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Abstract. The impact of interferon-γ (IFN-γ) late precon-
ditioning on myocardial ischemia-reperfusion injury during 
cardiopulmonary bypass (CPB) and the underlying mecha-
nism were investigated. Using a porcine model of myocardial 
ischemia-reperfusion injury during CPB with a 60-min aorta 
cross-clamp, 20 pigs (15±0.5 kg) were treated randomly with 
either a 1-ml (20,000 IU/kg) IFN-γ injection (IFN-γ group; 
n=10) or saline solution (control group; n=10) 24 h prior to 
CPB. Heart rate, blood pressure, left ventricular end-systolic 
pressure (LVESP), left ventricular end-diastolic pressure 
(LVEDP), creatine kinase isoenzyme-MB (CK-MB), and 
cardiac troponin I (cTnI) were measured before CPB, before 
aortic clamping, and at post-reperfusion intervals of 10, 30, 60 
and 120 min. Heat shock protein 70 (HSP70), Mn-superoxide 
dismutase (Mn-SOD) and inducible nitric oxide synthase 
(iNOS) were measured by immunohistochemical staining 
in pre-CPB myocardial tissues. Myocardial cell apoptosis 
TUNEL measurement was assessed in samples obtained 
60  min following reperfusion. Both groups exhibited no 
statistical differences in age, weight, gender and preopera-
tive cardiac function, and worsened left ventricular function, 
and hemodynamic index reductions, and significant cTnI and 
CK-MB leakage was observed 10 and 30 min after reperfu-
sion. At 10, 30 and 60 min following reperfusion, ventricular 
function and leakage of the IFN-γ group were significantly 
improved, and expression of HSP70, iNOS and Mn-SOD 
increased and myocardial cell apoptosis decreased. IFN-γ late 
preconditioning exhibited preventative effects on myocardial 
tissues in pigs during CPB surgery, likely due to increased 
HSP70, Mn-SOD and iNOS expression.

Introduction

Myocardial ischemic-reperfusion occurs following ischemic 
treatment of acute coronary syndromes and cardiopulmo-
nary bypass (CPB) (1). CPB is associated with postoperative 
organ dysfunction and cardiovascular instability due to the 
contact of blood components with artificial surfaces, aortic 
cross‑clamping, allogeneic blood transfusion, and cardioplegic 
methods, often resulting in systemic inflammatory response 
syndrome (SIRS) (2). First developed in 1953, steady improve-
ments in biocompatible materials, arterial filtering, membrane 
oxygenation and centrifugal blood pumping have reduced CPB 
mortality (2,3), although the window for sustained ischemia 
before tissue damage occurs remains extremely narrow.

In myocardial ischemia, prompt blood flow restoration 
is the most significant factor for limiting infarct size and 
mortality. Reperfusion injury can result from delayed blood 
flow return (4), causing myocardial, vascular and electrophysi-
ological dysfunctions that commonly result in arrhythmias, 
microvascular dysfunction, endothelial cell damage, myocar-
dial stunning, death of myocytes and infarction (1). Following 
treatment with CPB for congenital heart disease, Egan et al (5) 
suggested that low cardiac output, the primary cause of 
morbidity following surgical intervention, was associated with 
tissue edema. Other research suggests that poor outcomes 
result from myocyte apoptosis caused by ischemic reperfusion 
mitochondrial activation (6). The pathophysiology of myocar-
dial ischemic-reperfusion during CPB remains relatively 
unknown.

Ischemic-preconditioning (IPC) is endogenous myocardial 
protection involving natural defense mechanisms that, similar 
to related stress protein synthesis treatments, result in ischemia 
resistance (7). In 1986, Murry et al (8) first demonstrated that 
brief ischemic periods increase tissue tolerance for extended 
ischemia. In the ‘classical’ IPC framework, membrane recep-
tors associated with adenosine, catecholamines, acetylcholine, 
bradykinin and opioids, are activated (9); whereas, the ‘second 
window’ framework suggests that gene expression is altered 
resulting in the release of cardioprotective heat shock proteins 
(HSPs) and antioxidases  (10,11). Interventions that target 
mediators, such as PKC agonists, and end-effectors, such as 
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ATP-dependent potassium channel blockers are clinical IPC 
alternatives (7). Clinical applications of IPC may be beneficial 
when increasing the average critical ischemia time, defined as 
the duration of circulatory disruption compatible with 50% of 
tissue survival (11).

