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Objective: To study the glycaemic profile of patients
with severe malaria (SM). Methods: For this purpose, 110
SM patients were recruited. Pre-treatment random blood
glucose and plasma insulin were measured in a subset
of donors. An ex-vivo experiment was developed for es-
timation of glucose consumption by parasitized erythro-
cytes. Results: Hyperglycaemia was frequent in SM but
more commonly associated with cerebral malaria (CM),
while hyperinsulinaemia was recognized in severe-malar-
ial-hypotension (median, 25 %-75 %, 188.2, 93.8-336.8
pmol/L). The plasma insulin level was positively corre-
lated with age (CC=0.457, P<0.001) and negatively with
parasitaemia (CC=-0.368, P=0.045). Importantly, fatal-
CM was associated with hyperglycaemia (12.22, 6.5-14.6
mmol/L), hyperinsulinaemia (141.0, 54.0-186.8 pmol/L)
and elevated homeostasis model assessment (HOMA)
values. However, there was a trend of higher glucose
consumption by parasites in CM compared with that in
uncomplicated malaria (UM). Conclusion: Hyperglycae-
mia, hyperinsulinaemia and elevated HOMA are evidence
for insulin resistance and possibly pancreatic B-cell dys-
function in fatal-CM.
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INTRODUCTION

Plasmodium falciparum is the most virulent species of
malaria parasites, which is responsible for diverse clini-
cal symptoms with varying degree of severity; at one
extreme it may cause asymptomatic infection and at the
other it may lead to severe malaria (SM) (WHO, 2000,
Cox et al., 2007). Severe malaria includes clinically and
pathologically heterogeneous complications that vary in
incidence, age and geographical distributions and other
parameters (WHO, 2000). Cerebral malaria (CM) is the
most fatal form of SM, and in sub-Saharan Africa severe
malarial anaemia (SMA) ranks the second. Other forms
of SM include: convulsions, hypotension, hypoglycaemia,
renal failure, respiratory distress, pulmonary oedema, aci-
dosis, bleeding/clotting disturbances and jaundice, which
vary in prevalence. The pathology and consequences of
infection in the individual complications are indeed vari-
able, but a common finding in all complications is the
metabolic disturbance (English ez a/, 1997), importantly,

of glucose. The glucose metabolism in malaria infec-
tions is affected by several factors including drug treat-
ment, fever, parasite metabolism, hormonal changes, cy-
tokines, fasting and gastrointestinal disturbances (Davis
et al., 1993; 2002). The major hormone that is involved
in blood glucose homeostasis is insulin which is counter-
balanced by most of the other hormones.

The glucose homeostasis during malaria infection is in
part influenced by the intra-erythrocytic malaria parasite.
The erythrocytes are classified as insulin independent tis-
sue because they have no plasma membrane insulin re-
ceptors, and glucose transport across the membrane is
facilitated by glucose transporter 1 (GLUT1). Once the
parasite invades the erythrocyte, it makes significant al-
teration in the structure of the parasitized erythrocyte
membrane, by placing parasite-derived proteins in the
membrane (Deitsch & Wellems, 1996). These altera-
tions facilitate the movement of nutrients into and waste
products out of the infected cells, to meet the needs
of the growing intra-erythrocytic parasites. Glucose is
the main source of energy for the parasite; it is trans-
ported to the patasite by P. faliparum hexose transporter
(PfHT), which is different from GLUTI1, the former
transports both glucose and fructose (Krishna er al,
2000; Woodrow ez al., 2000). The intra-parasitic glucose
concentration may exceed that of the parasitized erythro-
cyte (Kitk e# al., 1996).

Hyperglycaemia reflects insulin dysfunction either due
to a lack or a deficit of insulin activity, which leads to
intracellular glucose deficiency in insulin-dependent tis-
sues, c.g. muscles and adipose tissues. Alternatively,
hyperglycaemia could be due to increased levels of the
counter-regulatory hormones such as glucagon, epine-
phrine and steroids. In SM, hyperinsulinaemia might
lead to hypoglycaemia while the levels of the counter-
regulatory hormones may remain normal (White ef al,
1883; Phillips ¢# al, 1993). Previously, we reported the
disturbance of glucose metabolism during SM (Giha et
al., 2005), here; we expanded the data, analysis and inter-

He-mail: gehaha2002@yahoo.com

Abbreviations: HOMA, homeostasis model assessment; CM, cer-
ebral malaria; G, gastrointestinal; GLUT, glucose transporter; HO-
MA-IR, homeostasis model assessment of insulin resistance; MC,
multiple complications; MOI, multiplicity of infection; MSP2, mero-
zoite surface protein-2; PfHT, P. falciparum hexose transporter; RBG,
random blood glucose; SM, severe malaria; SMA, severe malarial
anaemia; SMC, severe malarial convulsions; SMH, severe malarial
hypotension; UM, uncomplicated malaria.



