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Abstract

Purpose The aim of this study was to investigate the
protective effect of green tea extracts against doxorubicin-
induced damage in the mouse testes correlating with
telomerase activity.

Methods Green tea extracts were administered orally.
Doxorubicin was coadministered intraperitoneally. These
testes were evaluated histologically and the telomerase
activity was analyzed. Additional immunostaining was
carried out.

Results Both the sperm density and sperm motility were
significantly increased in green tea extracts coadministra-
tion groups as compared to the doxorubicin-treated groups.
By histological analysis, germ cell damage was greatly
attenuated by green tea extracts coadministration. Telomer-
ase activity significantly increased in association with the
coadministration of green tea extracts as compared to that
of doxorubicin-only groups. In all groups, human telomer-
ase reverse transcriptase signals were mainly observed in
the spermatocytes and spermatids.

Capsule Green tea extracts may be protective against DXR-induced
testicular toxicity associated with an increase in telomerase activity.
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Conclusions These findings suggest that green tea extracts
exert protective effects against doxorubicin-induced sper-
matogenic disorders in conjunction with higher telomerase
activity levels.
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Introduction

Tea is among the most highly consumed beverages world-
wide. Derived from the plant Camellia sinensis, tea is
consumed in different parts of the world as green, black, or
oolong tea. Green tea is favored in Japan and China, and it
contains characteristic polyphenolic compounds, including
(—)-epigallocatechin-3-gallate (EGCG), (—)-epigallocatechin
(EGC), (—)-epicatechin-3-gallate (ECG), (—)-epicatechin
(EC), (+)-gallocatechin (GC), and (+)-catechin (C). To date,
tea catechins have attracted considerable interest due to the
potentially health-promoting properties of these substances,
including strong antioxidant activity and cancer chemopreven-
tive effects [1-3]. The exact mechanisms of action of green
tea polyphenols remain obscure, but it is known that these
substances possess antioxidative capacity derived from their
ability to scavenge reactive oxygen species and trap hydroxyl
and peroxyl radicals. The in vitro antioxidant capacity of teas
and tea polyphenols has been assessed using several different
approaches [4-6]. Moreover, antioxidative effects of tea
polyphenols have been reported in humans [7-9].
Doxorubicin (DXR), an anthracycline antibiotic, is a
widely used anticancer agent. The pharmacological effect of
DXR is to inhibit DNA synthesis via intercalation as well as
generate toxic reactive oxygen species (ROS) [10, I1].
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Therefore, the agent interferes with cell proliferation. In the
testes of experimental animals, DXR has been shown to
disturb spermatogenesis in a dose-dependent manner [12,
13]. A number of reports have demonstrated decreases in
DXR-induced toxicity using various natural or artificial
compounds [14-16].

To date, telomerase activity has been shown to be
specifically expressed in germ cells, immortal cell lines,
and most tumor cells [17-22]. The telomerase hypothesis
suggests that telomerase activity is high in germ cells,
whereas this activity decreases in somatic tissues during
development and differentiation [23]. Several studies have
yielded positive telomerase activity results for mouse, rat,
and human spermatogonia, primary spermatocytes, second-
ary spermatocytes, and round spermatids, whereas testicular
and epididymal spermatozoa were found to be negative for
such activity [17, 23-25]. Thus, we assayed telomerase
activity as a functional parameter in germ cells. The
detection of telomerase activity using a fluorescence-based
telomeric repeat amplification protocol (F-TRAP) assay is a
highly quantitative approach that has been shown to be
sufficiently sensitive [26, 27]. Such a system employs
fluorescence-labeled primers and an automatic DNA se-
quencer to detect and quantify telomerase activity, which is
represented by fluorocurves, with the height and area of
each peak calculated automatically. We also performed an
immunohistochemical analysis using commercially avail-
able anti-human telomerase reverse transcriptase (hTERT)
antibodies to examine formalin-fixed and paraffin-
embedded tissues.

