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To study the influence of oxidative stress on energy metabolism and lipid peroxidation in erythrocytes, cells were

incubated with increasing concentrations (0.5±10 mm) of hydrogen peroxide for 1 h at 37 8C and the main

substances of energy metabolism (ATP, AMP, GTP and IMP) and one index of lipid peroxidation

(malondialdehyde) were determined by HPLC on cell extracts. Using the same incubation conditions, the

activity of AMP-deaminase was also determined. Under nonhaemolysing conditions (at up to 4 mm H2O2),

oxidative stress produced, starting from 1 mm H2O2, progressive ATP depletion and a net decrease in the

intracellular sum of adenine nucleotides (ATP + ADP + AMP), which were not paralleled by AMP formation.

Concomitantly, the IMP level increased by up to 20-fold with respect to the value determined in control

erythrocytes, when cells were challenged with the highest nonhaemolysing H2O2 concentration (4 mm). Efflux of

inosine, hypoxanthine, xanthine and uric acid towards the extracellular medium was observed. The metabolic

imbalance of erythrocytes following oxidative stress was due to a dramatic and unexpected activation of AMP-

deaminase (a twofold increase of activity with respect to controls) that was already evident at the lowest dose of

H2O2 used; this enzymatic activity increased with increasing H2O2 in the medium, and reached its maximum at

4 mm H2O2-treated erythrocytes (10-fold higher activity than controls). Generation of malondialdehyde was

strictly related to the dose of H2O2, being detectable at the lowest H2O2 concentration and increasing without

appreciable haemolysis up to 4 mm H2O2. Besides demonstrating a close relationship between lipid peroxidation

and haemolysis, these data suggest that glycolytic enzymes are moderately affected by oxygen radical action and

strongly indicate, in the change of AMP-deaminase activity, a highly sensitive enzymatic site responsible for a

profound modification of erythrocyte energy metabolism during oxidative stress.
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Reactive oxygen species (ROS) are produced in living
organisms from the partial reduction of molecular oxygen
under physiological and pathological conditions. Because ROS
has the capability of reacting nonspecifically with a vast
number of compounds, all living organisms contain several
enzymatic (superoxide dismutase, catalase, glutathione per-
oxidase) and nonenzymatic (a-tocopherol, ascorbic and uric
acids, glutathione and other thiol protein groups) antioxidants
with the specific purpose of protecting the functional and
structural integrity of biologically fundamental macro-
molecules (nucleic acids, proteins, phospholipids). Imbalance

between ROS production and antioxidant cell defences has
been reported to occur in several physiopathological conditions
of both animals and man: for example tissue ischemia and
reperfusion [1], nervous trauma [2], etc. Formation of modified
DNA bases [3], oxidation of protein thiol groups [4], decrease
of nonenzymatic antioxidants [5] and lipid peroxidation of
membrane phospholipids [6] have been recorded following
increased ROS generation.

Many in vitro and in vivo studies showed that several
parameters of red blood cell function and integrity are
negatively affected by increased oxidative stress. In fact,
changes of erythrocyte membrane ionic permeability [7],
increase of lipid peroxidation [8], oxidation of protein
sulfihydryl groups [9] and activation of proteolysis [10] have
all been described following the challenge of red blood cells
with different oxygen radical-generating systems. However,
data referring to modifications of erythrocyte energy metabo-
lism under these experimental conditions are not abundant, and
thus it is not very clear which metabolites, and hence enzymes,
are more sensitive to oxidative stress.

The aim of this study was to determine the effects of
increased oxidative stress on the main parameters represen-
tative of erythrocyte energy metabolism, looking also for a
correlation with the onset of lipid peroxidation and haemolysis.
On the basis of these results, we were prompted to evaluate the
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role of AMP-deaminase as a potential `highly sensitive
site' towards ROS action and its involvement in the
metabolic derangement of erythrocytes subjected to oxida-
tive stress.

