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Abstract Cadmium (Cd) is known to cause
various disorders in the testis, and metallothion-
ein (MT) is known as a protein, which has a
detoxification function for heavy metals. How-
ever, the changes of Fe, Cu, and Zn distribution in
the testis induced by Cd exposure have not been
well examined. Moreover, only a few studies have
been reported on the localization of MT after Cd
exposure. In this study, we have investigated the
changes of Fe, Cu, and Zn distribution in
Cd-exposed testis by a newly developed in air
micro-Particle Induced X-ray Emission (PIXE)
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method. Also, we examined the distribution of
MT expression in testis. In the testis of Cd-treated
rats with significant increases of lipid peroxida-
tion, the sertoli cell tight junction was damaged
by Cd exposure, resulting from disintegration of
the blood testis barrier (BTB). Evaluation by in
air micro-PIXE method revealed that Cd and Fe
distribution were increased in the interstitial
tissues and seminiferous tubules. The histological
findings indicated that the testicular tissue dam-
age was advanced, which may have been caused
by Fe flowing into seminiferous tubules followed
by disintegration of the BTB. As a result, Fe was
considered to enhance the tissue damage caused
by Cd exposure. MT was detected in spermato-
gonia, spermatocytes, and Sertoli’s cells in the
testis of Cd-treated rats, but was not detected in
interstitial tissues. These results suggested that
MT was induced by Cd in spermatogonia, sper-
matocytes, and Sertoli’s cells, and was involved in
the resistance to tissue damage induced by Cd.

Keywords Metallothionein (MT) - In air micro-
Particle Induced X-ray Emission (PIXE) -
Cadmium (Cd) - Testis - Iron (Fe)

Introduction

A heavy metal, cadmium (Cd), is used for
industrial purposes throughout the world, and
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has been discharged into the environment in large
quantities. It is also well known that Cd is toxic to
various cells and organs in humans and other
living things (Robards and Worsfold 1991). In
particular, the testis is highly sensitive to Cd
toxicity, and hemorrhagic necrosis of testicular
tissues occurs in a short period after Cd exposure
(Parizek and Zahor 1956; Nolan and Shaikh 1986;
Saygi et al. 1991; Xu et al. 1999).

It has been reported that lipid peroxidation
produced by Cd exposure were involved in
testicular tissue damage (Omaye 1975; Sugawara
and Sugawara 1984; Manca et al. 1991; Oteiza
et al. 1999).

Furthermore, Cd administration consequently
to increase the resistance to the metal by scav-
enging reactive oxygen species (ROS), and iron
(Fe), copper (Cu), and zinc (Zn) levels in testic-
ular tissues were significantly changed by Cd
exposure (Ochi et al. 1983; Maitani and Suzuki
1986; Wahba and Waalkes 1990; Manca et al.
1991; Koizumi et al. 1992; Koizumi and Li 1992;
Hatcher et al. 1995; Mikhailova et al. 1997;
Shaikh et al. 1999; Yiin et al. 1999; Gaubin et al.
2000; Croute et al. 2005).

However, the mechanism of distribution
changes of Cd, Fe, Cu, and Zn levels in cells of
testicular tissues induced by Cd exposure has not
been well evaluated. In this study, we have
examined the distribution of these heavy metals
in Cd-exposed testicular tissues by in air micro-
Particle Induced X-ray Emission (PIXE) method.

Generally, in the PIXE method, the character-
istic X-rays generated by the charged-particle
irradiation of specimens were measured (Sven
et al. 1995), but in the in air micro-PIXE method
recently developed and used in this study, the
characteristic X-rays emitted from specimens
generated by a thin charged-particle beam (diam-
eter, 1-2 pm) were measured, and the distribution
of metal elements in cells could be more precisely
detected (Sakai et al. 1999, 2002, 2005).

