
An exposure of cells, tissue, or whole body to various
kinds of sublethal stress such as heat shock, toxins, heavy
metal ions, and chemicals results in the induction of heat
shock proteins (Hsps). Hsps are considered to be involved in
the maturation of newly synthesized proteins and in the
degradation of damaged proteins, leading to cell prolifera-
tion, differentiation, adaptation to various circumstances, and
protection of cells against stress-induced damage. In a previ-
ous study, we examined the beneficial roles of Hsp70 in the
viable left ventricle in the pathogenesis of chronic heart fail-
ure.1) Hsp60 is a chaperon located in the mitochondrial ma-
trix space under physiological conditions,2,3) and it may be
involved in protein transport from the cytosol into mitochon-
dria across the mitochondrial inner membrane.4) Recently,
Knowlton et al. showed an increase in the Hsp60 content of
the human heart at the end stage of both ischemia- and di-
latation-elicited cardiomyopathies.5) Several investigators
have reported that antibodies against Hsp60 appeared in the
serum of the patients with acute coronary syndrome or hy-
pertension.6,7) In a previous study, we showed a decrease in
high-energy phosphates of the failing heart following acute
myocardial infarction.8) These findings suggest that an in-
creased level of myocardial Hsp60 plays some roles in the
development of heart failure. Thus, in the present study, we
examined the relationship between the Hsp60 content and
mitochondrial function in the viable cardiac muscle after my-
ocardial infarction.

In earlier reports on our ongoing series of studies on my-
ocardial infarction, we showed that when rats with myocar-
dial infarction were treated for 6—10 weeks with angiotensin
I-converting enzyme inhibitor (ACEI) trandolapril, there
were improvements in their hemodynamics, energy metabo-
lism, b-adrenoceptor signaling, and heat shock-induced
Hsp72 production.9—11) However, the effects of long-term

treatment with trandolapril on the increase in myocardial
Hsp60 after myocardial infarction remain unclear. Therefore,
the second purpose of the present study was to examine the
effect of trandolapril on the increase in Hsp60 during the de-
velopment of heart failure after myocardial infarction.

MATERIALS AND METHODS

Animals Male Wistar rats (SLC, Hamamatsu, Japan),
weighing 210—240 g, were used in the present study. The
animals were conditioned according to the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, re-
vised 1996). The protocol of this study was approved by the
Committee of Animal Use and Welfare of Tokyo University
of Pharmacy and Life Sciences.

Operation Myocardial infarction of rats was produced
by occlusion of the left ventricular coronary artery according
to the method described previously.8) The left coronary artery
was ligated approximately 2 mm from its origin with a suture
under artificial ventilation with air (CAL rats). We eliminated
animals from the present study according to 2 criteria, i.e.,
the absence of an abnormal Q wave (greater than 0.3 mV) in
ECG (lead I) measured 2 d after myocardial infarction and a
more than 10 g increase in body weight at 14 d after CAL.12)

By these criteria, approximately 65% of the CAL rats were
consistently selected and these animals showed approxi-
mately 40% infarct area covering approximately 40% of their
left ventricle. Sham-operated rats (Sham rats) were treated in
a similar manner except that CAL was not performed.

Drug Treatment Oral treatment of the selected CAL
rats with 3 mg/kg per day of trandolapril (Aventis Pharma
Japan, Tokyo, Japan) was performed from the 2nd to the 8th
week after the operation. Trandolapril was suspended in
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week after surgery. Hemodynamic parameters and tissue weights of the left and right ventricles of the animals at
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biturate-reacting substance (TRS) of the viable LV were detected. Eight weeks after CAL. Long-term treatment
of the CAL rats with trandolapril improved the hemodynamic parameters, attenuated the CAL-induced increase
in Hsp60 content, the decrease in mitochondrial OCR, and the increase in the mitochondrial TRS content of the
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tochondrial function, appearance of reactive oxygen stress, and production of Hsp60 is involved in the develop-
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0.25% carboxymethylcellulose sodium for the oral adminis-
tration. In a preliminary study, the effect of various doses of
trandolapril ranging from 0.3 to 10 mg/kg/d on the increase
in myocardial Hsp60 in CAL rats was examined. We found
that the dose of 3 mg/kg/d was the most effective one for pre-
venting the increase in Hps60 content of the CAL rats at the
8th week. This dose of the agent employed were similar to
that for studying the effects of trandolapril on hemodynamic
parameters in previous studies.9,13) Treatment with the drug
starting at an earlier time after CAL increased the mortality
of CAL animals.

