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Abstract Cadmium is a heavy metal of increasing environ-
mental concern that has long been associated to several human
pathological processes. Recent population surveys have cor-
related cadmium non-occupational exposure to widespread
idiopathic pathologies. Food and tobacco are reported
to be the main exposure sources of cadmium to the
general population, as phosphate fertilizers are rich in
such a metal, thus contaminating the crops. Although
its mechanisms of toxicity are not a consensus in the
literature, it is well established that reactive oxygen spe-
cies play a key role in this process, leading to the ox-
idation of several biological molecules. We have there-
fore assessed whether three environmentally realistic
doses of cadmium alter the oxidative status of Wistar
rat testis and eventually result in histological damages.
Our results show that even the lowest environmental
dose of cadmium was able to disturb the endogenous
antioxidant system in Wistar testis, although an increase
in lipid peroxidation was observed only within the
group exposed to the highest environmental dose.
Despite that no remarkable morphological changes were
observed in any group, significant alterations in blood
vessel lumen were reported for some cadmium-exposed
animals, suggesting that endothelium is one of the pri-
mary targets involved in cadmium toxicity.

Keywords Cadmium . Oxidative stress .

Idiopathic pathologies

Introduction

Cadmium is a widespread toxic metal that has increasingly
been introduced into the environment due to anthropogenic
activities. Industrial waste, smelting, and combustion of coal
and fossil fuel are among the major contributors to the in-
crease in cadmium concentration in soil, water, and air [1].
Food and tobacco seem to be the main sources of cadmium
exposure to human [2, 3], since phosphate fertilizers signifi-
cantly increase the percentage of cadmium in soil, hence rising
cadmium uptake by crops and vegetables grown for human
consumption [3–5]. Potato, cereal, and vegetables contribute
with approximately 83 % of the daily intake of cadmium from
food, followed by meat, egg, dairy products, and fish muscle
[3, 6]. Tobacco represents another important exposure source,
as well, not only because tobacco leaves are rich in such a
metal [7] but also because cadmium is more efficiently
absorbed by the lungs than through the gastrointestinal tract
[1]. Worldwide population surveys have shown a consistent
link between environmental exposure to cadmium and several
idiopathic pathologies among non-occupationally exposed
subjects. Increased breast and endometrial cancer incidence
among postmenopausal women in Sweden [8, 9], raised blood
pressure in South Korean adults [10], and higher odds of peri-
odontal diseases in the US population [11] are some of the
diseases that have been correlated to environmental exposure
to cadmium. The mechanistic pathways through which cad-
mium exerts its toxicity are not totally understood, although
the literature has shown that acute cadmium exposure in-
creases free radical generation, which in turn is known to
oxidize a wide range of biological molecules [12, 13].
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The testes are particularly sensitive to cadmium, playing an
important role in assessing the early stages involved in cad-
mium toxicity, and therefore are a useful experimental model
for determining the environmental safety threshold. In relation
to cadmium, it has been shown that it caused a significant
decrease in sperm concentration, motility (%), weight of tes-
tes, and epididymis, and increase in dead and abnormal sperm
in rats that were orally given cadmium (5 mg/kg body weight
(BW)) [14]. Taking all these into account, the purpose of the
present study was to investigate whether three environ-
mentally realistic doses of cadmium could disturb the
testicular oxidative status and eventually result in histo-
logical damages [1, 15, 16].

Material and Methods

Chemicals

Cadmium chloride (CdCl2) was obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). Testis samples were fixated using
a Merck glutaraldehyde solution 25 % (Darmstadt, Germany)
diluted in cacodylate buffer obtained from Electron
Microscopy Sciences (Hatfiels, PA, USA), and samples were
embedded in Leica Historesin (Heidelberg, Germany).
Biochemical assays were performed using biochemistry kits
from Sigma-Aldrich Co. (St. Louis, MO, USA).

