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Tohoku J. Exp. Med., 2007, 213 (2), 139-148 Heart failure is the most common
cardiovascular disease with high mortality and morbidity. Both enhanced microtubule
polymerization and cardiomyocyte apoptosis are involved in the pathogenesis of heart fail-
ure. However, the link between the two mechanisms remains to be elucidated. In this
study, we thus address this important issue in cultured cardiomyocytes from Wistar rats in
vitro and in angiotensin II (ATII)-infused rats in vivo. Confocal microscopy examination
showed that in cultured rat cardiomyocytes, micrographic density of microtubules was
increased by paclitaxel, a microtubule-polymerizing agent, and decreased by colchicine, a
microtubule-depolymerizing agent, but not affected by ATII, isoproterenol, or tumor necro-
sis factor-o alone. Immunoblotting analysis showed that Bax/Bcl-2 ratio, which is associ-
ated with the activation of caspase-3, was significantly increased in ATII-stimulated
cultured cardiomyocytes in vitro and in ATII-infused rats in vivo, both of which were
inhibited by co-treatment with colchicine. Caspase-3 and TUNEL assay to detect apopto-
sis in vitro demonstrated that paclitaxel or ATII alone significantly enhanced and their
combination further accelerated cardiomyocyte apoptosis, which was again significantly
inhibited by colchicine. Caspase-3 and TUNEL assay in vivo also demonstrated that ATII
infusion significantly increased myocardial apoptosis and that co-treatment with colchicine
significantly suppressed the apoptosis. In conclusion, these results indicate that a microtu-
bule-depolymerizing agent could be a potential therapeutic strategy for treatment of heart
failure. apoptosis; myocytes; microtubule; polymerization; colchicine
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Heart failure is the most common cardiovas-
cular disease with high mortality and morbidity,
in which myocardial apoptosis is substantially
involved in ventricular dysfunction and remodel-
ing (Redfield et al. 2003). Indeed, in the onset
and progression of heart failure, myocardial apop-

tosis is one of the major determinant factors
(Gonzalez et al. 2003; Tada et al. 2006).
Accumulating evidence has indicated that
two major pathways are involved in the induction
of apoptosis: mitochondrial apoptotic pathway
and the death receptor pathway (Ashkenazi and
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Dixit 1998; Bishopric et al. 2001). The former
pathway is activated by several vasoactive agents,
such as angiotensin II and isoproterenol, while the
latter by inflammatory cytokines, such as tumor
necrosis factor (TNF)-a (Kajstura et al. 1997).
These agents of angiotensin II, isoproterenol, and
TNF-«, play an important role in the progression
of heart failure (Tabet et al. 2002). In the mito-
chondrial apoptotic pathway, increased Bax/Bcl-2
ratio is associated with the activation of caspase-3
(Haunstetter and Izumo 1998). Indeed, caspases
are activated by a variety of apoptotic stimuli, and
the apoptotic process is largely suppressed by
caspase inhibitors, suggesting that caspases play a
central role for apoptosis (Nicholson and
Thornberry 1997). By contrast, the death receptor
pathway mainly stimulates caspase-8 with an
interaction with the mitochondrial apoptotic path-
way (Chen and Tu 2002; de Jonge et al. 2003).

Microtubules are one of the major compo-
nents of cardiomyocyte cytoskeleton and linked
with various pathological conditions, such as
myocardial hypertrophy and ischemia, and ven-
tricular failure (Sato et al. 1993; Ishibashi et al.
1996; Hein et al. 2000). Enhanced microtubules
polymerization is associated with the develop-
ment and progression of myocardial hypertrophy
(Ishibashi et al. 1996). Moreover, contractile dys-
function of hypertrophied cardiomyocytes is in
parallel with the increase in microtubule polymer-
ization, while microtubule depolymerization
restores contractile function (Ishibashi et al. 1996;
Tsutsui et al. 1999; Koide et al. 2000). However,
the pathogenic link between microtubule polym-
erization and myocardial apoptosis remains large-
ly unknown. In the present study, we thus tested
our hypothesis that a microtubule-depolymerizing
agent inhibits myocardial apoptosis in rats.

MATERIALS AND METHODS

The present study conformed to the Guidelines for
the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996), and was approved by the
ethical committee on Animal Experiments of Tohoku
University School of Medicine.