IPC pathophysiology is related to reduced loss of tissue 
high-energy phosphates during and post-ischemic pro-inflam-
matory neutrophil and mast cell-mediated microvascular 
injury, direct cellular toxicity of superoxide free radicals, 
platelet plugging and calcium overload  (8). A variety of 
apoptosis-associated factors released during CPB, including 
oxygen-free radicals, tumor necrosis factor-α (TNF-α), nitric 
oxide (NO), and neurohumoral factor angiotensin II (AII) are 
mediated by IPC treatment (12-14).

Endogenous pyrogens (EPs), including interferon γ 
(IFN)-γ, TNF-α, interleukin (IL)-1, and IL-6, exhibit heating 
effects and acute phase responses that increase HSP70 produc-
tion, resulting in transient ischemia protection (15) provided 
by various intracellular antioxidants (glutathione, tocoph-
erol, ascorbic acid and β-carotene), antioxidant enzymes 
[Mn-superoxide dismutase (Mn-SOD)], catalase, glutathione 
(GSH) peroxidase and HSP mRNA promoters (IL-1α and 
TNF) (16). Additionally, hypoxia and hypothermia increase 
levels of HSP70 and offer ischemia protection (16). Perfusion 
with a pro-inflammatory cytokine mixture consisting of IL-1β, 
TNF-α and IFN-γ, similar to hypothermia stress proteins, 
for 120 min was found to increase HSP and inducible NO 
synthase (iNOS) mRNA formation (17,18). Thus, IFN-γ and 
TNF-α may be associated with body temperature increases in 
hypothermia and the subsequent acute phase response in HSP 
production to generate ischemic protection.

Electron microscopy is the conventional standard for 
detecting cardiac apoptosis, although use of in situ terminal 
deoxynucleotidyl-transferase-mediated dUTP nick end 
labeling (TUNEL) assay is now common. In this method 
fragmented DNA strands are stained and quantified, although 
overestimation of apoptotic nuclei may occur due to the 
labeling of both RNA and DNA fragments in both healthy and 
necrotic cells (12,18).

The current study establishes an in  vivo CPB and 
ischemic-reperfusion model using porcine subjects to assess 
the impact of IFN-γ on ischemic-reperfusion injury during 
CPB over a 24-h period. Using ELISA and TUNEL assays, 
plasma troponin I (cTnI) and creatine kinase (CK-MB) levels 
were assessed, respectively. Additionally, expression levels 
of HSP70, Mn-SOD and iNOS were examined in sampled 
myocardial tissues in order to confirm the mechanism of 
ischemic-reperfusion injury.

Materials and methods

Animal subjects. Twenty local clean grade pigs (15±0.5 kg) 
aged 3-4 months of unspecified gender were provided by 
the Experimental Animal Center of Fudan University from 
stock at the breeding farm of the Shanghai Agricultural 
Institute (Shanghai, China) for use in the establishment of 
an animal model of CPB. All animal subjects were housed 
with ad libitum access to food (piglet pellet feed; Shanghai 
Xin-nong Feed, Shanghai, China) and filtered tap water under 
standard conditions of temperature (22˚C), humidity (60%), 

and a 12-h light/dark cycle for a minimum of 3 days prior to 
the experiments. Animal subjects were randomly divided into 
2 groups: the IFN-γ group and the control group. The current 
study was conducted in accordance with the National Institutes 
of Health (NIH) Guide for the Care and Use of Laboratory 
Animals and was approved by the Fudan University Animal 
Care and Use Committee.