Animals

Male Wistar rats were obtained from the Multidisciplinary
Center for Biological Investigation (Universidade Estadual
de Campinas, SP, Brazil). Animals were housed five per cage
under controlled conditions of temperature (24 °C) with a 12-
h dark/light cycle and provided with water and food ad
libitum. This research was approved by the Institutional
Committee for Ethics in Animal Research of this University
(Protocol no 2178-1).

Treatment Protocol

Twenty male adult Wistar rats (70 days old) were divided into
four different groups containing five animals each: control
group (cadmium 0 mg/l), Cd25 group (cadmium 25 mg/l),
Cd50 group (cadmium 50 mg/l), and Cd75 group (cadmium
75mg/l). Except for control, each group was orally exposed to
different concentrations of cadmium. Metal salts were diluted
in drinking water and given to the animals ad libitum over 30
consecutive days. In order to make the water more attractive
and assure that different groups would consume the same
amount of water in a time range, sucrose 10 % was added to
the water (adaptation from [1]). In order to estimate the total
cadmium intake at the end of the treatment, water

consumption was measured every 24 h and animals weighed
every week.

Fixation and Processing of the Tissue

At the end of the experiment, the animals were anesthetized
with xylazine and ketamine (5 and 80 mg/kg BW, respective-
ly). The left testis was dissected free and promptly frozen in
liquid nitrogen and stored at −80 °C until assayed. The ani-
mals were subsequently perfused via the thoracic aorta using a
solution of glutaraldehyde 5 % in 0.05 M cacodylate buffer at
pH 7.4 [17]. The right testis fragments were fixed overnight
and subsequently processed for light microscopy using rou-
tine techniques. For histological analysis, the testis fragments
were embedded in Historesin, sectioned at a thickness of 3 μm
and hematoxilin-eosin-stained.

Stereological Analyses

Representative areas of testicular tissue were photographed
with an Olympus Bx-40 microscope and subjected to stereo-
logical analyses with an image system: Pro-Plus software ver-
sion 4.5 (Media Cybernetics). A grid mask system was placed
over the images and points were classified as one of the fol-
lowing: seminiferous tubule, intertubular space, blood vessel
lumen, macrophage, Leydig cell cytoplasm, and Leydig cell
nucleus. The volumetric proportions between seminiferous
tubule and intertubular space were assessed by using a grid
mask with 850 points placed over 10 fields (8500 points) for
each animal at×200 magnification. The volumetric propor-
tions of the intertubular space components were assessed by
using a grid mask of 850 points placed over 10 fields (8500)
for each animal at×1000 magnification. The volume,
expressed in milliliters, of each component described above
was determined as the product of the testicular volume and
volumetric proportions. Since the specific gravity of the testis
is nearly 1.0, its volume was considered the same as its weight
[18]. To obtain a more precise liquid testis volume, 6.5% of its
weight, relative to the tunica albuginea, was excluded from
this organ’s weight [19].

Leydig Cell Stereology

The proportion between nucleus and cytoplasm of Leydig cell
was assessed by using a gridmask with 850 points placed over
images at×1000 magnification. One thousand points per ani-
mal were counted either over nuclei or cytoplasm of Leydig
cells. The nuclear diameter of Leydig cells was obtained by
measuring 10 nuclei/animal. The nuclear volume was calcu-
lated by using the 4/3πr3 formula, where r was the mean
nucleus radius. The individual volume of Leydig cells was
obtained from the nucleus volume and the proportion between
nucleus and cytoplasm. The number of Leydig cells per testis
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was obtained by dividing the total nuclear volume of these
cells by the average individual nuclear volume.

Preparation of Rat Testis Homogenate

Rat testis (0.3 g) was weighed and added to 300 μl of 5 % 5-
sulfosalicylic acid (SSA), followed by homogenization and
subsequent addition of the same amount of SSA. The mixture
was kept on ice for 10 min and further centrifuged at 10,000g
for 10min at 4 °C. The pellet was discarded and the volume of
the supernatant was measured and kept on ice until use.