In vitro study

Cardiomyocytes were isolated from male Wistar
rats (6-8 weeks old, 180~250 g in body weight, Japan
Charles River Laboratories, Yokohama), as previously
described (Li et al. 2002). After the animals were anes-
thetized with sodium pentobarbital (40 mg/kg, intraperi-
toneal [IP]), the heart was excised and perfused with
15-30 mg/kg depyrogenated collagenase B (Roche,
Basel, Switzerland). Cardiomyocytes were plated on
dishes precoated with laminin and stored at 37°C in 5%
CO, in a Dulbeccos modified Eagle’s media.

Cardiomyocytes were incubated for 16 or 24 hrs in
the presence or absence of apoptosis-inducing factors,
such as angiotensin II (10 gmol/L, Sigma Chemicals, St.
Louis, MO, USA), isoproterenol (100 gmol/L, Sigma
Chemicals), or TNF-a (10 ng/mL, Sigma Chemicals)
(n = 6~9), with or without co-treatment with a microtu-
bule-polymerizing agent, paclitaxel (taxol, 10 ymol/L,
Bristol-Myers Squibb Co., Princeton, NJ, USA), or a
depolymerizing agent, colchicine (10 ymol/L, Sigma
Chemicals) (n = 6~9), as previously described (Tsutsui et
al. 1999; Sharma and Singh 2000; Ishibashi et al. 2003).

After 16 hrs incubation, we evaluated Bax/Bcl-2
expression by immunoblotting, and after 24 hrs incuba-
tion, we evaluated microtubule polymerization by confo-
cal microscopy and apoptosis by caspase-3 activity and
Terminal deoxy-nucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) assay.

Confocal microscopy for immunolabeling of microtu-
bules

Microtubules were labeled with monoclonal anti-
body to S-tubulin (1:50; abcam) and fluorescein isothio-
cyanate (FITC)-conjugated donkey anti-mouse IgG
(1:50; Jackson Immuno Research, West Grove, PA,
USA) (Howarth et al. 1999). Immunofluorescent images
were obtained using a confocal microscope (C1, Nikon,
Tokyo). Analysis was performed using Axio Vision 4.5
for Windows software (Carl Zeiss, Jena, Germany) by
selecting an area of the cell and measuring mean fluores-
cence (Howarth et al. 1999).

Immunoblotting for Bax/Bcl-2

Cultured cardiomyocytes were prepared with lysis
buffer containing the protease inhibitors including 2 mM
phenylmethylsulphonyl fluoride (PMSF), 1 ug/ml apro-
tinin, 1 yg/ml leupeptin, and 1 mM Na;VO,, and centri-
fuged at 14,000 rpm for 10 min at 4°C. The supernatants
were collected and 50 ug of protein were electrophoresed
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on a 15% SDS-polyacrylamid gel (PAGE). Gels were
transferred to a polyvinylidene difluoride membrane (Bio-
Rad, Hercules, CA, USA) and exposed to rabbit poly-
clonal anti-human Bax (N20; Santa Cruz Biotechnology)
at a concentration of 1:200, or anti-rat/mouse Bcl-2
(554087; BD Biosciences) at a concentration of 1:1500.
Immunodetection was accomplished using rabbit anti-
mouse secondary antibody (1:5000 dilution, DAKO,
Carpinteria, CA, USA) and an enhanced ECL or ECL
plus reagents (Amersham Biosciences, Upplala,
Sweden). Due to technical reasons, we used the separate
blots obtained from different gels, but performed on the
same day. The intensities of the bands were quantified
using the Scion Image for Windows software (Scion
Corporation, Frederick, MD, USA) and normalized to
those in the control group.

Caspase-3 activity

Caspase-3 activity was determined using a cas-
pase-3 colorimetric activity assay kit (CHEMICON
international, Inc., Temecula, CA, USA) by means of
detection of chromophore p-nitroaniline cleaved from
labeled substrate Ac-DEVD-p-nitroaniline (Tada et al.
2006). Briefly, after 24 hrs of incubation, cardiomyo-
cytes were dissolved in the lysis buffer provided with the
kit. The lysates were centrifuged at 10,000 g for 5 min at
4°C, and the supernatants protein were used for cas-
pase-3 assay. Aliquots of the protein lysates were then
reacted with an equal volume of 3 mg/ml Ac-DEVD-p-
nitoroaniline for 2 hrs at 37°C. Caspase-3 activity was
assessed in microtiter plate reader at 405 nm and was
calculated using the calibration curve obtained with a
known concentration of p-nitroaniline (p-NA) (Tada et
al. 2006).

