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To date, there have been conflicting reports concerning the clinical significance of nitric oxide (NO) in
Plasmodium falciparum malaria. Some authors have proposed that NO contributes to the development of severe
and complicated malaria, while others have argued that NO has a protective role. To investigate these
apparently contradictory reports, reverse transcription-coupled PCR was used to study inducible NO synthase
(iNOS) in whole-blood RNA samples from patients with severe and complicated malaria or uncomplicated
malaria and from healthy donors. This work produced three principal findings. First, samples of patients with
severe and complicated malaria were variably positive, with weak to moderate intensity. Markedly higher iNOS
RNA levels were observed in samples of patients with uncomplicated malaria than in patients with severe and
complicated malaria. Samples of healthy donors were uniformly negative. Second, since we initially demon-
strated iNOS expression in whole-blood RNA samples, we extended our investigations to individual blood cells
such as monocytes, lymphocytes, neutrophils, and platelets to identify the cellular source of iNOS. We found
that iNOS was expressed predominantly in monocytes. Third, retrospective statistical analysis of monocyte
counts clearly demonstrated that patients with uncomplicated malaria had higher monocyte counts at the time
of presentation than patients with severe and complicated malaria. Taken together, our findings give room to
the interpretation that NO may have a beneficial rather than a deleterious role in falciparum malaria.

Inducible nitric oxide synthase (iNOS) is one of the three
distinct isoenzymes responsible for the catalytic oxidation of
the terminal guanidino nitrogen atom of L-arginine, yielding
citrulline and the short-lived reactive free radical NO in vari-
ous nucleated cells. iNOS, which was originally identified in
macrophages, is a cytosolic Ca21-independent enzyme whose
transcription is induced by microbial products or inflammatory
cytokines (23, 24, 38). NO produced from monocytes/macro-
phages by the enzymatic action of iNOS has been implicated in
mediating cytotoxicity during host defense reactions. A unique
feature of iNOS is that when it is triggered by an immunologic
or inflammatory stimulus, a sustained production of NO re-
sults. Since the initial observation by James and Glaven (20)
that NO has schistosomicidal activity, its antimicrobial func-
tions in a variety of microorganisms have been confirmed with
both humans and animal models (11, 18, 19, 33).

The past decade has witnessed an explosion of interest in the
role of NO in falciparum malaria; however, there is currently
no consensus on the clinical significance of NO in falciparum
malaria. Some authors have associated NO with severe and
complicated malaria, particularly cerebral malaria (1, 3, 6, 9,
10, 12, 13, 29), whereas other authors have argued that NO has
a protective role (2, 4, 21, 22, 26, 34–37). An interesting con-
tradiction concerning the role of NO in malaria emerged from
two recent studies. Kun et al. (22) demonstrated an association
between polymorphism in the promoter region of the iNOS
gene and protection from severe malaria in a Gabonese pop-
ulation. However, observations by Burgner et al. (6) of a Gam-
bian population are somewhat different. Data from this study

suggest that similar regions of iNOS genes encode a suscepti-
bility determinant for fatal cerebral malaria.

To investigate these apparently contradictory reports, we
studied the expression of iNOS in whole-blood RNA samples
of patients with falciparum malaria and attempted to relate the
transcription of this gene to the outcome of the disease. Since
NO is a short-lived free radical, its measurement is difficult (5).
To circumvent this obstacle, we indirectly assessed its role in
malaria by measuring iNOS, an enzyme responsible for the
sustained synthesis of NO in large amounts.