Assay of Lipid Peroxidation

Lipid peroxidation was assayed by the generation of thiobar-
bituric acid-reactive substances (TBARS) [20]. Briefly, sam-
ples of 1 mg/ml were mixed with 0.4 ml of 1 % TBA in
50 mM NaOH, 0.2 ml of 20 % H3PO4, and 40 μl of 10 N
NaOH. The mixture was heated at 80–90 °C for 15 min. After
cooling, 1.5 ml of butanol was added to the solution. The
mixture was shaken and centrifuged at 3000 rpm during
5 min. The optical density of the organic layer was determined
at 535 nm in an SLM Aminco DW2000 spectrophotometer.
Under these conditions, the molar extinction coefficient used
to calculate TBARS concentration was 1.56×105 M−1 cm−1.

Catalase Activity

Initially, a standard curve with increasing concentrations of
H2O2 was made. After obtaining the curve, the assay was
performed accordingly to the manufacturer (Catalase Assay
Kit, Sigma Aldrich®, catalog #: CAT100). Briefly, testis sam-
ples prepared as described above and diluted 1:8 were added
to 600 μl of the Enzyme Dilution Solution and then centri-
fuged for 2 min at 1500 rpm, and the supernatant was used
for the enzymatic measurement. The reaction was initiated by
the addition of 25 μl Colorimetric Assay Substrate Solution
and stopped by the addition of 900 μl Stop Solution.
Subsequently, was added to 10 μl of this solution, 1 ml of
the Color Reagent, and after 15 min, the absorbance was read
at 520 nm.

Determination of total glutathione content

Initially, a standard curve with increasing concentrations of
glutathione (GSH) was made. After obtaining the curve, the
assay was performed accordingly to the manufacturer
(Glutathione Assay kit, Sigma-Aldrich®, catalog #:
CS0260). Briefly, 10 μl testis homogenate was added to the
working mixture containing assay buffer 1×, glutathione re-
ductase, and NADPH as described by the manufacturer. After
5 min, the absorbance was measured at 412 nm.

Statistical Analysis

All data were presented as the mean ± standard deviation and
analyzed via ANOVA followed by Tukey test using the pro-
gram for statistical analysis (Statistica). The significance level
was p<0.01.

Results and Discussion

Although the main route of exposure to cadmium among the
general population refers to low oral chronic doses, current
understanding of cadmium toxicity is usually based on exper-
imental models employing unrealistic highly concentrated
injected doses. Epidemiological investigations and experi-
mental models simulating human chronic exposure to envi-
ronmental cadmium are therefore of major importance for
establishing a relationship between cadmium and several pa-
thologies of unspecific etiology.

The present study was thus designed to parallel human
chronic oral exposure to environmental cadmium, i.e., by con-
suming contaminated food and water. Animals were randomly
divided into three different cadmium groups (Cd25, Cd50,
and Cd75) and subjected to increasing metal doses ranging
between low to moderate environmentally realistic doses [1].
Based on average water consumption over 30 consecutive
days, the estimated daily intake of cadmium was 3.65, 7.36,
and 10.6 mg/kg BW for the Cd25, Cd50, and Cd75groups,
respectively.

The biometric data (Table 1) show a significant increase in
body weight for the Cd75 group with respect to the remaining
groups. Observational surveys showed that these animals
were apparently fatter, although the surgical procedure for
testis removal did not show any evident increase in body fat.
The increased body weight gain is likely to be due to water
retention in the body, particularly in lymphatic vessels,
which showed a significant increase in all cadmium-
treated groups (Table 2). These results are supported
by past studies, which have established a consistent cor-
relation between cadmium and edema in several body
tissues in animal models [21, 22].

