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Organ failure in Plasmodium falciparum malaria is associated with neutrophil activation and endothelial
damage. This study investigates whether neutrophil-induced endothelial damage involves apoptosis and wheth-
er it can be prevented by neutralization of neutrophil secretory products. Endothelial cells from human um-
bilical veins were coincubated with neutrophils from healthy donors and with sera from eight patients with
P. falciparum malaria, three patients with P. vivax malaria, and three healthy controls. Endothelial apoptosis
was demonstrated by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
and annexin V staining. The rate of apoptosis of cells was markedly increased after incubation with patient
serum compared to that with control serum. Apoptosis was most pronounced after incubation with sera from
two patients with fatal cases of P. falciparum malaria, followed by sera of survivors with severe P. falciparum
malaria and, finally, by sera of patients with mild P. falciparum and P. vivax malaria. Ascorbic acid, tocopherol,
and ulinastatin reduced the apoptosis rate, but gabexate mesilate and pentoxifylline did not. Furthermore, in
fatal P. falciparum malaria, apoptotic endothelial cells were identified in renal and pulmonary tissue by TUNEL
staining. These findings show that apoptosis caused by neutrophil secretory products plays a major role in
endothelial cell damage in malaria. The antioxidants ascorbic acid and tocopherol and the protease inhibitor
ulinastatin can reduce malaria-associated endothelial apoptosis in vitro.

Severe Plasmodium falciparum malaria is associated with
activation of neutrophils and monocytes, elevated cytokine lev-
els, and endothelial damage. In vitro studies have shown that
neutrophils can be activated by products of malaria parasites
(32) and by host cytokines (43, 44, 55), which are increased in
the sera of patients suffering from malaria (18, 30, 34).

Activated neutrophils and their secretory products may gen-
erate not only antiparasitic activity (16) but also endothelial
damage (55), which can lead to organ failure in severe malaria.
We have previously found that in synergism with neutrophils,
sera from patients with complicated malaria damage endothe-
lial cells in vitro (23). In clinical cases, endothelial damage is
indicated by high levels in plasma of thrombomodulin, a non-
secretable membrane protein of resting endothelial cells. In P.
falciparum malaria, high thrombomodulin levels in plasma cor-
relate with high levels in plasma of elastase, a serine protease
secreted by activated neutrophils (23).

Neutrophils secrete proteolytic enzymes and reactive oxygen
species, both of which can trigger endothelial cell apoptosis at
low concentrations and necrosis at high concentrations (4, 7,
48, 57). Apoptosis is a genetically controlled form of cell sui-
cide characterized by surface blebbing, contraction of cells and
their nuclei, proteolysis, and DNA digestion. It is distinct from
necrosis, where physical or chemical injury leads to cell swell-
ing, organelle disruption, and membrane rupture (20).

In P. falciparum malaria, apoptosis as a possible mechanism
of endothelial cell death is suggested by elevated levels in
plasma of Fas ligand (31), which triggers apoptosis by binding
to Fas, its receptor on the target cell. In addition, Dürck’s
granulomas (aggregates of astrocytes and glial cells), seen in
cerebral malaria, contain large amounts of endostatin, a col-
lagen XVIII fragment known to induce endothelial cell apo-
ptosis (11).

Apoptosis of endothelial cells can also be caused by P. fal-
ciparum-parasitized erythrocytes in vitro (39). However, vas-
cular leakage in P. falciparum malaria often develops several
days after the initiation of antiparasitic therapy (27), even
though antimalarial drugs reduce the endothelial adherence of
parasitized erythrocytes (50). Therefore, interaction of para-
sitized erythrocytes with the vascular endothelium is probably
not the only mechanism that leads to endothelial cell apoptosis
in P. falciparum malaria.

This study shows that sera from patients with P. falciparum
malaria—together with neutrophils—induce endothelial cell
apoptosis, which can be prevented by antioxidants and inhibi-
tors of proteolytic enzymes in vitro.