Characteristics of the study subjects. The patients included
in this study were admitted to the Medical Department of the
Bernhard Nocht Institute for Tropical Medicine with a con-
firmed diagnosis of falciparum malaria. This diagnosis was
based on identification of asexual forms of the parasite in
peripheral blood smears subjected to thin or thick staining.
The percentage of parasitemia was calculated from the number
of infected erythrocytes per 1,000 erythrocytes in thinly stained
film. When parasites were found only in the thickly stained
film, parasitemia was defined as below 1% (less than 50 para-
sites per thickly stained film field). The study population was
comprised of 24 patients (age, 40 6 18 years). After written
informed consent was obtained from the patients and/or their
immediate relatives, peripheral blood samples were drawn be-
fore treatment from (i) 12 patients with severe and compli-
cated falciparum malaria, (ii) 12 patients with uncomplicated
falciparum malaria, and (iii) 12 healthy medication-free donors
(age, 32 6 12 years) with no previous history of malaria, who
were evaluated as controls. All patients who had severe and
complicated falciparum malaria were of European origin. Of
the 12 patients with uncomplicated falciparum malaria, 4 were
of European origin and 8 were African immigrants from either
western or eastern Africa who had been living in Germany for
at least 2 years. All patients presented with fever lasting be-
tween 1 and 5 days and had contracted their malarial infection
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in Africa. All patients included in this study had not spent
more than 4 weeks in Africa when they contracted their ma-
larial infection and had no evidence of concomitant infections.
None of the patients had received antimalarial treatment be-
fore our administration. Patients were defined as semi-immune
if they were raised in a malarious area and had lived in a
nonmalarious area for a period not exceeding 5 years. Nonim-
mune patients were patients who were raised in a nonmalari-
ous area and had lived in a malarious area for a period not
exceeding 2 years. Nonimmune patients included in this study
had no previous history of malaria. Patients were described as
having severe and complicated malaria if they met one of the
following criteria: (i) impaired cerebral function (disorienta-
tion, drowsiness, unconsciousness), (ii) pathological global
clotting tests (prothrombin time activity, ,50%, and partial
thromboplastin time, .45 s), (iii) impaired renal function (cre-
atinine in serum, .2.0 mg/dl), (iv) respiratory insufficiency
(partial pressure of oxygen, ,60 mm Hg), (v) hepatic damage
(alanine aminotransferase and aspartate aminotransferase lev-
els, $100 U/liter), and (vi) parasitemia ($5%) (7).

Antiparasitic therapy. Patients with severe and complicated
malaria received the standard regimen of quinine (20 mg/kg of
body weight/day) and doxycyline (100 mg/day) for 10 days.
Patients with uncomplicated falciparum malaria received me-
floquine (20 mg/kg/day) in three doses taken 6 h apart). Ther-
apy was initiated immediately after confirming the diagnosis of
malaria with blood smears on admission.

RNA isolation from whole blood. Heparinized blood was
drawn with minimum venostasis, and RNA was isolated with
TRI Reagent BD (Molecular Research Center, Inc., Cincin-
nati, Ohio) according to the manufacturer’s specifications.

Isolation of monocytes, lymphocytes, neutrophils, and plate-
lets. Peripheral blood mononuclear cells were isolated by Fi-
coll-Paque (Pharmacia, Freiburg, Germany) density gradient
centrifugation. Monocytes were isolated by adherence to 75-ml
plastic culture flasks (Costar). The nonadherent lymphocytes
were removed by aspiration. Neutrophils were isolated by the
method of Ross and Densen (30) as modified by Estabrook et
al. (16). Briefly, heparinized blood from patients was sedi-
mented in an equal volume of 3% dextran T-500 (Pharmacia)
in 0.85% NaCl at room temperature for 25 min. The leukocyte-
rich supernatant was removed by centrifugation at 200 3 g for
10 min at 4°C. The supernatant was layered on Ficoll-Paque
(Pharmacia) and centrifuged at 250 3 g for 20 min. Heparin-
ized blood drawn with minimum venostasis at times of admis-
sion was collected into a 1/10 volume of 3.8% sodium citrate
and then centrifuged at 400 3 g for 20 min at room tempera-
ture. Platelet-rich plasma was collected and centrifuged for 20
min at 1,000 3 g to sediment platelets. The resulting pellet was
resuspended in modified Tyrode’s buffer (140 mM NaCl, 5 mM
KCl, 10 mM glucose, 15 mM HEPES, 0.38 g of bovine serum
albumin [pH 7.4] per 100 ml), and the platelets were subse-
quently washed three times with the buffer. The levels of purity
of cells were 96% for monocytes, 96% for platelets, 98% for
neutrophils, and 98% for lymphocytes as determined by dif-
ferential cell counting.

RNA isolation from monocytes, lymphocytes, and neutro-
phils. Total cellular RNA was prepared with TRIZol reagent
(Life Technologies) based on the acid guanidinium thiocynate-
phenol-chloroform method of Chomcyznski and Sacchi (8) as
modified by the manufacturers.