On the other hand, it has been reported that a
heavy metal-binding protein, metallothionein
(MT) is localized in the testis. It is a low
molecular weight (6,600) protein, rich in cysteine
(S) (30%), which binds and detoxifies heavy
metals, such as Zn, Cu, and Cd, interacting with
cysteine residues (Kagi and Kojima 1987).
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Metallothionein was observed in spermato-
genic and Sertoli’s cells of seminiferous tubules
with mature sperms in the testis without heavy
metal exposure, but not detected in Leydig’s cells
(Nishimura et al. 1990; Tohyama et al. 1994).

In the Cd-administered testis, MT was ob-
served in Sertoli’s and interstitial cells (Danielson
et al. 1982). However, only a few studies have
reported the localization of MT after Cd treat-
ment and its roles in the testis.

In this study, we examined the levels of Cd,
Zn, Cu, Fe, and lipid peroxidation, which are
considered to be involved in testicular tissue
damage caused by Cd exposure. Also, the
changes in the distribution of Fe, Cu, Zn, and
Cd in testicular tissues were examined by the in
air micro-PIXE method. We also examined the
MT expression in testicular tissues induced by
Cd exposure.

Methods
Experimental animals

Male Wistar Sprague-Dawley rats were obtained
from Saitama Experimental Animals Supply
(Saitama, Japan), weighing 300-350 g. These rats
were maintained at 20-25°C under a 12-h light-
dark cycle, and divided into experimental groups
(Cd administration) (n =4 in each group) and
control group (n = 4).

A single intraperitoneal administration of
1 mg/kg of Cd was administered using CdCl, 5/
2H,0 dissolved in saline, and the animals were
sacrificed under deep ether anesthesia at 6, 12,
and 24 h after Cd administration. In the control
group, a single administration of the same volume
of saline as in the Cd group was administered
intraperitoneally, and the animals were sacrificed
under deep ether anesthesia at 24 h after admin-
istration. In each group, the testis were removed
immediately after the animals were sacrificed, and
stored at —80°C. Part of the testicular tissues was
fixed in 10% formalin, and histologically exam-
ined. All animals were treated under the guide-
lines for the care and use of laboratory animals of
the university of Gunma, Japan.
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Analysis by in air micro-PIXE method

The removed testis were frozen at -80°C, and
15-um frozen sections were prepared using a
cryostat. The sections were placed on a metal-free
mylar sheet (10 pum), and dried at room temper-
ature. Measurement was performed by in air
micro-PIXE apparatus at Japan Atomic Energy
Agency, Takasaki Advanced Radiation Research
Institute.

Proton beams with a diameter of 1-2 um
generated at 3 MeV by a single end accelerator
were used to irradiate sections for 45 min, and the
characteristic X-rays emitted from each element
were measured.

Measurement of heavy metal concentrations
in testicular tissues

Two ml of concentrated nitric acid was added to
0.1 g of testicular tissues, and heated at 120°C for
48 h. The residues were dissolved in 1% nitric
acid, and the concentration of metals was mea-
sured by Inductively Coupled Plasma Mass Spec-
troscopy (ICP-MS) (ELANG6100, Perkin Elmer,
Yokohama, Japan). The mass/charge ratio (m/z)
was assumed to be 114 for Cd, 66 for Zn, 57 for
Fe, and 65 for Cu. As standard reference material,
NBS-bovine liver No. 1577 (Washington, DC,
USA) was used. The recovery was 95-99% for
Cd, 83-91% for Zn, 110-115% for Fe, and
105-111% for Cu.

Measurement of thiobarbituric acid reactive
substances (TBARS)

The malondialdialdehyde (MDA) formation of
lipid peroxides in the testicular tissues was mea-
sured by thiobarbituric acid assay (Ohkawa et al.
1979).

Homogenization of 0.1 g of testicular tissues
in 1.0 ml of 0.25 M cold sucrose was performed
using a Teflon homogenizer. Subsequently,
0.2 ml of the solution was stirred with 0.2 ml
of 8.1% SDS, 1.5 ml of 20% acetic acid, 1.5 ml
of 0.8% thiobarbituric acid, and 0.6 ml of Milli-
Q water, and reacted at 95°C for 1 h. The
solution was cooled, stirred with 5.0 ml of a
butanol/pyridine mixture (15:1 v/v), and centri-

fuged at 1,600g for 10 min. The absorbance
of the supernatant was measured at 532 nm.
Standard MDA (1,1,3,3-tetramethoxypropane)
was used, and the results are expressed as
MDA nmol/wet weight (g).