Further morphological changes were also revealed by the
stereological analyses (Table 2). Both Cd25 (Fig. 1B, inset b)
and Cd50 (Fig. 1C, inset c) groups exhibited a significant
increase in both blood vessel lumen volume and volumetric
proportion, whereas the Cd75 group (Fig. 1D, inset d) did not
show any significant change in this parameter with re-
spect to the control (Fig. 1A, inset a). However, micro-
scopic observations showed a sharp decrease in blood
vessel lumen for the Cd75 group, although only a few
fields exhibited such morphology. These results suggest
a trend toward vasoconstriction, as shown in a previous
study [23], and are likely to be accentuated when
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measured over a longer period of time. No other signif-
icant morphological change was observed for all Cd-treated
groups with respect to the control group (Tables 2 and 3).

In a previous in vitro study, aortic stripes pretreated with
cadmium showed a signi f icant increase in both
phenylephrine-induced contraction and·NO-mediated and B-
adrenoceptor-mediated relaxation [24]. These results suggest
that both vasocontractile and vasorelaxation responses could
be enhanced in cadmium-exposed subjects, although either
condition might take place depending on the dose. Sutoo
and Akiyama [25], for example, demonstrated that cadmium
exposure at nanomole concentration increases dopamine
levels, hence resulting in reduced blood pressure in spontane-
ously hypertensive rats. Exposure to higher doses of cadmium
(200 ppm), on the other hand, is reported to result in decreased

serum·NO concentration in rats, hence reducing its availabil-
ity in vessel walls [26].

A review of the literature shows that the mechanisms
through which cadmium affects the vascular tonus in animal
models are therefore broad and not totally comprehended, al-
though reactive oxygen species (ROS) may play an important
role in this process. Cadmium is known for increasing ROS
in vivo and in vitro, such as superoxide, hydrogen peroxide,
hydroxyl radicals (·OH), and lipid-derived radicals from en-
hanced lipid peroxidation, probably initiated by·OH radicals
[13, 27]. Several studies have evidenced the role of ROS as
signaling molecules controlling vascular smooth muscle cell
(VSMC) contractile activity and growth under physiological
condition [28–30]. However, overproduction of ROS is nor-
mally associated with several pathological conditions, such as

Table 1 Biometric data for the
study groups in adult male Wistar
rats

Parameters Control group Cd25 group Cd50 group Cd75 group

Final body weight (g) 393.40±14.22a 442.40±35.90b 451.00±18.55bc 491.00±9.17c

Body weight gain (%) 19.85±9.80a 13.61±2.79a 18.09±1.81a 30.93±4.81b

Testis (g) 1.70±0.14 1.80±0.09 1.77±0.02 1.68±0.03

(%) 0.46±0.04a 0.41±0.03a 0.39±0.02ab 0.34±0.01b

Seminal vesicle (g) 0.78±0.11 0.79±0.11 0.86±0.14 0.76±0.04

(%) 0.21±0.03a 0.18±0.02a 0.19±0.03a 0.16±0.01b

Coagulating gland (g) 0.17±0.01 0.16±0.01 0.16±0.02 0.14±0.02

(%) 0.05±0.00a 0.04±0.00a 0.04±0.01a 0.03±0.00b

Ventral prostate (g) 0.41±0.03 0.48±0.06 0.40±0.08 0.52±0.09

(%) 0.11±0.01 0.11±0.01 0.09±0.02 0.11±0.02

Epidydimis (g) 0.52±0.02 0.51±0.02 0.54±0.02 0.47±0.06

(%) 0.14±0.01a 0.11±0.01a 0.12±0.00a 0.09±0.01b

Values are expressed as absolute weight (g) and relative weight (%). Different superscript letters for the same
parameter indicate significant difference (p<0.01)

Table 2 Volume (ml) and
volumetric proportion (%) of the
testis components for the study
groups in adult male Wistar rats

