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Summary
Streptozotocin (STZ) is known to induce insulin-dependent diabetes in experimental
animals. In STZ-induced diabetes, atrophy of the thymus is caused by elevated
intracellular calcium levels leading to apoptosis. Hyperglycemia is known to result in a
decrease in numbers of T cells in the thymus and circulation. Intracellular calcium
levels increase in diabetic animals after induction by STZ. Hyperglycemia inhibits
Ca2+-ATPase and increases intracellular calcium levels. We have investigated apoptosis
in thymus tissue of neonatal STZ (n-STZ)-diabetic rats and the effects of isradipine as a
calcium channel blocker (CCB) on apoptosis. Five groups of newborn Wistar rats were
used. On the second day after birth, 100mg/kg STZ was given i.p. to the first two
groups. The first group was n-STZ diabetic. To the second group, starting from the 12th
week, 5mg/kg/day isradipine (i.p) was given for 6 weeks. To the third group, the same
dose of isradipine was given on the second day, followed by STZ treatment. The fourth
group was non-diabetic and treated with 5mg/kg/day isradipine for six weeks. The
fifth group consisted of non-diabetic rats. To the sixth group, dexamethasone (5mg/kg
i.p.) was given to adult rats. For detection of apoptotic cells in paraffin-embedded
thymus sections, the terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labelling (TUNEL) assay was used. The DNA ladder method was
performed for analysis of DNA fragmentation. In the isradipine-treated non-diabetic
group, typical apoptotic banding patterns were found, whereas thick bands between
123 and 246 bp length were found in the n-STZ- and n-STZ+isradipine-treated groups.
More apoptotic cells were observed in the thymus of isradipine-treated, n-STZ-treated
and n-STZ+isradipine-treated groups when compared with the non-diabetic control
and isradipine+n-STZ-treated groups. In conclusion, we observed that long-term STZ
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diabetes results in apoptosis in the thymus. We also found that isradipine administered
before STZ has protective effects against apoptosis, whereas isradipine alone induces
apoptosis.
& 2005 Elsevier GmbH. All rights reserved.
Introduction

In animal models of diabetes-depressed T lym-
phocyte function as a result of hyperglycemia
(Tabata et al., 1984) or toxic side effects of the
diabetic agents (Nichols et al., 1981; Wellhausen,
1986) were shown to be associated with atrophy of
the thymus and peripheral lymphoidal tissues.

Intracellular calcium concentrations were shown
to increase in streptozotocin (STZ) diabetic animal
models and this has been explained by inhibition of
Ca2+-ATPase by hyperglycemia resulting in an
increase in calcium ion levels (Kaymaz et al.,
1995). Tightly controlled calcium concentrations in
cells are essential for their functioning. Various
studies have shown that calcium induces apoptosis
by activating effector proteases (Bortner et al.,
1995; King et al., 1996; Cummings et al., 1997;
Szabadkai and Rizzuto, 2004). It has been con-
cluded that the apoptosis rate is increased in the
thymus and that morphological changes occur and T
lymphocytes require calcium ions for their vitality
in vivo (Balakumaran et al., 1996).

Calcium channel blockers (CCBs) are a diverse
group of antihypertensive medication with variable
pharmocokinetics and clinical effects. CCBs are
classified as either selective or non-selective and
act on different types of calcium channels. The
effects of CCBs in the treatment of hypertension
are mediated by alterations in vascular smooth
muscle calcium homeostasis (Flynn and Pasko,
2000). Furthermore, some CCBs improve insulin
sensitivity in diabetics (Srinivasan et al., 1997).
Several in vitro studies indicated that CCBs diminish
intracellular calcium levels, thus leading to apop-
tosis. Verapamil, a CCB, stimulates apoptosis in
cultures of proliferating vascular smooth muscle
cells (Leszczynski et al., 1994). The mechanisms by
which CCBs induce thymic apoptosis in vivo are not
clear since in vitro studies have shown that
excessive calcium influx into cells by inactivating
different calcium channels prevents apoptosis
(Berggren et al., 1993; Ray et al., 1993; Mason,
1999). On the other hand, CCBs induce an increase
in apoptosis in rat thymus (Balakumaran et al.,
1996).

