
Thrombotic occlusions and vascular spasms result in

blood supply disturbances and hypoxia in damaged sites

of the vascular bed. Oxygen starvation in itself causes

damage [1�4] and activation [4, 5] of vascular endotheli�

um, but a sharp increase in oxygen content (reoxygena�

tion) after blood flow restoration (reperfusion) can also

exhibit both damaging [2, 6�10] and activating [7, 11�17]

effects on endothelial cells (EC). Stimulation of apopto�

sis in cultured cells upon hypoxia/reoxygenation has been

repeatedly demonstrated using different apoptotic mark�

ers [2, 7�10]. However, results of investigations of this

effect on pro�inflammatory activation of EC are contra�

dictory. It was shown in a number of works that hypoxia/

reoxygenation stimulates leukocyte adhesion to endothe�

lium [11�13] and expression of cell adhesion molecules

mediating this interaction [12�17]. But these results were

not confirmed in some other studies, in which neither

enhanced adhesion of white blood cells [18] nor

increased content of cell adhesion molecules on the EC

surface was registered under similar conditions [11, 18].

Hypoxia is known to stimulate secretion from endotheli�

um of von Willebrand factor [4, 5], a protein involved in

hemostatic and thrombotic reactions, but effects of

reoxygenation on this manifestation of EC activation

remain unstudied.

In the case of in vivo perfusion, restoration of blood

flow in the ischemic part of blood vessels results in rapid

change of pH from acidic values caused by hypoxia to

physiological values. Similar changes in environmental
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Abstract—Disturbances of blood flow upon vascular occlusions and spasms result in hypoxia and acidosis, while its subse�

quent restoration leads to reoxygenation and pH normalization (re�alkalization) in ischemic sites of the vascular bed. The

effect of hypoxia/reoxygenation on activation and stimulation of apoptosis in cultured human endothelial cells was studied.

The cells were subjected to hypoxia (2% O2, 5% CO2, 93% N2) for 24 h followed by reoxygenation (21% O2, 5% CO2, 74%

N2) for 5 h. Reoxygenation was carried out at different pH—6.4 (preservation of acidosis after hypoxia), 7.0, and 7.4 (par�

tial and complete re�alkalization, respectively). Hypoxia only slightly (by ~30%) increased the cell adhesion molecule

ICAM�1 content on the cell surface, whereas reoxygenation more than doubled its expression. The reoxygenation effect

depended on the medium acidity, and ICAM�1 increase was more pronounced at pH 7.0 compared to that at pH 6.4 and

7.4. Neither hypoxia nor reoxygenation induced expression of two other cell adhesion molecules, VCAM and E�selectin.

Incubation of cells under hypoxic conditions but not reoxygenation stimulated secretion of von Willebrand factor and

increased its concentration in the culture medium by more than 4 times. The percentage of cells containing apoptosis mark�

er, activated caspase�3, was increased by approximately 1.5 times upon hypoxia as well as hypoxia/reoxygenation. Maximal

values were achieved when reoxygenation was performed at pH 7.0. These data show that hypoxia/reoxygenation stimulate

pro�inflammatory activation (ICAM�1 expression) and apoptosis (caspase�3 activation) of endothelial cells, and the extra�

cellular pH influences both processes.
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acidity should be considered in experiments in vitro,

because they may contribute to endothelium activation

and damage. Thus, it was shown that enhanced ICAM�1

(intercellular cell adhesion molecule�1) expression upon

reoxygenation is inhibited by addition of Na+/H+

exchange inhibitors, preventing intracellular pH restora�

tion in the case of re�alkalization of culture medium [14].

The Na+/H+ exchange inhibitors also inhibit the

enhancement of agonist�induced secretion of von

Willebrand factor and soluble P�selectin from EC, which

is observed upon pH increase from acidic (6.4) to neutral

(7.4) values [19]. However, up to the present time the

effect of extracellular pH on EC under reoxygenation has

not been studied.

The goal of this work was to evaluate effects of

hypoxia/reoxygenation on activation and apoptosis of

cultured EC at different values of extracellular pH—6.4

(retention of acidosis after hypoxia), 7.0, and 7.4 (partial

and complete re�alkalization, respectively). Cell activa�

tion was registered by measuring the expression of cell

adhesion molecules on the cell surface and von

Willebrand factor secretion, and stimulation of apoptosis

was determined by measuring the amount of activated

caspase�3.

