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Myocardial expression of heat shock protein 70i protects early
postoperative right ventricular function in cyanotic tetralogy of Fallot
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Background:Right ventricular dysfunction occurs after tetralogy of Fallot repair andmay relate to greater myo-
cardial vulnerability to ischemia–reperfusion injury in cyanotic patients. The inducible form of heat shock pro-
tein 70 (HSP-70i), a molecular chaperone, is upregulated in response to cellular stress and limits myocardial
injury against ischemia–reperfusion.We evaluated the myocardial expression of HSP-70i and its relation to right
ventricular function and clinical outcome in patients with tetralogy of Fallot undergoing corrective surgery.

Methods: Twenty patients with tetralogy of Fallot were studied: 10 cyanotic (group Cy) and 10 noncyanotic
(group noCy). Western blot was used to quantify HSP-70i from resected right ventricular outflow tract myocar-
dium at baseline and subsequent ischemic time. Biventricular function was quantified by tissue Doppler echo-
cardiography and compared with that of 15 age-matched healthy children. Postoperative systemic perfusion was
assessed by mixed venous oxygen saturation, oxygen extraction ratio, and lactate.

Results: Group Cy had thicker septum (median 0.85 vs 0.66 cm; P ¼ .01) and longer crossclamp time (median
100.0 vs 67.5 minutes; P¼ .004). There were no difference in HSP-70i between groups at baseline (4.12 vs 3.44
relative optical density; P ¼ .45) or subsequent ischemic time. Preoperative biventricular systolic function was
reduced in patients with tetralogy compared with controls with further postoperative right ventricular impair-
ment. Group Cy had higher troponin-I levels (median 16.5 vs 11.1 ng/mL; P ¼ .04) and inotrope scores
(14.0 vs 6.5; P ¼ .05) but no differences in ventricular function, mixed venous oxygen saturation, oxygen ex-
traction ratio, and lactate between groups. In group Cy, baseline HSP-70i correlated with better postoperative
right ventricular function (rho ¼ 0.80; P ¼ .009), mixed venous oxygen saturation (rho ¼ 0.68; P ¼ .04),
and oxygen extraction ratio (rho ¼�0.71; P ¼ .03). These relationships were absent in group noCy.

Conclusions: The association of HSP-70i expression with improved right ventricular function and systemic
perfusion suggests an important cardioprotective effect of HSP-70i in cyanotic tetralogy of Fallot. (J Thorac
Cardiovasc Surg 2011;141:1184-91)
Patients with congenital heart disease in whom the right
ventricle (RV) is exposed to cyanosis and pressure over-
loading, as in tetralogy of Fallot (TOF), are prone to RV
dysfunction after corrective surgery. The cause is multifac-
torial and includes residual hemodynamic load from pulmo-
nary stenosis or regurgitation, conduction abnormalities,
and direct surgical trauma. In addition, surgical repair ex-
poses the myocardium to ischemic stress during cardiopul-
monary bypass. Controversy exists as to whether the
chronically hypoxic myocardium is more or less tolerant
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of ischemia–reperfusion injury than is the normoxic myo-
cardium. However, the adequacy of myocardial protection
during corrective TOF repair has been an area of concern
with evidence of oxygen-mediated free radical injury dur-
ing surgery and inhomogeneous distribution of cardioplegic
solution in a hypertrophied RV mass.1-4

Heat shock proteins (HSPs) are endogenous proteins that
maintain cell homeostasis against various forms of stress as
a cellular adaptive response. These proteins are induced by
a wide variety of stressors including hyperthermia, ischemia,
and oxidative and cytokine-mediated stress to provide
a broad cytoprotective function.5,6 The 70-kDa HSP (HSP-
70) is the most widely studied of the family in the context
of cardiovascular disease.5,6 The inducible form of HSP-70
(HSP-70i, also known as HSP-72) has been shown to limit
myocardial ischemia–reperfusion injury and modulate the
inflammatory response to cardiopulmonary bypass in both
clinical and experimental studies.5-7 In children undergoing
surgery for congenital heart disease, upregulation of HSP-
72 during cardiopulmonary bypass was associated with
reduced markers of myocardial injury.8

