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Although reperfusion therapy is the gold standard for the survival of 
ischemic tissue and the prevention of further ischemic damage, it 

can also cause unavoidable damage to myocardial tissue by initiating a 
series of events involving both intracellular and extracellular mecha-
nisms (1). Murry et al (2) were the pioneers in the field of precondi-
tioning (PC). They introduced the idea that stimulating the heart 
before sustained ischemia can protect the cardiomyocytes from isch-
emia reperfusion (I/R) damage. Later, the same findings were reported 
by another study (3). Several methods of PC were shown to be effective 
in protecting the heart (4-10). However, the role of some pharmaco-
logical PC methods and the synergy in different PC methods are not 
completely understood. Furthermore, the role of some elements, such as 
tumour necrosis factor-alpha (TNF-α) in I/R damage or PC protection, 
is not clear. Several studies have shown TNF-α to be detrimental to the 
heart, contributing to myocardial dysfunction and cardiomyocyte death 
in myocardial I/R injury (11). I/R injury is reported to be associated 
with increased TNF-α expression (11). TNF-α was also reported to be a 
contributing factor in the deterioration observed in other heart diseases 
(12). It has been shown to be an apoptotic agent in many cell types 
(including those in the heart) (13). Other studies suggested that it may 
be a trigger for ischemic PC (IPC) protection (14,15). Therefore, the 
effects of TNF-α must be carefully examined to discriminate between 
its detrimental and protective roles.

The effects of 17-beta estradiol (E2) on the heart are far from being 
understood. Although it was shown to be protective against I/R damage 
(16), it was contradictorily proven to be detrimental in other studies 
(17). Recently, some studies (18,19) showed that pretreatment of the 
heart with E2 could protect against subsequent I/R damage. It was also 
shown that pretreatment with E2 can offer protection similar to that of 
IPC (20). Although the evidence is  limited, the use of E2 in PC has 
shown significant protection against I/R injury (6). In 2006, Xu et al 
(10) reported that E2 modulates TNF-α expression and the expression 

of its receptors. Controversial results were also reported by another 
study (21). In the present study, we investigated the detrimental 
effects of TNF-α on the heart and the salvage action of normothermic 
IPC (NIPC), hyperthermic IPC (HIPC) and E2 PC. We also evaluated 
the protective effect of combining two methods – HIPC and E2 PC or 
E2 pretreatment – against TNF-α-associated damage.

patients and methods
The study was performed according to laboratory animal care guide-
lines of Kuwait University (Kuwait). Animal handling and treatment 
were performed in accordance with the international standards for 
animal use. Hearts were obtained from male Sprague-Dawley rats 
weighing between 300 g and 400 g. The animals were anesthetized 
with an intraperitoneal injection of sodium pentobarbital (60 mg/kg) 
and anticoagulated with heparin (1000 U/kg body weight) through 
the femoral vein. The hearts were attached to a perfusion apparatus, as 
described previously by Ghadhanfar and Juggi (22). The hearts were 
briefly perfused in retrograde fashion with freshly prepared Krebs-
Henseleit solution. The buffer was oxygenated with a mixture of O2
(95%) and CO2 (5%), pH 7.35 to 7.45, at a temperature of 37.0±0.5°C. 
An alcohol-filled latex balloon was inserted through the left atrium 
into the left ventricle. This balloon was attached to a pressure transdu-
cer, which converted the mechanical pressure energy into electrical 
signals that were amplified by a DC bridge amplifier interfaced with a 
personal computer for online monitoring of left ventricular pressure 
and its derivatives. Under basal control conditions, the left ventricular 
end-diastolic pressure (LVEDP) was kept constant at 5 mmHg by suit-
ably adjusting the volume of the balloon with 50% alcohol. Left ven-
tricular developed pressure (Pmax) was derived from the online 
acquisition of left ventricular systolic pressure by Max-Min module 
(Number MMM type 668 [Hugo Sachs Elektronik – Harvard Apparatus 
GmbH, Germany]). This module converted the output from the DC 
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BaCkground: Tumour necrosis factor-alpha (TNF-α) has been reported 
to play an important role in ischemia reperfusion injury and ischemic pre-
conditioning (IPC). However, its role is not completely understood. 
Recently, normothermic IPC (NIPC), hyperthermic IPC (HIPC), precondi-
tioning (PC) with 17-beta estradiol (estrogen, E2) and E2 pretreatment were 
proven to be effective in reducing ischemia reperfusion injury. 
oBJeCtives: To investigate the detrimental effects of TNF-α on the 
heart, and the protective effects of NIPC, HIPC, E2 PC and pretreatment 
on TNF-α-induced injury. 
methods: A Langendorff-perfused rat heart model was used for the 
present study. Hearts isolated from male rats were studied under eight dif-
ferent conditions (n=5 each): negative control; control treated with 
TNF-α without any further treatment; NIPC (preconditioned at 37°C); 