M A T E R I A L S A N D M E T H O D S

Induction of oxidative stress to human erythrocytes

Peripheral venous blood samples were obtained from healthy
volunteers and collected into heparinized tubes. After 10 min
centrifugation at 1853 g at 4 8C, carried out within 15 min of
withdrawal, erythrocytes were washed twice with a large
volume of 10 mm glucose-supplemented NaCl/Pi. After the
second wash, packed erythrocytes were gently resuspended
with NaCl/Pi-glucose to obtain a 5% haematocrit and
preincubated at 37 8C for 10 min in presence of 1 mm NaN3

(to inhibit catalase activity). Subsequently, they were divided
into eight aliquots: seven were challenged with increasing
concentrations of H2O2 (0.5, 1, 2, 4, 6, 8 and 10 mm) and one
was untreated (control). After 60 min at 37 8C, cells were
immersed for 60 s in an ice bath and then centrifuged at 1853 g
for 10 min, at 4 8C. Supernatants were divided in to two parts:
one was used for determining haemoglobin concentration, the
other was deproteinized using 70% HClO4 (10 : 1, v/v) for
measuring the concentration of metabolites released in the
incubation medium. Packed erythrocytes were either de-
proteinized by adding ice-cold 1.2 m HClO4 (1 : 2, w/w), or
haemolysed by adding ice-cold double-distilled H2O (1 : 5,
w/w). An aliquot of each haemolysate (200 mL) was then used
to determine AMP-deaminase activity. Both deproteinized red
blood cells and supernatants were centrifuged at 20 690 g for
10 min at 4 8C, neutralized by adding 5 m K2CO3 in the cold,
filtered through a 0.45-mm Millipore-HV filter and then
analysed by HPLC (50 mL) for the simultaneous direct
determination of malondialdehyde (MDA) and adenine nucleo-
tide derivatives [11].

In other experiments, erythrocytes were incubated (after
pretreatment with sodium azide, as described previously) with
the maximal haemolysing dose of H2O2 (10 mm) and with
increasing concentrations of mannitol (1, 5, 10, 25, 50,
100 mm). At the end of incubation, erythrocytes were processed
as described above.

Assay of AMP-deaminase

Haemolysates of both control and H2O2-treated erythrocytes
(200 mL) were incubated for 45 min at 37 8C in the presence of
2 mm AMP, 10 mm KCl, 50 mm Mes pH 6.5. After deprotei-
nization with 70% HClO4 and further processing as described
above, 10 mL were loaded onto an HPLC column for IMP
determination. Activity of AMP-deaminase was calculated on
the basis of the total amount of IMP produced in the reaction
mixture during the incubation with AMP.

Biochemical analysis

Concentrations of MDA, oxypurines, nucleosides, nicotinic
coenzymes and high-energy phosphates (either in erythrocytes
or in the suspending medium) were determined on 50 mL of
perchloric acid extract of both erythrocytes and the suspending
medium by an ion-pairing HPLC method [11] using a Kromasil
250 � 4.6 mm, 5-mm particle size column, with its own guard
column (Eka Chemicals AB, Bohus, Sweden), and using
tetrabutylammonium hydroxide as the pairing reagent. Briefly,

separation of different metabolites was obtained by forming a
step gradient (adapted to the column length increase with
respect to the original method [11]), with two buffers of the
following composition: buffer A, 10 mm tetrabutylammonium
hydroxide, 10 mm KH2PO4, 0.25% methanol pH 7.00; buffer
B, 2.8 mm tetrabutylammonium hydroxide, 100 mm KH2PO4,
30% methanol pH 5.50. The gradient was: 10 min 100% buffer
A; 3 min up to 90% buffer A; 10 min up to 70% buffer A;
12 min up to 55% buffer A; 15 min up to 45% buffer A; 10 min
up to 25% buffer A; 5 min up to 0% buffer A. The flow rate
throughout chromatographic runs was 1.2 mL´min21 and the
column temperature was kept at a constant 23 8C by using
water-jacketed glassware. The HPLC apparatus consisted of a
Constametric 3500 dual pump system (ThermoQuest Italia,
Rodano, Milan, Italy) connected to a SpectraSystem
UV6000-LP diode array detector (ThermoQuest Italia) at
200±300 nm. Acquisition and analysis of data were performed
using the chromquest program (ThermoQuest Italia). Com-
parison of areas, retention times and absorbance spectra of the
peaks of sample chromatograms with those of freshly prepared
ultrapure standards allowed calculation of the concentration of
the various compounds at 267 nm (the maximum of MDA
absorbance spectrum) and identification of the different
metabolites. The same apparatus and chromatographic condi-
tions were used to determine IMP in samples used for
evaluating AMP-deaminase activity, except that IMP was
calculated at 250 nm.