Measurement of Hemodynamic Parameters Two and
8 weeks after the operation, CAL (2w- and 8w-CAL) and
Sham (2w- and 8w-Sham) rats were anesthetized with a gas
mixture of nitrous oxide–oxygen (3 :1) and 0.5—2.5% enflu-
rane at a flow rate of 600 ml/min through a mask loosely
placed over the nose (n�15 each).12) The pO2, pCO2, and pH
of the blood were 95—110 mmHg, 35—41 mmHg, and
7.37—7.41, respectively. A microtip pressure transducer
(SPC 320, Miller Instrument, Houston, TX, U.S.A.) was in-
troduced into the left ventricle through the right carotid ar-
tery to measure left ventricular systolic and end-diastolic
pressures (LVSP and LVEDP, respectively). The arterial
blood pressure and heart rate (HR) were measured by means
of a pressure transducer attached to a cannula placed into the
right femoral artery.9)

Western Immunoblot After determination of the hemo-
dynamics, the heart was quickly excised. The isolated hearts
were divided into the infarct area and the viable left ventricle
including the intermediate septum (viable LV), and then their
tissue weights were measured. The myocardium was used for
Western blot analysis of Hsp60 and for determination of the
mitochondrial activity. The tissue was homogenized in a sus-
pension buffer (320 mM sucrose, 10 mM Tris–HCl, pH 7.4).
The protein concentration of the fraction was determined by
the method of Lowry et al.14) and then the proteins were used
for Western immunoblot analysis of Hsp60, performed with
some modifications according to the method described ear-
lier.1)

For determination of myocardial Hsp60, the homogenate
was electrophoresed through a 10% SDS-polyacrylamide gel
and the protein was subsequently transferred to a polyvinyli-
dene difluoride (PVDF) membrane (Immobilon, Millipore
Co., Bedford, MA, U.S.A.). The membrane was then incu-
bated with antibody against Hsp60 (MAB3104, Chemicon,
Temecula, CA, U.S.A.) that had been diluted to 1 :3000 in
Tris-buffered saline containing 10% Block AceR (Dainippon
Pharm, Osaka, Japan) and 0.1% Tween 20. After incubation
with the antibody for 12 h at 4°C, the separated protein on
the membrane was detected by using as secondary antibody
and ECLR reagent (Amersham Pharmacia Biotech, Bucking-
hamshire, U.K.). Quantification was performed by the
method described previously.1)

Measurement of Mitochondrial Oxygen Consumption
in Skinned Bundles The mitochondrial oxygen consump-
tion rate (OCR) of skinned bundles, an index for the func-
tional activity of mitochondria, was determined by the
method of Sanbe et al.8) The myocardial bundles were pre-
pared from the viable LV. The bundles were transferred into
relaxing medium A of the following composition (mM):
EGTA, 10; MgSO4, 3; taurine, 20; dithiothreitol, 0.5; imida-

zole, 20; potassium 2-(N-morpholino)-ethanesulfonate, 160;
ATP, 5; CP, 15 (pH 7.0). The bundles were incubated for 20
min in the medium A additionally containing 75 mg/ml
saponin. After incubation, the myocardial bundles were
washed with fresh medium B (medium A without ATP and
CP but supplemented with 0.5% bovine serum albumin). The
OCR of the skinned bundles was determined in medium B at
30°C by means of a Clark-type electrode (Central Kagaku,
Tokyo). The basal OCR (V0) was measured following the ad-
dition of 5 mM glutamate, 3 mM malate, and 3 mM KH2PO4.
Total (maximal) OCR (Vmax) was measured after the further
addition of 1 mM ADP and 7.5 mM creatine. The ADP-stimu-
lated OCR (VADP) of the skinned bundles was taken as the
difference between Vmax and V0. After the determination of
the OCR, the skinned bundles were solubilized with 1 N