Hypoxic stress in animal models induces various cellular
adaptive pathways as a mechanism to minimize cellular
gery c May 2011
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Abbreviations and Acronyms
HSP ¼ heat shock protein
HSP-70 ¼ 70-kDa heat shock protein
LV ¼ left ventricle (ventricular)
POD ¼ postoperative day
RV ¼ right ventricle (ventricular)
RVOT ¼ right ventricular outflow tract
SaO2 ¼ systemic arterial oxygen saturation
SvO2 ¼ mixed venous oxygen saturation
TOF ¼ tetralogy of Fallot
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damage, such as myocardial cytochrome oxidase, angiogen-

esis via vascular endothelial growth factor, antioxidant gluta-
thione peroxidase, and HSP family.9-11 Therefore, onemight
speculate that hypoxic stress preoperatively in TOF will
induce HSP and subsequently confer a cardioprotective
effect during surgical repair. This study sought to clarify
the influence of preoperative cyanosis on myocardial
expression of HSP-70i and its relation to RV function and
clinical outcome in patients with TOF undergoing corrective
surgery.
PATIENTS AND METHODS
Twenty patients with TOF who underwent surgical repair at Royal Hos-

pital for Sick Children, Glasgow, were recruited (Table 1). This study was

approved by the Glasgow West Research Ethics Committee and parental

consents were obtained. Patients were divided into the cyanotic group

(group Cy, n¼ 10) and noncyanotic group (group noCy, n¼ 10). Cyanosis

was defined on the basis of preoperative saturations at rest of less than 90%

on room air. A control group comprising 15 age-matched children with an

innocent murmur (median age 27.1, interquartile range 4.0–47.2 months vs

patients with TOF; P¼ .62) was recruited to obtain ‘‘normal reference’’ for

tissue Doppler myocardial velocities.

Perioperative Tissue Doppler Echocardiography
A concurrent tissue Doppler echocardiogram was performed with the

patient under general anesthesia before skin incision and repeated on post-

operative day 1 (POD 1) in the intensive care unit and 1 week later. Pulsed-

wave tissue Doppler velocity measurements at the tricuspid annulus, basal

septum, and mitral annulus were obtained from apical 4-chamber views to

quantify systolic myocardial velocity (cm/s). Three or more loops were

stored for subsequent offline analysis. The presence of restrictive RV phys-

iology was defined as antegrade flow across the pulmonary artery coinci-

dent with atrial systole in all respiratory cycles (parasternal short-axis

RVoutflow tract [RVOT] view).12

Surgical Repair and Myocardial Protection
Standard repair was performed by closure of the ventricular septal de-

fect and resection of RV infundibular muscles via transtricuspid and trans-

pulmonary routes using moderate hypothermia and blood cardioplegia.

Before cardiopulmonary bypass, all patients received oxygen supplement,

and fractional inspired oxygen was adjusted to maintain adequate oxygen-

ation while avoiding hyperoxia (median arterial oxygen tension 8.0 kPa in

group Cy vs 12.1 kPa in group noCy; P¼ .2). Epicardial echocardiography

was routinely performed to exclude any residual lesion at the end of the
The Journal of Thoracic and Car
procedure. Direct RVand left ventricular (LV) pressures were measured in-

traoperatively after repair.

Protein Analysis
All myocardium resected from the RVOT as part of the repair was col-

lected for protein analysis. Muscle was immediately snap-frozen in liquid

nitrogen after resection and segregated according to the ischemic time

points and storage at�70�C. The onset of aortic crossclamping denoted

the beginning of ischemic time.