514 E. M. Eltahir and others

2010

pretation of the results for explanation of the phenom-
enon of “hyperinsulinaemic hyperglycaemia” in fatal CM.

MATERIALS AND METHODS

Study area, population and design. This study was
conducted during the malaria transmission seasons in the
period between October 2000 and January 2002, in Ge-
darif Teaching Hospital (Gedarif, Fastern Sudan). The
area is meso-endemic and characterized by unstable and
seasonal malaria transmission. The populations are multi-
ethnic in origin; the majority work at farms. Individu-
als in all age groups are prone to develop symptomatic
malaria infection, although older ones are relatively more
protected. This study is part of a project investigating
SM epidemiology and pathogenesis. The details of the
study design, the clinical pattern and epidemiology of
SM were described before (Giha ez al., 2005). The study
received Ethical Clearance from the Ministry of Health
(Sudan), and consents were obtained from each patient
or guardian before inclusion in the study.

Clinical data collection. A specialized malaria clinic
was established in the hospital. All patients who had or
suspected to have malaria were referred to this clinic,
where they were clinically examined after the disease his-
tory was obtained from them or from their guardians.
Thereafter, the malaria diagnosis was carried out as men-
tioned below. The SM patients were identified by using
the WHO criteria for SM (WHO, 2000).

Diagnosis of malaria. From patients suspected to
have malaria, thin and thick blood smears were prepared
from their finger prick blood samples. The blood smears
were stained with Giemsa and examined microscopically
for detection of malaria parasites, using X100 oil immer-
sion lens as described by the WHO (1991). The blood
film was declared negative after examination of 200
fields. The number of asexual parasites per microlitre of
blood was obtained by counting the number of parasites
per 300 leukocytes, considering the normal leukocyte
count to be 6000 per ul. of blood. Patients who had SM
were treated by quinine injections/tablets or artemether
injections, the full details were published before (Giha ez
al., 2005).

Sample collection. About 5 mL of venous blood
sample was collected into sterile EDT'A-containing vacu-
tainers from each malaria patient (uncomplicated malaria
— UM, and SM) before treatment and from apparently
healthy malaria-free controls. The blood samples were
centrifuged at 2000 rounds per minute for 8 min to sep-
arate plasma from parasitized erythrocytes. The plasma
was then collected in ctyotubes and stored at —20°C,
and the parasitized erythrocytes were mixed with glycerol
freezing solution and stored in liquid nitrogen until used.

Measurement of blood glucose. The random blood
glucose level was estimated by using ‘One Touch Strip’
glucose meter, Accutrend alpha (Bochringer, Germany)
(Marks & Dawson, 1965). Briefly, one drop of blood
was normally blotted on strip containing glucose oxidase.
Glucose in presence of oxygen and enzyme converts
into gluconic acid and hydrogen peroxide which is sub-
sequently oxidized by peroxidase producing a blue col-
our. The result was read by electronic colorimeter. The
blood drop was taken simultanecously with the venous
blood sample which was used for other investigations,
including insulin measurement. The blood samples were
taken before commencement of any type of treatment
or administration of intravenous fluid. In SM, random
blood glucose likely represented fasting blood glucose

level, since all patients were anorexic and the CM pa-
tients were comatose for several hours. The fasting ref-
erence range for blood glucose was considered to be
3.3-3.9 mmol/L (60-70 mg/dL), and the post-absorp-
tive level as 4.5-5.5 mmol/L (80-100 mg/dL) (Murray
et al., 2000).

