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Abstract Open heart surgery supported by cardiopul-

monary bypass is associated with heart and lung ischemia–

reperfusion injury (IRI). Limb remote ischemic precondi-

tioning (RIPC) reduces injury caused by ischemia–reper-

fusion in multiple distant organs. We conducted a

prospective clinical trial (randomized and controlled) to

test the feasibility and safety of limb RIPC, as well as its

protective effects against myocardial and pulmonary IRI

for infants undergoing repair of simple congenital heart

defects. Infants undergoing repair of ventricular septal

defects were enrolled in our study and randomly assigned

to one of two treatment groups: limb RIPC or control.

RIPC was induced twice (24 h and 1 h preoperatively) via

three 5-min cycles of ischemia and reperfusion on the left

upper arm using a blood pressure cuff. Lung compliance,

respiratory index (RI), and cardiac inotropic score (IS)

were calculated for each patient. Serum concentrations of

the following factors were measured perioperatively:

interleukin (IL)-6, IL-8, IL-10, and tumor necrosis factor

(TNF)-a; lactate dehydrogenase (LDH), creatine kinase

(CK), and its isoenzyme (CK-MB), and troponin I (TnI);

malondialdehyde (MDA) and superoxide dismutase (SOD).

The expression of heat shock protein 70 (HSP 70) in

cardiomyocytes was analyzed by Western blot. Surgical

outcomes, including limb movement and sensory function,

were recorded in detail. Sixty infants weighting less than

7 kg were studied, with 30 patients in the RIPC group and

30 in the control group. Within 6 months of discharge from

the hospital, no limb disability, sensory disturbance, or

other surgical complications were found in any patient.

Compared with the control group, patients in the RIPC

group had higher Cs and Cd, along with lower RI and IS at

various postoperative phases. At the beginning of the

operation, serum concentrations of IL-6, IL-8, IL-10, TNF-

a, LDH, CK, and TnI were higher in the RIPC group than

the control group. Postoperatively, release of cytokines and

leakage of heart enzymes were attenuated in the RIPC

group; serum concentrations of cytokines and heart

enzymes were lower in the RIPC group at some, but not all,

postoperative time points. Furthermore, the RIPC group

had lower coronary sinus venous concentrations of MDA

and higher concentrations of SOD. Similarly, the expres-

sion of HSP 70 was upregulated in cardiomyocytes from

the RIPC group. Limb RIPC can be applied safely and

easily in infants, can attenuate systemic inflammatory

response syndrome, and can increase systemic tolerance to

IRI, imparting a protective effect against myocardial and

pulmonary IRI. The expression of HSP 70 has an important

role in the mechanism of action for RIPC.
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Open heart surgery in infant results in a predictable

ischemia–reperfusion injury (IRI) to multiple organs with a

well-documented systemic inflammatory response syn-

drome (SIRS), which accounts for significant mortality and

morbidity in the surgical outcomes of congenital heart

disease [4]. Ischemic preconditioning (IPC) is an innate
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protective mechanism that markedly reduces IRI in most

human tissues. Remote ischemic preconditioning (RIPC),

initially described by Pryzklenk et al. [15], protects target

organs against sustained IRI through the application of

nonlethal stress. More specifically, inducing transient

ischemia to an organ distant from the target organ results in

systemic and local tolerance to subsequent IRI.

Using a simple and noninvasive technique, the appli-

cation of four 5-min cycles of limb ischemia and reper-

fusion with a blood pressure cuff, Cheung et al. recently

conducted a randomized controlled trial to study the

effects of limb RIPC in children undergoing repair of

congenital heart defects [3]. As a result, they were first to

demonstrate the myocardial protective effects of RIPC in

the pediatric population. By means of a similar technique,

Liu et al. reported that limb RIPC prior to the aorta

clamping can significantly reduce postoperative ventricu-

lar arrhythmias, leakage of myocardial enzymes, and

injury to the myocardial ultrastructure in adult rheumatic

heart disease patients undergoing cardiac valve replace-

ment [11]. Likewise, by wrapping a blood pressure cuff

around one arm to induce limb RIPC, we previously

demonstrated improved endothelial function in the con-

tralateral arm of infants [18]. However, we failed to detect

the heart protective effects of limb RIPC in adult patients

undergoing mitral valve replacement (data unpublished).

