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Background: Sodium ion- hydrogen ion (Na+-H+) exchange 
inhibitors are effective cardioprotective agents. The N+-H+ ex- 
change inhibitor HOE 642 (cariporide) has undergone clinical 
trials in acute coronary syndromes, including bypass surgery. 
F'ropofol and sevoflurane are also cardioprotective v i a  un- 
known mechanisms. The authors investigated the interaction 
between propofol and HOE 642 in the ischemic reperfused rat 
heart and studied the role of adenosine triphosphate-sensitive 
potassium (KAT,,) channels in the myocardial protection asso- 
ciated with propofol and sevoflurane. 

Methods: Isolated rat hearts were perfused by the Iangendorff 
method at a constant flow rate, and left ventricular function and 
coronary pressures were assessed using standard methods. En- 
ergy metabolites were also determined. To assess the role of KAN 
channels, hearts were pretreated with the KAlp blocker @wide 
(10 p ~ ) .  Hearts were then exposed to either control buffer or 
buffer containing HOE 642 (5 p ~ ) ,  propofol(35 p ~ ) ,  sevoflurane 
(2.15 vol0/o), the KAw opener pinacidil(1 p ~ ) ,  or the combination 
of propofol and HOE 642. Each heart was then subjected to 1 h of 
global ischemia followed by 1 h of reperfusion. 

Results: Hearts treated with propofol, sevoflurane, pinacidil, 
or HOE 642 showed significantly higher recovery of left ven- 
tricular developed pressure and reduced end-diastolic pres- 
sures compared with controls. The combination of propofol 
and HOE 642 provided superior protection toward the end of 
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the reperfusion period. Propofol, sevoflurane, and HOE 642 
also attenuated the onset and magnitude of ischemic contrac- 
ture and preserved high-energy phosphates (HEPs) compared 
with controls. Glyburide attenuated the cardioprotective effects 
of sevoflurane and abolished the protection observed with 
pinacidil. In contrast, glyburide had no effect on the cardiopro- 
tection associated with propofol treatment. 
Conclusion: HOE 642, propofol, and sevoflurane provide car- 

dioprotection via different mechanisms. These distinct mecha- 
nisms may allow for the additive and superior protection ob- 
served with the combination of these anesthetics and HOE 642. 
(Key words: Anesthetics; cardioprotection; ischemia; Na+-H+ 
exchange; reperfusion.) 

SODIUM ion- hydrogen ion (Na+-H+) exchange (NHE) 
inhibitors have been identified as effective cardioprotec- 
tive agents against myocardial ischemic reperfusion in- 
jury in various experimental models.'-' The NHE func- 
tions to extrude protons after an ischemia-induced 
intracellular acidosis, resulting in the entry of sodium 
ions."' However, the Nat influx cannot be effectively 
removed because of the impaired Na+ -K+ adenosine 
triphosphatase activity in the ischemic myocardium. It is 
proposed that the increase in intracellular [Nail then 
results in an elevation in intracellular [Ca2+] because of 
increased entry of Caz+ or decreased removal of intra- 
cellular Ca2+ zria the Na-Ca This intracel- 
Mar Ca2+ overload and metabolic imbalance contributes 
to cell injury,6 contracture,' and myocardial stunning. 
HOE 642 (cariporide) is an NHE inhibitor that acts pri- 
marily against the isoform-1 subtype (NHE-I), which is 
the predominant if not sole type found in the myocar- 
dium. This agent has recently undergone clinical evalu- 
ation (GUARDIAN study [Guard during Ischemia Against 
Necrosis]) as a potential cardioprotective agent in pa- 
tients with acute coronary syndromes, including high- 
risk patients undergoing coronary artery bypass surgery. 
We recently reported the interaction between HOE 642 
and isoflurane, sevoflurane, and sufentanil in the isolated 
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ischemic reperfused rat heart8; however, the interaction 
with propofol has never been reported. This is of impor- 
tance given the recent documentation of propofol as 
being cardioprotective against myocardial injury in- 
duced by both ischemia-reperfusion" and exogenous 
hydrogen peroxide administration. lo However, these re- 
sults contrast those of the study by Coetzee," who 
reported that propofol failed to provide functional ben- 
efit on the reperfused pig myocardium after left anterior 
descending coronary artery occlusion. 

The exact mechanisms of cardioprotection provided 
by volatile anesthetics and propofol are not fully under- 
stood; however, recent literature has identified a role for 
the adenosine triphosphate-sensitive potassium (KATP) 
channel in isoflurane-induced myocardial protec- 
tion. "." Indeed, activation of KATI, channels with agents 
such as pinacidil has been proposed as a potentially 
effective pharmacologic approach toward myocardial 

The role of the KATp channel in cardio- 
protection with sevoflurane and propofol has not been 
studied. Therefore, the purpose of the present study was 
to determine the functional and metabolic effects of 
propofol on the ischemic reperfused rat heart in the 
presence or absence of HOE 642 and to assess the role of 
the K,,, channel in the cardioprotection afforded by 
sevoflurane and propofol. 

Materials and Methods  

Animals 
Male Sprague Dawley rats (250-300 g) were pur- 

chased from Charles-River Canada Ltd (St Constant, Que- 
bec, Canada) or Harland Sprague-Dawley Inc (Indianap- 
olis, IN). The animals were maintained in the Health 
Sciences Animal Care Facility of the University of West- 
ern Ontario in accordance with the guidelines of the 
Canadian Council on Animal Care (Ottawa, Ontario, Can- 
add). 

