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Introduction
Nitric oxide (NO) is produced by many cells

and released into the circulation or trapped by
other cells. NO and RNI may react in several ways
to cause cell death by diffusing into cells, as well
as forming nitrosothiol groups, leading to the

inactivation of enzymes or changes in protein
function [1].

Mononuclear cells and several other types
of mammalian cells produce NO after
stimulation with cytokines, bacterial endotoxin
or the antigens of infectious agents [2]. A role
for antiparasitic effects of NO and RNI in vivo
and in vitro has been demonstrated against a
number of parasites, including Plasmodium spp,
Leishmania spp, Toxoplasma gondii, Schistosoma
spp and Trypanosoma brucei  [3-6]. NO is thought
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Abstract
alaria is one of the most important parasitic diseases in the world. In addition to numerous
cytokines, nitric oxide (NO) is thought to be an important mediator and critical signaling

molecule of malaria pathology and a target for novel drug therapy. This study has investigated
the involvement of reactive nitrogen intermediates (RNI) in murine malaria, P. berghei parasitized
and uninfected red blood cells (PRBC, URBC), in order to evaluate the actual level of RNI relating
to intracellular and extracellular activities of Plasmodium.

In PRBC, nitrite reacts with Hb to form toxic nitrosothiol-Hb, met-Hb and hydrogen peroxide.
NO may be the precursor of chemical species that are even more toxic, such as peroxinitrite or
hydroxyl radicals. The RNI levels are measured in plasma as the surrounding medium for PRBC,
however, understanding the quantitative level of NO production inside the PRBC seems to be
important to elucidating the mechanism of parasite penetration into the RBC.

The objective of this study was to measure RNI levels in both inside and outside the RBC
during infection with Plasmodium as an intracellular parasite. It is suggested that NO or RNI is
critical for intracellular parasites such as plasmodia. This experiment was carried out in two parts;
in part A, the RNI levels were measured inside the PRBC and URBC of the host, and in part B, it
was studied in plasma as an extracellular level of NO production. The results showed that the
amounts of RNI levels inside the RBC were low at the baseline detection of Griess microassay
(GMA). However, the RNI levels in the plasma of the malarial (47.7 ± 9.1 µM) and control groups
(26.8 ± 2.1 µM) showed a significant difference (n = 5, P < 0.05). The exact mechanism(s) by
which NO acts during malaria infection is not fully understood and requires more investigation.
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to be an important mediator [7], or critical
signalling molecule, of malaria
immunopathology and a target for novel drug
therapy [8]. NO in the serum of malaria-tolerant
people is generated by macrophages and appears
to be responsible for the malaria tolerance [3].
NO also is reported to inhibit both the liver and
blood forms of malaria parasites [9]. It is
suggested a cascade of reactions leading to NO
production is involved in the killing of infected
hepatocytes [10]. However, there are some
contradictory reports about the role of NO and
related molecules in malaria [11]. Data reported
by some researchers do not support a potent role
for NO during malaria [12-13].

Despite the importance of NO as a
biological mediator, few methods have been
described for its assay. The Griess reaction
measures nitrite, which, if applied after the
catalytic reduction of nitrates in samples,
measures both free nitrite and the larger nitrate
pool. These values are commonly used as a
measure of RNI [14-15]. The Griess assay is cheap
and can be applied to the micromolar
concentrations of relatively stable NO
metabolites that accumulate both locally and
away from the site of NO production. For such
reasons as these, the Griess assay has been central
in determining the involvement of NO in
malaria [15].

The levels of NO metabolites are measured
in plasma as the surrounding medium for PRBC.
However, understanding the qualitative and
quantitative level of NO production and its
metabolites inside the PRBC seems to be
important to elucidating the mechanism of
parasite penetration and settlement inside the
RBC, and its pathogenesis during immune
response.

Blood flow may play a role in transfering
NO and its metabolites from sources of
production to other parts, in order to eliminate
these toxic materials by their presentation to
scavenger sites. Blood circulation appears to have
a positive role as a fast distributor of high levels
of NO or its metabolites throughout the whole
body and among the host tissues [14].