Establishment of the CPB model. At 24 h prior to surgery, 
IFN-γ group subjects were treated with a subcutaneous injec-
tion of 20,000 IU/kg IFN-γ dissolved in 1 ml of saline solution, 
while control group subjects were injected with 1 ml of saline 
solution. Food was withheld from all subjects for 12 h prior 
to surgery. Ketamine (15-20 mg/kg), diazepam (0.5-1.0 mg/
kg), and atropine (1.0 mg) were injected intramuscularly for 
basal anesthesia, and intravenous access was established 
through the marginal vein of the ear. Simultaneously, the 
carotid artery was opened and punctured under direct vision, 
and a catheter was placed to monitor arterial blood pressure 
(BP). Continuous electrocardiogram (ECG) and heart rate 
(HR) monitoring were conducted and recorded throughout 
the procedures.

Subjects were treated with combined intravenous general 
anesthesia, induced by thiopental (5-10  mg/kg). During 
tracheostomy, breathing was controlled by a ventilator 
with a tidal volume of 10-15  ml/kg, respiratory rate of 
26-30  breaths/min, and oxygen concentration of 50-60%. 
Throughout the procedure, anesthesia was maintained by thio-
pental (2.5-4.0 mg/kg/h) and vecuronium (0.10‑0.15 mg/kg/h).

The heart was exposed by an incision in the center of the 
chest, and a left ventricular piezometer tube was inserted via the 
cardiac apex to continuously monitor blood pressure. Standard 
CPB was established using Fudan-16 uniform membrane 
oxygenators (Shanghai Fudan Biomaterials Co. Ltd., China) 
and St. Thomas' cardioplegic solution  (19). After aortic-
occlusion for 60 min, a normal sinus rhythm was restored. The 
bypass was stopped after 20-30 min of circulatory support, 
and the vascular catheter was unplugged. All subjects were 
sacrificed 120 min after surgery by an overdose of 10% potas-
sium chloride, while remaining in deep anesthesia. Animal 
hearts were then excised and processed.

Measurement of perioperative hemodynamics. HR, BP, 
systolic blood pressure (SBP), left ventricular end-systolic 
pressure (LVESP) and end-diastolic pressure (LVEDP) were 
measured at 6 time intervals: before CPB; 10 min after the 
beginning of the CPB procedure (-10 min), before cardiac 
arrest; at the time of cardiac arrest (0 min); and 10, 30, 60 and 
120 min after aortic opening. Body temperature was measured 
by anal thermometer and recorded each hour for the first 12 h 
following surgery.

Tissue sampling and histological examination. Prior to the 
establishment of CPB, 0.5 cm3 of right atrial appendage tissue 
was sampled by thoracotomy. Expression levels of HSP70, 
Mn-SOD and iNOS were analyzed by immunohistochemical 
methods. The proportion of apoptotic cells in heart tissues was 
examined in a 0.5 cm3 sample of right atrial appendage tissue 
taken 60 min after opening the aorta. All samples were stored 
in 10% formaldehyde until analysis.
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Cardiomyocyte apoptosis was examined using a TUNEL 
In situ Cell Death Detection kit (Roche, USA), according to 
the instructions provided by the manufacturer. Briefly, heart 
tissues were paraffin embedded, sliced to 5 µm thicknesses, 
deparaffinized with xylene, and stained with kit reagents for 
fluorescence microscopy (Olympus, Japan) by a technician in 
a blinded manner. Positive stained apoptotic cells (PCs) and 
total cells (TCs) were counted in 3 randomly selected visual 
fields and the values were used to calculate the apoptosis 
percentage (AP) for each sample:
                                           PC                              AP = ( ------ ) x 100                                           TC

