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Abstract 

OBJECTIVE: Ischemia (I) occurs in many clinical conditions including myocardial 

infarction, transplantation, vascular surgery and stroke. Reperfusion (R) is the main treatment 

of I. However, R of ischemic tissues may exacerbate inflammatory events and tissue damage, 

which is known as ischemia-reperfusion (I/R) injury. The molecular mechanisms of I/R injury 

have been studied mainly in animal models. Typically I/R is characterized by a transient fall 

of ATP levels in cells subsequently followed by multiple intra- and extra-cellular events that 

sometimes lead to apoptosis or necrosis. In this study, we evaluated the lymphocytic Jurkat 

cell line exposed to metabolic inhibitors as an in vitro model for I/R, and compared these cells 

with endothelial cells (human umbilical vein endothelial cells [HUVECS] and two endothelial 

cell lines) cultured under identical conditions. 

METHODS: Specific inhibitors targeting glycolysis and/or the mitochondrial 

respiratory chain were used. Intracellular ATP levels were measured, and viability of the cells 

was monitored. 

RESULTS: Metabolic inhibition induced a dose-dependent and reproducible ATP 

depletion in each of these cell types. A substantial decrease of intracellular ATP (<40% of the 

normal level) induced apoptosis in the endothelial and the Jurkat cell lines. Even at minimal 

ATP levels (<10% of normal) necrosis was hardly observed. Jurkat cells were comparable to 

the endothelial cell lines regarding response to metabolic inhibition, whereas HUVECs 

appeared to be more sensitive regarding intracellular ATP depletion. 

CONCLUSION: Jurkat cells exposed to metabolic inhibitors provide a convenient 

alternative to endothelial cells as an in vitro model for I/R. 

Introduction 

Ischemia (I) followed by reperfusion (R) may result in tissue injury (I/R-injury) 

mediated by an inflammatory process. This process involves cellular and humoral mediators. 

Among the cellular mediators are neutrophils, platelets and endothelial cells which upon 

activation amplify the inflammatory reactions [1-3]. 

A central event in I/R-injury is the depletion of intracellular ATP levels. In endothelial cells 

this decrease may lead to reorganisation of the cellular cytoskeleton which increases the 

permeability of these cells [4-6]. Moreover, I/R-injury can induce apoptosis in cells [7-9]. The 

relationship between intracellular ATP levels and cell death has been intensively investigated, 
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for example regarding triggering the apoptotic pathway. Intracellular ATP level indeed to 

some extent directs the pathway of cell death: apoptosis is induced in cells with moderate to 

severe ATP depletion, and necrosis in case of severe ATP decrease. This phenomenon has 

been observed in various cell types like lymphoid cell lines in which the control of 

intracellular ATP concentration oriented either towards apoptosis or necrosis [10;11]. 

Similarly, metabolic inhibition alone or combined with oxidant-injury induced apoptosis in 

mouse proximal tubular cells [12] as well as in bovine endothelial cells [13]. In this latter 

study, a decrease of intracellular ATP was induced by exposing the cells to metabolic 

inhibitors of glycolysis and/or the mitochondrial respiratory chain. 

Using the same approach with metabolic inhibitors, we wanted to set up an in vitro model 

with human endothelial cells and to compare these cells with Jurkat cells, which are among 

the easiest cells to culture, as for their sensitivity to apoptosis induction, allowing further 

studies on the molecular mechanisms of I/R injury. Therefore, primary human umbilical vein-

derived endothelial cells (HUVECs) as well as 2 endothelial cell lines and Jurkat cell line 

were incubated in culture medium containing various concentrations of metabolic inhibitors. 

Cell viability was assessed using probes for phosphatidylserine (annexin V), intracellular 

caspase-3 activity, and cell permeability (propidium iodide, MTT). 

