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Abstract Metallothionein (MT), as an acute phase or
stress-response protein and free radical scavenger, is re-
lated to in¯ammation and cellular protection from oxi-
dative damage. In order to evaluate long-term testicular
damage and the role of MT following renal transplant,
nine allogenic (Fisher 344 ® Lewis) and seven isogenic
(Lewis ® Lewis) renal transplants were performed and
the recipient rats were followed for 140 days when allo-
grafts develop chronic transplant rejection. Testicular
weight, light microscopic morphology, and lactate de-
hydrogenase-X enzyme activity were assessed. Testicular
MTwas determined by Cd-heme assay, and was localized
immunocytochemically using a polyclonal rabbit anti-
body. No di�erences in testis weight, morphology, or
LDH-X enzyme activity were found between allograft
and isograft recipients. Testicular MT level was signi®-
cantly increased in the testis of allograft recipients. Tes-
ticular zinc (Zn) and copper (Cu) levels, but not iron (Fe)
level, were signi®cantly higher in testis with allograft
kidney than that with isograft kidney. In addition, Cu/Zn
ratio was also signi®cantly high in the allograft group.

However, the MT level did not show any signi®cant
correlation either with Cu and Zn alone or with Cu/Zn
and Fe/Zn ratios. These data suggest that allogenic
stimuli may induce MT synthesis in the recipient testis.
The increased MT level in an allograft may o�er a
protective action from oxidative damage in the testis.
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Introduction

Transplantation of kidney, and more recently of other
organs, has become a clinical reality for patients with
end-stage organ failure [3, 15]. With the prolonged life
span of transplant recipients, biological changes may
occur in other organs. Hence proper assessment of tes-
ticular functional and structural changes in patients
following transplantation is important [13, 24]. Howev-
er, there are only a few studies on the evaluation of
testicular changes after renal transplantation in animal
models with long-term follow-up.

Metallothioneins (MTs) are a group of low-molecular
weight (6000±7000 daltons), cysteine rich (30%) intra-
cellular proteins with a high a�nity for transitional
metals such as the essential zinc (Zn), copper (Cu), and
toxic cadmium (Cd) [7]. MT-I and MT-II are the major
two of four isoforms found so far. MT is expressed in
various species and tissues, including testis. A high basal
level of MT has been demonstrated in the testicular tis-
sues both by immunohistochemistry and by in situ hy-
bridization [10, 11, 22]. However, MT in testis cannot be
induced by injection of metals such as Zn and Cd which
are major inducers of hepatic MT synthesis [11, 31].

Due to a high content of cysteine, MT is not only
involved in the detoxi®cation of heavy metals but also
acts as a free radical scavenger both in vitro and in vivo,
and its scavenging activity is more e�cient against free
radicals than others [21, 28]. Already we have demon-
strated the protective e�ect of MT against radiation- and
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transient metal (Cu or Fe)-induced oxidative damage
[4±6]. MT has also been considered as an acute-phase or
stress-response protein since it is induced readily by a
variety of stress-related factors such as glucocorticoids,
bacterial lipopolysaccharide (LPS), interferon, alkylat-
ing agents, and irradiation [14,19,25]. Many of these
inducers can generate reactive oxygen radicals, and re-
sult in tissue or cell injury and in¯ammation, which elicit
acute phase responses. Acute phase or stress responses
are the local and systemic reactions of the organism to
disturbances of its homeostasis due to tissue injury, in-
fection, immunological disorder, or stress conditions. In
allogenic organ transplantation, immune reaction and
in¯ammatory responses may produce reactive oxygen
species. All these responses and intermediates are able to
induce MT protein synthesis. There is evidence of the
elevation of MT synthesis either regionally or system-
atically after organ transplantation [9] and tumor im-
plantation [16,27]. To test the hypothesis that testicular
functional and structural changes following allo-trans-
plantation may be related to overexpression of MT
protein, the present study investigated testicular struc-
ture and function in recipients following long-term renal
transplant along with MT protein synthesis and metal
concentrations in the testis.

