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Cadmium (Cd) is an industrial and environmental pollutant that exerts adverse effects on
a number of organs in humans and animals.  Reproductive organs, such as the testis and
placenta, are sensitive to the toxic effects of Cd.  In animal experiments, high-dose exposure
to Cd induced severe testicular interstitial hemorrhage with edema, and increased incidence
of fetal death and placental necrosis.  Low-dose exposure to Cd affects steroid synthesis in
male and female reproductive organs.  In 1998, the Ministry of Environment in Japan listed
Cd in the strategy plan SPEED98 as one of the chemicals suspected of having possible
endocrine disrupting activity.  Recently, it has been shown that Cd has potent estrogen- and
androgen-like activities in vivo and in vitro, by directly binding to estrogen and androgen
receptors.  However, the precise mechanisms underlying the effects of Cd as an endocrine
disruptor remain to be elucidated.  In this review, we will discuss evidence thus far presented
concerning the effects of Cd on the endocrine system.

1. Introduction

Cadmium (Cd) was discovered in 1817, but was not used commercially until the end of
the 19th century.  Since World War II, Cd has been used in batteries, pigments, stabilizers
for plastics, electroplating, coating, and alloys.(1)  The industrial use of a large amount of Cd
and the disposal of waste containing Cd led to a gradual increase in Cd concentration in
water, soil, and food.(2)  Cd discharged in water and soil is accumulated in plants, particularly
cereals.  Because rice is the major staple food in Japan, long-term rice consumption is
considered to be a risk factor for the toxic effects of Cd.  Cigarette smoking is also a source
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of Cd exposure.(3)  Each cigarette contains 1–2 g of Cd, and 40–60% of Cd in inhaled smoke
is absorbed in the pulmonary epithelium into the systemic circulation.(3)  In addition,
Tsuchiya and Sugita estimated the half-life of Cd in the kidney to be 12–22 years because
of its low excretion rate from the body.(4,5)  Therefore, it is necessary to clarify the biological
effects of long-term exposure to Cd at a low concentration.

Cd has been identified as a human carcinogen by the International Agency for Research
on Cancer and the US National Toxicology Program.(1,6,7)  However, the precise mechanism
of carcinogenesis caused by Cd remains unknown.  The following are hypotheses on the
carcinogenic mechanism of Cd: inhibition of DNA-repairing activity(8); and abnormality in
DNA methylation by the inhibition of DNA methylation enzymes.(9)  In 1998, the Ministry
of Environment in Japan listed 67 chemicals in the strategy plan called SPEED98, including
three metals, namely, Cd, lead (Pb), and mercury (Hg), that have possible endocrine
disrupting activity.  Many researchers have investigated chemicals that mimic or block the
actions of endogenous steroid hormones through their interaction with hormone recep-
tors.(10,11)  Recently, it has been reported that Cd exhibits estrogen- and androgen-like
activities in vivo and in vitro, and binds to estrogen and androgen receptors.(12,13)  These
observations suggest a direct action of Cd-enhancing cellular responses to estrogen and
androgen.  Our goal in this review is to discuss evidence of the effects of Cd on the endocrine
system.  We start with the effects of Cd on general reproductive functions, and then describe
the characteristics of Cd that mimic those of estrogen and androgen.

2. Cd Affects Reproductive Organs and Steroid Synthesis

2.1 Male reproductive organs
It has been reported that Cd is hazardous to testicular functions.(14–17)  The initial lesions

associated with Cd exposure in rodent testis include severe interstitial hemorrhage with
edema.  At high concentrations, Cd causes testicular necrosis.  Cd-induced testicular
necrosis occurs despite the fact that very little Cd accumulates in the testis.(18)  The primary
target of Cd in the testis has been hypothesized to be the vasculature, because similar damage
can be produced by ligating the blood vessels of the testis.(19)  After exposure to Cd for several
weeks, testicular weight decreases and the testis becomes atrophic and calcified.(20)  Further-
more, a study showed that a single low dose of Cd exposure causes spermiation failure,
although no discernable testicular pathological damage is observed.(21)  Moreover, Cd
disrupts steroid biosynthesis in a variety of cells,(22) including rat Leydig cells.(23)  Also, a low
dose of Cd exposure that does not induce overt testicular atrophy significantly reduces
gonadotropin-stimulated serum testosterone levels.(24)  The production of testosterone may
be disrupted by Cd without inducing a loss of testosterone-producing cells by necrosis.

