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Preconditioning human ventricular cardiomyocytes 
with brief periods of simulated ischaemia 

John S Ikonomidis, Laura C Tumiati, Richard D Weisel, Donald A G Mickle, 
and Ren-Ke Li 

Objective: The aim was to test for “ischaemic” preconditioning in monolayer cultures of quiescent human 
ventricular cardiomyocytes. Methods: Stabilised cardiomyocytes (n = 8 plates per group) were preconditioned 
with varying periods of simulated ischaemia and reperfusion, followed in all groups by 90 min of sustained 
“ischaemia” with or without 30 rnin of reperfusion. Cellular injury was assessed by trypan blue exclusion and 
survival was assessed by culturing the cells for 24 h postintervention. In addition, separate groups of cell plates 
( n = 8  per group) which had first been preconditioned with 20 min ischaemia and 20 min reperfusion were 
exposed to either 30, 60, or 90 rnin sustained ischaemia or 90 rnin sustained ischaemia with 30 min reperfusion. 
The supernatants and/or cell homogenates were analysed for hydrogen ion, lactate, lactate dehydrogenase (LDH), 
and adenine nucleotides and degradation products. Results: Preconditioning (PC) decreased trypan blue uptake 
following subsequent sustained ischaemia, with the 20 min ischaemid20 min reperfusion (20/20) regimen 
having the most profound effect [control ischaemia: 37.O(SEM 2. I ) ;  10/10: 23.9( 1 S) ;  20/20: 1S.4( 1.4); 
30/30: 25.8(2. I )  percent blue stained cells, p < 0.05 by ANOVA/DUnCan]. The 20/20 preconditioning regimen 
resulted in less hydrogen ion [control: 2.1(0.4); PC: 1.4(0.1) mmo1.g-l protein, p<O.O5] and less LDH release 
[control: 20.7(3.1); PC: I 1.9(4.2) units-g-l protein, p < 0.051. At 90 min of sustained ischaemia, the control group 
had produced significantly greater lactate [intracellular: control 1.55(0.62); PC 0.54(0.23) mo1.g-l DNA, p < 0.05; 
extracellular: control 0.47(0.09); PC 0.33(0.07) mol.g-’ DNA, p < 0.051. There were no differences in ATP 
depletion in the two groups. Conclusions: Ischaemic preconditioning can be induced in human cardiomyocytes 
independent of other cell types. The effect can be established in human cell cultures. 
Curcliovuscular Research 1994;28: 1285-1 291 

n 1986, Murry, Jennings and Reimer found that the 
myocardial infarct size produced by a 40 minute I circumflex coronary artery occlusion could be reduced by 

75% when the myocardium at risk had first been subjected 
to four 5 minute periods of coronary occlusion, each 
separated by 5 minutes of reperfusion.‘ The various 
characteristics of this phenomenon of ischaemic pre- 
conditioning have since been extensively studied. 

Despite the intensive efforts to uncover the mechanism of 
preconditioning, it is still unclear whether the myocyte itself 
is responsible for the preconditioning effect, or whether an 
interaction between multiple cell types is required to achieve 
cardioprotection. Most models in use to date employ in situ 
or isolated heart preparations, which cannot determine which 
cell type is preconditioned or the cell type responsible for the 
preconditioning effect. 

Although preconditioning has been well established in a 
variety of animal species, evidence for existence of a similar 
effect in humans is still relatively scarce. The majority of the 
data to date has been gathered from patients suffering from 
coronary artery disease. Many investigators have suggested 
that preconditioning may reduce the ischaemic injury 
associated with percutaneous transluniinal coronary angio- 
p l a ~ t y , ~ - ~  but the extent of ischaemia associated with this 
intervention may be too small for there to be substantial 
benefit by preconditioning. However, induction of pre- 
conditioning could reduce ischaernic injury during cardiac 
surgery, where ischaemic conditions may be prolonged, 