Material and methods 

Cell culture 

ECRF24 [14] and EA.hy926 [15] cell lines were cultured in IMDM (BioWhittaker 

Europe, Verviers, Belgium) supplemented with 5%, v/v, heat-inactivated foetal calf serum 

(FCS; Bodinco, Alkmaar, The Netherlands), 20 ug human-transferrin (Sigma, St Louis, MO) 

per ml, 90 ug heparin (Leo Pharma BV, Weesp, The Netherlands) per ml, 2.5 ng human basic 

fibroblast growth factor (Sigma) per ml, 100 U penicillin per ml and 100 ug streptomycin 

(Life Technologies, Grand Island, NY) per ml. 

Jurkat cells were cultured in IMDM (Invitrogen™, life technologies) supplemented 

with FCS, human-transferrin, penicillin and streptomycin at concentrations as described 

above. 

HUVECs were harvested from umbilical cords with collagenase as described 

previously [16], and cultured in RPMI 1640/M199 (v/v, 1/1) (Life Technologies), 

supplemented with 10%, v/v, heat-inactivated human serum, 1%, w/v, glutamine (Sigma), 

100 U penicillin per ml and 100 ug streptomycin per ml on fibronectin (Sigma) coated flasks. 
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Metabolic inhibition 

Cells were put in 24 wells plate (Nunclon ™, Life Technologies), 500 ul culture 

medium per well, grown to confluence (ECRF24/Edgell/pHUVECs). After a final overnight 

incubation at 37°C (5% C02/95% air), 2-deoxy-D-glucose (DOG), potassium cyanide (KCN) 

or antimycin A (Sigma) were added to the cell culture in an additional 500 ul culture medium, 

and incubated for 2 hours at 37°C. To imitate reperfusion, the medium was removed after 

gentle centrifugation at lOOg for 3 minutes, and replaced by 500 ul fresh culture medium. 

During this procedure, exposure of cells to air was carefully prevented. 

Nucleotide extraction 

After harvesting the cells, when necessary by trypsinization (Trypsin-EDTA, 

GibcoBRL, Life Technologies), cells were washed once with cold phosphate-buffered saline, 

pH 7.4 (PBS), and incubated with 80%, v/v, methanol (Merck, Darmstadt, Germany), 0.5 mM 

EDTA (Siegfried Handel, Zofingen, Germany), pH 7, for 30 minutes at 4°C. Thereafter, the 

samples were heated up to 70°C for 5 minutes and after centrifugation for 5 minutes at 20,000 

g, supernatant was stored at -80°C until further use. 

A TP measurement 

Cellular ATP levels were assayed with a commercial luciferase-luciferin method, 

modified from the method described by Stanley and Williams [17]. The colorimetric assay 

was used according to manufacture's instructions (Sigma). ATP (Sigma) solution ranging 

from 10"9 to 10"1 moles was used as a reference. Hundred |al of luciferase-luciferin, 10 mg per 

ml, solution (LL) were used per cell sample. After background reading of the LL solution in 

black maxisorb 96 wells-plate (NUNC, Life Technologies), 50 \A of nucleotide extract were 

added and luminescence was detected with the HTS7000 Plus Bio Assay Reader (Perkin 

Elmer instruments, Boston, MA) using the HTSoft software. Cells incubated in normal 

culture medium (CM) were taken as the reference ATP concentration. ATP in treated cells 

was expressed as the percentage relative to this reference. 

Cell viability parameters 

After incubation, cells were harvested when necessary and washed thrice with Hepes 

buffer containing calcium (Hepes lOmM, NaCl 150mM, KC1 5mM, CaCL 1.8 mM and 

MgCL 1 mM, pH 7.4). Cells were then incubated with Annexin-V-FITC (Bender 

MedSystems, Vienna, Austria) in the same buffer for 30 minutes at 4°C in darkness. After 
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washing with Hepes buffer, cells were incubated in Hepes buffer containing propidium iodide 

(PI; Bender MedSystems) at a final concentration of 500 ng per ml. Results were analysed by 

flow cytometry in Cellquest acquisition program and analysed with WinMDI 2.8 program (J. 

Trotter, The Scripps Research Institute; La Jolla, CA). 