MATERIALS AND METHODS

Endothelial cell culture. Endothelial cells were

obtained from human umbilical vein as described earlier

[20]. Cells were grown in culture in DMEM medium with

10% fetal bovine serum, endothelium growth factor

(200 µg/ml), penicillin (50 units/ml), streptomycin

(50 µg/ml), and heparin (5 units/ml) (all from Gibco,

USA). Experiments were carried out on confluent EC

cultures of the second to fourth passages.

Hypoxia/reoxygenation. Hypoxia was created in a

Heraeus incubator (USA) that enables supply of the

chamber with two gases, carbon dioxide to maintain its

normal concentration in the medium and nitrogen to dis�

place oxygen. Oxygen content in gas mixture was moni�

tored using an oxygen electrode. Before experiment EC

were grown in six�well plates with 3 ml of culture medi�

um. The scheme of experiments on effects of hypoxia and

subsequent reoxygenation is shown in Fig. 1. Medium

was changed 48 h before hypoxia. Immediately before

beginning an experiment, half of the conditioned medi�

um volume was taken under sterile conditions and placed

at 4°C, then some of the plates were incubated under

hypoxic conditions (2% O2, 5% CO2, 93% N2) and others

were incubated under normoxic conditions (21% O2, 5%

CO2, 74% N2) for 24 h. After the incubation, cultivation

medium was replaced by the earlier taken conditioned

medium with pH adjusted in advance to 6.4, 7.0, or 7.4.

Then all plates were incubated under normoxia (reoxy�

genation) for 5 h (in most experiments). During the

experiments, the pH was repeatedly measured after cell

cultivation both under hypoxia and normoxia.

Stimulation of endothelial cell activation and apopto�
sis by tumor necrosis factor and staurosporine. A portion

of cells was cultivated under normoxic conditions for 24 h

in the presence of tumor necrosis factor (TNF; Sigma,

USA; 100 units/ml) inducing expression of EC cell adhe�

sion molecules, whereas another portion of cells was

incubated for 5 h also under normoxic conditions in the

presence of 50 nM apoptosis inducer staurosporine

(Sigma).

Flow cytofluorimetry. Flow cytofluorimetry was used

for determination of cell adhesion molecule (ICAM�1,

VCAM (vascular cell adhesion molecule), and E�selectin)

amounts on EC surface as well as for detection of intracel�

lular apoptosis marker activated caspase�3. For all deter�

minations, cells were analyzed using a FACS Calibur flow

cytofluorimeter (Becton Dickinson, USA). At least 5000

cells were analyzed in each sample (in most samples –

10,000 cells).

Cells were suspended in trypsin/EDTA solution

(0.02%/0.05%), placed on ice, and prefixed with 0.02%

paraformaldehyde solution for 1�2 min. The fixative was

removed by washing, and after resuspension cells were

Fig. 1. Scheme of an experiment on the effect of hypoxia/reoxygenation on endothelial cells in culture (explanations in the text).
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divided to three parts in each analyzed population for fol�

lowing determination of (i) ICAM�1, (ii) VCAM and E�

selectin, and (iii) activated caspase�3. For the ICAM�1

determination, biotinylated monoclonal antibodies

10F3B2 were used [21] at the concentration of 10 µg/ml

(antibodies were the courtesy of M. M. Peklo, Russian

Cardiology Research and Production Complex) and then

after washing off the antibodies, phycoerythrin (PE)�

labeled streptavidin (Caltag, USA) was added.

Antibodies against ICAM�1 were not added into control

samples (nonspecific cell fluorescence). For VCAM and

E�selectin analysis, commercial antibodies CD106�

FITC and CD62E�PE, respectively, were used (both

antibodies of BD Pharmingen, USA) at the concentra�

tion recommended by the producer (20 µl per 106 cells).

Control samples were incubated without antibodies. All

incubations were carried out on ice for 30 min, and phos�

phate buffered saline containing 2% BSA was used for

intermediate washings and cell resuspension. After the

last incubation, cells were washed and resuspended in

50 µl buffer and then fixed by addition of 300 µl 2%

paraformaldehyde solution. Fixed cells were stored no

more than 24 h in the dark at 4°C before analysis. Mean

fluorescence values for the cell distribution histograms

were determined for all samples. The fluorescence level

of cells incubated for 24 h under normoxia conditions

was taken as 100%.