In order to further investigate the protective utility of

RIPC and to explore its underlying mechanisms, we

designed this randomized clinical trial. Based on previous

experience, we planned to induce limb RIPC twice (24

and 1 h before surgery) to test whether RIPC would

provide early and/or late protection against heart and lung

IRI in infants undergoing repair of simple ventricular

septal defects (VSDs).

Methods

The study protocol was approved by the ethics committee

of the Hunan Children’s Hospital. Written informed con-

sent was obtained from the infants’ custodians before study

inclusion. The trial was monitored by an independent data

and safety monitoring board. Staff involved in clinical care

and members of the study group obtaining functional data

were blinded to randomization for the period of data

acquisition and analysis. Group allocation was not revealed

until the final statistical analysis.

Sixty infants undergoing surgical repair of VSDs were

enrolled in this study and divided into the RIPC group or

the control group at random (30 infants for each group).

The inclusion criteria were as follows: (1) diagnosis of

simple VSD with mild pulmonary hypertension or without

any pulmonary hypertension; (2) weight less than 7 kg; (3)

prior to the operation, pneumonia and heart failure were

well controlled and patients were water-electrolyte bal-

anced and without acidosis; (4) no history of limb trauma;

and (5) no other systemic diseases such as a chromosomal

defect, airway and parenchymal lung disease, immunode-

ficiency, or blood disorders.

Limb RIPC Protocol

Infants were sedated by oral administration of chloral

hydrate (0.01 g/kg) 5 min before preconditioning. The

limb RIPC protocol was carried out as previously

described [18] with little modification. Briefly, a blood

pressure cuff (with a width of 4 cm) was wrapped around

the left upper arm approximately 1 cm proximal to the

elbow joint. Next, the cuff was inflated to a pressure of

240 mm Hg, maintaining ischemia for 5 min, and then

deflated to allow reperfusion for 5 min. The inflation–

deflation process was repeated for two additional cycles.

Limb RIPC was induced twice for each infant in the RIPC

group: at 24 and at 1 h prior to the start of the corrective

operation. In contrast, infants in the control group were

not pretreated.

Surgical Techniques and Postoperative Managements

All children underwent surgical repairs using standard

cardiopulmonary bypass (CPB) techniques with cardio-

plegic arrest. No patients required direct measurement of

pulmonary artery pressure during the operations. Modified

ultrafiltration was carried out in all infants. The duration of

cardiopulmonary bypass and aortic cross-clamp time were

recorded.

After surgery, ventilation was continued in the intensive

care unit with a volume-cycled respirator that automati-

cally records and stores ventilator parameters. Each

patient’s ventilator support time and duration of intensive

care unit (ICU) stay were also recorded.

Data Acquisition and Sample Preparation

Lung Function

Lung function data was obtained at baseline prior to ster-

notomy and then at 2, 4, 12, and 24 h after closure of the

sternum incision. The tidal volume (VT), fraction of

inspired oxygen (FiO2), peak pressure of airway (Pmax),

mean pressure of airway (Pmean), and positive end expira-

tory pressure (PEEP) were recorded and stored as a com-

puter file for later analysis. Data for arterial blood gas

analysis were also recorded. The following equations were

used to determine lung function:
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Static lung compliance Csð Þ ¼ VT= Pmean � PEEPð Þ;
Dynamic lung compliance Cdð Þ ¼ VT= Pmax � PEEPð Þ;
Respiratory index RIð Þ ¼ P A� aDO2ð Þ=PaO2;

where P(A - aDO2) = 713FiO2 - PaCO2 - PaO2.

