In Vivo Gene Transfection with Heat Shock Protein 70 Enhances Myocardial
Tolerance to Ischemia-Reperfusion Injury in Rat
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Abstract

Heat shock protein 70 (HSP70) has been reported to be in-
volved in the myocardial self-preservation system. To ob-
tain the evidence that HSP70 plays a direct role in the pro-
tection from myocardial ischemia-reperfusion injury, rat
hearts were transfected with human HSP70 gene by intra-
coronary infusion of hemagglutinating virus of Japan
(HVJ)-liposome containing human HSP70 gene. The con-
trol hearts were infused with HVJ-liposome without the
HSP70 gene. The hearts from whole-body heat-stressed or
nontreated rats were also examined. Western blot and im-
munohistochemical analysis showed that apparent overex-
pression of HSP70 occurred in the gene transfected hearts
and that gene transfection might be more effective for
HSP70 induction than heat stress. In Langendorff perfu-
sion, better functional recovery as well as less creatine phos-
phokinase leakage after ischemia were obtained in the gene
transfected hearts with HSP70 than in the control or non-
treated hearts. Furthermore, the gene transfected hearts
showed better functional recovery than the heat-stressed
hearts. These results indicated that overexpressed HSP70
plays a protective role in myocardial injury, suggesting the
possibility that gene transfection with HSP70 may become a
novel method for myocardial protection through enforcing
the self-preservation systems. (J. Clin. Invest. 1997. 99:
1645-1650.) Key words: heat shock proteins « gene transfer «
myocardial protection . ischemia-reperfusion injury « he-
magglutinating virus of Japan

Introduction

Heat shock protein (HSP)! is a self-preservation protein,
which maintains cell homeostasis under environmental stress
(1, 2). Of the various members of the HSP family, heat shock
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protein 70 (HSP70) is strongly induced in the myocardium un-
der various forms of stress, such as heat stress (3—6) or brief is-
chemia (7, 8). The heart with high level expression of HSP70
caused by the stress shows enhanced myocardial tolerance to
ischemic injury, possibly through a chaperon function of
HSP70 (2, 9, 10). However, the protective effects may be con-
taminated by factors other than HSP70, because the stresses
such as heat or ischemia also induce the increase in some other
cytoprotective proteins, for example, catalase (11, 12), SOD (13),
or other members of the HSP family (7). To dissect the direct
role of HSP70 in the protection from myocardial injury in vivo,
we consider that a method to alter genetic information, such as
gene transfection or transgenic animals, might be suitable.

To establish a method of gene transfection for the heart,
many trials with intravenous injection (14), direct injection (15,
16), or intracoronary infusion of a naked plasmid (17) have
been made. Nevertheless, the method of gene transfection for
the entire heart, which causes overexpression of a protein and
modification of myocardial characteristics with high efficiency,
has not been established. Recently we have developed and re-
ported an efficient in vivo gene transfection method for an en-
tire rat heart by intracoronary infusion of hemagglutinating virus
of Japan (HVJ)-liposome (18). In this study we investigated
whether the in vivo gene transfection with HSP70 could intro-
duce overexpression of HSP70 in the myocardium and im-
prove myocardial tolerance to ischemia-reperfusion injury.

Methods

Animal care. All studies were performed with the approval of the
Committee for Animal Research Ethics, Osaka University Medical
School.

Construction of the expression vector containing human HSP70
¢DNA. Full-length of human HSP70 cDNA (19) was provided by Dr.
Sue Fox and Dr. Richard Morimoto (Department of Biochemistry,
Molecular Biology and Cell Biology, Northwestern University, Evan-
ston, IL). It was cloned at the EcoRI/BamHI site of pcDNA3 which
has a cytomegalovirus promoter (Invitrogen Corp., San Diego, CA).