Activated caspase�3 within EC was determined using

the Active Caspase�3 FITC Mab Apoptosis Kit I (BD

Pharmingen) according to the manufacturer’s protocol.

Cell suspension was pre�fixed with paraformaldehyde

(see above) and treated with a special permeabilization

and fixative solution (BD Cytofix/CytopermTM) and then

stained with the FITC�labeled antibodies against activat�

ed caspase�3. The percentage of positively stained cells,

i.e. those containing activated caspase�3 ((+) cells), was

determined in each analysis using cells without added

labeled antibodies as a negative control.

Determination of von Willebrand factor concentra�
tion. Von Willebrand factor was determined in the EC cul�

tivation medium by immunoenzyme analysis according

to a previously described technique [22].

Statistics. Statistical analysis was carried out using

the Statistica 6.0 program. The analyzed parameters had

abnormal distribution (Shapiro–Wilks test), and signifi�

cance of differences between groups of dependent vari�

ables (effects on variables in the same EC culture) was

determined using non�parametric statistics. The paired

Wilkoxon test was used for comparison of two groups

(hypoxia and reoxygenation effects comparing to that of

normoxia), whereas comparison of several groups (effects

of different pH) was performed by Freidman ANOVA,

followed by determination of significance of differences

between separate groups using Kruskal–Wallis test. Data

are presented as means ± standard errors of means for n ≥
4 and as means for n < 4.

RESULTS

In this work we have studied the effect of EC hypoxia

and following reoxygenation on (i) expression of cell

adhesion molecules (ICAM�1, VCAM, and E�selectin)

on the cell surface, (ii) secretion of von Willebrand factor,

and (iii) intracellular content of apoptosis marker, acti�

vated caspase�3. Cells were incubated under hypoxic con�

ditions for 24 h and then, after change of cultivation

medium, under normoxia (reoxygenation) for 5 h (in

most experiments). Reoxygenation effects were investi�

gated at different pH values of the cultivation medium—

6.4, 7.0, and 7.4. The value pH 6.4 approximately corre�

sponds to the level of medium acidity after hypoxia, while

pH 7.0 and 7.4 correspond to its partial and complete re�

alkalization, respectively. Control cells were incubated at

normal oxygen content for identical periods of time and

in the same media as cells after hypoxia (see also Fig. 1).

Endothelial cells constitutively express on their sur�

face the cell adhesion molecule ICAM�1 (the average

level of cell fluorescence under normoxia is 14.4 ± 2.9

with nonspecific fluorescence 2.2 ± 0.2). The ICAM�1

content on EC surface was slightly but significantly

(approximately by 30%) increased after cell incubation

under hypoxia. At the same time, subsequent action of

hypoxia and reoxygenation almost doubled ICAM�1

expression compared to cells incubated only under nor�

mal conditions (Table 1 and Fig. 2). Investigation of

dynamics of the ICAM�1 expression during reoxygena�

tion has shown that maximal levels were achieved at 6 h

after the end of hypoxic incubation (Fig. 3). Because of

this, most experiments on investigation of reoxygenation

effects were carried out using the 5�h incubation. The

reoxygenation effect depends on pH of the culture medi�

um. At pH 7.0, the ICAM�1 content was significantly

higher than at pH 6.4 and 7.4 (Fig. 4).

Non�activated endothelial cells contain practically no

VCAM and E�selectin cell adhesion molecules on their

surface (the mean level of cell fluorescence under normox�

ic conditions – 3.8 ± 0.5 and 4.1 ± 0.7, while nonspecific

fluorescence – 2.1 ± 0.5 and 2.0 ± 0.4, respectively).

Neither hypoxia nor following reoxygenation induced

expression of these molecules (Table 1). Reoxygenation at

different pH of the culture medium also had no effect

either on VCAM content (125, 125, and 131% of norm�

oxia level at pH 6.4, 7.0, and 7.4, respectively, mean values,

n = 3) or E�selectin (103, 108, and 114% of normoxia level

at pH 6.4, 7.0, and 7.4, respectively, mean values, n = 3).

Incubation of cells in the presence of TNF, a classi�

cal inducer of expression of most cell adhesion mole�

cules, used as positive control, resulted in significant (at

least several�fold) increase of all three molecules under

study (Table 1; for ICAM�1 expression see also Fig. 2).