To assess their viability, cells were harvested with trypsin/EDTA (GibcoBRL) when 

necessary, washed with PBS and resuspended in 100 ul MTT (3-(4,5-dimethylthazol-2-yl)-

2,5-diphenyl tetrazolium bromide; SA Sopar Biochem, Brussels, Belgium), at 0.5 mg per ml 

in PBS. After incubation for 2 to 4 hours at 37°C, the reaction was stopped with isopropanol 

containing 0.04 N HC1, and the absorbance at 540 nm was measured. 

Caspase assay 

Caspase activity was measured using a fluorogenic substrate, Ac-DEVD-AMC (Alexis 

Biochemicals, Zandhoven, Belgium) according to a protocol adapted from others (18). 

Shortly, cells were harvested and washed once with ice-cold PBS and further incubated with 

50 (il lysis buffer (50 mM TRIS, 150 mM NaCl, 1%, w/v, NP-40, pH 8) and stored at -70°C 

until further use. Lysates were thawed at 37°C and cell debris removed by centrifugation at 

20,000g for 10 minutes. Thereafter, 40 p.1 lysate were incubated with fluorogenic substrate in 

80 %, v/v, Hepes buffer (20 mM Hepes, 132 mM NaCl) and 20%, v/v, glycerol containing 5 

mM dithiotriethol, pH 7.5. The final concentration of the substrate Ac-DEVD-AMC in this 

buffer was 50 nM. As a negative control, lysis buffer without cells was tested for caspase 

activity. The cleavage of 7-amino-4-methylcoumarin was then monitored with the HTS7000 

plate reader after excitation at 405 nm and emission at 465 nm at 37°C and the enzymatic 

activity expressed as relative fluorescence units (RFU) after 2h, as maximum fluorescence. 

Analysis of data 

Data were analysed with GraphPad Instat® (version 3.0). Distribution of data was 

analysed with the method of Kolmogorov and Smirnov. As data appeared to be normally 

distributed, Student's t test and one-way analysis of variance (ANOVA) multiple comparison 

test with Bonferroni correction were used to assess differences between groups. Correlation 

between parameters was assessed with Pearson's correlation analysis. A P-value <0.05 was 

considered to represent a significant difference or correlation. 
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Results 

Metabolic inhibition and cellular ATP depletion 

In order to block their cellular energy supply, cell lines or primary endothelial cells 

were incubated with metabolic inhibitors. In these experiments inhibitors of glycolysis, i.e. 

DOG, and of the mitochondrial ATP synthase (KCN, AntimycinA) were used alone or in 

combination. Subsequently, intracellular ATP levels were monitored with the luciferase-

luciferin colorimetric assay. Time kinetics was performed to select the appropriated time of 

incubation. A comparable ATP depletion was observed with either Jurkat or endothelial cell 

lines upon incubation with each inhibitor (not shown). This depletion reached a plateau after 2 

hours of incubation, which was used in the further experiments. As shown figure 1A, DOG 

induced a dose-dependent ATP depletion at concentrations from 2.5 mM to 50 mM in the 

Jurkat, ECRF24, EA.hy926 cell-lines as well as in primary HUVECs. However, the primary 

cells were about twice as sensitive as the cell lines to this metabolic inhibitor. For example, 

incubation with 10 mM DOG for 2 hours reduced intracellular ATP to 75 ± 8.7%, 65 ± 10.5% 

and 56 ± 7.6% of baseline levels in the Jurkat, ECRF24 and EA.hy926 cell-lines, respectively, 

versus 28 ± 6.3% in pHUVECs. After 2 hours incubation at a high concentration of DOG (50 

mM), intracellular ATP was reduced to about 20% of control values in all cell types (22 ± 

4.6%, 27 ± 5%, 22 ± 5.8% and 14 ± 6.5% m Jurkat, ECRF24, EA.hy926 and pHUVECs, 

respectively). 