Preparation of HVJ-liposome. The preparation of the HVJ-lipo-
some has been described previously (20-24). Briefly, 10 mg of lipid
mixture (phosphatidylserine, phosphatidylcholine, and cholesterol)
was deposited on the side of a flask by removing tetrahydrofuran in a
rotary evaporator. The dried lipid was hydrated in 200 wl of balanced
salt solution (137.0 mM NacCl, 5.4 mM KCl, 10.0 mM Tris-HCl; pH
7.6) containing a DNA (200 pg)-HMGT1 (high mobility group 1 nu-
clear protein, 64 ng) complex. A liposome-DNA-HMG1 complex
suspension was prepared by vortexing, sonication, and shaking to
form liposome. The liposome suspension was incubated with 30,000
hemagglutinating units of HVJ, which was inactivated by ultraviolet
irradiation, first at 4°C and then at 37°C. Finally, 4 ml of the sucrose
gradient layer containing HVJ-liposome was collected for use.

Gene transfection by intracoronary infusion (H and C groups).
Gene transfection was performed to hearts of Sprague-Dawley rats
(250 g) as described before (18). Briefly, the hearts were arrested
with cold cardioplegia and removed under anesthesia with sodium
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pentobarbital (50 mg/kg, intraperitoneally) and anticoagulation with
heparin (200 USP units, intravenously). The hearts from the group
transfected with the HSP70 gene (H group, n = 13) were infused with
1 ml of HVI-liposome containing pcDNA3 with human HSP70
cDNA via the coronary artery, with the vena cavas, pulmonary arter-
ies, and veins ligated. The control hearts (C group, n = 13) were in-
fused with the same volume of HVJ-liposome containing pcDNA3
but without the HSP70 gene. After incubation on ice for 10 min, the
hearts were then heterotopically transplanted into the abdomens of
recipient rats (350 g) of the same strain (25). These rats were killed
on the fourth day after gene transfection, thus allowing the intro-
duced gene to express proteins stably and giving enough time for rat
intrinsic HSP70 induced by the surgical stress to disappear.

Whole-body heat stress (S group). Sprague-Dawley rats (250 g,
n = 13) from the S group were exposed in a heat control box under
general anesthesia with sodium pentobarbital (50 mg/kg, intraperito-
neally). The rats were gradually heated up to 42°C under continuous
monitoring of rectal temperature and kept at 42°C for 20 min, which
is reported to be the most effective setting for induction of HSP70 in
rat heart (26). The rats were then taken out from the box and their
surfaces were cooled to hasten recovery. In the early recovery period,
the rats were given water orally to replenish fluid loss during heating.
The rats were killed 24 h after whole-body heat stress (26) without
transplantation.

Nontreated rats (N group). The hearts of nontreated Sprague-
Dawley rats (250 g, n = 13) killed without transplantation were also
examined (N group).

Immunohistochemical analysis. Rats from the four groups (H, C,
S, and N groups; n = 5 from each group) were anesthetized by diethyl
ether inhalation and anticoagulated by intravenous injection of hep-
arin. The hearts were removed and quickly divided into two parts.
One part was immediately frozen in embedding medium, OCT com-
pound (Miles Inc., Diagnostics Division, Elkhart, IN) with liquid ni-
trogen for immunohistochemical analysis. The samples were cut into
thin sections (5 wm). After blocking with 5% fetal bovine serum, the
sections were incubated first with a 1:1,000 dilution of anti-human
HSP70 monoclonal antibody, SPA-810 (Stress Gen Biotechnologies
Corp., Victoria, British Columbia, Canada), followed by incubation
with a 1:180 dilution of FITC-conjugated goat anti-mouse IgG mono-
clonal antibody (Medical & Biological Laboratories Co., Ltd.,
Nagoya, Japan). The sections were observed with a fluorescence mi-
croscope (PM-30, Olympus, Tokyo, Japan).

Western blot analysis. Western blot analysis was performed with
two kinds of anti-HSP70 monoclonal antibody. One was MA3-009
(Affinity Bioreagents, Inc., Golden, CO), which reacts with human
HSP70 only. The other was SPA-810 (Stress Gen Biotechnologies
Corp.), which reacts with both rat and human HSP70. The other parts
of the hearts from the four groups was immediately frozen in liquid
nitrogen, homogenized, and centrifuged. After determination of pro-
tein concentration with the bicinchoninic acid method, 100 pg of pro-
teins in each sample was loaded onto a 7.5% SDS-PAGE system. The
blots were transferred onto a PVDF membrane (Bio-Rad Laborato-
ries, Richmond, CA) and incubated in Tris-buffered saline-Tween 20
(20.0 mM Tris-HCIL, pH 7.5, 150.0 mM NaCl, 0.05% Tween 20) con-
taining 2% skim milk to block nonspecific binding sites. The mem-
brane was immunoreacted with a 1:5,000 dilution of MA3-009 or a
1:1,000 dilution of SPA-810. Either membrane was then incubated
with a 1:1,000 dilution of alkaline phosphatase—conjugated goat anti—
mouse IgG antibody (Organon Teknika Corp., Durham, NC). Nitro
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate were
used as substrates for visualization of the reaction product. The de-
gree of HSP70 expression was semiquantitatively evaluated with
computed densitometry (NIH Image; Macintosh; Apple Computers,
Cupertino, CA).