The aim of the present study is to determine
whether apoptosis occurs in chronic hyperglycemic
thymocytes of neonatal STZ diabetic rats and
whether isradipine is effective in preventing
apoptosis caused by STZ treatment when adminis-
tered before and after STZ treatement of neonatal
STZ diabetic rats.
Material and methods

Animals and treatment

Five groups of newborn Wistar rats were used. On
the second day after birth, 100mg/kg STZ (STZ;
Sigma, St Louis, MO, USA) was given i.p. to the first
two groups. The first group ðn ¼ 7Þ was n-STZ
diabetic. To the second group ðn ¼ 9Þ, 5mg/kg/
day isradipine (i.p.) (Dynacirc; Sandoz, Basel,
Switzerland; Chandra et al., 1999) was given
starting in the 12th week for 6 weeks. To the third
group ðn ¼ 5Þ, the same dose of isradipine was
given on the second day followed by STZ treat-
ment. The fourth group ðn ¼ 9Þ consisted of non-
diabetic rats treated with 5mg/kg/day isradipine
for 6 weeks. After week 12, 0.9% NaCl solution was
given to the fifth group ðn ¼ 5Þ which consisted of
non-diabetic control rats. To the sixth group
ðn ¼ 5Þ, dexamethasone (5mg/kg, i.p.; Fehsel
et al., 1994) was given to five adult rats and the
animals were sacrificed after 3 h and their thy-
muses were taken out. This group has been
evaluated only as the apoptotic control. All animals
were fed with 21% protein-containing food and
were given fresh water daily.

Blood glucose levels

Blood glucose (BG) levels were measured weekly
starting at week 6 in tail vein blood of overnight
fasted animals blood using a glucostix (Glucostix,
Bayer, İstanbul, Turkey) and a glucometer (Gluc-
ometer II Model 5550; Ames, Indianapolis, IN, USA).

Tissues

Thymus tissue was obtained under ether anesthe-
sia for histochemical examination and DNA isola-
tion. Samples of fresh tissue for DNA isolation were
stored at �70 1C until use, and other samples were
prepared for the TUNEL method.
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In situ DNA end labelling method (TUNEL)

Thymus tissues were dissected, fixed in 10%
neutral buffered formalin, embedded in paraffin
wax then cut into 5 mm-thick sections. Sections
were put on slides coated with poly-L-lysine (PLL;
Sigma) for the in situ DNA end labelling method.
Detection of DNA fragmentation in situ was
visualized with the use of the ApopTag Plus
Peroxidase In Situ Apoptosis Detection Kit (Inter-
gen, Purchase, NY, USA). Deparaffinized tissue
sections were incubated with proteinase K (20 mg/
ml). Tissue sections were subjected to 3% H2O2 for
endogenous peroxidase inhibition and were incu-
bated with 1� equilibration buffer at room
temperature for 30min. The digoxigenin-labelled
dNTP tail was incubated with Tdt (terminal
deoxynucleotidyl transferase) for 1 h at 37 1C, and
sections were washed in stop/wash buffer for
10min at room temperature. Tissue sections were
incubated with anti-digoxigenin-peroxidase anti-
body at room temperature for 30min and were
stained with diaminobenzidine (DAB) as a pero-
xidase substrate. Staining was evaluated using a
light microscope after counterstaining with methyl
green.

Staining specificity controls

Thymus tissue sections of dexamethasone-trea-
ted rats were used as a positive control. For
negative controls, distilled water was used instead
of Tdt enzyme.

Analysis of DNA fragmentation

Genomic DNA was isolated from thymus tissues
with phenol–chloroform extraction (Blin and Staf-
ford, 1976) and stored at �70 1C until electrophor-
esis. DNA samples were dissolved in 10mM Tris–HCl,
pH 8.0, containing 1mM EDTA, mixed with 6
volumes of DNA loading buffer (40% sucrose in
50mM EDTA/0.25% bromophenol blue) and then
Table 1. Blood glucose levels (mg/dl) of non-diabetic, israd
(n-STZ) diabetic, neonatal STZ diabetic treated with isradipin
STZ

Week Non-diabetic
ðn ¼ 5Þ

n-STZ diabetic
ðn ¼ 7Þ

I+n-ST
ðn ¼ 5

6 90.277.0 214.7732.7y 187.67
18 75.8713.2 233.1734.1 137.47

Values are represented as mean7SD; *po0:001 and **po0:05 versus w
non-diabetics, week 6.
loaded onto 1.2% agarose gels containing 0.2 g/ml
ethidium bromide. Electrophoresis was conducted
in the running buffer (90mM Tris, 90mM boric acid,
and 2mM EDTA, pH 8.0) at 7 V/cm. As a control
marker, a 123 bp DNA ladder (Sigma) was used.