HIPC (preconditioned at 42°C); E2 PC; E2 pretreatment; normal, 
untreated hearts plus E2; or pretreated hearts perfused for 60 min with 
TNF-α and an E2-containing buffer. 
resuLts: TNF-α treatment resulted in deterioration of heart function. 
HIPC offered better protection by significantly increasing left ventricular 
developed pressure (Pmax) and coronary flow (P<0.01), and by decreasing 
left ventricular end-diastolic pressure (P<0.01). NIPC or pretreatment of 
the hearts with E2 normalized left ventricular end-diastolic pressure, coro-
nary flow and coronary vascular resistance (P<0.001); however, it did not 
normalize Pmax. The combination of E2 and HIPC did not show any syn-
ergetic protection; however, the addition of HIPC normalized Pmax 
(P<0.001). 
ConCLusions: TNF-α treatment resulted in deterioration of heart 
hemodynamics, which were reversed by HIPC, E2 PC and pretreatment. 
The combination of these treatments did not add to the previously 
observed protection compared with when they were used individually.
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bridge amplifier to Pmax by subtracting LVEDP from the maximal left 
ventricular systolic pressure.

The perfusion pressure (PP) was kept constant at 50 mmHg 
throughout the experimental procedure in all protocols. PP was meas-
ured immediately downstream from the flow probe from a branch of the 
aortic canula using a statham pressure transducer (P23 Db). Constant 
PP was ensured electronically by means of the perfusion assembly 
(Module PPCM type 671 [Hugo Sachs Elektronik – Harvard Apparatus 
GmbH, Germany]). This system permits an accurate adjustment of PP 
of between 5 mmHg and 150 mmHg, with an accuracy of ±1 mmHg. 
The temperature of the perfusion medium was maintained at 37°C by a 
temperature-controlled circulating water bath (RMS Lauda [Lauda Dr 
R Wobser GMBH & Co, Germany] and Techne Circulator [Cole-
Parmer Instrument Company, USA]). This temperature was the base-
line control perfusion temperature for all protocols in the study. 
Myocardial temperature was monitored by a needle thermistor probe 
(Thermalert TH-5, Physitemp Instruments Inc, USA), which was 
inserted at the apex of the heart for each study protocol.

experimental protocol
unprotected perfusion with tnF-α: A perfusion solution containing 
20 ng/mL TNF-α (Sigma-Aldrich Inc, USA) was used for each experi-
ment (Figure 1). After initial stabilization with nonrecirculating perfu-
sion, the hearts (n=5) were perfused for 60 min at 37°C with 
Krebs-Henseleit buffer. At the end of the 60 min reperfusion period, 
left ventricle and coronary hemodynamics (Pmax, LVEDP, coronary flow 
[CF] and coronary vascular resistance [CVR]) were recorded. Thereafter, 
the hearts were switched to either the perfusion medium containing 
20 ng/mL of TNF-α for 60 min or the control perfusion (without TNF-α) 
(Figure 1, protocols A and B). During this period, left ventricle and 
coronary hemodynamics were continuously monitored.
protection with ipC: Hearts (n=5 per group) were exposed to PC tem-
peratures of 37°C and 42°C, respectively, before beginning 1 h recircula-
tion of TNF-α. PC for each temperature was achieved by two episodes of 
5 min ischemia at the required temperature followed by 10 min reper-
fusion at 37°C (Figure 1, protocol C). To attain the required temperature 