When inhibitors of glycolysis (DOG 20 mM) and mitochondrial respiratory chain 

(KCN 10 or 20 mM) or antimycin A (10 or 20 îM) were used in combination we observed a 

more profound effect on ATP depletion than with DOG alone (Figure IB), whereas the 

inhibitors of the mitochondrial respiratory chain alone had less effect on ATP than DOG (not 

shown). High concentration of hydrogen peroxide (0.03%, v/v) were used to induce necrosis 

of the cells and led to a complete depletion of intracellular ATP as compared to controls in 

Jurkat, ECRF24, EA.hy926 and pHUVEC, respectively (0.3 ± 0.1%, 0.4 ± 0.2%, 0.2 ± 0.2% 

and 0.3 ± 0.3%). This strong effect of hydrogen peroxide on intracellular ATP levels likely 

reflected the increase of permeability of the cell membrane of the cells. As another control, 

cells were also incubated with the apoptotic agent etoposide (200 jiM) for 2 hours. No effect 

on the intracellular ATP was found with this drug incubated in normal culture medium (113 ± 

32%, 101 ± 30%, 107 ± 47% and 88 ± 26% for Jurkat, ECRF24, EA.hy926 and pHUVEC 

cells, respectively). 
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Figure 1: ATP depletion by metabolic inhibition in various cell types. (A) Jurkat, ECRF24 and EA.hy926 
cells as well as primary HUVECs were cultured for 2 hours in presence of 2-deoxy-glucose (DOG) 2.5 to 50 
mM. ATP levels of the cells were then measured with luciferase-luciferin assay. (B) ATP levels in cells 
incubated with 20 mM DOG and either 10 or 20 mM potassium cyanide (KCN), or 10 or 20 »M AntimycinA. 
Cells incubated with 0.03%, v/v, hydrogen peroxide (H202) or etoposide (200 uM) were also analysed. Results 
are mean ± standard deviation, 4<n<16. Data analysis with one-way ANOVA and Bonferroni multiple 
comparison test. ***p<0.001; **p<0.01; ns is non significant. 

Metabolic inhibition and cell viability 

Viability of cells exposed to metabolic inhibition either or not followed by incubation 

with normal culture medium to imitate reperfusion, was tested with the MTT assay as 

described in material and methods. Viability of cell lines after 2 hours of metabolic inhibition 

was hardly affected (less than 20% cell death) by any of the metabolic inhibitors used. Even 

exposure to combinations of inhibitors did not result in more cell death, except for the 

ECRF24 cell line which showed a substantial increased death rate when incubated with DOG 
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20 mM and antimycinA 10 uM (65 ± 7.5% cell survival compared to control conditions 

without metabolic inhibitor, p<0.001, figure 2A). A 2-hours incubation with hydrogen 

peroxide at a concentration of 0.03%, v/v, decreased significantly (p<0.001) viability in each 

cell type, as compared to cells incubated in culture medium, to 20 ± 5.5%, 15 ± 2%, 42 ± 

10.6% and 18 ± 0.9% in Jurkat, ECRF24, EA.hy926 and pHUVECs, respectively. In contrast, 

the apoptotic agent, ctoposide, incubated for 2 hours at a final concentration of 200 uM with 

either cell type, hardly induced cell death (cell survival 105 ± 19%, 85 ± 6.8%, 108 ± 9.2% 

and 91 ± 2.2% for Jurkat, ECRF24, EA.hy926 and pHUVECs, respectively, as compared to 

cells cultured under normal conditions). 

Ö • Jurkat D ECRF24 • EA.Hy926 D pHUVEC 
-E 150 

Figure 2: Cell viability in cells exposed to metabolic inhibition (A) or metabolic inhibition followed by 
incubation in normal culture medium (B). Jurkat (black bars), ECRF24 (striated bars) or EA.hy926 cells (grey 
bars) and pHUVECs (white bars) were incubated for 2 hours with metabolic inhibitors. Results (n = 4) are 
expressed as a percentage ± standard deviation of cell survival, where vital cells are set at 100%. (B) Same 
experiment as in A), except that after metabolic inhibition, cells were incubated with normal culture medium for 
16 hours to imitate reperfusion-like conditions. Data analysis with one-way ANOVA and Bonferroni multiple 
comparison test. ***p<0.001; **p<0.01; *p<0.05. 