NaOH, and then the protein concentration was determined.
Measurement of Mitochondrial Thiobarbiturate-Re-

acting Substance (TRS) Content In another experiment,
the level of TRS, a marker of free-radical formation, in the
perfused heart was determined by the method of Ohkawa et
al.15) After anesthesia with 50 mg/kg pentobarbital, i.p., the
heart was quickly removed and the mitochondrial fraction
was prepared from the viable LV according to the method de-
scribed previously.16) Briefly, the viable LV was homogenized
in ice-cold buffer containing 180 mM KCl, 10 mM EGTA (pH
7.4), and 0.5% fatty acid-free BSA. After centrifugation of
the homogenate at 1000�g for 10 min, the resultant super-
natant solution was centrifuged at 8000�g for 10 min. The
crude mitochondria in the pellet were suspended in the buffer
and again centrifuged at 8000�g for 10 min. Finally the mi-
tochondria were resuspended in suspension buffer (320 mM

sucrose, 20 mM Tris–HCl, pH 7.4) and used for the measure-
ment of mitochondrial activity.

The prepared mitochondrial fraction (approximately 1 mg
protein) was mixed with 0.5 ml of 1.15% KCl solution. A
200-m l aliquot of the homogenate was added to the reaction
medium of the following composition: 40 m l of 8.1% SDS,
300 m l of 20% acetic acid, and 300 m l of 0.67% thiobarbituric
acid. The reaction mixture was then incubated at 95°C for 60
min. The red pigment produced during the incubation was
extracted with 1 ml of n-butanol, and its absorbance at 532
nm was measured by using a spectrophotometer (U-Best 30,
JASCO, Hachioji, Japan). The myocardial content of TRS as
malondialdehyde was calculated as described previously.17)

Statistics The results were expressed as means�S.E.M.
The statistical significance of differences in hemodynamic
parameters, tissue weight, infarct size, myocardial Hsp60
content, and OCR of myocardial skinned bundles was esti-
mated by using two-way analysis of variance (ANOVA) fol-
lowed by Fisher’s PLSD correction for multiple pairwise
comparisons. The relationship between 2 parameters was cal-
culated by the least squares method. Differences with a prob-
ability of 5% or less were considered to be significant
(p�0.05).

RESULTS

Hemodynamics Table 1 shows changes in hemody-
namic indices of the CAL and Sham rats at the 2nd and 8th
weeks after the operation. The animals were treated with ei-
ther trandolapril or vehicle. As compared with those of the

106 Vol. 30, No. 1



Sham rats, the MAP and LVSP of the 2w- and 8w-CAL rats
were decreased, whereas the HR did not change throughout
the experiment. In contrast, the LVEDP of the 2w-CAL rats
was increased to become 12-fold over the Sham value, and
then further increased at the 8th week after CAL (to 20-fold
over the Sham value). There were no significant changes in
these hemodynamic parameters of the Sham rats throughout
the experiment.

When CAL and Sham rats were treated with either tran-
dolapril or vehicle, the MAP and LVSP of both groups were
decreased as compared with those of the corresponding drug-
untreated 8w-CAL or 8w-Sham rats. The value for the
LVEDP of the 8w-CAL rats treated with trandolapril was
similar to that of the 2w-CAL rats. Treatment of the Sham
rats with trandolapril did not affect their LVEDP throughout
the experiment.