during PC periods, the heart was immersed in a temperature-controlled 
jacketed bath filled with isotonic saline. These preconditioned hearts 
were subsequently subjected to 1 h of perfusion with 20 ng/mL TNF-α 
(Figure 1C). Hemodynamic recovery was monitored and recorded during 
the recirculation period.
protection with e2 pC: After the initial stabilization period (60 min at 
37°C), the stabilized hearts (n=5 per group) were perfused with 0.7 ng/mL 
E2 (dissolved in 50% ethanol) for 15 min. All of the hearts were subse-
quently subjected to 1 h perfusion with TNF-α (20 ng/mL) and E2 
(0.7 ng/mL) (Figure 1, protocol D). Hemodynamic parameters were mon-
itored during stabilization and the 1 h treatment periods.
e2 pretreatment: Rats (n=5) were given intramuscular injections of 
250 µg/kg body weight of E2 3 h before they were sacrificed. The hearts 
were excised and stabilized through perfusion in a nonrecirculating 
mode at 37°C for 60 min. The stabilized hearts were subsequently 
subjected to 1 h of 20 ng/mL TNF-α perfusion (Figure 1, protocol E). 
Hemodynamic parameters were monitored and recorded during the 
stabilization and treatment periods.
Combined protection with hipC and e2 pC: The isolated hearts (n=5 
per group) were stabilized for 60 min and subjected to IPC – two epi-
sodes of 5 min ischemia each, separated by 10 min of reperfusion at 
42°C. The hearts were preconditioned with 0.7 ng/mL of E2 at the 
beginning of HIPC and followed by 1 h of 20 ng/mL TNF-α perfusion 
(Figure 1, protocol F). Hemodynamics were monitored and recorded 
during the stabilization and the intervention periods. In a second group, 
intramuscular injections of E2 (250 µg/kg body weight) were given 3 h 
before the rats were sacrificed. The hearts were excised and stabilized 
with 60 min of perfusion. The hearts (n=5 per group) were precondi-
tioned with two episodes of 5 min ischemia at 42°C, and 10 min of 
reperfusion at 37°C. This was followed by 1 h of TNF-α (20 ng/mL) 
perfusion (Figure 1, protocol G). Hemodynamics were monitored and 
recorded during the stabilization and intervention periods.

statistical analysis
The results were expressed as mean ± SEM for n values. For calculation 
of the mean values, a Microsoft Excel (Miscrosoft Corporation, USA) 
spreadsheet for Windows (Miscrosoft Corporation, USA) was used. 
ANOVA was used, and post hoc analysis of differences between two 
group means was performed using the unpaired t test (two tailed). The 
level of difference between a group mean and that of its control was 
calculated using the paired Student’s t test. Differences were considered 
to be significant at P<0.05.

resuLts
Hearts were isolated from the rats and were subjected only to TNF-α 
treatment, without any further intervention. Another subset was sub-
jected to NIPC, HIPC, E2 PC or E2 pretreatment. A third subset was 
treated with a combination of HIPC and E2 PC or E2 pretreatment 
(Figure 1).

Regarding ventricular contractility, TNF-α treatment resulted in 
deteriorated Pmax and LVEDP. The postperfusion recovery in Pmax in 
the TNF-α-treated hearts was significantly lower than that of the con-
trol hearts (58±5.4 mmHg and 93±6.6 mmHg; P<0.01, respectively). 
After 1 h perfusion with TNF-α, LVEDP significantly (P<0.001) 
increased threefold (21±0.6 mmHg) compared with control 
(6.3±0.5 mmHg). Conversely, coronary vascular dynamics were nega-
tively affected by TNF-α treatment. This treatment resulted in a signifi-
cant (P<0.001) decrease in CF of approximately 4.2±0.5 mL/min 
compared with control (8.3±0.5 ml/min). CVR was significantly 
(P<0.001) increased, reaching 20±0.5 mmHg/mL/min compared with 
control (7±1.5 mmHg/mL/min) (Figure 2).

