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Abstract

Background & objectivesPlasmodium falciparugrthe causative agent of the most serious form

of malaria, infects about 5-10% of the world human population per year. It is well established that
the erythrocytic stages of the malaria parasite rely mainly on glycolysis for their energy supply. In
the present study, the glucose utilisation of erythrocyte population with parasitaemia levels similar

to that of malaria patients was measured. The results allowed us to assess the effect of the parasites
on the glucose utilisation of the vast majority of uninfected erythrocytes.

Methods:Using [243C]glucose and nuclear magnetic resonance (NMR) technique, the glucose
utilisation in normal red blood cell (RBC) aml falciparuminfected red blood cell (IRBC)
populations was measured. The IRBC population consisted of > 96% RBC and < 4% of parasite
infected red blood cells (PRBC). The glycolytic enzymes were assayed to assess the effect of
infected red cells on the enzymatic activities of uninfected ones.

ResultsThe rate of glucose utilisation by IRBC was considerably higher than that of RBC. Upon
addition of 25% v/v conditioned culture medium (CM) of IRBC, RBCs exhibited a significant
decrease in glucose utilisation. The CM could directly inhibit the activities of RBC glycolytic
enzymes—phosphofructokinase (PFK) and pyruvate kinase (PK), without interfering with the
activity of the pentose phosphate pathway enzyme—glucose-6-phosphate dehydrogenase
(G-6-PD).

Interpretation & conclusionThe present study showed that the clinical leveP.dfalciparum
infected RBCs (< 4% parasitaemia) significantly enhance the glycolytic flux as well as down-
regulate the glucose utilisation rate in the majority of uninfected RBC population. The mechanism
of inhibition seems to be direct inhibition of the regulatory glycolytic enzymes—PFK and PK.

Key words Erythrocytic stages — glucose-6-phosphate dehydrogenase — glycolysis — malaria — phosphofructokinase —
Plasmodium falciparum pyruvate kinase