Extraction of cell lysate from tissues. Tissue homogenization

was performed with a Polytron PT 1600 E homogenizer (Kinematica AG,

Lucerne, Switzerland).13 Homogenates were centrifuged at 5000g at 4�C
for 10 minutes. The supernatant, containing the total cell protein (both par-

ticulate and cytosolic fractions) was extracted. Bradford protein assay was

used to quantify the total protein concentration.14

Western blot analysis. Western blot was performed according to

protocol as previously described.13 The nitrocellulose membrane was incu-

bated first in primary antibody solution (rabbit HSP-72 polyclonal anti-

body; Assay Designs, Inc, Ann Arbor, Mich; catalog No. SPA-812) and

subsequently in secondary antibody solution (donkey antirabbit; Abcam

plc, Cambridge, United Kingdom; catalog No. ab7084). Manufacturer (As-

say Designs, Inc) testing did not show any cross-reaction between primary

HSP-72 antibody with recombinant form of constitutive HSP-70. Homog-

enized placental villous tissue, known to contain HSP-70i, was used as

a reference sample and internal control. The density of the protein bands

was quantified by a computerized densitometer (BioRad GS-700, Quantity

One software; Bio-Rad Laboratories, Hercules, Calif). HSP level was mea-

sured as relative optical density to internal control.

The baseline period was defined as 0 to 15 minutes after aortic cross-

clamping and before repeat administration of cardioplegic solution. Base-

line HSP-70i protein density was calculated from mean HSP-70i in the RV

myocardium harvested during this period and considered to represent the

preoperative HSP-70i in the myocardium. Subsequent muscle resected af-

ter this period was grouped into 15-minute intervals during aortic cross-

clamping to examine any effect of ischemic time on HSP expression.

Postoperative Monitoring
Postoperatively, serum lactate level, mixed venous oxygen saturation

(SvO2,%) and troponin-I were measured concurrently with echocardiogra-

phy. Inasmuch as SvO2 is a function of systemic arterial oxygen saturation

(SaO2), which can be affected by various factors including right-to-left in-

tracardiac shunt and lung disease, oxygen extraction ratio (OER ¼ [SaO2�
SvO2]/SaO2) represents a better indicator of systemic perfusion.15 Oxygen

saturation was measured from concurrent blood sampling taken from the

peripheral arterial line and central venous catheter in the superior vena

cava.15 Inotrope score was calculated on the basis of Wernovsky and

associates.16 Duration of ventilation and intensive care unit stay was

recorded.

Statistical Analysis
Statistical analysis was performed using Minitab Statistical Software

Release 14.2 (Minitab Inc, State College, Pa). Nonparametric data (ex-

pressed in median � interquartile range, Q1–Q3) was analyzed using the

Mann–Whitney U test, Wilcoxon matched pair, or Kruskal–Wallis test

for continuous variables and Fisher’s exact test for categorical variables.

The strength of the relationship between 2 variables was tested using the

Spearman rank correlation (rho).
RESULTS
There were no demographic difference between groups

Cy and noCy in terms of age, gender, and body weight.
Group Cy had a higher hematocrit level, thicker septal
diovascular Surgery c Volume 141, Number 5 1185



TABLE 1. Perioperative characteristics between group Cy and group noCy

Group Cy

(n ¼ 10)

Group noCy

(n ¼ 10) P value

95% CI of

median difference

Preoperative factors

Age (mo) 22.1 (11.8–24.3) 16.4 (6.8–23.4) .36 (�3.8, 16.3)
Gender (n, %) 6 males (60%) 5 males (50%) 1.00 —

Weight (kg) 9.2 (8.6–12.2) 10.5 (7.9–11.0) .94 (�2.2, 3.2)
Hematocrit level (%) 47.0 (40.8–50.0) 38.1 (37.0–40.9) .01 (1.9, 11.3)

Oxygen saturation (%) 76 (68–86) 93 (91–97) .0002 (�26,�10)
Blalock–Taussig shunt (n, %) 6, 60% 2, 20% .17 —

RV wall thickness (cm) 0.70 (0.58–0.83) 0.65 (0.57–0.82) .91 (�0.13, 0.16)
IVS wall thickness (cm) 0.85 (0.70–0.94) 0.66 (0.54–0.75) .01 (0.08, 0.34)

Sm–tricuspid annulus (cm/s) 10.01 (7.28–11.55) 7.85 (7.49–10.13) .31 (�1.12, 3.64)
Sm–basal septum (cm/s) 4.93 (4.18–6.03) 4.69 (3.73–6.10) .53 (�1.52, 0.82)
Sm–mitral annulus (cm/s) 4.90 (3.33–6.23) 4.83 (3.95–5.63) .96 (�1.47, 1.72)