Heart Perfusion 
Rats were killed by decapitation, and the hearts were 

immediately excised and placed in cold Krebs-Henseleit 
buffer to stop contractions. Hearts were gently squeezed 
to remove any blood to prevent clotting. The hearts 
were picked up by the aorta and prepared for retrograde 
perfusion using a modified Langendorff method at a 
constant flow rate of 10 ml/min using a peristaltic pump. 
The perfusion fluid (PH 7.4; temperature, 37°C) was 
Krebs-Henseleit buffer that contained 120 mM NaC1, 4.63 

mM KCl, 1.17 mM KH,P04, 1.25 mM CaCI,, 1.2 mM MgCI,, 
20 mM NaHCO,, and 8 mM glycose. The buffer was 
vigorously gassed with 95% OJ5% CO, before drug 
addition. Coronary pressure was measured via a side 
arm of the perfusion cannula connected to a pressure 
transducer (Spectramed P23XL, Oxnard, CA). A latex 
water-filled balloon fixed to a pressure transducer was 
inserted through the mitral valve into the left ventricle 
for the determination of left ventricular developed pres- 
sure. Rates of pressure development and relaxation (pos- 
itive and negative dP/dt, respectively) were calculated 
with a differentiator. Left ventricular end-diastolic pres- 
sure was adjusted to approximately 5 mmHg before the 
start of the experiment by adjusting the volume in the 
intraventricular balloon with the aid of a micrometer- 
equipped syringe. Hearts were electrically paced at a 
rate of 325 beats/min with a stimulator. Pacing was also 
maintained during the ischemic period. d l  deterlnina- 
tions of ventricular and coronary pressures were ob- 
tained on-line on a Pentium 586 computer using a Biopac 
data analysis system (Biolynx Scientific Equipment, Mon- 
treal, Quebec, Canada). 

Experimental Protocol 
Hearts were initially equilibrated for 15 min, after 

which either glyburide (10 p ~ )  or its dnig vehicle di- 
methyl sulfoxide (100 pl in 1.2 1 perfusate) was added 
for an additional 5 min. Hearts were then exposed to 
either propofol (6.2 pg/ml [35 p ~ ] ) ,  sevoflurane (deliv- 
ery and concentration discussed in the following sec- 
tion), pinacidil (1 p~), HOE 642 (5 p ~ ) ,  propofol in 
combination with HOE 642, or control buffer for an 
additional 15 min. The glyburide or vehicle was present 
during this 15 min of drug treatment. Control hearts 
were perfused with vehicle-containing buffer for 20 min 
after the 15-min equilibration period. Six hearts were 
studied in each of the experimental groups. 

At the end of the 15-min drug-treatment period, hearts 
were rendered globally ischemic by stopping the flow 
for 60 min (zero-flow ischemia), after which reperfusion 
at the normal flow rate was initiated for an additional 60 
min. Recording of left ventricular end-diastolic pressure 
was taken during the 1-h ischemia. The respective dnig 
treatment was maintained throughout the reperfusion 
period. 

Anesthetic Delive y and Determination of 
Concentrations 
Sevoflurane was injected directly into sealed 4-1 glass 

bottles, each containing 1 1 of preoxygenated perfusate 
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Table 1. Baseline Values of Left Ventricular Developed Pressure (mmHg) 

Cont Sevo PPf HOE 642 Ppf+ HOE Glvb Glvb+ Sevo Glvb+ Ppf 
~~ 

BL1 62.4 t 22.0 57.7 F 12.2 57.5 i- 21.8 58.0 i- 13.7 52.5 t 6.9 59.3 i- 18.6 56.5 i- 9.1 58.5 F 19.1 
BL2 61.1 F 21.1 55.1 +- 10.0 59.9 -+ 23.0 55.9 F 13.5 51.4 i 5.9 58.8 i- 20.8 57.5 i 9.8 54.5 ? 16.9 
% changel -2.08 -4.51 +4.26 -3.62 -2.03 -0.84 +1.77 -6.89 
BL3 65.6 2 22.3 48.9 i 4.9 43.6 F 13.7 53.4 F 10.5 34.7* + 8.6 59.2 % 17.6 51.4 i 8.1 46.5 t 10.5 
% change2 7.37 -11.3 -27.3 -4.47 -32.6 +0.68 -10.6 - 14.8 

Values are mean 2 SD (n = 6 for each group. There were no significant differences in BLI, B E ,  or % changel between the groups. Left ventricular end-diastolic 
remained at 5 mmHg at BLI, BL2, and BL3 in all groups. 

ELI = baseline left ventricular pressure development after 15 min equilibration period with no drugs present; BL2 = baseline left ventricular pressure 
development after 5 min exposure to glyburide or drug vehicle DMSO: BL3 = baseline left ventricular pressure development after 15 min exposure to the drugs 
indicated and just prior to ischemia: % changel = the effect of drug vehicle or glyburide; YO change2 = the effect of the drug treatment in the presence of vehicle 
or glyburide; Cont = controls; Sevo = sevoflurane; Ppf = propofol; Glyb = glyburide; HOE = HOE 642. 
* P < 0.05 versus BL1 and BL2 within the group and versus BL3 of controls. 

(PH 7.39 2 0.02, carbon dioxide partial pressure 30 2 5 
mmHg, and oxygen partial pressure 818 2 31 mmHg) as 
described by Boban et al.'" A gas-tight syringe equipped 
with a gas-tight stainless steel valve (Hamilton 1000 se- 
ries syringe, Hamilton GTS valve H86560; VWR, Missis- 
sauga, Ontario, Canada) was used for aspiration and 
injection of the volatile anesthetic. Specific volumes of 
sevoflurane were injected immediately into the desig- 
nated sealed glass bottle using a double stopcock system 
to avoid leakage and volatilization of the anesthetics 
before and during injection. The sealed perfusate was 
stirred continuously to facilitate equilibration of the vol- 
atile anesthetics between the liquid and gas phases. 