Introduction kills about 2 million children every year. The para-
site goes through a complex life-cycle and the eryth-
Plasmodium falciparupthe causative agent ofa- rocytic stagesf P. falciparumare responsible for
laria, infects about 5-10% of world’s population arttie pathology in humans. Hypoglycemia and lactic
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acidosis are often associated with severe malaria, aheé washed RBCs were then resuspended in com-
one of the reasons for hyperlactatemia or acidosipliste RPMI (RPMI with 0.5% albumax). Asexual
assumed to be the increased anaerobic glycolysistages oP. falciparum(3D7 strain) were culturad
the infected erythrocytég. During its intra- vitro and synchronised by sorbitol treatment as de-
erythrocytic growth phase, the malarial parasite eribed earli€t Briefly, the cells were harvested
lies mainly on glycolysis for its energy requirewhen maximum IRBCs were predominantly rings,
ments$“. Activation of several enzymes of the glyonvashed and treated with 5% sorbitol (in double dis-
olytic pathway has also been reported in studies pdled water) at 37°C for 10 min, washed repeatedly
formed with parasite-enriched population and witkith RPMI, and subcultured with RBCs prepared as
red cell-free parasites. It has been documented thedcribed above. Parasites were maintained at 5%
the parasite-infected red blood cells (PRBCs) utilisematocrit in complete RPMI at 37°C in a humidi-
glucose at a rate much higher than that of the norriietl chamber containing 5% GCRBCs were har-
red blood cells (RBC8Y. The emphasis of theserested, washed and resuspended at 50-70% hema-
studies has been to assess the glucose utilisatiorta@erit in complete RPMI containing 0 and used
pabilities of the parasite or parasite-infected red cefist NMR spectroscopy. The experiments were start-
ed by adding solid [23C]glucose (Isotech Inc.) to
In a malaria patient the percent of parasite infectetl mM final concentration.
RBC rarely exceeds 3—4%, and is generally around
0.1-1% (4,000—-40,00@) 8. Thus in a patient blood,Mouse malarial parasitestheP. yoelii17XL strain
which contains largely uninfected RBCs, is there amps maintained by blood passage of parasitised
influence of the small fraction of PRBC on the glerythrocytes through BALB/c mice by intraperito-
cose utilisation of the vast majority of uninfectedeal injections. The maintenance and care of the ex-
RBCs? We have attempted to address this quespenmental animals was carried out as per the guide-
by studying the metabolites produced by a red clties for use of laboratory animals in research spec-
population (IRBC) containing 0.5-4% PRBC usindied by the Animal Ethics Committee of the Insti-
NMR spectroscopy. In this report we present obséwte. Parasitaemia was monitored using Giemsa
vations which demonstrate the remarkable ability sfained blood smears made periodically from infect-
a small parasitised RBC cohort (IRBC) to dowred mice. Male siblings were used for each set of ex-
modulate glucose utilisation in normal uninfected rgetriments.
blood cells, possibly through some secreted
product(s). Various treatments of the RBOsor obtaining the
conditioned culture medium (CM) the parasite cul-
Material & Methods tures were synchronised, subcultured with fresh
RBCs at a final concentration of 0.5-4% PRBC and
Red cells:Human blood was collected from 25-2ihcubated at standard culture conditions for 17-20
year old healthy individuals with"Alood group in h. Supernatant from such cultures, filtered through a
ACD (38 mM citric acid, 75 mM sodium citrate, 13®.22um filter, was used as the CM at a final concen-
mM glucose) as the anticoagulant. Informed and frigation of 25% v/v in the NMR experiments. For the
consent was obtained from the donors. The cells wergoeliiexperiments, the blood plasma from infect-
pelleted, buffy coat was discarded to remove the l@gt mouse was used as the condition medium after
kocytes, and the erythrocytes were washed thrfdgation.
with RPMI (RPMI 1640 supplemented with 27 mM
NaHCQ,, 25 mM HEPES, 0.35 mM hypoxanthine)NMR experiments*C-NMR spectra on the RBCs
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were recorded at 125.78 MHz on a Bruker AVANCHEPFK and PK) or the increase in NADPH (G-6-PDH)
AV500 NMR spectrometer. The acquisition paramwvas measured at 340 nm for 5 min with a Perkin-
eters were 225 ppm spectral width, excitation pulEémer spectrophotometer and the slopes of the curves
of 30° (5us), with a 1.2 s delay between pulses. Theere determined. The effects of CM on the enzyme
transients (408 or 1280) were stored in 8192 daietivities were assessed using RBC cell lysate to
points resulting in acquisition time of 0.15 s andwahich 25% v/v of the CM, frorR. falciparumlRBC
digital resolution of 3.4 Hz/point. Gated decouplingulture (Pf CM), or from normal uninfected RBCs
of the protons was achieved by applying a power &fl CM), was added.
18 dB only during acquisition to minimise the Nu-
clear Overhauser Effect from the connected protons. Results & Discussion
The time domain spectra were subjected to expo-
nential multiplication leading to an additional linéJtilisation of [2-*3C]glucose by P. falciparum in-
broadening of 5 Hz before Fourier transformatiofected RBCsThe earlier studies on glycolysis in
Chemical shifts are in ppm with respect to sodiuRlasmodiunminfected red cells have been based on
3-trimethylsilyl propionate, which served as an either red cell-free parasites or enriched IRBC. In
ternal reference. For quantification, integrals of tloair experiments, the level of parasitaemia (< 4%)
various resonances were determined using the Brukes similar to that reported in patients with clinical
software and corrected as reported eafli@lucose symptoms of malaria. Thu§}C-NMR spectra were
utilisation was determined essentially by the metrecorded for infected red blood cell population
od reported for human RBEs (IRBC) under physiological conditions (0.5-4% par-
asitaemia, 50-70% hematocrit, 10-12 mM glucose,
The effect of CM on invasion of erythrocytes by gt 7.4 and 37°C). The quantitative estimates of me-
falciparum merozoitesConditioned medium, takentabolites and flux routed through various metabolic
from P. falciparumculture (Pf CM) or from normal intermediates were determined as described in Meth-
uninfected RBCs (Ul CM), was added (25% v/v) tods section. The IRBC cultures consisted mainly of
synchronised parasite culture containing mature ttesphozoites (about 17-20 h post-synchronisation).
phozoites. After allowing one cycle of invasion (24 typical NMR data profile is shown for the utilisa-
h after CM addition) the resultant parasitaemia wtsn of [2-13C]glucose for both RBC and IRBC (3%
estimated as mentioned above. parasitaemia) (Fig. 1 a and b), and the data plotted
to show the rates of utilisation of glucose, and pro-
Preparation of cell lysates and enzyme activity aguction of [223C]lactate (Fig. 1 ¢ and d). The rate of
says: RBC lysates were prepared by a modificatiggiucose utilisation of the IRBC was found to be sig-
of the method described by BeutferThe enzyme nificantly higher as compared to that of uninfected
activity in the cell lysates was followed spectroph&BC. Concomitantly the rate of [2C]lactate, which
tometrically as the oxidation of NADH to NAD (fororiginates through glycolysis, was found to increase
PFK and PK) or as the reduction of NADP to NADn the IRBC.
PH (for G-6-PDH), by linking it to the formation of
various products in the presence of an excess of aukite intraerythrocytic asexual growth phase dél-
iary enzyme¥. After adding the cell lysate (10), ciparumhas a single acristate mitochondrion and is
the mixture was incubated at 37°C for 10 min axévoid of TCA cycle, relying mainly on anaerobic
the reaction was started by adding 2 mM ATP fgtycolysis for its energy requireméat Genes for
PFK, and 5 mM PEP for PK, and 10 mM glucose-6ertain enzymes of TCA cycle are found in Rhas-
phosphate for G-6-PDH. The decrease in NADHodiumgenome but these appear to be involved in