MATERIALS AND METHODS

Patients. Serum samples from two patients with fatal P. falciparum malaria,
five patients with severe nonfatal P. falciparum malaria, five patients with mild P.
falciparum malaria, six patients with P. vivax malaria, and six healthy controls
were investigated (Table 1). All patients were nonimmune European travelers.
Informed consent for taking blood samples was obtained from patients and
healthy control subjects. Approval for this study was granted by the Ethics
Committees of the State Medical Boards of Hamburg and Mecklenburg-Vorpo-
mmern.
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Reagents and test kits. All chemicals (analytical grade) were purchased from
Sigma (Munich, Germany) unless otherwise indicated. Endothelial cell growth
supplement was obtained from Intracel Corporation, Rockville, Md.; injectable
preparations of ascorbic acid were obtained from Jenapharm, Jena, Germany;
human urinary trypsin inhibitor (ulinastatin) was obtained from Mochida Co.,
Tokyo, Japan; and gabexate mesilate was obtained from Ono Pharmaceutical
Co., Osaka, Japan. Terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) kits (in situ cell death detection kit) and phospha-
tidylserine staining kits (Annexin V-Fluos) were obtained from Roche Diagnos-
tics (Mannheim, Germany), neutralizing anti-tumor necrosis factor alpha
(TNF-�) immunoglobulin G antibody was obtained from R&D Systems (Wies-
baden, Germany), and transwell tissue culture inserts with porous membranes
were obtained from Nunc (Wiesbaden, Germany) and Costar-Corning
(Schiphol, The Netherlands).

Endothelial cell cultures. Endothelial cells were cultured from human umbil-
ical veins from healthy donors as described in detail previously (23, 45). Briefly,
the veins of human umbilical cords were cannulated, with endothelial cells then
obtained by mild collagenase digestion and seeded on gelatin-coated tissue
culture flasks. For our experiments, second- to third-passage endothelial cells
were grown to confluence in 96- or 48-well plates by using RPMI medium with
20% fetal bovine serum and 35-mg/liter endothelial cell supplement.

Isolation of neutrophils. Before each experiment, EDTA blood was obtained
from a healthy donor and centrifuged at 500 � g and 4°C for 10 min. Neutrophils
were isolated by Percoll (Sigma) density centrifugation (13). For this purpose, a
discontinuous gradient with densities of 1.081, 1.090, and 1.098 was formed of
Percoll, which had been made isotonic with 10� phosphate-buffered saline
(PBS) at pH 7.4. All cells were collected at the interface between the densities
1.098 and 1.090 and washed three times in ice-cold PBS. More than 95% of the
leukocytes were neutrophils, and the other cells were lymphocytes or monocytes,
as analyzed by using a fluorescence-activated cell sorter. This method was chosen
because it avoids neutrophil activation during cell separation (28).

Endothelial cell experiments. Each experiment was carried out in duplicate on
one occasion and replicated on two other occasions. Sera from patients with
malaria or from healthy controls were diluted 1:10 in endothelial cell medium
without endothelial cell growth supplement and without fetal bovine serum.
Freshly isolated neutrophil granulocytes from a healthy volunteer were added to
the diluted serum to obtain a final cell count of 1,000 neutrophils per �l.
Cultured endothelial cells were incubated with this mixture for 1 h at 37°C, rinsed
three times with HEPES-buffered saline at pH 7.4, incubated with RPMI me-
dium containing 20% fetal bovine serum and endothelial cell growth supplement
(35 mg/ml) for 4.5 h, and rinsed again three times with HEPES-buffered saline.
At this time, practically all adhering cells displayed endothelial cell morphology
with round nuclei. Granulocytes, which were differentiated from endothelial cells
by the shape and size of the cells and their nuclei, comprised less than 1% of the
adhering cells.

Endothelial cells were tested for apoptosis by the TUNEL method or annexin
V staining. Both staining procedures were performed according to the manufac-
turer’s instructions.

Briefly, endothelial cells were fixed with methanol-acetone (50:50, vol/vol) for
TUNEL staining. Cell membranes and nuclei were permeabilized with 0.1%
Triton X-100. To label the double-strand breaks of nuclear DNA, fixed endo-
thelial cells were incubated with fluorescein isothiocyanate-conjugated UDP and
terminal deoxynucleotidyltransferase for 30 min and rinsed with PBS. To stabi-
lize the fluorescence of stained endothelial cell nuclei, 100 �l of 0.6% 1,4-
diazabicyclo[2.2.2]octane (DABCO) in PBS-glycerol (50:50, vol/vol) was added
before microscopy. Fluorescent nuclei were counted in 100 cells in each well with

an inversion fluorescence microscope (Axiovert; Zeiss, Jena, Germany). The
results were expressed as the percentages of fluorescent (i.e., apoptotic) nuclei
among all nuclei.