particularly for high risk patients. This hypothesis is 
supported by the work of Yellon and colleagues who recently 
reported preserved myocardial ATP levels in  patients under- 
going coronary bypass surgery in whom the myocardium 
had first been preconditioned with intermittent aortic cross- 
clamping while on cardiopulmonary bypass.’ In animals. 
Mitchell and colleagues6 found that global ischaemic pre- 
conditioning could improve postischaemic function, and 
Jennings and associates’ found that global preconditioning 
improved the potential for metabolic recovery after global 
ischaemia. These data collected from animals and humans 
suggest that brief periods of ischaemia or a pharmacological 
intervention during a warm cardioplegic induction may 
afford an extra degree of protection against the subsequent 
global ischaemia required for surgery. A better under- 
standing of the mechanisms of preconditioning, therefore. 
may permit its clinical application. 

To assess the effects of preconditioning on cardio- 
myocytes- independently of the effects of other cell types and 
to determine whether the effect could be achieved in human 
tissue, we employed human ventricular cardiomyocyte cell 
cultures. We have developed the techniques to isolate and 
culture human ventricular myocytesX and have sub- 
sequently defined a model of myocyte “ischaemia” and 
reperfusion’” which behaves similarly to previously defined 
models of ischaemia’’-’s and reperfusion“ in cultured 
ventricular myocytes from different species. This model was 
used to evaluate a preconditioning effect. We believe that our 
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results show for the first time that human heart cell cultures 
can be preconditioned with simulated ischaemia, and that the pBs v m  
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5-20 mg ventricular biopsies were obtained from tetralogy of Fallot PI 

culture dishves and cultured'at 37°C and 5% COz in Iscove's modified 
Dulbecco's medium containing 10% fetal bovine serum, 100 U.rn1-l 
penicillin and 100 mg.ml-' streptomycin, and 0.1 mmol.litre-l p 
mercaptoethanol. Purification was achieved using a dilution cloning 
techniyuelx and confirmed with fluorescent monoclonal antibody 
staining for actin (ENZO Biochemical Inc) and human ventricular 
myosin heavy chain (Rougier Bio-Tech). The cell plates used for study 
were more than 95% pure and aged for 42(SEM) 7 d with two to six 
passages. 

Asse.ssments of cell injury and survival 
Non-confluent cell cultures (125 800 cells per plate) were incubated 
with 0.4% trypan blue dye and assessed for injury under an inverted 
light microscope at 200X magnification. Injured cells were unable to 
exclude the large molecular weight dye and stained blue." The number 
of blue stained cells was counted and expressed as a percentage of the 
total number of cells. All counts were confirmed by a single blinded 
observer. 

In  a separate experiment, cellular survival was assessed by main- 
taining non-confluent cetl plates (240000 cells per plate) in culture 
medium without fetal bovine serum (to avoid cell growth) at 37°C and 
5% CO, for 24 h postintervention. Following 24 h of stabilisation, the 
surviving cells remained adherent to the culture plate surface, whereas 
the dead cells would lift off into the bathing medium. This supernatant 
was discarded, the plate was washed in PBS, and the adherent cells 
were separated from the plates with a 0.1 % trypsin solution and counted 
under the inverted light microscope using a haemocytometer. 

Bioc,hemicul measurements 
Cell plates used for all metabolic studies were grown just to confluence 
(445 000 cells per plate). Following removal from the culture dishes, 
the cardiomyocytes and the extracellular fluid recovered from each 
intervention were analysed for lactate (Stat-Pack rapid lactate test kit, 
Behring Diagnostics). Extracts were also assayed for adenosine 
triphosphate and degradation products using step gradient high 
performance liquid chromatography.'" The DNA in the extracts was 
recovered in 5% perchloric acid and quantitated using a spectro- 
photometric, diphenylamine colour reaction, with calf thymus DNA as 
the standard." The lactate, adenine nucleotide, and degradation product 
values were then corrected for DNA content. 