Haemoglobin and percentage haemolysis were calculated by
standard haematological techniques [12] using a Jasco-685
double beam spectrophotometer.

Statistical analysis

Two-way analysis of variance was used to determine
significant differences between control and H2O2-treated
erythrocytes, as well as differences between H2O2-treated
erythrocytes and H2O2-treated erythrocytes preincubated with
mannitol. Analysis of variance of regression coefficients of
H2O2 dose±response curves (MDA and haemolysis) was also
performed.

R E S U L T S

As reported in Table 1, the main phosphorylated compounds
necessary for all the energy-requiring reactions of erythrocyte
metabolism, i.e. ATP and GTP, were significantly reduced when
the H2O2 concentration exceeded 1 mm. After 1 h incubation at
37 8C in the presence of the highest nonhaemolysing H2O2

concentration (4 mm), a 44% ATP depletion with a concomitant
not significant ADP increase (data not shown) was observed.
The AMP concentration increased less than expected so that its
concentration varied from 17.69 mmol´L21 in control erythro-
cytes to < 42.16 mmol´L21 in 4 mm H2O2-treated erythro-
cytes. Consequently, the sum of ATP + ADP + AMP (SNT) of
these erythrocytes was almost half that of control erythrocytes
(< 1200 and < 2020 mmol´L21, respectively) indicating that
metabolites other than ADP and AMP were produced.
Unexpectedly, the IMP concentration increased with increasing
H2O2 in the suspending medium; the maximum was in the
presence of 4 mm H2O2, when IMP reached levels 22-fold
higher than those of control erythrocytes. The increase in IMP
was already significant in 0.5 mm H2O2-treated erythrocytes,
suggesting that even the lowest H2O2 concentration tested was
able to cause a marked metabolic derangement of erythrocyte
energy metabolism.



686 B. Tavazzi et al. (Eur. J. Biochem. 267) q FEBS 2000

In order to determine whether AMP-deaminase was activated
by the increased oxidative stress (thus explaining the marked
change in IMP concentration of H2O2-treated erythrocytes)
we measured the activity of this enzyme at different
concentrations of H2O2. Fig. 1 shows the dose±response
curve of AMP-deaminase activity of intact fresh human
erythrocytes as a function of increasing H2O2 concentrations.
A highly remarkable AMP-deaminase activation was recorded
at up to 4 mm H2O2, starting from the lowest H2O2

concentration tested which already doubled the enzymatic
activity. In erythrocytes treated with 4 mm H2O2 maximal
enzymatic activity was recorded, corresponding to an almost
10-fold increase with respect to the value determined in control
erythrocytes incubated in the presence of buffer only. Con-
centrations of H2O2 greater than 4 mm (i.e. 6, 8 or 10 mm)
provoked a slight but progressive decrease of AMP-deaminase
activation; however, even at the maximal dose of H2O2 tested
< sixfold higher enzymatic activity with respect to control
erythrocytes was still observed.

As far as a change of metabolism is concerned, it should be
recalled that not even the addition of IMP concentration to the
calculated SNT was sufficient to reach the SNT value of control
erythrocytes. In fact, the correct energy balance of H2O2-treated
erythrocytes was obtained only by taking into consideration
concentrations of dephosphorylated metabolites, either those
detected in erythrocyte extracts or those determined in the
suspending medium. For instance, according to this calculation,
the value of SNT + IMP + intra- and extra-cellular oxypurines
and nucleosides was < 2030 mmol´L21 and 1990 mmol´L21 in
control and 4 mm H2O2-treated erythrocytes, respectively. As
reported in Fig. 2, maximal production of hypoxanthine (Hpx),
xanthine (Xan), inosine (Ino) and uric acid was determined,
intracellularly and extracellularly, in 4 mm H2O2-treated
erythrocytes.