To ensure that sevoflurane concentrations were main- 
tained throughout the complete perfusion period, sam- 
ples of perfusate were collected at the aortic outlet just 
before ischemia and 60 min after reperfusion for deter- 
mination of anesthetic concentrations by gas chromatog- 
raphy using a Varian 3300 gas chromatograph (Missis- 
sauga, Ontario, Canada) equipped with a J+W Scientific 
DB-1 High Resolution Gas Chromatography Column 
(WVR). Effective volume percent concentrations were 
calculated as 2.15 ~ 0 1 %  for sevoflurane (0.304 mM) be- 
fore ischemia and 2.14 ~01%) (0.303 mM) at the end of 
reperfusion using Krebs-Ringer's solution/gas partition 
coefficients of 0.36 for sevoflurane at 37°C and 1 atm as 
described previously." 

Metabolite Assays 
At the end of the reperfusion period, hearts were 

clamped with Wollenberger tongs precooled in liquid 
nitrogen, removed from the cannula, and stored in liquid 
nitrogen until enzymatic determination for energy me- 
tabolites, as previously described. '' Studies were also 
conducted to determine basal HEP levels before isch- 
emia after the addition of various drug combinations. 

Data Analysis 
All values are given as mean 2 SD. One-way analysis of 

variance and Tukey's post-test for multiple comparisons 
were used to determine the effects of glyburide, vehicle, 
propofol, sevoflurane, and HOE 642 on ischemic con- 
tracture and metabolite content. Repeated-measures 
analysis of variance and Tukey's post-test were used to 
compare the effects on hemodynamic function at each 
baseline (BL) period and each time interval during post- 
ischemic reperfusion. Differences were considered sig- 
nificant at P < 0.05. 

Results 

Basal Hemodynamic Function 
Table 1 shows no significant differences among the 

experimental groups with respect to BL left ventricular 
developed pressure after the initial 15-min equilibration 
period (BLl). In addition, BL2 shows there was no sig- 
nificant effect of vehicle nor glyburide exposure in any 
of the groups. EL3 represents the effect of the vehicle or 
glyburide in the presence of either control buffer, 
sevoflurane, propofol, or the combination of propofol 
with HOE 642. Propofol treatment resulted in a 27.3% 
reduction in left ventricular developed pressure, al- 
though this did not reach statistical significance from 
BLl or BL2. The combination of propofol and HOE 642 
resulted in a 32.6% reduction in left ventricular devel- 
oped pressure that was significantly lower than that for 
BL1 and BL2. BL3 for propofol plus HOE 642 was signif- 
icantly less than the BL3 for controls and glyburide 
groups; however, there was no further significant differ- 
ences in the values of BL3 between the remaining 
groups. 

The effect of the drugs on the baseline values of left 
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Fig. 1. (A-D)  The recovery of left ventricular developed pressure (mmHg) during reperfusion compared with baseline (BL) 
preischemic values (BL3 in table 1) for each drug. Drugs were present for 15 min before ischemia and throughout the reperfusion 
period. Values are mean d SD and n = 6 for all groups. 

ventricular pressure development (+ dP/dt) and left ven- 
tricular relaxation (- dP/dtj parallelled the responses 
observed with left ventricular developed pressure (data 
not shown). The left ventricular end-diastolic pressure 
was initially set at 5 mmHg and was unaffected by any of 
the drug exposures (data not shown). 

Sevoflurane and propofol treatment resulted in a re- 
duction in coronary perfusion pressure (9.5% and 28.3%, 
respectively); however, there was no significant differ- 
ence between the groups in the value of the coronary 
perfusion pressure during the preischemic period (data 
not shown). 

Functional Response to 60 rnin of Ischemia 
fo2lowed by 60 rnin of Reperfusion 
Figure 1 depicts the recovery of left ventricular devel- 

oped pressure during reperfusion. The BL values shown 
are BL3 from table 1 and represent the value of left 

ventricular developed pressure after 1 5-min exposure to 
the agents noted, which were present during the entire 
reperfusion period. The BL values (BL3 in table 1) were 
reduced in the hearts exposed to propofol, sevoflurane, 
and propofol plus HOE 642, making interpretation of 
recovery difficult. To normalize the data, we calculated 
the recovery of left ventricular developed pressure as a 
percentage of the BL value obtained just before ischemia 
(BL3) for each individual heart. Thus, the recovery of left 
ventricular developed pressure function in figures 2-5 is 
in the presence of ongoing effect of the agents. The left 
ventricular end-diastolic pressure was 5 mmHg for all 
groups just before ischemia; therefore, the recovery of 
end-diastolic pressure was not normalized, and it is pre- 
sented as the actual values recorded in figures 2-5. 

The effect of propofol and HOE 642 on recovery of left 
ventricular developed pressure and elevation in left ven- 
tricular end-diastolic pressure is presented in figure 2 .  