Intraoperative factors

Crossclamp time (min) 100.0 (75.0–130.0) 67.5 (61.8–76.0) .004 (�58.0,�8.0)
Bypass time (min) 218.5 (180.8–310.0) 114.5 (98.8–130.3) .003 (63.0, 182.0)

Transannular patch use (n, %) 6, 60% 4, 40% .67 —

Subvalvular patch (n, %) 5, 50% 2, 20% .35 —

RV/systemic pressure ratio 0.79 (0.69–1.11) 0.72 (0.62–0.88) .41 (�0.12, 0.35)
Baseline HSP-70i (R.O.D.) 4.12 (2.50–7.44) 3.44 (1.75–6.67) .45 (�2.10, 4.02)
HSP-70i from all tissues (R.O.D.) 3.82 (2.59–7.53) 3.17 (1.40–6.65) .39 (�1.97, 2.74)

Postoperative factors (POD 1)

Troponin-I (ng/mL) 16.5 (11.7–51.0) 11.1 (7.6–13.5) .04 (0.1, 37.6)

Inotrope score 14.0 (9.5–16.3) 6.5 (0.8–14.9) .05 (0.0, 13.0)

Hemoglobin (g/dL) 12.2 (11.4–14.0) 11.5 (10.4–13.6) .41 (�1.2, 2.1)
SvO2 (%) 65.4 (55.5–71.3) 66.5 (61.8–68.3) .91 (�9.0, 7.0)
Oxygen extraction ratio 0.33 (0.28–0.42) 0.32 (0.27–0.35) .68 (-0.1, 0.1)

Oxygen excess factor (U) 3.1 (2.4–3.6) 3.1 (2.9–3.7) .68 (�0.9, 0.6)
Lactate 1.6 (0.9–1.9) 1.2 (0.88–1.35) .26 (�0.2, 0.9)
Sm–tricuspid annulus (cm/s) 3.60 (2.50–4.60) 4.08 (2.87–4.77) .85 (�1.56, 0.93)
Sm–basal septum (cm/s) 3.21 (2.39–4.48) 2.71 (2.13–4.66) .52 (�0.83, 1.53)

Sm–mitral annulus (cm/s) 5.21 (3.94–6.46) 3.98 (3.61–5.15) .10 (�0.24, 2.46)
Restrictive RV physiology 2, 20% 3, 30% 1.00 —

Ventilation time (h) 141.0 (58.7–195.2) 82.0 (19.1–121.3) .14 (�7.7, 122.7)
Critical care stay (d) 7.8 (5.0–11.2) 5.0 (3.5–8.3) .27 (�2.3, 6.1)

All data are expressed in median (interquartile range). CI, Confidence intervals; RV, right ventricular; IVS, interventricular septum; Sm, systolic myocardial velocity; HSP-70i,

inducible form of heat shock protein 70; R.O.D., relative optical density; POD 1, postoperative day 1; SvO2, mixed venous oxygen saturation.
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wall, and longer bypass and crossclamp times. Group Cy re-
quired higher inotrope requirement on POD 1 and tended to
require longer ventilation time and intensive care unit stay
(Table 1).

Preoperative and Postoperative Ventricular Function
In comparison with healthy control subjects, patients

with TOF had reduced systolic annular velocity preopera-
tively at the tricuspid annulus (8.13 vs 12.67 cm/s in con-
trol; P < .001), septum (4.80 vs 7.578; P < .001), and
mitral annulus (4.83 vs 7.52; P<.001). There were no dif-
ferences in preoperative systolic annular velocities between
group Cy and group noCy (Table 1).