Extracellular fluid recovered from the cells postintervention was 
further analysed for hydrogen ion concentration using a blood gas 
analyser and lactate dehydrogenase release (assay reagents from 
Boehringer Mannheini). The cells were then removed from each plate 
and assayed for protein using a spectrophotometric dye reaction with 
hovine serum albumin as the standard.*' The hydrogen ion and lactate 
dehydrogenase results were then corrected for the protein content from 
each plate. 

Exprrimenial protocols 
Figure 1 summarises the experimental design. The following groups 
were studied: (1) stabilisation for 30 rnin (PBS 30 rnin); (2) pre- 
conditioning (P): a brief period of simulated ischaemia and reperfusion: 
(3) ischaemia (I): a prolonged ischaemic period; (4) preconditioning 
and ischaemia (PI): a brief period of ischaemia and reperfusion 
followed by a prolonged ischaemic interval; (5) ischaemia and 
reperfusion (IR): a prolonged ischaemic period followed by reperfusion 
(30 min); (6) preconditioning, ischaemia, and reperfusion (PIR). 
Following stabilisation in perfusion PBS (phosphate buffered saline as 
defined above with the addition of MgCI, 0.49 mM, CaCI, 0.68 mM, 
and glucose 3.0 mM) at 37°C for 30 min, ischaemia was simulated by 
placing the cells into an acrylic chamber flushed with 100% nitrogen 
and exposing them to a low volume (1.5 rnl)l3 of anoxic (Po, = 0 kPa) 
perfusion PBS at 37°C for 90 min.'" The perfusion PBS was degassed 
in 200 ml quantities by bubbling with 95% N2/5% CO' that had first 
been passed through an oxygen trap (1% w/v NaSO, in deionised 
water), The solution was degassed until the Po, was measured to be 

30 

Preconditioning 

Figure 1 The protocol jbr each e.xperimentu1 groiip. All 
groups received a 30 rnin stabilisation period iti tio~.rrroric~ 37°C 
phosphate bufered saline (PBS) with Cu'+, Mg", mid , q l r r c ~ ~ c ,  
prior to preconditioning or isrhriemici wit/? / o b i ,  ~ ~ ~ / i i m r  utio.vic 
perfusion PBS with or without LI suhscqient repet:fiision period. 
PBS 30 min = stahilisation in perfiision PBS f i j r  30 nrin: 
P =preconditioning; I = YO min isc-hurtnici; PI = /~rec~)ii~li t ioii i i t ,~ 
plus ischaemia; IR = ischuemia p2u.s S O  rnin rc~pr~i$ision: 
PIR = preconditioning plus ischaernia p1u.y repertii,sion. 

0 kPa. Following this, the gas was changed to 100% N2 and passed ovei- 
the perfusion PBS to reduce the Pro, to less than I .3 kPa. The solution 
pH was adjusted to 7.40(SEM 0.05) and the osniolality was corrected 
to 290(10) mOsrn.litre-' using 1.0 M NaOH and HCI. respectively. 

In order to verify the desired conditions within the nitrogen chamber. 
2 ml of anoxic perfusion PBS was also placed in  an open dish within 
the chamber and tested to ensure the absence of  oxygen 5 niin from the 
end of each ischaemia experiment. Reperfusion was accomplished by 
exposure to 15 ml of normoxic, 37°C perfusion PBS for 30 min. To 
identify the optimal preconditioning stimulus, separate plates of heart 
cells ( n = 8  plates per group) were preconditioned with one of three 
different regimens: ( I )  10 rnin ischaemia and 10 inin reperfusion: 
(2) 20 min ischaemia and 20 min reperfusion: (3) 30 rnin ischaemia and 
30 rnin reperfusion. Following this, each group was exposed to the 
same period of prolonged ischaemia (90 min) with or without 
reperfusion (30 min). In another set of experiments, separate groups of 
cell plates (n = 8 per group) which had first been preconditioned with 
20 min ischaemia and 20 min reperfusion were exposed to either 30. 
60, or 90 rnin sustained ischaemia or 90 niin sustained ischaeniia with 
30 min reperfusion. 