Analysis of HSP70, Mn-SOD and iNOS expression in tissue 
samples. Sampled tissues were paraffin embedded, sliced to 
5 µm thicknesses, deparaffinized with xylene, treated with 3% 
H2O2 and goat serum blockers, and subjected to in-sequence 
heat-induced antigen retrieval. Specimens were incubated 
with mouse anti-pig HSP70 (1:75), rabbit anti-pig Mn-SOD 
(1 µg/ml) (both from Stressgen Biotechnologies, Canada), and 
rabbit anti-human iNOS (1:50; Affinity BioReagents, USA) 
for 1 h at 37˚C or overnight at 4˚C. Specimens were then 
washed 3 times for 5 min with a sodium perborate (PBS) wash 
and subsequently incubated with the secondary antibodies 
FITC‑labeled goat anti-mouse IgG (1:100) or TRITC-labeled 
goat anti-rabbit IgG (1:100) for 1 h at 37˚C. Specimens were 
again washed 3 times for 5 min with a PBS wash, and resul-
tant slices were mounted with glycerol. These specimens 
were observed using a fluorescence microscope (Olympus, 
Japan) by a technician blinded to the experimental grouping. 
Three visual fields were randomly selected for optical density 
analysis using a CKS400 imaging system (Zeiss, Germany).

Determination of plasma cTnI and CK-MB. Blood samples 
were obtained from the right atrium to measure cTnI and 
CK-MB levels at the same time points: before CPB; 10 min 
after the beginning of the CPB procedure (-10 min), before 
cardiac arrest; at the time of cardiac arrest (0 min); and 10, 30, 
60, and 120 min after aortic opening. Blood was collected into 
commercially available EDTA-treated (lavender tops) tubes 
and plasma was separated by refrigerated centrifugation for 
10 min at 1,000-2,000 x g followed by 15 min at 2,000 x g to 
deplete platelets.

The liquid component (plasma) was immediately trans-
ferred into a clean polypropylene tube using a Pasteur pipette 
and maintained at 2-8˚C. Alternatively, plasma samples were 
apportioned into 0.5-ml aliquots and stored at -20˚C. Blood 
plasma cTnI was determined by enzyme-linked immuno-
sorbent assay ELISA. Briefly, plasma cTnI concentrations 
were evaluated by ELISA using a commercially available 
kit (Biocheck, USA). All plasma samples, negative controls, 
and standard samples were measured in duplicate, and data 
were expressed as mean values of the 2 experiments. ELISA 
was performed according to the manufacturer's instructions, 
and sample concentrations were calculated from the standard 
curve. Blood plasma CK-MB levels were determined by 
N-acetyl-L-cysteine activation.

Correction of postoperative parameters. Due to the dilutional 
coagulopathy effect of CPB (20), all values of the postop-

erative parameters were corrected according to the following 
formula and subjected to statistical comparison with preopera-
tive values:
                                         Hbi                                                  Hb = (  ------ ) x V                                              Hbf               
where Hb represents the correction value, Hbi represents the 
value prior to CPB, Hbf represents the final value after CPB 
and V represents the measured value.

Statistical analysis. All data are expressed as means ± stan-
dard deviation (SD) and were analyzed using SPSS version 8.0 
(SPSS, Inc., Chicago, IL, USA) software. Comparison of the 
data at each time interval between the 2 groups was performed 
by t-tests, and at different time intervals between the 2 groups 
were compared by F-tests followed by Dunnett's tests. P-values 
<0.05 were considered to be statistically different (P<0.05), 
and P-values <0.01 were considered to be significantly statisti-
cally different (P<0.01).

Results

Postsurgical body temperature variation. No significant differ-
ence in initial body temperatures was observed between the 
IFN-γ group (38.15˚C) and control group (38.18˚C). The IFN-γ 
group evidenced significantly higher body temperature than 
that observed in the control group by the first hour following 
surgery (41.70˚C vs. 38.20˚C, respectively). Body temperatures 
in the IFN-γ group remained elevated until a slight decline 
of 0.15˚C was observed between postsurgical hours 8 and 
9. Between postsurgical hours 9 and 12, body temperatures 
in the IFN-γ group dropped dramatically from 42.45˚C to 
38.32˚C, values consistent with those observed in the control 
group (38.35˚C). In the control group, only a slight increase in 
body temperature of ~0.52˚C was observed between postsur-
gical hours 5-7, declining to ~38.89˚C by postsurgical hour 9. 
The body temperature elevation in the control group was much 
smaller than that observed in the IFN-γ group (Fig. 1).