In PRBC, nitrite reacts with hemoglobin

(Hb) to form either nitrosothiol-Hb or met-Hb
and also hydrogen peroxide, which are all toxic
to plasmodia [5]. NO may be the precursor of
chemical species that are even more toxic, such
as peroxinitrite or hydroxyl radicals [5]. The
objective of this study is to measure the RNI level
inside the PRBC and compare this amount with
that extracellularly. Another reason for this study
is to measure the RNI inside both PRBC and
URBC to assess the levels, and to compare
between them. It is suggested that NO or RNI
are critical for intracellular parasites such as
plasmodia. In this study, RNI production is
assayed in the plasma of P. berghei-inoculated
MF1 mice (malarial group) during infection, to
compare these values with those in URBC
inoculated mice (control group). This may clarify
the actual pattern of NO production during this
murine malaria infection.

Materials and methods
Animals

Mice used in this study were MF1 supplied
by the Biological Services Unit, University of
Manchester. Animals were housed in plastic
cages (length 38 cm × width 22 cm × height
11 cm) at room temperature 19-22˚C, on a 12 h
light (08:00-20:00) and 12 h dark (20:00-08:00)
cycle, with unlimited access to food (CRM
feeding pellets, SDS) and tap water. Experiments
were licensed under the Animals (UK Scientific
Procedures) Act, 1986. In compliance with the
conditions of this license, infected animals were
humanely killed at the onset of the terminal
phase of malaria. Malarial animals were
inoculated iv with 2 × 107 PRBC from a donor P.
berghei-infected mouse and the control group
received an equivalent volume (0.2 ml/mouse)
of diluted URBC.

Experiments and groups
Animals used in this experiment were 10

male MF1 mice. Body weight was 20 ± 0.7 g on
day zero. Animals were divided into two groups;
malarial animals were inoculated iv with a donor
P. berghei-infected mouse with 45% parasitemia.
The control group received an equivalent
volume (0.2 ml/mouse, iv) of diluted URBC.

RNI in PRBC of Malaria Infected Host
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Hemolysed RBC and plasma samples were
collected for RNI measurement using GMA.

Malaria parasites
P. berghei N/13/1A/4/203, originally

obtained from the School of Tropical Medicine,
University of Liverpool, UK, was used in this
study. Parasites were maintained by blood
passage in MF1 mice when active parasites were
required; otherwise they were restored at -70˚C
in Alserver’s solution (2.33% glucose, 0.525%
NaCl and 1% sodium citrate in deionized water)
and glycerol (9:1 parts by volume).

Inoculation of malaria parasites
Mice were inoculated (0.2 ml, iv) into a tail

vein with blood from a donor P. berghei- infected
mouse diluted with 0.85% saline, to contain
2 × 107 PRBC.

Parasitemia
In all animals, parasitemia was determined

using blood smears stained with Leishman’s
reagent (Sigma Chemical Co, USA) 2 mg/ml
methanol. PRBC were counted in five different
fields, each of approximately 200 cells. Results
are expressed as the mean percentage (%) of
erythrocytes containing Leishman-positive
bodies.

Griess microassay (GMA)
Mice were terminally anesthetized by

inhalation of diethyl ether (BDH, England) and
blood taken by cardiac puncture into a 1 ml
syringe containing 50 iu heparin (Monoparin,
CP Pharmaceuticals Ltd, Wareham, UK). Plasma
was prepared by centrifuging blood at 1,500
relative centrifugal force (RCF) (MSE Centaur 2,
UK) for 10 min and stored at -70˚C until assayed.
After blood collection, animals were humanely
sacrificed by cervical dislocation. RNI were
measured in samples using the Griess reaction
after first converting nitrates to nitrites with
nitrate reductase treatment. The Griess reaction
was adapted, with modifications, from the
methods of [12] and [16] to assay nitrite. RNI
was determined indirectly by the GMA, as the
nitrite produced from nitrate when incubated

with nitrate reductase. 60 µl samples were treated
with 10 µl nitrate reductase (NAD[P]H Aspergillus
species 5 U/ml, Sigma Chemical Co, UK) and 30
µl NADPH β-nicotinamide adenine dinucleotide
phosphate (1.25 mg/ml, Sigma Diagnostics, St
Louis, USA). 200 µl Griess reagent (5%
phosphoric acid, 1% sulfanilic acid and 0.1% N
(1-naphthyl-1)-ethylendiamine dihydrochloride
(NED), all from Sigma Chemical Co, UK,
dissolved in 100 ml deionized water) was then
added and proteins subsequently precipitated by
200 µl trichloroacetic acid 10%, (BDH, England).
Tube contents were vortex mixed then
centrifuged at 13,400 RCF (Model 1-13
Microcentrifuge, Sigma, UK). Duplicate 200 µl
samples of supernatants were transferred to a 96-
well flat-bottomed microplate (Costar, USA) and
absorbances read at 520 nm using a microplate
reader (Dynatech, MRX, USA).