Measurement of plasma insulin level. The insulin
level was estimated in a subset of 99 plasma samples
obtained from individuals with uncomplicated malaria
(n. 20), severe malaria (n. 30) and apparently healthy
controls (n. 49). The plasma insulin was estimated by
radioimmunoassay (kit IMK-414, isotope Beijing China,
measurement limit is 160 mIU/L, the fasting reference
range is 4-16.8 mIU/L). The assay depends on a com-
petition between I'*-labelled insulin and patient’s plasma
insulin for a limited number of binding sites on insu-
lin specific antibodies (Morgan & Lazarow, 1962). First,
100 uL of each, a buffer and standard or plasma sample,
were pipetted into test tubes, then, 100 ul. of antibody
solution was added to all tubes except those labelled as
‘non-specific binding” and ‘total binding’. Thereafter, 100
pl. of iodine-labelled solution was added to all tubes,
mixed and incubated at 37°C for 2 h, then 500 ul. of
separating reagent was added to all tubes except one la-
belled ‘total’. The tubes were then mixed thoroughly and
incubated; all tubes were centrifuged, except ‘total’, at
1500X%g for 15 min. The reagent was then removed and
results were read by a programmed gamma counter.

Calculation of HOMA. The homeostasis model as-
sessment of insulin resistance (HOMA-IR) was calculat-
ed as follows: fasting serum insulin (WU/mL) X fasting
plasma glucose (mg/dL)/405 and was used as an index
for insulin resistance. Clinically, the insulin resistance
definition is based on repeated measurements of fast-
ing blood glucose and insulin levels and estimation of
HOMA score (Inchiostro, 2005). Although it was prac-
tically not feasible and ethically unacceptable to request
severely ill patients to fast, there were many reasons to
consider the measured random blood glucose and in-
sulin levels as fasting levels. That is because almost all
SM patients had anorexia and gastrointestinal upset for a
few days before presentation to hospital. In addition, the
CM patients were in coma at the time of blood collec-
tion. This assumption is supported by findings of several
studies which showed “fasting an unrecognized and in-
sufficiently emphasized risk factor in malaria” (van Thien
et al., 20006)

Ex-vivo experiment for estimation of glucose con-
sumption by infected erythrocytes. We developed this
experiment to estimate glucose consumption of parasites
obtained from patients with UM and SM. Five parasite
isolates obtained from patients with acute malaria were
grown in culture as described by Trager and Jensen
(1976), in 96-well microtitre plate. Three isolates were
successfully grown and used in this part of the study.
One isolate (frozen for approx. 2 years) was obtained
from a patient who died of cerebral malaria (SG22). The
other two parasite isolates were obtained from patients
with UM, one obtained from Gedarif (frozen for ap-
prox. 2 years), and the other obtained from Khartoum
(cultured immediately after being obtained from the pa-
tient). We used erythrocytes from the same donor for
culture of all parasite isolates. Fach parasite line was
grown in two wells. Approximately 10 pl. of human in-
sulin (equivalent to 0.66 mLU/mlL., Novo Nordisk, Den-
mark) was added to one of the two wells. Then, the cul-
ture plate was put in a candle jar and incubated at 37°C
for 24 h. The culture medium was changed every day
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Table 1. Age and random blood glucose and insulin levels in patients with severe malaria, uncomplicated malaria and malaria-free

donors
Age in years Random blood glucose Plasma insulin
All donors Median, 25-75% Median, 25-75% Median, 25-75%
Mean+STD Mean£SD (mmol/L). Mean +STD (pmol/L)
Malaria-free donor 8.0, 5.0-16.5 Not done 59.7, 43.8-86.1
(n. 49) 15.1+154 89.6+103.0
Uncomplicated malaria 4.0, 2.3-12.8 Note done 46.5, 27.4-77.1
(n. 20) 11.3x15.5 76.7£90.0
Severe malaria 5.5,4.0-11.0 59.4, 45.8-115.3
(n. 30) 12.8+15.3 95.8+88.4
Severe malaria patients (individual complications)
Severe malarial convulsions 44+3.0 5.78, 5.00-6.96 54.52, 47.58-62.50
(n. 8) 5.92+1.51 61.90+£24.43
Sever malarial anemia 6.3+3.8 5.75, 5.17-6.36 45.84, 39.93-59.04
(n. 8) 5.98+1.08 72.66+78.11
Cerebral malaria 18.4+19.2 11.50, 6.49-13.35 63.20, 44.28-165.46
(n.7) 10.52+4.36 104.77 £75.95
Severe malarial hypotension 39.5+8.8 5.45, 5.14-6.11 188.21, 93.76-336.83
(n. 4) 5.63+0.65 215.30+£150.16
Multiple complications 3.7+0.6 5.78, 5.74-5.95 56.25, 37.50-100.53
(n. 3) 5.83+0.15 67.60+43.15