Changes in perioperative hemodynamics. For all parameters 
(HR, SBP, LVESP and LVEDP), no significant difference 
was observed at -10  min and at 120  min following CPB 
surgery  (Fig. 2). Although no significant differences were 
observed prior to surgery, significantly lower HR and 
LVESP were observed in the IFN-γ group compared to the 

Figure 1. Change in pig body temperature over the 12 h period following CPB 
surgery. CPB, cardiopulmonary bypass.
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control group between 0 and 30 min after CPB surgery. The 
maximum HR value for the IFN-γ group (118.6 beats/min) was 
significantly lower than the maximum HR of the control group 
(138.9 beats/min) observed between 0 and 30 min following 
surgery. From 30-120 min, HR evidenced steady decreases in 
both groups, returning to 101.4 beats/min by 120 min after 
CPB surgery (Fig. 2a). Similarly, LVEDP peaked between 
0 and 30 min after CPB surgery, evidencing a steady decline 
to normal levels thereafter in both groups. Final LVEDP was 
slightly higher in the control group (2.6 mmHg) than that in 
the IFN-γ group (0.7 mmHg) (Fig. 2b).

LVESP and SBP were higher in the IFN-γ group compared 
with these values in the control group following CPB surgery. 
Initial LVESP values were 104.9 and 107.8 mmHg in the 
IFN-γ group and control group, respectively. The minimum 
LVESP values of 52.4  mmHg in the IFN-γ group and 
37.7 mmHg were achieved between 0 and 30 min after CPB 
surgery. Initial SBP values were 102.3 and 105.5 mmHg in 
the IFN-γ group and control group, respectively. Minimum 
SBP of 35.6 mmHg in the IFN-γ group and 35.6 mmHg in 
the control group were achieved between 0 and 30 min after 
CPB surgery (Fig. 2d). Although both groups showed a steady 
increase in LVESP and SBP values between 30 and 120 min 
after surgery, the IFN-γ group more quickly recovered normal 
LVESP (104.7‑102.7  mmHg) and SBP (98-99.2  mmHg) 
levels (Fig. 2c).

Changes in perioperative enzyme expression in myocardial 
tissues. Although initial values for cTnI were not significantly 
different between the IFN-γ group (3.70 ng/ml) and the control 
group (4.20 ng/ml) (P>0.05), cTnI in the control group was 
much lower following CPB surgery (P<0.01). In both groups, 
the rate of increase was largest between 0 and 60 min after 
CPB surgery, evidencing a slower rate of increase from 60 and 

120 min after surgery. The maximum cTnI level achieved by 
the IFN-γ group (100.12 ng/ml) was significantly lower than 
that achieved by the control group (166.98 ng/ml) (Fig. 3). 
Notably, plasma cTnI concentrations were significantly lower 
in the IFN-γ group at each time point after opening of the 
aorta than those of the control group (P<0.01).

Similarly, no significant difference in CK-MB activity was 
observed before CPB surgery in the IFN-γ group (2074.0 U/l) 
and the control group (1987.6 U/l) (P>0.05); however, overall 
increases in CK-MB activity were significantly lower in the 
IFN-γ group compared with the control group by 120 min 
(P<0.01). Both groups showed a dramatic increase between 
-10  and  30  min, followed by a gradual decrease from 
30 and 120 min. The final CK-MB activity value was signifi-
cantly lower in the IFN-γ group (3015.9 U/l) compared to 

Figure 2. Hemodynamic measurements of porcine subjects from -10 to 120 min after CPB surgery. Shown are values for (a) heart rate (HR), (b) left ventricular 
end-diastolic pressure (LVEDP), (c) left ventricular end-systolic pressure (LVESP) and (d) systolic blood pressure (SBP). CPB, cardiopulmonary bypass.

Figure 3. Measurement of cTnI of porcine subjects from -10 to 120 min after 
CPB surgery. cTnI, cardiac troponin I; CPB, cardiopulmonary bypass.
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5531.8 U/l in the control group (Fig. 4). Notably, changes in 
CK-MB paralleled changes in cTnI throughout the observation 
period.