Myocardial tolerance to ischemia-reperfusion injury. The remain-
ing rats from the four groups (n = 8 from each group) were anesthe-
tized by diethyl ether inhalation and anticoagulated by intravenous
injection of heparin. Their hearts were quickly excised and perfused
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with modified Krebs-Henseleit buffer (120.0 mM NaCl, 4.5 mM KClI,
20.0 mM NaHCO;, 1.2 mM KH,PO,, 1.2 mM MgCl,, 2.5 mM CaCl,,
and 10.0 mM glucose; gassed with 95% O, + 5% CO, to obtain pH
7.4 at 37°C) at a pressure equal to 1 m H,O by means of a Langen-
dorff apparatus. A thin-wall latex balloon was inserted into the left
ventricle through the left atrium to monitor left ventricular pressure
and control left ventricular volume. After stabilization, heart rate
(HR), left ventricular developed pressure (LVDP), maximum dP/dt
(max dP/dt), minimum dP/dt (min dP/dt), and coronary flow (CF)
were measured with LV diastolic pressure stabilized at 10 mmHg.
The hearts were then subjected to global ischemia at 37°C for 30 min,
followed by 60 min of reperfusion. The balloon was deflated during
ischemia. The indices of cardiac function were continuously mea-
sured after reperfusion and analyzed. Before ischemia and at 5, 10,
20, 30, 40, 50, and 60 min of reperfusion, the coronary effluent was
collected in chilled vials to measure creatine phosphokinase (CPK)
leakage.

Statistical analysis. All values are expressed as means*+SEM. The
differences in the data on functional recoveries or CPK leakage
within groups were determined with one-way repeated-measures
ANOVA. If a significant F ratio was obtained, further comparisons
were determined with Bonferroni/Dunn post-hoc test. All analyses
were performed using the Statview v4.0 statistical package (Abacus
Concepts Inc., Berkeley, CA). A value of P < 0.05 was considered
statistically significant.

Results

The mortality in the gene transfection method. There was no
technical failure or operative death in the 26 consecutive trials
for gene transfection (H and C groups) in the study.

Western blot analysis. Western blot analysis using MA3-
009, which reacts only with human HSP70, indicated apparent
expression of human HSP70 in the H group alone (Fig. 1).
Western blot analysis using SPA-810, which reacts with both
rat and human HSP70, indicated stronger expression of HSP70
in the H or S group than in the C or N group (Fig. 2). Accord-
ing to semiquantitative analysis with computed densitometry,
the H group showed 12-20 times more, while the S group
showed 8-11 times more HSP70 than the C group did. A com-
parison between the H and S groups suggested that the H
group might have the potential to express larger amounts of
HSP70 than did the S group.

Immunohistochemical analysis. An immunohistochemical
examination with anti-HSP70 monoclonal antibody showed ap-
parent and extensive overexpression of HSP70 in the cyto-
plasm of cardiomyocytes in the hearts from the H group (Fig.
3, left) as compared with those from the C group (Fig. 3, right).