Severe malaria patients (died vs survived)

Fatal severe malaria 23.0+214 12.22, 6.52-14.61 140.98, 53.99-186.82
(n. 5) 11.14+£4.85 126.39+80.80
Nonfatal severe malaria 10.7£13.5 5.78, 5.14-6.50 55.56, 45.15-88.55
(n. 25) 6.13+£1.53 89.67 +90.07

after estimation of glucose and parasitaemia. The cul-
tures of the three parasite lines were maintained for dif-
ferent periods. The glucose consumption of the parasites
was estimated by calculating the difference in the glucose
level in each well at O time and 24 h thereafter. The final
result of glucose consumption was obtained as a mean
and S.D. of all series of experiment for each parasite line
separately.

Statistical analysis. Sigma-stat software was used for
statistical analysis. For differences in age and random
blood glucose between study groups, and for the dif-
ference in ex-vivo glucose consumption by the parasites,
we used Kruskal-Wallis One Way Analysis of Variance
on Ranks. For comparison of age, random blood glu-
cose and plasma insulin levels between two groups, we
used Mann-Whitney Rank Sum Test. Pearson Product
Moment Correlation was used in testing all correlations,
while for differences in rates and proportions chi-squate
was used.

RESULTS

Clinical data

The general clinical data was presented before (Giha ez
al., 2005). In brief, more than 16000 patients suspected
to have malaria had been screened for malaria infection,
a total of 110 patients with SM were identified. The SM
patients were grouped into five clinical categories: severe
malarial convulsions (n. 23 [median age, 4 years; 2575
percentile, 3-7 years]) SMA (n. 50 [age 3, 2-6]), CM
(n. 8 [age 9.5, 6-13]), severe malarial hypotension (n,13
[age 35, 25-44.8]) and multiple complications (n.6 [age
3.5, 3—4]). The age difference between the clinical groups

was significant, P<0.001. Five patients died of CM (age,
23.0%+21.4 years).

Plasma insulin level in SM, UM and malaria-free donors

The subset of donors (n. 99) for whom insulin level
was measured included 30 patients with SM (median
age, 5.5 years; 25-75 percentile, 4.0-11.0 years, [mean
age£S8.D.], 12.8%+153 years), 20 with UM (age 4.0,
2.3-12.8 years; 11.3£15.5 years) and 49 malaria-free
donors (age 8.0, 5.0-16.5 years; 15.1+15.4 years), (Ta-
ble 1). The age of the SM patients was comparable to
that of UM patients (P=0.303) and malaria-free donors
(P=0.128). The plasma insulin level in SM (59.4, 45.8—
115.3 pmol/L) was comparable to that in UM (46.5,
27.4-77.1 pmol/L) and malaria-free donors (59.7, 43.8—
86.1 pmol/L), P=0.145 and P=0.805, respectively.

The SM patients frequently complained of symptoms
suggestive of gastrointestinal upset (Table 2). For the
subset of the SM patients for whom random blood glu-
cose and insulin levels were measured (n.30), 66% com-
plained of anorexia, 83% of vomiting and 33% of diar-
rhoea. However, the random blood glucose and plasma
insulin levels were not significantly different between
patients with and without any of these symptoms. The
values of other parameters in this sub-group of patients
are shown in Table 2.

Random blood glucose and insulin levels in individual
complications of severe malaria

For all SM patients, the random blood glucose level
was significantly different between patients with different
complications (Fig. 1). For the subset of the SM patients
shown in Table 1, the random blood glucose level was
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Figure 1. Random blood glucose levels at the time of malaria di-
agnosis and before treatment in patients with different compli-
cations of severe malaria

The SM patients are sub-grouped into patients with: severe ma-
larial convulsions (SMC), severe malarial anemia (SMA), cerebral
malaria (CM), severe malarial hypotension (SMH) and multiple
complications (MC). The horizontal lines stand for median levels,
the boxes limit the 25-75 percentile, bar errors are the 5-95%
confidence interval, and open circle are outliers. Note: This figure
is taken and modified with permission from Giha et al. (2005)