Hypoxia also stimulated von Willebrand factor secre�

tion from EC, increasing the amount of this protein in the

culture medium by more than fourfold compared to



608 ANTONOVA et al.

BIOCHEMISTRY  (Moscow)   Vol.  74   No.  6   2009

normoxia. However, the following reoxygenation did not

result in its increased accumulation; its concentration was

identical in culture medium of cells earlier affected by

hypoxia and incubated under normal conditions only

(Table 2). Changes in medium acidity during reoxygena�

tion also had no effect on the content of von Willebrand

factor (304 ± 111, 246 ± 88, 225 ± 90 ng/ml at pH 6.4,

7.0, and 7.4, respectively, means ± errors of means, n = 5,

differences are not significant).

Stimulation of EC apoptosis was assessed by measur�

ing the content of activated caspase�3, the key enzyme of

apoptotic cell damage. The percentage of the activated

caspase�containing cells was increased by approximately

1.5�fold after hypoxia and hypoxia/reoxygenation com�

pared to cultures incubated under normoxic conditions

(Table 3 and Fig. 5). Like in the case of ICAM�1 expres�

sion, maximal values were registered at pH 7.0 (Fig. 6). In

this series of experiments the classical apoptosis inducer

staurosporine (nonspecific protein kinase inhibitor) was

used as positive control, and it increased more than three�

fold the number of cells containing activated caspase�3

(Table 3 and Fig. 5).

Fig. 2. ICAM�1 determination on EC surface. Flow cytofluo�

rimetry distribution histogram. Fixed EC were incubated with

biotinylated antibody 10F3B2 against ICAM�1 and then with

the PE�labeled streptavidin. a) Histograms: 1) negative control

(cells grown for 24 h in culture under normoxia (24 h) were

stained only by PE�streptavidin without antibody 10F3B2); 2)

cells incubated under normoxia for 24 h; 3) cells incubated

under hypoxia for 24 h. b) Histograms: 1) negative control (see

above); 2) cells incubated under hypoxia for 24 h and then for

5 h under normoxia at pH 7.0 (reoxygenation); 3) cells incubat�

ed under normoxia for 24 h in the presence of 100 units/ml

TNF. The PE (FL2�H) fluorescence is shown on the abscissa

axis, and number of cells (Counts) is shown on the ordinate

axis.
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DISCUSSION

Effects of hypoxia and following reoxygenation on

activation and apoptosis of human EC in culture were

studied in this work. Hypoxia only slightly increased the

content of cell adhesion molecule ICAM�1 on the cell

surface, but subsequent reoxygenation resulted in more

pronounced increase in expression of this protein. Similar

results were obtained in most previous works, which also

indicated stimulation of ICAM�1 expression after hypoxia/

reoxygenation [12, 14�17]. Earlier we could not reveal

significant increase in the ICAM�1 content after cell

incubation only under hypoxia conditions [4]. However,

in this work these distinctions reached the significant level

due to a large number of experiments (n = 18).

Nevertheless, approximately 30% growth of ICAM�1 in

hypoxic conditions was significantly lower than the

twofold increase after following reoxygenation. The fact

that reoxygenation is the main stimulus for ICAM�1

increase also agrees with results of other authors [15, 17].

It should be noted that similar results were obtained,

although in one work [15] cells were incubated for a short

period of time (60 min) under complete anoxia, and in

another [17], like in our study, for almost 24 h at oxygen

content of 1�2%. Unlike ICAM�1, a protein constantly

present on the EC surface, other two cell adhesion mole�

cules under study, E�selectin and VCAM, are either not

expressed or are present in an insignificant amount on

Incubation conditions

Normoxia 24 h

Hypoxia 24 h

Normoxia 24 h + normoxia 5 h (pH 7.0)

Hypoxia 24 h + reoxygenation 5 h (pH 7.0)

Normoxia 24 h + TNF

ICAM�1 (n = 18)

100

139 ± 12; р = 0.0151

134 ± 14

281 ± 28; р < 0.0012

5530 ± 1441; р < 0.0011

E�selectin (n = 5)

100

123 ± 5; n.s.1

130 ± 33

100 ± 7; n.s.2

439 ± 91; р = 0.0431

Table 1. Endothelial adhesion molecules upon hypoxia/reoxygenation

Note: Data are presented as percent of the content of cell adhesion molecules on the EC surface after incubation for 24 h under normoxia (100%).

