipulating Cd for job-related activities are sub-
jected to occupational exposure to high concentrations of Cd [7].
Among environmentally exposed population, tobacco smokers are
the most exposed subjects, since tobacco leaves accumulate large
amounts of Cd, making tobacco smoke the main source of Cd in
smokers|[7].Indeed, it has been estimated that smokers are exposed
to about 1.7 g of Cd per cigarette, 10% of which is inhaled, there-
fore, smokers absorb about 1-3 pg Cd from smoking one pack of
cigarettes per day; as a consequence Cd body charge in smokers is
approximately double than in non-smokers [7,8]. Non-smokers are
exposed to Cd by dietary intake of contaminated food (particularly
cereals and grains, leafy vegetables, potatoes and offal) and con-
taminated water, and vegetarians intake of Cd from food is almost
double, compared to non vegetarians [7,8]. In most countries, the
average daily intake of Cd from food is between 0.1-0.4 pg/kg
body weight [8]. Cd may also be perfused in alcoholic beverages,
although alcoholic beverages consumption represents a significant
source of metals only in heavy drinkers [9]. In the general popula-
tion, blood plasma Cd (bpCd) concentration is within the range of
0.4-1 pg/Lin non-smokers and 1.4-4 pg/Lin smokers; nevertheless,
higher concentrations have been reported in environmentally con-
taminated areas (>10 pg/L) [8]. The occupational exposure occurs
almost exclusively by inhalation of Cd-polluted fumes or dust and
by ingestion through dust-contaminated hands [7,10]. In occupa-
tionally exposed subjects, bpCd concentration might be up to 50
rg/L[8].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 absorp-
tion [11,12]. Indeed, the gastrointestinal absorption of dietary Cd
(about 5% in men and equal or more than 10% in women) varies

among individuals and is influenced by dietary intake of essen-
tial nutrients, including iron (Fe), Zn and selenium (Se) [13-15]. Cd
concentration in blood is a marker of both recent and cumulative
exposure, whereas urinary concentration mainly mirrors cumula-
tive exposure [7,8] . The estimated biological half-life of Cd is very
long, ranging from 10 to 40 years in humans [7], and the clear-
ance of Cd is very low, since about 0.007% and 0.009% of Cd body
burden is excreted in urine and feces, respectively, per day [7,8];
consequently, Cd progressively accumulates in the liver and in the
kidney, primary targets of Cd toxicity showing the earliest effects of
Cd intoxication, but also in ovaries and placenta in women, as well
as in testis, epididymis and, consequently, semen, in men [16-21].

The following sections report the results of epidemiological
observational studies on male fertility in humans with environ-
mental and occupational exposure to Cd, and report the results
of experimental studies in humans, which are limited to in vitro
studies describing the effects of Cd treatment on spermatozoa, and
experimental studies in animals, which are represented by in vivo
studies investigating the effects of Cd exposure on male repro-
ductive function, including development of reproductive system,
endocrine function, spermatogenesis and semen quality, as well as
fertility potential. Lastly, the current review discusses the patho-
genetic molecular mechanisms underlying Cd reprotoxicity, which
have been mainly uncovered in experimental in vitro, ex vivo and
in vivo studies in animals, although some supporting evidences
from observational studies and experimental studies are reported
in humans; the entire series of experimental studies is critically dis-
cussed in a dedicated section of the current review, which reports
the major findings in humans and animals, cathegorized by type of
pathogenetic mechanism. A dedicated section on the mechanisms
driving Cd sensitivity and resistance in the testis, is finally included
in current review.

4. Cadmium and male reproduction: epidemiological
observational studies in humans

The epidemiological observational studies describing the rela-
tionship between Cd exposure and male reproduction are
cathegorized into two groups: studies on male subjects deriving
from the general population with environmental exposure, and
studies on male subjects with occupational exposure. Observa-
tional studies are scarce and describe controversial findings, which
might be addressed by discrepancies in the selection of study popu-
lations (variable sample size, different criteria for subject selection,
presence or absence of adequate control group), technical pitfalls
(different patterns of Cd exposure, multiple exposure to several
pollutants, interactions between Cd and different metals, lack of
information for factors affecting Cd absorption and tissue distri-
bution, or affecting reproduction per se) or statistical drawbacks
(lack of adjustment for confounding variables). Moreover, the avail-
able occupational studies are cross-sectional, and do not appraise
latency of effects, duration and fluctuation of former Cd exposure,
and changes of the endpoints of interest over time, by making
it demanding to set a quantitative dose-response relationship,
or exposure thresholds. Lastly, either in environmental or occu-
pational studies, the inappropriate choice of the biological fluid
used for the quantification of Cd exposure could also account for
inconsistencies in the literature. Indeed, according to several stud-
ies, no correlation exists among whole blood Cd (bCd), bpCd, or
serum Cd (sCd), and seminal plasma Cd (spCd), suggesting that
local Cd concentration in the reproductive system is not mirrored
by circulating Cd concentration; moreover, just one study mea-
sured urine Cd (uCd), therefore, the biological relevance of this
parameter has not been validated, as concerns its significance for
the assessment of local Cd concentration in the reproductive sys-
tem. As a consequence of these evidences, spCd concentration is



Table 1

Summary at a glance of epidemiological observational studies on the effects of cadmium exposure on semen quality in humans.

Seminal Parameters

N° subjects N° subjects/ Age Seminal profile Cadmium dosage Semen volume Sperm Sperm Sperm Sperm Sperm
Type of exposure group (n°samples) total count concentration vitality motility morphology
Akinloye et al. [17] 100 Env. group 1: R 20-45 group 1: S (n=100) S=SP= SYSP= Na Sy SP= Sy SP= SYSP=
60 IP 40 0; 20 AZ SP (n=100)
group 2: group 2:
40 Fertile 40N
Benoff et al. [27] 190 Env. group 1: NA group 1: BP (n=140) Na Na group 1: Na group 1: group 1:
140 1P 34 N; 84 O/A/T SP (n=181) BP=SP | BP=SP | BP=SP=
group 2: and combined; group 2: group 2: group 2:
15D 22 NA BP NASP = BP NASP = BP NASP =
group 3: group 2: group 3: group 3: group 3:
35 UNS N BP NASP = BP NASP = BP NASP =
group 3:
majority N
Pant et al. [28] 119 Env. group 1: R20-43 NA SP (n=119) Na Na NN Na N2 Na
46 Fertile group 1:
group 2: M 32
73 Infertile group 2:
M33
Mendiola et al. [22] 61 Env. 611P M33 group 1: B (n=59) Na Na B=BP=SP= Na B=BP=SP | B=BP=SP=
30 OAT BP (n=61)
group 2: SP (n=61)
31N
Chia et al. [29] 35 Env. 351P M38 UNS BP (n=35) BP | Na BP= Na BP = BP |
Guzikowski et al. [31] 34 Env. 341p R 26-42; group 1: SP (n=34) Na SP ¢ Na Na N2 SP ¢
M 29 23 O/A/T and combined
group 2:
11N
Telisman et al. [32] 149 Env. NA R 20-43; NA BP (n=149) BP=SP= BP=SP= BP=SP= BP=SP= BP=5SP= BP |, SP=
m 30.5; SP (n=118)
M 30.5
Xu et al. [30] 221 Env. 2211p R 24-54; NA BP (n=191) BP=5SP | NA BP | SP= BP=SP= BP=5SP= BP=SP |
M35 SP (n=74)
Xuetal. [34] 56 Env. NA R 26-45; NA SP (n=56) SP= sPd Py SP= SP= SP=
M35
Meeker et al. [37] 219 Env. 2191 R 18-55; group 1: BP (n=219) BP = BP = BP= Na BP= BP =
m 34 73N
group 2:
146 O/A/T and combined
Jurasovic et al. [38] 123 Env. P R 19-48; NA BP (n=123) Na Na BP = BP = BP = BP =
m 31
Keck et al. [39] 174 Env. group 1: group 1: group 1: SP (n=176) SP= Na SP= Na SP= SP=
2 Occ. 12 Fertile NA N
group 2: group 2: group 2:
44 |nfertile Idiopathic M35 N
group 3: group 3: group 3:
118 Infertile M26 UNS
group 4: group 4: group 4:
2 IP Occ. 34 and 35 OT and OAT
Hovatta et al. [43] 27 Occ. group 1: group 1: NA SP (n=72) Na Na SP=SPZ= Na SP=SPZ = SP=SPZ =
45 Env. 27 factory employees R 27-46; M 34 SPZ (n=72)
group 2: group 2:
45 SD R 20-45; M 28

801

221-501 (2102) €2 £30]1001x0 ] 2An2npoLday /v 32 syjaSuy ap D

N, Normozoospermic; O, Oligozoospermic; A, Asthenozoospermic; T, Teratozoospermic; OAT, Oligo-Astheno-Teratozoospermic; AZ, Azoospermic; S, Serum; SP, Seminal Plasma; BP, Blood Plasma; B, Whole Blood; SPZ, Spermatozoa;
41, Positively correlated; |, Negatively correlated; = Not correlated; Na, Not applicable; NA, Not Available; IP, Infertility Patients; SD, Sperm Donors; UNS, Unselected; Env., Environmental; Occ., Occupational; Cd, Cadmium; R,
Range; M, Mean; m, median.