highest in CM (median, 11.50 mmol/L; 25-75 petcen-
tile, 6.49-13.35 mmol/L), but the difference was not sig-
nificant between the individual complications (P=0.078).
The levels in the other complications were as follows:
severe malarial convulsions (5.78, 5.00-6.96 mmol/L),
multiple complications (5.78, 5.74-5.95 mmol/L), SMA
(5.75, 5.17-6.36 mmol/L) and sevete malarial hypot-
nesion (5.45, 5.14-6.11 mmol/L). The random blood
glucose was significantly higher in fatal SM (12.22,
6.52-14.61 mmol/L) compared with non fatal SM (5.78,
5.14-6.50 mmol/L), P=0.016, (Table 1). The random
blood glucose of individual patients is presented in Ta-
ble 2. In the same subset of patients, the levels of the
plasma insulin in severe malarial hypotension (188.21,
93.76-336.83 pmol/L), CM (63.20, 44.28-165.46
pmol/L), multiple complications (56.25, 37.50-100.53
pmol/L), severe malarial convulsions (54.52, 47.58-62.50
pmol/L) and SMA (45.84, 39.93-59.04 pmol/L) wete
highly variable, but not significantly different (P=0.096)
(Table 1). The plasma insulin levels in fatal SM (140.98,
53.99-186.82 pmol/L) was higher than in non-fatal SM
(55.56, 45.15-88.55 pmol/L), but the difference was not
significant (P=0.290).

CC 0.457.P <0.001
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patients with severe malaria includ-
ing 30 patients for whom plasma in-
sulin was measured, while plasma in-
sulin was measured for 99 donors in-
cluding patients with uncomplicated
malaria and healthy malaria-free do-
nors. Statistically significant positive
correlations were the correlations of
age with random blood glucose and
insulin levels, and a significant nega-

A
80 100
CC 0.333.P=0.001 80
60 1
_
4
g 40
Z
& 20
<
04
=20 1 -20 +
-40 - -40 —
0 2 4 6 8 10 12 14 16 18 20 0
Random blood glucose level (mmol/L)
c
dets 2.0e+5
o = o
=
Z 35 CC 0.0795. P = 0.456 Z15e5 5
= o a
Z i
2 2e+s 1 & 1.0e+5
< 3
2 50044 -
£ let5 =
: 200
51 S
g0 1 )
% E5.0e+4 { e,
g Z .
g -let+5 ;
g_-l.()e+5 1
-2et5 L e e LS E _1.5¢+5
0 2 4 6 8 10 12 14 16 18 20 0 100
Random blood glucose level (mmol/L)
E
4et+5 500
g ¢ CC-0.120. P =0.225 )
3 3e+5 4 o0 = 400
£ ° g
2 s | San |
Z :
= 1e+5 ] 2 200 1
= ¢ £
§ . 5 100 1
2 £ 0
b} = 1
§-1e+5 1 E
= =-100
~ =
-2et5 T T T T T T 200
0 10 20 30 40 50 60 o

Age (years)

2 4 6 8 10 12 14 16 18
Random blood glucose level (mmol/L)

tive correlation was of insulin level
with parasite count. Other correla-
tions were not significant.



Vol. 57

Relative insulin resistance in cerebral malaria

517

Table 2. Description of the severe malaria (SM) patients

The following parameters are given: age, SM types, gastrointestinal (Gl) upset, random blood glucose (RBG, mmol/L), plasma insulin level
(pmol/L) and resistance index (HOMA), and chloroquine-resistance genotypes of parasites.

No. Donors Age SM Gl-upset RBG Insulin HOMA pfert pfmdr1 Fate
1 SG10 45 SMC 0 ND 120.15 ND M M

2 SG24 9 SMC 0 5.00 55.56 1.78 M M

3 SG30 4 SMC 0 5.00 62.50 2 M w

4 SG34 2.5 SMC 0 3.78 49.31 1.19 M M

5 SG40 0.9 SMC 0 6.50 53.48 222 w w

6 SG42 9 SMC 0 7.11 45.84 2.09 M M

7 SG44 2 SMC 0 8.28 62.50 3.31 M M

8 SG47 3.6 SMC X 5.78 45.84 1.69 M M

9 SG50 55 m 0 17.28 173.62 19.2 M M died
10 SG13 11 m 0 12.22 226.40 17.71 w w died
11 SG23 9 cm 0 13.72 140.98 12.38 M M died
12 SG22 35 M X 6.78 62.50 2.71 w W died
13 SG43 5 M 0 5.72 28.47 1.04 w w died
14 SG45 9 ™ (o] 11.50 63.20 4.65 M M