98 J VECT BORNE DIS 43, SEPTEMBER 2006

@ [2-13C]glucose ()

[2-13C]glucose l

l C2-lactate
il
o

ST

PR
[ i
iy =

B

| | |
78 76 74 72 70 68 ppm

)
A e e e
S R

—~
(o)
i~
{3

12 8
% 7 1 = Uninfected RBCs
g 5 6 . s Infected RBCs
£ ) -
0 6 2 :
) T .
o =4 N
w E o3
%) Q >
o) S .
S = Uninfected RBCs =~ 2] - . .
2 2] .Infected RBCs O s b
[G) ;N 1 e mn"
0 0 . ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 0 100 200 300 400 500 600
TIME (min) TIME (min)

Fig. 1: Utilisation of [243C]glucose by human RBCs infected with malarial pard&ifalciparum Stacked plot of the
time-lapse3C-NMR spectra of RBC (a) arfl falciparuminfected RBCs (IRBC) containing 3% parasitaemia
(b) after incubation with [23C]glucose13C-NMR spectra were recorded and the data processed as mentioned
in the methods section. Panels ¢ and d show the concentration profile&6igicose and C2-lactate of
uninfected and infected red blood cells. The lines are linear fits for C2-glucose and C2-lactate obtained from the
data shown in (a) and (b) respectively

mitochondrial redox control rather than energy migen in IRBC over several experiments. The increase
tabolism of the parasités'®> Thel3C-NMR spectra in glucose utilisation was directly proportional to the
showed no resonance(s) corresponding to labeltesicent parasitaemia of IRBC, and was consistent
glutamate carbon(s), and therefore, the signaturesvith rates observed earlier fér falciparumIRBC
aerobic metabolism were not observed. The stoialétermined through other methédehe glucose flux
ometric production and accumulation of lactate corlearly depended on the sub-stage of the infected red
formed the earlier observations that neither the RB€lIs (Fig. 3). The glucose utilisation was only mar-
nor the IRBC possess a functional TCA cycle. ginally higher 2 h after synchronisation (Fig. 3a),