Figure 1. Western blot
analysis with MA3-009.
Opverexpression of
HSP70 was checked
with Western blot with
MA3-009. MA3-009 is
an anti-HSP70 mono-
clonal antibody, show-
H S C N ing a reaction with only

human HSP70. Appar-
ent expression of human HSP70 was observed only in the H group. H
group, gene transfected hearts with HSP70; S group, heat-stressed
hearts; C group, control transfected hearts; N group, nontreated
hearts.
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MW Figure 2. Western blot
analysis with SPA-810.
129,000 S Overexpression of
86,800 A HSP70 was checked with
T - another Western blot
with SPA-810. SPA-810
47,800 |

is an anti-HSP70 mono-

clonal antibody, show-
C N ing a reaction with both

human and rat HSP70.
Stronger expression of HSP70 was observed in the H or S group than
in the C or N group. The H group appeared to express larger amounts
of HSP70 than did the S group. MW, molecular weight. H group, gene
transfected hearts with HSP70; S group, heat-stressed hearts; C
group, control transfected hearts; N group, nontreated hearts.

H S

When the cells showing clearly stronger fluorescence than
those in the C group (as shown in Fig. 3) were considered as
overexpressing HSP70, ~ 50-70% of the cardiomyocytes in all
hearts from the H group were seen to overexpress HSP70.

Mpyocardial tolerance to ischemia-reperfusion injury. In the
perfused heart experiment, no significant difference was seen
before ischemia among the groups (n = 8 in each group, Table
I) in terms of HR, LVDP, max dP/dt, min dP/dt, and CF.

Table I. Cardiac Parameters before Ischemia in

Langendorff Perfusion
Group n HR LVDP max dP/dt min dP/dt CF
beats/min mmHg mmHg/s mmHg/s ml/min

8 278.0+8.9 100.4*+5.9 1301.3x78.8 —1190.6%66.1 19.0*1.0
8 275.5+10.3 102.6+5.7 1326.3£80.6 —1177.5£69.4 18.9£1.0
8 299.5+7.7 110.4%6.6 1525.082.9 —1300.0£69.4 19.8£1.8
8 304.5+8.7 111.6+4.8 1518.1+76.3 —1293.8£74.7 19.3*+1.3

zvaox

Data are expressed as mean+=SEM. There was no significant difference
in any parameter among the groups before ischemia (P < 0.05). n, num-
ber of samples.

The time course of percent recovery of LVDP after global
ischemia (37°C, 30 min) was shown in Fig. 4. The percent re-
covery of LVDP after ischemia in the nontreated hearts (N
group) and control transfected hearts (C group) reached the
peak values (41.3%5.1 and 42.1+4.4%, respectively) 40 min af-
ter the onset of reperfusion. There was no significant differ-
ence in the recovery of LVDP between the nontreated hearts
and control transfected hearts. In comparison with the non-

Figure 3. Immunohistochemical analysis for HSP70. Overexpression of HSP70 was investigated with immunohistochemistry. Overexpression of
HSP70 was observed in the cytoplasm of cardiomyocytes widely in the hearts from the H group (left, X200), as compared with those from the C

group (right, X200).
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Figure 4. Recovery of LVDP after ischemia. The isolated hearts from
the four groups were subjected to 30 min of normothermic global is-
chemia followed by 60 min of reperfusion. Better recovery of LVDP
after ischemia was shown in the H group than in the C, N, or S group.
The S group showed better recovery of LVDP than the C or N group
did. Data are expressed as percentage of basal LVDP before is-
chemia. BL, base line. *P < 0.05 vs. S group; 'P < 0.05 vs. C group;
P < 0.05 vs. N group, n = 8 in each group. All values are expressed
as mean*SEM.

treated or control transfected hearts, a significant improve-
ment of the percent recovery of LVDP was observed in the
heat-stressed hearts (S group), which also reached the peak
level (67.6+4.7%) at 40 min of reperfusion. The percent recov-
ery of LVDP was significantly best in the gene transfected
hearts with HSP70 (H group) throughout the reperfusion pe-
riod. The peak percent recovery of LVDP in the gene trans-
fected hearts with HSP70 (86.9+4.3%) was encountered at 30
min of reperfusion which was earlier than that of other three
groups. Although there was no statistical significance, the per-
cent recoveries of LVDP tended to decline after they peaked
in all groups examined.