Anesthesiology, V 91, N o  5, Nov 1999 

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/91/5/1349/400034/0000542-199911000-00027.pdf by guest on 19 April 2024



1353 

3 60- 
u) u) 

2 
o? 40- 

ez 

E 

n- 
3 E  

20- 

0 

CARDIOPROTECTIVE EFFECTS OF PROPOFOL AND SEVOFLURANE 

w 5 60- 
v) 

K 

i E  

2 

g g  
40- 

20- 
n 
z w 

150 
B t CONTROL 3 
$3 125 t PROPOFOL 

Q 100 -0- HOE 642 
0 0  -0- PPF + HOE 
k r  75 
9: 
ZE 
3 

50 

25 

o p t - ,  I I 

0 10 20 30 40 50 60 

MINUTES AFTER REPERFUSION 

1 

t PROPOFOL 
-0- HOE 642 

A U P P F + H O E  

0 1  
0 10 20 30 40 50 60 

MINUTES AFTER REPERFUSION 

Fig. 2. Effects of propofol (PPF) or HOE 642 alone or in combi- 
nation on left ventricular developed pressure and left ventric- 
ular end-diastolic pressure (EDP) during reperfusion after 60 
min of global ischemia in rat hearts. Drugs were present for 15 
rnin before ischemia and throughout the reperfusion period. 
Values are mean * SD and n = 6 for all groups. (Top) Values 
depict percentage of preischemic values (BL3 in table 1). Values 
for HOE 642 alone were significantly greater than for controls 
at all times during reperfusion and from propofol alone for the 
first 15 min. Values for the propofol-alone group were signifi- 
cantly higher than those for controls from 10 rnin until the end 
of reperfusion. Values for the combination of PPF and HOE 642 
were greater than those for all other groups for the final 5 min 
of reperfusion. *P < 0.05 compared with all other groups. (Bot- 
tom) The EDP was set at 5 mmHg before ischemia. Values depict 
the recorded EDP. Values for HOE 642, PPF, and PPF plus HOE 
642 are significantly less than those for controls during the 
entire reperfusion. For the first 10 min, the groups that received 
HOE 642 had significantly less increase in EDP than did the PPF 
group. "P < 0.05 compared with all other groups. 

These results show that propofol improved recovery of 
left ventricular developed pressure compared with con- 
trol hearts after 10 min of reperfision until the end of 
the reperfusion period. Hearts treated with HOE 642 
showed significantly greater recovery than controls at all 
times during reperfusion, as well as hearts treated with 
propofol alone for the first 15 min. The group that 
received the combination of propofol and HOE 642 
showed a greater recovery than all other groups for the 
final 5 min of reperfusion. Propofol, HOE 642, and a 

combination of these dnigs significantly attenuated the 
increase in left ventricular end-diastolic pressure com- 
pared with controls during the entire reperfusion pe- 
riod. For the first 10 rnin of reperfusion, the groups that 
received HOE 642 had significantly less increase in left 
ventricular end-diastolic pressure than did the propofol 
group. Thus, although recovery associated with propofol 
and HOE 642 was identical at 60 min of reperfusion, 
there was clearly a different profile because HOE 642 
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Fig. 3. Effects of pinacidd (PIN: a KKrP channel agonist), sevoflu- 
rane (SEVO), or HOE 642 on left ventricular developed pressure 
and left ventricular end-diastolic pressure (EDP) during reper- 
fusion after 60 min of global ischemia in rat hearts. Drugs were 
present for 15 min before ischemia and throughout the reper- 
fusion period. Values are mean & SD and n = 6 for all groups. 
(Top) Values depict percentage of preischemic values (BL3 in 
table 1). Values for HOE 642 alone were significantly greater 
than those for controls at all times during reperfusion, greater 
than those for SEVO for the first 15 min, and greater than those 
for PIN for the first 20 min. Values for the SEVO group were 
significantly higher than those for controls from 15 min until 
the end of reperfusion. Values for the PIN group were signifi- 
cantly higher than those for controls from 20 min until the end 
of reperfusion. *P < 0.05 indicates the onset of significance 
from controls; significance continued from this point until the 
end of reperfusion. (Bottom) The EDP was set a 5 mmHg before 
ischemia. Values depict the recorded EDP. Values for HOE and 
SEVO were significantly less than those for controls during the 
entire reperfusion. Values for PIN were significantly less than 
those for controls during the final 50 min of reperfusion. *P c 
0.05 compared with all other groups. **P C 0.05 compared with 
SEVO and HOE 642 groups. 
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Fig. 4. Effects of propofol (PPF) or glyburide (GLYB) alone or in 
combination on left ventricular developed pressure and left 
ventricular end-diastolic pressure (EDP) during reperfusion af- 
ter 60 min of global ischemia in rat hearts. Drugs were present 
for 15 min before ischemia and throughout the reperfusion 
period. Values are mean f SD and n = 6 for all groups. (Top) 
Values depict percentage of preischemic values (BL3 in table 1). 
Values for the propofol-alone group were significantly higher 
than those for controls from 10 min until the end of reperfu- 
sion. Values for the GLYB group were not significantly different 
from those for controls over the whole reperfusion period. 
Values for the combination of PPF and GLYB were not signifi- 
cantly different from those for the PPF-alone group for the 
entire reperfusion period. *P < 0.05 indicates the onset of 
significance from controls for both PPF and GLYB plus PPF; 
significance continues from this point until the end of reperfu- 
sion. (Bottom) The EDP was set at 5 mmHg before ischemia. 
Values depict the recorded EDP. Values for PPF and GLYB plus 
PPF were significantly less than those for controls during the 
entire reperfusion period. Values for the GLYB group were not 
significantly different from those for controls. *P < 0.05 com- 
pared with PPF and GLYB plus PPF. 

provided a dramatic recovery of left ventricular devel- 
oped pressure (preischemic value, 134.6%) as early as 5 
min compared with the delay in recovery associated 
with propofol. In addition, propofol did not attenuate 
the increase in left ventricular end-diastolic pressure to 
the same degree as HOE 642 for the initial 10 min of 
reperfusion 