Heart Function

Heart function was evaluated before the operation by left

ventricular fractional shortening (LVFS) and left ventricu-

lar ejection fraction (LVEF) derived from echocardiogra-

phy. Two hours, 4 h, 12 h, and 24 h after the operation,

heart function was assessed by inotropic support require-

ment rather than data from echocardiography. The inotropic

support requirement was quantified by calculating the ino-

tropic score from the dosage of inotropic drugs (IS =

dopamine 9 1 ? dobutamine 9 1 ? amrinone 9 1 ? mil-

rinone 9 10 ? adrenalin 9 100 ? isoprenaline 9 100).

Inflammatory Mediators and Enzymes

Five minutes before the sternotomy and 2, 4, 12, and 24 h

after surgery, venous blood was sampled from the jugular

venous line for measurement of the cytokines interleukin

(IL)-6, IL-8, and IL-10, tumor necrosis factor (TNF)-a,

lactate dehydrogenase (LDH), creatine kinase (CK) and its

isoenzyme (CK-MB), and troponin I (TnI). Venous blood

from the coronary sinus was also obtained twice (once

before the administration of aortic cross-clamp and once

5 min after clamp removal; once cardiopulmonary bypass

began, hypothermic temperatures usually resulted in low

heart rates, which made it possible to obtain venous blood

from the coronary sinus via an urethral catheter placed

through a small incision in the right atrium before the heart

arrested) for measurement of malondialdehyde (MDA) and

superoxide dismutase (SOD). Samples were collected and

immediately centrifuged. The resulting plasma and serum

were frozen at –70�C for later analysis by commercially

available kits. To rule out the influence of hemodilution,

all values were normalized to real-time hematocrit (HCT)

by the following equation: final value = measured value 9

preoperative HCT/real-time HCT.

Heat Shock Protein 70

The right atrial appendages were excised routinely for

superior vena cava cannulation. These appendages were

frozen at –70�C for later Western blot analysis for HSP 70

content.

Samples from cardiomyocytes were homogenized in

lysis buffer. The total protein concentration in each sample

was determined by the Bradford method. Forty micrograms

of total protein from each sample was separated on a SDS-

polyacrylamide gel, transferred to a PVDF membrane, and

then blocked in TBST (5% BSA) for 3 h. Primary antibody

(mouse anti-human HSP 70 monoclonal antibody) and

secondary antibody (horseradish peroxidase labeling) were

incubated at room temperature for 2 and 1 h, respectively.

After chemiluminescence detection, film images were

scanned by a gel imaging system (Bio-RAD GelDOC

2000) and analyzed using Bio-Rad Quantity One software

(version 4.03). HSP 70 protein concentration was quanti-

fied by densitometry and reported as a gray scale score. b-

Actin was used as a control.

Statistical Analysis

Data were expressed as mean ± SE. Statistical Product and

Service Solutions 13.0 software (SPSS Institute) was used

for all analyses. An independent-sample t-test was per-

formed to check for differences in each variable at the

same time points between the two groups. The critical

alpha level for these analyses was set at p \ 0.05.

Results

Patients and the Surgical Outcome

Sixty infants were enrolled in this study (30 in the RIPC

group and 30 in the control group). The age and weight of

the RIPC and control groups ranged from 81 to 270 days

and from 4.3 to 7.0 kilograms, respectively. The mean age

and weight were not significantly different between the two

study groups. Limb RIPC procedures were carried out

uneventfully in all patients in the RIPC group (Chinese

infants are more sensitive to chloral hydrate and more

tolerant to pain caused by the blood pressure cuff). Forty

patients (21 in the RIPC and 19 in the control group) had

mild pulmonary hypertension. The mean bypass and cross-

clamp times were not significantly different. Concomitant

heart lesions presented as atrial septal defects in 12 patients

and mild right ventricular outflow tract obstructions pre-

sented in 4 patients. The septal defects were closed by

patches with running sutures (in 22 infants) or interrupted

sutures (in 38 infants). All operations were performed

uneventfully and no patients were left with hemodynami-

cally significant residual lesions or atrioventricular blocks.

