Flow cytometric assessment of oxidant stress in age-
fractionated thalassaemic trait erythrocytes and its
relationship to in vitro growth of Plasmodium falciparum
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SUMMARY

The role of oxidant stress in mediating the protection against malaria in thalassaemic red blood cells (RBC) has been
hypothesized. In this study we have assessed the relationship between oxidant stress, red cell age and malarial parasite
activity in thalassaemic RBC. Using a flow cytometric method to assess lipid peroxidation, we have shown that the age-
related increase in sensitivity to oxidative stress previously demonstrated in normal RBC also occurs in thalassaemic RBC.
Invasion and growth of Plasmodium falciparum was also shown to deteriorate with increasing RBC age. This effect was
more pronounced in thalassaemic RBC with associated schizont maturation arrest and abnormal parasite morphology. In
addition, there was a slight but consistent inverse correlation between sensitivity to oxidant stress and parasite activity
(R=-—043; P=003 for normal RBC and R=—042; P =001 for thalassaemic RBC). Our findings indicate an
association between red cell age, oxidant stress and P. falciparum growth, providing further support for the role of oxidant
stress in mediating the protective effect against malaria in thalassaemic RBC.
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INTRODUCTION

Increased sensitivity to oxidative stress is one of the
anomalies associated with thalassaemic red cells
(RBC) (Shinar & Rachmilewitz, 1990). This sus-
ceptibility has been suggested as a mechanism
whereby these variant erythrocytes confer protection
against malaria. This is particularly pertinent as it is
known that the malaria parasite is microaerophilic in
nature and highly susceptible to free-radical damage
(Clark & Hunt, 1983; Clark, Chaudhri & Cowden,
1989). In addition to oxidant stress, other anomalies
such as red cell size (and its confounder cell age),
deformability changes and altered immune response
have been alternatively hypothesized to mediate the
protective effect (T'eo & Wong, 1985). Supportive of
a role for oxidant stress was work by Friedman
(1979) which showed reduced parasite activity in
thalassaemic RBC under conditions of oxidant stress.
However, Luzzi and colleagues (1991) failed to
demonstrate similar findings. We have used a model
of fractionating normal and thalassaemic RBC to
show that increased RBC age has a clear adverse
effect on parasite growth (Senok et al. 1997). We also
described a new phenomenon of schizont maturation

* Corresponding author: Department of Paediatrics,
6th Floor, Clinical Sciences Building, Prince of Wales
Hospital, Shatin N'T', Hong Kong. Tel: +852 26322859.
Fax: +852 26360020.

E-mail: b247773 @mailserv.cuhk.edu.hk

Parasitology (1998), 116, 1-6.

arrest in malaria parasites growing in these older
thalassaemic RBC.

There is evidence indicating that RBC age and
sensitivity to oxidant stress are inversely related in
normal RBC (Westerman, Pierce & Jensen, 1963;
Nakai, Imanishi & Takino, 1984; Clark & Shohet,
1985; Jain, 1988). However, in spite of the higher
sensitivity to oxidant stress in thalassaemic RBC,
studies using assays of the antioxidant enzyme,
gluthathione peroxidase, have failed to demonstrate
an age-related increase in oxidative stress (Cellerino,
Guidi & Perona, 1976; Prasartkaew et al. 1986). A
recent report (Scott & Eaton, 1995) has shown that
the high levels of free intraerythrocyte iron in these
variant RBC initiate a chain reaction of oxidation of
cellular components with subsequent increased oxi-
dant stress and membrane damage. In addition,
there is an indication that this redox effect could be
age related.

In this study, we evaluate the relationship between
red cell age, oxidative stress and P. falciparum
growth in thalassaemic red cells. Sensitivity to
oxidant stress in both fractionated and whole blood
samples was assessed by determining the relative
susceptibility to lipid peroxidation using flow cyto-
metry. This technique of flow cytometry represents
a sensitive tool for the measurement of the degree of
susceptibility to oxidant stress. Our findings indicate
that an association exists between oxidant stress and
red cell age as possible mechanisms mediating the
protection against malaria in thalassaemic RBC.
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MATERIALS AND METHODS
Sample collection

Alpha and beta thalassaemic subjects (n = 8 for each
group) and normal healthy volunteers (n = 10) were
recruited for the study. Thalassaemic trait subjects
were asymptomatic and the alpha thalassaemic trait
subjects had double gene deletion. The beta thalas-
saemic trait subjects were identified on the basis of
elevated Hb A,. None of the subjects had received
blood transfusion within 12 weeks preceding sample
collection and glucose-6-phosphate dehydrogenase
deficiency was ruled out by quantitative assays
(Beutler, 1984). Informed consent was obtained
from volunteers and samples were collected in acid
citrate dextrose and used within 4 h.