Defective sperm function has traditionally been diffi-
cult to evaluate and treat, and yet is the most common
cause of infertility. Therefore, further clarification of the
mechanisms of spermatogenesis remains desirable. The
aim of the present study was to observe the protective
effects of green tea catechins with analyzing the
involvement of telomerase activity in a DXR-induced
germ cell toxic model.

Materials and methods
Chemicals

In the present study, commercially supplied green tea
extracts (GTE), i.e., decaffeinated Sunphenon DCF-1®
(Taiyo Kagaku Co. Ltd., Yokkaichi, Japan), were used.
These GTE consisted of 90% polyphenols, and the
residual caffeine content was 0.07%. The content of
total polyphenols and total catechins in the EGCG was
34.7% and 47.8%, respectively. The DXR (Adriacin)
was obtained from the Kyowa Hakkou Co. (Tokyo,
Japan).
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Animals

Male ICR mice, 6 weeks old, were purchased from Charles
River Japan (Yokohama, Japan), housed in hanging wire
mesh cages (five animals per cage) under controlled
lighting conditions (12 h light [commencing at 6:00 a.m.]
and 12 h dark) at a temperature of 20-24°C with free access
to diet and water throughout the experimental period. The
range of body weights at the start of dosing was 33 g to
34 g. The animals were handled daily for 1 week before the
experiments were performed.

Treatment protocols

As summarized in Fig. 1, the animals were allocated to five
groups (n=10, respectively). G1 and G2 were fed a
standard mouse diet. G3, G4 and G5 were fed a standard
diet supplemented with 200 mg/kg, 500 mg/kg, and
200 mg/kg of GTE respectively daily for 14 weeks. Starting
at the second week, G2, G3 and G4 were intraperitoneally
administered 0.15 mg/kg of DXR twice weekly for 5 weeks
(total: 1.5 mg/kg). G1 and G5 were treated with saline (i.p.
injection) twice weekly for 5 weeks. At 14 weeks after
initiation of the experiment, the animals were sacrificed,
and the bilateral testes were removed and weighed. The
testes were frozen immediately in liquid nitrogen and stored
at —80°C for TRAP assay or were fixed in Bouin’s solution
for histopathological examination.

The experimental protocol was approved by the Animal
Research and Care Committee of the School of Medicine,
Keio University.

Epididymal sperm count and motility analysis

The spermatozoa examined were collected from the caudal
epididymis of each testicular sample, as previously reported
[28]. Briefly, the epididymal cauda was cut into small
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Distilled water |
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Fig. 1 Study design. G1: Control, G2: DXR, G3: DXR + GTE (200 mg/
kg), G4: DXR + GTE (500 mg/kg), G5: GTE. Ten mice in each group
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pieces in a 35 mm Petri dish and the pieces were placed in a
centrifuge tube containing 3 ml of normal saline in order to
allow the sperm to swim for 10 min at 37°C. After specimens
were diluted with trypan blue staining solution, they were
transferred to a hemocytometer counting chamber with 20 um
depth, where they were left to stand for 5 min. Sperm
concentration was determined by counting the number of
cells. The number of sperm cells/ml was calculated by
multiplying the mean value by 10°. Sperm motility was
assessed by scoring the number of all progressive sperm and
the non progressive and the immotile sperm in the same
field. All sperm counts were carried out by the same
investigator in order to ensure reproducible results.

Histopathological examination

The fixed testes were embedded in paraffin. Each section
was stained with hematoxylin and eosin (H&E). All slides
were examined under a light microscope. To evaluate
quantitatively, thirty seminiferous tubules per group were
randomly examined for the calculation of Sertoli cell index
(SCI). Based on the fact that Sertoli cells do not disappear
even at very high testicular failure, SCI is the ratio of the
number of germ cells to the number of Sertoli cells [29].