The ventilator support time and duration of in intensive

care unit stay for the RIPC and control groups were not

significantly different (Table 1). No infants died within

6 months after discharging from the hospital. No signs of

limb pain, functional disability, or sensory disability were

observed postoperatively. In addition, ultrasound findings

of upper arm vessels were normal in both groups. Follow-
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up exams were performed on all patients 6 months after

hospital discharge. In every case, radial artery pulse was

normal and Allen’s test was negative.

Lung and Heart Functions, Enzymes and Inflammatory

Mediators

Data on lung compliance, respiratory index, postoperative

inotropic score, leakage of myocardial enzymes, and

release of inflammatory cytokines are shown in Table 2.

Static lung compliance (Cs), dynamic lung compliance

(Cd), and respiratory index (RI) were not significantly dif-

ferent between treatment groups at the preoperative baseline

measurement. Postoperative differences in these measures

Table 1 Patient and outcome data

Control group RIPC group

Gender (male/female) 16/14 18/12

Age (days) 154.13 ± 55.82 160.83 ± 58.39

Weight (kg) 5.64 ± 0.92 5.75 ± 1.03

VSD diameter (mm) 10.40 ± 3.28 10.67 ± 2.66

Pulmonary hypertension 21 infants 19 infants

Bypass time (min) 33.77 ± 9.62 34.47 ± 10.88

Aortic clamp time (min) 24.17 ± 8.21 24.13 ± 9.83

Ventilator support time (h) 61.13 ± 30.14 66.23 ± 51.89

Duration of ICU (days) 5.47 ± 1.53 5.10 ± 2.43

Note: All variables compared between groups were not significantly

different

Table 2 Data of lung and heart function, inflammatory mediators

Baseline 2 h postop 4 h postop 12 h postop 24 h postop

Cs Contr 9.67 ± 3.44 7.06 ± 1.64 5.83 ± 1.04* 6.34 ± 1.70* 9.16 ± 2.95*

RIPC 10.44 ± 4.41 7.40 ± 2.37 6.57 ± 1.68* 8.55 ± 2.23* 11.22 ± 4.16*

Cd Contr 3.97 ± 0.82 3.36 ± 0.73* 2.84 ± 0.51* 3.24 ± 0.85* 4.06 ± 1.23

RIPC 4.25 ± 1.10 4.00 ± 0.92* 3.28 ± 0.80* 4.06 ± 0.92* 4.27 ± 1.17

RI Contr 1.36 ± 0.20 2.82 ± 0.38* 3.71 ± 0.47* 3.56 ± 0.72* 2.90 ± 0.87*

RIPC 1.42 ± 0.17 2.50 ± 0.45* 3.36 ± 0.60* 3.31 ± 0.91* 2.25 ± 1.00*

LVEF Contr 64.80 ± 6.21 None

RIPC 65.27 ± 5.85

LVFS Contr 38.43 ± 5.19 None

RIPC 37.53 ± 4.27

IS Contr None 15.87 ± 3.10 15.87 ± 4.21* 10.67 ± 2.95* 6.87 ± 1.74

RIPC 18.47 ± 20.00 12.10 ± 4.63* 8.63 ± 3.02* 6.47 ± 1.68

LDH Contr 164.83 ± 43.34* 509.17 ± 104.81 519.49 ± 94.71* 477.01 ± 110.00* 418.25 ± 98.38*

RIPC 198.19 ± 46.47* 522.20 ± 118.72 447.83 ± 120.98* 377.27 ± 76.00* 294.12 ± 79.69*

CK Contr 41.75 ± 12.47* 278.84 ± 63.79 405.55 ± 84.03 473.62 ± 78.94* 409.65 ± 98.90