Reoxygenation was carried out at pH 7.0. n is number of experiments. Means ± errors of means are shown. 1 p, significance of differences

from normoxia 24 h; 2 p, significance of differences from normoxia 24 h + normoxia 5 h (pH 7.0); n.s., not significant.

VCAM (n = 5)

100

118 ± 17; n.s.1

119 ± 16

112 ± 14; n.s.2

389 ± 174; р = 0.0431

Content, % of normoxia 24 h

Incubation conditions

Normoxia 24 h

Hypoxia 24 h

Normoxia 24 h + 
normoxia 5 h (pH 7.0)

Hypoxia 24 h + 
reoxygenation 5 h (pH 7.0)

Normoxia 24 h + 
normoxia 5 h (pH 7.0), 
staurosporine

Activated caspase�3,
% of (+) cells (n = 6)

5.9 ± 1.3

9.0 ± 2.0; р = 0.0461

6.9 ± 0.9

10.9 ± 1.4; р = 0.0282

24.1 ± 3.0; р = 0.0282

Table 3. Activated caspase�3 in endothelial cells upon

hypoxia/reoxygenation

Note: Percentage of cells containing activated caspase�3 ((+) cells) was

determined after incubation under corresponding conditions.

Reoxygenation was carried out at pH 7.0. n is a number of exper�

iments. Means ± errors of means are shown. 1 p, significance of

differences from normoxia 24 h; 2 p, significance of differences

from normoxia 24 h + normoxia 5 h (pH 7.0).

Incubation conditions

Normoxia 24 h

Hypoxia 24 h

Normoxia 24 h + 
normoxia 5 h 
(pH 7.0)

Hypoxia 24 h + 
reoxygenation 5 h 
(pH 7.0)

Von Willebrand factor,
ng/ml (n = 12)

211 ± 19

872 ± 148; р = 0.0021

199 ± 30

231 ± 35; n.s.2

Table 2. Von Willebrand factor in endothelial cell culture

medium upon hypoxia/reoxygenation

Note: Von Willebrand factor was determined in the EC culture medium

after incubation under corresponding conditions. Reoxygenation

was carried out at pH 7.0. n is number of experiments. Means ±

errors of means are shown. 1 p, significance of differences from

normoxia 24 h; 2 p, significance of differences from normoxia

24 h + normoxia 5 h (pH 7.0); n.s., not significant.
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non�activated EC. We did not register induction of

expression of these molecules either in response to

hypoxia or to following reoxygenation. Earlier investiga�

tions of E�selectin and VCAM expression under hypoxia/

reoxygenation are not as numerous as in the case of

ICAM�1, and their results are rather contradictory. There

are separate works showing both the absence of E�selectin

[11, 18] and VCAM [18] induction and the increased

content, respectively, of the first [12] and second [13, 17]

proteins under these conditions. These contradictions are

probably explained by differences in protocols of experi�

ments, first of all by the depth and duration of hypoxia

(from 30�60 min under complete anoxia to 24 h at oxygen

content of 1�2%), reoxygenation conditions (medium

exchange or its retention after hypoxia, the length of

incubation), and features of the EC used (source, pas�

sage, etc.). Combination of the data from investigation of

cell adhesion molecules suggests that among proteins

mediating endothelium interactions with leukocytes,

ICAM�1 is the most sensitive and reproducible marker of

the EC pro�inflammatory activation induced by hypoxia/

reoxygenation.

Results obtained in this work confirm our previous

data [4] and those of other authors [5] showing that

hypoxia stimulates von Willebrand factor secretion from

EC. We have also shown for the first time that reoxygena�

tion does not increase the content of this protein in the

culture medium compared to cells incubated only under

normoxia. These data indicate that, unlike increase of

ICAM�1 expression, endothelium activation exhibited in

the von Willebrand factor secretion is induced by hypoxia

rather than by reoxygenation.

The percentage of cells containing activated caspase�

3 served as a marker of apoptotic damage of EC. It was

shown that hypoxia increases the number of such cells,

while reoxygenation neither stimulates its further increase

nor causes a decrease in their number, which reached

approximately 10% of the whole population in response

to these effects. These results mainly agree with earlier

data of other authors. The use of different methods of

apoptosis estimation (activation of caspase�3 and cas�

pase�9, annexin V binding, DNA fragmentation, etc.)

made it possible to show that the emergence of apoptoti�

cally damaged cells was due to both hypoxia and follow�

ing reoxygenation. The number of these cells varied in

different works from 5% to approximately 25% [2, 7�10].