Staristiccrl analysis 
Analysis of variance (ANOVA) was used to identify significant 
differences between control and treatment groups. When found, these 
differences were specified with Duncan's Multiple Range t test. Two 
way ANOVA was used to assess for interactions between treatment 
(ischaemia with or without preconditioning) and ischaemic time. 
Statistical significance was assumed at the p < 0.05 level. 

Results 

Figure 2 shows the results of the cell injury and cell survival 
studies following a pilot experiment assessing ischaemia (1) 
and ischaemia and reperfusion (IR) in control cell plates and 
in separate groups that had first received a preconditioning 
stimulus consisting of 10 min ischaemia and 10 min 
reperfusion prior to prolonged ischaemia (PI) or ischaemia 
and reperfusion (PIR). The cell counts from the plates used 
for these studies were similar across all groups. The results 
of the trypan blue assessment showed a significant decrease 
in cell injury following both ischaemia and reperfusion when 
the preconditioning stimulus was added to the protocol 
(ANOVA F value p=O.OOOl). The cell survival study also 
showed a significant increase in surviving cells in the pre- 
conditioned groups (ANOVA F value p <<O.OOl). 
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the remaining figures. Figure 4 shows that supernatant 
hydrogen ion and LDH were significantly (ANOW F values 
p << 0.001 and p = 0.003, respectively) decreased after 90 min 
of ischaemia in the cells that had first been preconditioned. 
Following 30 min of reperfusion, there were no significant 
differences in these values between the preconditioned 
and control groups. Overall, the protein content averaged 
O.OSS(0.002) mg per plate and was not significantly different 
between preconditioned and non-preconditioned cells. 

Figure S shows that ischaemia increased intracellular 
lactate concentrations, with the highest value after 90 min. 
In the preconditioned cells, lactate production reached a 
plateau at 60 min of ischaemia and was significantly lower 
than the non-preconditioned cells at 90 min of ischaemia. 
These differences in intracellular lactate concentrations were 
similar to the extracellular lactate values (fig 5). 
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Figure 2 Cell injury and survival with the 10 min ischaemid 
I0 inin reperjiusion preconditioning regimen. Tbp: Preconditioning 
reduced the percentage of cells which take up trypan blue 
,following 90 min ischaemia with or without reperfusion. 
Bottom: 10 min of preconditioning increased cellular survival 
,following 24 h incubation in serumzfree medium at 37°C. 
PBS 30 min = stubilisation in perfusion phosphate buffered 
saline ,for 30 min; P = preconditioning; I = 90 min ischaemia; 
PI = preconditioning plus ischaemia; IR = ischaemia plus 30 min 
repegusinn; PlR = preconditioning plus ischaemia plus re- 
perjiusion. Error bars = SEM, n = 8 plates per group. 
*p < 0.05 v I und IR. I n  top panel I ,  IR, PI, and PIR all differ 

from P and PBS ( p  < 0.05), and from PBS in bottom panel 
( p  < 0.05). 

Following the above experiment, three different ischaemic 
preconditioning intervals were compared: (1) 10 min 
ischaemia and 10 rnin reperfusion; (2) 20 rnin ischaemia and 
20 min reperfusion; (3) 30 min ischaemia and 30 min 
reperfusion. Figure 3 (top) shows that, while a pre- 
conditioning effect was observed in all groups studied, the 
20 min preconditioning regimen reduced the cell injury 
(trypan blue exclusion) both after ischaemia and after 
ischaemia and reperfusion to the greatest extent when com- 
pared to the 10 rnin and 30 min preconditioning intervals 
(ANOVA F value p<<O.O01). In addition (fig 3, bottom), the 
20 min preconditioning stimulus significantly increased the 
number of cells surviving after 24 h incubation compared to 
ischaemia and to ischaemia and reperfusion without pre- 
conditioning (ANOVA F value p << 0.001). 