Postoperatively (day 1), systolic ventricular velocities
were further reduced in the tricuspid annulus and basal sep-
tum in both group Cy and group noCy compared with
1186 The Journal of Thoracic and Cardiovascular Sur
preoperative velocities. LV velocities did not change signif-
icantly (Figure 1, A and B). There was no association be-
tween postoperative RV velocities (tricuspid and septal)
and preoperative oxygen saturation, hematocrit, aortic
crossclamp time, troponin release, transannular patch use,
ventriculotomy, degree of pulmonary regurgitation, or pres-
ence of restrictive RV physiology. There were no difference
between postoperative systolic annular velocities or the
presence of restritive RV physiology between group Cy
and group noCy (Table 1).

At 1 week after surgery, in group Cy, two thirds of pa-
tients had improved RV function (3.41 on POD 1 vs 4.88
cm/s at 1 week; P ¼ .13) and 78% (7/9 patients) had im-
proved septal function (3.45 on POD 1 vs 4.38 cm/s at 1
week; P ¼ .20). In group noCy, two thirds of patients also
had improved RV function (3.97 on POD 1 vs 4.98 cm/s
gery c May 2011



FIGURE 1. Systolic myocardial velocities were depressed on postoperative day 1 at the tricuspid annulus and interventricular septum but preserved at the

mitral annulus in both group Cy (A) and group noCy (B). POD 1, Postoperative day; IVS, interventricular septum.
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at 1 week; P ¼ .13) and all had improved septal function
(3.04 on POD 1 vs 5.77 cm/s at 1 week; P ¼ .008).
Postoperative Troponin-I Release
Group Cy had a higher troponin-I release on POD 1

(Table 1). Higher troponin-I release was associated with
higher preoperative hematocrit level (rho ¼ 0.63; P ¼ .003),
longer aortic crossclamp time (rho ¼ 0.50; P ¼ .02), and
longer cardiopulmonary bypass time (rho ¼ 0.50; P ¼ .02).
There was no correlation between troponin-I and HSP-70i
or the weight of the total muscles harvested in both groups.
HSP-70i Expression in RVOT Muscles
More RV muscles were resected in group Cy, although

this difference did not reach statistical significance (738.7
vs 473.6 mg; P ¼ .08). HSP-70i was expressed in all mus-
cles samples collected at different time points during the
aortic crossclamping period (Figure 2). Mean HSP-70i
from total RV muscles resected for each patient did not dif-
fer between groups Cy and noCy (3.82 vs 3.12 relative op-
tical density; P ¼ .36) (Figure 3, A). There was no
difference in baseline HSP-70i or mean HSP-70i at different
ischemic time points during aortic crossclamping between
groups Cy and noCy. In each group, the median HSP-70i
at later ischemic time points during aortic crossclamping
was no different from the baseline period (Figure 3, B).
FIGURE 2. Western blot film: The density of each band represented the quantity

separate ischemic time points (incremental from i to iii). IC, Internal control; M

The Journal of Thoracic and Car
No significant relationship was found between baseline
HSP-70i expression and preoperative variables: age, weight,
preoperative oxygen saturation, hematocrit, and RV wall
thickness.

Relationship Between HSP-70i and Postoperative
Ventricular Function and Outcome
Overall in the whole cohort, an increased baseline HSP-

70i was associated with better preserved RV function on
POD 1 as expressed by higher annular velocities at the tri-
cuspid (rho¼ 0.52; P¼ .02) and basal septum (rho¼ 0.55;
P ¼ .02) (Figure 4). However, subgroup analysis revealed
stronger relationships in group Cy: tricuspid (rho ¼ .80;
P¼ .009) and basal septum (rho ¼ 0.73; P ¼ .025). In con-
trast, no correlation was seen between baseline HSP-70i and
postoperative RV septal velocities in group noCy.
Higher baseline HSP-70i was associated with better

SvO2 (rho ¼ .68; P ¼ .04) and oxygen extraction ratio
(rho ¼�0.71; P ¼ .03) postoperatively in group Cy, but
not in group noCy (Figure 5). HSP-70i did not correlate
with intraoperative postrepair RV/LV pressure, postopera-
tive lactate level, inotrope score, and duration of ventilation
or intensive care unit stay in either group.