Fig. 6. Effect of culture medium pH on percentage of the activat�

ed caspase�3�containing EC ((+) cells) upon reoxygenation.

White columns: cells were preincubated under hypoxia, medium

was replaced by another one with indicated pH, and incubation

continued under normoxia (reoxygenation) for 5 h. Black

columns: cells were preincubated under normoxia for 24 h, medi�

um was replaced by another one with indicated pH and incubated

again under normoxia (normoxia) for 5 h. Means ± errors of

means from five experiments are shown. The increase in percent�

age of (+) cells upon reoxygenation compared to that under nor�

moxia is significant at all pH values (p < 0.05). Significance of dif�

ferences between percentage of (+) cells upon reoxygenation at

pH 7.0 and pH 6.4 and 7.4, respectively, is shown in the figure.

Differences at pH 6.4 and 7.4 are not significant.
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Yu et al. [9] also used activated caspase�3 as a marker of

apoptosis, and in their study, like in our work, the number

of cells containing active enzyme was about 10%. Zhao et

al. [8] measured the caspase�3 enzyme activity by a colo�

rimetric test, and they registered after cell incubation

under hypoxia/reoxygenation approximately 1.5�fold

increase in enzyme activity, which is also in good agree�

ment with our data. It should be noted that in some

works, unlike this one, damaging effect of reoxygenation

exceeded that of hypoxia [2, 7, 8]. We suppose that, like

in the case of expression of cell adhesion molecules, such

variations are first of all the result of different experimen�

tal conditions (see above).

Hypoxia both in vitro and in vivo is accompanied by

acidification of the extracellular medium, whereas fol�

lowing reoxygenation is accompanied by re�alkalization,

i.e. pH restoration to normal physiological values. These

effects are usually not considered in experiments on

reoxygenation effects on different cells, including

endothelial cells. In this work, we have studied for the

first time parameters of EC activation and apoptosis

using media with different pH (6.4, 7.0, and 7.4) in

experiments on reoxygenation. In all cases, we used con�

ditioned medium previously incubated with cells under

normal conditions, because addition of fresh medium to

the cells is already a stress effect and may result in alter�

ation of their functioning. The pH value 6.4 was chosen

as the average index of medium acidity after cell cultiva�

tion under hypoxia. Two other pH values, 7.0 and 7.4,

were chosen as parameters that can be achieved under

partial and complete re�alkalization, respectively.

Besides, in choosing pH 7.0 we have taken into account

that this value approximately corresponds to parameters

of the medium acidity after standard EC cultivation for

1�2 days. Similar pH values are also established in the

case of reoxygenation without medium exchange after

hypoxia. We found reliable distinctions in the level of

ICAM�1 expression and in the percentage of cells con�

taining activated caspase�3 after reoxygenation depend�

ing on pH. Maximal values of both parameters were

achieved at pH 7.0. These results are indicative of the

influence of the medium acidity on the EC activation

and apoptosis parameters upon reoxygenation and

necessity of pH control in such experiments. It is known

that moderate acidification of the environment and cor�

responding decrease in intracellular pH upon hypoxia is

able to protect cells against damaging effect of ischemia,

whereas following restoration of normal pH values upon

reperfusion and reoxygenation, in contrast, can enhance

their damage [23, 24]. This phenomenon was called the

“pH paradox” and was confirmed in experiments using

the Na+/H+ exchange inhibitors preventing the cell cyto�

plasm re�alkalization upon increase in extracellular pH.

In particular, it was shown that the use of these com�

pounds improves survival of cardiomyocytes upon reper�

fusion after ischemia [24]. It was shown in experiments

on EC that the Na+/H+ exchange inhibitors inhibit

ICAM�1 expression stimulated by reoxygenation [14].

Our data also show that preservation of moderate acido�

sis (pH 6.4) after hypoxia decreases the EC activation

and apoptosis upon subsequent reoxygenation. However,

it is still not clear why maximal levels of these reactions

were registered at pH 7.0 but not at pH 7.4, i.e. at partial

rather than at complete re�alkalization of the culture

medium.
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