Figure 3 demonstrates the effect of KATp channel 
opener pinacidil, HOE 642, or sevoflurane on recovery 
of left ventricular developed pressure and elevation in 

left ventricular end-diastolic pressure. The left ventricu- 
lar developed pressure in the sevoflurane group was 
significantly greater than in controls from 15 min until 
the end of reperfusion. The left ventricular developed 
pressure in the pinacidil group was significantly higher 
than in controls from 20 min until the end of reperfu- 
sion. Neither pinacidil nor sevoflurane demonstrated the 
rapid recovery of left ventricular developed pressure as 
provided by HOE 642. With respect to left ventricular 
end-diastolic pressure, groups treated with HOE 642 and 
sevoflurane significantly attenuated the elevation of left 
ventricular end-diastolic pressure compared with con- 
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Fig. 5. Effects of sevoflurane (SEVO) or glyburide (GLYB) alone 
or in combination on left ventricular developed pressure and 
left ventricular end-diastolic pressure (EDP) during reperfusion 
after 60 min of global ischemia in rat hearts. Drugs were 
present for 15 min before ischemia and throughout the reper- 
fusion period. Values are mean 2 SD and n = 6 for all groups. 
(Top) Values depict percentage of preischemic values (BL3 in 
table 1). Values for the SEVO-alone group were significantly 
higher than those for controls from 15 min until the end of 
reperfusion. Values for the GLYB group were not significantly 
different from those for controls over the whole reperfusion 
period. Values for the combination of SEVO and GLYB were 
significantly less than those for the SEVO group for the final 25 
min of reperfusion and were not statistically different from 
those for controls or the GLYB group over this period. *P < 0.05 
compared with controls. **P < 0.05 compared with all other 
groups. (Bottom) The EDP was set at 5 mmHg before ischemia. 
Values depict the recorded EDP. Only values for the SEVO group 
were significantly less than those for controls during the entire 
reperfusion period. "P < 0.05 compared with controls. 
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Table 2. Rates of Left Ventricular Pressure Development (+dP/dt) and Left Ventricular Relaxation (-dP/dt) during Reperfusion 
(5.30. and 60 min) 

+dP/dt (rnrnHg/s) -dP/dt (rnmHg/s) 

5 min 30 min 60 rnin 5 min 30 rnin 60 min 

Controls 
% preischemia 
Sevoflurane 
% preischemia 
Propofol 
% preischemia 
HOE 642 
% preischemia 
Propofol + 

HOE 642 
% preischemia 
Glyburide + 

sevoflurane 
% preischemia 
Glyburide + 

propofol 
% preischemia 

39.1 Z 36.7 
5.8 

340.2 t 301.9 
33.0 

298.7 t 244.0 
28.2 

1345.7 2 392.4 
131.1* 

1087.8 t 432.7 
102.3* 

167.6 t 175.5 
22.2 

363.2 t 224.8 
27.1 

335.1 i 223.4 
49.7 

1167.9 t 306.6 
113.3* 

1222.3 t 253.3 
11 5 . q  

1277.0 -+ 371.9 
124.4* 

1569.4 i 399.4 
147.6* 

692.3 t 109.7 
91.7" 

1625.7 i 863.1 
121.3* 

333.1 t 225.1 
49.4 

1160.7 i 168.2 
112.6* 

1135.5 t 210.9 
107.T 

1154.8 i 298.3 
112.5* 

1461 .O t 235.5 
137.4* 

591.9 F 11 9.9 
78.4 

1641.7 t_ 419.5 
1 2 2 3  

35.7 i 26.5 
5.3 

330.7 i 300.0 
34.5 

252.9 -t 214.4 
26.9 

1219.0 t 347.0 
127.2* 

957.2 -+ 420.2 
96.8* 

153.6 i 168.6 
21.6 

320.3 ? 219.1 
26.8 

327.7 -+ 201.6 
48.6 

11 06.1 2 351.5 
115.4* 

11 15.1 2 224.9 
11 8.6* 

1154.8 t- 289.4 
1 2 0 3  

1482.2 2 457.7 
149.9* 

652.9 F 101.8 
91 .a* 

1469.9 2 780.3 
123.0* 

341.2 2 204.8 
50.6 

1045.7 i 158.5 
109.1* 

1021 .O i 195.4 
108.6* 

1043.6 I 291.4 
108.Y 

1377.4 2 205.7 
139.3* 

549.0 i 112.9 
77.2 

1472.2 t- 376.8 
123.2* 

Values are mean t SD; 5, 30, and 60 min refer to time after onset of reperfusion. The percentage of preischemic (BL3) values is reported. SIX animals were 
recorded in each group. 
' P < 0.05 versus controls. 

trols throughout reperfusion. The left ventricular end- 
diastolic pressure for pinacidil was significantly less than 
that for controls during the final 50 min of reperfusion. 

As shown in figure 4,  pretreatment with glyburide had 
no effect on the ability of propofol to improve recovery 
of function. On its own, glyburide had no effect on 
recovery of left ventricular developed pressure, nor did 
it prevent the elevation in left ventricular end-diastolic 
pressure. 

Figure 5 displays the effect of glyburide pretreatment 
on the functional recovery provided by sevoflurane. As 
shown in figure 3,  sevoflurane improved the recovery of 
left ventricular developed pressure above that in con- 
trols from 15 min until the end of reperfusion. Glyburide 
had no significant effect on recovery of left ventricular 
developed pressure. However, glyburide pretreatment 
attenuated the recovery of left ventricular developed 
pressure afforded by sevoflurane. The left ventricular 
developed pressure of hearts exposed to both glyburide 
and sevoflurane was not significantly different from that 
of controls for the final 25 min of reperfusion. Glyburide 
pretreatment also eliminated the protective influence of 
sevoflurane on the increase in left ventricular end-dia- 
stolic pressure observed in reperfusion (fig. 5). As ex- 
pected, glyburide pretreatment completely eliminated 
all of the effects of pinacidil on the ischemic reperfused 
rat hearts (data not shown). 