RIPC 72.30 ± 11.76* 286.67 ± 51.81 415.74 ± 86.67 412.61 ± 75.61* 388.73 ± 94.46

CK-MB Contr 9.46 ± 4.33* 57.25 ± 17.28* 75.68 ± 16.04* 75.12 ± 17.61* 53.52 ± 11.13*

RIPC 15.48 ± 4.32* 48.84 ± 15.02* 53.42 ± 18.05* 56.09 ± 17.67* 46.13 ± 15.41*

TnI Contr 0.64 ± 0.30* 2.35 ± 0.43* 2.41 ± 0.32* 2.00 ± 0.29 1.65 ± 0.41

RIPC 1.10 ± 0.30* 2.05 ± 0.41* 2.10 ± 0.32* 1.90 ± 0.35 1.70 ± 0.39

IL-6 Contr 1.44 ± 0.56* 34.93 ± 14.29 138.79 ± 34.30* 90.05 ± 31.68 29.03 ± 6.55

RIPC 2.92 ± 1.54* 30.81 ± 13.28 105.90 ± 35.49* 87.27 ± 23.54 30.28 ± 7.15

IL-8 Contr 1.87 ± 0.90* 18.37 ± 4.50 23.46 ± 5.48* 27.80 ± 7.86* 12.35 ± 6.64

RIPC 3.96 ± 1.87* 17.57 ± 6.01 19.42 ± 5.87* 17.58 ± 9.11* 10.69 ± 6.87

IL-10 Contr 3.31 ± 1.50* 31.21 ± 12.45 81.52 ± 21.43 35.97 ± 12.70 8.12 ± 2.59*

RIPC 5.56 ± 1.98* 32.31 ± 10.61 72.03 ± 24.26 38.94 ± 15.76 10.73 ± 2.97*

TNF-a Contr 1.51 ± 0.50* 9.47 ± 2.61 10.03 ± 2.42* 7.04 ± 2.16* 3.62 ± 0.98*

RIPC 2.15 ± 0.56* 10.07 ± 2.75 8.67 ± 2.66* 5.40 ± 1.72* 2.57 ± 0.58*

Note: Cs and Cd measured in ml/cm/H2O; LVEF and LVFS in percent; IS measured in lg/kg/min; LDH, CK, and CK-MB measured in U/l; TnI

measured in lg/l; IL-6, IL-8, IL-10, and TNF-a measured in pg/ml

* p \ 0.05, between groups
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between treatment groups might highlight protection from

pulmonary ischemia–reperfusion injury. Furthermore,

changes in protective effect over time might reflect the

natural progression of early-phase and/or late-phase RIPC

protection. Shortly after the operation, Cs and Cd values

decreased and RI values increased across both treatment

groups. Compared to the control group, the RIPC group had

significantly higher Cs at 4, 12, and 24 h (5.83 ± 1.04

ml/cm/H2O vs. 6.57 ± 1.68 ml/cm/H2O, p = 0.044; 6.34 ±

1.70 ml/cm/H2O vs. 8.55 ± 2.23 ml/cm/H2O, p = 0.000;

and 9.16 ± 2.95 ml/cm/H2O vs. 11.22 ± 4.16 ml/cm/

H2O, p = 0.040, respectively) and Cd at 2, 4, and 12 h

(3.36 ± 0.73 ml/cm/H2O vs. 4.00 ± 0.92 ml/cm/H2O, p =

0.004; 2.84 ± 0.51 ml/cm/H2O vs. 3.28 ± 0.80 ml/cm/

H2O, p = 0.015; and 4.06 ± 1.23 ml/cm/H2O vs. 4.27 ±

1.17 ml/cm/H2O, p = 0.001, respectively). The RIPC group

also had lower values of RI at all postoperative time points

(2.82 ± 0.38 vs. 2.50 ± 0.45, p = 0.005; 3.71 ± 0.47 vs.

3.36 ± 0.60, p = 0.017; 3.56 ± 0.72 vs. 3.31 ± 0.91,

p = 0.041; and 2.90 ± 0.87 vs. 2.25 ± 1.00, p = 0.012,

respectively).

