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Abstract
AIM: Rodent testes are generally more susceptible to
cadmium (Cd)-induced toxicity than liver. To clarify the
molecular mechanism of Cd-induced toxicity in testes, we
compared metallothionein (MT) gene expression, MT protein
accumulation, and Cd retention at different time in freshly
isolated testicular interstitial cells and liver of rats treated
with Cd.

METHODS: Adult male Sprague-Dawley rats weighing 250-
280 g received a s.c injection of 4.0 µmol Cd/kg and were
euthanized by CO2 asphyxiation 1 h, 3 h, 6 h, or 24 h later.
Tissue was sampled and testicular interstitial cells were
isolated. There were three replicates per treatment and 3
animals per replicate for RNA analyses, others, three
replicates per treatment and one animal per replicate. MT1
and MT2 mRNA levels were determined by semi-quantitative
RT-PCR analysis followed by densitometry scanning, and
MT was estimated by the enzyme-linked immunosorbent
assay (ELISA) method. Cadmium content was determined
by atomic absorption spectrophotometry. The same
parametersd were also analyzed in the liver, since this tissue
unquestionably accumulate MT.

RESULTS: The rat testis expressed MT1 and MT2, the major
isoforms. We also found that untreated animals contained
relatively high basal levels of both isoform mRNA, which
were increased after Cd treatment in liver and peaked at 3 h,
followed by a decline. In contrast, the mRNA levels in
interstitial cells peaked at 6 h. Interestingly, the induction of
MT1 mRNA was lower than MT2 mRNA in liver of rat treated
with Cd, but it was opposite to interstitial cells. Cd exposure
substantially increased hepatic MT (3.9-fold increase), but
did not increase MT translation in interstitial cells.

CONCLUSION: Cd-induced expression of MT isoforms is
not only tissue dependent but also time-dependent. The
inability to induce the metal-detoxicating MT-protein in
response to Cd, may account for a higher susceptibility of
testes to Cd toxicity and carcinogenesis compared to liver.
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INTRODUCTION
Metallothionein (MT) gene expression appears to be not only
tissue specific but also cell specific[1,2]. In rodents, the testes and
ventral prostate have been shown to have a higher sensitivity to
cadmium (Cd)-induced carcinogenesis than many other
tissues[3]. These tissues have also been shown to have either
no induction or a reduced expression of MT gene when animals
were exposed to Cd or some other MT inducer agents[4,5]. It has
been reported that testicular Cd is bound to a protein different
from MT. The testicular Cd-binding protein contains less
cysteine and more glutamate than MT[6]. However, some other
studies have shown that MT is constitutively expressed in the
whole testes or specific testicular cells at levels higher than that
in some other organs, e.g. the liver, and that in vivo or in vitro
Cd exposure increases MT gene expression in the testes[7-9].
      Therefore, the published data are inconclusive as to whether
MT exists in the testes under physiological conditions and
whether this protein plays an important role in the detoxification
of testicular Cd. Some of the controversies may derive from
analyzing the whole testicular tissue instead of individual cell
types, since MT gene expression appears to be not only tissue
specific but also cell specific[1,2]. On the other hand, MT might
affect testicular Cd accumulation toxicokinetically by
sequestering the metal in the liver, thus diverting it from target
tissues, such as the testes. It has been well established that Cd
significantly enhances hepatic MT gene expression and MT
synthesis. Such enhancement of liver MT might lead to lower
testicular Cd uptake and toxicity.
    In rodents testicular Cd appears to be localized in the
interstitial tissue and a high incidence of interstitial cell (Leydig
cell) tumors can occur following Cd exposure. However,
testicular lesions as a result of Cd exposure have not been
reported in men[10]. A single s.c. dose 5 µmol Cd/kg could
result in a high incidence of testicular interstitial cell tumors.
An elevated incidence of testicular tumors in rats was also
found after chronic oral exposure to Cd. Within the interstitial
tissue, Leydig cells appeared to be highly sensitive to Cd
cytotoxicity[11]. However, most of the studies on MT gene
expression and synthesis have been focused on the whole testes,
which might mask the results on MT activity in these specific
cells, since they only contributed to 11 % of parenchymal
volume. Some authors investigated Cd-induction of MT
expression in cultured Leydig cell lines established from
Leydig cell tumors[12], but their findings gave little insight into
MT synthesis in normal testicular interstitial cells or purified
Leydig cells isolated from animals exposured to Cd.
     Furthermore, MT gene expression is time-dependent. It was
reported that both MT isoform mRNA levels in rat livers were
substantially increased 4-6 h after Cd treatment, followed by a
reduction and chromatography demonstrated a significant time-
related increase in MT protein level. In vitro studies showed
that MT induction was dose- and time-dependent in both
Leydig and Sertoli cells[13]. Therefore some of the controversies
may derive from the different study time.
     In general, the studies on Cd-induced MT gene expression
and MT synthesis in the testis, have been carried out under
acute exposure to toxic Cd levels. It is also conceivable that