Table 2
Summary at a glance of epidemiological observational studies on the effects of cadmium exposure on reproductive endocrine function in humans.

productive Endocrine tion (serum hormone)
N° subjects N° subjects/ Age Seminal profile Cadmium dosage Testosterone Estradiol FSH LH Prolactin
Type of exposure group (n°samples)
Akinloye et al. [17] 100 Env. group 1: R 20-45 group 1: S (n=100) S=Sp= Na S=Sp= S=Sp= S=Sp=
60 IP 40 0; 20 AZ SP (n=100)
group 2: group 2:
40 Fertile 40N
Benoff et al. [27] 190 Env. group 1: NA group 1: BP (n=140) group 1: Na group 1: group 1: Na
140 IP 34 N; 84 O/A/T SP (n=181) BP=SP = BP =SP = BP =SP =
group 2: and combined; group 2: group 2: group 2:
15D 22 NA BP NASP NA BP NASP NA BP NASP NA
group 3: group 2: group 3: group 3: group 3:
35 UNS N BP NASP NA BP NASP NA BP NASP NA
group 3:
majority N
Mendiola et al. [22] 61 Env. 61 1P M 33 group 1: B (n=59) B=BP=SP= Na B=BP=SP= B=BP=SP= Na
30 OAT BP (n=61)
group 2: SP (n=61)
31N
Jurasovic et al. [38] 123 Env. 13 R 19-48; NA BP (n=123) BP 1 BP 1 BP 1 BP = BP =
m31
Telisman et al. [32] 149 Env. NA R 20-43; NA BP (n=149) BP 1 SP Na BP =SP Na BP =SP Na BP 1 SP Na BP | SP Na
m 30.5; SP (n=118)
M 30.5
Meeker et al. [41] 219 Env. 2191P R 18-55; group 1: BP (n=219) BP = Na BP = BP = Na
m 34 73N
group 2:
146 O/A/T and combined
Zeng et al. [42] 263 Env. group 1: 235 NA BP (n=263) BP=U= Na BP=U= BP=U= Na
93 from control U (n=263)
area
group 2:
71 from medium
Cd polluted area
group 3:
99 from heavily
Cd polluted area
Zeng et al. [44] 80 Env. group 1: R21-78 NA U (n=166) (VRO Na U= [V Na
86 Occ. 80 Env.
group 2:
38 slight to
moderate Occ.
group 3:

48 heavy Occ.

N, Normozoospermic; O, Oligozoospermic; A, Asthenozoospermic; T, Teratozoospermic; OAT, Oligo-Astheno-Teratozoospermic; AZ, Azoospermic; S, Serum; SP, Seminal Plasma; BP, Blood Plasma; B, Whole Blood; U, Urine; 1,
Positively correlated; |, Negatively correlated; = Not correlated; Na, Not applicable; NA, Not Available; IP, Infertility Patients; SD, Sperm Donors; UNS, Unselected; Env., Environmental; Occ., Occupational; Cd, Cadmium; R, Range;
M, Mean; m, median.

2Positively correlated only for urinary Cd concentrations of 10 j.g/g creatinine.

bpositively correlated only for urinary Cd concentrations of 20 pg/g creatinine or higher.

2Z1-S01 (210Z) £ A30]031X0] 2A130np0.1day / Ip 32 SaSuy ap )
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likely the best parameter to be considered in studies on Cd effect
on reproduction [22,23]. The current review summarizes findings
from observational studies considering the influence of environ-
mental and occupational Cd exposure on reproductive function in
terms of semen quality (Table 1) and endocrine function (Table 2).

4.1. Environmental exposure

The observational studies on the effects of environmental Cd
exposure on reproductive function in humans focus on semen qual-
ity and on endocrine function.

4.1.1. Effect of cadmium exposure on semen quality

The studies focusing on the correlation between exposure to
Cd at environmental concentrations and semen quality are con-
troversial; several studies found a significant negative correlation
between Cd concentration and semen parameters, whereas some
studies failed to demonstrate a clear correlation between Cd expo-
sure and semen quality.

Several studies in environmentally exposed subjects pointed
out that, even at environmental concentration, Cd may exert a
detrimental effect on semen quality. Tobacco smoking significantly
increases bpCd and spCd concentration [24,25], and was shown to
adversely affect semen quality, including sperm total count, con-
centration, motility and morphology [26], thus suggesting that Cd
might partially contribute to the reprotoxicity of tobacco smok-
ing. A Nigerian study compared sCd and spCd concentration in
60 infertile men (40 with oligozoospermia and 20 with azoosper-
mia) attending fertility clinics, and 40 age-matched men with
normozoospermia and proven fertility [17]. The results of the
study showed that spCd concentration was significantly higher
than sCd concentration in both infertile and fertile men, and that
sCd and spCd concentration was significantly higher in infertile
azoospermic, compared to infertile oligozoospermic and fertile
normozoospermic men [17]. Moreover, a significant negative cor-
relation was found between sCd, but not spCd, concentration, and
semen parameters, such as sperm concentration, motility, mor-
phology and vitality, but not semen volume [ 17]. Conversely, in aUS
study, a significant negative correlation was reported between spCd
concentration and sperm concentration, as well as sperm motil-
ity, in male partners of infertile couples; this correlation was not
found in sperm donors for artificial insemination and in general
population volunteers [27]. These observations were confirmed
by an Indian study on healthy fertile and infertile men attending
a fertility centre, reporting a negative correlation between spCd
concentration and semen parameters, including sperm concentra-
tion and motility [28]. A Spanish study performed in male partners
of couples attending three fertility centers, enrolled 61 patients,
which were classified, based on semen quality, in 30 case (men
with oligo-astheno-teratozoospermia) and 31 control (men with
normozoospermia) subjects [22]. In this study, a significant nega-
tive correlation was found between spCd concentration and sperm
motility, after adjustment for age, body mass index, and num-
ber of cigarettes per day, although no correlation was detected
between spCd, bCd, or bpCd concentration and sperm concentra-
tion or morphology [22]. A Singapore study on 35 men, including
subjects with normal or idiopathic impairment of semen quality
(the overall group semen profile displayed oligozoospermia and
teratozoospermia, with borderline asthenozoospermia), attending
an andrology clinic, found that asthenozoospermic men had signif-
icantly higher bpCd concentration compared to men with normal
sperm motility, and demonstrated a significant positive correla-
tion between bpCd concentration and sperm midpiece defects or
immature forms, and a negative correlation between bpCd con-
centration and semen volume [29]. A different Singapore study
on 221 men undergoing initial screening for infertility, correlated

bpCd and spCd concentration to semen parameters, by reporting
a significant negative correlation between bpCd concentration and
sperm concentration, and between spCd concentration and semen
volume, whereas a weak negative correlation was found between
spCd concentration and the percentage of spermatozoa with nor-
mal morphology [30]. A Poland study on 34 men selected from
primary infertile couples living in a rural area, reported a signif-
icant negative correlation between spCd concentration and sperm
total count, motility and morphology [31]. A Croatian study on
149 healthy male industrial workers not exposed to Cd, consis-
tently showed that bpCd concentration was negatively correlated
to the percentage of spermatozoa with normal morphology [32].
A Slovak study on 47 subjects referring to a fertility centre, and
focusing on sperm morphology, showed that spCd concentration
had a mild negative correlation with the percentage of spermato-
zoa with normal morphology, in particular, a positive corretation
with the number of spermatozoa with large heads was reported
[33]. Furthermore, a Chinese study on 56 non-smoker men reported
that spCd concentration was negatively correlated to sperm total
count and concentration [34]; in this study, the sperm DNA levels
of 8-hydroxy-2’-deoxyguanosine (8-OHdG), a critical biomarker of
oxidative stress, were negatively correlated to sperm total count,
concentration and vitality, but positively correlated to spCd con-
centration, suggesting that the oxidative stress and the consequent
DNA damage might be a mechanism of Cd reprotoxicity [34]. The
role of Cd in sperm oxidative damage was also confirmed in a Turk-
ish study on 95 subjects, including 50 infertile and 45 fertile men
[35]. Lastly, a US study on 64 apparently healthy men recruited
at a fertility centre, reported a negative correlation between spCd
concentration and the percentage of vital sperm [36] .

In disagreement with the above-mentioned studies, a group of
studies failed to find a clear correlation between sCd, bpCd, or spCd
concentration, and semen quality. In particular, a US study on 219
patients recruited at fertility clinics, including fertile and infertile
men, reported absence of correlation between Cd exposure and
semen quality [37]. A Croatian study in 123 men attending fer-
tility clinics did not report any correlation between Cd exposure
and semen quality, after adjustment for potential confounders [38].
A German study did not describe any correlation between spCd
concentration and semen quality in 12 men with proven fertil-
ity, 44 patients with normozoospermia and idiopathic infertility,
118 infertile patients unselected for semen quality, and 2 occu-
pationally exposed workers attending a fertility centre, although
information concerning smoking habits was not available in a group
of patients [39]. In a Finnish study on 64 subjects including sperm
donors and fertile men, which were then stratified for tobacco
smoking, sCd and spCd concentration was higher in smokers than
in non-smokers, although no significant difference was observed
in semen quality and fertility outcome between the two groups of
subjects [40].

4.1.2. Effect of cadmium exposure on endocrine function

The studies focusing on the correlation between exposure to Cd
at environmental concentrations and the endocrine function are
controversial. In a Croatian study on 123 men attending fertility
clinics, bpCd concentration was correlated to serum hormone con-
centrations, after adjustment for age, tobacco smoking and alcohol
consumption [38]; bpCd concentration (median 2.94 pg/L in smok-
ers, and 0.59 pg/L in non smokers) was negatively correlated to
testis size, and positively correlated to follicle stimulating hormone
(FSH), testosterone (T), and estradiol (E; ) serum concentration [38]
. A different Croatian study on healthy male industrial workers
not exposed to Cd found a significant positive correlation between
bpCd concentration and serum luteinizing hormone (LH) and T
concentration, and a negative correlation between bpCd concen-
tration and serum prolactin concentration [32]. A US study on men
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attending two fertility clinics reported that bpCd concentration
was positively correlated to serum inhibin B (INH-B) concentration,
in a model adjusted for tobacco smoking, age, BMI, and potential
interaction with different metals [41]. A Nigerian study on 60 men
with oligozoospermia or azoospermia and infertility, and 40 age-
matched normozoospermic men with proven fertility, showed that
spCd concentration was positively correlated to seminal plasma
FSH concentration [17] . Conversely, in a Spanish study on 30 case
(oligo-astheno-teratozoospermia) and 31 control (normozoosper-
mia) subjects from couples attending three fertility centers, no
significant correlation was reported between serum FSH, LH and T
concentration and bCd, bpCd and spCd concentration [22]. Similar
results were reported in a US study on 140 male partners of infertile
couples, including subjects with normozoospermia, oligozoosper-
mia, azoospermia and fertile subjects [27]. Lastly, in a Chinese study
on 263 male volunteers from a control area and two Cd-polluted
areas, no significant correlation was found between uCd concen-
tration and serum FSH, LH and T concentration, after adjustment
for potential confounders [42].