Similar to lung function, preoperative heart function was

not significantly different between groups as assessed by

LVEF and LVFS. However, infants in the control group

presented greater inotropic need than those in the RIPC

group, at 4 h and 12 h after surgery (15.87 ± 4.21 lg/kg/

min vs. 12.10 ± 4.63 lg/kg/min, p = 0.002; and 10.67 ±

2.95 lg/kg/min vs. 8.63 ± 3.02 lg/kg/min, p = 0.011,

respectively). Instead of LVEF and LVFS, heart function

was assessed by inotropic score and serum myocardial

enzyme concentration at postoperative time points.

Compared with the control group, the RIPC group had

higher serum concentrations of myocardial enzymes LDH,

CK, CK-MB, and TnI at the baseline measurement

(p = 0.006, 0.000, 0.000, 0.000, respectively). Postopera-

tively, the serum levels all of myocardial enzymes

increased in both treatment groups. However, in compari-

son with the control group, the RIPC group had lower LDH

at 4, 12, and 24 h (p = 0.013, 0.000, 0.000, respectively),

lower CK at 12 h (p = 0.003), lower CK-MB at all time

points (p = 0.049, 0.000, 0.000, 0.000, respectively), as

well as lower TnI at 2 h and 4 h (p = 0.007, 0.000,

respectively) (Table 2).

Baseline serum levels of inflammatory mediators,

including IL-6, IL-8, IL-10, and TNF-a, were higher in the

RIPC group than in the control group (Fig. 1). After the

operation, blood concentrations of cytokines increased

markedly in both groups. Yet, compared with patients in

the RIPC group, infants in the control group had higher

levels of IL-6 at 4 h (138.79 ± 34.30 pg/ml vs. 105.90 ±

35.49 pg/ml, p = 0.001), higher levels of IL-8 at 4 and

12 h (23.46 ± 5.48 pg/ml vs. 19.42 ± 5.87 pg/ml, p =

0.003; and 2.41 ± 0.32 pg/ml vs. 2.10 ± 0.32 pg/ml, p =

0.000, respectively) and lower levels of IL-10 at 24 h

(8.12 ± 2.59 pg/ml vs. 10.73 ± 2.97 pg/ml, p = 0.001);

TNF-a was also higher in the control group at 4, 12, and

24 h postoperatively (10.03 ± 2.42 pg/ml vs. 8.67 ± 2.66

pg/ml, p = 0.042; 7.04 ± 2.16 pg/ml vs. 5.40 ± 1.72

pg/ml, p = 0.002; and 3.62 ± 0.98 pg/ml vs. 2.57 ±

0.58 pg/ml, p = 0.000, respectively).

MDA and SOD

Before administration of the aortic cross-clamp, the coro-

nary sinus venous blood concentration of MDA and SOD

was not significantly different between groups. Five min-

utes after removal of the aortic cross-clamp, however,

MDA was lower (4.50 ± 1.68 nmol/mgpro vs. 3.61 ± 1.59

nmol/mgpro, p = 0.050) and SOD was higher (53.16 ±

11.91 nmol/mgpro vs. 75.22 ± 15.22 nmol/mgpro, p =

0.000) in the RIPC group compared with the control group

(Table 3).

HSP 70

Western blot analysis showed that cardiomyocytes from

the RIPC group had higher expression of HSP 70 protein

compared with the control group (31.85 ± 12.20 vs.