To imitate ischemia-reperfusion conditions, cells were incubated for 2 hours with 

various types and concentrations of metabolic inhibitors followed by a 16 hours incubation 

with normal medium. As depicted in figure 2B, "reperfusion" of Jurkat cells for 16 hours 
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induced substantial additional loss in cell viability. For example, 2 hours incubation with 20 

mM DOG alone or in combination with 10 uM antimycinA followed by reperfusion induced a 

loss of viability from 62 ± 7.9% to 12 ± 4.8%, respectively, when compared to the cells pre-

incubated and reperfused with normal culture medium. The viability of endothelial cell line 

ECRF24 and primary endothelial cells was affected to a similar degree by metabolic 

inhibitors, e.g. with DOG 20 mM, 69 ± 2.1% and 81 ± 2% cell survival, respectively, 

compared to incubation with normal culture medium alone. 
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Figure 3: Flow cytometric detection of viability of cells incubated with metabolic inhibitors. Jurkat cells (A) 
or ECRF24 cells (B) were incubated for 2 hours in either culture medium (CM) or CM containing 20 or 10 mM 
DOG, 20 mM DOG and lOuM AntimycinA, 0.03% H202, or etoposide 200uM. Cells were then labelled with 
AnnexinV-FITC (AV-FITC, FL1) and propidium iodide (PI, FL2). The data plots of 10000 cells depicted here 
are representative of all performed experiments. 
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However, the combination of DOG 20 mM and antimycinA 10 uM did not decrease 

cell viability significantly when compared to pre-incubation with DOG 20 mM alone, 65 ± 

15.6% and 67 ± 17.8% for ECRF24 and pHUVEC, respectively. The other endothelial cell 

line, EA.hy926, was hardly affected by ischemia induced by any of the metabolic inhibitors 

followed by reperfusion (e.g. 95 ± 6.4% cell viability after DOG 20 mM and antimycinA 10 

uM pre-incubation). 
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Figure 4: Flow cytometric detection of viability of cells incubated with metabolic inhibitors followed by 
incubation in normal culture medium. Same experiment as in figure 3 except that cells after incubation with 
metabolic inhibitors, were incubated for 16 hours in fresh culture medium. Cells were labelled with AnnexinV-
FITC (AV-FITC) and propidium iodide (PI). The data plots of 10000 cells depicted here are representative of all 
performed experiments. 
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for I/R injury 

Similarly, a 2 hours incubation with the apoptotic agent etoposide followed by a 16 

hours incubation with normal medium reduced cell viability of Jurkat cells (22 ± 7.9% of 

control) more than that of ECRF24 or pHUVECs (69 ± 11.3% and 71 ± 10.6% of control), 

whereas this treatment had hardly an effect on viability of EA.hy926 (102 ± 5.7% of control). 

Pre-incubation with the oxidant H2O2 0.03%, v/v, for 2 hours followed by 16 hours 

reperfusion yielded similar results with each cell type regarding cell viability as incubation for 

2 hours without reperfusion. Thus, viability upon a 2 hours incubation with this agent 

followed by a 16 hours incubation with normal medium was minimal with each cell type, i.e., 

10 ± 3.6%, 23 ± 5.5%, 9 ± 0.3% and 14 ± 0.8% cell survival for Jurkat, ECRF24, EA.hy926 

and pHUVEC, respectively). This was in line with the observed severe ATP depletion 

induced by a 2 hours incubation with H2O2 (figure IB), which indicated that most cells had 

died under these conditions. 