Separate analysis of extracellular and intracellular MDA
concentrations showed that 80±90% of this compound was
localized outside erythrocytes and that its total concentration
(i.e. intracellular + extracellular MDA) progressively aug-
mented by increasing the concentration of H2O2 in the medium.
Dose±response trends of total MDA and percentage haemolysis
as a function of increasing H2O2, are reported in Fig. 3 and
indicated that total MDA was correlated to H2O2 concentration
according to a power curve (r = 0.994). The same relationship
was obtained by plotting the percentage of haemolysis as a
function of corresponding total MDA (r = 0.994). In contrast
with MDA, a significant degree of haemolysis was observed
only if the H2O2 concentration was . 4 mm. Because at high
H2O2 concentrations haemoglobin might undergo denaturation

and aggregation, it is possible that we underestimated its
supernatant concentration in H2O2-treated erythrocytes, thus
underevaluating the actual value of haemolysis. It should be
recalled that MDA and haemolysis of control erythrocytes, at
the end of 60 min incubation at 37 8C with the suspending
medium only, were undetectable and energy metabolism was
maintained very close that of fresh erythrocytes analysed
immediately after withdrawal.

Table 2 shows the results of experiments carried out by
incubating erythrocytes with the highest H2O2 dose tested
(10 mm) and with increasing concentrations of the
membrane permeable free radical scavenger mannitol
(25±100 mm), in which high-energy phosphates (ATP,
AMP, IMP and GTP), AMP-deaminase activity, lipid
peroxidation and haemolysis were monitored. Mannitol
was ineffective at , 25 mm (1±10 mm mannitol did not
produce significant changes of any parameter reported in
Table 2; data not shown). Maximal efficacy was obtained with
100 mm mannitol, as demonstrated by the reduction of high-
energy phosphate depletion, less pronounced AMP-deaminase
activation and decrease of both lipid peroxidation and

Fig. 1. AMP-deaminase activity of human erythrocytes as a function of

increased oxidative stress obtained by incubating erythrocytes with

1 mm NaN3 and different concentrations of H2O2. Each column shows

the mean of five different blood samples assayed in duplicate and expressed

as percentage AMP-deaminase activity. SD values are represented by

vertical bars; all values of H2O2-treated erythrocytes were significantly

different from those of controls (P , 0.001). AMP-deaminase activity of

control erythrocytes was considered equal to 100% (mean absolute value of

AMP-deaminase activity in controls = 2.09 U´L21; SD = 1.17).

Table 1. Effect of increasing hydrogen peroxide concentrations on erythrocyte energy metabolism. Fresh human erythrocytes were incubated for 1 h at

37 8C in NaCl/Pi-glucose supplemented with increasing nonhaemolysing concentrations of H2O2, at a final 5% haematocrit. Determination of high-energy

phosphates was carried by HPLC on 50 mL of neutralized perchloric acid extracts of packed erythrocytes. Each value represents the mean (SD) of five

different blood samples and is expressed as mmol´L21. Only those compounds significantly affected by oxidative stress are reported.

ATP AMP IMP GTP

Control 1776�.15 (208.76) 17�.69 (3.29) 10�.05 (1.96) 105�.02 (13.17)

H2O2 0.5 mm 1630�.83 (177.80) 21�.03 (3.15) 66�.24a (10.54) 91�.32 (8.44)

H2O2 1 mm 1562�.47 (183.00) 37�.21a (4.73) 177�.47a (32.86) 86�.04 (6.85)

H2O2 2 mm 1313�.98a (168.31) 39�.43a (6.49) 186�.28a (28.67) 73�.17a (10.41)

H2O2 4 mm 987�.51a (115.24) 42�.16a (7.32) 222�.86a (36.03) 62�.40a (9.07)

a Significantly different from control (P , 0.05).
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Fig. 2. Effect of increasing nonhaemolysing

H2O2 concentrations on the formation of

dephosphorylated compounds derived from

erythrocyte ATP catabolism. Determination of

intracellular (A) and extracellular (B) oxypurines

(Hpx, Xan and uric acid) and nucleosides (Ino)

was carried out by HPLC on 50 mL of

neutralized perchloric acid extracts of packed

erythrocytes and suspending medium. Each

column represents the mean of five different

blood samples. SD values are represented by

vertical bars. Concentrations of intra- and

extracellular compounds are expressed as

mmol´L21. To obtain the same unit, values of

extracellular catabolites were initially

calculated as mmol´L21 and then multiplied by

20 for haematocrit correction (in a 5%

haematocrit the erythrocyte volume is 1/20 of

the total volume). All values of H2O2-treated

erythrocytes were significantly different from

those of controls (P , 0.01). Rbcs, red blood

cells.