4.2. Occupational exposure

The observational studies on the effects of occupational Cd expo-
sure on reproductive function in humans focus on semen quality
and endocrine function.

4.2.1. Effect of cadmium exposure on semen quality and
endocrine function

The studies evaluating the correlation between occupational
exposure to Cd and semen quality, and endocrine function are
scant. A Finnish study measured Cd burden in seminal plasma
and spermatozoa of 27 occupationally exposed subjects working
in a refinery and a polyolefin factory, and 45 environmentally
exposed sperm donor candidates [43]; surprisingly, significantly
higher concentrations of Cd were found in both seminal plasma
and spermatozoa of sperm donor candidates, probably as a conse-
quence of the occupational protection policy, and the countryside
domicile of most of the employees of the industries [43]. Moreover,
the overall concentration of Cd measured in the seminal plasma
and spermatozoa was very low, reflecting low levels of exposure in
both study populations, and no correlation was reported between
Cd concentration and sperm concentration, motility or morphology
[43]. A Chinese study on smelter workers exposed to Cd and con-
trol subjects, showed that creatinine-adjusted uCd concentration
positively correlated to serum LH and T, but not FSH concentration,
after adjustment for potential confounders, such as age, smoking
habits, and alcohol consumption [44].

4.3. Concluding remarks on observational studies in humans

The evidences derived from the observational studies in humans
suggest that both environmental and occupational patterns of Cd
exposure have a detrimental effect on semen quality, and can alter
endocrine function. Nevertheless, some studies failed to identify
differences between Cd exposed and non-exposed subjects, in both
environmental and occupational exposure settings, probably due
to small-sized study populations, and lack of control for potential
confounding variables.

5. Cadmium and male reproduction: experimental studies
in humans

The experimental studies investigating the effect of Cd expo-
sure on male reproduction in humans are restricted to in vitro
studies on spermatozoa, which are obtained through ejaculation.
Two are the main studies evaluating the effect of Cd treat-
ment on spermatozoa. In the first study, semen samples with

normal semen parameters collected from a cohort of 60 fer-
tile men and 150 men with idiopathic infertility, were subjected
to Cd treatment [45]. Cd was found to significantly decrease
sperm motility, in a time-dependent fashion; moreover, a sig-
nificant dose-dependent and time-dependent decrease in sperm
vitality was observed during Cd treatment [45]. In the sec-
ond study Cd was shown to alter the activity of key enzymes
involved in spermatozoa metabolism; in particular, treatment with
CdCI2 inhibited the activity of glycogen phosphorylase, glucose-
6-phosphatase, fructose-1,6-diphosphatase, glucose-6-phosphate
isomerase, amylase, Mg2*- dependent ATPase, and lactic and suc-
cinic acid dehydrogenases [46]. Therefore, the experimental in vitro
studies on human spermatozoa suggest that Cd might affect semen
quality in humans, and that the impairment of semen quality may
be mediated by detrimental effects on spermatozoa metabolism.

6. Cadmium and male reproduction: experimental studies
in animals

The experimental studies investigating the effect of Cd exposure
on male reproduction in animals include in vivo studies on animal
models of Cd intoxication, which provide direct evidences of the
toxic effects of Cd on several aspects of the reproductive function,
including development of reproductive system, endocrine function,
spermatogenesis and semen quality, and, consequently, fertility;
the main findings of these studies are briefly summarized in Table 3.

The studies in experimental animal models of Cd exposure
demonstrated that Cd is gonadotoxic and spermiotoxic, when
administered as either a single high dose, or chronic low doses,
and that its harmful effect on reproduction can be long-lasting and
irreversible, if animals are treated during fetal development, early
life, or before the pubertal period, most probably due to the severe
damage induced to proliferating and differentiating Sertoli cells,
which exert a crucial role in the development of a functional testis,
and in spermatogenesis [47]. Pregnant mice injected intraperi-
toneally (IP), daily, with 0.5 mg/kg body weight CdCI2, during
the late pregnancy period (gestational day 13-17) delivered male
fetuses with reduced body and testis weight, and showing defective
steroidogenesis and decreased serum T concentrations [48]. Note-
worthy, at adulthood, the male offspring maintained the decreased
concentration of T, both in the general circulation and within the
testis, and displayed reduction of fertility, as measured by the num-
ber of live birth per litter, in breeding experiments with untreated
females [48]. Mouse male embryos exposed to CdCI2 during early
organogenesis showed smaller genital ridges and fewer primordial
germ cells (day 13.5); moreover, these embryos developed smaller
testis with a reduced number of differentiating germ cells, due
to an extensive degeneration process (day 16.5) [49]. Lastly, the
fertility of the prenatally-exposed male offspring was impaired, as
the result of a defective development of the gonads, depletion of
germ cells, and impairment of spermatozoa maturation, as demon-
strated by a lower in vitro fertilization rate [49]. A 0.4, or 0.8 mg/kg
body weight dose of CdCI2 solution administered IP to adult rats
significantly reduced (0.4 mg/kg body weight), or completely
abolished (0.8 mg/kg body weight) sperm motility, and drastically
affected daily spermatozoa production only at the highest dose
(0.8 mg/kg body weight) [50]. A 1 mg/kg body weight dose of CdCI2
solution administered IP to adult rats resulted in a time-dependent
failure of the last step of spermatogenesis (spermiation in the
seminiferous epithelium), without pathological changes in the sur-
rounding vascular endothelium [51]. A 5 mg/kg body weight CdCI2
administered to rats by oral gavage, every other day for 30 days,
caused a significant decrease in sperm concentration, sperm motil-
ity, and testis and epididymis weight, as well as an increase in the
percentage of dead spermatozoa and spermatozoa with abnormal
morphology [52]. The effects of 1 or 5 mg/kg body weight doses of



Table 3
Summary at a glance of experimental in vivo studies on cadmium reproductive toxicity in animal models.

[418

Experimental Model

Compound/Dose/Route

Treatment schedule

Main findings

Jiet al. [48]

Pregnant mice

CdCI2/0.5 mg/Kg BW/IP

Injected daily from gd 13 to gd 17

.

Male embryos (gd 18) of reduced weight and reduced testis weight, showing defective
steroidogenesis and reduced serum testosterone

Male offspring (PND 70) showed defective steroidogenesis and reduced testosterone in serum
and within the testis

Impaired fertility of male offspring

Tam and Liu [49]

Pregnant mice

CdCI2/5-6 mg/Kg BW/IP

Injected once at 7.5 or 8.5 dpc

Male embryos (gd 13.5) showed smaller genital ridges with fewer primordial germ cells
Male embryos (gd 16.5) showed smaller testes with reduced number of spermatogonia
Impaired fertility of male offspring

Xu et al. [50] Rats Cdcl2/0.2, 0.4, 0.8 mg/Kg BW/IP Injected daily for 7 days e Decreased or completely abolished sperm motility (Dose-dependent)
e Reduced sperm total count and daily sperm production (0.8 mg/kg BW)
Hew et al. [51] Rats CdCl2/0.5 or 1 mg/Kg BW/IP Injected once and sacrificed e Failure of the last step of spermatogenesis (spermiation) (1 mg/Kg BW)
after 4, 24, 48 and 72 hours
El-Demerdash et al. [52] Rats CdCI2/5 mg/Kg BW/OG Administered every other day, e Decreased sperm concentration
for 30 days (15 times) e Decreased sperm motility
e Increased abnormal sperm morphology
e Increased number of dead spermatozoa
e Reduced weight of testis and epididymis
Saksena and Lau [53] Rats CdCl2/1 or 5 mg/Kg BW/SC Injected once e Reduced weight of testis (5 mg/Kg BW) and epididymis, seminal vesicles and prostate (1 and 5
Follow up of 120 days mg/Kg BW)
e Impaired steroidogenesis and fertility
o Infertility partially reverted within 120 days (1 mg/Kg BW) or persistent (5 mg/Kg BW)
Laskey et al. [54] Rats CdCI2/1.6 to 152 umol/Kg BW/SC Injected once and sacrificed after 14 days e Decreased sperm concentration (7.4 uM/Kg BW)
e Reduced hCG-stimulated serum testosterone (1.6 and 7.4 uM/Kg BW)
e Reduced weight of testis, epididymis and seminal vesicles, abolished spermatogenesis, abolished
hCG-stimulated serum testosterone (16 and 33 pM/Kg BW)
Lafuente et al. [55] Rats CdCI2/25 mg/L/DW Administered daily for 1 month e Affected daily pattern of gonadotropins and testosterone
Benoff et al. [56] Rats Cdcl2/5, 50 or 100 mg/L/DW Administered daily for 1, 4 or 8 weeks e Decreased sperm motility (Dose-dependent and time-dependent)
Realistic dose received: 1.6, 6.4, 12.6 mg/Kg BW per day
Saygi et al. [57] Rats Cd/10 mg/L/DW Administered daily for 28, 40 and 52 weeks e Pathological testis alterations
e Impaired fertility
Monsefi et al. [58] Mice CdCl2/23 and 50 mg/Kg BW/OG Administered daily for 45 days In the 50 mg/Kg BW treatment:

Decreased sperm total count

Decreased sperm motility

Decreased spermatozoa nuclear maturity

Reduced weight of testis and seminal vesicles, and reduced serum testosterone
Atrophy and severe necrosis in the testis

BW, Body Weight; gd, gestational day; PND, Post Natal Day; dpc, days post coitum; IP, Intraperitoneal; OG, Oral Gavage; SC, Subcutaneous; DW, Drinking Water; NA, Not Available.
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CdCI2 administered to rats as a single subcutaneous (SC) injection
were also determined in experiments with a follow up of 120 days;
circulating T and fertility were affected at the lower dose of CdCI2,
whereas the higher dose of CdCI2 affected T and androstenedione,
as well as fertility [53]. However, within 120 days from both the
1 and 5 mg/kg body weight dose treatment, the effects of CdCI2
on circulating hormones were reversed, although circulating
concentrations remained lower than normal [53]; conversely,
whereas animals trated with 1 mg/kg body weight partially recov-
ered fertility, after the treatment with the 5mg/kg body weight
dose, animals remained sterile [53]. The exposure of adult rats to
low doses of CdCI2 by a single SC injection significantly reduced
sperm concentration and human corionic gonadotropin (hCG)-
stimulated serum T, at 14 days after treatment; conversely, a high
dose of CdCI2 abolished hCG-stimulated serum T secretion and
spermatogenesis, and reduced the weight of testes, epididymides
and seminal vesicles [54]. An experimental in vivo study in rats
showed that daily treatment with CdCI2 25 mg/L in the drinking
water for 1 month, affected the daily pattern of gonadotropins
and T secretion [55]. Daily exposure of rats to CdCI2 in drinking
water at doses corresponding to low, intermediate and high envi-
ronmental doses, for 1, 4 or 8 weeks, produced a dose-dependent
and time-dependent decrease in sperm motility [56]. Moreover,
prolonged treatment with Cd in drinking water, even at low doses,
caused pathological testis alterations, and affected fertility [57].
Similar results were obtained in male mice treated daily by oral
gavage with 50 mg/kg body weight CdCI2 for 45 days; moreover,
in this study, a significant decrease in sperm total count, sperma-
tozoa nuclear maturity and serum T concentrations was reported
[58]. Lastly, in treated animals, testes were atrophic with large
areas of necrotic tissue, and lipid peroxidation was significantly
increased [58]. The results of these studies suggest that Cd affects
the development of the male reproductive system and, in par-
ticular, testis function, by compromising both spermatogenesis
and semen quality, as well as endocrine function; the detrimental
effects can occur at both high and low doses, and might be irre-
versible, if animals are exposed during fetal development up to
pre-pubertal period.

7. Mechanisms of cadmium reprotoxicity

The molecular mechanisms driving the reprotoxicity of Cd have
been mainly uncovered by experimental in vitro, ex vivo, and
in vivo studies in animal models, although supporting human evi-
dences have been also reported. Cd has been demontrated 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 bar-
rier (BTB) integrity, and by inducing inflammation and apoptosis
within the testis. Moreover, Cd exerts specific effects on testis
cells, which include functional impairment of Sertoli and Ley-
dig cells, and oxidative stress in somatic and germ cells, mainly
mediated by mimicry and interference with essential ions, beyond
apoptosis occurring in germ cells. The interference with selected
signaling pathways and the interference with the epigenetic reg-
ulation of genes involved in the regulation of the reproductive
function, have been hypothesized as additional mechanisms of Cd-
induced reprotoxicity, but have not been specifically investigated.
Lastly, disturbance of the hypothalamus-pituitary-gonadal axis is
also reported after Cd treatment. A schematic representation of the
proposed pathogenetic mechanisms underlying Cd reprotoxicity is
reported in Fig. 1.

7.1. Structural damage within the testis

Experimental in vitro and in vivo studies in animals showed that
Cd negatively affects testis vascular endothelium and BTB, there-

fore resulting in testis damage at structural, and, consequently,
functional level.

7.1.1. Vascular endothelium damage

A large body of evidences suggests that vascular endothelium
might be one of the major targets of Cd intoxication, and that vas-
cular damage may occur at relatively low Cd concentrations. In the
testis, Cd was shown to specifically damage the internal spermatic
artery with its testis and epididymal branches, and the pampini-
form plexus [59], therefore increasing blood vessel permeability
[60], which in turn determines fluid leakage into testis intersti-
tium, followed by edema, hemorrhage, inflammation, hypoxia and,
consequently, necrosis of the testis [61]. The detrimental effect
of Cd on the vascular endothelium is due to structural, metabolic
and functional damage of endothelial cells, and, at relatively high
Cd doses, results in cell death. Cd was shown to affect endothe-
lial cells by inducing a direct structural change in the adherens
junctions among the endothelial cells of testis vessels [62]; in par-
ticular, Cd was shown to induce alterations in the expression and
function of the calcium-dependent cell adhesion molecule vascular
endothelial cadherin (VE-cadherin) at the cell-cell contacts, and a
reorganization of the actin cytoskeleton [62]. In in vitro studies on
human endothelial cells, Cd at low concentrations demonstrated
a direct inhibitory effect on cell metabolism, cell migration, and
tube formation, through a redistribution of VE-cadherin, and a
decrease in nitric oxide production by the endothelial cells [63].
Moreover, Cd at high concentrations produced acidification and
permeabilization of lysosomes, followed by the release of active
DNAse I and DNA degradation, leading to programmed necrosis
in endothelial cells [62]. A specific metal ion transporter, ZIP8, has
been identified as an enhancer of Cd uptake by vascular endothe-
lial cells in the testis of mice, and its expression has been found to
be associated to sensitivity to Cd-induced testis injury [64]. Indeed,
ZIP8 is notably expressed by the vascular endothelial cells in the
testis of Cd-sensitive strains, but not Cd-resistant strains, of mice
[64], thus reinforcing 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. The deleterious effects of Cd on the testis vas-
cular endothelium are depicted in Fig. 2.

7.1.2. Blood-testis barrier disruption

The BTB is a unique structure, formed by the tight junction of
Sertoli cells, which bisects the seminiferous epithelium into the
basal and the apical compartments, by segregating meiotic and
post-meiotic germ cells behind the barrier, in the apical com-
partment, therefore preventing 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 cir-
culation, which might generate autoimmunity against germ cells
[65]. Although BTB is tightly sealed, it is not a static ultrastruc-
ture, but undergoes massive remodeling during spermatogenesis
in order to permit the transit of spermatocytes, meanwhile main-
taining the barrier protecting from toxic and immunological factors
[65]. A damage of the BTB is associated to germ cells loss and
reduced sperm total count, which determine subfertility or infer-
tility conditions [65]. Cd has been shown to dose-dependently
affect BTB integrity, by inhibiting the establishment or inducing
the disruption of the tight junctions among rat Sertoli cells in
vitro, through a down regulation of occludin, a tight junctions inte-
gral membrane protein [66]; this effect was counteracted in vitro
by the addition of T to cultured cells, which induced a mild but
significant increase in the expression of occludin, thus enhanc-
ing the tightness of the junctions [66], these results suggest that
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Cd-induced downregulation of occludin might be mediated by
interference of Cd with T concentration. Specific signaling medi-
ators, such as the p38 mitogen-activated protein kinase, and the
transforming growth factor 32 and 33 molecular pathways, which
are involved in occludin production and in the BTB assembly [65],
have been found to be implicated in Cd-induced destabilization
of the BTB [67-69]; indeed, Cd treatment was shown to decrease
occludin expression, coinciding with an imbalance in the acti-
vation of these mediators, in Sertoli cells [67,69]. In an in vitro
study on rat Sertoli cells, another mechanism for Cd-driven dis-
ruption of BTB was proposed, consisting in the re-localization of
occludin and of the protein involved in cell-cell adhesion, denom-
inated focal adhesion kinase (FAK), at the Sertoli-Sertoli interface,
an effect mediated by the disturbance of endocytosis and, per-
haps, recycling [68]. This study demonstrated that CdCl2 treatment
induced endocytosis of occludin and FAK, which were removed
from the Sertoli-Sertoli interface and transported towards the cyto-
plasm; conversely, the effect on protein recycling was speculated

by authors, and studies specifically addressing this hypothesis are
lacking [68]. The results of these studies suggest that BTB dis-
ruption may mediate the toxic effect of Cd on semen quality, by
possibly enhancing testis susceptibility to toxic substances, as well
as determining the development of autoimmunity against germ
cells. The deleterious effects of Cd on the BTB are depicted in
Fig. 3.

7.2. Inflammation within the testis

An experimental in vivo study in animals showed that Cd
exposure induced testis inflammation [70]. Cd-loaded rats devel-
oped signs of testis inflammation, with significantly increased
expression of inflammation markers, including inducible nitric
oxide synthase, cyclooxygenase-2, tumor necrosis factor-a, nuclear
factor-kB, and heme oxygenase-1, in testis homogenates [70]. Cd-
induced testis inflammation resulted in widespread necrosis and
vacuolization of the seminiferous epithelium cells, together with
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interstitial tissue edema and hemorrhage [70]. These pathologi-
cal changes were associated to an impairment of spermatogenesis
[ 70]. The results of this study suggest that inflammation may medi-
ate the toxic effect of Cd on spermatogenesis. The effects of Cd on
inflammation are depicted in Fig. 4.