Measurement of MT concentration

The testicular tissues were homogenized in 4
volume of 10 mM Tris—-HCl, pH 7.4 using a
Teflon homogenizer. The homogenate were cen-
trifuged at 20,000g for 30 min, and supernatant
fraction was heated for 5 min in a boiling water
bath. The heated samples were centrifuged at
20,000g for 30 min.

The concentration of MT in the testicular
tissues were measured by the enzyme-linked
immunosorbent assay (ELISA) method (Cousins
1991).

Microtiter plates were coated with antigen
solution (MT standard, Sigma-Aldrich, Stein-
heim, Germany) solution containing 1 pg/ml in
phosphate buffered saline (PBS) with 2-mercap-
toethanol (10 pl/ml) was diluted 1:10(V/V) with
0.05 M carbonate buffer, pH 9.6; 100 pl/well).
After incubated at 4°C for overnight, plates were
washed three times with PBS containing 0.5%
Tween 20 (PBS-T). A blocking solution (PBS-T
containing 1% BSA) was added to each well and
left for 1 h at room temperature, and the plates
were washed with PBS-T.

Metallothionein standard or heated samples
were diluted PBS-T containing 1% BSA and were
added each well (50 pl/well). After this, 50 pl of a
1/3,000 of rabbit polyclonal anti-MT antibody
(primary antibody) was added to each well. This
antibody was a polyclonal antibody recognizing
MT-1 and MT-2 of rabbits, humans, and rats, of
which epitope was the N terminal (1-7 amino
acid) of MT (Nakajima et al. 1991).

After incubated at room temperature for 3 h,
plates were washed three times with PBS-T.

After this, 100 pl of a 1/1,000 dilution of goat
anti-rabbit IgG conjugated to alkaline phospha-
tase (secondary antibody) (Sigma-Aldrich) was
added to each well. After incubated at room
temperature for 30 min, and the plates were
washed three times with PBS-T. An appropriate
quantity of p-nitrophenyl phosphate. After
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sufficient color development, measure absorbance
at 405 nm.

MT immunostaining

The removed testis were fixed in 10% formalin
and embedded in paraffin. Sections were pro-
duced at a thickness of 3 pm, and HE staining or
MT immunostaining of the sections was per-
formed. In MT immunostaining, after treatment
with 0.3% hydrogen peroxide/methanol solution
for 30 min to inhibit the intrinsic peroxidase
reaction, the sections were vibrated in 0.01 M
citrate buffer (pH 6.0) for 5 min in a microwave
oven for better reaction of the antibody.

Subsequently, the specimens were reacted with
rabbit polyclonal anti-MT antibody as the pri-
mary antibody for 2 h.

Histofine Simple Stain MAX-PO (MALTI)
(Nichirei Corporation, Toksyo, Japan) was used
as the secondary antibody, and reacted for 1 h. To
develop color, 0.02% 3,3’-diamino-benzidine
(DAB) was used.

Statistical analysis

All data are expressed as the means + SD, and
analyzed by Dr. SPSS II (SPSS Inc., Tokyo,
Japan). Statistical analysis was performed by
Dunnett’s test, and a value of P < 0.05 was
regarded as significant.

Results

Analysis of heavy metals by in air micro-PIXE
method

A two-dimensional P map provides a good
representation of the physical shape of the cell,
so a counter plot of the P map can be drawn
(Nagamine et al. 2006). In the control group, Zn
and Cu were widely distributed in the seminifer-
ous tubules, and a small amount of Fe was
detected (Fig. 1a).

In the experimental groups, larger amounts of
Fe were detected in the interstitial tissues and
seminiferous tubules in 6 h after Cd administra-
tion than in the control group. Cd was detected in
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the interstitial tissues and seminiferous tubules,
and was widely distributed in the seminiferous
tubules in particular (Fig. 1b).