Tissue Weight The left ventricular tissue and lung
weights of rats at the 2nd and 8th week after sham and CAL
operations are shown in Table 2. The values for the body
weight of the 2w- and 8w-Sham rats were approximately 120
and 150%, respectively, of the control value, whereas the
value of the 8w-Sham rats treated with trandolapril was de-
creased. There were no significant differences in the left ven-
tricular weight between the 2w-CAL and 2w-Sham rat or be-
tween the 8w-CAL and 8w-Sham untreated rats. The body
weight of the trandolapril-treated CAL rats was smaller than
that of the untreated 8w-CAL rats. The left ventricular (LV)
weight-to-body weight ratio (LV/BW) of the 2-w CAL rat did

not significantly differ from that of the 8w-CAL rat. Treat-
ment with trandolapril significantly attenuated the increase in
the LV/BW of the 8w-CAL rat.

Both lung weight and the ratio of lung weight-to-body
weight (Lung/BW) of the 2w- and 8w-CAL rats were signifi-
cantly increased compared with those of the corresponding
Sham group. Treatment with trandolapril significantly attenu-
ated the increase in the Lung/BW of the 8w-CAL rat.

In another set of experiments, myocardial infarct areas
were determined. The infarct areas of the 2w- and 8w-CAL
rats covered approximately 40% of the left ventricle, whereas
no infarction was detected in the myocardium of the control
and Sham rats. Treatment with the drug did not affect the in-
farct size in the CAL rats.

Hsp60 Content in the Viable Left Ventricular Muscle
Figure 1 shows changes in the Hsp60 content of the viable
left ventricular muscle (viable LV) in Sham and CAL rats at
the 2nd and 8th week after the operation. The myocardial
Hsp60 content of the Sham rat was similar to that of the con-
trol rat throughout the experiment. The Hsp60 content of the
2w-CAL rat was approximately 100% of the value for the
2w-Sham rat. In contrast, the content of the 8w-CAL rat was
increased to approximately 190% of that for the 8w-Sham
rat.

Treatment of the Sham rat with trandolapril from the 2nd
to 8th week after the operation did not alter the myocardial
Hsp60 content. Treatment of the CAL rat with trandolapril
attenuated the increase in the Hsp60 content of the viable LV
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Table 1. Changes in Hemodynamic Parameters of Control, Sham-Operated (Sham), and Coronary Artery-Ligated (CAL) Rats Untreated (Un) or Treated
with Trandolapril (Tra)

MAP HR LVSP LVEDP �LV dP/dt �LV dP/dt
(mmHg) (beats/min) (mmHg) (mmHg) (mmHg/min) (mmHg/min)

Control 110�2 405�5 141�3 1.9�0.4 11002�314 10027�345
2nd week

Sham 108�2 400�4 139�3 1.8�0.5 10934�312 9798�300
CAL 101�2# 397�4 134�4 20.7�0.9# 7902�251# 5141�255#

8th week
Sham Un 116�2 402�4 149�3 1.2�0.5 12490�345 10555�293

Tra 95�2* 399�3 125�2* 1.2�0.4 11396�337 10454�365
CAL Un 106�3# 396�3 135�2# 32.9�1.1# 8038�234# 5075�257#

Tra 91�3#* 401�3 114�2#* 16.9�1.1#* 8384�197# 5869�195#

Each value represents the mean�S.E.M. of 6 experiments. # Significantly different from the corresponding sham-operated rats (p�0.05). ∗ Significantly different from the cor-
responding drug-untreated rats (p�0.05). Abbreviations: MAP, mean arterial pressure; HR, heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic
pressure.