Materials and methods

Animals and treatment

Two strains of rats, Lewis (LEW) and Fisher 344 (F344) rats, were
obtained from Jackson Laboratories (Bar Harbor, Maine, USA)
and were housed at the Animal Care Facility, University of
Western Ontario, London, Ontario, in accordance with guidelines
established by the Canadian Council on Animal Care (1984). Only
male rats weighing 250±300 g were used for transplantation. The
renal transplantation was used as the surgical model [8]. The end-
to-side anastomosis in the left side was performed between donor
renal vessels and recipient abdominal aorta and inferior vena cava.
The urinary tract reconstruction was performed by anastomosis
between donor ureter and recipient bladder. To avoid the e�ect of
artifacts on left-side testicular vessels, only right-side testes of the
recipient rats were used in this experiment. Two groups of rats were
investigated: F344 to LEW combination represented allogenic renal
transplantation (ALLO, n � 9), and the isogenic LEW to LEW
combination (ISO, n � 7). All LEW recipients with F344 allografts
were treated with a therapeutic dose of cyclosporine A (CsA) at
1.5 mg/kg per day for 10 days to prevent any initial acute rejection
episode. One hundred and forty days after renal transplantation,
the rats were sacri®ced and the testis on the right side was removed
and weighed. Three (ISO) and six (ALLO) testes were used to
analyze MT protein level, LDH-X enzyme activity and metal levels.
The remaining testes (four each for ISO and ALLO) were ®xed in
4% paraformaldehyde in phosphate bu�er.

Methods

For histological assessment, 5-lm-thick sections were cut consec-
utively from the tissue blocks previously ®xed in formaldehyde and
were mounted onto glass slides. They were stained using hemat-
oxylin and eosin (H&E) to evaluate the testicular morphology.
Testicular histology was evaluated using comprehensive parameters
including rupture of tubules, degeneration of germ cells, germ
cell disarray, loss of sperm/spermatids, edema, hemorrhage, and

®brosis/granuloma [2]. Each testis was scored on a scale of 0 to 4
for each parameter, with the highest score indicating the most
widely distributed pathology for that parameter. For quantitative
estimation of the overall histological changes in the testes, the total
histological score was assigned by adding the scores of all param-
eters for each testis from all the rats in a given group [2].

MT was localized in cells by immunocytochemical staining as
previously described [12]. First, sections were depara�nized and
dehydrated, and then immersed in 3% H2O2 with methanol for
30 min to remove the endogenous peroxidase activity. Sections
were further incubated with 10% normal goat serum for 1 h, fol-
lowed by incubation with polyclonal rabbit anti-MT serum
(1: 1000) at 4 °C overnight. The sections were washed in Tris-HCl
bu�er (0.05 M, pH 7.6) and were sequentially incubated with (1)
biotinylated goat anti rabbit IgG, and (2) avidin-biotin horseradish
peroxidase complex following the manufacturer's instructions
(ABC kit, Vector Laboratories, Burlington, Calif., USA). The color
was developed by immersing slides in 0.05% 3,3¢-diaminobenzidine
tetrahydrochloride (DAB) with 0.33% H2O2 and counterstained
with hematoxylin. Normal rabbit serum, substituted for the
primary antibody, was used as the negative control. MT staining
intensity was evaluated in di�erent stages of seminiferous tubules
between ISO and ALLO groups.

The lactate dehydrogenase-X (LDH-X) enzyme activity in testis
was measured by methods published previously [2]. Testes were
homogenized in 0.25 M sucrose and then centrifuged at 10,000 rpm
for 6 min to collect the supernatant. All the processes were per-
formed at 4 °C or on ice. The reaction mixtures contained 100 ll of
testicular supernatant, 0.15 mM a-ketovaleric acid, and 0.15 mM
NADH in a ®nal volume of 3.0 ml 0.05 M phosphate bu�er so-
lution (pH 7.4). LDH-X activity was determined by the changes in
absorption of NADH per minute, at 340 nm with a spectropho-
tometer (Ultrospec II, LKB-Wallac, Gaithersburg, Md., USA).
The reaction was initiated by the addition of the supernatant and
followed with the decrease in absorption of NADH at 340 nm. One
unit of LDH-X activity was de®ned as the amount of enzyme
catalyzing the oxidation of 1 lmol of NADH in 1 min. The activity
of LDH-X was expressed as U/g wet tissue.