Cd was widely distributed in the interstitial
tissues and seminiferous tubules. Cu accumula-
tion was detected on the testicular basement
membrane 12 h after Cd administration, and Fe,
Zn, and Cd were colocated (Fig. 1c).

At 24 h after Cd administration, Fe and Cd
were widely distributed in the seminiferous
tubules, and large amounts of Zn and Cd were
colocated in the seminiferous tubules. Cu accu-
mulation was detected in the seminiferous lumens,
and Fe, Zn, and Cd were collocated (Fig. 1d).

Concentration of heavy metals in testicular
tissues

The concentration of Cd in testicular tissues
increased after Cd administration, and was sig-
nificantly higher in the experimental groups after
Cd administration than in the control group
(P <0.01) (Fig. 2a). The concentration of Fe
was significantly higher in the experimental group
24 h after Cd administration than in the control
group (P < 0.05) (Fig. 2b). The concentration of
Zn in the testis increased after Cd administration,
and was significantly higher in the experimental
groups after Cd administration than in the control
group (P < 0.01) (Fig. 2c). The concentration of
Cu was significantly higher in the experimental
group 24 h after Cd administration than in the
control group (P < 0.01) (Fig. 2d).

Concentration of TBARS

The concentration of TBARS in the testicular
tissues increased after Cd administration, and was
significantly higher in the experimental groups
after Cd administration than in the control group
(P < 0.05) (Fig. 3).

Concentration of MT

The concentration of MT in testicular tissues
increased after Cd administration, and was
significantly higher in the experimental groups
after Cd administration than in the control group
(P < 0.01) (Fig. 4).
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Saminifarous tubules

Leydig Cell

Fig. 1 Heavy metal maps of testis by in air micro-PIXE
analysis. Since the P map provides a good representation
of the physical shape of the cell, a counter plot of the P
map was drawn (background, gray). Saline-injected

Histological findings

In the control group, a large number of mature
sperm were observed in the seminiferous tubules,
filled with spermatoblasts, spermatocytes, and
Sertoli’s cells (Fig. 5a). In the experimental
groups, the number of sperm in the seminiferous
tubules was decreased in 6 h after Cd adminis-
tration, and the lumens were dilated by the
decrease in the number of cells (Fig. 5b). At
12 h after Cd administration, the seminiferous
tubules and their basement membrane were
detached, and they were atrophied by a marked
decrease in the number of cells (Fig. 5¢). Disin-
tegration of the interstitial tissues and marked
decreases in the numbers of cells and sperm in the
seminiferous tubules were observed 24 h after Cd
administration (Fig. 5d).

Immunohistostaining

In the specimens reacted with the MT antibody in
the control group, weak MT expression in the

Seminiferous
ubules

Seminifarous tubules

animals were sacrificed at 24 h (control) (a). Rats given
a single intraperitoneal injection of Cd (1 mg/kg) were
sacrificed at 6 h (b), 12 (¢) and 24 h (d). Purple line is
100 pm

peripheral regions of the seminiferous tubules
was observed. MT expression in the spermatogo-
nia, spermatocytes, and Sertoli’s cells was also
observed, however, no MT expression was
observed in the interstitial tissues (Fig. 6a).

Six hours after Cd administration, strong MT
expression was observed in all regions of the
seminiferous tubules. MT expression was stron-
gest in the spermatogonia, spermatocytes, and
Sertoli’s cells in particular, however, no MT
expression was detected in the interstitial tissues
(Fig. 6b). At 12 h after Cd administration, weak
MT expression was observed in all regions of the
seminiferous tubules, and was detected in the
spermatogonia, spermatocytes, and Sertoli’s cells
(Fig. 6¢). At 24 h after Cd administration, MT
expression was not observed in the peripheral
regions of the seminiferous tubules because of
severe damage to the testiculus organization
(Fig. 6d).