TUNEL assay

Cardiomyocytes were fixed with 10% formalin
phosphate buffered saline for TUNEL assays with over
2,000 cells scored for each group. Apoptosis was
measured by TUNEL staining of heart slices using
CardioTACS in situ apoptosis detection kit (R&D
Systems, Minneapolis, MN, USA) (Fukumoto et al.
2001; Tada et al. 20006).

In vivo study

We made the following 4 groups of male Wistar rats
(n = 6 each); (1) control rats, (2) control rats treated with
colchicine (1 mg/kg, intraperioneal injection, for 2 days),
(3) angiotensin II (1 mg/kg/day, SC, for 16 or 24 hrs)-

infused rats, and (4) angiotensin II-infused rats treated
with colchicine. Bax/Bcl-2 expression was evaluated
after 16 hrs by immunoblotting, while the extent of myo-
cardial apoptosis was evaluated after 24 hrs by caspase-3
analysis and TUNEL assay.

Animal preparation

Cardiomyocyte Bax/Bcl-2 expression or apoptosis
in vivo was examined by infusion of angiotensin II for
16 or 24 hrs, with or without administration of colchicine
(1 mg/kg) dissolved in 0.05% dimethyl sulfoxide
(DIMSO) intraperitoneally for two days before angioten-
sin II infusion. Human synthetic angiotensin II (Sigma
Chemicals) was dissolved in 0.01N acetic acid in 0.15
mol/L saline. Male Wistar rats were anesthetized with
ketamine (50 mg/kg, IM) and xylazine (10 mg/kg, IM) to
implant Alzet miniosmotic pumps (model 2002, Alza
Corp., Mountain View, CA, USA) behind the neck sub-
cutaneously under sterile conditions (De Angelis et al.
2002; Suzuki et al. 2003). The pumps were filled with
saline or saline with angiotensin II to infuse solution at 0.5
ul/hr, with delivery of angiotensin II at the dose of 1 mg/
kg body weight. After 16 or 24 hrs, the rats were anes-
thetized with pentobarbital (50 mg/kg, IP), the hearts
were excised and rinsed in saline. For immunoblotting
for Bax/Bcl-2 expression and caspase-3 assay, the hearts
were stored at —80°C and homogenized with lysis buffer
containing protease inhibitor cocktail (1:100) (Sigma,
St. Louis, MO, USA). The homogenates were centrifuged
at 15,000 rpm for 20 min at 4°C, and the supernatants
were collected and immunoblotting for Bax/Bcl-2 or
caspase-3 assay was performed, as described above. For
TUNEL staining, the hearts were fixed in 10% buffered
formalin solution for 48 hrs, embedded in paraffin, and
sliced with 2 ym cross-sections mounted onto glass
slides, and then TUNEL staining was performed, as
described above. In order to depolymerize myocardial
microtubules, colchicine (1 mg/kg) was intraperitoneally
administered to rats, a day before and on the day of
angiotensin II infusion.

Statistical analysis

Results are expressed as the mean + s.p. Statistical
analysis was performed by ANOVA followed by Fischer’s
post-hoc test for multiple comparisons with Stat View
(SAS Institute, Cary, NC, USA). P values less than 0.05
were considered to be statistically significant.
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Fig. 1. Immunofluorescence micrography and density of microtubules in cultured rat cardiomyocytes.
A: Representative 5-tubulin immunostaining in cultured rat cardiomyocytes. Scale bar, 100 gm.
B: Quantitative analysis of fluorescence intensities of S-tubulin.
Angll, angiotensin II; Iso, isoproterenol; TNF-¢, tumor necrosis factor-cz. Results are expressed as
means + s.n. *p <0.05, **p <0.01.
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Fig. 2. Bax/Bcl-2 ratio in cultured rat cardiomyocytes.
A: Representative blottings for Bax and Bcl-2. B: Quantitative analysis of the Bax/Bcl ratio in the
4 different groups. Angll, Angiotensin II. Results are expressed as means + s.0. *p < 0.05.
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Fig. 3. Caspase-3 activities in cultured rat cardiomyocytes.
A: Effects of paclitaxel alone, angiotensin II (AnglI) alone, and their combination. B: Effects of
angiotensin II (AnglI) alone, colchicine alone, and their combination. C: Effects isoproterenol (Iso)
alone, colchicine alone, and their combination. D: Effects of TNF-¢ alone, colchicine alone, and
their combination. Results are expressed as means = s.D.
*p <0.05, **p < 0.01.
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Fig. 4. Terminal deoxy-nucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assays in
cultured rat cardiomyocytes.
A: Effects of paclitaxel alone, angiotensin II (Angll) alone, and their combination. B: Effects of
angiotensin II (AnglI) alone, colchicine alone, and their combination. C: Effects isoproterenol (Iso)
alone, colchicine alone, and their combination. D: Effects of TNF-¢ alone, colchicine alone, and
their combination. Results are expressed as means = s.D.
*p <0.05, **p < 0.01.
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RESuLTS