DISCUSSION
Three main issues were addressed in this study: (1)

baseline HSP-70i in an acyanotic versus cyanotic model
of the inducible heat shock protein 70 (HSP-70i) for patients A, B, and C at

WM, molecular weight marker.

diovascular Surgery c Volume 141, Number 5 1187



FIGURE 3. A, Boxplot (median, interquartile range) showing mean inducible heat shock protein 70 (HSP-70i) from total right ventricular (RV) muscles

resected for each patient in groups Cy and noCy (P ¼ .36). B, HSP-70i level at different ischemic time intervals during aortic crossclamping for groups Cy

and noCy. R.O.D., Relative optical density.
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(ie, HSP-70i in the chronic hypoxemic model), (2) HSP-70i
changes during surgical repair (ie, HSP-70i in an acute on
chronic hypoxemic model), and (3) the myocardial expres-
sion of HSP-70i and myocardial function. Earlier studies in
postoperative repair of TOF have proposed that RV dysfunc-
tion was primarily related to diastolic relaxation whereas
systolic contraction was relatively well preserved.12 In this
study, we have shown that significant systolic RV dysfunc-
tion occurred early after surgery. This effect was equally ap-
parent in both cyanotic and acyanotic patients, and
a functional deficit remained 1 week postoperatively in
one third of the patients. The degree of systolic RV dysfunc-
tion was not related to the presence of restrictive RV physi-
ology or severity of pulmonary regurgitation, but correlated
significantly with HSP-70i expression in the RVOTmyocar-
dium of cyanotic subjects. This relationship implies that
early postoperative systolic RV dysfunction is associated
with ischemia–reperfusion injury and its endogeneous adap-
tive pathway during surgery, rather the the degree of RV vol-
FIGURE 4. Scatterplot showing relationship between baseline inducible heat s

myocardial velocities (Sm) on postoperative day 1 (POD 1) in all patients with

1188 The Journal of Thoracic and Cardiovascular Sur
ume or pressure overloading. Importantly, in cyanotic
patients, an increased HSP-70i was also associated with bet-
ter systemic tissue perfusion, suggesting an important cardi-
oprotective role against the ischemia–reperfusion insult
sustained during cardiopulmonary bypass.

Cyanosis and the Myocardium
In this study,we found that cyanotic patients in comparison

with acyanotic had higher troponin levels postoperatively, in-
creased inotrope requirement, but similar reduction in RV
function after surgery. Troponin may increase because of
greater muscle resection but, importantly, the cyanotic pa-
tients had longer crossclamp and cardiopulmonary bypass
times than did the acyanotic group. There may also be an
issue with impaired myocardial protection and greater sus-
ceptibility to ischemia–reperfusion injury in the cyanotic
patients.

Controversy exists as to whether preoperative hypoxia
renders the myocardium more or less susceptible to
hock protein 70 (HSP-70i) expression and tricuspid annular and basal septal

tetralogy of Fallot.

gery c May 2011



FIGURE 5. In Group-Cy, baseline inducible heat shock protein 70 (HSP-

70i) correlated inversely with oxygen extraction ratio suggesting better

systemic perfusion with higher myocardial HSP-70 expression. R.O.D.,

Relative optical density.
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ischemia–reperfusion injury sustained during bypass. Ani-
mal models suggest that chronic hypoxia confers tolerance
to ischemia–reperfusion injury with improved functional
LV recovery after ischemia–reperfusion stress.17 However,
these animal models tend not to replicate exactly the path-
ophysiologic condition in TOF; specifically, the chronic
hypoxic was induced by exposure to low oxygen tension
and there was no RVOT obstruction. In another study, ani-
mal models in which the left atrium was anastomosed to
a banded pulmonary artery (cyanotic–RVOT obstruction)
were compared with patients with a banded pulmonary ar-
tery (RVOT obstruction alone) and those with a normal
heart.18 An accelerated depletion of high-energy phos-
phates after cardioplegic arrest and reperfusion was seen
in cyanotic–RVOT obstruction models, suggesting greater
vulnerability to ischemia–reperfusion injury.18

In this study, cyanotic patients had greater ventricular
wall thickness, and inhomogeneous distribution of cardio-
plegic solution may be an important issue to provide ade-
quate myocardial protection in hypertrophic hearts.1,19