Incubation of tissue sections with the anti-MT
antibody and MT totally nullified the MT immu-
nostaining (Fig. 7a, b).
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Fig. 3 Thiobarbituric acid reactive substances (TBARS)
concentration in testis. Saline-injected animals were
sacrificed at 24 h (control, 0 h). Rats given a single
intraperitoneal injection of Cd (1 mg/kg) were sacrificed
at 6, 12, 24 h after injection. All values are the mean + SD
(n =4). *P < 0.05 versus control
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Time(hours)

Fig. 4 MT concentration in testis. Saline-injected animals
were sacrificed at 24 h (control, 0 h). Rats given a single
intraperitoneal injection of Cd (1 mg/kg) were sacrificed at
6, 12, 24 h after injection. All values are the mean + SD
(n = 4). **P < 0.01 versus control
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Fig. 5 HE staining of a testicular organ. Saline-injected animals were sacrificed at 24 h (control) (a). Rats given a single
intraperitoneal injection of Cd (1 mg/kg) were sacrificed at 6 (b), 12 (¢), and 24 h (d) after injection

Fig. 6 MT localization in
testis of control rats and
Cd-treated rats by
immunochemical staining.
Saline-injected animals
were sacrificed at 24 h
(control) (a). Rats given a
single intraperitoneal
injection of Cd (1 mg/kg)
were sacrificed at 6 (b),
12 h (¢), and 24 h (d)
after injection. (1) Sertoli
cell, (2) spermatogonia,
(3) spermatocytes, (4)
sperm, and (5) Leydig
cells, interstitial tissues

Discussion

Cd administration generates ROS in the cellular
level (Yang et al. 1997; Wang et al. 2004), and
associated to decrease of reduced glutathione and
increase of lipid peroxidation (Abe et al. 1994;
Shaikh et al. 1999; Bagchi et al. 1996; Gaubin
et al. 2000; Croute et al. 2005). Furthermore, it
has been reported that hemorrhagic necrosis and
apoptosis in the testis caused by Cd treatment
decreased antioxidizing enzymes (Omaye 1975;
Sato et al. 1983; Klimczak et al. 1984; Sugawara
and Sugawara 1984; Koizumi et al. 1992; Koizumi
and Li 1992; Sarkar et al. 1998; Oteiza et al. 1999).

In the present study, Cd treatment induced an
increase of lipid peroxidation in the testis, as
evidenced by the increase of TBARS levels. As a
result, Cd administration increased lipid peroxi-
dation, and damage to testicular tissues, suggest-
ing that ROS generated by Cd exposure caused
testicular tissue damage.

Acute Cd administration decreased testicular
Zn and elevated Fe (Maitani and Suzuki 1986;
Yiin et al. 1999). However, only a few studies
have been reported the distribution of Cd, Fe, Zn,
and Cu in testicular tissues after Cd treatment.
The importance of metal in Cd exposure in the
testis was suggested, and the distribution of Cd,
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Fe, Zn, and Cu in testicular tissues was examined
by the newly developed in air micro-PIXE
method.

Present study showed that Cd was increased in
all regions of the seminiferous tubules by the in
air micro-PIXE method after Cd administration.
The concentration of Cd was demonstrated in
testicular tissues analyzed by ICP-MS. Histolog-
ically, disintegration of the testicular basement
membrane and atrophy of the seminiferous
tubules were observed 12 h after Cd administra-
tion.