41.41 ± 13.49, p = 0.006).

at baseline
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Fig. 1 At baseline, IL-6, IL-8, IL-10, and TNF-a were higher in the

RIPC group

Table 3 Coronary sinus venous blood concentration of MDA and

SOD

MDA (nmol/mgpro) SOD (nU/mgpro)

Before clamp Control 3.77 ± 1.54 71.82 ± 11.66

RIPC 3.68 ± 1.52 76.75 ± 14.23

After clamp Control 4.50 ± 1.68* 53.16 ± 11.91*

RIPC 3.61 ± 1.59* 75.22 ± 15.22*

Note: In the RIPC group, 5 min after remove the clamp, MDA was

lower but SOD was higher, * p = 0.050, 0.000, respectively
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Discussion

Ischemia–reperfusion injury seems almost inevitable during

the surgical repair of congenital heart defects, which require

cardioplegic arrest and a temporary block of cardiomyocyte

perfusion. In turn, these procedures result in a measurable

degree of left ventricular dysfunction even after the repair

of ‘‘simple’’ congenital defects [2]. Direct ischemic pre-

conditioning and RIPC aimed to reduce the adverse effects

of IRI after cardiac surgery have been investigated by many

researchers, both in the clinical setting [1] and in experi-

mental animal models [7]. The existence of early-phase

protection, as well as durable ‘‘second-window’’ protection

lasting from the early phase, has been confirmed by land-

mark studies [4]. We hypothesized that early-phase and

second-window RIPC can combine to achieve greater pro-

tection from myocardial and pulmonary IRI than a single

protocol, in the early postoperative time frame. In this

clinical trial, we induced left upper arm RIPC at 24 and 1 h

before surgery in infants, to reinforce the protective effects

of RIPC. Presumably, the timing of our protocol also

ensures that early-phase and second-window protection

should overlap. In contrast to direct local IPC, limb RIPC is

a noninvasive technique with the advantages of easy

application and a lack of ethical concerns. Furthermore, the

effects of limb RIPC are relatively benign; no signs of

myocardial dysfunction, risk of arrhythmia, low cardiac

output, or secondary organ injury caused by RIPC were

found during the entire trial. One can confidently infer the

safety of RIPC from data on limb function and sensory

disability outcomes and from short-term surgical outcomes.

Our data indicate that 5 min before sternotomy (at the

baseline measurement), the release of pro-inflammatory

cytokines and the leakage of heart enzymes were signifi-

cantly higher in the RIPC group than in the control group.

Most reports using a single treatment of direct IPC [8] or

limb RIPC [3, 17] immediately before sustained IRI did not

show a significant difference in the level of cytokines or

heart enzymes during the early phase of reperfusion.

Therefore, we speculate that the increased serum cytokines

and enzymes might be primarily associated with late-phase

(second-window) protection, induced by the first RIPC

treatment given 24 h prior to surgery. Serum levels of pro-

inflammatory mediators were lower in the RIPC group,

whereas levels of anti-inflammatory mediator IL-10 were

higher at various postoperative time points, which suggests

that the inflammatory cascade was attenuated by the

overlapping effects of early- and late-phase protection from

two rounds of preconditioning. Additionally, leakage of

LDH, CK, CK-MB, and TnI were also inhibited to varying

degrees in the RIPC group at several postoperative time

points, compared to the control group. These results also

suggest that myocardial IRI was attenuated by the

‘‘nonlocal’’ effect of two rounds of ‘‘remote’’ ischemic

preconditioning. Notably, limb RIPC also reduced oxygen

free-radical formation in coronary sinus venous blood, as

evidenced by increased concentrations of SOD and

decreased concentrations of the lipid peroxidation product

MDA. Consequently, the control group’s higher inotropic

score at 4 h and 12 h can be interpreted as reflecting a

greater degree of myocardial dysfunction.