In vitro study

The density of cardiomyocyte $-tubulin, as a
marker of microtubule network, was significantly
decreased by colchicine and increased by
paclitaxel as compared with controls (Fig. 1).
Although angiotensin II, isoproterenol, or TNF-¢
alone did not significantly affect the S-tubulin
density, co-treatment with colchicine significantly
inhibited the density (Fig. 1). To evaluate the
relationship between microtubule density and
apoptotic pathway, we first examined Bax/Bcl-2
ratio by immunoblotting. Angiotensin II signifi-
cantly increased Bax/Bcl-2 ratio, which was
inhibited by simultaneous treatment with colchi-
cine (Fig. 2). Next, we evaluated the extent of
apoptosis of cultured cardiomyocytes in terms of
caspase-3 activity and TUNEL staining.
Paclitaxel or angiotensin II alone significantly
enhanced cardiomyocyte apoptosis and their com-
bination further accelerated the apoptosis (Figs.

3A and 4A). Angiotensin II, isoproterenol, and
TNF-¢ significantly increased caspase-3 activity
(Figs. 3B-D) and the number of TUNEL-positive
cardiomyocytes (Figs. 4B-D), both of which were
also significantly inhibited by co-treatment with
colchicine.

In vivo study

Characteristics of the animals, including
body weight, systolic blood pressure, heart
weight, heart/body weight ratio, and heart rate,
were all comparable among the 4 groups (data not
shown). Among the 4 groups, myocardial Bax/
Bcl-2 ratio was significantly increased in angio-
tensin Il-infused rats, which was prevented with
co-treatment with colchicine (Fig. 5). Angiotensin
[I-infusion significantly increased caspase-3 activ-
ity (Fig. 6) and the number of TUNEL-positive
cardiomyocytes (Fig. 7), both of which were sig-
nificantly inhibited by co-treatment with colchi-
cine (Figs. 6 and 7).
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Fig. 5. Cardiac Bax/Bcl-2 expression ratio in rats in vivo.
A: Representative blottings for Bax and Bcl-2. B: Quantitative analysis for cardiac Bax/Bcl-2
expression ratio. Angll, angiotensin II. Results are expressed as means + s.n. *p < 0.05.
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Fig. 6. Cardiac caspase-3 activities in rats in vivo.
Angll, angiotensin II. Results are expressed as means + s.n. *p < 0.05.
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Fig. 7. TUNEL assay in rat left ventricle in vivo.
A-D. Representative photographs for myocardial TUNEL staining in control (A), angiotensin II
(Angll)-treated (B), colchicine-treated (C), and angiotensin II- and colchicine-treated (D) rats.
Arrows indicate TUNEL postive cells. Scale bar, 200 um. E. Quantitative analysis of TUNEL-
positive cells in the 4 groups. Results are expressed as means +s.p. *p < 0.05.

(Liu et al. 1995; Sharov et al. 1996), a microtu-

DiscussioN bule-depolymerizing agent could be a potential
The novel finding of the present study is that therapeutic strategy to prevent the progression of
a microtubule-depolymerizing agent can prevent heart failure.
myocardial apoptosis in rats in vitro and in vivo.
Because loss of cardiomyocytes due to apoptosis Apoptotic death pathway

can accelerate the development of heart failure In apoptotic death pathway, caspases are
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activated by death receptor- and/or mitochondri-
on-dependent mechanisms, followed by subse-
quent cleavage of multiple cellular target proteins
and resultant apoptotic cell death (Haunstetter and
[zumo 1998). In the death receptor pathway, the
binding of extracellular death signal proteins,
such as TNF-a or Fas ligand, to their cognate cell
surface receptors is a well-known initiation of
apoptosis (Haunstetter and Izumo 1998). The
mitochondrial apoptotic pathway requires the
presence of cytochrome ¢, apoptotic protease-
activating factor (APAF)-1, and 2'-
deoxyadenosine-5'-triphosphate (dATP)
(Haunstetter and Izumo 1998). This pathway is
modulated by pro-apoptotic members of the Bcl-2
family of proteins, which enhance membrane per-
meability and thereby favor the release of mole-
cules from mitochondrial intermembrane space to
the cytoplasm (Yang et al. 1997; Tsujimoto 2003;
Breckenridge and Xue 2004). Specifically, cyto-
chrome c initiates ATP-dependent formation of
apoptosome by interacting with APAF-1 (Cesselli
et al. 2001; Adams and Cory 2002; Ferraro et al.
2003). This complex recruits and cleaves pro-
caspase 9 into the active enzyme, which in turn
activates the executioner caspases-3 and -7 (King
et al. 1998). The degradation of cellular sub-
strates proceeds culminating in apoptotic cardio-
myocyte death (Martin and Green 1995).