Apoptosis was also demonstrated by staining unfixed cells with fluorescein
isothiocyanate-conjugated annexin V because after fixation, membrane-associ-
ated phosphatidylserine residues are no longer able to bind annexin V. Pro-
pidium iodide was added to identify damaged endothelial cells which had lost
their capacity to eliminate this dye in the course of apoptotic cell death. In
endothelial cells, this tends to happen soon after the induction of apoptosis (56).
Fluorescence microscopy was performed immediately after staining. Endothelial
cells incubated with hydrogen peroxide (3 mmol/liter) or with neutrophils and
sera from healthy subjects served as positive and negative controls, respectively.
The negative control is shown in the inset of Fig. 1B.

In order to test whether endothelial cell apoptosis requires direct contact with
neutrophils, endothelial cells were kept separate from neutrophils by porous
membranes (transwell inserts) during incubation with patient serum and endo-
thelial cells.

Inhibition experiments. To prevent apoptotic damage, the antioxidants ascor-
bic acid (10�6 to 10�3 M) and tocopherol (10�5 to 10�3 M), the serine protease
inhibitor ulinastatin (10�10 to 10�5 M), or the antisecretory substances gabexate
mesilate (10�7 to 10�4 M) or pentoxifylline (10�6 to 10�4 M) was added to
patient sera with neutrophils before incubation of endothelial cells. Ascorbic acid
and tocopherol were chosen for their capacity to neutralize reactive oxygen
species, ulinastatin was chosen for its capacity to inhibit neutrophil elastase, and
gabexate mesilate and pentoxifylline (which neutralize neither reactive oxygen
species nor elastase) were chosen for their capacity to inhibit neutrophil secre-
tory activity. The concentrations of these inhibitors were chosen to reflect levels
in serum that can be achieved by administering these drugs under clinical con-
ditions. Additional experiments were performed in the presence of a neutralizing
anti-TNF-� antibody (1 �g/ml).

For all inhibition experiments, endothelial cells were incubated with serum
from a patient with fatal malaria (Table 1, patient 1 or 2) plus neutrophils as a
positive control or with sera from healthy volunteers plus neutrophils as a
negative control.

Histopathology. Thin sections from paraffin-embedded blocks of kidney tissue
from two patients and lung tissue from another patient who had died of com-
plicated P. falciparum malaria were stained with hematoxylin and eosin stain.
Thin lung and kidney sections from a traffic accident victim were used as negative
controls. Apoptotic nuclei were labeled by the TUNEL method.

Statistics. Correlations were calculated as Spearman rank correlations.

RESULTS

Incubation of endothelial cells with serum. Incubation of
endothelial cells with serum from healthy controls with or
without neutrophils resulted in a low number of TUNEL-
positive apoptotic cells (without neutrophils, median of 10%
and range of 0.5 to 14.5%; with neutrophils, median of 15%
and range of 5 to 19.5%; n � 6). In contrast, incubation of
endothelial cells with sera from malaria patients together with
neutrophils resulted in a markedly higher number of apoptotic
endothelial cells than incubation without neutrophils (Fig. 1A).
In these coincubation experiments, sera from patients with

TABLE 1. Endothelial apoptosis after incubation with serum and neutrophils

Serum source

% Apoptosis (range)a Median (range)

Before
therapy

After start of antiparasitic therapy No. of parasitized
erythrocytes

Serum TNF-�
level (pg/ml)Day 7 Day 30

Fatal P. falciparum malaria (n � 2) 61 (54–68) 705 (369–1,041) 343 (285–400)
Severe P. falciparum malaria (n � 5) 55 (37–49) 22 (16–28) 13 (12–14)b 651 (200–848) 175 (175–350)
Mild P. falciparum malaria (n � 5) 38 (26–42) 24 (20–25) 60 (2.7–221) 40 (38–108)
P. vivax malaria (n � 6) 25 (22–40) 18 (15–21) 20 (�1–47) 96 (60–891)
Healthy controls (n � 6) 15 (9–20) 0 �15

a Median proportions of TUNEL-positive endothelial cells in relation to those of all endothelial cells.
b For two patients.
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fatal P. falciparum malaria showed the highest apoptosis rates
(median of 61% and range of 54 to 68 for two patients), fol-
lowed by sera from patients with severe P. falciparum, mild
P. falciparum, and P. vivax malaria (Table 1). Sera from pa-
tients with fatal malaria plus neutrophils induced large defects
in the endothelial cell layers, a phenomenon that is consistently
seen secondary to apoptosis (58).