protective role of hipC
NIPC did not show any significant difference in Pmax compared with 
TNF-α-treated hearts (66±6 mmHg and 58±5.4 mmHg, respectively). 
However, HIPC (42°C) resulted in a significant (P<0.05) recovery of 
Pmax compared with nonprotected TNF-α-treated hearts (77±5 mmHg 

Figure 1) A, B, C, D and E protocols were used for studies with tumour 
necrosis factor-alpha (TNF-α) perfusion (perf) and protection with ischemic 
preconditioning (IPC) and 17-beta estradiol (E2). Protocols F and G were 
used for combined protective studies with hyperthermic IPC and E2 perf and 
pretreatment. Rec Recirculating
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and 58±5.4 mmHg, respectively); although, it was still significantly lower 
than untreated controls. There was a significant (P<0.01) threefold 
increase in LVEDP in unprotected TNF-α-treated hearts and untreated 
controls (21±0.6 mmHg and 6.3±0.5 mmHg, respectively). NIPC and 
HIPC significantly reduced this LVEDP increase (14±0.5 mmHg, P<0.001; 
and 8.3±0.6 mmHg, P<0.001, respectively) compared with unprotected 
TNF-α-treated hearts (21±0.6 mmHg) (Figure 3).

TNF-α treatment resulted in a significant (P<0.001) decrease in CF 
(4.2±0.5 mL/min) compared with untreated control (8.3±0.5). 
Furthermore, the treatment with HIPC significantly (P<0.01) increased 
CF (6.8±0.7 mL/min) compared with TNF-α treatment (4.2±0.5) 
(Figure 3). Changes in CF were associated with a considerable increase 
in CVR (20±0.5 mmHg/mL/min) after TNF-α treatment compared 
with  untreated controls (7±1.5 mmHg/mL/min). Protection of the 
hearts with NIPC and HIPC significantly decreased the increase caused 
by TNF-α treatment (13.5±2 mL/min, P<0.05; and 9.3±1 mL/min, 
P<0.001, respectively) (Figure 3).

protective role of e2
effects of e2 pC: Treatment of the hearts with TNF-α resulted in 
maladaptation of ventricular contractility. Pmax was significantly 
(P<0.001) decreased compared with control (58±5.4 mmHg and 
93±6.6 mmHg, respectively). Preconditioning the heart with E2 for 
15 min before perfusion with TNF-α (E2 PC) showed improvement in 
Pmax compared with TNF-α-treated hearts (72±5 mmHg and 
58±5.4 mmHg) (Figure 4). LVEDP was also negatively affected by 
TNF-α treatment because it resulted in a significant (P<0.001) 
increase in LVEDP compared with control (21±0.6 mmHg and 
6.3±0.5 mmHg, respectively) (Figure 4). Cardiovascular dynamics also 
showed significant maladaptation with TNF-α treatment, which was 

abrogated by E2 PC. The significant increase in CVR (20±0.5 mmHg/
mL/min, P<0.001) caused by TNF-α treatment was prevented by E2 PC 
and brought to normal control level (7±0.7 mmHg/mL/min) (Figure 4). 
E2 PC also blocked the significant decrease in CF caused by the addi-
tion of TNF-α (8.5±0.5 mL/min, P<0.001) compared with TNF-α 
treatment (4.2±0.5 mL/min) (Figure 4).
effect of pretreatment with e2: Pretreatment of the hearts with E2 
3 h before starting the experiments showed results similar to that of 
E2 PC. Although the recovery of Pmax with E2 pretreatment was 
not significant, E2 pretreatment showed an improvement in its 
recovery compared with TNF-α treatment (72.5±5 mmHg and 
58±5.4 mmHg, respectively) (Figure 4). Pretreatment with E2 sig-
nificantly (P<0.001) reduced LVEDP compared with TNF-α treat-
ment (7.4±1.5 mmHg and 21±0.6 mmHg, respectively) (Figure 4). 
Similar protection by E2 pretreatment was also shown in coronary 
vascular dynamics. TNF-α treatment significantly decreased CF 
compared with control (4.2±0.5 mL/min and 8.3±0.5 mL/min, 
P<0.001, respectively). This decrease was completely blocked by pre-
treatment with E2 (8.4±0.6 mL/min) compared with TNF-α treatment 
(4.2±0.5 mL/min) (Figure 4). E2 pretreatment also significantly 
(P<0.001) prevented the increase of CVR of 20±0.5 mmHg/mL/min 
caused by TNF-α treatment and resulted in CVR of 7±6 mmHg/mL/min 
(Figure 4).
effect of hipC combined with e2 pC: The combined effects of 
HIPC and E2 PC on TNF-α-mediated perturbation of myocardial 
functions are shown in Figure 5. The combination of HIPC and E2 PC 
significantly (P<0.01) normalized Pmax compared with TNF-α 