As summarized in table 2 ,  recovery as a percentage of 
BL3 of the rates of left ventricular pressure development 
(+dP/dt) and left ventricular relaxation (-dP/dt) paral- 
lelled the responses observed with left ventricular devel- 
oped pressure in all treatment groups. There was no 
significant differences in coronary perfusion pressure 
between any of the treatment groups during reperfusion 
(table 3). 

Effect of Treatments on Contracture Development 
during Ischemia 
Figure 6 demonstrates the effect of cardioprotective 

treatments (see figs. 2 and 3) on the contracture profile 
during ischeaa per se, that is, before the restoration of 
flow. Propofol, sevoflurane, HOE 6 4 2 ,  and the combina- 
tion of propofol and HOE 6 4 2  significantly reduced the 
maximum left ventricular end-diastolic pressure reached 
during ischemia. In addition, these agents significantly 
delayed the time to reach peak elevation of left ventric- 
ular end-diastolic pressure. As shown in the bottom 
panel of figure 6,  the propofol and HOE 6 4 2  combina- 
tion provided a significant additive delay in the time to 
maximum left ventricular end-diastolic pressure. Inter- 
estingly, pinacidil treatment failed to alter the contrac- 
ture profile when compared with controls. 

Figure 7 shows the effect of glyburide pretreatment on 
contracture development during ischemia in hearts ex- 
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Table 3. Drug Effect on Coronary Perfusion Pressures (mmHg) prior to Ischemia and during Reperfusion (30 and 60 min) 

Cont Sevo p Pf HOE 642 Ppf+ HOE Glyb 
- 

BLI 112.4 2 30.1 11 4.4 t 39.7 98.2 t 24.7 94.0 i 22.3 98.9 t 18.1 93.8 t 28.9 
B L2 120.2 t 35.3 110.1 t 37.0 93.7 t 27.9 89.9 t 17.6 99.7 ? 23.5 93.6 t 26.5 

BL3 11 7.9 i 51.1 99.6 t 24.2 67.2* t 22.5 91.3 i 24.7 91.5 -t 28.7 92.0 2 32.6 
% change2 -1.9 -9.5 -28.3’ +1.6 -8.2 -1.7 

98.7 t 25.0 108.0 t 42.1 30 rnin reperfusion 107.6 2 27.2 93.8 t 28.9 91.8 t 22.3 97.4 i 23.3 
121.7 t 71.5 60 rnin reperfusion 122.3 t 31.8 11 6.9 t 44.3 103.4 t 30.4 105.0 t 26.9 101.7 t 26.2 

% changel + 6.9 -4.51 -4.6 -4.4 -1.8 -0.21 

Values are mean 2 SD (n = 6 for each group). See table 1 for abbreviations. There were no significant differences in BL1, BL2, or % changel between the groups. 
There were no significant differences in coronary perfusion pressure through the reperfusion period. 
* P < 0.05 versus BL1 and BL2 within the group and versus controls. 

posed to propofol and sevoflurane. Glyburide had no 
effect on either maximum left ventricular end-diastolic 
pressure or the time to reach peak left ventricular end- 
diastolic pressure (data not shown). Moreover, glyburide 
pretreatment did not affect the influence of propofol on 
ischemic contracture. However, glyburide did abolish 
the effects of sevoflurane on maximum left ventricular 
end-diastolic pressure and the time to reach peak left 
ventricular end-diastolic pressure. 

Energy Metabolite Contents 
Table 4 summarizes the energy metabolite content in 

the rat hearts at the end of 60 min of reperfusion. 
Treatment with propofol, sevoflurane, HOE 642, and 
propofol plus HOE 642 all resulted in significant sparing 
of ATP, total HEP, and energy charge compared with 
controls. Glyburide pretreatment did not affect the me- 
tabolite content as compared with controls; however, it 
eliminated the preservation of ATP, HEP, and energy 
charge in rat hearts treated with sevoflurane. Moreover, 
glyburide did not influence the effects of propofol on 
energy metabolite content. 

None of the treatments that preserved ATP or total 
HEP contents in the reperfused myocardium had any 
direct effects on these parameters before initiating isch- 
emia (BL3). Thus, basal preischemia values ( p / g  dry 
weight, mean & SD; n = 4 )  for these groups for ATP and 
HEP, respectively, were as follows: controls, 24.1 ? 2.3 
and 50.1 t 2.8; propofol, 27.7 t 5.6 and 53.7 ? 11.9; 
sevoflurane, 24.5 5 5.4 and 49.3 t 11.6; HOE 642 alone, 
24.1 & 5.6 and 48.5 2 11.6; propofol plus HOE 642, 
21.2 ? 4.8 and 44.4 2 12.8. 

Discussion 

The goal of the first part of our study was to clardy the 
effects of propofol on the ischemic reperfused myocar- 

dium. Our study shows that propofol at clinically rele- 
vant concentrations (35 PM) delays the onset and mag- 
nitude of ischemic contracture produced by ischemia 
per se before reperfusion, allows complete recovery of 
left ventricular developed pressure during reperfusion 
after 60 min of ischemia compared with controls, atten- 
uates the increase in left ventricular end-diastolic pres- 
sure associated with reperfusion, and preserves HEP 
levels in reperfused hearts. In addition, we have demon- 
strated that these effects were not influenced by the 
pretreatment of glyburide at concentrations that have 
been shown to effectively inhibit KATp, IH.W suggesting 
that propofol does not provide cardioprotection uia the 
KATp channel. 