Recently, Gunnarsson et al.(25) have reported that Cd strongly induces testicular prostag-
landin F2  (PGF2 ) synthesis.  In addition, their results indicated that the elevation of PGF2

causes testosterone production inhibition, possibly via reduced expression of steroidogenic
acute regulatory protein (StAR).  StAR plays a role in the negative regulation of progesterone
production in the corpus luteum, through the activation of phospholipase C (PLC)/PKC,
which can decrease cholesterol transport from the outer to the inner mitochondrial mem-
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brane.(26)  Although the inhibitory effect of PGF2  on StAR expression has not yet been
established in the testis, PGF2  has been shown to reduce StAR expression in the corpus
luteum in rats.(27)  Wang et al.(28) showed that cyclooxygenase 2 regulates steroid production
mainly by influencing StAR activity.  More studies are needed to establish the exact
mechanism of how PGF2  inhibits testosterone synthesis.

On the contrary, Zeng et al.(29) reported that serum testosterone levels were significantly
increased by chronic oral Cd exposure (50, 100, 200 ppm) for three months.  Although the
mechanism underlying the Cd-induced increase in the serum testosterone levels is unclear,
Zeng et al. speculated that chronic oral Cd exposure might have induced endocrine
homeostasis disruption through a mechanism different from that associated with other routes
of Cd administration, e.g., subcutaneous or intraperitoneal administration used in most
studies.

Strain differences in regard to resistance to Cd-induced testicular toxicity have been
found in mice.  All strains of resistant mice have been shown to descend from the Bagg-
albino stock, implying that susceptible strains are of the wild type, and resistant strains are
of the mutant type.(30)  In a resistant A/J strain, Cd transport was significantly reduced in the
testis, compared with a sensitive 129/J strain.(31)  The percent concentration of Cd that
reached the testis in A/J mice in 60 min was less than one tenth that in 129/J mice.  The
transport of Cd was competitively inhibited by zinc (Zn), but not by calcium.  Studies of
isolated tubules and analysis of testicular fluid compartments demonstrated no significant
difference in Cd uptake or efflux between the two strains.  Therefore, the difference in
testicular sensitivity to Cd due to strain difference appears to be related to variations of the
transport system for Cd in the testicular vasculature.  We reported that pretreatment with the
synthetic antiandrogen cyproterone acetate reduced Cd accumulation and induced cellular
tolerance to Cd in rat liver cells.(32)

Metallothionein (MT) is often associated with cellular tolerance to Cd.(33, 34)  Liu et al.(35)

studied the role of MT in Cd-induced testicular injury using MT-null and wild-type 129/SvJ
mice.  MT-null mice were equally as sensitive as wild-type mice to Cd-induced testicular
injury as evaluated from photomicrographs of the testis and testicular hemoglobin content.
Their results indicated that MT is not associated with sensitivity to Cd-induced testicular
injury.  In support of this notion, MT transgenic mice with MT overexpression were not
refractory to Cd-induced testicular injury.(36)

Strain-dependent resistance to Cd-induced testicular injury is associated with a single
major recessive gene, named Cdm, which is localized to chromosome 3.(37)  Recently, Dalton
et al. have identified Cdm as Slc39a8 encoding SLC39A8 (ZIP8), a member of the Zn
transporters named ZRT-, IRT-like protein (ZIP).(38)  The overexpression of Slc39a8 in
cultured mouse fetal fibroblasts leads to more than a 10-fold increase in Cd influx and
accumulation and a 30-fold increase in sensitivity to Cd-induced cell death.  The nucleotide
sequences of Slc39a8 were completely identical in two sensitive and two resistant strains of
mice.  Using in situ hybridization, they found that ZIP8 mRNA is prominently expressed in
the vascular endothelial cells of the testis in the sensitive mouse strains but not in the resistant
strains.  Therefore, Slc39a8 is Cdm, defining sensitivity to Cd toxicity specifically in
vascular endothelial cells of the testis.  On the other hand, the Himeno’s group(39–42)
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established a Cd-resistant cell line from immortalized MT-null mouse cells, and found that
these Cd-resistant cells exhibited a marked decrease in Cd uptake rate.  In addition, the
uptake rate of manganese (Mn) was also markedly decreased in these Cd-resistant cells.
Subsequent studies of the kinetics of Cd and Mn uptakes by Cd-resistant and parental cells
revealed that the Mn transport system with a high affinity for Mn is also used for cellular Cd
uptake, and that this pathway is suppressed in Cd-resistant MT-null cells.  It is intriguing to
examine whether the Cd/Mn transporter found in MT null cells is identical to ZIP8.