The time courses of recoveries of max and min dP/dt after
global ischemia were shown in Fig. 5. The heat-stressed hearts
showed significantly better recoveries of max and min dP/dt
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Figure 6. Recovery of CF after ischemia. Better recovery of CF after
30 min of normothermic global ischemia was shown in the H group
than in the C or N group. The S group showed better recovery of CF
than the C or N group did. Data are expressed as percentage of basal
CF before ischemia. BL, base line. TP < 0.05 vs. C group; *P < 0.05
vs. N group, n = 8 in each group. All values are expressed as
mean*SEM.

than both the control transfected and nontreated hearts did.
However, much better recoveries of max and min dP/dt were
obtained in the gene transfected hearts with HSP70 in compar-
ison with the heat-stressed, control transfected, or nontreated
hearts. The peak values both of max and min dP/dt were ob-
served > 30 min after reperfusion in all four groups. The peak
values of max and min dP/dt were 85.4+5.1 and 82.9£3.8% in the
gene transfected hearts with HSP70, 64.3+6.7 and 65.8%6.7%
in the heat-stressed hearts, 38.1+=4.2 and 36.1=3.6% in the
control transfected hearts, and finally 27.5+4.5 and 31.4+4.3%
in the nontreated hearts.

As for the recovery of CF (Fig. 6), both the gene trans-
fected hearts with HSP70 and heat-stressed hearts showed bet-
ter recovery after ischemia as compared with the control trans-
fected and nontreated hearts. The recovery of CF in the
control transfected and nontreated hearts reach the peaks 20
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Figure 5. Recovery of maxi-
mum and minimum dP/dt after
ischemia. Better recovery of
both maximum (max) and mini-
mum (min) dP/dt after 30 min
of normothermic global is-
chemia was shown in the H
group than in the C, N, or S
group. The S group showed bet-
ter recovery of both max and
min dP/dt than the C or N group
did. Data are expressed as per-
centage of basal max and min
dP/dt before ischemia. BL, base
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group, n = 8 in each group. All
values are expressed as
mean+SEM.
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Figure 7. CPK leakage after ischemia. CPK in coronary effluent from
isolated rat hearts was measured before and after ischemia. CPK
leakage was more reduced in the H or S group than in the C or N
group. BL, base line. P < 0.05 vs. C group; *P < 0.05 vs. N group,

n = 8 in each group. All values are expressed as mean=SEM.

min after the onset of reperfusion (75.3+2.0 and 72.1+4.4%,
respectively), whereas, in the gene transfected hearts with
HSP70 and heat-stressed hearts, it reached the maximum level
at 5 min of reperfusion (92.8+5.8 and 87.0+2.2%, respec-
tively). The recovery of CF in the gene transfected hearts with
HSP70 tended to be higher than that in the heat-stressed
hearts.

The time course of CPK leakage after ischemia in the four
groups (shown as TU/min/g of wet weight) is presented in Fig.
7. CPK in coronary effluent from isolated rat hearts was not
detected before ischemia in any group. CPK leakage after is-
chemia was significantly reduced in both the gene transfected
hearts with HSP70 and heat-stressed hearts than in the control
and nontreated hearts. The peak levels of CPK leakage were
observed 10 min after the onset of reperfusion in all four
groups examined. The peak value was 0.025+0.008 IU/min/g
of wet weight in the gene transfected hearts, 0.145+0.028 IU/
min/g of wet weight in the heat-stressed hearts, 0.416%0.085
IU/min/g of wet weight in the nontreated hearts, and
0.439+0.083 IU/min/g of wet weight in the control transfected
hearts. Although CPK leakage tended to be less in the gene
transfected hearts with HSP70 than in the heat-stressed hearts
throughout the reperfusion period, the difference was not sta-
tistically significant.

There were no significant differences in the percent recov-
ery of HR among the groups. No significant difference was
seen between the C and N groups in the recovery of any of the
cardiac parameters after ischemia-reperfusion.

Discussion

In in vitro situations, many experiments using gene transfec-
tion techniques have suggested the direct role of overex-
pressed HSP70 in the protection from some types of injury in
various cells (27-29). In this study, we demonstrated that the
rat hearts transfected with human HSP70 gene showed apparent
and global overexpression of HSP70 in the myocardium. The
hearts, which overexpressed HSP70 as a result of gene transfec-
tion, showed enhanced recovery of both systolic and diastolic
cardiac functions as well as less myocardial damage after is-

chemia-reperfusion as compared with the control or non-
treated hearts. These findings appear to provide the evidence
that overexpressed HSP70 plays a direct role in the enhance-
ment of myocardial tolerance in vivo. This is consistent with
the results of an analysis using transgenic mice overexpressing
HSP70 (30, 31). In a transgenic animal, however, the heart is
genetically altered to overexpress HSP70, so that it may adapt
itself to a situation overexpressing HSP70 and develop the
character different from that of the natural heart. Therefore,
the present model with gene transfection might be more suit-
able for investigating the effect of HSP70 in the natural myo-
cardium.