Red cell fractionation and age assessment

All chemicals used were obtained from Sigma
Chemical Co, Mo, USA. Red cell fractionation was
carried out using the Percoll density-gradient
method (Rennie et al. 1979; Senok et al. 1997). Red
cell age was assessed in both whole blood and
fractionated samples by red cell creatine assays using
the diacetyl-a-naphthol reaction method (Li et al.
1982). All assays were done in duplicate using the
Cobas-Bio Centrifugal analyser (Roche Diagnostica,
Basle, Switzerland). Three age-distinct fractions
identified on the basis of red cell creatine assays were
used in the study. These fractions were designated as
young, intermediate and old RBC.

Assessment of sensitivity to oxidant stress

This was carried out using the flow cytometric
method described by Hammouda & Fakeir (1995),
with a few modifications. Briefly, the red cells were
washed 3 times in cold (4 °C) azide-containing
buffered saline at 1000 g for 5 min. The azide-
containing buffered saline was made up of sodium
azide (78 mm), NaCl (150 mm), Na,HPO,/
NaH,PO, (34 mm), pH 74. A 1:10 suspension of
washed cells was allowed to equilibrate for 10 min at
37 °C in azide-containing buffered saline. T'wenty ul
of the red cell suspension was added to 0-1 mm
hydrogen peroxide (H,0,) (pre-incubated at 37 °C)
and allowed to stand in a 37 °C shaking water bath
for 2 h. Signals for 30000 events were acquired at a
rate of not more than 600 cells/sec on a FacScan flow
cytometer with the Lysis 2 software (Becton Dickin-
son, Mountain View, Ca, USA). The red cell
population was gated on a forward-scatter versus
side-scatter dot plot using logarithmic scale on both
axes (Pattanapanyasat et al. 1992). Fluorescence 1
(FLL 1) histogram was generated on the gated
population to determine the red cell mean channel
fluorescence (MCF) indicative of basal autofluor-
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escence. The relative degree of lipid peroxidation
which had occurred was determined by calculating
the difference between the MCF in control (without
H,0, treatment) and test samples (with H,O,
treatment) (Hammouda & Fakeir, 1995).

Parasite culture

The FC27 chloroquine-sensitive strain of P. falci-
parum was maintained in continuous culture using
conventional methods (Trager & Jensen, 1976).
Schizont-stage parasites used as inoculum were
obtained by Percoll gradient concentration (Riva-
deneira, Wasserman & Espinal, 1983) of synchron-
ous cultures. To correlate parasite activity in pro-
longed cultures with degree of sensitivity to oxidant
stress, erythrocytes from whole blood and fraction-
ated samples were inoculated using schizont-stage
parasites at a starting parasitaemia of 0-5 9, with 4 9,
haematocrit. Parasite invasion and growth over 3
erythrocytic cycles (144 h) were studied by slide
microscopy. Paired thin blood smears were prepared
daily to determine levels of parasitaemia and changes
in parasite morphology.

Statistics

One-way ANOVA and Pearson’s correlation coefti-
cient were used to test for significant difference and
correlation respectively.