the biochemical changes occurring in the testes under such
conditions of Cd toxicity might mask the molecular processes
of MT gene expression at a lower Cd exposure dose.
    Although there is a wealth of published information
regarding MT gene expression and MT synthesis following
induction by Cd [14-16], little systematic information is
available on MT gene expression at different time in testes,
particularly in testicular interstitial cells. The aim of this
study therefore was to clone MT gene and to investigate
MT gene expression, MT accumulation, and Cd retention
at different time in testicular interstitial cells isolated by
collagenase dispersion and density gradient centrifugation
from rats treated with a non-toxic Cd dose. The same
parameters in the liver were also analyzed, since this tissue
unquestionably accumulated MT.

MATERIALS AND METHODS

Animals and treatments
Adult male Sprague-Dawley rats weighing 250-280 g were
obtained from the Animal Center of Second Military Medical
University. Rats received a single s.c. injection of 4 µmol Cd/
kg and were euthanized by CO2 asphyxiation 1 h, 3 h, 6 h, or
24 h later for RNA, total Cd, and MT analyses in interstitial
cells and liver. Untreated rats (0 h) were also treated as
described above. There were three replicates per treatment and
3 animals per replicate for RNA analyses, others, three
replicates per treatment and one animal per replicate. Testes
and liver were weighed and processed as described below.

Preparation and purification of testicular interstitial cells
Immediately after the testes were removed, these cells were
decapsulated, deveined and incubated in a solution of 2 mg/
ml collagenase (334 µ/mg, Type IA, Worthington Biochemical
Co.) with minimum essential medium (MEM) (6 ml/2 testes)
at 37  in a shaking water bath at 90 oscillations/min for 15
min. DNase (Sigma Chemical Co.) was added as needed (5-
10 drops of 0.1 %) to reduce the clumping of cells to the DNA
released from damaged cells. After collagenase dispersion, the
digestion media were diluted with 12 ml prewarmed MEM
and the tubules were allowed to settle. The resultant supernatant
was centrifuged at 80×g for 10 min at 4 . Crude interstitial
cells from 2 testes were resuspended in 3 ml cold MEM and
layered on the top of a linear (0-50 %) Percoll density gradient.
The gradient was prepared in a LKB gradient mixer with 4 ml
of a solution containing 50 % Percoll, 0.15 M NaCl, and 0.07 %
bovine serum albumin (BSA) in the diluting chamber and 4
ml of an aqueous solution with 0.15 M NaCl, and 0.07 % BSA
in the mixing chamber. Crude interstitial cells were then
separated from other cell types by centrifugation at 800×g for
20 min in tubes (8×1.5 cm, 3 tubes for one type of cells from
one sample) at 4 . Purified interstitial cells formed a distinct
band at 41-42 mm from the gradient bottom. Cell band was
aspirated, diluted three times its volume with cold MEM to
remove Percoll and centrifuged at 80×g for 10 min. Testicular
interstitial cells were then suspended in a minimal volume of
MEM and processed for RNA, total Cd, or MT protein analysis
after aliquots was taken for cell count. Morphological
observations by light microscopy showed that the purity ranged
from 80 % to 85 %.

Cadmium content
Interstitial cells and liver tissue were wet-ashed in HNO3 (u.
p.)-H2O2 and Cd was determined by atomic absorption
spectrophotometry (detection limit: 0.001ppm). Precautions
were taken to avoid Cd contamination by acid-washing all
glasswares and blanks were run along with the samples.

RNA extraction
Total ribonucleic acids were extracted from freshly isolated
interstitial cells and liver tissue using RNAzol (GibcoBRL).
Total RNA was determined by UV absorbance at 260 nm and
its purity was estimated by the absorbance ratio A260/A280 nm.
In addition, RNA integrity was confirmed by ethidium bromide
staining of ribosomal RNA following gel electrophoresis.