The metabolic effects of the 20 rnin preconditioning 
stimulus on subsequent prolonged ischaemia are shown in 

" 
1OPi 2OPI 30PI 10PIR 20PIR 30PIR 

Intervention 

25 r 

CI 

" PBS P I PI IR PIR 
30 min 

Figure 3 Top: Preconditioning with 20 min of ischaemiir iiriil 
20 min of reperfusion conferred the best protection frorn tnptrri 
blue uptake compared to the I0 min and 30 min regimens. 10. 20. 
30 PI =preconditioning ischuemia j b r  10, 20 or 30 min bt,ith 10, 
20 and 30 min of reperfusion respectively ,fidloM.eiI /JJ 90 inirr 
ischaemia; PIR = preconditioning,follou,ed by ischaemia u s  defined 
plus 30 min reperfusion. Bottom: Cell survival study documenting 
the benejit of the 20 niin preconditioning rflect. PBS 30 nrin = 
stabilisation in perfusion phosphate buflered saline for  30 inin; 
P = preconditioning; I = 90 min ischaemia; PI = pre'.oirditiotziriR 
plus ischaemia; IR = ischaemiu plus 30 rnin repetfifsion: 
PIR = preconditioning plus ischaemia plus repe@~sian. Error 
bars = SEM, n = 8 plates per group. 
*p < 0.05 v I 0  Pl and 30 PI; t p  < 0.05 v I and IR; j p  < 0.05 v 
10 PIR and 30 PIR. 111 bottom panel I ,  IR. PI. iind PIR difei- f i n i n  
P and PBS ( p  < 0.05). 
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Figure 4 Extracellular hydrogen ion and L B H  release during 
20 min of preconditioning. Top: Preconditioning (PI) reduced 
hydrogen ion production sign$cantly following 90 min of 
ischaemia compared to the non-preconditioned I group. 
Bottom: Extracellular LLlH release was significantly lower in 
the preconditioned PI group than the non-preconditioned I group. 
PBS 30 rnin = stabilisation in petjksion phosphate buffered 
saline for 30 min; P = preconditioning; I = 90 min ischaem'a; 
PI = preconditioning plus ischaemia; IR = ischaemia plus 30 min 
reperjkion: PIR =preconditioning plus ischaemia plus re- 
petjksion. Error bars = SEM, n = 8 plates per group. 
*p < 0.05 v I. In top panel, I and PI differ from P (p < 0.05). 

Cellular ATP levels fell in both groups in response to 
ischaemia, and there! were no significant differences between 
preconditioned and non-preconditioned cells (fig 6). How- 
ever, in the preconditioned cells, ATP levels seemed to 
plateau after 30 min of ischaemia, whereas with non- 
preconditioned ischaemia, there was a trend toward decreasing 
ATP levels with progressively increased ischaemic times. 
Analysis of the 30, 60, and 90 min ischaemic time data 
points for both groups by two way ANOVA did not reveal a 
significant interaction between ischaemic time and treatment 
(ischaemia or preconditioninghschaemia). Figure 7 shows 
the effects of ischaemia with and without preconditioning on 
all adenine nucleotides and degradation products. Inosine 
was greater after 90 min of ischaemia in the control group 
than in the preconditioned group [p=0.002). Overall the 
DNA measurements averaged 3.19(0.19) pg per plate and 
were not statistically different between preconditioned and 
non-preconditioned cells. 