All sera obtained before antimalarial therapy induced a
higher rate of TUNEL-positive endothelial cell nuclei than
reconvalescent sera obtained 7 days later (48 versus 21% of
sera from patients with severe malaria, 40 versus 21% of sera
from patients with mild P. falciparum malaria, and 25 versus
19% of sera from patients with P. vivax malaria [Table 1]).

Parasitemia levels showed a significant correlation with the
percentage of TUNEL-positive endothelial cell nuclei (r �
0.751, P � 0.001), but no correlation was seen for TNF-�
concentrations in serum (r � 0.216, P � 0.1).

Annexin V staining confirmed the elevated rates of apopto-
tic endothelial cells after incubation with serum from a patient
with fatal malaria and neutrophils (48% [Fig. 1B]) compared
to that with control serum (10% [Fig. 1B, inset]). In fatal
malaria, 28% of the annexin V-positive cells retained pro-
pidium iodide, reflecting the fact that apoptotic endothelial
cells progress to necrosis more quickly than other cell types
(56). The propidium iodide-retaining nuclei were round and
condensed, indicating that apoptosis had been induced before
the cells died. Cells negative for annexin and positive for pro-
pidium iodide were not seen, probably because dead endothe-
lial cells detach from their matrix (23, 58).

Transwell experiments. In order to test whether the impact
of malaria patient serum and neutrophils on endothelial apo-
ptosis depends upon direct contact between neutrophils and
endothelial cells, neutrophils were separated from endothelial
cells by porous membranes during incubation. Sera from the
two patients with fatal malaria led to apoptosis rates of 49 and
42%, with neutrophils in direct contact with endothelial cells;
25 and 29%, with neutrophils separated from endothelial cells
by porous membranes; and 24 and 33% in the absence of
neutrophils. Serum from the patient with severe nonfatal ma-
laria led to an endothelial apoptosis rate of 43%, with neutro-
phils in direct contact with endothelial cells; 29%, with neu-
trophils separated from endothelial cells by a porous
membrane; and 28% in the absence of neutrophils.

Inhibition experiments. The water-soluble antioxidant
ascorbic acid and the urinary trypsin inhibitor ulinastatin in-
hibited the apoptotic effect of sera from patients with severe
malaria in a concentration-dependent manner. The apoptosis
rate was 68% without either substance. The apoptosis rate was
reduced to 62% with 10�5 M, to 28% with 10�4 M, and to 32%
with 10�3 M ascorbic acid, while 10�6 M ascorbic acid had no
effect (Fig. 2c). The rank correlation between the concentra-
tions of ascorbic acid and the apoptosis rates was 0.85 (P �

FIG. 1. (A) TUNEL-stained nuclei from endothelial cells incu-
bated with serum from a patient with fatal P. falciparum malaria (Table
1, patient 2) and from a healthy control, with or without neutrophils.
(B) Annexin V-stained endothelial cells incubated with neutrophils
plus serum from a patient with fatal P. falciparum malaria (green
fluorescence). Necrotic cells were stained with propidium iodide (red
fluorescence). The inset shows endothelial cells incubated with serum
from a healthy person as a negative control. (C) TUNEL-stained
kidney (a) and lung (b) sections from two patients who had died from

P. falciparum malaria. The capillaries contain erythrocytes and malaria
pigment (black arrows). Much of the endothelial cell lining is missing
(green arrows). The endothelial cell nuclei are round, condensed, and
TUNEL positive, indicating apoptosis (red arrows). Normal capillary
endothelial cells in kidney (c) and lung (d) sections from a traffic
accident victim are also shown.
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0.006). The apoptosis rate was reduced to 42% with 10�7 M
ulinastatin and to 35% at a concentration of 10�5 M, while
10�10 M ulinastatin had no effect (Fig. 2e). The rank correla-
tion between the concentrations of ulinastatin and the apopto-
sis rates was 0.85 (P � 0.001). Likewise, the lipid-soluble an-
tioxidant tocopherol reduced the apoptosis rate from 62 to
29% at a concentration of 10�3 M, while lower concentrations
had no effect (Fig. 2d).

Reduction of endothelial apoptosis by 10�4 M ascorbic acid
and by 10�7 M ulinastatin has been confirmed with sera from
two patients with fatal malaria, one patient with severe nonfa-
tal malaria, and three patients with mild P. falciparum malaria.