Statistical analysis

Values are expressed as means7SD. BG levels of
the different groups of rats were compared using
one-way ANOVA tests. The labelled apoptotic cells
were counted using a light microscope (Zeiss, Jena,
Germany). Cell counts were performed using a
� 10 ocular lens in five different fields. For
comparison of the six groups including the dex-
amethasone-positive control, the one-way ANOVA
test was used. Multiple comparisons of BG levels
and apoptotic cell counts were performed with the
Tukey HSD test.
Results

Blood glucose levels

The study groups were compared for their BG
levels in the 6th and 18th week (Table 1). BG levels
of untreated n-STZ diabetic rats were significantly
higher than those of all other groups until the end
of the experiment. BG levels of isradipine-treated
n-STZ-diabetic groups were significantly lower
ðpo0:05Þ than those of the untreated n-STZ
diabetic group at the end of the experiment. In
the n-STZ+isradipine group, BG levels in the 18th
week were significantly lower than in the 6th week
ðpo0:001Þ. BG levels did not change during the
experiments in n-STZ diabetic, isradipine-treated
non-diabetic and non-diabetic control groups.

TUNEL assay and morphological findings

Apoptotic cell numbers for each group are shown
in Table 2. In dexamethasone-treated adult rats,
ipine-treated non-diabetic (I) and untreated neonatal STZ
e before (I+n-STZ) and after (n-STZ+I) a single injection of

Z diabetic
Þ

n-STZ+I diabetic
ðn ¼ 9Þ

I ðn ¼ 9Þ

50.9y 224.4748.2y 88.4711.8
3.2**,*** 145.7741.4*,*** 82.9720.4***

eek 6; ***po0:05 versus n-STZ diabetic, week 18; ypo0:05 versus
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Table 2. Numbers of apoptotic cells in dexamethasone-treated, non-diabetic, isradipine-treated non-diabetic (I) and
untreated neonatal STZ (n-STZ) diabetic, neonatal STZ diabetic treated with isradipine before (I+n-STZ) and after
(n-STZ+I) a single injection of STZ

Dexamethasone
diabetic

n-STZ
diabetic

n-STZ+I
diabetic

I+n-STZ I Non-diabetic

Numbers of apoptotic cells 15.872.5* 9.571.9* 7.471.7 6.271.3** 14.873.5* 5.071.4**

Values are represented as mean7SD; *po0:05 versus non-diabetic control rats; **po0:05 versus n-STZ diabetic rats.

Figure 1. TUNEL staining of thymus tissue sections of non-diabetic control (a), dexamethasone-treated non-diabetic
(b), untreated n-STZ diabetic (c), n-STZ diabetic treated with isradipine (d), isradipine+n-STZ diabetic (e) and
isradipine-treated non-diabetic (f) rats. Labelled nuclei (brown) of apoptotic cells are present in one thymus of
dexamethasone-treated non-diabetic (b) and isradipine-treated non-diabetic (f) rats. In isradipine+n-STZ diabetic rats
(e), the numbers of apoptotic nuclei is similar to that in non-diabetic rats (a). Counterstaining: methyl green.
Magnifications � 40.
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the cortex-medulla border in the thymus was
observed to disappear and was taken as control
tissue for apoptosis. Numbers of apoptotic cell
nuclei (15.872.5) were found to be higher
when compared to non-diabetic control thymus
(5.071.4) (Figs. 1a and b). In the thymus of n-STZ
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Figure 2. Apoptotic DNA fragments of thymus tissue
after fractionation using 1.2% agarose gel electrophoresis
and stained with ethidium bromide. Lane D, dexametha-
sone-treated rat thymus DNA (5 mg); lane M, DNA ladder
as a control marker (5 mg); lanes 1–4, n-STZ diabetic rats
DNA (50, 32, 24 and 16 mg, respectively); lane 5, n-
STZ+isradipine-treated rat thymus DNA (16 mg). In n-STZ
and n-STZ+isradipine-treated rats fewer DNA bands are
present between 123 and 246 bp bands; lanes 6, 7,
isradipine-treated non-diabetic rats thymus DNA (15 and
20 mg, respectively), showing apoptotic DNA fragmenta-
tion; lane 8, non-diabetic control group without any DNA
fragmentation bands.
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diabetic group, apoptotic cells were found to
be more frequent in the cortex as compared
with medulla and some labelled nuclei were
intensely stained (Fig. 1c). In the diabetic group,
numbers of apoptotic cells (9.571.9) were higher
than in the non-diabetic control group (5.071.4).
Tissue integrity in the thymus of the STZ-induced
diabetic group was destroyed. Medullary atrophy
was clearly observed in the dexamethasone-trea-
ted group. In the isradipine+STZ-treated group, the
apoptotic cell numbers (6.271.3) and tissue
morphology was similar to non-diabetic control
rats (5.071.4). Low numbers of apoptotic cells
were observed in the thymus (Fig. 1e). Apoptotic
cell numbers of the isradipine-treated n-STZ
diabetic group were lower than in both the
dexamethasone-treated and diabetic groups. Me-
dullary atrophy was visible and apoptotic cells were
found to be located frequently in the cortex and
cortex/medulla borderline in the thymus of n-
STZ+isradipine group (Fig. 1d). When the n-STZ+is-
radipine group was compared with the n-STZ
diabetic group, apoptotic cell numbers were lower
than in the n-STZ diabetic groups but the differ-
ence was not significant. In the n-STZ+isradipine
group, tissue morphology was less conserved than
that in the isradipine+STZ group (7.471.7) and the
numbers of apoptotic cells was higher than in
the isradipine+STZ group (6.271.3), but again
the difference was not statistically significant.
Apoptotic cells were more frequently present
in the thymus of the isradipine-treated group
(14.873.5) than in the thymus of controls
(5.071.4). In this group, numbers of apoptotic
cells were close to those in the dexamethasone
group (Table 2). The thymus of STZ-induced
diabetic rats was similar in appearance to those
of dexamethasone-treated and isradipine-treated
rats with respect to the distribution of apoptotic
cells (Fig. 1f).
DNA ladder formation