Polymerase chain reaction(PCR) primers
Oligonucleotide primers were synthesized using a DNA
synthesizer (Worthington Biochemical Co.). The sequences
of sense and antisense primers for rat MT-1 were 5’-
ACTGCCTTCTTGTCGCTTA-3’ and 5’-TGGAGGTGTA-
CGGCAAGACT-3’ respectively. They spanned a 310bp
fragment. The sequences of sense and antisense primers for
rat MT-2 were 5’-CCAACTGCCGCCTCCATTCG-3’ and 5’-
GAAAAAAGTGTGGAGAACCG-3’ respectively, spanning
a 300bp fragment. The sequences of sense and antisense
primers for β-actin were 5’-CCCATTGAACACGG-CATTG-
3’ and 5’-GGTACGACCAGAGGCATACA-3’ respectively,
spanning a 236bp fragment.

Reverse transcription-PCR (RT-PCR) and products analysis
First-strand cDNA was synthesized with 1 µg total RNA, 50
pmol oligo (dT)18, 10U avian myloblastosis virus (AMV)
reverse transciptase and 20U RNase inhibitor in a final 20 µl
reaction mixture containing 1× reverse transcriptase buffer, 8
mM MgCl2, 0.5 mM of each dNTP. The reaction mixture was
incubated at 42  for 60 min. The cDNA products were stored
at -20  until use.
      PCR was carried out in a 25 µl reaction mixture containing
0.2 mM of each dNTP, 1 pmol of each sense and antisense
primer and 0.625 unit of Taq DNA polymerase (TaKaRa),
including 4 µl of cDNA products. After an initial denaturation
at 95  for 5 min, amplification was carried out for
approximately 27 cycles comprising 1 min at 95  for
denaturation, 1 min at 55  for annealing, 1 min at 72  for
extension with a final entension step at 72  for 5 min. The
PCR products were applied to electrophoresis using a 2.0 %
(w/v) agarose gel, which was stained with ethidium bromide
and visualized under UV light. In order to confirm that there
was no significant contamination in the total RNA preparation,
we synthesized the first-strand DNA and performed control
reactions in the absence of reverse transcriptase, and did not
find any band on further PCR. In order to guarantee
amplification in phase of exponential increase, we minimize
the cycles of PCR in condition that the strap of gel
electrophoresis could be detected. MT1 and MT2 mRNA levels
were determined by RT-PCR analysis followed by
densitometry scanning. All MT1 and MT2 RT-PCR products
were normalized to the corresponding β-actin RT-PCR results
that served as an internal control to ensure an approximate
ratio of MTs mRNA.

Cloning of PCR products
PCR products were cloned using pUCm-T vector, The
constructed plasmids were transfected into JM109, positive
colonies were selected and the DNA sequence was analysed
using a DNA sequencer (Worthington Biochemical Co.).

MT content analysis
Testicular interstitial cells were suspended in 500 µl of 10 mM
Tris-HCL, pH 7.4, and lysed by sonication (3×10 s) on ice.
Cytosol was then obtained by centrifugation at 18 000×g for
20 min at 4 . Liver tissue was homogenated in 10 mM Tris-
HCL, pH 7.4, with a glass homogenizer and a Teflon pestle.
MT content analysis was performed by the enzyme-linked
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immunosorbent assay (ELISA) method. The test procedure was
similar to that described by Ruitenberg et al[17] and affinity-
purified sheep anti-(rat MT) IgG was provided by Environmental
Health Sciences Division, National Institute for Environmental
Studies, Japan.

Statistical analysis
Data were represented as means ±S.E. of three replicates per
Cd treatment or untreatment. Differences between Cd-treated
(1 h, 3 h, 6 h, 24 h) and untreated rats were evaluated by
Student’s t-test with P<0.05 as the limit of significance.

RESULTS

DNA sequences of RT-PCR products
After cloning the RT-PCR products described above into a
pUCm-T vector, we examined their DNA sequences (Figure
1) and compared with rat liver MT1 and MT2 cDNAs. These
data clearly indicate that the MT1 and MT2 genes are
constitutively expressed in the rat testis.