During CPB and cardioplegic arrest, the lungs have

virtually no circulation except for the limited perfusion

provided by the bronchial arteries. As a result, the tem-

perature of the lungs is not substantially reduced during

hypothermic CPB; hence, lung tissue undergoes normo-

thermic ischemia and is subjected to IRI. This CPB-induced

lung IRI is mainly mediated by neutrophil activation,

leading to the release of proteases and oxygen radical spe-

cies [14]. Therefore, attenuation of the inflammatory reac-

tion cascade and a reduction in oxygen free-radical levels

should not only afford the heart protection but also protect

the lungs against IRI. In the study that first applied limb

RIPC in children, Cheung et al. [3] demonstrated that CPB-

induced SIRS was attenuated partially as shown by the

increased variance of IL-10 and a reduction in the levels of

TNF-a in the RIPC group. Equally important, the authors

anticipated that further repression of the inflammatory

response to CPB might occur if the RIPC stimulus were

applied 1 day before surgery. In our study, we designed our

RIPC treatments (24 and 1 h preoperatively) to coincide

with the conjecture mentioned here. In addition to the

attenuated inflammatory reaction cascade and the inhibited

leakage of heart enzymes, we also found that values of Cs

and Cd were lower and RI was higher in the control group,

suggesting that limb RIPC enhances lung preservation. The

current data indicating better cardiopulmonary protection

can be explained by the overlap of the two windows of

protection derived from the two limb RIPC treatments.

The protection from RIPC in the early phase of reper-

fusion is triggered by the release of several mediators

(including adenosine [10] and bradykinin [16]) and is

dependent on the activation of complex second-messenger

systems. Early-phase protection is protein synthesis inde-

pendent and continues into a later phase of protection,

which is protein synthesis dependent. Recently, an early

and late phase of remote protection was demonstrated in

human endothelium, with early-phase protection being

activated immediately after RIPC and lasting for 4 h. A

delayed phase of protection begins at 24 h and lasts for

48 h; notably, this phase is associated with protein

expression in the vascular endothelium [12]. HSP’s are

members of highly conserved protein families and function

as intracellular molecular chaperones that assist other

proteins in the folding, transport, and assembly into com-

plexes [6]. In our study, approximately 5 min before the
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aortic cross-clamp was placed, a small mass of right atrial

appendage was harvested and then analyzed by Western

blot to check the expression of HSP 70. It was noted that

even before the heart sustained IRI, the expression of HSP

70 had already increased in the RIPC group. It should be

pointed out that HSP 70 upregulation is associated with the

synthesis of mechanistic proteins, including inducible nitric

oxide synthase and mitochondrial KATP channels, which

mainly occurs after translocation of cytoplasmic nuclear

factors to the nucleus [9, 13]. Increased HSP 70 in the

myocardial samples from the RIPC group suggests that

HSP expression has an important role in the mechanism of

action for late-phase RIPC protection.

Despite significantly greater heart and lung injury in the

control group shown in our data, there were no differences

in indexes of surgical complications and outcomes such as

morbidity and mortality. Because we purposely chose

infants undergoing surgical repair of simple congenital

heart disease, the aortic cross-clamp times and the oper-

ating times were relatively short. Accordingly, the mor-

bidity and mortality were expected to be extremely low [5],

even in infants weighing less than 7 kg, who are treated

with routine CPB and convenient postoperative manage-

ment protocols. Hence, the lack of a difference in surgical

outcomes is not surprising. Limb RIPC might provide more

crucial and quantifiable protection against multiorgan IRI

in CPB patients with complex heart disease or in patients

with concomitant systemic disease. However, additional

studies are clearly required to assess this hypothesis.

Another shortcoming of this study is that we did not

enroll infants who underwent limb RIPC only one time

either 24 or 1 h preoperatively. Therefore, we did not

compare the protective effects of double RICP to single

RIPC. Additionally, it is impossible to determine the

optimal timing for administration of ischemic precondi-

tioning stimuli from our current study. In the future, it will

be important to characterize the time course of protection

from RIPC in greater detail and, in particular, to establish

whether there are two separate phases of protection.

Overall, we have demonstrated the myocardial and pul-

monary protective effects of limb RIPC using a simple and

noninvasive technique, which can be performed safely and

easily in infants without any clear ethical concerns. The

risk-to-benefit ratio of this therapy is so exceptional that a

large-scale clinical trial should be established at multiple

research centers, in order to optimize the time course and

magnitude of RICP stimuli as well as to investigate addi-

tional benefits that might last longer than 24 h.
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