Cardiomyocyte apoptosis. In the control group, hematoxylin 
and eosin (H&E) staining of postoperative myocardial 
tissue revealed cloudy, swollen cardiomyocytes with notable 
morphological disorders and significant myocardial intersti-
tial congestion (Fig. 5a). TUNEL results showed significant 
apoptosis of cardiomyocytes  (Fig.  5b) with an apoptotic 
ratio of 18.30±2.69%. In the IFN-γ group, pretreatment with 
INF-γ 24 h before surgery led to mild, cloudy swelling and 

no obvious morphological disorders in cells or myocardial 
interstitial congestion (Fig. 5c). Cardiomyocyte apoptosis was 
not apparent in the TUNEL assay (Fig. 5d), and a significantly 
lower apoptotic ratio of 5.16±1.22% was observed in the IFN-γ 
group (P<0.01).

Myocardial protein expression. No HSP70 expression was 
detected in myocardial cells in the control group using 
immunofluorescence staining (Fig. 6a). The same analytical 
technique, however, produced positive results for HSP70 
expression in myocardial cells of the IFN-γ group, character-
ized by uniform distribution of green fluorescence throughout 
the cytoplasm (Fig. 6b). The expression level was significantly 
higher than that of the control group (P<0.01). Overall, the 
expression level of HSP70 in the myocardial tissues of the 
IFN-γ group was significantly higher than that of the control 

Figure 5. Postoperative myocardial tissue staining results (magnification, 
x400). (a) Postoperative myocardial H&E staining of the control group, 
demonstrating obvious morphological disorders of cardiomyocytes and 
interstitial congestion; (b)  TUNEL staining of myocardial sections of 
the control group after surgery, showing apoptotic myocardial cells (←). 
(c)  Postoperative H&E staining of the IFN-γ group, demonstrating no 
obvious myocardial cell disorders; however, mild interstitial congestion was 
present. (d) Postoperative TUNEL staining of myocardial sections of the 
IFN-γ group, showing apoptosis in cardiomyocytes (←). IFN-γ, interferon-γ; 
TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end 
labeling. H&E, hematoxylin and eosin.

Figure 4. Measurement of CK-MB activity of porcine subjects from -10 to 
120 min after CPB surgery. CK-MB, creatine kinase isoenzyme-MB; CPB, 
cardiopulmonary bypass.

Figure 6. Immunofluorescence staining of HSP70, Mn-SOD and iNOS (mag-
nification, x400). (a) Immunofluorescence staining of HSP70 in preoperative 
myocardial tissues of the control group, demonstrating no HSP70 expression. 
(b) HSP70 staining in preoperative myocardial tissues of the IFN-γ group, 
demonstrating high levels of HSP70 expression. (c) Preoperative expression 
of myocardial Mn-SOD in the control group, demonstrating very low levels of 
Mn-SOD expression. (d) Preoperative expression of myocardial Mn-SOD in 
the IFN-γ group, demonstrating significantly elevated Mn-SOD expression. 
(e) Scarce iNOS expression was detected in the preoperative myocardium of 
the control group. (f) Elevated levels of iNOS expression were detected in the 
preoperative myocardium of the IFN-γ group. HSP70, heat shock protein 70; 
Mn-SOD, Mn-superoxide dismutase; iNOS, inducible nitric oxide synthase; 
IFN-γ, interferon-γ.
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group (P<0.01), indicating less myocardial injury and improved 
myocardial protection.

Immunofluorescence staining revealed very limited 
expression of Mn-SOD in the myocardial cells of the control 
group (Fig. 6c). Conversely, expression levels of Mn-SOD 
in myocardial cells of the IFN-γ group were significantly 
higher (P<0.01), as indicated by red fluorescence distributed 
throughout the cytoplasm (Fig. 6d).

Only very low levels of iNOS expression were detected 
in myocardial cells of the control group (Fig. 6e). Conversely, 
iNOS expression in the IFN-γ group was high, as indicated 
by red fluorescence distributed in the entirety of the cyto-
plasm (Fig. 6f). The difference in iNOS expression between 
the 2 groups was significant (P<0.01).