DNA of dexamethasone-treated rat thymus
and DNA ladder markers were used as control
markers for apoptosis, and were compared with
those of the study groups. Typical apoptotic DNA
fragmentation was observed in both the isradipine-
treated non-diabetic and dexamethasone-treated
groups. In n-STZ and n-STZ+isradipine-treated
groups, thick DNA bands were found, and these
were located between 123 and 246 bp. DNA ladder
formation was not observed in the non-diabetic
control group (Fig. 2).
Discussion

STZ is a nitrosoamide-containing diabetogenic
agent extensively administered in various doses and
via various routes to produce diabetes in experi-
mental models (Wilson et al., 1988; Portha et al.,
1989). Hyperglycemia caused by STZ-induced dia-
betes affects not only b cells but also has a
selective effect on immune cells (Wellhausen,
1986). The toxic effects of STZ on T cells and
lymphoid cells have been reported to diminish
cellular levels in the thymus and lymphoidal tissues
(Wellhausen, 1986). STZ reduces the numbers of
circulating lymphocytes (Nichols et al., 1981) and
inhibits DNA synthesis in the thymus and bone
marrow (Wellhausen, 1986; Wood et al., 1999). The
toxic effects of STZ have been observed as modest
leukopenia at 30 days after a single dose. STZ-
treated rats hypersecrete corticosterone as evi-
denced by their decreased thymus weights (Scrib-
ner et al., 1991). Briede et al. (1999) reported that
the blood glucocorticoid level is increased in STZ
diabetic rats. Elevated systemic levels of glucocor-
ticoids activate a calcium-dependent endogenous
endonuclease in thymocytes that lead to apoptosis
(Wyllie, 1980). Glucocorticoids suppress the differ-
entiation and proliferation of T and B lymphocytes
and downregulate numbers of peripheral lympho-
cytes (Briede et al., 1999). Glucocorticoids stimu-
late apoptosis in rat thymocytes (Ichiyoshi et al.,
2003). Dexamethasone is a glucocorticoid and
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induces apoptosis in cells in the cortex (Fehsel
et al., 1994). In our study, the apoptotic cell
density in the cortex and medulla of dexametha-
sone-treated thymus was observed to be high. On
the other hand, Tabata et al. (1984) showed a
decrease in thymus weight and numbers of lym-
phocytes in diabetic rats 28 days after STZ
injection. It was suggested that impairment of
maturation of lymphoid cells in the thymus cortex
is induced in STZ diabetes in rats and is associated
with the chronic insulin-deficient diabetic state.
Their results show that hyperglycemia is effective
in lymphoid tissue rather than the toxic effects of
STZ. In agreement with previous studies, we also
observed the absence of the corticomedullary
junction, medullar atrophy and high numbers of
apoptotic thymocytes in neonatal STZ diabetics.
Our results are in agreement with those of Tabata
et al. (1984) and give additional information on
impairment of thymic cell maturation at the
apoptotic level.