A qualitative analysis of cell viability was also performed using flow cytometry and 

double staining with AnnexinV-FITC (FL1) which detects membrane flip-flop, and 

propidium iodide (PI; FL2) which indicates membrane permeability. Vital cells remained 

double negative while dying cells became positive for either or both markers. Jurkat (figure 

3A) and ECRF24 cells (figure 3B) exposed for 2 hours to culture medium with or without 

metabolic inhibitors or etoposide, hardly stained positive for either of these markers. 

However, 2 hours incubation with hydrogen peroxide 0.03%, v/v, induced membrane 

permeability in about 80% and 55% of Jurkat and ECRF24 cells, respectively. 

Reperfusion in normal culture medium for 16 hours after 2 hours pre-incubation in 

various buffers increased the number of cells staining with AnnexinV-FITC alone, or with 

Annexin V-FITC as well as PI (figure 4), illustrating the increased loss of cell viability due to 

apoptosis, upon reperfusion. Cell survival measured by either quantitative (MTT assay) or 

qualitative tests (FACS) yielded similar results as the comparison gave a good correlation for 

either Jurkat (2h: r=0.99 pO.0001 and 2h incubation; 16h reperfusion: r=0.97 p=0.001) or 

ECRF24 cells (2h: r=0.90 p=0.01 and 2h incubation; 16h reperfusion: r=0.9 p=0.02). 

In order to confirm that the cell death pathway induced by metabolic inhibition was 

apoptosis rather than necrosis due to ATP depletion, we investigated whether caspases were 

activated in the cells submitted to a metabolic inhibitor either or not followed by incubation 

with normal medium. Cells incubated with the known apoptotic drug, etoposide, were used as 

a positive control. This test was performed with the Jurkat cell line only because of technical 

reasons, i.e. the need for a large quantity of non-adherent cells to prepare a lysate. A 

fluorogenic assay was performed in which caspase substrate conversion was measured and the 
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basal caspase conversion obtained when cells were incubated with normal culture medium 

was set at 100%. As depicted figure 5, after 2 hours incubation, only cells exposed to 200 *M 

etoposide, showed caspase activity (228 ± 43%, p<0.001). None of the other agents induced 

caspase activity during a 2 hours incubation. Notably, also H2O2 at 0.03%, v/v, did not induce 

caspase activity (145 ± 43%, ns), in spite of strongly reduced cell viability (20%, figure 3A). 

This result in combination with enhanced cell permeability (figure 3) and severe ATP 

depletion (figure IB), indicated that the H2O2 incubation had induced necrosis in most of the 

cells. 

~ 1000 * • 1=2 
•E Dl/R(2/16h) 
o *** 
" 700 

Figure 5: Induction of caspase activity in Jurkat cells upon exposure to metabolic inhibitors either or not 
followed by culture in normal medium. Jurkat cells, exposed to various conditions as indicated in the figure, 
and lysed. Caspase activity in the lysates was measured with 7-amino-4-methylcoumarin as a substrate. The 
detected fluorescence was expressed as a percentage of converted substrate in control lysate, i.e. cells incubated 
in culture medium, which was set at 100%. Results represent the mean ± standard deviation of n=4. Data 
analysis with one-way ANOVA and Bonferroni multiple comparison test. ***p<0.001; **p<0.01; *p<0.05. 

When cells were pre-incubated for 2 hours with DOG 10 or 20 mM or DOG 20 mM in 

presence of AntimycinA 10 uM, followed by 16 hours incubation in normal culture medium, 

caspase activity increased significantly when compared to control cells incubated in culture 

medium alone, 295 ± 84%, p<0.01, 324 ± 15%, p<0.05 and 556 ± 99%, pO.001, 

respectively. Moreover, while there was no caspase activity with H2O2 0.03%, v/v, etoposide 

incubation for 2 hours followed by 16 hours incubation in normal culture medium was 

sufficient to induce apoptosis in cells yielding a caspase activity of 828 ± 142%, p<0.001. 
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Discussion 

In this study, we confirm earlier results showing that metabolic inhibition can induce 

apoptosis by partial intracellular ATP depletion when followed by oxidative stress, mimicked 

in our model by incubation with normal medium [10-13; 19]. Our study adds to these reports 

that primary human endothelial cells are somewhat more sensitive to metabolic inhibition 

than endothelial cell lines, and that Jurkat cells, which are very convenient to culture because 

they do not adhere and grow fast, reacted in a similar fashion to metabolic inhibitors as the 

endothelial cell lines. 