Table 2. Changes in Body and Tissue Weights and Myocardial Infarct Size of Control, Sham-Operated (Sham), and Coronary Artery-Ligated (CAL) Rats
Untreated (Un) or Treated with Trandolapril (Tra)

Body weight LV weight LV/BW Lung weight Lung/BW Infarct size
(g) (mg) (mg/g) (g) (mg/g) (% LV)

Control 229�3 431�9 1.88�0.07 0.83�0.03 3.62�0.13 0
2nd week

Sham 257�6 511�11 1.78�0.06 0.92�0.02 3.57�0.14 0
CAL 229�5# 508�21 2.22�0.03# 2.28�0.11# 9.77�0.21# 41.4�1.7

8th week
Sham Un 323�7 619�9 1.92�0.06 1.04�0.03 3.21�0.11 0

Tra 295�4* 494�11* 1.67�0.06* 0.98�0.05 3.32�0.08 0
CAL Un 290�3# 604�16 2.08�0.07 2.88�0.11# 9.93�0.55# 42.3�0.99

Tra 271�3#* 508�15* 1.87�0.05* 1.76�0.10#* 6.49�0.21#* 41.7�1.55

Each value represents the mean�S.E.M. of 6 experiments. # Significantly different from the corresponding sham-operated group (p�0.05). ∗ Significantly different from the
corresponding drug-untreated group (p�0.05). Abbreviations: BW, body weight; LV, left ventricular tissue including the intermediate septum.



(approximately 130% of that for the corresponding 8w-Sham
rat).

Mitochondrial Oxygen Consumption The ADP-stimu-
lated mitochondrial OCR of the left ventricular skinned bun-
dles prepared from CAL and Sham rats is shown in Fig. 2.
The OCR for the control animals was 62.2�2.5 nano-atom
O/min/mg protein (n�6). There were no significant differ-
ences in the OCR of skinned bundles among control, 2w-,
and 8w-Sham rats. The OCR of the 8w-CAL rat was de-
creased to approximately 55% of the value for the 8w-Sham
rat, whereas the OCR value for the 2w-CAL rat tended to be
greater than that of the 2w-Sham rat (p�0.071, n�6).

The mitochondrial OCR for the skinned bundles of the
8w-Sham rat treated with trandolapril was similar to that of
the control animal. The OCR value for the 8w-CAL rat
treated with the drug was approximately 90% of that for the
corresponding Sham animal.

Relationship between Hsp60 Content and LVEDP or
Mitochondrial OCR The Hsp60 content in the viable LV

of the 2w-CAL rat and the 8w-CAL rat treated without and
with trandolapril was plotted against either the mitochondrial
OCR or LVEDP (n�18, Fig. 3). The mitochondrial OCR of
the viable LV after myocardial infarction was inversely re-
lated to the Hsp60 content (r��0.940; left panel in Fig. 3),
whereas the latter was positively correlated with the LVEDP
(r�0.867; right panel in Fig. 3).

Mitochondrial TRS Content Figure 4 shows the mito-
chondrial TRS content of the viable LV of the Sham and
CAL rats after the operation. The TRS content of the control
rat was approximately 55 nmol/mg protein (n�5). The values
for the mitochondrial TRS content of the 2w- and 8w-Sham
rats were similar to the value of the control regardless of
treatment or not with trandolapril. Mitochondrial TRS con-
tent of the 8w-CAL rat increased to approximately 2-fold the
control value (n�5). In contrast, the mitochondrial TRS con-
tent of the viable LV in the CAL rat treated with trandolapril
was approximately 135% of the control value.

DISCUSSION

In the present study, we observed decreases in the LVSP,
positive dP/dt (�LV dP/dt), and negative LV dP/dt
(�LV dP/dt) and an increase in the LVEDP of the 8w-CAL
rat. These findings indicate possible signs of chronic heart
failure in this model, and are consistent with those in our
previous studies.9—11,13,18) In this model, we also observed
left ventricular dysfunction with a decrease in cardiac output
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Fig. 4. Thiobarbiturate-Reacting Substance (TRS) Content of Mitochon-
drial Fraction Prepared from the Viable LV of the Control, Sham, and CAL
Rats 2 Weeks (2w) and 8 Weeks (8w) after the Operation and the Effects of
Trandolapril (Tra) on the Mitochondrial TRS Content in the Viable LV of
Sham and CAL Rats 8 Weeks after the Operation

“Un” indicates animals without drug treatment. Each value represents the mean�
S.E.M. of 6 experiments. # p�0.05 vs. the corresponding sham-operated group.
∗ p�0.05 vs. the corresponding drug-untreated group at the 8th week.