MT total protein content in the testis was determined by a Cd-
heme assay as described elsewhere [12]. The dissected tissues were
homogenized in 0.25 M sucrose and centrifuged at 20,000 rpm for
20 min. An aliquot of the resulting supernatant fraction, diluted
with 30 mM Tris-HCl bu�er (pH 8.0), was incubated with 10 ppm
109Cd solution with known speci®c activity to saturate the metal-
binding sites of MT. Excess Cd was removed by addition of rat
hemolysate to the assay tubes followed by heat treatment in a
boiling water bath, which caused precipitation of Cd-haemoglobin
and other proteins, except MT which is heat stable. The denatured
proteins were removed by centrifugation at 10,000 rpm for 2 min.
Hemolysate treatment/heat denaturation/centrifugation steps were
repeated three times. The Cd concentrations in the ®nal superna-
tant were calculated from the radioactivity of the 109Cd that were
measured by a c counter (1272 Clinigamma, LKB Wallac; Turku,
Finland) and were converted to MT concentration on the basis of 7
g-atoms of Cd/MT [12]. The total testicular MT concentrations
were expressed as lg/g wet tissue.

Testicular Zn, Cu and iron (Fe) concentrations were determined
by an atomic absorption spectrophotometer (Varian Spectra-AA
30, Georgetown, Ontario) using an air-acetylene ¯ame after tissue
digestion by nitric acid as described previously [12]. Zn, Cu and Fe
concentrations were expressed as lg/g wet tissue.

Results

A successful experimental renal transplant model was
con®rmed by more than 140 days of post-operative
survival in most recipient rats [100% and 90% survival
rate in isogenic (ISO) and allogenic (ALLO) renal
transplantation groups, respectively]. At this point all
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allografts developed histologically con®rmed chronic
transplant rejection (Data not shown). High serum cre-
atinine (4.42 � 2.70 vs 2.03 � 0.63 in ALLO group,
P < 0.05) and low urine creatinine (44.09 � 24.3 vs
100.19 � 46.44 in ALLO group, P < 0.05) were also
seen in the allograft recipients in spite of similar urine
volume. The testicular weights of testis in the ISO and
ALLO group were 1.15 � 0.11 and 1.26 � 0.06 g per
testis, respectively. They were signi®cantly (Student
t-test, P < 0.01) lower than that of age-matched normal
rats (1.58 � 0.03 g per testis, observation in our labo-
ratory). Allogenic renal transplantation did not change
the ratio of testis weight to bodyweight as compared to
ALLO groups (Fig. 1, Student t-test, P > 0.05). Mor-
phologically, most testes, either from the ISO group or
ALLO group, showed nearly normal spermatogenesis.
The seminiferous tubules showed spermatogonia, sper-
matocytes, spermatids, and mature sperms with normal
microscopic morphology (Fig. 2A, B). No statistically
signi®cant di�erence (Fig. 1) was found in histological
assessment of the testes from ISO and ALLO group
(Student t-test, P > 0.05).

LDH-X is an isozyme of the LDH enzyme that is
present only in primary spermatocytes and spermatids.
The activity of LDH-X in testicular extract is reduced
when the spermatids and primary spermatocytes
were lost due to testicular damage [2]. No statistical
di�erence (Fig. 1) was found in the testicular LDH-X
activity between ISO and ALLO groups (Student t-test,
P > 0.05).

The weight of epididymis in ISO group was
0.51 � 0.02 g per epididymis, about 91±97% of value
for normal epididymis (0.54 � 0.01 g per epididymis,
observation in our laboratory). There was no di�erence
(Student t-test, P > 0.05) in epididymis weight or
morphology between ISO and ALLO group (Fig. 1). A
large amount of sperms with normal morphology were
found in the sections of the epididymis (Fig. 2E, F),
suggesting almost normal spermatogenesis in testis of
ISO group.