RESULTS
Sensitivity to oxidant stress

Fig. 1 is a flow cytometry printout showing the
change in the MCF peak before and after H,O,
treatment in a thalassaemic sample. The higher the
degree of change in basal autofluorescence or MCF
(between control and test samples), the higher the
relative susceptibility to lipid peroxidation. In each
red cell type (normal, a and S thalassaemic), the
degree of susceptibility to H,O,-induced lipid per-
oxidation was significantly higher with increasing
RBC age (P < 005; one-way ANOVA). For the
fractionated samples, the respective degrees of lipid
peroxidation were significantly higher in thalas-
saemic trait red cells (o and f) when compared to
their age equivalents for normal RBC (Fig. 2). There
was no significant difference between o and fp
thalassaemic trait RBC. Similarly, in unfractionated
whole blood, the MCF changes in a and f thalas-
saemic trait red cells (53:0+99 and 52:1+75
respectively) were higher when compared with that
seen in normal red cells (47-4+6-5), although the
differences were not statistically significant (P =
0-4). In all experiments, the flow cytometric pattern
of forward scatter and side scatter (measurements of
cell size and granularity respectively) remained
unchanged after H,O, treatment (data not shown).
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Fig. 1. Computer print out of histogram analysis of FL1
(basal autofluorescence) from the flow cytometer using
the Lysis 2 software. Fluorescence intensity was assessed
by flow cytometry before and after hydrogen peroxide
(H,0,) challenge in control and test samples respectively
(basal autofluorescence FL1 on x-axis). The degree of
change in the mean channel fluorescence (MCF) of the
basal autofluorescence with H,O, treatment indicates the
degree of susceptibility to H,0,-induced lipid
peroxidation. The first peak (A) shows the MCF before
H,O, challenge. The second peak (B) which is for the
test sample, shows the increase in basal autofluorescence
that occurs after H,O, challenge. The MCF for the first
peak (A) was similar in all fractions of both normal and
thalassaemic RBC with variations seen only in the
second peak (B).
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Fig. 2. Sensitivity to oxidant stress was assessed by
measuring the degree of susceptibility to lipid
peroxidation using flow cytometry. This was
significantly higher in fractions from o and
thalassaemic RBC compared to age equivalent normal
RBC. There was no significant difference between age
equivalent fractions of o and £ thalassaemic RBC.
*P < 0-05. () Normal, n = 10; (N) £ thal, n = 8;
(&) « thal, n = 8.

Parasite growth and oxidant stress

Parasite growth was significantly lower in thalas-
saemic RBC compared to equivalent age groups of
normal RBC (P < 0-05; Fig. 3). This poor parasite
activity in thalassaemic RBC was associated with
significantly lower invasion (at 24 h) and re-invasion
rates (at 72 and 120 h). In the old thalassaemic RBC,
maturation arrest of schizont-stage parasites and the
presence of morphologically abnormal moribund
schizonts were noted during the third cycle (96—
144 h) of culture. Comparison of age equivalent o
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Fig. 3. The parasitaemia at the end of the culture
duration (144 h) was compared in age equivalent
fractions of normal and thalassaemic RBC. Parasite
levels were found to be significantly higher in normal
RBC compared to age equivalent thalassaemic RBC.
*P < 005. () Normal, n = 10; (N) £ thal, n = 8;
() o thal, n = 8.
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Fig. 4. Analysis for correlation between the relative

mean channel fluorescence of FLL1 and the parasitaemia

at the end of the culture duration (144 h) was carried

out. There was a significant inverse correlation between

levels of parasitaemia and degree of sensitivity to H,O,-

induced lipid peroxidation in both normal (A) and
thalassaemic RBC (B).

and £ thalassaemic RBC showed that the pattern of
parasite activity was similar in both red cell types.
These are in keeping with our previously reported
findings (Senok et al. 1997). Furthermore, levels
of parasitaemia correlated inversely with the
degree of sensitivity to oxidative stress in all cell
types (R=—042; P=003 for normal RBC and

R =—043; P =001 for thalassaemic RBC) (Fig. 4).

DISCUSSION

The findings presented here demonstrate that when
compared to age-equivalent normal red cells, thalas-
saemic erythrocytes have an increased susceptibility
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to H,O,-induced lipid peroxidation. Although pre-
vious work has been done to assess lipid peroxidation
in thalassaemic RBC, to our knowledge there is no
known report using a flow cytometric method. With
this technique, we have shown for the first time, that
an increase in the degree of susceptibility to lipid
peroxidation with red cell ageing occurs in thalas-
saemic RBC. In both normal and thalassaemic RBC
there is a slight but consistent inverse correlation
between sensitivity to oxidant stress and the ability
to support malarial parasite growth.

In performing their function of oxygen transport,
red cells generate reactive oxygen species. In a bid to
escape oxidant damage they are equipped with
various mechanisms for maintaining the redox
equilibrium. Due to the anomalies associated with
thalassaemic RBC, this ability to maintain a redox
balance is altered leading to a situation of increased
oxidant stress. Thus the increased lipid peroxidation
seen in thalassaemic RBC may be due to an interplay
of high membrane lipid, increased generation of free
oxygen radicals and inadequate antioxidant defence
mechanisms.