Fluorescence-based telomeric repeat amplification
protocol assay

A quantitative modification of the telomeric repeat amplification
protocol (TRAP) method was applied using a TRAP-eze™
telomerase detection kit (Oncor Inc.—Kyowa Co., Tokyo,
Japan) according to the manufacturer’s instructions [26, 27].
Briefly, frozen testicular samples (20 mg for each assay) were
homogenized in 100 pl of ice-cold CHAPS lysis buffer
(TRAP-eze™ Telomerase Detection Kit; Oncor Inc.—Kyowa
Co., Tokyo, Japan) and were incubated for 30 min on ice.
After incubation, the lysates were centrifuged at 12,000 g for
20 min at 4 C. The supernatants were rapidly frozen and were
stored at —80°C. The protein concentration was determined,
and an aliquot of extract containing 1 pg of protein was used
for each TRAP assay. Aliquots of the extract were incubated
with 0.1 ng Cy-5-labeled TS primer (TRAP-eze™). Following
a 30-min incubation at 30°C, polymerase chain reaction (PCR)
was carried out as follows: 94°C (30 s), then 60°C (30 s) and
72°C (45 s) for 30 cycles. The external control was TSR8
(TRAP-eze™) as a positive control. The products were
applied to a 10% denaturing gel containing 6 mol/l urea fitted
to an automated DNA sequencer (ABI PRISM™310 Genetic
Analyzer, Applied Biosystems Japan). Data from the DNA
Sequencer were collected and analyzed automatically. Each
peak was quantified in terms of size, peak height, and peak
area. Telomerase activity was quantified according to the
following formula: TPG (total product generated) units/pug

protein=(AxB~'/CxD ") x 100, where A is the measured
total area of telomerase activity (50, 56 bp...), B is the
measured area of the internal control (36 bp), C is the
measured total area of telomerase activity (50, 56 bp...) in
the positive control, and D is the measured area of internal
control (36 bp) in the positive control [26].

Immunohistochemistry

A rabbit polyclonal antibody raised against a recombinant
protein corresponding to amino acids 900—1,130 mapped at
the carboxy terminus of hTERT was used as the primary
antibody (Calbiochem-Novabiochem Corp., San Diego,
CA, USA). This anti-hTERT antibody reacts with TERTs
of mouse, rat, and human origin, as determined by
immunohistochemical analyses. Immunohistochemical
assays for hTERT were performed as previously described,
with slight modifications [30]. Deparaffinized sections were
treated by microwaving them in citrate buffer (0.1 M, pH
6.0) for 5 min at 500 W to retrieve the antigenicity. The
sections were treated with 0.3% hydrogen peroxide in
methanol for 30 min at room temperature to block
endogenous peroxidase activity. Then, the tissue sections
were incubated for 2 h at room temperature with anti-
hTERT antibody at a dilution of 1:750. After the samples
were washed, the stain was developed using ENVISION +
systems (Dako Japan Co., Kyoto, Japan) according to the
manufacturer’s instructions. Since 3, 3'-diaminobenzidine
tetrahydrochloride (DAB) was used as the substrate, a
positive reaction was detected as a brown stain. The
sections were then lightly counterstained with 0.5% methyl
green and mounted. The reactions were considered to be
positive or negative according to whether or not TERT
protein was detected in the spermatogenic cells.

Statistical analysis

Telomerase activity was analyzed in at least three independent
experiments per sample. Statistical analysis was performed
using ANOVA followed by a Tukey-Kramer’s multiple
comparison test. Values are expressed as mean+SD. A
probability of P<0.05 was considered to be statistically
significant.

Results

Physical symptoms, body and testes weight

All animals survived the experimental period, and no
abnormal behavior considered to be related to DXR treatment

was observed in any of the treated groups during the course of
the study. While bodyweight did not decrease with DXR
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treatment (Fig. 2), testes weight was significantly lower in
animals exposed to DXR (p<0.01) than in controls, and no
compensation for weight loss by GTE coadministration was
observed (Fig. 3).