RT-PCR, slot blot analysis, and cloning and sequencing of
RT-PCR products. The expression of iNOS was measured by
amplification by reverse transcription-PCR (RT-PCR). This
approach was necessary, as the available amounts of RNA
were too small for analysis by either Northern blotting or

ribonuclease protection assays. Prior to RT, possible chromo-
somal DNA contaminants were degraded by treating the total
RNA samples with 10 U of DNase I (GenHunter Corp., Nash-
ville, Tenn.) for 30 min at 37°C, followed by phenol extraction,
ethanol precipitation, and finally dilution in RNase-free water.
In batched and parallel reactions, equal amounts of total cel-
lular RNA from each control were subjected to RT with Su-
perScript II RNase H2 reverse transcriptase (Gibco BRL Life
Technologies) according to manufacturer’s specifications. In a
12-ml reaction mixture, 1 mg of RNA and 1 mg of oligo(dT) (0.5
g/ml) were heated for 10 min at 70°C and immediately chilled
on ice for 5 min. The reaction mixture was preincubated for 5
min at 42°C. The mixture contained 4 ml of 53 First Strand
Buffer (250 mM Tris-HCl [pH 8.3], 375 mM KCl, 15 mM
MgCl2), 1 ml of a deoxynucleoside triphosphate mix (10 mM),
2 ml of 0.1 M dithiothreitol, and 200 U of Superscript reverse
transcriptase. After preincubation, the mixture was incubated
at 42°C for 50 min and the reaction was terminated by heating
the mixture at 95°C for 5 min and chilling it on ice. cDNAs
were subjected to enzymatic amplification with primers specific
for human iNOS (Clontech) and reagents from a GeneAmp kit
(Perkin-Elmer). The 35 cycles of PCR were performed under
the following conditions as recommended by the manufac-
turer: denaturation at 94°C for 45 s, annealing at 60°C for 45 s,
and extension at 72°C for 2 min; the last cycle extension was
performed at 72°C for 7 min in a Biometra UNO-Thermo-
block. To assess the integrity of the starting RNA as well as to
control for variability in RNA or cDNA handling during the
RT-PCR method and as the standard for semiquantitative
comparisons, the levels of b-actin RNA transcripts were de-
termined simultaneously for every PCR sample with primers
specific for b-actin (Clontech) according to the manufacturer’s
instructions. After completion of the PCR, the amplified DNA
was recovered with QIAquick (Qiagen, Hilden, Germany).
Eight microliters of each of the recovered iNOSs and 8 ml of
the respective coamplified b-actin PCR products were dena-
tured by heating at 95°C for 4 min in 190 ml of 0.4 M NaOH
containing 25 mM EDTA. Samples were rapidly cooled on ice
and then blotted directly onto a Nylon membrane (Hybond-
N1) (Amersham, Braunschweig, Germany) presoaked in 203
SSPE (13 SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM
EDTA [pH 7.7]) in a slot blot apparatus (Minifold II; Schlei-
cher & Schuell, Dassel, Germany). Each well was washed with
400 ml of 203 SSPE. After transfer, the DNA was covalently
linked to the nylon membrane by exposure to UV light. Hu-
man iNOS and b-actin cDNA probes obtained by PCR were
radiolabeled by random primer extension with [a-32P]dCTP.
The blots were prehybridized for 4 h in hybridization solution
at 42°C, hybridized overnight with labeled cDNA, and washed
as described previously (31). The level of hybridization for
32P-labeled cDNA probes was visualized by autoradiography
with Kodak XAR film and quantitated with a PhosphorImager
and the ImageQuant program (Molecular Dynamics, Sunny-
vale, Calif.). To confirm that the amplified PCR product rep-
resented the iNOS mRNA, we eluted the PCR product and
cloned it using a TA cloning kit (Invitrogen) according to the
manufacturer’s instructions and determined the nucleotide se-
quence by the dideoxynucleotide chain-termination method
(32) using a Sequenase kit (version 2.0; United States Bio-
chemicals). Analysis of the sequence of the PCR-amplified
DNA fragment revealed that bases 568 through 3459 were
identical to the previously described sequence (17).