MT1

ACTGCCTTCTTGTCGCTTACACCGTTGCTCCAGATTCACCAGATCTCGGAAT

GGACCCCAACTGCTCCTGCTCCACCGGCGGCTCCTGCACCTGCTCCAGCTC

CTGCGGCTGCAAGAACTGCAAATGCACCTCCTGCAAGAAGAGCTGCTGCT

CCTGCTGCCCCGTGGGCTGCTCCAAATGTGCCCAGGGCTGTGTCTGCAAAG

GTGCCTCGGACAAGTGCACGTGCTGTGCCTGAAGTGACGAACAGTGCTGC

TGCCCTCAGGTGTAAATAATTTCCGGACCAACTCAGAGTCTTGCCGTACAC

CTCCA

MT2

CCAACTGCCGCCTCCATTCGCCATGGACCCCAACTGCTCCTGTGCCACAGA

TGGATCCTGCTCCTGCGCTGGCTCCTGCAAATGCAAACAATGCAAATGCAC

CTCCTGCAAGAAAAGCTGCTGTTCCTGCTGCCCCGTGGGCTGTGCGAAGT

GCTCCCAGGGCTGCATCTGCAAAGAGGCTTCGGACAAGTGCAGCTGCTGC

GCCTGAAGTGGGGGCGTCCTCACAATGGTGTAAATAAAACAACGTAAGGA

ACCTAGCCTTTTTTTGTACAACCCTGACCGGTTCTCCACACTTTTTTC

Figure 1  DNA sequences of RT-PCR products from rat testis.

Cadmium content
Cadmium accumulated in the liver rapidly after its
administration, but then leveled off. 24 h after Cd content in
the liver increased about 10 000-fold whereas interstitial cell
Cd was not detected (Figure 2). This indicated that the Cd
content in interstitial cells might be below atomic absorption
spectrophotometry detection limit (<1 ng/107 cells).

Figure 2  Time course of Cd accumulation in liver after a single
subcutaneous injection of 4 µmol Cd/kg. The values were the
mean ± S.E. (n=3). An asterisk indicated a significant differ-
ence (*P<0.05 vs control) from the untreated.

Effects of cadmium on transcription of MTs in interstitial and
cells liver
To assess gene expression of both MT1 and MT2 genes, semi-
quantitative RT-PCR was used. Results from the semi-
quantitative RT-PCR (Figure 3) showed that untreated animals
contained relatively high basal levels of both isoform mRNA,
which were substantially increased after Cd treatment in the
liver and peaked at 3 h, followed by a decline. In contrast, the
mRNA levels in interstitial cells peaked at 6 h (Figure 3).
Interestingly, the induction of MT1 mRNA was lower than
MT2 mRNA in the liver of rats treated with Cd, but it was
opposite to interstitial cells.

Figure 3  Effect of cadmium treatment on MT1(a) and MT2(b)
mRNA levels in testicular  interstitial cells (B) and the liver (A)
of untreated rats (0h) and Cd-treated rats after 1 h, 3 h, 6 h, or
24 h (lanes 1-5). Values were obtained by RT-PCR analysis fol-
lowed by densitometry scanning and expressed as MT1(C) or
MT2(D) mRNA RT-PCR products to β-actin mRNA RT-PCR
products ratio. Data represented the mean ± SE ( n=9, three
treatment replicates with three analyses per replicate).

Effects of cadmium on translation of MT in testicular
interstitial cells and liver
In parallel to the elevation of liver Cd, the level of hepatic MT
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increased significantly (3.9 hold increase) 24 h after Cd
injection (Figure 4). In sharp contrast to the 3.9-fold elevation
of hepatic MT, the MT in testicular interstitial cells of rats
treated with Cd slightly declined as compared to untreated
animals.

Figure 4  Metallothionein protein in testicular interstitial cells
and liver of untreated and Cd-treated rats. Experimental
conditions are shown in Figure 3. The values were the mean
± S.E. (n= 3).