7.3. Apoptosis within the testis

Experimental in vivo studies in animals showed that Cd was
able to perturb the balance between cell proliferation and apo-
ptosis, by suppressing the expression of the anti-apoptotic gene
B-cell lymphoma 2 (Bcl2) and by enhancing the expression of the
pro-apoptotic genes p53 and Bcl2-Associated X (Bax), in testis
homogenates, thus enhancing the apoptotic process, in adult male
rats [71]. Similar effects were demonstrated in mice germ cells,
since Cd treatment strongly induced germ cells apoptosis, driven by
the downregulation of the anti-apoptotic protein B-cell lymphoma-
extra large (Bcl-XL), and the upregulation of the pro-apoptotic pro-
teins Bax and caspase-3 [72]. Further studies in mice demonstrated
that both mitochondrial pathway and endoplasmic reticulum path-
way are involved in Cd-induced germ cells apoptosis [73]. The
results of these studies suggest that apoptosis of germ cells within
the testis may mediate the toxic effect of Cd on spermatogenesis.
The effects of Cd on apoptosis are depicted in Fig. 4.

7.4. Direct cytotoxicity on testis cells

Experimental in vitro studies in animals showed that Cd exerts
direct cytotoxicity within the testis, mainly targeting two specific

cell populations, the Sertoli cells and the Leydig cells, with con-
sequent impairment of spermatogenesis and endocrine function.
Sertoli cells were shown to be more sensitive to Cd toxicity, and
show the major structural and functional alterations upon Cd expo-
sure, even at doses that do not result in visible damage within the
testis [74]. The direct detrimental effects of Cd on Sertoli and Leydig
cells are summarized in Fig. 5.

7.4.1. Sertoli cells

An in vitro study on rat Sertoli cells culture showed that CdCI2
adversely affected cell viability, with a dose-dependent and time-
dependent trend [74]. CdCI2 toxicity was also confirmed in superior
mammals, particularly, in in vitro studies on Sertoli cells iso-
lated from pre-pubertal pig testis [75]. The results showed that
CdCI2 treatment induced an impairment of Sertoli cells function,
as demonstrated by the reduction in INH-B and anti-Mulleran hor-
mone (AMH) secretion, and by the disruption of FSH receptor
responsiveness, as measured by E; production, and induced Ser-
toli cells apoptosis [75]. The results of these studies suggest that
cytotoxicity on Sertoli cells may mediate the toxic effect of Cd on
spermatogenesis.

7.4.2. Leydig cells

An in vitro study on rat Leydig cells culture showed that CdCI2
adversely affected cell viability, with a dose-dependent and time-
dependent trend [74]. Moreover, Cd compromised Leydig cells
function, as demonstrated by the reduction of T concentrations
in culture supernatants of treated cells [76,77]. Different in vitro
studies in rats demonstrated that, under Cd influence, Leydig cells
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responsiveness to hCG stimulation was reduced, as demonstrated
by the reduction of T production [78,79]. The results of these stud-
ies suggest that cytotoxicity on Leydig cells may mediate the toxic
effect of Cd on testis endocrine function.

7.5. Mimicry and interference with essential ions: a focus on zinc
and selenium

Experimental in vitro, ex vivo, and in vivo studies in animals
support that mimicry and interference with Zn, as well as inter-
ference with Se, might play a role in Cd-induced reprotoxicity. Cd
ions mimic the action of different ions, including essential ions,
which display a similar chemical structure, a phenomenon defined
as mimicry [80]. Two different mechanisms of mimicry may occur:
ionic and molecular. The ionic mimicry is the ability of free Cd
ions to imitate different chemical species, for instance the abil-
ity to enter the cell by means of membrane carriers or channels,
deputed to the uptake of different ions [80]; the molecular mimicry
is the ability of Cd ions to displace different ions from their posi-
tion in biological molecules [80]. As a result of these mimicry
mechanisms, downstream effects of Cd might include the mod-
ulation of ions concentration within the cell, and the structural
modification of ions target molecules, with consequent inhibi-
tion of their biological actions. Interference of Cd with essential
ions include modifications of ions absorption, bioavailability, tissue
distribution, and excretion [80]. Mimicry phenomena have been
extensively described between Cd and Zn, whereas interference
has been described between Cd and Zn, and between Cd and Se.
The mimicry and interference mechanisms between Cd, Zn, and Se,
are depicted in Fig. 6.

7.5.1. Mimicry and interference with zinc

Several experimental studies in animals and evidences from
human subjects exposed to Cd, showed mimicry and interference
between Cd and Zn, at multiple levels. Zn is an essential element
involved in an impressive number of functions, including male
reproduction, with impact on spermatogenesis, semen quality and,
ultimately, fertility. Indeed, adequate Zn concentrations are nec-
essary for proper spermatogenesis, probably due to its effects on
T synthesis, and seminal plasma Zn concentration showed a pos-
itive correlation with optimal semen quality [81-84]. Zn might
behave as co-factor at the active sites of metabolic enzymes, such
as hydrolases, lyases, dehydrogenases, and, in combination with
different metals, antioxidant enzymes, such as superoxide dismu-
tase, or might behave as a regulatory element in the action of
kinases or phosphatases. Furthermore, Zn-finger domains mediate
protein-protein or protein—nucleic acid binding [85]. Experimental
evidences denote that Cd uptake into target cells may occur by ionic
mimicry at the ionic binding site of several transporters, includ-
ing Zn transporters [80,86]. In vitro studies on Leydig cells isolated
from rat testis and in vivo studies in mice demonstrated that, in
the testis, the major route of entry of Cd might be a Zn transporter,
since Zn selectively blocked Cd uptake [64,87-91]. A putative mech-
anism of Cd entry in the cells, including testis cells, is represented
by ionic mimicry at the transporters belonging to the ZIP family of
Zn transporters [64,87-91]. Cd intracellular concentration may rise
by ZIP Zn transporters-mediated uptake from extracellular, as well
as from intracellular vesicles milieu, in a Zn-competitive fashion, by
potentially decreasing Zn intracellular concentration [64,90]; con-
versely, the effects of Cd on ZnT family of Zn transporters, that are
responsible for Zn efflux from the cytosol and Zn uptake into intra-
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Fig. 4. Main Mechanisms of Cadmium-induced Inflammation and Apoptosis. Cadmium (Cd) treatment significantly increases the expression of mediators of inflammation
and pro-apoptotic factors, including inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), tumor necrosis factor-a (TNF-a), nuclear factor-kB (NF-kB), heme
oxygenase-1(HO-1), p53, Bcl2-Associated X (Bax), and caspase-3 (CASP3), and decreases the expression of anti-apoptotic factors, such as B-cell lymphoma 2 (Bcl2) and B-cell
lymphoma-extra large (Bcl-XL). The gross Cd-induced changes in the testis include widespread necrosis and vacuolization of the seminiferous epithelium cells, interstitial

tissue edema and hemorrhage, and defective spermatogenesis.

cellular vesicles in many organs, including testis, are unknown [92].
Interference between Cd and Zn occurs at multiple levels: intesti-
nal absorption, bioavailability, tissue distribution, and faecal and
urinary excretion [14,15,93]. In ex vivo isolated rat intestine prepa-
rations, treatment with Cd, even at low levels of exposure, was
demonstrated to inhibit Zn intestinal absorption [94]; moreover,
in a study on human subjects exposed to Cd, bpCd was associ-
ated to a significant decrease, despite remaining within the normal
range, of serum Zn concentrations [95]. On the other hand, Zn was
shown to exert protective effects from Cd poisoning, by reducing
its intestinal absorption and retention, as confirmed by experimen-
tal in vivo studies in birds exposed to Cd and fed adequate-Zn or
low-Zn diets [96], and by reducing Cd accumulation in blood and
in several organs and tissues, including the testis [97-99]. Cd and
Zn share similar chemical properties, and mainly bind to biologi-
cal macromolecules containing sulphydryl, hydroxyl and nitroxyl
groups; although Cd ion is larger than Zn ion, Cd has a higher
affinity for sulphydryl-containing proteins and nucleic acids, and
quite easily substitutes for Zn through molecular mimicry, in the
presence of excess Cd [100]. On the basis of similarities with Zn,
Cd can potentially interfere with several Zn-mediated biological
processes, including the reproductive function. In vivo studies on
rats demonstrated that co-treatment with Zn protected the ani-
mals from the Cd-induced vascular injury within the testis [59],
and attenuated the severe pathological changes and the oxidative
stress induced by Cd within the testis [101-103]. Moreover, co-
treatment with Zn reversed the detrimental effects of Cd on plasma
and seminal T concentrations, and on spermatogenesis [101-103].

7.5.2. Interference with selenium
Several experimental studies in animals showed that Cd might
interfere with Se at multiple levels. Se is an essential element with