Parameters Control group Cd25 group Cd50 group Cd75 group

Seminiferous tubule (ml) 1.37±0.09 1.49±0.10 1.48±0.06 1.34±0.04

(%) 80.4±2.50 83.1±2.50 83.6±2.60 79.6±2.10

Intertubular space (ml) 0.34±0.06 0.30±0.04 0.29±0.04 0.34±0.03

(%) 19.6±2.50 16.9±2.50 16.4±2.60 20.1±1.80

Lymphatic space (ml) 0.21±0.03a 0.33±0.03b 0.31±0.03b 0.30±0.03b

(%) 12.10±0.74a 18.23±2.10b 17.80±1.89b 17.57±1.75b

Macrophages (ml) 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00

(%) 0.57±0.13 0.55±0.09 0.49±0.14 0.40±0.05

Blood vessel lumen (ml) 0.007±0.004a 0.025±0.004b 0.024±0.06b 0.006±0.002a

(%) 0.46±0.37a 1.45±0.3b 1.39±0.44b 0.36±0.14a

Leydig cell cytoplasm (ml) 0.13±0.01 0.12±0.00 0.13±0.02 0.15±0.01

(%) 7.78±0.34 6.43±0.22 7.17±1.04 8.71±0.82

Leydig cell nucleus (ml) 0.05±0.00 0.04±0.00 0.04±0.00 0.05±0.01

(%) 2.79±0.31 2.32±0.20 2.48±0.29 3.12±0.59

Different superscript letters for the same parameter indicate significant difference (p<0.01)
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endothelial dysfunctions, increased contractility, VSMC
growth and apoptosis, and lipid peroxidation [28, 31, 32].

According with an extensive literature, lipid peroxidation is
one of the primary events involved in cadmium toxicity [13,
33]. Our results, however, show that both Cd25 and Cd50
groups did not exhibit any rise in lipid peroxidation with re-
spect to the control (Fig. 2), whereas a sharp enhancement in
both catalase activity (Fig. 3) and total glutathione content
(Fig. 4) was observed for both groups.

Reduced glutathione (GSH) is reported to provide a first-
line defense against cadmium-induced toxicity, complexing
with the metal ions and thus reducing its availability in the

organism [34, 35]. However, cadmium exposure is also relat-
ed to the oxidation of protein sulfhydryl groups in a time-
dependent and dose-dependent fashion [36], hence resulting
in decreased content of GSH in the testis [37, 38]. Nzengue
et al. [27] on the other hand showed a significant increase in
total glutathione in keratinocyte cell line culture incubated
with cadmium at a low concentration (0.2 mg/l) during 24 h,
whereas no change in lipid peroxidation was verified. These
results strongly suggest that cadmium could induce the tran-
scription of the genes involved in GSH biosynthesis in some
cell types, hence preventing the metal from inducing cellular
oxidative stress, according to the same author. Based on the

Table 3 Leydig cell (LC)
stereology for the study groups in
adult male Wistar rats

Parameters Control group Group Cd25 Group Cd50 Group Cd75

Nucleus diameter LC (μm) 7.11±0.36 6.41±0.39 6.44±0.26 6.89±0.22

Volume of a LC (μm3) 742±94.57 564±136.95 565.00±68.97 690.00±21.67

Nucleus volume (μm3) 179.00±18.48 144.00±23.90 146.00±10.09 169.00±14.13

Cytoplasm volume (μm3) 553±75.16 425±113.81 425±55.50 518.00±22.88

Number LC/testis (106) 253.67±32.19 305.95±36.95 315.11±39.82 306.25±46.75

Number LC/g testis (106) 149.33±16.59 169.97±17.88 178.30±21.51 182.13±27.47

No statistical differences among control and treated groups

Fig. 1 Light microscopy of Wistar rat testicular tissue. A, inset a
Representative areas of control animals showing a well-organized
seminiferous epithelium with normal blood vessels and Leydig cell
clusters; B, inset b Representative areas of the Cd25 animals with a
control-like morphology, exhibiting a well-organized seminiferous
epithelium, normal blood vessels, and Leydig cell clusters; C, inset c
Representative areas of the Cd50 animals with a control-like
morphology, exhibiting a well-organized seminiferous epithelium,

normal blood vessels, and Leydig cell clusters; D, inset d Representative
areas of the Cd75 animals with a control-like morphology, exhibiting a
well-organized seminiferous epithelium, normal blood vessels, and
Leydig cell clusters. Also, a few constricted blood vessel are seen
within some testicular areas in this group. ST seminiferous tubule, Ls
lymphatic space, Lc Leydig cell, V blood vessels, (arrow) Sertoli cell.
HE-stained
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conclusions of the above authors, our results strongly suggest
that rather than being depleted, glutathione is directly involved
in protecting cells against cadmium-induced early cytotoxicity.