Preconditioning 
lschaemia , L .. . . .- 

?4 

t L 
I I I I -.A 
P 30min 60min 90min Rep 

Intervention 
Figure 5 Intracellular (lactatei) and estracellulur (lwttrte,,) 
lactate levels during 30, 60. and 90 min of prolonged ischaemitr 
with or without 20 rnin of preconditioning. Top: Intracellulur 
lactate levels increased in both groups during ischaemia. but by 
90 rnin the ischaemia group had signifcantly higher Iactute 
levels than the preconditioning group. These results lire firther 
rejected in the extracellular lactate measirrements (Bottom). 
Error bars = SEM. n = 8 plates per group. 
*p < 0.05; t p  < 0.05 v PBS, 30 min. and 60 min: $ p  < 0.05 v PBS. 
P, and 30 min. 
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Figure 6 Cellular ATP levels during 30, 60 and 90 niiir of 
prolonged ischaemia with or without 20 rnin of preconditioning. I n  
both groups, ATP levels decrease during ischemia. but ATP 
depletion in the ischaemia group appears more rapid during 
ischaemia than in the preconditioning group. 7ivo way ANOM 

analysis failed to show interactions between ischaemic time mid 
intervention. Error bars = SEM. n = 8 plates per group. 
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Figure 7 Intracellular adenine nucleotide and degradation 
product levels during 30, 60, and 90 min of prolonged ischaemia 
with (P30, PhO, P90) or without (130, 160, 190) 20 min of 
preconditioning (P). E)p: Intracellular levels of ATE ADf: and 
AMP are shown. Bobtom: Intracellular levels of adenosine, inosine, 
hypoxunthine are shown. Signijicantly more inosine was produced 
by the control ischaeinia group at 90 min of ischaemia than the 
preconditioned group. This may indicate a slowing of adenine 
nucleotide degradation with ischaemia following preconditioning. 
PBS = stahilisation in perfusion phosphate buffered saline for 
30 min: IR = ischaemia plus 30 min reperfusion; PIR =pre- 
conditioning plus ischaernia plus repegusion. Error bars = SEM, 
n = 8 plates per group. 
*p < 0.05 v P90; t p  < 0.05 v PBS. 

Discussion 

Since its description in 1986,’ the protective effect of 
ischaemic preconditioning has been intensely studied. Many 
groups have confirmed the impressive cardioprotective 
properties of this phenomenon in dogs,’ rabbits,” 24 rats,6 
and pigs.25 ” Similarly, the antiarrhythmic effects of pre- 
conditioning have been demonstrated in a number of 
 specie^.'^ ** In addition to the regional ischaemia models 
typically used to study this phenomenon, preconditioning is 
possible with rapid cardiac pacing” and also in a model 
which produced ischaemia via cyclic coronary flow 
variations to the area at risk by the induction of proximal 
coronary arterial endothelial injury, resulting in the periodic 
formation and release of platelet t h r ~ m b i . ~ ”  Furthermore, 
preconditioning has been identified under conditions of 

global normothermic cardioplegic arrest by Jennings and 
 coworker^.^ Under these conditions, the globally pre- 
conditioned myocardium shows a decrease in demand for 
energy compared to non-preconditioned hearts. Further, 
Mitchell and associates‘ noted an 84% recovery in initial left 
ventricular developed pressure during reperfusion of pre- 
conditioned, globally ischaemic rat hearts, compared to 54% 
in controls. This technique may therefore have the potential 
for application to patients undergoing cardiac surgery. 

Two important questions remain unresolved. First, can 
preconditioning be achieved in human hearts to augment 
current techniques of clinical cardiac care? Most of the 
evidence supporting the potential for a clinical application of 
preconditioning comes from the setting of percutaneous 
transluminal coronary angioplasty (PTCA), where several 
studiesz4 have documented the existence of a pre- 
conditioning effect. Patients suffering from coronary artery 
disease undergoing PTCA appear to experience less severe 
ischaemic effects during subsequent balloon inflations when 
the initial inflation lasts 90 seconds’ but not 60 seconds3. 
These data imply that the high risk coronary patient, who is 
not able to tolerate a sufficient period of balloon inflation, 
may not benefit from a preconditioning effect. Hence, the 
cardiac surgeon may find himself in a unique position to 
implement preconditioning strategies under the controlled 
conditions of cardiopulmonary bypass. Under these con- 
ditions, Yellon et a1 induced global ischaemic pre- 
conditioning in seven patients suffering from operable 
coronary artery disease using two cycles of three minutes of 
aortic crossclamping with two minutes of reperfusion. Assay 
of myocardial biopsies taken following a subsequent 10 
minute global ischaemic insult (during which the first 
proximal and distal vein graft anastomoses were created) 
showed preserved cellular ATP levels compared to a non- 
preconditioned control group.’ 