Lysis of red blood cells by hypotonic shock
Blood was taken by cardiac puncture from

all animals under terminal general anesthesia
and a RBC pellet from each sample was prepared
by centrifugation. This method was adapted
from Rockett et al (1994), with the modification
of using direct lysis in hypotonic distilled water.
The method is based on osmosis and the effect
of hypotonic solutions on cells, which leads to
water flow through cell membrane from
hypotonic to hypertonic medium to reach to an
equilibrium (isotonic). The final result in this
process is swelling and bursting of RBC with
hemolysis. The protocol was applied according
to the  following procedure: blood samples were
centrifuged at 600 RCF (2,500 rpm) (Centrifuge,
MSE, Centaur 2, Co, UK) for 10 min and plasma
with buffy coat removed as supernatant. Pellets
were washed 3 times with PBS and after each
wash, samples were centrifuged at 600 RCF for
10 min. Sedimented RBC were transferred to
another tube. Deionized H2O (dH2O) in equal
volume to RBC samples was added to tubes and
the contents were vortex mixed  thoroughly for
30 sec. Tube contents were incubated for
complete hemolysis at room temperature (19-
22˚C) for 30 min and finally centrifuged at 600
RCF at 15 min. Supernatants were stored at -20˚C

RNI in PRBC of Malaria Infected Host
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until subjected to GMA. The amounts of total
nitrite at the end of calculation were multiplied
by two, because of the 1:1 dilution of RBC in
dH2O used during cell lysis.

Statistical analysis
Values for RNI concentration are presented

as the mean ± SEM for groups of n = 5  mice.
The significance of difference (P < 0.05) was
determined by Student’s t-test using GraphPad
Prism Software (GraphPad, San Diego,
California, USA).

Results and discussion
The amounts of RNI inside the PRBC and

URBC were too low (approximately 1.87 µM),
which is the baseline level of total nitrite
measured by the GMA in this experiment.
Although, no difference was observed in the RNI
levels between PRBC and URBC hemolysates, the
RNI levels in the plasma of the malarial and
control groups showed a significant difference
(malaria 47.7 ± 9.1 µM, control 26.8 ± 2.1 µM,

n = 5, P < 0.05) (Fig 1).
Low levels of total nitrite indicate that Hb

is a powerful NO scavenger and may have
prevented nitrite formation. On the other hand,
NO is known to react rapidly with
oxyhemoglobin (Oxy-Hb) to give nitrate and met-
Hb. The GMA did not show NO2

- accumulation
inside the RBC suspensions [17]. Even if NO is
cytotoxic for some species of plasmodia, some
would argue it is an unlikely effector molecule
in vivo against erythrocytic parasites, which are
constantly surrounded by Hb, a very potent
scavenger for this radical [18]. The scavenging
of NO by Hb in blood vessels should represent a
significant sink for this molecule [19].

       Hb-O2 + NO ➔ met-Hb + NO3
-

Nitrite reacts soon after production with
Oxy-Hb and this could explain why it is present
in such small amounts in samples [20]. Nitrite
accumulation could not be detected in RBC,
perhaps because of high levels of Hb, a powerful

Fig 1 RNI levels inside and outside the RBC of control and P. berghei-infected host.
Values of RNI from RBC hemolysed suspensions and plasma samples are
expressed as mean ± SEM, n = 5. Malarial animals were inoculated with PRBC
from a donor P. berghei- infected mouse. Control mice received an equivalent
volume (0.2 ml/mouse) of diluted URBC. Statistical analysis were determined
by Student’s t-test with a significant difference of P < 0.05 using GraphPad
Prism.
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NO scavenger [17].  Thus, Hb within the RBC
acts as a sink and prevents NO reaching the
plasmodia [18]. Oxy-Hb in RBC is a target for
RNI, and nitrite reacts with this molecule to form
either nitrosothiol-Hb or met-Hb [5]. Both
reactive oxygen intermediates (ROI) and Hb
seem to oppose NO effects. An important
function of NO in the blood is bound to thiols
in Hb, forming S-nitroshemoglobin (SNO-Hb),
which releases the NO group on
deoxygeneration in the microcirculation [21].
When NO diffuses into the RBC, it reacts rapidly
with Oxy-Hb to form met-Hb and nitrite. In the
presence of oxygen and met-Hb reductase, these
are rapidly converted back to Hb and nitrate [1].
NO is a freely diffusable molecule.  Therefore,
the increased permeability and changes in the
lipid composition of the red cell membrane may
have only a marginal effect on the entry of NO
or its donor molecule into infected erythrocytes
[22]. The possible anti-parasitic function of NO
and RNI against malaria is less well accepted.
This is due, at least in part, to the belief that Hb
universally scavenges NO and thus RBC acts as
a permanent sink for this molecule [23].