Figure 3) Effect of ischemic preconditioning (PC) on tumour necrosis factor-
alpha (TNF-α)-mediated depressant effects on left ventricular contractility 
and coronary vascular hemodynamics. Data were computed at 60 min 
recirculation and expressed as mean ± SEM. **P<0.01; ***P<0.001 when 
compared with control; †P<0.05; ††P<0.01; †††P<0.001 compared with 1 h 
TNF-α perfusion. 1 h TNF-α 1 h of recirculating TNF-α perfusion; CF 
Coronary flow; Control 1 h of control perfusion; CVR Coronary vascular 
resistance; LVEDP Left ventricular end-diastolic pressure; Pmax Maximum 
developed pressure

Figure 2) Recovery in myocardial contractility (maximum developed pres-
sure [Pmax] and left ventricular end-diastolic pressure [LVEDP]) and cor-
onary vascular function (coronary flow [CF] and coronary vascular 
resistance [CVR]). Data were computed at 60 min recirculation and 
expressed as mean ± SEM. **P<0.01; ***P<0.001 when compared with 
respective controls. Control 1 h control perfusion; 1 h TNF-α 1 h of recircu-
lating tumour necrosis factor-alpha perfusion
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unprotected treatment (85±5 mmHg and 58±5.4 mmHg, respectively). 
There were no significant differences between the combined HIPC and 
E2 PC regimen, and the untreated control group. The combined regi-
men also significantly (P<0.001) decreased the large increase in LVEDP 
caused by the uncontrolled TNA-α treatment (21±0.6 mmHg to 
6.7±0.4 mmHg). The TNF-α-mediated depression in CVR was pre-
vented by the combined protective effect of HIPC and E2 PC. CF was 
normalized to 9±0.6 mL/min compared with TNF-α treatment (4.2±0.5, 
P<0.001). The combined regimen also significantly decrease CVR to 
6.7±0.2 mmHg/mL/min (P<0.001) compared with TNF-α treatment 
(20±0.5 mmHg/mL/min) (Figure 5).
effect of hipC combined with e2 pretreatment: Similar results were 
shown with combined HIPC and E2 pretreatment. Pmax was signifi-
cantly (P<0.01) increased compared with TNF-α treatment 
(83±4 mmHg and 58±5.4 mmHg, respectively). The significant 
(P<0.001) rise in LVEDP after unprotected TNF-α treatment com-
pared with untreated control (21±0.6 mmHg and 6.3±0.5 mmHg, 
respectively) was completely normalized (6.7±0.4 mmHg, P<0.001) by 
the combined HIPC and E2 pretreatment. The combination of HIPC 
and E2 pretreatment was associated with better maintenance of CF. CF 
was significantly (P<0.001) improved compared with TNF-α treat-
ment (8.9±0.4 mL/min and 4.2±0.5 mL/min, respectively). CVR was 
also decreased significantly (P<0.00) compared with TNF-α treatment 
(6.9±0.43 mmHg/mL/min and 20±0.5 mmHg/mL/min, respectively) 
(Figure 5).