pivotal functions in the maintenance of male reproduction, by influ-
encing structure of the testis, spermatogenesis, semen quality and,
ultimately, fertility [84,104]. The adequate dietary intake of Se,
in both organic and inorganic form, is required for proper pro-
tection of fertility, since Se or selenoproteins deficiency or excess
results in oxidative stress [105], abnormality of spermatozoa mat-
uration and morphology [106-108], and pathological alterations
of the testis [109-111]. In humans, seminal plasma content of Se
was reduced in male partners of infertile couples [112]. Moreover,
at optimal seminal plasma concentration, Se was positively corre-
lated to sperm total count, concentration, motility and vitality, and
negatively correlated to the biomarker of oxidative stress 8-OHdG
[34,113]; however, different studies failed to confirm these corre-
lations [114,115], probably because of different study population
or methodology, or because of different ranges of Se detected in
the different studies, leading to inconsistencies, due to hormesis
mechanism. Few studies attempted to determine the interference
between Cd and Se, in animal models; an in vivo study in rats
showed that Cd at non toxic but environmentally relevant concen-
tration did not affect Se intestinal absorption or tissue distribution
in several organs, including testis, particularly in case of adequate
Se dietary supplementation [116]; however, at toxic doses of Cd, a
significant decrease in serum concentrations, and an increase in uri-
nary excretion of Se were noted [117]. Conversely, the addition of
Se to adiet containing Cd reduced Cd renal excretion, and increased
Cd deposition in the testis, although it prevented Cd-induced testis
toxicity, by means of the immobilization of Cd in Cd-Se protein
complexes [118-122]. Indeed, studies in rats showed that the pre-
treatment with Se, or the co-treatment with Se and Cd, but not Se
treatment after Cd administration, prevented Cd-driven testis vas-
cular damage [123], testis atrophy and necrosis, as well as testis
dysfunction [124-127], as measured by spermatogenetic activity,
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steroidogenic acute regulatory protein (StAR), 33- hydroxysteroid
dehydrogenase, and 173-hydroxysteroid dehydrogenase activity,
and T production [128,129], suggesting that the proper concentra-
tion of Se should be maintained in order to prevent Cd-induced
damage [130]. Moreover, in in vitro studies on ram spermatozoa,
Se was shown to improve the Cd-driven impairment of sperm
motility and oxygen consumption [131]. The mentioned beneficial
effects of Se treatment in Cd-poisoning models were accompa-
nied by a striking protective effect on the anti-oxidative defense
system, which prevented Cd-driven oxidative damage and lipid
peroxidation. Cd-induced oxidative damage is primarily driven by
interference between Cd and Se, with major affected targets being
the glutathione (GSH) system and, particularly, the GSH peroxidase
(GSH-Px)[128,130,132-136]. Indeed, Se is a structural component
of selenoproteins, comprising antioxidant enzymes, such as GSH-Px
[137,138], which catalyzes the reduction of hydrogen peroxide and
organic peroxides, including phospholipids peroxides. Optimal Se
concentrations are protective against oxidative stress, and Se defi-
ciency determines a decrease in GSH-Px activity and an increase in
hepatic GSH-S-transferase activity [139,140]; therefore, the inter-
ference of Cd on Se concentrations might be responsible of the
observed effects on the induction of oxidative damage.

In summary, the mimicry and interaction between Cd and essen-
tial ions, such as Zn and Se, and competition for transporters,
enzymes, and molecules involved in important ion-mediated bio-
logical processes, could partially account for the different response
or susceptibility thresholds to Cd. These evidences suggest that the
maintenance of adequate concentrations of these essential ions and
their dietary supplementation could contribute to protect testis and
reproductive function from Cd toxicity.

7.6. Oxidative stress

Experimental in vitro and in vivo studies in animals demon-
strated that the induction of oxidative stress is a well-established
mechanism of reprotoxicity, particularly directed to Leydig cells
and germ cells, including spermatozoa. Cd is implicated in the
increase of reactive oxygen species (ROS) and in the induc-
tion of oxidative stress through indirect mechanisms: the first
mechansm consists in Cd binding to sulfhydryl groups of ROS scav-
engers, which determines an alteration of their regulatory activity
[141,142], whereas the second mechanism consists in the inter-
ference with essential ions required for ROS scavengers function,
resulting in depletion of GSH, presumably due to the production of
ROS at a rate that exceeds the ability to regenerate reduced GSH;
both processes result in the production of ROS, such as superox-
ide ion, hydrogen peroxide and hydroxyl radicals [141,142]. This
indirect Cd-induced increase in ROS content leads to excess of pro-
tein oxidation, lipid peroxidation, DNA damage and, ultimately, cell
death [143,144]. The effect of Cd on ROS scavengers is mainly medi-
ated by the displacement of Zn and Cu from antioxidant enzymes,
a molecular mimicry mechanism which results in conformational
changes and impairment in the activity of the enzymes; moreover,
the increased Cu concentration in the cell also induces ROS pro-
duction [145-147]. A different mechanism of Cd-induced oxidative
stress is related to Cd interference with Se, and consequent inter-
ference with reduced GSH, oxidized GSH, GSH-Px, GSH reductase
(GSH-Rx) and catalase (CAT) activities. Among the four GSH-Px
isoforms, GSH-Px4 is particularly expressed in male reproductive
system [148], and its deregulation has been implicated in repro-
ductive disorders [149,150]. Cd was shown to interfere with Se
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Fig. 6. Main Mechanisms of Cadmium-induced Oxidative Stress, mediated by mimicry with Zinc, and interference with Selenium. Cadmium (Cd) treatment affects the balance
between reactive oxygen species (ROS) and the anti-oxidative defense system by displacing copper (Cu) and zinc (Zn) from superoxide dismutase (SOD) enzyme, and by
reducing selenium content in the testis; as a result, the regulatory activity of ROS scavengers [in particular SOD and glutathione peroxidase (GSH-Px)] are reduced, thus
pushing the oxidative status towards oxidative stress. Oxidative stress induces lipid peroxidation, DNA damage and protein oxidation. These intracellular effects impair Leydig
cells viability and function and induce hemorrhagic damage and atrophy with calcification in the testis. Spermatozoa are drastically affected by Cd-driven oxidative stress,
showing severe damage in the plasma membrane, the nuclear membrane and the acrosome, as well as chromatin decondensation, and signs of mitochondrial dysfunction;

the final effects on spermatozoa include decreased sperm total count and sperm motility, abnormal morphology, defects in acrosome reaction, and reduced fertilization
potential.
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metabolism by reducing its serum and testis concentrations, thus
affecting the activity of GSH-PX, and increasing lipid peroxida-
tion; in in vivo studies in animals, these effects were prevented
by the pre- or co-treatment with Se [128,132,134,135,150,151].
Several studies investigated these Cd-driven oxidative stress mech-
anisms in animal models. In vivo acute treatment with CdCI2
caused severe hemorrhagic damage in the testis and subsequent
testis atrophy with calcification. An early event after Cd treat-
ment was an increased production of hydrogen peroxide, and a
remarkable elevation in lipid peroxidation and DNA damage in
Leydig cells, as well as in spermatocytes, showing an increased
number of chromosome abnormalities and atypical mitoses, as a
result of Cd-induced imbalance in reduced GSH, oxidized GSH,
GSH-Px, GSH-Rx and CAT activities [77,152,153]. In mice treated
with a single SC injection of 1, 2 and 3 mg/kg body weight of
CdClI2, the earliest deleterious effects of CdCI2 were mainly exerted
on sperm motility, morphology and acrosome reaction; the later
negative effects were elicited on sperm total count [ 154]. The con-
sequences of oxidative stress are particularly dramatic in oxidative
damage-sensitive cells, such as spermatozoa, in particular when
lipid peroxidation within plasma membrane occurs, by strongly
contributing to the reduction of sperm motility and fusogenic
potential with the oocyte [52,155,156]; moreover, oxidative stress-
induced DNA damage in spermatozoa is a well documented cause
of male infertility, since it elicits the transfer of abnormal genomic
information to the embryo, by increasing the incidence of miscar-
riage and offspring diseases [157,158]. A large number of studies
investigated in vitro the direct effects of Cd on the oxidative sta-
tus, and its genetic, morphological, and functional consequences in
spermatozoa from different animal models [159-162]. In vitro Cd
treatment significantly increased ROS concentrations over time in
spermatozoa, by altering the total antioxidant capacity; the oxida-
tive damage resulted in increased lipid peroxidation, and protein
and DNA damage in spermatozoa. The effects of oxidative dam-
age at lower Cd doses induced a dose-dependent reduction of
total motility and progressive forward motility [159,161,162]. At
higher Cd doses, however, the effects of Cd-induced oxidative dam-
age were mainly reflected by abnormal sperm morphology and
several ultrastructural changes: spermatozoa membrane integrity
was significantly compromised, as spermatozoa displayed a wrin-
kled surface which became partly or completely dissolved; the
nuclear envelope became wrinkled and chromatin showed dif-
ferent patterns of condensation and irregularities; the acrosomal
membrane was damaged and acrosome incomplete; spermato-
zoa showed small heads, loss of flagellum, broken flagellum, or
flagellum with abnormal morphology, and cytoplasmic drop reten-
tion [159-162]. These profound Cd-induced pathological changes
ultimately determined a dramatic impairment of in vitro fertiliza-
tion, as measured by the percentage of cleaved oocytes, at 40-42 h
after insemination [162]. Correlation studies in bovine semen
and spermatozoa demonstrated that Cd is negatively correlated
to GSH and CAT, and positively correlated to lipid peroxidation;
moreover, samples exhibiting the highest Cd content had reduced
sperm motility [163]. In summary, the results of these studies
suggest that oxidative stress may mediate the toxic effect of Cd
on spermatogenesis and semen quality, besides the endocrine
function, and eventually induce serious damage of the testis. The
main mechanisms of Cd-induced oxidative stress are reported in
Fig. 6.

It is noteworthy that, besides the oxidative DNA damage affect-
ing DNA integrity, Cd was shown to exert different genotoxic
actions affecting both DNA sequence and gene expression; these
actions mainly comprise epigenetic modifications, and a poor
mutagenic activity, which are mostly, but not exclusively, related
to Cd-driven carcinogenesis [164-169].

7.7. Interference with signaling pathways

Experimental in vitro and in vivo studies in animals and
evidences from human subjects exposed to Cd suggested that spe-
cific mechanisms of Cd reprotoxicity might be linked to precise
downstream signaling pathways, which include the ubiquitin pro-
teasome system (UPS) signaling pathway, and the calcium and
cyclic AMP pathways.