In an attempt to provide more information concerning this 
first question, we employed isolated human ventricular myo- 
cytes in a preconditioning model using simulated conditions 
of ischaemia and reperfusion which have been studied in 
other species.”-” With this model, we found that human 
cardiomyocytes can be preconditioned. 

Second, is the cardiomyocyte responsible for pre- 
conditioning, or does the effect require multiple cell types? 
In order to answer this question, a preconditioning model 
was established in pure cultures of cardiomyocytes without 
other cardiac cell types such as endothelial cells, smooth 
muscle cells, fibroblasts, and pericytes. The data presented in 
this study show that “ischaemic” preconditioning can be 
observed in heart cells without the influence of other cell types. 

The cardiomyocytes we have employed for these studiesX 
are similar to primary human cardiomyocytes.’ Tissue for 
culture was removed from the right ventricular outflow tract 
of patients undergoing operative repair of tetralogy of Fallot. 
Under the appropriate conditions, the cells were separated 
enzymatically and cultured. The cultures were shown to be 
greater than 95% pure through immunofluorescence staining 
for human ventricular myosin heavy chain.8 Electron micro- 
graphs of these cells demonstrate abundant mitochondria and 
intracellular sarcomeric networks, with cellular attachments 
via intercalated discs.’ However, the contractile elements are 
not functionally arranged within these cells, and thus they 
are quiescent, simulating the arrested myocardium during 
cardiac surgery. 

In cell culture models, other investigators have employed 
techniques similar to ours to induce “ischaemia”. ’ ’ - I 7  The 
outcome measurements have been validated previously. 
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Acosta and colleagues" found that the release of LDH into 
the supernatant provided a sensitive index of ischaemic 
sarcolemmal injury. Our LDH results confirmed our findings 
with trypan blue exclusion and cell survival. 

The application of cell culture models to test strategies 
of myocardial protection against conditions of simulated 
ischaemia and hypoxia is relatively new. Ganote and 
colleagues" have used an ischaemic rat cardiomyocyte pellet 
model to report salutory effects of adenosine and adenosine 
A, receptor agonists against ischaemic damage. In cultured 
rabbit cardiomyocytes, Armstrong and associates3? reported 
that glucose-free preincubation resulted in a significant pre- 
conditioning effect which rivalled that seen in intact heart 
studies. However, neither of these studies assessed the 
effects of brief ischaemia and reperfusion for protection 
against subsequent prolonged ischaemia. Cave et a1 33 found 
that brief hypoxia alone did not produce a preconditioning 
effect in cultured beating rat cardiomyocytes. The negative 
outcome of this study differs from ours, perhaps because the 
constant perfusion employed in these studies may have 
prevented the accumulation of a preconditioning mediator. 

The mechanism of the preconditioning effect may have 
important clinical relevance if this knowledge allows new 
techniques of induction of cardioprotection prior to cardiac 
surgical procedures. One potential mechanism may involve 
modulation of intracellular anaerobic gycolysis. In this study, 
we found that preconditioning reduced intracellular and 
extracellular lactate and acid production during prolonged 
ischaemia. Kida and colleagues26 also found preservation 
of intracellular pH during sustained porcine myocardial 
ischaemia with preconditioning. Both Murry et al'4 and 
Jennings and colleagues' found that preconditioning reduced 
myocardial lactate production during prolonged ischaemia in 
both beating" and non-beating7 canine myocardium. This 
reduction in glycolytic rate after preconditioning was 
supported by measurements documenting accumulation of 
glycolytic intermediates such as glucose-6-phosphate and 
a-glycerol phosphate during sustained ischaemia in the pre- 
conditioned  heart^.^ In humans, Deutsch and colleagues' 
observed less myocardial lactate production during the 
second coronary angioplasty balloon inflation compared to 
the first, which coincided with less ST segment depression 
and less anginal discomfort. 