2.2 Female reproductive organs
The gynogenesis vessel is also a vascular organ sensitive to Cd toxicity. Subcutaneous

injections of Cd to pregnant rats produced a high incidence of fetal death and placental
necrosis.  However, the fetuses that directly received Cd in utero were relatively resistant
to Cd toxicity, and the surviving fetuses tolerated much higher levels of Cd in tissues
compared with the fetuses exposed to Cd via maternal injection.  Thus, Cd-induced fetal
death may not be caused by the direct effect of Cd on the fetus.  It has been proposed that
the placental accumulation of Cd results in trophoblastic damage, leading to a decrease in
uteroplacental blood flow, and then a decrease in nutrient and oxygen transport to the
fetus.(43)  In humans, maternal exposure to Cd is associated with low birth weight.(44)

Recently, the effects of Cd on female steroidogenesis have been described, but results
vary depending on the experimental model and the dose used.  Acute exposure to Cd in vivo
decreased serum concentrations of progesterone and estradiol depending on the reproduc-
tive stage in rats.(45)  Cd exposure induced a delay in the enhancement of ovarian progester-
one secretion during days 1 through 6 of pregnancy.  Blood progesterone level also did not
increase until day 4 of pregnancy in Cd-exposed rats.(46)  In the placenta of smoking women,
an increase in Cd concentration and a decrease in progesterone level were found.(47)  In
cultured rat granulose, luteal, and ovarian cells, Cd inhibited progesterone synthesis.(48,49)

The recent studies conducted using cultured human placental trophoblastic cells suggest that
Cd reduces progesterone synthesis by inhibiting the gene expression of the low-density
lipoprotein (LDL) receptor, which controls the internalization of cholesterol into ste-
roidogenic cells,(50) cytochrome P450 side chain cleavage (P450scc), which coverts choles-
terol to pregnenolone, and 3 -hydroxysteroid dehydrogenase, which coverts pregnenolone
to progesterone.(51)  On the other hand, some reports have indicated that Cd administered to
female rats during estrus and diestrus resulted in increased serum progesterone level(52,53) and
stimulated progesterone synthesis in both cultured porcine granulose cells(54) and Jar
choriocarcinoma cells, a malignant trophoblast cell line.(55)  Henson and Chedrese discussed
the dual effects of Cd on progesterone synthesis in their review.(56)  They suggested that low
concentrations of Cd stimulate P450scc gene transcription resulting in enhancement of the
steroidogenic pathway, whereas high concentrations of Cd inhibit P450scc activity resulting
in the suppression of progesterone synthesis.  The effects of Cd appear to be mediated via
a cis-acting element located 100 base pair upstream of the transcription start site of the
P450scc gene.
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3. Effects of Cd on Binding of Steroid Receptor to DNA

The steroid hormone receptor superfamily is a group of cytoplasmic receptors that act
as a transcriptional enhancer protein, binding specifically to a hormone response element on
DNA.(57)  The DNA binding domain is highly conserved among different members of this
superfamily.  Two Zn fingers, each with a Zn atom coordinated to four cysteine residues, are
found in the DNA-binding domain of these proteins.  Predki and Sarkar(58) demonstrated that
the Zn atom in the Zn fingers of an estrogen receptor can be replaced by several other metals
such as copper (Cu), cobalt (Co), nickel (Ni), and Cd.  The replacement of Zn by Cd and Co
had no apparent effect on the protein binding to DNA, whereas replacement by Ni and Cu
inhibited estrogen receptor binding to its response element.  Thus, Cd may replace Zn
without any noticeable difference in a number of physiological activities.

4. Cd Mimics Steroid Hormone Actions

4.1 Effects of Cd on estrogen receptor
Martin and colleagues reported conclusive evidence that Cd has a potent endocrine

disrupting activity (that mimics estrogen action) in in vivo experiments using female rats.(12)

The exposure of ovariectomized rats to Cd increased uterine weight and promoted the
growth and development of the mammary glands.  In the case of the uterus, the weight
increase was accompanied by endometrial proliferation, induction of progesterone receptor,
and enhanced expression of the complement component C3 gene.  Cd increased epithelium
density and induced milk protein formation in the mammary glands.  These effects were
similarly observed in 17 -estradiol exposure, and the effects of Cd were suppressed in an
antiestrogen, ICI-182780.  Moreover, in utero exposure to Cd affected mammary gland
development, induced earlier onset of puberty, and increased the number of terminal end
buds in female offsprings, which are typical responses to endocrine disruptors.