Sperm parameters

The results of the sperm density and motion analyses are
shown in Figs. 4 and 5. Both the sperm density and the
percentage of motile sperm were significantly decreased by
DXR treatment, while significantly increased by GTE
coadministration.

Histopathological findings

Histological findings in the control and GTE groups were
similar (Fig. 6-G1, GS5), whereas DXR reduced number of
germ cells (Fig. 6-G2). The testicular tubules were also
markedly reduced in size, and the seminiferous tubules
showed severe vacuolization, with some fibrinoid debris.
The primary losses were observed in the counts of
spermatogonia, spermatocytes, and round spermatids, while
elongated spermatids and spermatozoa were observed in
some seminiferous tubules. Widening of the interstitial space
and severe vacuolization were also seen in the interstitial
tissues, but the number and morphology of Sertoli cells in
the shrunken tubules remained normal. However, GTE
coadministration was found to inhibit these forms of
testicular toxicity (Fig. 6-G3, G4). From a quantitative
standpoint, SCI was significantly decreased in the DXR-
treated mice (Fig. 7-G2), but this reduction was significantly
improved by GTE coadministration (Fig. 7-G3, G4).

Quantitative analysis of telomerase activity in the mouse
testes by telomeric repeat amplification protocol assay

The telomerase activity was significantly increased by
coadministration of GTE as compared to control and
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Fig. 2 Final body weight of mice. Body weight did not decreased
with DXR treatment, with or without GTE exposure (G2, G3 and G4).
Each point represents the mean+SD from samples from ten mice
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Fig. 3 Testes weight. The weight of the DXR-treated testes (G2, G3
and G4) was significantly lower than that of controls (p<0.01), and
testes weight loss was not compensated with GTE coadministration
(G3, G4). Each point represents the mean+SD from tissues from ten
mice. *, P<0.01 vs. G1; §, P<0.01 vs. G5

DXR-treated groups. In addition, the telomerase activity
in the GTE groups tended to be higher than that of control
groups, while there found no significant change between
the control and DXR groups (Fig. 8).

Immunohistochemistry with anti-human telomerase reverse
transcriptase antibody

In all groups, hTERT signals were clearly detected in the
spermatocytes and spermatids. Furthermore, no such
signals were observed in either the stromal cells or
spermatozoa. In G3 and G4, increases in hTERT-positive
spermatocytes and spermatids were observed as compared
to the hTERT-positivity of these structures in G2 (Fig. 9).

Discussion

Although there have been a number of studies on the
antitoxic effects of catechins [31-35], only a few studies of

200
=
2
==150 | .
= & + t +
S S100 ¢
2=
EE 50+
o
@» 0 1 1 1 1
Gl G2 G3 G4 G5
Group

Fig. 4 Epididymal sperm concentration in mice. The sperm concen-
tration was significantly reduced with DXR treatment (G2), and was
significantly increased with GTE coadministration (G3 and G4). Each
point represents the mean+SD from tissues from ten mice. *, P<0.01
vs. G1; T, P<0.05 vs. G5
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Fig. 5 Epididymal sperm motility in mice. The percentage of motile
sperm was significantly higher by coadministration of GTE (G3 and G4)
than that of DXR-treated mice (G2). Each point represents the mean+SD
from tissues from ten mice. *, P<0.01 vs. G2; T, P<0.05 vs. G5

their effects on the testes are available [36, 37]. In the
present study, we demonstrated that the testicular toxicity
induced by DXR was markedly attenuated by green tea
extracts, i.e., GTE.