Accumulation of glycolytic products may be detrimental 
during ischaemia,3s but other studies suggest that glycolysis 
is beneficial during ischaemia by delaying ischaemic 
contracture,'6 37 maintaining cellular ion homeostasis,3x and 
reducing postischaemic d y ~ f u n c t i o n . ~ ~  It is still unclear, in 
the context of preconditioning, whether a decrease in 
glycolysis is the result rather than the mechanism of pre- 
conditioning induced cardioprotection. The controversy 
surrounding a glycolysis related mechanism for pre- 
conditioning is highlighted by two studies using adenosine, 
perhaps the most likely candidate as the extracellular 
mediator of pre~onditioning.~~ In rabbit cardiomyocytes, 
reduction or prevention of ischaemic glycolysis through 
glucose-free preincubation resulted in a protective effect 
against subsequent prolonged ischaemia. This effect was 
abolished when 8-sulphophenyl theophylline, an adenosine 
receptor antagonist, was added to the medium." In contrast, 
Lasley and Mentzer found a protective effect of adenosine 
infusion in ischaemic rat hearts despite an increase in lactate 
production,"' indicative of an increase in glycolytic rate. 

The effect of ischaemic preconditioning on preservation 
of cellular ATP is controversial. In a canine model, Murry 
et al documented slower ATP depletion early in the course 

of sustained ischaemia in preconditioned hearts compared to 
controls, but no differences in myocardial ATP content at 
the end of the insult. Kida and associates'" found a similar 
result in pigs. In contrast, Kimura rt 01'' and Flack and 
colleagues" both showed preserved ATP inpreconditioned 
swine hearts following sustained ischaemia and reperfusion. 
Using "P nuclear magnetic resonance (NMR),  Steenbergen 
et a14' reported ATP sparing in preconditioned perfused rat 
hearts following sustained ischaemia. However. Wolfe and 
colleagues4' performed a similar "P NMR study o n  the same 
species and found a negative result. As mentioned pre- 
viously, Yellon and colleagues' showed a 42% reduction in 
myocardial ATP in preconditioned human hearts following 
sustained ischaemia, in contrast to a 69%. reduction in 
controls. In our study, we found no statistical differences i n  
either the kinetics of ATP depletion or the cellular ATP 
content following sustained "ischaemia" between control and 
preconditioned heart cells. However, by 90 minutes of 
ischaemia, more inosine was produced in the control group 
than in  the preconditioned group, perhaps indicative of more 
complete high energy phosphate degradation with non- 
preconditioned ischaemia. The results of this study also 
showed that even with glucose present in the "ischaemic" 
perfusate, cellular ATP levels fell at a rate which exceeds 
that of other studies." l 7  We believe that the more rapid ATP 
degradation seen with our model results from ( 1 ) the use of 
degassed crystalloid solution instead of degassed medium as 
the ischaemic perfusate; and (2) a Po2 of 0 kPa in the 
perfusate. Complete anoxia may not be possible when 
degassing medium. 

Jennings and associates" have postulated that prc- 
conditioning may inhibit mitochondrial ATPase activity. 
Preserved ATP stores in a mitochondrial subceilular 
"compartment" would not have been identified with our 
measurement technique, which involved assay of a whole 
cell homogenate. However, cell culture studies facilitate 
evaluation of stibcellular compartments such as mitochondria 
in specific cell types. 

In summary, this paper defines a unique model of cellular 
ischaemic preconditioning using a monolayer of cultured 
human ventricular myocytes. This model is ideal for the 
investigation of potential myocardial mechanisms of pre- 
conditioning at the cellular level. 
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