In this present study, we developed a novel system to con-
firm the evidence of cardioprotective role of HSP70 in is-
chemic injury. It is a combination of intracoronary infusion of
HV]J-liposome and heart transplantation to transfer HSP70
gene, followed by Langendorff perfusion to evaluate the effect
of HSP70 on myocardial protection. We think this is a simple
and reliable system to investigate the effect of each molecule
on myocardial ischemia-reperfusion injury in an in vivo situa-
tion.

This study demonstrated that the gene transfection had a
potential to introduce larger amounts of HSP70 and to en-
hance myocardial tolerance to ischemia better than the heat
stress. This indicates that the super high level expression of
HSP70 induced by gene transfection is more effective to pro-
tect myocardium from ischemia-reperfusion injury as com-
pared with many self-protective mechanisms mobilized by
heat stress containing the normal high level of expression of
HSP70 (7, 11-13). It is also reported that the amount of HSP70
expression correlates well with the protective effect caused by
heat stress (26, 27). Therefore, we consider that HSP70 is by
far the most powerful and effective mechanism for myocardial
protection among many endogenous protective mechanisms
mobilized by heat stress.

In the field of cardiology, treatment for myocardial is-
chemia-reperfusion injury is a major concern. Developing the
treatment will contribute to myocardial protection during
treatment for acute myocardial infarction (including percuta-
neous transluminal coronary angioplasty or recanalization),
cardiac surgery, or heart transplantation. Numerous previous
attempts to attenuate myocardial damage with pharmacologi-
cal agents have shown limitations. It has been revealed that
self-preservation systems are involved in the mechanism of re-
covery from myocardial damage (1, 2). We consider that
strengthening the self-preservation systems may lead to acqui-
sition of more natural myocardial tolerance than with pharma-
cological approaches. Therefore, reinforcing the HSP70 induc-
tion could be a hopeful candidate for the more advanced
method for myocardial protection. However, earlier methods
to induce HSP70 seem to have involved some difficulties for
clinical application. Whole-body heat stress (3-6) or drug ad-
ministration (32) may cause harmful side effects in other or-
gans, such as the cerebral system. Moreover, these methods
have resulted in only a short induction of HSP70 (a few days).

On the other hand, our gene transfection method could
cause a protein to overexpress without myocardial damage or

2. B-Galactosidase expression was observed in rat heart for > 2 wk af-
ter in vivo gene transfection by intracoronary infusion of HVJ-lipo-
some.
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harmful side effects in other organs (18, 21-24). As was shown
in this study, the gene transfection method showed a potential
to introduce larger amounts of HSP70 and to enhance myocar-
dial tolerance to ischemia better than did heat stress (42°C, 20
min). We speculate that the duration of the protein overex-
pression by our gene transfection method may be at least a few
weeks from our unpublished data® on B-galactosidase expres-
sion and the results in other organs (22-24). Accordingly, gene
transfection may be expected to continue overexpressing
HSP70 much longer than methods such as heat stress. There-
fore, gene transfection appears to be more effective and ad-
vantageous when applying HSP70 to clinical treatment. We
consider that gene transfection with HSP70 may become an
advanced myocardial protection method resulting from en-
hancing the self-preservation systems. For this purpose, how-
ever, much further investigation and improvement remain nec-
essary.

In summary, the in vivo gene transfection by means of in-
tracoronary infusion of HVJ-liposome caused overexpression
of HSP70 in rat heart, resulting in enhancement of myocardial
tolerance to ischemia-reperfusion injury. These data indicate a
direct role of overexpressed HSP70 in preventing the ischemic
injury in myocardium, suggesting a possibility that gene trans-
fection with HSP70 may become a novel method for myocar-
dial protection through endogenous route.
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