Other clinical studies in pediatric patients undergoing
cardiac surgery have demonstrated greater susceptibility
to ischemia–reperfusion injury and worse clinical outcome
in cyanotic patients.3 The hypoxic myocardium is also
more susceptible to reoxygenation injury before and during
cardiopulmonary bypass owing to free oxygen radicals.1,2

Increased pro-apoptotic genes and reduced expression of
genes associated with myocardial contractility have been
recently identified in cyanotic TOF.20
HSP-70i Expression in Cyanotic Versus Acyanotic
Myocardium

HSP-70i limits ischemia–reperfusion injury by preserving
mitochondrial function and inhibition of pro-apoptotic path-
ways through caspase-dependent and -independent pathways,
The Journal of Thoracic and Car
thus promoting cardiomyocyte survival.6,21 Experimental
induction of myocardial expression of HSP-70i by various
laboratories means including heat-preconditioned, transgenic
animals, and transfection models showed increased ischemic
tolerance, reduced infarct size, and enhanced recovery of
high-energy phosphate stores after ischemic insults.5,6,22

Acute ischemic insults were shown to trigger expression
of HSP-70, but the effect of chronic hypoxemia in cyanotic
subjects remained unclear.23 In the current study, in which
the muscle was resected during TOF repair, we assumed
the baseline HSP-70i concentration to represent the preop-
erative, steady state level in the patients. The inducible form
of HSP-70i is expressed exclusively in response to adverse
external stimuli; its presence in both noncyanotic and cya-
notic myocardium might imply that chronic hypoxia was
not a stimulus per se to the induction of HSP. There were
2 caveats: (1) we did not have a control group (ie, normal
heart) in which the RV myocardium is exposed to normal
pressures and with a fully oxygenated blood supply. It
would be important to identify if HSP expression is differ-
ent between in TOF and control. (2) The pressure-loaded
RV in TOF may be a stimulus or the predominant stimulus
to HSP induction, as has been demonstrated in animal stud-
ies.24 Similar to our findings that showed that total cellular
HSP-70i was similar between cyanotic and noncyanotic
subjects, Rafiee and associates25 identified an increased
messenger RNA expression in cyanotic subjects and intra-
cellular redistribution of HSP-70i from particulate to cyto-
solic compartment as part of the stress response to hypoxia.
However, it was unclear whether these responses were due
to cyanosis or the acute effect to any stress during surgery
without an adequate time to allow protein manifestation.

HSP-70i Response During Ischemic Cardioplegic
Arrest
In this study, RVOTmuscle was resected at various ische-

mic intervals as part of the operative procedure to investigate
the effect of increasing ischemic time on HSP expression.
Within the limit of aortic crossclamp time, no effect of
increasing ischemic duration and HSP expression was
observed. This is in accordancewith other studies examining
HSP expression during cardioplegic arrest, and it is
likely that there is not sufficient time for the protein upregu-
lation during the RVOT resection period.8,26 Importantly,
Vittorini and associates27 identified an increased HSP-70
gene expression within the duration of clamp time in chil-
dren undergoing surgery. Although messenger RNA for
HSP-70i is rapidly synthesized after external stimuli, the ac-
tual protein itself did not rise untilmuch later.28Other studies
have confirmed that a protein elevation is seen only with
a longer ischemic time ofmore than 2 hours.29 One can spec-
ulate that if it were possible to obtain biopsy specimens of the
myocardium 24 hours after the ischemia–reperfusion stress,
an increased expression of HSP might have been observed.
diovascular Surgery c Volume 141, Number 5 1189
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HSP-70i Induction and Clinical Implication
In this study, a correlation between HSP-70i expression

and improved postoperative RV function was observed, pri-
marily in the cyanotic patients. Improved SvO2 and its derived
oxygen extraction factor also correlated with increased HSP-
70i expression. These findings support previous animal stud-
ies that showed correlation between HSP and myocardial
protection.5,6 Studies in patients undergoing open heart
operations have similarly demonstrated increased HSP-70i
expression associated with reduced biochemical markers
of myocardial injury postoperatively in both adults and
children.7,8 Taken together, these studies suggest that intra-
cellular HSP-70i mediates protective effects against ische-
mia–reperfusion insult in the human myocardium. Of note
in our study, the cardioprotective effect of HSP-70i was not
seen in the noncyanotic group. The difference between the
cyanotic and noncyanotic groups is conjectural but could
be in part due to greater role of the HSP in cyanotic myocar-
diummore susceptible to ischemia–reperfusion injury. There
was also no correlation between HSP expression and tropo-
nin; however, thismay be confounded by resection and direct
surgical trauma, as previously discussed.