7.7.1. Ubiquitin proteasome system signaling pathway

The UPS is a complex and highly conserved pathway that is
central to the determination of proteins fate, since it mediates
the proper and timely degradation of specific proteins, therefore
influencing several cell functions [170]. UPS drives the neces-
sary cell plasticity, which is functional to Sertoli cell-germ cell
interactions and spermatozoa final maturation, and tags abnor-
mal spermatozoa for elimination, thus exerting puzzling actions
in both spermatogenesis and spermatozoa fertilization [171,172].
In an in vitro study on primary rat Sertoli cell-germ cell co-cultures,
Cd was shown to dose- and time-dependently inhibit protea-
some activity, and to induce an enrichment in high-molecular
weight polyubiquitinated proteins [173]. These Cd-induced alter-
ations in UPS functioning were accompanied by the activation
of stress signaling pathways, in particular by increasing the
phosphorylated form of the stress-activated protein kinase/c-Jun
N-terminal kinase (SAPK/JNK) and p38 [173]. UPS is responsi-
ble for spermatozoa quality control mechanisms occurring in
the mammalian and human epididymis, which is the site of
spermatozoa maturation and storage [172]. Defects in UPS func-
tioning have been proposed to be involved in the persistence
of abnormal spermatozoa in the ejaculate, therefore contribut-
ing to the reduction of male fertility [172]; therefore, although
the relationship between Cd treatment and UPS downstream sig-
naling has not been further addressed, it can be speculated that
the Cd-induced disturbance of UPS may affect semen quality in
humans, by preventing the elimination of damaged spermato-
zoa.

7.7.2. Calcium and cyclic AMP signaling pathways

The interference of Cd with calcium homeostasis, signaling and
transcriptional activity [174,175], as well as the Cd-induced mod-
ulation of calcium channel variants expression [56,176], may be
considered as additional causes of Cd-induced reprotoxicity, since
calcium is a crucial mediator involved in the regulation of sperm
motility and acrosome reaction [177]. Moreover, calcium and cyclic
AMP pathways are strictly and reciprocally linked, thus the effects
of Cd on calcium signaling also indirectly contribute to determine
molecular changes downstream to cyclic AMP, which is also impli-
cated in the regulation of reproductive function [178,179].

Cd is likely to exert part of its detrimental effects on testis and
germ cells by means of inappropriate activation of the calcium-
calmodulin-calcineurin pathway. Few in vivo studies focused on
this action: Cd was shown to bind to calmodulin [180], and Cd-
driven testis damage was effectively prevented by calmodulin
[181,182] and calcineurin [ 183] inhibitors, in mouse and rat animal
models of Cd poisoning. High-voltage and low-voltage activated
calcium channels provide a voltage-gated route of calcium influx
into the cells. L-type and T-type voltage-dependent channels were
identified in spermatozoa [184]. Whether the T-type or L-type
channels trigger more potently the acrosome reaction is strongly
debated: some authors argue that T-type calcium channels are the
major conductors of calcium in spermatozoa [185,186], whereas
some authors emphasize the role of L-type channels in calcium
conductance [187-190], sperm motility [191], and acrosome reac-
tion. L-type voltage-dependent calcium channels were proven to
be permeable to Cd [192], as demonstrated by the reduction of
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intracellular Cd uptake and accumulation, by treatment with selec-
tive channels inhibitors [ 193], suggesting that these channels could
be involved in Cd toxicity in the testis. Moreover, evidences in
human subjects exposed to Cd [176], and in vivo studies in rats
treated with 0, 5, 50 or 100mg/L of Cd in drinking water [56],
demonstrated that Cd exposure determined the expression of
alternatively spliced variants of L-type voltage-dependent calcium
channels in the testis, and that deletions in L-type channels may
alter calcium channel functions. The expression of channels splic-
ing variants, with deletions in exons 7 or 8, correlates to testis
Cd burden and apoptosis in infertile men with varicocele [176].
L-type calcium channels localize to the spermatozoa tail [194,195],
and are involved in sperm motility [196,197]; therefore, Cd may
exert its detrimental effect on sperm motility by promoting the
expression of alternative splicing variants with altered channel fea-
tures.

Cyclic AMP is involved in nearly the totality of the male
reproductive functions, including the synthesis and secretion of
gonadotropin-releasing hormone and gonadotropins, the regu-
lation of testis function, and the functionality of spermatozoa
[178]. Cd effects on cyclic AMP pathway have been assessed
in testis homogenates from Cd-treated animals, and the local
effects on testis function have been investigated. In vivo studies in
rats demonstrated that acute treatment with CdCI2 significantly
reduced the concentration of cyclic AMP in testis homogenates
[198]. Conversely, chronic treatment with daily injections of CdCI2
(1 mg/kg body weight) for 45 days did not change the endogenous
amounts of cyclic AMP concentration in testis homogenates, since
both adenylate cyclase and phosphodiesterase activities, which
catalize the production and elimination of cyclic AMP, respec-
tively, were strongly induced by CdCI2 [199]; however, the cyclic
AMP-dependent and cyclic AMP-independent kinases were sig-
nificantly depressed in testis homogenates from these animals
[199]. Discontinuation of treatment returned adenylate cyclase and
cyclic AMP-dependent kinase activities to baseline levels; never-
theless, phosphodiesterase activity was not restored within the
testis, resulting in a decreased endogenous concentration of cyclic
AMP, suggesting that at least some of the Cd-induced changes on
cyclic AMP pathway were permanent, within the experimental
timing [199]. Besides the direct alterations on cyclic AMP path-
way, Cd also induces indirect changes in cyclic AMP metabolism,
by inducing improper calcium-calmodulin activation, which in
turn determines the activation of phosphodiesterase [179,200].
These evidences suggest that Cd treatment affects cyclic AMP
metabolism in the testis, with some of these changes being per-
manent, although the downstream biochemical effects of such
alteration have not been fully demonstrated. It has been pro-
posed that, in the testis, Cd-induced changes in cyclic AMP
metabolism might regulate gene expression by means of altered
cyclic AMP-dependent phosphorylation of nucleoproteins by pro-
tein kinases, thus impairing testis function and contributing to
the observed decrease of testis weight [198,199]. In summary,
the results of these studies suggest that interference with cal-
cium and cyclic AMP pathways may potentially mediate the
toxic effect of Cd on semen quality and testis endocrine func-
tion.

7.8. Interference with epigenetic gene regulation

Experimental ex vivo and in vivo studies in animals, and stud-
ies in human subjects exposed to Cd, highlighted that Cd might
exert multiple epigenetic effects after both prenatal and postna-
tal exposure, and these changes might be hypothesized to affect
male fertility. Epigenetic modifications modulate gene expres-
sion by means of transcriptional and translational effects. The
major epigenetic mechanisms are DNA methylation, which is

mediated by DNA methyltransferase (DNMT), histone modifica-
tions, and non-coding micro RNA (miRNA) expression [201-203].
Cd has been shown to interfere with the epigenetic regula-
tion of gene expression by inducing DNMT deregulation, global
DNA methylation changes, locus-specific DNA hypomethylation
or hypermethylation, together with histone modifications and
miRNAs level fluctuations, in several tissues and cell lines,
as well as in human studies. These Cd-induced epigenetics
events, however, mainly result in overt neoplastic transformation
[165-169]; nevertheless, the epigenetic effects of Cd implicated
in male fertility are poorly characterized. DNA methylation is
involved in the proper functioning of spermatozoa genome and
exerts crucial effects on spermatozoa function [204]. A com-
plex and precise epigenetic reprogramming takes place in germ
cells, and is essential for spermatogenesis; this process con-
sists of a global demethylation-remethylation program which
allows the removal of a somatic-like pattern of DNA methy-
lation, and the acquisition of a gender-specific pattern, by de
novo methylation [204]. An improperly elevated global (LINE-1
repetitive elements, a proxy marker of global DNA) and locus-
specific (at imprinted and non-imprinted genes) methylation was
demonstrated in poor quality human semen samples [205,206];
moreover, genome-wide and locus-specific (H19, MEST, BRDT,
MTHEFR) alterations of methylation patterns were associated to an
impairment of semen quality or azoospermia, in human subjects
[206-214].

Time-dependent differential epigenetic effects were reported
after Cd exposure, in in vitro and ex vivo models. In vitro stud-
ies on rat liver cells, and ex vivo DNMT assays, showed that
acute Cd exposure and exposure for 1 week were associated to
decreased DNMT activity, and subsequent global DNA hypomethy-
lation [215]; by contrast, longer chronic Cd exposure for 10
weeks was shown to increase DNMT activity, therefore stimu-
lating global DNA hypermethylation [215]. Consistently, neonatal
Cd exposure of rats for 5days resulted in decreased DNMT
activity [216], and global DNA hypomethylation, in the testis
[217]. Moreover, in TM3 mouse Leydig cell line, 72h of treat-
ment with Cd induced a dose dependent decrease in DNMT1
expression [218]. In humans, in a study evaluating the associ-
ation between placental Cd and placental DNA methylation, it
was shown that, in male newborns, high placental Cd was cor-
related to locus-specific alterations of DNA methylation of genes
involved in cell differentiation, angiogenesis, and organ devel-
opment [219]. An epidemiological study on an adult population
exposed to high environmental Cd concentrations, evaluated the
association between DNA methylation (assessed in whole blood
DNA) and Cd exposure, by taking into account gender and smok-
ing habits [220]. In this study, uCd was positively correlated to
global DNA hypermethylation, as measured as LINE-1 methyla-
tion status, in men; when adjusting results for smoking habits,
this correlation was maintained [220]. Similar results were also
described in male newborns prenatally exposed to Cd [221]. As
previously discussed, LINE-1 hypermethylation has been associ-
ated to impaired semen quality, in particular, to an impairment
of total motility and progressive forward motility, in humans
[206]; nevertheless, to the best of our knowledge, no studies
directly evaluated the epigenetic signature in Cd-exposed versus
non-exposed male subjects, nor directly correlated this feature
to semen quality and fertility. Moreover, the locus-specific epige-
netic effects of Cd have not been investigated in fertility-related
genes, in Cd exposed versus non-exposed subjects. Lastly, impor-
tant considerations should be made, when analyzing epigenetic
studies, since dose-, time-, species- and tissue-specific differ-
ences in epigenetic modifications may occur, after exposure to
the same compound; therefore, well- designed studies correlat-
ing Cd-induced epigenetic changes to semen quality and male
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infertility should include global and locus-specific DNA analysis
in the pertinent tissue, in order to precisely define the tissue-
specific epigenetic profile following Cd exposure. In summary, the
results of these studies suggest that the interference with epige-
netic gene regulation, which is mainly proven to be implicated in
neoplastic transformation, may potentially mediate the toxic effect
of Cd on semen quality, although dedicated studies are lacking
and further verification is required to strenghten this hypothe-
sis.