Martin and colleagues previously reported that Cd exhibited estrogen activity through
an estrogen receptor  (ER ) in MCF-7 breast cancer cells.(59)  They performed several
experiments to test the hypothesis that Cd may exert its effects through ER .  Cd induced
increases in the amount of progesterone receptor (PgR) protein and the expression of pS2,
an estrogen-inducible gene, in MCF-7 cells, and these effects were completely blocked by
the anti-estrogen.  Treatment with Cd of the ER -negative breast cancer cell line transducted
with an ER  gene caused increases in the mRNA levels of PgR and pS2.  The same cell line
transducted with antisense ER did not show any effects of Cd on the mRNA levels of PgR
and pS2.  Cd also stimulated the expression of a reporter gene containing a consensus
estrogen response element.  On the other hand, Cd did not modify the binding of estradiol
to ER .  These results suggest that the effects of Cd are mediated directly by ER  and are
independent of estradiol.
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4.2 Effects of Cd on androgen receptor
Martin and colleagues tested whether Cd also mimics androgen by activating the

androgen receptor (AR).  In LNCap cells, a hormone-dependent human prostate cancer cell
line, Cd exhibited androgen-like effects on cell growth and gene expression.(13)  Because
treatment with an antiandrogen blocked these effects, it is suggested that the effects of Cd
are mediated though AR.  In addition, it was shown that Cd can bind to a hormone-binding
domain of AR with high affinity and inhibit the endogenous hormone binding to the receptor.
In castrated rats and mice, Cd showed androgenic effects on the weights of the prostate gland
and seminal vesicle complex, and induced the expression of androgen-regulated genes.  A
single dose of Cd induced 1.6- and 1.4-fold increases in the weights of the prostate gland and
seminal vesicle, respectively, whereas two doses of Cd induced 1.97- and 1.65-fold
increases, respectively.  The in vivo effects of Cd were also blocked by an antiandrogen,
suggesting that Cd may activate AR in the prostate gland.  However, the in vivo androgen-
like effects of Cd (10 or 20 g CdCl2/kg body weight) are weak compared with the estrogen-
like effects of Cd (0.5 or 5 g CdCl2/kg body weight).(12)  More detailed research is necessary
to clarify this difference.

Regarding ER  activation by Cd, Martin and colleagues have shown that Cd binds to
ER  with amino acid residues located on helices H4, H8, and H11, and at the interface of
the loop and H12,(60) suggesting that Cd may reposition H12 in a manner similar to estradiol.
Many of the amino acid residues of ER  identified as important in the interaction with Cd
are conserved in the hormone binding domain of AR.(61,62)  Therefore, it seems likely that Cd
activates AR by a mechanism similar to that for ER .  However, further studies are necessary
to define the precise mechanism by which Cd activates ER  and AR.  Thus far, only Martin
and colleagues have reported that Cd can mimic androgen and estrogen in vitro and in vivo.
To the best of our knowledge, no other scientists have confirmed these findings.

5. Conclusions

Several lines of evidence have indicated that low dose Cd exposure affects the action of
steroid hormones in the reproductive organs of both males and females.  First, Cd disrupts
steroidogenesis including the syntheses of androgen, progesterone and estrogen, leading to
the suppression of reproductive functions.  Second, Cd exhibits estrogen- or androgen-like
activities in vivo and in vitro, through direct binding to AR and ER .  It is possible that Cd
plays different roles in the inhibition and/or stimulation of steroid hormonal activity.  The
effects of Cd on the reproductive organs may vary depending on the dose and treatment
method as well as animal age and status, i.e., embryonic age and pregnancy, respectively.
Martin and colleagues(12) demonstrated that Cd is a typical endocrine disruptor.  In utero
exposure to Cd has profound effects on the mammary gland and on the growth and
development of infants, suggesting that exposure to Cd may be a potential risk factor for
breast cancer.(12)  Further studies are required to substantiate these findings in other
experimental models, and in humans.
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