The optical densities were calculated based on immunoflu-
orescence images of HSP70, Mn-SOD and iNOS. As shown in 
Table I, expression levels for all 3 of these myocardial proteins 
were significantly higher in the IFN-γ group than values in the 
control group (P<0.01).

Discussion

Cardiac preconditioning aims to maintain normal enzyme 
levels and prevent apoptosis in cardiac cells during ischemia. 
Following treatment with IFN-γ 24 h prior to CPB surgery, 
expression of cardiac proteins HSP70, Mn-SOD and iNOS 
increased while cTnI and CK-MB activation decreased in the 
porcine CPB models. Although no significant differences in 
initial measurements existed between the IFN-γ and control 
group subjects, pigs treated with IFN-γ evidenced smaller peak 
abnormalities in HR, LVESP, LVEDP and SBP at 120 min and 
higher body temperatures in the first 12 h following surgery. 
Thus, preoperative IFN-γ treatment may provide clinically 
useful preconditioning by reducing detrimental enzyme levels 
following reperfusion and by upregulating beneficial HSPs.

Modern technology has reduced the invasiveness and blood 
loss in CPB. CPB surgeries, however, still generally require 
occlusion of the superior and inferior venae cavae to ensure a 
clear operative field (21), often resulting in damage and high 
mortality during reperfusion (22). Cardiac reperfusion injury 
primarily manifests as myocardial contractile dysfunction 
(myocardial stunning)  (23), cardiac enzyme leakage  (24), 
and apoptotic myocardial cells (6). Most notably, damage to 
myocardial cells during reperfusion results in enzyme release 
into the systemic blood supply, measurable in the plasma.

Measurement of plasma cTnI is considered the most reli-
able detector of myocardial damage, and moderating cTnI 
and related myocardial CK-MB levels has been suggested for 
myocardial protection (24). Onorati et al (24) reported that 
perioperative enoximone infusion improved cardiac enzyme 
release after CPB, demonstrating significant reductions in 
cTnI and moderate reductions in CK-MB. A similar study 
by Boldt et al (25) showed that pharmacologic interventions 
applied before the start of CPB most effectively protected 
the heart from ischemia-reperfusion injury by reducing 
postsurgical cTnI levels. The present study reported that the 
rapid increase in cTnI following reperfusion was reduced after 
surgery, consistent with previous reports. CK-MB levels paral-
leled cTnI levels throughout the observation period, suggesting 
IFN-γ reduces overall myocardial injury.

Apoptosis of cardiomyocytes is associated with heart 
failure and ischemic injury following reperfusion  (26). 
Reperfusion has been linked to accelerated apoptotic cell death 
in cardiomyocytes, impairing heart tissues (12). Brief ischemic 
periods can stimulate apoptosis, resulting in protective apop-
totic inhibitor Bcl-2 and Bax production, potentially involved 
in apoptosis prevention (27). Additionally, upregulation of FAS 
receptors occurs in failing cardiomyocytes, leading to cell 
apoptosis (28). Thus, preconditioning treatment with IFN-γ 
may enhance the production of anti-apoptotic compounds and 
potentially prevent FAS activation, thus significantly allevi-
ating myocardial tissue injury by reducing cell apoptosis.

Numerous reports have debated the mechanism of cardiac-
ischemic reperfusion injury, although the involvement of HSPs, 
Mn-SOD, and iNOS is well established. HSPs, particularly 
HSP70, protect cells from damage by extreme conditions (29). 
HSP70 upregulation facilitates normal cell growth, protects 
vessel endothelial cells and repairs protein damage  (30). 
Notably, elevated levels of HSP70 can reduce necrosis in heart 
and liver tissues subjected to ischemic conditions, although 
apoptotic effects were not reported (29). The abundant expres-
sion of HSP70 in current IFN-γ-treated subjects demonstrates 
the potential protective effect of HSP70 during ischemia in 
CPB.

Similarly, Mn-SOD, catalase, and Bcl-2 have been shown 
to play roles in cleaning cellular reactive oxygen species 
(ROS), preventing apoptosis  (31). In the present study, 
elevated Mn-SOD levels in IFN-γ-treated subjects suggest 
that reduced ROS damage to myocardial cells during cardiac 
ischemia‑reperfusion injury may contribute to reduced tissue 
damage. Since HSP70 can induce endogenous antioxidant 
enzymes and increase their activity, IFN-γ may act through 
HSP70 to indirectly induce increased Mn-SOD expression, 
meriting further study.