At 24 h after Cd administration, Fe accumula-
tion was detected in the seminiferous tubules by
the in air micro-PIXE method. The concentration
of Fe was demonstrated in testicular tissues
analyzed by ICP-MS. The histological findings
indicated that testicular tissue damage was
advanced. The blood testis barrier (BTB) mainly
consists of the TJ of Sertoli’s cells, the BTB was
damaged by Cd exposure (Aoki and Hoffer 1978;
Hew et al. 1993; Xu et al. 1996; Russell 1997;
Chung and Cheng 2001; Wong et al. 2004). The
results of the present study suggested that the TJ
was damaged by Cd exposure, resulting in disin-
tegration of the BTB. At 24 h after Cd adminis-
tration, the histological findings indicated that
testicular tissue damage was advanced, which may
have been caused by Fe flowing into seminiferous
tubules followed by disintegration of the BTB,
and Fe toxicity in free radical-mediated tissue
damage has been reported (Fraga and Oteiza
2002). As a result, Fe was considered to enhance
the tissue damage caused by Cd treatment.
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It was also indicated that the amount of Fe was
small in the control group, but was increased in
interstitial tissues after Cd administration. In
Leydig’s cells, oxidant-induced breakage of sin-
gle-strand DNA was enhanced by Fe (II), and
testicular tissue damage was also enhanced by Fe
(Koizumi et al. 1992; Fraga and Oteiza 2002).
Since Fe is involved in oxidative damage, this
metal was considered to enhance the interstitial
tissue damage caused by Cd treatment.

Furthermore, 12 h after Cd administration, Cu
accumulation was observed in the basement
membrane region of the seminiferous tubules by
the in air micro-PIXE method, and Fe, Cd, and Zn
were colocated. It was thought that such metals
participated in the disintegration of the BTB.

Zn was increased in all regions of the seminif-
erous tubules by the in air micro-PIXE method
after Cd administration. The concentration of Zn
was demonstrated in testicular tissues analyzed by
ICP-MS. We observed that Cd and Zn were
colocated in seminiferous tubules by the in air
micro-PIXE method after Cd administration.
Since MT can bind these metals (Kagi and
Kojima 1987), the detected Cd and Zn may be
those bound to MT. Furthermore, it has been
reported that Zn could suppress lipid peroxida-
tion caused by Cd (Girotti et al. 1985; Zago et al.
2000; Zago and Oteiza 2001; Villanueva et al.
2005). It was thought that Zn was involved in the
resistance to Cd-induced tissue damage.

With regard to MT expression, showing the
high sensitivity of the testis to Cd toxicity. MT
was detected in the spermatogonia, spermato-
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cytes, and Sertoli’s cells of the control group. MT
expression was observed in Sertoli’s cells and
spermatogonia in seminiferous tubules (Nishim-
ura et al. 1990; Tohyama et al. 1994). Our study
confirmed these results.

Six hours after Cd administration, the concen-
tration of Cd and MT in the testis peaked, but
histological findings indicated that testicular tis-
sue damage was weakly observed. MT was
strongly expressed in the spermatogonia, sperma-
tocytes, and Sertoli’s cells 6 h after Cd adminis-
tration. Since weak MT expression in
spermatogonia, spermatocytes, and Sertoli’s cells
in the control group and strong MT expression in
6 h after Cd administration were observed, it was
concluded that Cd induced MT expression in
these cells. It was suggested that Cd-induced MT
in spermatogonia, spermatocytes, and Sertoli’s
cells was involved in the resistance to Cd-induced
tissue damage.

Danielson et al. (1982) reported that MT was
detected in interstitial cells in Cd administration
experiments, but no MT expression was observed
both in the control and Cd administration groups
in the present study. This was probably because
the MT induced in our study was lower due to the
smaller dose of Cd compared to that of Danielson
et al. or the difference of specificity of the MT
antibody used in the studies.

In conclusion, after Cd administration, signif-
icant increases of lipid peroxidation are
observed. Evaluation by the in air micro-PIXE
method revealed that Fe distribution was
increased in the interstitial tissues and seminif-
erous tubules. Furthermore, the histological
findings indicated that testicular tissue damage
was advanced, which may have been caused by
Fe flowing into seminiferous tubules followed by
disintegration of the BTB. As a result, Fe was
considered to enhance the tissue damage caused
by Cd exposure.

In the testis of Cd-treated rats, MT was
detected in spermatogonia, spermatocytes, and
Sertoli’s cells, but was not detected in interstitial
tissues. These results suggested that MT was
induced by Cd in spermatogonia, spermatocytes,
and Sertoli’s cells, and was involved in the
resistance to tissue damage induced by Cd.
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