It now appears that this theory is
incomplete. Under certain conditions in vivo,
when RBC is saturated with oxygen, Hb binds
to NO. However, with low oxygen tension, Hb
readily releases NO [23]. Also, the sensitivity of
malaria parasites to NO increases with
decreasing oxygen tension. This is because, at
lower oxygen tension, Hb releases NO rather
than binds the molecule, making it available to
exert antiparasitic effect [24]. Hb may serve a
dual role, as a scavenger, but also as a donor for
NO. It is thought that an equilibrium between
the binding of NO to Hb (NO scavenging) and
unbinding (NO releasing) is reached at a given,
variable oxygen tension [23].

There is also some evidence indicating that
human PRBC infected with P. falciparum can
synthesize NO. The synthesis of NO appeared
to be very high in comparison with human
endothelial cells [17]. The NOS activity was also
very high in the lysate of PRBC, while not
measurable in that of URBC, suggesting a new
pathogenic mode of parasite-host interaction.

In addition, P. falciparum itself may generate NO
and produce some soluble factors, able to evoke
NO synthesis in host tissues. The data suggests
that increased NO synthesis in malaria can be
directly managed by soluble factor(s) released by
the blood stages of the parasite, without
requiring host cytokines [17].

Perhaps an inhibitory mechanism by
hemozoin leads to a reduction of RNI and ROI
production, to decrease the overproduction of
these mediators causing malaria pathology. P.
vinckei hemozoin decreases the production of
ROI and NO in murine peritoneal macrophages
[25]. NO could react with intra-parasitic
molecules and participate in the assembly of free
heme into hemozoin or the formation of S-
nitrosothiols. It is well known that hemozoin
accumulation is indispensable for parasite
survival, as soluble heme can damage biological
membranes and inhibit a variety of enzymes
[17].

The increase in RNI during P. berghei malaria
was found to be related to the stage of disease
and degree of parasitemia, which suggests that
NO/RNI have a role during P. berghei infection
[14]. The parasite may release exotoxins to
inhibit NO or RNI production. It is suggested a
negative feedback by a high level of NO can
reduce the amount of NO production as well,
which was supported earlier by Taylor et al [8].
This feedback starts when NO concentration is
saturated in the circulation in vivo; it can stop or
may reverse the process of L-arginine oxidation
to citrulline. This novel mechanism was
identified whereby NO down-regulated iNOS
gene expression, possibly to limit
overproduction during the septic response [26].

Although, the protective immune responses
against malaria parasite is multifactorial and the
final effector molecules that mediate parasite
death are not known, NOS, NO and RNI have
been significantly implicated [14]. It is suggested
the reason why the RNI level is low inside PRBC,
but NOS protein expression is high, because Hb
can only bind to NO and downstream
metabolites eg RNI, but not to NOS as an
upstream factor. Application of molecular assay
including RT-PCR could be a more sensitive

RNI in PRBC of Malaria Infected Host
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method to detect the iNOS mRNA expression in
target organs and even PRBC for
intraerythrocytic activity of NO [27].

RNI levels revealed that NO had been
involved during infection with P. berghei.
However, failure of the host defence to eliminate
parasites led to death. The contribution of NO
in this study might be pathological rather than
preventive in the P. berghei strain of murine
malaria. The pathological consequences of lethal
malaria, including hepato-splenomegaly,
anemia, weight loss, hypothermia and a
reduction of locomotor activity, may be related
at least in part to the over-production of NO and
RNI. Data from the in vitro study on the asexual
stages of human parastic P. falciparum indicated
that while NO itself may not be inhibitory to
parasite development, its downstream products
do have some anti-plasmodial activity [18].
However, the exact mechanism(s) by which NO
acts during malaria infection is not fully
understood and requires more investigation.
Perhaps, NO comes from several cellular sources,
which can contribute towards the protective
immune responses against intracellular
plasmodia. Further investigation in defining
these sources will be important for the
understanding of cell-mediated defense
mechanism(s) in malaria.
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