The impact of the important signaling molecule nitric 
oxide (NO) in cardiomyocytes during myocardial ischemia 
and reperfusion has resulted in conflicting reports of protec-
tive, deleterious, or null effects (32). Since NO is generated 
from L-arginine by nitric oxide synthase (NOS), levels of 
endothelial NOS (eNOS), neuronal NOS (nNOS), and induc-
ible NOS (iNOS) can be examined to draw conclusions about 
cellular NO levels. While the constructive NOSs (cNOS) 
eNOS and nNOS occur in normal myocardium tissues, iNOS 
is only expressed when tissues are subjected to stimuli (33). 
When activated, iNOS produces high levels of NO to exert 

Table I. Myocardial protein HSP70, Mn-SOD and iNOS 
expression in the IFN-γ and control groups.

	 Control group	 IFN-γ group
Proteins	 (n=10)	 (n=10)	 T-value	 P-value

HSP70	 0.00±0.00	 0.67±0.03	 -39.223	 <0.001
Mn-SOD	 0.12±0.03	 0.77±0.03	 -42.909	 <0.001
iNOS	 0.08±0.02	 0.56±0.05	 -30.326	 <0.001

HSP70, heat shock protein 70; Mn-SOD, Mn-superoxide dismutase; 
iNOS, inducible nitric oxide synthase; IFN-γ, interferon-γ.
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its biological effects. Compared with cNOSs, iNOS releases 
NO slowly after stimulation but sustains this release for longer 
periods (34). Consistent with the characteristics of iNOS as 
previously described, IFN-γ pretreatment appeared late but 
maintained its protective effect for a relatively long period.

NO may be more important to the cardioprotective 
effect provided by preconditioning as previously thought, as 
suggested by applications of NO-donor drugs (35). Possible 
mechanisms of NO action include: i) activation of guanylate 
cyclase to produce cGMP, activating protein kinase G and 
opening mitochondrial potassium channels (36); ii) inhibition 
of platelet aggregation and thrombosis, reducing neutrophil 
infiltration and elevating inflammatory mediator release (37); 
iii) increased antioxidant enzymes and antioxidant response 
activity (38); iv) activation of COX-2 through PGE2 and PGI2 
and enhanced coronary vasodilation (39), and v) prevention of 
intracellular calcium overload (40). Sareila et al (41) reported 
that IFN-γ induced expression of iNOS. Similarly, in the 
present study, IFN-γ‑treated subjects exhibited elevated iNOS 
levels, suggesting protective upregulation of iNOS expression 
and increases in endogenous NO.

The recognized protective effect of NO provides a 
theoretical basis for IFN-γ pretreatment for cardiac ischemia-
reperfusion injury preconditioning involving release of 
endogenous NO over exogenous NO release. Benefits include 
i) site-specific release at the interface of endothelium and 
plasma with phase-specific reperfusion; ii) distribution inde-
pendent of coronary blood flow; and iii) effective regulation 
of overproduction (35). The full mechanisms involved in these 
interactions, however, require further research prior to clinical 
recommendations.

In conclusion, IFN-γ preconditioning administered 24 h 
prior to CPB surgery alleviated symptoms of ischemic-reper-
fusion injury following CPB in in vivo porcine models, likely 
due to increased expression of HSP70, Mn-SOD and iNOS. 
Impaired cardiac function recovery, cardiac enzyme leakage, 
and apoptosis were reduced with IFN-γ preconditioning, 
suggesting a protective effect on myocardium tissues during 
the late phase of CPB. Expression levels of HSP70, Mn-SOD 
and iNOS were slightly elevated in myocardial cells treated 
with IFN-γ and apoptosis was reduced. IFN-γ preconditioning 
is a viable alternative to drug-induced late preconditioning for 
endogenous myocardial protection during open heart surgery.
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