Testicular MT protein was markedly increased in
ALLO group as compared to ISO group (Fig. 3).
Immunohistochemically, weak MT staining was present
in the seminiferous epithelium in ISO group (Fig. 2C)

Fig. 1 General assessment of
testis morphology and function
in rats after renal transplanta-
tion. Ratio of testis to body
weight (´1000), histological
score, LDH-X activity and
epididymes (EP) weight (´10 g)
were compared between iso-
graft and allograft groups
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Fig. 2A±F Morphology and MT immunocytochemical staining
pattern in rat testis after renal transplantation. A, B Seminiferous
tubules with normal spermatogenesis from allografted rats (A ´100;
B ´400); C weak immunocytochemical staining for MT in seminif-
erous tubules in ISO group; D Intense immunocytochemical staining

for MT, in particular for spermatids and sperm, in seminiferous
tubules in ALLO group; E, F immunocytochemical staining for MT
in epididymis in ALLO group. There is intense MT staining in sperms
inside of epididymis (E ´250) and a few epithelium cells with intense
MT staining (F ´400)
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whereas the strong MT staining was shown in ALLO
group (Fig. 2D). With respect to the distribution of MT,
late stage germ cells such as sperm and elongated and
round spermatids showed generally more intense stain-
ing than early stage germ cells (spermatogonia and pri-
mary spermatocytes) (Fig. 2D). Stages VII±XIV of
seminiferous showed a generally high intensity of MT
staining than stages of I±VI of seminiferous (Data not
shown). There is no di�erence for the patterns such as
MT staining in the di�erent type of cells and stages of
seminiferous between ISO and ALLO groups. In the
epididymis, immunoreactive MT was mainly localized in
the interstitial tissues, the sperms and some epithelial
cells (Fig. 2E, F). No in¯ammatory cell in®ltrate was
observed either in ALLO or ISO group.

Zn and Cu levels, but not the Fe level, are signi®-
cantly higher in the ALLO group than in the ISO group
(Table 1). No correlation between MT concentration
and metal levels (either Zn or Cu) was found when the
individual MT and metal levels were subjected to linear
regression analysis. In ALLO group, the ratio of Cu
to Zn was signi®cantly increased. Furthermore, when
individual MT concentrations were plotted against the
Cu/Zn ratio, there was found to be a statistically insig-
ni®cant correlation with Cu/Zn ratio.

Discussion

Most of the studies on testicular functions after kidney
[13,24] or liver [18] transplantation were assessed by
measuring gonadal hormone levels such as luteinizing
hormone (LH), follicle-stimulating hormone (FSH),
testosterone, and estradiol. Initally, low levels of these
hormones and the suppression of testicular function
were consistently found for a short period of time. These
recovered to almost normal levels over the long term
after renal or liver transplantation [13,18]. In the present
study, the testis weight, morphology and LDH-X ac-
tivity were used to assess testicular function. For both
the ISO and ALLO groups we found no di�erence in
these testicular functional and structural parameters. We
also have found that MT level was increased in ALLO
testes as compared to ISO-grafts which may be due to an
immunological disturbance in testis of the rats that re-
ceived allografted kidneys. As the investigations were
carried out 140 days after the transplant, the increased
MT level does not represent an acute reaction due to
surgery. This notion is further supported by the fact that
no MT level increase was seen in the ISO testis (Fig. 2C).

It has been well documented that MT synthesis can
be induced by metals directly in almost all major organs
in rats and mice except in testis [31]. In the present study,
we found that increased MT synthesis was independent
of metal alteration in the ALLO testes. This suggests
that induction of MT synthesis in ALLO testis may not
be due to metal accumulation. This result is consistent
with previous reports where MT synthesis in testes was
not induced after animals were injected with Cd, Zn or
LPS [11,31]. However, it has been shown that freshly
isolated or puri®ed rat Leydig cells contain high basal
levels of MT, and that they responded to exogenous Cd
for MT induction [1,32].