Since neither ascorbic acid nor ulinastatin alone was able to
suppress apoptotic endothelial cell damage completely, both
substances were combined. At concentrations of 10�4 M ascor-
bic acid and 10�7 M ulinastatin, the apoptosis rate of 35% was
lower than that with either substance alone at the respective
concentration (ascorbic acid, 45%; ulinastatin, 43% [Fig. 2f]).

Since the effect of malaria patient serum on endothelial cells
may depend upon the TNF-� present in the patient serum, a

neutralizing anti-TNF-� antibody was tested with sera from
two patients with fatal malaria. In the absence of neutrophils,
the anti-TNF-� antibody reduced the endothelial apoptosis
rate from 33 to 24% and from 33 to 26%, while in the presence
of neutrophils, the antibody reduced the apoptosis rate from
50 to 30% and from 47 to 35% in the first and second sera,
respectively.

Since the contents of neutrophil granules may cause endo-
thelial apoptosis, the experiments were performed in the pres-
ence or absence of gabexate mesilate or pentoxifylline, both of
which block secretion from neutrophil granulocytes (6, 36).
However, addition of gabexate mesilate (0.1 to 100 �M) or
pentoxifylline (1 to 100 �M) did not reduce the percentage of
TUNEL-positive endothelial cell nuclei (Fig. 2a and b).

Histopathology. Observation of capillaries in kidney and
lung tissues from two patients who had died from P. falciparum
malaria showed TUNEL-positive endothelial cells with round
and condensed nuclei, indicating that they were undergoing
apoptosis (Fig. 1C, panels a and b). Much of the capillary
endothelial cell layer was missing, suggesting malaria-induced

FIG. 2. Prevention of endothelial damage induced by serum (severe P. falciparum malaria) and neutrophils. Shown are results with TUNEL-
positive endothelial cell nuclei after incubation with gabexate mesilate (a), pentoxifylline (b), ascorbic acid (c), tocopherol (d), ulinastatin (e), and
ascorbic acid plus ulinastatin (f). Each of these graphs shows one representative experiment out of three. Means (bars) and individual results
(whiskers) of duplicate assays are shown.
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endothelial damage or cell detachment, as previously sug-
gested from in vitro experiments (23).

DISCUSSION

This study indicates that sera from patients with malaria
induces endothelial apoptosis, which is amplified by neutro-
phils, and that endothelial apoptosis can be prevented by the
neutralization of reactive oxygen species or proteolytic en-
zymes in vitro.

Neutrophils can be activated by TNF-� (23, 43, 44) and by
P. falciparum-specific products (32), both present in significant
amounts in the sera of patients with P. falciparum malaria
before therapy (3, 10, 18, 30, 34, 37). Sera obtained 7 days after
the initiation of therapy, when TNF-� levels and parasitemia
had decreased, induced less endothelial apoptosis than sera
obtained before therapy. Earlier, we had shown that anti-
TNF-� antibodies protect endothelial cells from damage in-
duced by patient serum (severe malaria) and neutrophils (23).
In the present study, we show that anti-TNF-� antibodies re-
duce the apoptosis-inducing capacity of patient serum both in
the presence and in the absence of neutrophils. TNF-� not
only activates neutrophils and endothelial cells but also trig-
gers endothelial cell apoptosis in a concentration- and time-
dependent manner (41). This may explain why malaria patient
serum can induce endothelial cell apoptosis independently of
neutrophils, albeit at a lower level. However, the proapoptotic
effect of patient serum correlates better with parasitemia than
with TNF-� concentrations in serum. Therefore, parasite-de-
rived products may also play a role in neutrophil-mediated
endothelial apoptosis.

Reactive oxygen species and elastase, which are secreted by
neutrophils, induce apoptosis of endothelial cells at low con-
centrations and necrosis at high concentrations (4, 7, 48, 57). In
our experiments, staining with annexin V and propidium io-
dide confirmed that most of the endothelial damage was due to
apoptosis. Likewise, we found apoptotic, rather than necrotic,
endothelial cells in the renal and pulmonary blood vessels of
patients with P. falciparum malaria who had died of multiorgan
failure (Fig. 1C, panels a and b).