An important feature of the experimental neo-
natal diabetes model is the mild basal hyperglyce-
mia (Portha et al., 1989; Ozturk et al., 1998). Our
findings show that in long term diabetes, chronic
hyperglycemia causes a decrease in numbers of
cells of the thymus due to apoptosis. Srinivasan et
al. (1997) showed that serum glucose levels in STZ-
diabetic rats are significantly higher than in
controls, and found that treatment with amlodipine
as CCB significantly decreased glucose levels in
diabetic rats. In our study, hyperglycemia of the
STZ-induced neonatal diabetic rats was found to
decrease after isradipine treatment. We suggest
that chronic hyperglycemia may be an important
factor in thymic apoptosis on the basis of the
observed decrease in BG levels as a response to
isradipine treatment and its association with a
decrease in numbers of apoptotic cells. As far as we
know, this is the first study evaluating the effects of
hyperglycemia on thymic apoptosis in neonatal
STZ-induced diabetes in rats.

It has been reported that CCBs induce thymic
apoptosis in rats (Balakumaran et al., 1996). The
effects of CCBs and Ca2+ on apoptosis are complex
as both an increase and a decrease in intracellular
Ca2+ levels can be linked with apoptosis. Accumu-
lating data from animal models of diabetes and
patients with diabetes reveal that intracellular
calcium levels are increased in most tissues.
Activities of membrane-type, ATPase-associated
cation pumps, which determine intracellular cal-
cium levels, are also altered. The nature of the
alterations is often tissue specific and may depend
on the levels of BG and/or insulin (Levy et al.,
1994). Intracellular calcium concentrations have
been found to increase in STZ-induced diabetic
models and this has been explained by inhibition of
Ca2+-ATPase by hyperglycemia resulting in an
increase in calcium ion levels (Chan and Junger,
1984; Tsuji et al., 1993). Furthermore, tight control
of calcium concentrations in cells is essential for
their vitality. In fact, both an increase and decrease
in cellular Ca2+ levels have been shown to promote
apoptotic cell death. In general, the prevailing
view is that elevations in intracellular Ca2+ levels
may be one of the key signals leading to promotion
of apoptosis (Mason, 1999). Similar to the findings
of Balakumaran et al. (1996), we found that
isradipine treatment alone induces apoptosis in
the thymus. The decrease in intracellular calcium
due to administration of CCBs is essential for the
viability of thymus cells. In the present study, we
demonstrated that isradipine, as CCB, has an
effective role in preventing apoptosis caused by
STZ whether it was given before or after STZ
treatment. Isradipine is a blocker of L- and T-type
channels and is effective in several cell types.
Adrenal glomerulosa cells contain both L- and
T-type calcium channels, which are both blocked
by isradipine (Yingst et al., 2001). Isradipine is able
to reduce both Ca2+ release from internal stores
and the Ca2+ entry in stimulated human endothelial
cells (Iouzalen et al., 1995). In the present study,
an increase in apoptosis was observed in isradipine-
treated rats, but numbers of apoptotic cells were
lower in the STZ-group that used given after
isradipine treatment. Increased numbers of apop-
totic cells were present in the group treated with
STZ before isradipine administration. The mechan-
isms of the protective effects of isradipine against
apoptosis are not clear. Isradipine may block the
release of Ca2+ from intracellular stores and/or
decrease BG levels. Isradipine administered before
STZ may prevent the increase in intracellular Ca2+

levels due to STZ treatment, whereas isradipine
blocks apoptosis generated by glucose toxicity after
STZ treatment.

Although we detected large numbers of apopto-
tic cells in the neonatal STZ diabetic group, typical
DNA ladder patterns were not observed in the same
group after gel electrophoresis. A typical banding
pattern was not observed either in the other
experimental groups in which higher numbers
of apoptotic cells were present as compared
with the controls. Large DNA fragments and even
single-strand cleavage of DNA have also been
suggested to occur during the apoptotic process
(Peitsch et al., 1993; Bortner et al., 1995). In our
study, a thick band between 123 and 246 bp after
isradipine treatment of non-diabetic and STZ-
induced diabetic rats corresponds to 180–200 bp
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internucleosomal breaks. We also detected dense
labelled apoptotic cells in the same tissue sections.

In conclusion, we observed that STZ induces
diabetes in neonatal rats and causes marked
apoptosis in the thymus. Our results demonstrate
that isradipine treatment before STZ has a protec-
tive role against apoptosis, whereas this effect of
isradipine was not sufficient in preventing apoptosis
induced by STZ diabetes.
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