Increased MT levels in ALLO testis as compared to
ISO testis suggest that the induction of MT in the testis
might be due to the allogenic stimuli which may cause
in¯ammation and a stress response that in turn produces
high levels of reactive oxygen species [9,14,19,25]. Oxi-
dative stress triggers the release of a variety of mediators
such as glucocorticoids and cytokines. In addition to
metals, glucocorticoids can also induce MT synthesis
[7,25]. Moreover, cytokines released as a result of allo-

Fig. 3 MT protein level in testis after renal transplantation. Total MT
protein in testis was measured by Cd-heme assay from rats with
isografts (n � 3) and allografts (n � 7). **P < 0.01 vs isograft
(unpaired two-tailed Student t-test)

Metal Groups (No. of rats) Metal level (lg/g tissue) Ratio of Cu or Fe to Zn

Mean � SE Correlation with MTa Mean � SE Correlation with MT

Zn ISO (3) 25.00 � 1.74 No (P = 0.11)
ALLO (6) 30.14 � 0.55* No (P = 0.73)

Cu ISO (3) 2.33 � 0.13 No (P = 0.57) 0.095 � 0.011 No (P = 0.36)
ALLO (6) 3.51 � 0.23* No (P = 0.20) 0.118 � 0.007** Marginal (P = 0.087)

Fe ISO (3) 41.80 � 7.90 No (P = 0.66) 1.77 � 0.40 No (P = 0.55)
ALLO (6) 46.00 � 2.50 No (P = 0.22) 1.55 � 0.12 No (P = 0.12)

Table 1 Metal levels in testis and its correlation with MT con-
centration after renal transplantation in rats. aCorrelation of
individual MT concentration with corresponding individual Zn, Cu

or Fe statistically analyzed (two-tailed test). *P < 0.05,
**P < 0.01 vs corresponding data in isograft group (unpaired two-
tailed t-test)
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genic renal transplantation may be another factor for
the induction of MT synthesis in the testis. Cytokines
such as IL-1, IL-6, TNF and interferon can induce MT
synthesis in vivo, and cells in vitro [14,19,25]. Pretreat-
ment with dexamethasone, a strong inhibitor of cytokine
production, prevented the increase in the MT level in-
duced by in¯ammatory agents [20]. As no evidence of
local in¯ammation was detected, the enhanced testicular
MT synthesis in the present study is probably due to the
systemic immunological response either by the forma-
tion of reactive of oxygen species or by a cytokine me-
diated mechanism. Some authors have demonstrated
that sex hormones can stimulate MT synthesis in pros-
tate and coagulating gland of rats [29]. Although we did
not measure hormone levels in the present study, it is
unlikely that the short period of a reduced hormonal
level seen in early post-transplantation period [13,18]
will have a signi®cant e�ect on the MT level in the testis
at long-term follow-up. It is of further interest to note
that no signi®cant correlation of testicular MT with
LDH-X activity, a hormone dependent testicular func-
tional marker [30], was seen in this study.

Both Zn and Cu are structural components of Cu/
Zn superoxide dismutase (Cu/Zn-SOD), and therefore,
the increased testicular Cu and Zn in this study may
indicate an increased Cu/Zn-SOD activity. Testicular
SOD is inducible by sublethal injury and has been
shown to o�er protection in testicular injury [2,17,33].
However, it has been documented that a 50-fold
increase in MT level is associated with only a three-fold
increase in Cu/Zn-SOD in the cells treated with Cu
[26]. A marked increase in MT with no change in Cu/
Zn-SOD activity in the cells treated with Zn was also
documented [23]. Therefore, the possible increased
SOD activity in the present study may be not major
contribution for protection from testicular damage as
compared to increased testicular MT. However, the
major underling protective mechanisms are unclear and
may require further investigation.

In summary, we have demonstrated that testicular
structure and function, morphology, and LDH-X
enzyme activity are not a�ected by allogenic stimuli
resulting from allografted kidney transplantation.
The results show that MT synthesis is induced in the
recipient testis with renal allografts but not isografts.
The increased MT level may o�er protection against
testicular damage in allogenic renal transplant recipients.
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