To prevent multiorgan failure in malaria, several interven-
tion strategies have been studied in simian and murine models,
including the administration of heparin (12), anti-TNF-� an-
tibodies (17), pentoxifylline (33), or dexamethasone (14).
However, in all these studies, the intervention had to be ap-
plied before the onset of disease to prevent organ failure and
death. This is also true for neutrophil depletion, which protects
mice from cerebral complications of P. berghei malaria only if
performed before symptoms appear (8). Later, when death
from cerebral malaria is imminent, only administration of an
antibody against leukocyte function antigen 1, which blocks
binding of neutrophil granulocytes to the vascular endothelium
via intercellular adhesion molecule 1, offers protection in this
animal model (19). This is in agreement with our observation
that direct contact between neutrophils and the vascular en-
dothelium is essential for neutrophil-mediated endothelial apo-
ptosis in the presence of malaria patient serum.

In human P. falciparum malaria, heparin (21), anti-TNF-�
antibodies (52), and pentoxifylline (24, 35) have failed to pro-
vide any therapeutic benefit, while dexamethasone (which is

known to induce endothelial apoptosis in vivo [15, 53]) was
even deleterious (25, 54). Activated or apoptotic endothelial
cells become procoagulant, reflected by decreased protein C
and elevated plasma thrombin-antithrombin III levels in P.
falciparum malaria (5, 22, 44). Heparin is beneficial in simian
malaria (P. knowlesi) but not in human malaria (P. falciparum),
where it fails to reverse these procoagulant alterations (12, 21).

Thus, one explanation for the failure of these intervention
strategies is that they may come too late to inhibit the harmful
pathophysiological events. Another reason may be that these
intervention strategies cannot prevent endothelial damage and
increased capillary permeability, which is a key to organ im-
pairment in severe malaria (23, 27, 38). In contrast, an antiapo-
ptotic strategy should prevent damage even when applied after
activation of the host response.

Our study demonstrates that apoptosis of endothelial cells
was reduced by the antioxidants ascorbic acid and tocopherol
and by the protease inhibitor ulinastatin. In combination,
ascorbic acid and ulinastatin were more effective than either
substance alone but did not block endothelial apoptosis com-
pletely (Fig. 2f). The incremental effect of this combination
over each individual substance is not proven to have biological
significance. However, induction of endothelial damage by the
joint action of reactive oxygen species and elastase has been
demonstrated in an isolated rat lung model (2). This may be
due to the fact that reactive oxygen species inactivate protease
inhibitors which otherwise might protect the endothelium from
the elastase-induced damage (46).

As shown in Fig. 2d, endothelial cell apoptosis was also
significantly inhibited by tocopherol. The antioxidant tocoph-
erol prevents apoptosis by inhibiting caspases (51). In murine
P. berghei malaria, administration of the antioxidants butylhy-
droxyanisol or tocopherol prevents death from cerebral com-
plications (49), suggesting that inhibition of apoptosis by this
antioxidant may indeed be operative in vivo. However, while
ascorbic acid and ulinastatin protected endothelial cells at con-
centrations that are achieved in humans, tocopherol was effec-
tive only at much higher concentrations.

None of the substances tested provided complete protection
from apoptosis. This may be explained by the fact that sub-
stances directed against neutrophil-derived reactive oxygen
species and proteases would not necessarily block neutrophil-
independent apoptosis by TNF-� or other serum ingredients.

Nevertheless, the clinical benefit of an antiapoptotic strategy
for endothelial protection has been illustrated in cardiovascu-
lar diseases. Just like the serum malaria samples in this study,
serum samples from patients with cardiopulmonary bypass (1)
or congestive heart failure (42) cause endothelial apoptosis in
vitro. In agreement with this study, ascorbic acid prevents
endothelial apoptosis in congestive heart failure in vitro and
in vivo (42). The multivalent enzyme inhibitor ulinastatin neu-
tralizes human neutrophil elastase in vitro (29) and improves
pulmonary function (lower alveolar arterial oxygen gradient, or
AaDO2) in vivo (47).

The antiapoptotic strategy derived from our in vitro model
may be relevant for P. falciparum malaria, since this disease is
associated with both elevated levels of human neutrophil elas-
tase in plasma (23, 26, 40) and a decreased serum antioxidative
status with abnormally low levels of ascorbic acid (9). Thus,
antioxidants and protease inhibitors may offer clinical benefit
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by preventing organ complications due to endothelial apopto-
sis even though they may not accelerate parasite clearance or
defervescence.
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