When 7-week-old mice were treated with a low dose
(0.15 mg/kg) of DXR, early spermatogenic cells such as
spermatogonia, spermatocytes, and round spermatids dis-
appeared from most seminiferous tubules and ductus
epididymides examined. The lesions were greatly attenuat-
ed by GTE coadministration, although a partial loss of early

Fig. 6 Histological morphology
of testes from all groups of mice
examined. Testes from control
(G1) and GTE-treated (G5) mice
show normal seminiferous
epithelium and interstitial tissue
features. However, the testes of
DXR-treated mice (G2)
contained markedly shrunken
and empty seminiferous tubules.
In samples from mice treated
with DXR and GTE (G3:200 mg/
kg GTE or G4:500 mg/kg GTE),
most tubules were populated
with germ cells undergoing
maturation to the spermatid stage,
although a partial loss of early
spermatogenic cells was seen in
some seminiferous tubules. G1:
Controls, G2: DXR, G3: DXR +
GTE (200 mg/kg), G4: DXR +
GTE (500 mg/kg), G5: GTE.
Hematoxylin-Eosin staining,
Magnification: 200%
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Fig. 7 Sertoli cell index (SCI) of testes from all groups of mice. SCI
is the ratio of the number of germ cells to the number of Sertoli cells.
SCI was significantly decreased in the DXR-treated mice (G2), but
this reduction was significantly inhibited by GTE coadministration
(G3 and G4). *, P<0.05 vs. G2; T, P<0.05 vs. G5
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spermatogenic cells was observed in some seminiferous
tubules.

In general, defect in human spermatogenesis by exposure
of'toxic substance occur chronically. Thus, it is not appropriate
to assess accurately the effect of treatment on acute
impairment in spermatogenesis by single injection of antican-
cer drugs. Therefore, in this experiment we employed the
model of chronic and mild dysfunction in spermatogenesis by
administering a low-dose doxorubicin (0.15 mg, twice a
week) for a long term (5 weeks), caused disabilities only to
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Fig. 8 Quantification of telomerase activity (TPG) in the testes from
each group. Telomerase activity was significantly higher with the
coadministration of GTE (G3 and G4) than without GTE treatment
(G1 and G2). While, there found no significant change between the
control (G1) and DXR-treated groups(G2). *, P<0.05 vs. G2; T, P<
0.05 vs. G1. G1: Control, G2: DXR, G3: DXR + GTE (200 mg/kg),
G4: DXR + GTE (500 mg/kg), G5: GTE. Each point represents the
mean+SD from tissues from ten mice

testes. The duration and dose of doxorubicin were based on
the data reported by Sudo K. [38]. The other study had shown
that the LDs, of doxorubicin for differentiated spermatogo-
nia in mice given as single injection was at 1 mg/kg [39]. In
addition, a single injection of doxorubicin at 10 mg/kg in our
preliminary study gave irreversible change on testicular
function.

Antioxidants are compounds which dispose, scavenge, and
suppress the formation of ROS, or oppose ROS activity. Male
germ cell membranes are sensitive to oxygen-induced damage
mediated by lipid peroxidation due to their membranes are
rich in polyunsaturated fatty acids [40, 41]. Therefore, some
antioxidants (e.g., vitamin C, vitamin E, glutathione, and
coenzyme Q10) have been demonstrated to help treat male
infertility [42—44]. The testicular cytotoxicity of DXR
appears to be primarily due to oxygen-related free-radical
production, and thus the administration of GTE, which
reduce and/or oppose ROS, may inhibit the toxic effects of
DXR.

There are few in vivo studies of pure catechin extracts
and their detoxification effects, and little is known about the
mechanisms of action responsible for metabolic disorders
caused by DXR. It has been suggested that components in
black tea provide antioxidative effects against carbon
tetrachloride (CCly)-induced toxicity in the liver, kidneys,
and testes of rats [36]. It should be noted that the
administration of cadmium has been shown to be associated
with increased levels of lipid peroxidation products in the
rat testes, and green tea catechin does not appear to be
helpful against such cadmium toxicity [37].