Fig. 3 Dose±response effects of

increasing H2O2 concentrations on total

MDA (i.e. intracellular MDA + extracellular

MDA) and percentage haemolysis of fresh

erythrocytes incubated for 1 h at 37 8C with

1 mm NaN3 and different concentrations

(0±10 mm) of H2O2. Values are the mean of

five different blood samples assayed in

duplicate. SD values are represented by vertical

bars. All values of H2O2-treated erythrocytes

were significantly different from controls

(P , 0.001). ND = Not detectable. Rbcs, red

blood cells.

Table 2. Effect of mannitol on energy metabolism, activation of AMP-deaminase, lipid peroxidation (MDA) and haemolysis of 10 mm H2O2-treated

erythrocytes. Fresh human erythrocytes (5% haematocrit) were incubated for 1 h at 37 8C in NaCl/Pi-glucose + 1 mm NaN3 + 10 mm H2O2 and each of the

reported mannitol concentrations. Values are the mean (SD) of five different blood samples. ATP, IMP and MDA (corresponding to the sum of intra- and

extracellular MDA concentrations) are expressed as mmol´L21; AMP-deaminase is expressed as percentage activity with respect to the value of control

erythrocytes (mean absolute value of AMP-deaminase activity in controls = 2.09 U´L21; SD = 1.17); percentage haemolysis was calculated on the basis of

haemoglobin amount released in to the erythrocyte suspending medium.

Mannitol(mM) MDA % Haemolysis ATP IMP AMP-deaminase

0 248�.15 (36.21) 38�.92 (5.26) 348�.22 (58.37) 381�.15 (56.70) 611�.00 (81.17)

25 184�.66a (22.45) 26�.88a (3.65) 453�.46a (57.98) 298�.44 (71.66) 509�.57 (74.78)

50 140�.74a (25.61) 17�.03a (3.00) 634�.78a (69.14) 294�.98 (50.03) 461�.33a (58.71)

100 111�.67a (18.86) 13�.62a (1.92) 821�.33a (100.62) 277�.13a (33.48) 403.00a (57.70)

a Significantly different from the corresponding value of 10 mm H2O2-treated erythrocytes incubated without mannitol (P , 0.05).
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haemolysis. Nevertheless, even with 100 mm mannitol, high-
energy phosphates, AMP-deaminase activity, MDA and
haemolysis were significantly different from control erythro-
cytes, thus indicating the link between oxidative stress,
inhibition of energy metabolism and lipid peroxidation.

D I S C U S S I O N

Potential ROS toxicity towards several biologically important
macromolecules has been demonstrated in several in vitro and
in vivo studies and still many efforts are devoted to find
possible new targets of ROS-damaging activity. Although one
of the first exhaustive experiments in human erythrocytes
showing the ability of oxidative stress to induce lipid
peroxidation and haemolysis was carried out in 1971 by Stocks
and Dormandy [13], little it is known about the effects on
erythrocyte energy metabolism. Only recently, data were
reported by Stocchi et al. who studied the influence of iron-
ascorbate on compounds and enzymes of glycolysis [14]. In
their study, modest effects were shown, except for a partial
inhibition of hexokinase after 1 h exposure to their ROS-
generating system.

Data reported in our study indicated that the adverse effect
on erythrocyte energy state was more evident than that reported
previously [14], probably because of the much higher efficiency
of the system we chose for generating intracellular oxidative
stress. We demonstrated that the effects of H2O2 on high-energy
phosphates (Table 1) were significant at concentrations
. 1 mm and that, among the adenine nucleotides, only ATP
was markedly affected. In fact, only a modest increase of AMP
was observed at any nonhaemolysing H2O2 concentration
tested, although the SNT recorded with the highest nonhaemo-
lysing H2O2 concentration (4 mm) was 50% lower than that of
control erythrocytes.