A substantial decrease of ATP hardly led to cell death after a single incubation 

procedure with metabolic inhibitors. E.g. 80% ATP depletion with DOG 20 mM and 

AntimycinA 10 uM induced death in 20 to 40% of the cells after 2 hours incubation. 

However, when cells were reperfused after metabolic inhibition by replacement of the 

medium with normal fresh culture medium, there was a significant increase in cell death. 

Various concentrations and combinations of metabolic inhibitors depleting 40 to 80% of 

initial ATP, when combined with reperfusion, induced apoptosis, affecting the cells to a 

variable degree which in part depended on the degree of ATP depletion. This is in accordance 

with the findings from Lelli et al. [13] that metabolic inhibition itself is not sufficient to 

induce significant cell death and that oxidation by H2O2, or in our case by reperfusion, is 

required. 

Jurkat cells, which were as sensitive as ECRF24 cells regarding intracellular ATP 

depletion by metabolic inhibitors, were more inclined to apoptosis than the endothelial cell 

lines exposed to similar conditions (Figure 2B). One explanation for this difference may be 

that in general adherent cells are somewhat more resistant to hydrogen peroxide than cells in 

suspension [13]. However, one could also speculate that endothelial cells are more adapted to 

resist the oxidative stress generated from the metabolic inhibition and reperfusion than 

lymphocytes [20;21]. 

We are not aware of a study directly comparing primary endothelial cells with 

endothelial cell lines regarding sensitivity for metabolic inhibition and tendency to go into 

apoptosis upon challenge with ischemia and reperfusion-like conditions. Although the 

primary cells had less energy resources than the cell lines after incubation with similar 

concentration of metabolic inhibitors, they showed a higher resistance to ATP depletion since 

the observed viability of these cells was similar to that of the endothelial cell lines exposed to 

metabolic inhibition and reperfusion (figures 1 & 2). We have no molecular explanation for 
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these differences between primary endothelial cells and endothelial cell lines. However, these 

data should be kept in mind when results with endothelial cell lines are extrapolated to 

primary endothelial cells. 

In agreement with Lelli et al. [13] we observed that a high concentration of hydrogen 

peroxide (5 mM in the study by Lelli et al., 8.8 mM in our study) induced a complete 

depletion of intracellular ATP, and extensive cell death independent of exposure to 

reperfusion-like conditions. These phenomena reflected necrosis of the cells. Indeed, caspase 

activity was hardly generated in the cells exposed to hydrogen peroxide (figure 5). In contrast, 

cell death induced by metabolic inhibition was greatly enhanced by reperfusion and 

associated with the generation of intracellular caspase activity. Moreover, cell viability was 

inversely correlated with caspase activity in cells incubated with metabolic inhibitors (r=-0.88 

p=0.046). Thus, together these results indicated that the majority of the cells that die from 

metabolic inhibition followed by reperfusion, die from apoptosis rather then necrosis. 

Apoptosis indeed is a major cause of cell death in ischemia-reperfusion in vivo. Recent 

animal studies show beneficial effects on heart function after reperfusion in the presence of 

apoptotic inhibitors [22;23]. Clinical studies are currently underway for anti-apoptotic therapy 

transposition to human [24]. 

In conclusion, we show that Jurkat cells, primary endothelial cells and endothelial cell 

lines respond to metabolic inhibition and reperfusion-like conditions in a similar way, though 

the concentration of metabolic inhibitors needed to induce a given effect may vary somewhat 

for each cell type. Moreover, cell death as a consequence of exposure to metabolic inhibition 

and reperfusion, mainly involves apoptosis. 
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