Role of microtubule polymerization in apoptotic
death pathway

Paclitaxel is an enhancer of apoptosis and
microtubule polymerization, and is also used as a
chemotherapy agent against cancers as it polym-
erizes microtubule network and inhibits microtu-
bule dynamics in cancer cells, resulting in cell
cycle arrest and activation of the intrinsic mito-
chondrial apoptotic pathway (Rowinsky 1997;
Mekhail and Markman 2002). The present study
demonstrates that paclitaxel, but not angiotensin
I, isoproterenol, or TNF-¢, increased microtu-
bule network (as shown as micrographic density)
in cardiomyocytes, whereas paclitaxel, angioten-
sin II, isoproterenol, and TNF-¢ induce their
apoptosis. Angiotensin II is known to activate the
intrinsic mitochondrial apoptotic pathway through

angiotensin II type 1 receptor (AT)) in cardiomyo-
cytes (Haunstetter and Izumo 1998; Matsusaka et
al. 2006). The present study indicates that the
combination of paclitaxel and angiotensin II fur-
ther increases apoptosis, suggesting that microtu-
bule polymerization enhances cardiomyocyte
apoptosis in rats.

By contrast, in the present study, colchicine,
a microtubule-depolymerizing agent, prevented
cardiomyocyte apoptosis in response to angioten-
sin II, isoproterenol and TNF-¢, which was asso-
ciated with the decreased micrographic density of
microtubules. Colchicine binds to free tubulin
heterodimers, which are incorporated into micro-
tubules, inhibiting addition of further subunits
that increase GTPase activity of tubulin (David-
Pfeuty et al. 1979). It also inhibits the stretch-
induced increase in microtubule polymerization
and secretion of angiotensin II from hypertrophic
cardiomyocytes (Yutao et al. 2006). Microtubule
disruption by colchicine influences Ca’* signaling
to attenuate the response to -adrenergic stimula-
tion (Gomez et al. 2000; Calaghan et al. 2001).
Therefore, our present results suggest that micro-
tubule depolymerization by colchicine inhibits
apoptotic cardiomyocyte death.

As the present study indicated, microtubule
polymerization can induce apoptosis; however,
apoptosis does not always require its polymeriza-
tion. In fact, angiotensin II, isoproterenol, or
TNF-¢ can cause apoptosis independent of micro-
tubule polymerization. We consider that the
appropriate microtubule depolymerization inhibits
myocardial apoptosis, probably because the
microtubule depolymerization may delay the
apoptotic death signaling.

Limitations of the study

Several limitations should be mentioned for
the present study. First, although we confirmed
that colchicine could decrease the density of
microtubules and inhibit myocardial apoptotic
cell death, experiments with genetically engi-
neered animals are required to further confirm the
direct link between myocardial polymerization/
depolymerization of microtubules and apoptosis.
Second, although colchicine might be a potential
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therapeutic agent for heart failure, the higher dos-
es of colchicine may not be suitable for clinical
use because of its toxicity (Wilbur and Makowsky
2004). Furthermore, colchicine may have a pro-
apoptotic effect by itself in neuronal cells or can-
cer cells (Goh et al. 1998). Thus, anti-polymeriz-
ing agents with reasonable safety need to be
developed for clinical use. Third, we did not
examine the long-term effects of colchicine on
myocardial apoptosis and heart failure in vivo,
and this point needed to be addressed in a future
study.

CONCLUSIONS

The possible role of increased microtubule
polymerization has been implicated in animal
models of heart failure and in patients with severe
aortic stenosis (Zile et al. 2001). In the present
study, we were able to demonstrate that a micro-
tubule-depolymerizing agent, colchicine, inhibits
myocardial apoptosis in rats both in vitro and in
vivo. Thus, inhibition of microtubule polymeriza-
tion in cardiomyocytes could be a potential thera-
peutic strategy to prevent the progression of heart
failure.
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