and the maximum rate of utilisation was observed
Parasitaemia and sub-stage dependence of the dtu-the trophozoite stage, at about 24 h post-synchro-
cose flux in IRBCdFig. 2 shows the glucose utilisanisation (Fig. 3 a and b).
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Fig. 2: Effect of increase in parasitaemia on the glucose flux
in IRBCs. The results show the comparative glucose  (b)
flux % of IRBCsvs RBCs determined over 20| ~
independent experiments £ 407
< 354
§ 30
The infected red cells showed enhanced utilisatios 25 -
of glucose, and extrapolated to a value of ~100- f()l(ui_ 20 1
higher glucose utilisation in parasite-infected redy 15 1
cells (PRBC), in agreement with values obtaine® 12 |
earlief. The rate of glucose utilisation was propof-23 0 |
tional to the percent parasitaemia and was higheéot Uninf 12h  17h  24h
for the trophozoite stage (24 h post-synchronisation), HOURS F’OST-SYNCHRONISATION
coinciding with the period of maximum metabolic
activity of the erythrocytic parasite. Fig. 3: Erythrocyte stage-specific glucose utilisation Ry
falciparumin two experiments (a and b). Glucose flux
Gl tilisati . d cells isolated f . in IRBC cultures has been plotted at (a): 2, 8, 12 and 24
) ucose u_' ISa 'O_n inre (_:e S 10 ?te rom _r_n'ce h (parasitaemia 2.3%); and (b): 12, 17, 24 and 34 h
infected with murine malarial parasite, P. yoeli (parasitaemia 1.6%); post-synchronisation, respectively

addition toP. falciparumglucose utilisation was also

measured in the murine model Bfyoelii Results glucose utilisation was not that high, the higher in-
gualitatively similar tdP. falciparumwere observed, hibitory effect of blood-plasma indicates that either
such as enhancement of glucose utilisation and Itftere is inhibition at high parasite value, or that there
tate production rates by IRBC (Fig. 4 a and b). Weay be additional physiological factors present in
have shown earlier the effect of conditioned cultutiege blood-plasma. It is possible that various cytok-
supernatant medium (CM) obtained from IRBC anes, released during immune/stress responses to the
the glucose utilisation of RB&% A similar inhibi- parasite infection, may be playing roles in such cas-
tion of glucose utilisation by normal mouse RBG=s. To address the effect of the conditioned medium,
in the presence of the blood plasma isolated fraherefore, we restricted ourselvesRofalciparum
infected mouse was observed (Fig. 4). However, thdtures.

parasitaemia was high (28%), and the glucose utili-

sation rate was only 1.4-fold higher than that of RBO#e effect of conditioned medium (CM) on invasion
from uninfected mice. Typically in murine malariaf erythrocytes by P. falciparum merozoites and on
samples, the parasitaemia values were higher, aodt-enzyme activitieslo obtain the conditioned
the glucose utilisation did not extrapolate to the 10@edium (CM) from &. falciparumculture, the cul-
fold levels, but was considerably lower. Since theres were synchronised, subcultured with fresh red
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Fig. 4: Effect of conditioned medium from yoeliiinfected mice on the glycolytic pathway of normal murine RBCs.

Figure shows the concentration profiles of (a) glucose and (b) lactate found in normal murine RBCs ( ), RBCs
from P. yoeliiinfected mouse (28.3% parasitaemia) ) and normal murine RBCs in the presence of CM

(blood-plasma) fronfr. yoeliiinfected mice & )

cells at a final concentration of 0.5-4% infected RBC
and incubated at standard culture conditions for 17—
20 h. Supernatant from such cultures, filtered through
a 0.22um filter, was used as the CM. To rule out the
possibility of the CM compromising the infection of
RBCs by the parasite, the effect of CM (25%) on the
merozoite invasion of RBCs was evaluated (Fig. 5).
However, no significant effect of CM on the effi-
ciency of RBC invasion by merozoites, was observed

(Fig. 5).