As under these experimental conditions IMP increased up to
20-fold with respect to the control value, and because there was
a massive release of Ino, Hpx, Xan and uric acid (derived from
IMP catabolism) into the medium, we hypothesized that high
IMP and low AMP levels were due to the activation of
AMP-deaminase. Experiments conducted to determine variations
in the activity of this enzyme (Fig. 1) demonstrated clearly that
AMP-deaminase was dramatically activated by oxidative stress,
even at the lowest H2O2 concentration. Therefore, AMP was
rapidly converted to IMP and, as soon as oxidative stress started
to deplete the ATP concentration, more substrate (AMP) was
available for the activated enzyme. As a consequence, the
energy state of erythrocytes was profoundly imbalanced, as
IMP cannot be used by erythrocytes for adenine nucleotide
resynthesis [15]. Moreover, our data showed that excess IMP
was partly accumulated inside the erythrocytes and partly lost
in to the suspending medium as Ino, Hpx, Xan and uric acid.
These uncharged catabolites are capable of permeating freely
the erythrocyte membrane and are generated by the activity of
5 0-nucleotidase, nucleoside phosphorylase and xanthine oxi-
dase [16]. The hypothesis that AMP-deaminase activity is
modulated by oxidative stress was supported by incubating
10 mm H2O2-treated erythrocytes with increasing concen-
trations of the free radical scavenger mannitol. Under these
conditions, a reduction of AMP-deaminase activation was
observed and it was mirrored by a lower IMP concentration and
a higher ATP level. Hence, it might be postulated that
secondary ROS, generated in the reaction of H2O2 with
haemoglobin, could act either directly on the enzyme or
through the generation of some positive activator with high
affinity for the enzyme itself. Regardless of the mechanism of

AMP-deaminase activation, the final result is loss of control of
this delicate enzymatic activity by erythrocytes.

As already observed in the post-ischemic myocardium
[17,18], increasing levels of lipid peroxidation (MDA) were
determined in H2O2-treated erythrocytes without any appreci-
able detection of cell death (haemolysis) at up to a certain level
of oxidative stress. This suggests the existence of a level of
tolerance of erythrocytes to lipid peroxidation beyond which
erythrocyte membrane modifications would irreversibly alter
the structure and function of the membrane, thus allowing
escape of macromolecules and, finally, to haemolysis. How-
ever, it should be noted that several studies pointed out that, in
erythrocytes, lipid peroxidation is not the sole modification of
the plasma membrane. In fact, oxidation of SH-groups [9],
leakage of K+ ions [19,20], formation of haemoglobin±spectrin
adducts [21] and activation of proteolysis [10] have been
described using different ROS-generating systems. Not all of
the aforementioned studies showed a strict correlation with
lipid peroxidation, thereby suggesting that lipid peroxidation
itself might have a secondary role in the subsequent deterio-
ration of the cell that leads to haemolysis. It should be recalled
that, in one study, such a conclusion was drawn because of a
nonlinear correlation between MDA production and K+ leakage
[20]. In the present study, we found a similar nonlinear
correlation between MDA and haemolysis and, in our opinion,
results of both studies may be interpreted by assuming the
existence of a threshold value of lipid peroxidation, below
which no dramatic changes either of several cell functions or of
cell survival occur. It cannot even be excluded that in
determining haemolysis, under the conditions of oxidative
stress used here, a critical role was played by the profound
changes of energy metabolism, in great part due to the loss of
regulation of AMP-deaminase. It has been suggested that this
enzymatic activity might be accelerated in dying erythrocytes
with the specific purpose of depleting the energy state of the
erythrocyte and facilitating haemolysis [22].

In summary, this study indicated that AMP-deaminase is a
highly sensitive site of ROS action, and may be the main
ROS-modifiable enzymatic activity in human erythrocytes. To
the best of our knowledge, this is the first report showing that
oxidative stress induces the activation (rather than the
inhibition) of an enzyme directly involved in energy metabo-
lism whose regulation might closely be related to the
maintenance of cell integrity. In addition, our data show that
energy metabolism and lipid peroxidation of human erythro-
cytes are both deeply affected by oxidative stress which is also
responsible for haemolysis, but only if lipid peroxidation is
higher than the threshold tolerance compatible with cell
integrity. Further studies to characterize AMP-deaminase
activation by oxidative stress and to gain insight into the
mechanism of such an activation are in progress.
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