As mentioned above, a significant increase in catalase ac-
tivity was also observed for both Cd25 and Cd50 groups. Our
results are supported by a previous study, in which animals
exposed to an environmentally realistic dose of Cadmium
during 2 months (25 mg/ml) showed a significant increase
of catalase activity [37]. Ola-Mudathir et al. [38], on the other
hand, reported a significant decrease in catalase activity in
Wistar rat testis exposed to oral cadmium at a dose slightly
higher than ours, i.e., 15 mg/kg BW/day during 3 weeks.
Additionally, a consistent number of studies have also shown
a significant decrease in this parameter after cadmium expo-
sure, although it should be considered that the majority of
them have employed unrealistic exposure regimes, such as
high doses and/or cadmium-solution body injection [13, 33].
Our data thus suggest that catalase was sufficiently activated
by the increased generation of ROS, hence playing a crucial
role during the early events involved in cadmium environmen-
tal exposure. Therefore, despite not observing any significant

change in lipid peroxidation in both Cd25 and Cd50 groups, a
slight unbalanced increase in ROS production could be
enough to trigger cell signaling and thus justify the alterations
in the vascular tonus.

Unlike both Cd25 and Cd50 groups, the animals exposed to
the highest dose of cadmium (75 mg/l) showed a significant
increase in lipid peroxidation (Fig. 2). Moreover, a significant
increase in both catalase activity (Fig. 3) and total glutathione
was also observed (Fig. 4). Since these animals did not show
any significant change in vascular tonus with respect to the
control group, we suggest that they exhibit a trend toward va-
soconstriction, which is likely to eventually result in hyperten-
sion. In a previous study, a significant decrease in serum·NO
concentration was observed in animals subjected to oral cadmi-
um during 3 months at a dose of 200 mg/l, suggesting that
cadmium can influence·NO sequestration and/or degradation
and therefore reduces its bioavailability in vessel walls [26].
Cadmium exposure has also been shown to inhibit·NO produc-
tion in cultured endothelial cells by blocking eNOS phosphor-
ylation [39]. It is therefore reasonable to suggest that our results
are linked to a reduced·NO synthesis, which in turn leads to
vasoconstriction. Further assays, including long-term exposure
regimes, must be performed in order to confirm this hypothesis.

In conclusion, the present study shows that environmental-
ly realistic doses of cadmium are able to modify the antioxi-
dant status in Wistar rat testis. However, only the animals
subjected to the highest dose of cadmium (75 mg/l) exhibited
a significant increase in lipid peroxidation, whereas the re-
maining doses should be tested for longer periods in order to
assess whether they would eventually overcome the endoge-
nous antioxidant system. Moreover, the stereological analyses
show that the vascular system is a major target of cadmium,
being affected prior to other tissue components. Our experi-
mental findings corroborate with several population surveys
linking cadmium to vascular diseases and therefore are con-
sistent to justify further epidemiological studies aiming to cor-
relate cadmium with several idiopathic pathologies.

Fig. 2 Determination of TBARS levels in homogenates from Wistar rat
testis. The lipid peroxidation assay was performed as described in the
BMaterial and Methods^ section. Different letters (a and b) indicate
statistical difference (p<0.01)

Fig. 3 Catalase activity in homogenates from Wistar rat testis. The
catalase activity assay was performed as described in the BMaterial and
Methods^ section. Different letters (a and b) indicate statistical difference
(p<0.01)

Fig. 4 Total glutathione in homogenates from Wistar rat testis. The total
glutathione assay was performed as described in the BMaterial and
Methods^ section. Different letters (a and b) indicate statistical
difference (p<0.01)
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