There is an indication that the intraerythrocytic
parasite exerts increased oxidant stress on the host
RBC due to intracellular generation of reactive
oxygen species by the malaria parasites. Although
this notion has previously been challenged (Hunt &
Stocker, 1990), murine models have shown an
increased production of H,0,, O,7, lipid peroxides
and methaemoglobin during schizogony (Etkin &
Eaton, 1975; Mohan et al. 1992; Nakornchai &
Anantavara, 1992). In addition, reduced erythrocyte
vitamin E content as well as an increased lipid
peroxidation of ghost RBC membranes have been
shown with P. falciparum (Simoes et al. 1992). More
recent work (Atamna & Ginsburg, 1993) using P.
falciparum has clearly demonstrated that the pro-
duction of reactive oxygen species originates in the
parasite food vacuole during the digestion of host cell
cytosol. These free radicals diffuse into the host
compartment and may thus disturb the redox
equilibrium of the host erythrocyte. Thalassaemic
RBC, which are already oxidant stressed, might be
unable to cope with this intracellular generation of
reactive oxygen species. This could further jeopar-
dize the ability of these variant erythrocytes to
support parasite growth and thus contribute to the
protective effect. We have shown that compared to
age-equivalent normal erythrocytes, thalassaemic
RBC with greater susceptibility to H,O,-induced
oxidant stress were also less able to support parasite
activity. However, the increased susceptibility to
oxidant stress in thalassaemic whole blood was not
significantly higher when compared to normal whole
blood. This is probably due to the fact that the whole
blood represents a more heterogeneous population
and is thus less sensitive in demonstrating subtle
differences between the normal and thalassaemic
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RBC. Nevertheless the overall correlation between
the degree of sensitivity to induced oxidant stress
and parasite activity shown in this study is in keeping
with a contributory role for free radicals in the
protective mechanism.

Although free radicals have the potential of a
direct parasiticidal effect (Allison & Eugui, 1982;
Clark & Hunt, 1983; Dockrell & Playfair, 1984), the
diverse cellular changes associated with lipid per-
oxidation could also have deleterious effects on the
parasite activity in a number of ways. The peroxi-
dative damage and cross-linking of membrane lipo-
proteins which occurs results in altered membrane
deformability and permeability (Chiu, Kuypers &
Lubin, 1989). Parasite invasion is affected by
deformability changes (Bunyaratvej et al. 1992) and
the reduced invasion which we have demonstrated in
the thalassaemic RBC (Senok et al. 1997) could be
due to this anomalous rheology. Furthermore, as a
result of the membrane anomalies, thalassaemic
RBC are predisposed to increased splenic clearance
in vivo (Yuthavong et al. 1988) and this could
potentially result in lower parasite load. Altered
membrane permeability affecting ionic and nutrient
transport could also have deleterious consequences
on parasite growth (Friedman, 1979; Rachmilewitz
& Kahane, 1980). Thus, the diverse effects of the
increased sensitivity to oxidant stress and its en-
hancement with RBC ageing in these variant RBC
strongly indicate that free-radical damage may serve
as the primary mediator of the protective effect.

In this study, lipid peroxidation was assessed by
flow cytometric measurement of fluorescent products
(Hammouda & Fakeir, 1995). This method is based
on the assessment of fluorescent chromolipids
formed by the interaction of malonyldialdehyde and
the amino groups of phospholipids and proteins
during lipid peroxidation (Bidlack & Tappel, 1973).
It has been suggested that the measurement of
fluorescent products is probably an easy and reliable
way to determine lipid peroxidation in biological
systems (Tappel, Fletcher & Deamer, 1973; Gold-
stein & McDonagh, 1976; Goldstein, Rozen &
Amoruso, 1979). The assessment of individual cells
by the flow cytometer further enhances the sen-
sitivity of this method. This is in contrast to other
methods such as the thiobarbituric acid test (TBA)
and its various modifications which deal with the
cells as a bulk of oxidizing material (Stocks &
Dormandy, 1971; Poli et al. 1986). In addition, the
volume of H,0, used is about 100 times less than
that used for the TBA test. There was no indication
of lysis as the cell size and cell granularity pattern on
flow cytometry remained unchanged.

The findings of increased susceptibility to H,O,-
induced lipid peroxidation with ageing in normal
RBC is in keeping with results obtained with other
methods (Jain & Hochstein, 1980; Glass & Gershon,
1984). This phenomenon has been associated with
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the decline in the red cell metabolic and defence
capabilities with ageing (Kurata, Suzuki & Agar,
1993). In this study, we have shown that thalassaemic
erythrocytes also have a similar age-related pattern
whereas previous work based on the assay of
antioxidant enzymes did not reveal any significant
change with cell ageing (Cellerino et al. 1976;
Prasartkaew et al. 1986).

Our study has demonstrated a relationship be-
tween red cell age, sensitivity to oxidant stress and P.
falciparum growth, thus providing further evidence
to support the hypothesis that the innate resistance
against malaria in thalassaemic RBC could be
mediated through free-radical damage.
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