This study also included an evaluation of the interac- 
tion between propofol and HOE 642 in the ischemic 
myocardium. Although a number of NHE inhibitors have 
been developed, HOE 642 is of particular interest in that 
it specifically inhibits the NHE-1 isoform, the predomi- 
nant NHE subtype in the heart that provides excellent 
cardioprotection.” Moreover, HOE 642 has recently un- 
dergone clinical evaluation in a multicentered interna- 
tional study in high-risk patients with acute coronary 
syndromes, including those undergoing coronary artery 
bypass surgery. We wave proposed that NHE inhibition 
represents a potentially safe and effective adjunct in 
cardiac surgery’’ and is therefore of significant impor- 
tance to the anesthesiologist. We recently reported the 
interaction between isoflurane, sevoflurane, and sufen- 
tanil with HOE 642’; however, the combination with 
propofol has not been previously studied. Our results 
suggest distinct and separate mechanisms of protection 
elicited by these drugs. HOE 642 and propofol provided 
an equal magnitude of recovery of left ventricular devel- 
oped pressure and end-diastolic pressure; however, the 
onset of recovery with HOE 642 was significantly faster 
than with propofol-treated hearts. Both treatments atten- 
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reperfused myocardium; however, this needs to be as- 
sessed with further studies. 

Recently, the KATp channel has been identified as a 
potentially distinct mechanism for the myocardial pro- 
tection observed with isoflurane based on the ability of 
glyburide to attenuate the isoflurane-induced cardiopro- 
tection. "," Moreover, glyburide has been demonstrated 
to eliminate the ATP-preserving effect of isoflurane on 
ischemic reperfused myocardium.'* In the present 
study, we report for the first time that glyburide pretreat- 
ment significantly attenuated the cardioprotection asso- 
ciated with sevoflurane but not propofol. Glyburide 
eliminated the HEP-sparing effect in sevoflurane-treated 
hearts after reperfusion. Glyburide also nullified the pro- 
tective influence of sevoflurane on ischemic contracture 
and the recovery of left ventricular end-diastolic pres- 
sure during reperfusion. Glyburide pretreatment signifi- 
cantly attenuated the recovery of left ventricular devel- 
oped pressure observed with sevoflurane, but did not 

Fig. 6. Changes in maximum left ventricular end-diastolic pres- 
sure (LVEDP) and the time to peak LVEDP during the 60 rnin of 
global ischemia. Values are mean f SD and n = 6 for each 
group. PPF = propofol; SEVO = sevoflurane; PINAC = pinacidil; 
HOE = HOE 642. *P < 0.05 us. unlabeled groups. #P < 0.05 us. all  
other groups. 

uated the onset and magnitude of contracture during 
ischemia and reperfusion and preserved ATP content at 
the end of the reperfusion period. The combination of 
propofol and HOE 642 provided a superior recovery of 
left ventricular developed pressure at the end of reper- 
fusion and further delayed the onset of peak contracture, 
suggesting an additive benefit of separate cardioprotec- 
tive mechanisms. Indeed, with this drug combination, 
function after reperfusion was higher than baseline Val- 
ues before ischemia. These results are similar to those 
obtained with the combination of isoflurane or sevoflu- 
rane with HOE 642,' suggesting that the excellent pro- 
tection reflects the net effect of two distinct mecha- Fig. 7. Changes in maximum left ventricular end-diastolic pres- 
nisms, The underlying mechanism for the > 100%~ 
recovery in function is unknown at present, but a plau- 

sure (LVEDPS and the time to peak LVEDP during the 60 rnin of 
global ischemia. Values are mean 2 SD and n = 6 for each 
group. CNTRL = control: PPF = DrODOfOl: SEVO = sevoflurane: 

sible explanation may involve a sensitizing effect in the EL& = glyburide. *P c '0.05 us. -unlibeled groups. 
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Table 4. Energy Metabolite Concentrations (fimoVe. Dry Weight) at the End of Reuerfusion 

ATP CrP LAC ADP AMP HEP TAN EC 

Cont 4.13 2 0.51 
PPf 8.49* -+ 2.38 
Sevo 8.70* i 1.54 
Hoe 642 9.4T -+ 2.91 
Ppf+ Hoe 

642 8.64* t 2.06 
Glyb 5.61 2 2.13 
Glyb+ 

Sevoflur 6.64 i 2.33 
Glyb+ 

Propofol 11.7* 2 6.44 

10.30 2 2.03 
16.73* i 7.54 
16.96* t 2.35 
22.75* t 8.77 

19.99* t 2.20 
14.62 t 5.19 

15.06 i- 5.12 

24.62* t 10.2 

4.84 f 4.75 
6.78 t 6.96 
7.00 2 5.56 
9.72 t 4.75 

2.99 i 1.74 
3.56 2 2.03 

9.81 t 9.97 

6.47 ? 8.87 

3.99 t_ 0.78 
4.76 2 1.57 
6.53 i 3.21 
5.76 i 1.98 

3.39 i 1.22 
3.35 i 0.64 

3.68 ? 1.25 

4.76 t 1.94 

1.52 i 0.44 
2.29 2 0.96 
1.77 2 0.34 
2.32 2 0.78 

1.58 i- 0.34 
1.48 i 0.29 

1.92 2 0.66 

1.70 i 0.88 

14.43 i 2.42 
25.22* i 9.50 
26.32* t 3.82 
32.17*? 11.6 

28.63* 2 4.14 
20.23 2 7.30 

21.71 2 7.45 

36.34* -t 16.5 

9.64 i 1.35 
15.54* t 3.77 
17.66* i 5.27 
17.50* ? 4.92 

13.61 t 2.57 
10.44 t- 2.13 

12.25 i 2.28 

18.18* t 6.64 

0.64 2 0.02 
0.70* i 0.04 
0.71* t 0.02 
0.71* i 0.04 

0.76* 2 0.04 
0.68 5 0.07 

0.68 2 0.12 

0.76* i- 0.09 

Values are mean 2 SD (n = 6 for each group). 