Fig. 3. Relationships between Either Mitochondrial Oxygen Consumption
Rate (OCR; Left Panel) or Left Ventricular End-Diastolic Pressure (LVEDP;
Right Panel) and Hsp60 Content in the Viable LV of the 2w-CAL Rat and
8w-CAL Rats Treated or Not with Trandolapril

There was a significant relationship between LVEDP or mitochondrial OCR and
Hsp60 content in the viable LV (n�18; p�0.05).

Fig. 2. Mitochondrial Oxygen Consumption Rate (OCR) of Skinned Bun-
dles Prepared from the Viable LV of the Control, Sham, and CAL Rats 2
Weeks (2w) and 8 Weeks (8w) after the Operation and the Effects of Tran-
dolapril (Tra) on the OCR in the Viable LV of Sham and CAL Rats 8 Weeks
after the Operation

“Un” indicates animals without drug treatment. Each value represents the mean�
S.E.M. of 6 experiments. # p�0.05 vs. the corresponding sham-operated group.
∗ p�0.05 vs. the corresponding drug-untreated group at the 8th week.

Fig. 1. Hsp60 Content in the Viable LV of the Sham and CAL Rats 2
Weeks (2w) and 8 Weeks (8w) after the Operation and the Effects of Tran-
dolapril (Tra) on the Protein Content in the Viable LV of Sham and CAL
Rats 8 Weeks after the Operation

Western blots in the upper panel indicate 60-kDa bands representing Hsp60 in the vi-
able LV. “Un” indicates animals without drug treatment. Each value represents the
mean�S.E.M. of 6 experiments. # p�0.05 vs. the corresponding sham-operated group.
∗ p�0.05 vs. the corresponding drug-untreated group at the 8th week.



index at the 8th week after CAL, whereas the cardiac func-
tion of the 2w-CAL rat was compensated in previous
studies.8,12) Several clinical trials showed that ACEIs favor-
ably affected the hemodynamics, improved the clinical symp-
toms,19,20) reduced the overall mortality, and ameliorated the
left ventricular dysfunction in patients with congestive heart
failure.20—22) Trandolapril attenuated the rise in LVEDP of
the 8w-CAL rat, reduced the hypertrophy of the viable LV,
and decreased the preload and afterload in the present as well
as in previous studies.9,23)

We observed a decrease in LV/BW ratio in trandolapril-
treated Sham and CAL animals at the 8th week after the op-
eration, which was associated with concomitant decreases in
the body weight and left ventricular weight as compared with
those of the corresponding untreated animal. It is generally
admitted that ACEIs reduce a release of aldosterone from the
adrenal cortex and exert the diuretic effect,24) and thus elicit a
decrease in the body weight of animals. Furthermore, ACEIs
decrease blood angiotensin II levels and thus decline MAP of
animals, which may lead to reduction in pressure overload in
vivo animals. Such reduction is capable of decreasing the
heart weight of ACEI-treated Sham and CAL animals. This
may account for the decrease in the LV/BW ratio of the tran-
dolapril-treated Sham and CAL animals. The structural and
hemodynamic alterations as above suggest that long-term
treatment with trandolapril is beneficial for the improvement
of cardiac function and remodeling after myocardial infarc-
tion in chronic heart failure.