Statistical analysis. Statistical analysis was performed by
Student’s t test with the STAT software package from SAS
Institute Inc., Cary, N.C. All test results were judged to be
significant at a P of ,0.05.
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RT-PCR analyses of iNOS mRNAs prepared from whole
blood from patients with severe and complicated malaria and
patients with uncomplicated malaria are shown in Fig. 1a. In
this semiquantitative RT-PCR assay, the signals of iNOs and
b-actin PCR products were quantitated by densitometry (Fig.
1b). RNA samples from patients with severe and complicated
malaria were variably positive, with weak to moderate intensity
(slots 1 to 12). iNOS mRNAs were strongly expressed in 10
samples from patients with uncomplicated malaria (slots 13 to
20, 22, and 24). Moderate expression of iNOS mRNA was
observed in the samples from two patients with uncomplicated
malaria (slots 21 and 23). Densitometric values were deter-
mined from the slot blot shown in Fig. 1a and are presented as
iNOS mRNA levels (percentages of b-actin) (Fig. 1b). Samples
are shown in the same order as in Fig. 1a. Results of RT-PCR
and slot blot analysis of RNA samples from healthy donors
were, as predicted, all positive for expression of the house-
keeping gene b-actin but uniformly negative for iNOS (data
not shown).

Since iNOS was initially detected in whole-blood RNA sam-

ples, we expanded our experiments to ascertain the cellular
origin of iNOS. To this effect we studied iNOS expression in
individual blood cells such as platelets, monocytes, neutrophils,
and lymphocytes. We found that iNOS was predominantly
expressed in monocytes. A representative autoradiogram from
these experiments is shown in Fig. 2a. A diagramatic represen-
tation of the densitometric values is shown in Fig. 2b.

In light of the observation that the different blood cells differ
so markedly in their expression of iNOS and that monocytes
were the predominant source of iNOS in malaria patients, we
conducted a retrospective analysis of monocyte counts. In this
retrospective study, we reviewed the medical charts of 101
patients who were admitted to the Medical Department of the
Bernhard Nocht Institute for Tropical Medicine during a
6-month period from January to June 1997 with severe and
complicated malaria (n 5 26) and with uncomplicated malaria
(nonimmune [n 5 36] and semi-immune [n 5 49]). All 26
patients with severe and complicated malaria and all 36 non-
immune patients with uncomplicated malaria were of Euro-
pean origin. They had all contracted their malarial infection

FIG. 1. (a) Slot blot semiquantitative analysis. RNAs isolated from periph-
eral whole blood from patients with falciparum malaria were reverse transcribed
and subjected to 45 PCR cycles. Eight microliters from each reaction mixture was
slot blotted as described in Materials and Methods. cDNA probes obtained from
the PCRs were hybridized to PCR products, which were applied to Hybond-N1

membranes with a slot blot manifold. Slots 1 to 12 contained PCR products from
patients with severe and complicated malaria, and slots 13 to 24 contained PCR
products from patients with uncomplicated malaria. Samples of patients with
severe and complicated falciparum malaria (slots 1 to 12) were variably positive,
with weak to moderate intensity. iNOS levels were markedly higher in patients
with uncomplicated malaria than in those with complicated malaria. (b) Ratios of
iNOs gene expression to b-actin gene expression. Densitometric values were
determined from the slot blot shown in panel a and are presented as iNOS
mRNA levels (percentages of b-actin). Samples are shown in the same order as
in panel a.
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while travelling in Africa. All semi-immune patients were Af-
rican immigrants (39 West Africans, 6 East Africans, and 4
Central Africans) who had lived in Europe for not more than
2 years. Of particular interest in this study was the observation
that patients with uncomplicated malaria had higher absolute
monocyte counts at the time of presentation than patients with
severe and complicated malaria (Fig. 3). The mean absolute
monocyte counts were 151 per ml of blood for patients with
severe and complicated malaria, 516 per ml of blood for non-
immune patients with uncomplicated falciparum malaria, and
736 per ml of blood for semi-immune patients with uncompli-
cated malaria. The mean absolute monocyte count for healthy
donors was 170 per ml of blood. Statistical analysis demon-
strated significant differences in absolute monocyte counts be-
tween patients with severe and complicated malaria and pa-
tients with uncomplicated malaria (P , 0.001). Thus, the
difference between levels of iNOS expression in patients with
severe and complicated malaria and patients with uncompli-
cated malaria is at least in part due to the difference in mono-

cyte counts. Compared with levels in healthy controls, iNOS is
upregulated in patients with both severe and uncomplicated
malaria.