DISCUSSION
MTs exist not only in tissues from various animal species, but
also in bacteria and plants, and are thought to play essential,
but as yet unknown roles in cellular processes[18-22]. MTs are
known to detoxify heavy metals. However, male genital organs,
particularly testis, are extremely susceptible to Cd. Thus, it
has been a long-standing issue as to whether MTs are present
in male genital organs or not. We have previously summarized
the major points of dispute arising from earlier studies that
advocated either the presence or the absence of MTs in the
testis, since these earlier studies utilized indirect experimental
methods to characterize testicular Cd-binding proteins.
Therefore,we considered it essential to analyse directly the
cDNA sequence. It has been demonstrated by RT-PCR analysis
and DNA sequence analysis of the cloned PCR products that
MT1 and MT2 genes are transcripted as their respective mRNA
in the rat testis. The present results have clearly shown that the
rat testis contains MT1 and MT2, the major isoforms of MT,
thus supporting the results of earlier studies, not only in turns
of the amounts of MT(-like) proteins estimated by the Cd-
binding method in the rat testis, but also in regard to the
localization of MT in male genital tissues.
      Our observations demonstrated that MT1 and MT2 mRNAs
were expressed in interstitial cells under normal physiological
conditions, which confirmed the results of others in the whole
testes of rats and mice. Furthermore, our results showed that
both MT1 and MT2 mRNA increased, but did not translate
into any higher protein in interstitial cells in response to Cd
treatment. Cd-inducibility of MT1 and MT2 mRNA that we
observed in freshly isolated intertitial cells, corroborated the
findings of others using cultured mouse interstitial tumor cell
lines exposed to Cd in vitro. In contrast, other reports indicated
decrease, no changes, or little increases of MTs mRNA levels
in the whole testes of Cd-treated rats and mice[16,23]. The
discrepancy in the results among the various studies might be
due to analysis of whole testicular tissue rather than isolated
interstitial cells, or species and strain differences in Cd-induced
MT. MT expression in male reproductive tissue might also
depend on doses, time course between Cd administration and tissue
sampling, age and reproductive states of the animals[24]. The
present data showed that untreated animals contained relatively
high basal levels of both isoforms of mRNA, which were
substantially increased after Cd treatment in the liver and
peaked at 3 h, followed by a decline. In contrast, the mRNA
levels in interstitial cells peaked at 6 h (Figure 3). Interestingly,

the induction of MT1 mRNA was lower than MT2 mRNA in
the liver of rats treated with Cd, but it was opposite to interstitial
cells. This indicates that Cd-induced transcription of MT gene
is not only tissue-dependent, but also time-dependent.
Therefore, the time selected to analyse mRNA levels might be
another source of discrepancy. Furthermore, both isoforms
were different from Cd-induction in different tissues or cells.
The cause is unclear, and might be related to methylation status
of the MT gene, since DNA methylation controls MT gene
expression in murine lymphoid cells.
     We also found that interstitial cells isolated from unteated
animals contained relatively high basal levels of MT protein,
thus supporting the results of earlier studies that MT were
constitutively present in the testes at levels higher than that in
many other tissues, such as the liver and kidney[25].
      MT might not have any significant role in the detoxification
of Cd in the testes, since 20 µmol Cd/kg destroyed the testicular
endothelium of both normal mice and mice with inactivated
MT1 and MT2 genes. Furthermore, mouse strain differences
in Cd-induced testicular toxicity have not been reported to be
correlated with testicular MT levels. In fact, resistance to Cd-
induced testicular necrosis is linked to the cdm gene, which is
located in a different chromosome from the genes for MT1
and MT2.
     One hypothesis, which may explain why Cd-induced MT
mRNA in interstitial cells was not accompanied by an increase
of MT synthesis, is that MT mRNA increases were not
translated into the corresponding protein. The existence of
nonfunctional MT translations in interstitial cells could explain
the higher susceptibility of testes than the liver to Cd toxicity.
On the other hand, the absence of an increase in the MT gene
translation product in interstitial cells accompanied by a
significant increase in the liver of Cd-treated animals, could
also be due to kinetic differences between interstitial cells and
liver on the rate at which MT mRNA molecules were translated
into MT or the rate of MT degradation[1]. The discrepancy
between MT mRNA and MT protein in interstitial cells
suggested that MT synthesis was regulated at the level of post-
transcription[26], since an increase of mRNA should not result
in decreased protein if regulation was only through transcription.
While it is well known that MT gene expression is specifically
induced by metals through metal response elements and the
heavy metal induction of MT is mediated through the
transcription factor MTF-1[27-29]. We not determine whether the
effect of these metals on MT mRNA translation and/or protein
degradation was specific to MT. Therefore it is possible that
the metals have a more widespread effect on translation of
genes[30-32]. However, it is clear that metals do not have a
widespread effect on gene transcription through stress or
nonspecific events. For example, housekeeping genes, such as
β-actin or dihydrofolate reductase, in the liver and kidney of
CD-1 mice were unaffected when treated with 0.6 mg
cadmium/kg.
     In summary, our observations clearly demonstrate that both
MT mRNA and MT are constitutively expressed in isolated
interstitial cells and Cd-induced expression of MT isoforms
are not only tissue dependent but also time-dependent. Our
findings of Cd-induced MT mRNA without increases in MT
protein in interstitial cells deserve further investigation. The
inability to induce metal-detoxicating MT-protein, in response
to Cd, might account for the higher susceptibility of testes to
Cd toxicity and carcinogenesis compared to the liver.
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