7.9. Disruption of hypothalamus-pituitary-gonadal axis

Experimental in vitro and in vivo studies in animals and experi-
mental in vitro studies on human cultured cells, suggest that Cd may
exert its reprotoxicity not only by a direct injury on target organs
and cells, but also by indirectly disturbing the hypothalamus-
pituitary-gonadal axis [222]. Alarge number of studies documented
that Cd mimics the function of steroid hormones; therefore, this
“metallohormone” has been proposed as endocrine disruptor inter-
fering with endogenous endocrine system. It has been shown
that Cd can directly bind to estrogen receptor and androgen
receptor, and that Cd exerts strong estrogenic-like and androgenic-
like actions, both in vivo and in vitro. Estrogenic effects of Cd
are mediated by the high affinity binding to the ligand-binding
domain of estrogen receptor a [223], the receptor isoform that
drives the mitogenic actions of E;, in target organs. Cd has been
shown to induce proliferation, and to promote the expression of
estrogen-induced genes, in in vitro cultures of human breast can-
cer cells [224,225]. Moreover, Cd was demonstrated to activate
the non-genomic estrogen receptor o pathway, through extracel-
lular regulated kinase 1/2 and protein kinase B, in breast cancer
cells [225,226]. In vivo studies on animal models reported that low
doses of Cd mimic the effects of estrogen in target organs, such as
the mammary gland and uterus [227]. Androgenic effects of Cd are
mediated by the high affinity binding to the ligand-binding domain
of androgen receptor, and subsequent activation of downstream
signaling. 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 [228]. Moreover, in vivo studies in cas-
trated rats demonstrated that low doses of Cd dose-dependently
increased the weight of the prostate gland and of the seminal vesi-
cles; this effect was blocked by an antiandrogen, by supporting the
evidence that Cd actions are driven by androgen receptor [228]. In
addition, in intact animals, Cd significantly increased the weight
of the prostate gland and of the seminal vesicles, and this out-
come was not reversed upon castration, by confirming that Cd
induces the hypertrophy of these organs by activating the andro-
gen receptor, and that T deprivation is not sufficient to reverse
this effect [229]. As previously discussed, Cd significantly affects
the endocrine system, and causes hormonal imbalance by alter-
ing the effective concentrations of gonadotropins, T [55,77-79]
, and INH-B [75], in experimental models. 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 desmo-
lase, 17a-hydroxylase, 173-hydroxysteroid dehydrogenase [48],
and suppresses the expression of LH receptor [230]. All of these
effects on the endocrine system are driven not only by direct
effects on target organs and cells, but also by an impairment of
the circadian release of noradrenaline, with subsequent changes
in gonadotropin-releasing hormone secretion from the hypotha-
lamus, in LH and prolactin secretion from the pituitary, and in
T circulating concentrations, in male rats [55,231,232]. In sum-
mary, the results of these studies suggest that disruption of the
hypothalamus-pituitary-gonadal axis may mediate the toxic effect
of Cd on spermatogenesis and testis endocrine function.

8. Sensitivity and resistance to cadmium reprotoxicity

Toxicity is a phenomenon determined by alterations in the
balance between sensitivity and resistance of a given target to a
specific detrimental stimulus, resulting in structural or functional
damage, when protective factors are insufficient to neutralize the
action of the toxic stimuli. Despite the extensive evidences on the
specific mechanisms driving Cd-induced reprotoxicity, less infor-
mation is available on the specific mechanisms, which dictate the
susceptibility of testis to Cd-induced damage. Moreover, the factors
regulating the balance between sensitivity and resistance to Cd in
the testis have not been completely addressed, although experi-
mentalinvitroand in vivo studies in animals highlighted that, in the
testis, specific factors might regulate Cd sensitivity and resistance.
Most of Cd accumulated in the body is bound to metallothioneins
(MTs), low-molecular-weight, cysteine-rich, metal-binding pro-
teins [233]. MTs function as a storage for Zn, and are free-radical
scavengers. These proteins are induced by both physiologic and
toxic stimuli, including Cd and different metal ions, and repre-
sent a defense machinery against Cd toxicity. MTs are in charge
of the retention of Cd in various tissues, by sequestering the metal
into the cytosol, and by reducing its bioavailability for intracellu-
lar organelles [234]. It was shown that the exposure of animals to
low doses of Cd exerts a protective effect toward further acute Cd
intoxication, by markedly inducing the expression of MTs [235].
The role of MTs in binding and sequestering Cd in the testis is
unclear and controversial. In vivo studies in animals showed that
treatment with low doses of Cd (0.2 and 0.4 mg/kg body weight)
mildly induced MTs in the testis, whereas higher doses (0.8 mg/kg
body weight) of Cd markedly reduced MTs expression [236,237];
nevertheless, after treatment with Cd, the levels of MTs in the testis
raised much less than in the liver, suggesting that, in the testis, MTs
are less inducible by Cd exposure, compared to different organs,
and could be responsible for the higher sensitivity of testis to Cd
poisoning [236,237]. However, microarray analysis of Cd-exposed
testis from Cd-sensitive, Cd-resistant and MTs-null mice, demon-
strated that MTs play no significant role in the protection of the
testis against acute Cd intoxication, and that it is the genetic back-
ground which determines sensitivity to Cd [238]. ZIP8 transporter
might be involved in the sensitivity to Cd toxicity; indeed, experi-
ments in vitro demonstrated that ZIP8 messenger and protein levels
were reduced in Cd-resistant MTs-null embryonic fibroblasts, by
leading to a decrease in Cd accumulation [239]. Additionally, the
experimental induction of ZIP8 expression in these cells deter-
mined Cd intracellular accumulation, and increased the sensitivity
to Cd [239]. ZIP8 messenger level was found to be highly promi-
nent in the vascular endothelial cells of the testis of Cd-sensitive
strains, but absent in Cd-resistant strains of mice [64]. In summary,
although little information is available on the precise mechanisms
regulating the balance between sensitivity and resistance to Cd
reprotoxicity, it has been suggested that MTs might contribute to
the protection against Cd-induced testis toxicity, whereas a much
relevant role seems to be exerted by the genetic background, and,
in particular, by the expression of ZIP8 transporters in the testis.

9. Conclusions

The experimental results from animal and human studies pre-
sented by the current review strongly corroborate the reprotoxicity
of Cd, either at high or even at low experimental doses; neverth-
less, epidemiological observational findings in humans are quite
controversial, due to a high heterogeneity of study designs, and to
the challenging selection of study populations. In order to estab-
lish a precise dose-response relationship and a safety threshold
of Cd exposure, subjects stratification should take into account
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the different patterns of Cd exposure (chemical form, route, dose,
and duration of exposure), the influence of different risk factors
affecting Cd concentration, or further compromise the reproduc-
tive function, as well as the possible multiple exposure to different
metals and pollutants, and the interaction between deleterious
and protective compounds. Studies should also be corrected for
potential confounders and covariates, such as age, general health
status, dietary habits, use of medications and supplements, tobacco
smoking, and alcohol consumption. Lastly, experimental studies
in humans are lacking, except for two in vitro studies on sper-
matozoa, which seems to support a detrimental effect of Cd on
spermatozoa metabolism and semen quality. Conversely, com-
pelling evidences from experimental in vitro, ex vivo and in vivo
studies in animal models, strongly support the hypothesis that
Cd affects male reproductive function, including spermatogene-
sis and semen quality, as well as endocrine function, at multiple
levels, depending on Cd concentration and duration of exposure.
Indeed, Cd induces severe structural damage to testis vascular
endothelium, which ultimately results in necrosis of the testis,
and impaired spermatogenesis and testis endocrine function, and
affects the BTB integrity, which might lead to susceptibility to tox-
icity and to the development of autoimmunity against germ cells,
although this hypothesis has not been further investigated. More-
over, Cd might affect spermatogenesis, semen quality and testis
endocrine function by inducing inflammation and apoptosis within
the testis, by means of direct effects on inflammation mediators,
and on pro-apoptotic and anti-apoptotic factors, and by interfer-
ence with selected signaling pathways involved in the regulation
of the reproductive function, such as UPS, calcium, and cyclic AMP.
In addition, Cd exerts targeted effects on selected cell popula-
tions of the testis, which include direct cytotoxicity and functional
impairment of Sertoli and Leydig cells, and oxidative stress in
both somatic and germ cells, mainly by means of mimicry mecha-
nisms and interference with essential ions involved in antioxidative
activity, beyond apoptosis occurring in germ cells. Moreover, Cd
induces epigenetic modifications in Leydig cells and testis of Cd-
treated animals, which might potentially determine an impairment
of semen quality, although these changes were not directly linked
to reproductive dysfunction. Lastly, Cd treatment determines a
direct disturbance of the hypothalamus-pituitary-gonadal axis,
which might determine the impairment of spermatogenesis and
endocrine function. Animal studies significantly contributed to the
identification of Cd targets, and to the characterization of the patho-
genetic mechanisms underlying Cd reprotoxicity; nevertheless,
conceivable differences in the susceptibility to adverse reproduc-
tive effects between humans and mammalian animals must be
addressed. Moreover, the exact correspondence between realistic
human exposure levels and the experimental doses employed in
animal studies remains to be fully established. Additional well-
designed observational studies, as well as further experimental
research in humans, are required to eliminate inconsistencies, and
to confirm the effects of Cd on human male reproductive function;
a tight collaboration between epidemiologists, clinicians, geneti-
cists, and molecular biologists, would be highly suited to achieve
these challenging goals.
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