disCussion
HIPC provided significant protection against TNF-α-induced deteri-
oration of contractile and coronary vascular hemodynamics. The 
present study was the first to investigate the role of HIPC against the 
direct myocardial toxic effects of TNF-α. The cytokine TNF-α was 
reported by some studies (11,23) to be negatively involved in I/R 
injury. However, other studies (15,24) showed TNF-α to play an 
important role in the protection of the heart during PC. These 

results were opposed by findings from other studies (14,25), in which 
TNF-α added to I/R damage. Paradoxically, some studies (26,27) 
reported that doses of exogenous TNF-α can precondition the heart. 
However, other studies (28,29) reported that a decrease in cytokine 
levels is required for protection of the myocardium. There is also 
comprehensive experimental and clinical evidence that anti-inflam-
matory actions attenuate I/R injury (28,29). Our results are consist-
ent with the findings that TNF-α plays a significant role in the 
malfunction following I/R injury because, in the present study, perfu-
sion with TNF-α without HIPC or E2 treatment resulted in serious 
deterioration of hemodynamic functions of the heart. Other studies 
(30,31) also reported on the exacerbating effects of TNF-α on myo-
cardial infarction and the depressive effects on hemodynamic func-
tions. In these studies, the damage and the deterioration of 
hemodynamic function caused by TNF-α were comparable with that 
usually caused by I/R injury. However, in some studies, exogenous 
TNF-α has been shown to mimic IPC (14,15). Although this sug-
gests a protective role for TNF-α in the heart, there was no study that 
investigated the mechanism of PC protection against TNF-α-
induced damage. Some studies that examined TNF-α in other dis-
eases suggested specific mechanisms for its deteriorative effects. One 
study (32) showed that TNF-α required the activation of P38 mito-
gen-activated protein kinase, which triggers nuclear factor-kappa B 

Figure 5) Effects of combined treatment and pretreatment with 17-β estra-
diol (E2) and hyperthermic reconditioning (42°C) on myocardial and cor-
onary vascular depressant effects of tumour necrosis factor-alpha (TNF-α) 
perfusion. Data were computed at 60 min recirculation and expressed as 
mean ± SEM. ***P<0.001 when compared with control; †P<0.05, 
††P<0.01, †††P<0.001 compared with 1 h TNF- α reperfusion. 1 h 
TNF-α 1 h of recirculating TNF-α perfusion; CF Coronary flow; Control 
1 h of control perfusion; CVR Coronary vascular resistance; LVEDP Left 
ventricular end-diastolic pressure; PC Ischemic preconditioning; PC42C+Est 
P Combination of PC at 42°C and perfused with E2, 0.7 ng/mL of coron-
ary flow per kg body weight; PC 42C+Est T Ischemic preconditioned hearts 
pretreated with E2, 250 mg/kg rat weight, injected 3 h before the experi-
ment; Pmax Maximum developed pressure

Figure 4) Effect of 17-β estradiol (E2) on tumour necrosis factor-alpha 
(TNF-α)-mediated depressive effects on left ventricular contractility and 
coronary vascular hemodynamics. Data were computed at 60 min recircula-
tion and expressed as mean ± SEM. **P<0.01; ***P<0.001 when com-
pared with control; †††P<0.001 compared with 1 h TNF-α perfusion. 1 h 
TNF-α 1 h of recirculating TNF-α perfusion; CF Coronary flow; Control 
1 h of control perfusion; CVR Coronary vascular resistance; LVEDP Left 
ventricular end diastolic pressure; Pmax Maximum developed pressure; 
TNF-α + Est P E2, 0.7 ng/mL of CF; TNF-α + Est T E2, 250 mg/kg rat 
weight, injected 3 h before the experiment
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(NF-kB), leading to heart dysfunction (32). It was also reported that 
TNF-α increases cardiomyocyte apoptosis (11,33). Furthermore, 
TNF-α was shown to promote action potential prolongation (34), 
which was shown to be a serious factor contributing to the non-
reversible damage of cardiomyocytes (35). In our study, the protect-
ive effects might be related to the activation of protein kinase C 
(PKC), which has been shown by several studies (36,37) to be cru-
cial for PC protection. We can assume that the HIPC used in the 
present study, similar to any other method of IPC, activated PKC, 
which is known to mitigate the damaging effects of TNF-α (38). PC 
is known to prevent negative effects of NF-kB translocation. On the 
other hand, HIPC might also block NF-kB, which is an important 
element in TNF-α-induced apoptosis (39). Furthermore, IPC short-
ens the action potential of cardiomyocytes (40), which can oppose 
the action potential elongation effect of TNF-α-induced damage.