To date, a number of studies have shown decreases in
DXR-induced toxicity with the use of various natural as
well as artificial compounds. Amifostine (ethylphosphor-
othioic acid), a sulfhydryl-containing radioprotective agent,
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Fig. 9 Immunohistochemical staining of testes treated with DXR and/
or GTE. In all groups, hTERT signals were primarily observed in the
spermatocytes and the spermatids, while faint signals were seen in the
spermatogonia. No significant signals were observed in the stromal
cells or spermatozoa. The group that received GTE coadministration
(G4) showed greater reactivity than did the DXR-treated groups
lacking GTE exposure (G2). G1: Controls, G2: DXR, G4: DXR +
GTE (500 mg/kg), G5: GTE. Magnification: 200x

has been found to be a scavenger of the oxygen-free
radicals which are produced by DXR. It has also been
demonstrated that amifostine exerts significant protective
effects against early stages of toxicity of DXR in young,
growing rats [16]. On the other hand, amifostine failed to
protect germ cells in the testes against this type of
cytotoxicity [45]. However, it has been reported that
ginseng intestinal metabolite-I, the final intestinal bacterial
metabolite of ginseng in humans, has an antioxidant effect,
and may be partially protective against doxorubicin-
induced testicular toxicity [29].

The F-TRAP assay offers no information at the single-
cell level. Each testicular germ cell from rat testis tissue has
been isolated with a cell-purity range of 70-98% [25, 46].
Moreover, Tanemura et al. developed an in situ TRAP
assay that allows for the detection of telomerase activity in
histological sections with single-cell resolution [47].



J Assist Reprod Genet (2010) 27:501-508

507

Telomerase activity has been found to decrease during
the process of germ cell differentiation, and to be
completely repressed in spermatozoa [25]. On the other
hand, Tanemura et al. proposed that telomerase activity
disappeared during the pachytene spermatocyte phase [47].
Our TERT study revealed clear TERT-immunopositive
signals in both spermatocytes and spermatids, whereas only
weak signals were observed in spermatogonia.

Although the precise mechanisms of telomerase activity
remain to be elucidated, telomerase appears to play a
crucial role in differentiation during spermatogenesis. This
hypothesis is supported by analyses of telomerase-deficient
mice; sperm from the second generation of telomerase-null
mice exhibited lower ratios of fertilization and higher
frequencies of early developmental failure as compared to
that of controls [48], even though active spermatogenesis
has been detected in telomerase-null mice up to the fifth
generation [49]. Thus, the observation that telomere
extension activity is preserved during germ cell production,
even in the absence of the telomerase complex, suggests the
existence of an alternative telomere-synthetic pathway;
importantly, such an alternative system would be capable
of partially complementing the telomerase defect in
telomerase-deficient mice [50, 51].

In our study, significantly higher telomerase activity was
detected in the DXR treated mice that also received GTE.
There is no clear evidence presented that indicates that
telomerase or TERT is required for the protective effect of
GTE. Rather, the increase in telomerase activity in testes
may well be explained by a significantly greater viability of
testicular germ cells in GTE-DXR treated animals.

In addition, The dosages of GTE were chosen on the
basis of other related literatures [52, 53]. A standard way of
preparing Japanese green tea is to soak 10 g of green tea
leaves in 430 ml hot water (90°C) for 1 min. The resulting
tea beverage contains ~280 mg tea catechins. Japanese
people daily ingest 413 mg tea catechins on average
because they ordinarily drink seven to eight cups (740 ml)
of green tea per day. On the basis of body weight (average
Japanese, 60 kg and mice, 30 g), the intake of 6 mg tea
catechins extract by mice per day (GTE 200 mg/kg)
corresponds to a human ingesting approximately 30 fold
the ordinary intake. However, drinking such volumes can
be bypassed because formulations of purified green tea
polyphenols are already available as tablets.

In conclusion, GTE could effectively prevent DXR-
induced testicular toxicity. Though the effect of GTE on
telrmerase activity or TERT in testes remains unclear, the
GTE protective effect may be related to the mechanisms
involved in its antioxidative effects.

Since DXR-based chemotherapy is still indispensable for
treatment of various cancers yet the resultant drug-induced
infertility is devastating and often unavoidable, our results

raise the hope that co-administration of GTEs with DXR
may be a promising solution to this otherwise very serious
complication of DXR in testes.
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