The lower level of Hsp60 was related to increased mito-
chondrial energy-producing ability and reduced LVEDP of
the 8w-CAL rat heart. What are the roles of Hsp60 in the
pathophysiological alterations seen in chronic heart failure?
Since cardiac contraction requires energy that is mainly pro-
duced by mitochondria, the ability of the mitochondria to
produce energy plays a critical role in the maintenance of
cardiac contractile function. We showed that the mitochondr-
ial OCR in the viable LV was lowered at the 8th week after
CAL, whereas the mitochondrial activity of the 2w-CAL rat
was not decreased. On the other hand, mitochondria are capa-
ble of producing reactive oxygen species such as superoxide
and hydrogen peroxide. Free radicals generated from mito-
chondria may attack various intracellular organelles includ-
ing the mitochondria themselves.25—27) Recently, several in-
vestigators suggested that a decrease in the activity of mito-
chondrial complex I, a participant in oxidative phosphoryla-
tion, results in an enhanced production of reactive oxygen
species in the ischemic border area of the ventricle during 
the development of heart failure following myocardial infarc-
tion.28,29) Thus, we examined changes in production of TRS
in the failing heart. We found that the TRS content of the
8w-CAL animal was increased, suggesting a putative rela-
tionship between the impairment of mitochondrial function
and the production of reactive oxygen species in this model.
Since Hsp60 is known to be located in mitochondria,3) it is
possible that the increase in Hsp60 content after myocardial
infarction plays a significant role in the impairment of the
mitochondrial function in the failing heart. Hsp60 may not
only be involved in the transport of proteins from the cytosol
to the mitochondrial matrix across the mitochondrial inner
membrane but also prevent denaturation of intramitochondr-
ial proteins and support the repair of damaged proteins.

Therefore, it is possible that production of Hsp60 in the vi-
able LV may be enhanced after myocardial infarction. In fact,
the myocardial Hsp60 content was inversely related to the
mitochondrial OCR at the 8th week after myocardial infarc-
tion, suggesting that an increase in Hsp60 in the viable LV
leads to an augmentation of the oxidative stress to mitochon-
dria. An increase in Hsp60 content in the viable LV was re-
lated to a rise in the LVEDP, a typical marker for the symp-
toms of chronic heart failure. Taken together, our data lead to
the conclusion that the reduction in the mitochondrial OCR
of the viable LV induces production of ROS, and then an in-
crease in Hsp60 production. This sequence of events may
lead to impairment of cardiac function and hemodynamics.

Xanthoudakis et al. reported that Hsp60 accelerated matu-
ration of pro-caspase 3, one of the key enzymes for apoptosis
induction, which may enhance apoptotic cell death.30) In the
present study, there was a significant relationship between an
increase in Hsp60 content and a rise in LVEDP after myocar-
dial infarction. Therefore, it is possible that production of
Hsp60 in the viable LV leads to contractile failure after my-
ocardial infarction.

In contrast, several investigators reported that Hsp60 pre-
vented apoptotic cell death of cardiomyocytes.31) The in-
crease in Hsp60 in the failing heart can be a cellular defence
mechanism against apoptotic cell death. If this is the case, an
increase in Hsp60 in the failing heart in the present study is
considered to be a marker for cellular defense against apop-
totic cell death. Trandolapril may namely attenuate an in-
crease in Hsp60 content in failing hearts, indirectly by reduc-
ing myocardial oxidative stress and improving mitochondrial
function. Unfortunately, due to lack of evidence, we cannot
determine at present whether an increase in Hsp60 is benefi-
cial for cardioprotection in the development of chronic heart
failure or not. A further study is required to elucidate the
exact role of Hsp60 in the development of chronic heart fail-
ure.

In conclusion, long-term treatment with trandolapril re-
duced the increased production of Hsp60 in the failing heart,
associated with improvement of hemodynamics, suppression
of cardiac remodeling, preservation of mitochondrial energy-
producing ability, and prevention of oxygen stress. There-
fore, although the exact function of Hsp60 in failing hearts is
unclear, the expression level of Hsp60 may be a useful
marker for their mitochondrial function and oxygen radical
formation.
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