protective role of e2
The protective effects of E2 against the direct depressive effects of 
TNF-α on myocardial function were independent of the route of 
administration of E2 (preconditioning or pretreatment). The admin-
istration of E2 fully abrogated the direct cardiodepressive effects of 
TNF-α on LVEDP and coronary dynamics (Figure 4); however, it did 
not significantly affect Pmax.

It has been documented that E2 prevents TNF-α-induced reduc-
tion in endothelial nitric oxide synthase, by decreasing or blocking 
its deteriorative effects (41). Dubey and Jackson (42) reported that 
metabolites of E2 inhibit endothelin-1 synthesis, leading to reduc-
tion of stress and strain damage at the cardiomyocyte and coronary 
vessel level. Moreover, it was shown that E2 produces endothelium-
dependant relaxation of human coronary arteries (43). E2 reduces 
the production of inducible nitric oxide synthase (44) and blocks 
L-type calcium channels (45), which were known to be associated 
with TNF-α-induced injury. Interestingly, E2 can stimulate several 
elements that are involved in PC protection such as opening of both 
calcium-activated and ATP-sensitive potassium channels (46). It 
also activates PKC-dependent pathways that have protective effects 
against I/R damage (36,47). Xu et al (10) showed that E2 protection 
on the heart used a pathway that resulted in regulation of TNF-α. 
Our study showed similar results to their study, which to our 

knowledge, is the only one that investigated both the role of E2 and 
TNF-α in PC. Moreover, the protective role of E2 against ischemia 
was reported in many studies (19,48).

protective effects of combined hipC (42°C) and e2 against tnF-α-
induced injury
The results of the present study showed total protection with the com-
bined treatment of HIPC and E2 against the direct cardiotoxic effects 
of TNF-α perfusion; in addition, there was normalization of myocar-
dial contractility and a large improvement in coronary dynamics after 
I/R injury. The most notable benefit of the combined treatment com-
pared with HIPC alone was the normalization of Pmax during TNF-α 
infusion. E2 had no significant (14%) protective effect on myocardial 
contractility (Pmax) during TNF-α infusion. Significant additive pro-
tection (91%) was observed by combining HIPC with E2, when Pmax 
was not significantly different from control (100%). This suggests that 
E2 and HIPC improved Pmax during TNF-α infusion by different 
independent additive mechanisms such as minimizing calcium over-
load and increasing myofilament sensitivity. Although reports on syn-
ergy in PC are rather limited, synergy was shown between PC and the 
heat shock proteins in protecting cardiomyocytes after ischemia (49). 
Similar results were also shown by Honma et al (50). Our results 
showed that the combined treatment also improved coronary vascular 
functions after TNF-α infusion (CF 9 mL/min) compared with HIPC 
(CF 6.8 mL/min) alone.

Postischemic LVEDP was completely normalized (6.1 mmHg) 
using combined HIPC and E2 treatment and E2 treatment alone; 
however, it was not totally normalized with HIPC alone (7.7 mmHg). 
There was no significant additional benefit of combining HIPC with 
E2 compared with HIPC alone with regard to improvement in pos-
tischemic Pmax or CVR. Lack of presence of PC regimen synergy was 
also not uncommon (51).

ConCLusions
TNF-α treatment resulted in deterioration of heart function, which 
was reversed using HIPC and E2 treatment. HIPC and E2 treatment 
provided significant protection against I/R injury when applied separ-
ately. The combination of these treatments did not add to the previ-
ously observed protection.
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