To investigate the mechanism of this inhibition by
the CM, it was decided to check if the CM had any
direct inhibitory effect on the glycolytic enzymes afig.
the RBC. Three RBC enzymes involved in the glu-
cose metabolism, phosphofructokinase (PFK), pyru-
vate kinase (PK) and glucose-6-phosphate dehydro-
genase (G-6-PDH) were assayed after incubation
with culture supernatant from parasite-infected cul-
ture (CM-Pf) and from uninfected culture (CM-
Uninf) (Fig. 6). The CM from the parasite-infected
culture inhibited both the PFK and PK activities of
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The effect of conditioned medium (CM) on invasion
of erythrocytes byp. falciparummerozoites. CM (25%

viv) was taken fronP. falciparumIRBC culture at
1.3% parasitaemia (Pf CM), or from normal uninfected
RBCs (Ul CM), 17-24 h after synchronisation and
added to synchronised parasite culture containing
mature trophozoite stage. Parasitaemia was estimated
24 h after the CM addition, thus allowing one cycle of
invasion to take place. The parasitaemia is represented
as % parasitaemia of control culture without any CM

the RBC extract, while the G-6-PDH activity (reenzymes, showing that the CM from IRBCs specifi-
quired for the pentose phosphate pathway) remairadly inhibited the regulatory PFK and PK enzyme
unaffected. The CM from uninfected culture (CMactivities. Thus the CM from parasite infected cul-
Uninf) had no effect on the activities of any of thesares can directly inhibit important host-glycolytic
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enzymes (PFK and PK) and possibly modulate gfnsem that of uninfectet. Several parasite proteins
cose utilisation of RBCs through these lowered eare transported to the red cell membrésfe The
zymatic activities. We have recently demonstratbeéxose transporter Glutl of RBC is the major glu-
that a drop in pH (occurring during glycolysis dugose transporter of RBE The single hexose trans-
to massive lactic acid production) is selectively iporter present on the parasite membrane shows cer-
hibitory to host PFK, but not for PK enzyme activtain differences from Glu#®?’. Thus the glucose
ity'6. As opposed to pH, CM seems to affect botiptake and utilisation pathway of the parasite-infect-
PFK and PK enzyme activities. Currently we are a&d erythrocytes is likely to be different from unin-
sessing the factor(s) present in the CM which mégcted erythrocytes.
be responsible for the inhibition of the enzyme
activities. The pathological events that contribute to falciparum
malaria are the cerebral syndrome, anaemia, hypogly-
In addition to differential effects on glycolysis, ineemia and lactic acidodié In these assessments,
fection by the parasite is also known to alter tiypoglycemia is determined by the measurement of
membrane of erythrocytes considerably. It is believéte actual blood glucose levels. Our results suggest
that the period of maximum metabolic activity ai possibility of ‘functional’ pseudo-hypoglycemia
the parasite coincides with an increase in the péespite the presence of substantial glucose level in
meability of the infected erythrocyte membrane talae medium. The consequence of such pseudo-hy-
range of small solutes and i8f$° This enhanced poglycemia in malaria patients is significant. At a
permeability of the infected erythrocytes has beemcro-level, where the percent parasite-infected
ascribed to (a) activation of endogenous quiescenythrocytes may be higher through sequestration or
channels or (b) the induction of new permeation pathsetting®, the effect may be even higher. The glu-
ways having characteristics similar to anion selemse utilisation rate of other host tissues exposed to
tive channel®-22 |t follows that the membrane ofthe parasite-infected erythrocytes (e.g. vascular en-
the infected erythrocytes is significantly differerdothelial cells) remains to be assessed.
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Fig. 6: Effect of conditioned medium (CM) from parasite-infected and uninfected cultures on the enzymes of RBC. Three
RBC enzymes involved in the glucose metabolism, phosphofructokinase (a), pyruvate kinase (b), and glucose 6-phosphate
dehydrogenase (c) were assayed after incubation with conditioned medium obtained from parasite-infected culture
(CM-Pf) and from uninfected culture (CM-Uninf). Enzyme activity is expressed as % of activity (of the same preparation)
in the absence of any CM



102

Conclusion 8.

In conclusion we showed that the low clinical level
of P. falciparuminfected RBCs (< 4% parasitaemia)
utilise glucose at about 100-fold higher levels as com-

pared to the normal uninfected cells. Product(s) se-
creted by the parasite into the external medium down-
regulate the glucose flux of the uninfected RBC po[[J-

. . e Lo “£0. Jans AW, Willem R. A 13C-n.m.r. investigation of the
ulation. The mechanism of inhibition of glucose util-

isation in uninfected RBCs seems to involve inhibi-
tion of the regulatory glycolytic enzymes—PFK and
PK.

11.
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