ATP = adenosine triphosphate; CrP = creatinine phosphate; LAC = lactate; ADP = adenosine diphosphate; AMP = adenosine monophosphate; HEP = high 
energy phosphate; TAN = total adenine nucleotide; EC = energy charge. See table 1 for other abbreviations. 

* P < 0.05 versus controls. 

abolish the cardioprotection. As noted previously, in 
view of the fact that we used a glyburide concentration 
that would be expected to completely block the KA.,.p 
channel, "." the findings suggest that the the KATI, chan- 
nel is unlikely to represent the sole mechanism of pro- 
tection produced with sevoflurane. In addition, our 
study confirms that a KATI' channel agonist, pinacidil, 
provides functional cardioprotection in the ischemic 
reperfused heart, as demonstrated by other investiga- 
t o r ~ . ' ~ . ' ~  The profile of recovery was somewhat different 
to that produced by sevoflurane in that the recovery of 
left ventricular developed pressure and end-diastolic 
pressure in pinacidil-treated hearts was slightly delayed 
in onset as compared with sevoflurane. Moreover, 
pinacidil was unable to mimic the HEP-sparing effect of 
sevoflurane, nor did pinacidil attenuate the onset and 
magnitude of peak ischemic contracture, as did sevoflu- 
rane. I t  should be noted that in our previous study, 
sevoflurane failed to significantly preserve HEPs as com- 
pared with controls.* The values of ATP content in 
sevoflurane-treated hearts in this study were similar to 
those of the previous report; however, the ATP content 
of controls was significantly lower in the present study. 
This was surprising but may be a result of the somewhat 
higher pacing frequency of 325 beats/min used in the 
present study compared with 300 beats/min used previ- 
ously, resulting in greater ATP depletion. It is interesting 
that pinacidil alone failed to preserve HEPs despite the 
ability of glyburide to reverse sevoflurane-induced pres- 
ervation of ATP content. Taken together, these findings 
suggest that although KATIJ channel activation likely 
plays an important role in sevoflurane-induced cardio- 
protection, other mechanisms may contribute to these 

effects. The failure of glyburide to modulate any param- 
eters in propofol-treated groups suggests that the KATr 
channel is not involved in the cardioprotection by 
propofol. The underlying mechanisms for the protective 
effects of propofol are not known with certainty. How- 
ever, propofol has been shown to possess antioxidant 
properties in uitro2' and has been demonstrated to in- 
hibit lipid peroxidation induced by oxidative stress in 
isolated  organelle^.^^'^^ In addition, propofol inhibits the 
trans-sarcolemmal calcium current in ventricular myo- 
cytes. 26-2* This is important because lipid peroxidation 
and calcium overload are associated with myocardial 
stunning and ischemic reperfusion in j~ ry .~" .~"  However, 
Coetzee' reported that propofol failed to protect the 
pig heart from ischemic reperfusion injury induced by 
left anterior descending coronary artery occlusion. Re- 
cent studies have now demonstrated that propofol atten- 
uates the mechanical derangements and lipid peroxida- 
tion induced by hydrogen peroxide and preserves the 
ATP content." Moreover, there has been clinical evi- 
dence that propofol reduces lipid peroxidation in isch- 
emic reperfusion injury." In addition, a high concentra- 
tion (100 p ~ )  of propofol has been reported to attenuate 
ischemic contracture, mechanical dysfunction, lactate 
dehydrogenase release, and histologic damage in iso- 
lated ischemia-reperfused rat hearts." Thus, the additive 
benefits of propofol and HOE 642 may be the result of 
the combined antioxidant effects of propofol and the 
reduced calcium overload associated with HOE 642 
treatment. Another potential contribution has been sug- 
gested in a study involving assessment of coronary artery 
vasoactivity in which the dilatory effect of propofol was 
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attenuated with nitric oxide synthase and cyclooxygen- 
ase inhibitors.'2 

In summary, our study using the isolated rat heart 
suggests that KATp channel activation, NHE inhibition, 
and antioxidant effects may all represent distinct path- 
ways of myocardial protection that can be exploited 
under clinical settings by the anesthesiologist. Our study 
should be interpreted with some degree of caution, 
particularly because it was performed using rat hearts, 
which may not be completely applicable to human tis- 
sue. Moreover, we did not study concentration-re- 
sponse relationships for each drug but, instead, relied on 
concentrations that have been established to produce 
the relevant effect for the respective agent. It cannot be 
excluded that different concentrations of these agents 
could produce other effects. Taken together, however, it 
is nonetheless attractive to suggest that the different 
agents used may provide additive protection if used in 
combination; however, further studies are required to 
verify these observations in this model of ischemic injury 
as well as in other animal species. 

The authors thank Dr. Wolfgang Scholz, formerly of Hoechst-Marion- 
Roussel, Frankfurt, Germany, for the generous gift of HOE 642 (cari- 
pride),  and Dr. Adrian W. Gelb for his interest in this study and for 
helpful discussion. 
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