Various strategies have been studied to reduce the magni-
tude of ischemia–reperfusion injury, including ischemic
preconditioning and HSP induction.5 The role of HSP in-
duction to convey additional myocardial protection remains
experimental and primarily investigated in animal models.
Heat stress can be used in animal models but is not applica-
ble in the clinical setting. Alternative stimuli such as tran-
sient ischemia, pharmacotherapy, or genetic manipulation
may play a potential role.5 In addition to past studies that
showed reduced myocardial injury with HSP-70i, this study
identified the functional implication on early postoperative
RV function and cardiac output in cyanotic TOF. Therapeu-
tic induction of HSP-70i may be an option, possibly by pre-
conditioning, or pharmacology might be a future option.
LIMITATIONS
As tissue sampleswere derived solely from theRVOTdur-

ing TOF repair, it is not known whether the tissue’s HSP-70
expression will be representative of the entire RV for 2 rea-
sons: First, the infundibulum in the RV in TOF is the patho-
logic site subjected to chronic hypertrophic changes; second,
the RVOTarea is subjected to surgical trauma duringmuscle
resection. The effect of type and timing of cardioplegia on
HSP is also unknown, and its influence on HSP expression
cannot be ruled out. The biopsy period was restricted to
the crossclamp period, and there was probably insufficient
time for protein expression to be realized.
CONCLUSIONS
RV dysfunction continues to be a short-term and long-

term issue after repair of TOF, despite improvement in sur-
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gical technique and myocardial protection. In this congeni-
tal lesion, in which myocardium is exposed to chronic
pressure loading and hypoxia, there may be an increased
susceptibility to ischemia–reperfusion injury at the time
of repair. HSP-70i, a chaperone protein expressed in re-
sponse to cellular noxious stimuli, offers protection against
injury, including ischemia–reperfusion. This study identi-
fied HSP-70i expression in the myocardium resected during
repair of TOF in children. The presence of cyanosis was not
associated with an increased expression of HSP-70i com-
pared with that in acyanotic patients. No apparent increase
in HSP-70i with increasing ischemic time was observed. In
the cyanotic group, a significant correlation between HSP-
70i expression and improved postoperative RV function as
quantified by tissue Doppler annular velocities was evident.
Surrogate markers of cardiac output, SvO2, and derived ox-
ygen extraction ratio were also improved with increased
HSP-70i expression. From these findings we conclude
that increased HSP-70i expression provides an important
cardioprotective role in patients with cyanotic TOF under-
going surgical repair.
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Discussion
Dr James Jaggers (Denver, Colo). I appreciate the opportunity

to comment. This is a very complex problem and you will agree
that doing those experiments in clinical patients must be very dif-
ficult in uncontrolled and highly variable patients.

My only real question is this: What do you think the role the hy-
pertrophy plays in the expression of HSP? There are multiple dif-
ferences between your 2 groups, which I will not get into. Clearly,
the cyanotic group was very different group from the noncyanotic
group; but clearly the cyanotic group was significantly more hy-
pertrophied. Can you speculate on the role of hypertrophy in this
study on HSP?

Dr Danton. Heat shock proteins are upregulated in a variety of
stress responses, including those that induce cardiac hypertophy.
In this study, we did not specifically analyze the relationship be-
tween HSP expression and the magnitude of myocardial hyperto-
phy. However, as you state, in patients with tetralogy of Fallot
there are multiple factors which could induce HSP—hypoxia,
RV hypertension, which may have a complex interaction and con-
found identification of HSP versus a single variable.
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