Patients with severe and complicated malaria showed a pro-
tracted clinical course and parasite clearance. Improvement
was observed within 5 to 7 days of admission to the hospital. In
contrast, patients with uncomplicated malaria showed a rapid
clinical improvement and parasite clearance within 3 to 4 days
of admission to the hospital. A dramatic improvement was
observed in semi-immune patients with uncomplicated ma-
laria. In this group defervescence and parasite clearance were
observed within 2 days of admission to the hospital.

We present the first comparative analysis of iNOS gene
expression in healthy volunteers and adults (age range, 22 to 68
years) living in a nonendemic setting with severe and compli-
cated malaria or uncomplicated malaria. In this study, iNOS
gene expression in patients with falciparum malaria and
healthy volunteers was studied in an attempt to improve our
understanding of the role of iNOS in falciparum malaria. The

FIG. 2. (a) Comparison of levels of expression of iNOS mRNAs in different
peripheral blood cells. Total RNA (1 mg) from lymphocytes, neutrophils, plate-
lets, monocytes, and whole blood was reverse transcribed with an oligo(dT)
primer. Five percent of the product was amplified for 35 cycles with primer pairs
specific for human iNOS or b-actin iNOS. Eight microliters of each PCR product
was slot blotted, hybridized, and visualized by autoradiography. (b) Ratios of
iNOS gene expression to b-actin gene expression. Densitometric values were
determined from the blot shown in panel a and are presented as iNOS mRNA
levels (percentages of b-actin). Samples are shown in the same order as in panel
a.
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increased levels of iNOS observed in patients with uncompli-
cated malaria may lead to an increased production of NO,
which in turn may confer a protective advantage in falciparum
malaria. On the other hand, the slightly increased expression of
iNOS observed in patients with severe and complicated ma-
laria may not produce sufficient NO to mediate an effective
host defense against falciparum malaria. The absence of iNOS
expression in healthy donors underscores the necessity of a
stimulus for the expression of this gene. An important and
novel observation from our investigations was that the patients
with uncomplicated malaria had not only increased iNOS gene
expression but also higher monocyte counts than the patients
with severe and complicated malaria at the time of presenta-
tion. Our data also demonstrated that semi-immune patients
can mount a more vigorous monocyte response in their periph-
eral blood during an acute malarial infection than nonimmune
patients. This may explain why severe and complicated malaria
was not observed in this group. From these findings we can
infer that increased monocyte counts in samples of patients
with uncomplicated malaria contribute to elevated expression
of iNOS, which in turn leads to sustained production of NO.
The produced NO may consequently effect parasite killing,

thereby controlling the malarial infection. Alternatively, lower
peripheral blood monocyte counts in patients with severe and
complicated malaria might reflect monocyte sequestration or
adherence to the activated vascular endothelium. Monocytes
are activated in patients with malaria, and occasional case
reports document sequestration of monocytes to the capillary
or venular vessel wall (15, 28). However, larger post mortem
studies of human falciparum malaria have failed to demon-
strate massive adherence of monocytes or macrophages, which
would explain drastically lower peripheral monocyte counts in
patients with severe and complicated disease than in patients
with uncomplicated disease (25, 27). Our findings are in agree-
ment with previous findings from both human and animal
studies which favor the protective role of NO in falciparum
malaria (4, 21, 22, 26, 34–37).

In summary, this work was carried out to resolve the con-
troversy surrounding the role of NO in falciparum malaria. We
report the following findings: first, that high iNOS levels cir-
culate in patients with uncomplicated malaria, second, that
iNOS is predominantly expressed in monocytes, and, third,
that patients with uncomplicated malaria have higher mono-
cyte counts. Based on evidence cited here and from our ob-
servations, we conclude that NO has a beneficial rather than a
deleterious role in falciparum malaria.
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