15 SG21 5 ™M 0 6.39 38.20 1.56 M M

16 SG17 4 MC 0 5.72 115.29 422 w W/M

17 SG19 4 MC 0 6.00 31.25 1.2 M M

18 SG39 3 MC 0 5.78 56.25 2.08 M M

19 SG11 3 SMA 0 5.89 67.37 2.54 M M

20 SG15 7 SMA 0 6.61 37.50 1.59 M M

21 SG18 15 SMA X 8.28 263.91 13.98 w w

22 SG20 6 SMA 0 5.61 50.70 1.82 M M

23 SG28 4 SMA 0 5.22 43.06 1.44 w w

24 SG29 5 SMA o] 6.11 27.78 1.09 w W

25 SG38 6 SMA o] 5.00 42.36 1.36 M M

26 SG02 4 SMA o] 5.11 48.61 1.59 ND ND

27 SG03 35 SMH o] 5.11 401.42 13.13 ND ND

28 SGO5 50 SMH o] 517 27224 9 ND ND

29 SG12 30 SMH o] 5.72 104.17 3.81 M M

30 SG32 43 SMH o] 6.50 83.34 3.47 M M

CM, cerebral malaria; HOMA, ‘homeostatic model assessment’ for insulin resistance; M, mutant; MC, multiple complications; ND, not done; Pfcrt,
P. falciparum chloroquine resistance transport; pfmdr, a homolog of the human multi-drug resistance; SMA, severe malarial anemia; SMC, severe
malarial convulsions; SMH, severe malarial hypotension; W, wild. Fatal CM highlighted in bold.

Correlations of donor’s age, random blood glucose,
plasma insulin level and parasite density

As shown in Fig. 2, there was an overall statistically
significant positive correlation between donot’s age and
random blood glucose level (CC 0.333, P=0.001, n.94).
The association of insulin level with age was strong-
ly statistically significant in SM, UM and malaria-free
groups, whether each group was considered separately
or all donors were taken together (CC 0.457, P<0.001,
n.98). In SM, the median (25%—75%) insulin level in
children (>0-10 yeats), 50.0 (42.4-62.5) pmol/L, was
significantly lower than in adolescents and adults (>10

years) 200.0 (93.8-268.1) pmol/L, P<0.001, unlike
the RBG, which was comparable between the two age
groups (5.8, 5.2-6.5 w»s 0.6, 54-10.3), P=0.222. The
overall correlation between RBG and plasma insulin
level in SM (UM data was not available) was not signifi-
cant (CC 0.260, P=0.172, n.29), howevert, in children (<
10 years) but not in older patients, there was a positive
correlation (CC 0.587, P=0.005). The insulin level was
inversely significantly associated with the parasite density
in SM (CC 0.368, P=0.045, n.30), but there was no cot-
relation between the parasite density and random blood
glucose (CC 0.0795, P=0.456, n. 90) or age (CC —0.120,
P=0.225, n.104).
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Characterization of parasites from fatal CM patients

In the first malatia season, five patients died because
of CM (ages 5, 9, 11, 35, and 55 years). Using merozoite
surface protein-2 (MSP2) gene for parasite typing, the para-
sites causing fatal CM were characterized by having low
multiplicity of infection (MOI, 1.2), no parasite was
found to catry the FC27 genotype as a single clone (0/5)
(not shown) (A-Elbasit ez al, 2007). Three of the five
parasites carried the wild-type variant of the chloroquine
resistance genes, pfert-76T (P. falciparum chloroquine re-
sistance transporter) and pfndrl-86Y (a homolog of the
human multi-drug resistance p-glycoprotein) (Table 2)
(Giha et al., 20006). Patients who died of CM had normal
or high random blood glucose level (5.7, 13.7, 12.2, 6.8
and 17.3 mmol/L, respectively) and their plasma insu-
lin levels (28.5, 141, 226.4, 62.5 and 173.6 pmol/L, re-
spectively) were mostly higher than normal (Giha e 4/,
2005). However, the proportion of donors with HOMA
>5.0 was significantly higher in the fatal CM group
(60%, 3/5) compared with the other patients with SM
(12.5%, 3/24), P=0.046 (Table 2).

Parasite virulence and ex-vivo glucose consumption

The consumption of glucose by SG22 parasite line
(fatal CM) in nine experiments was consistent over a
month (median, 0.167 mmol/L per 24 h; 25-57 pet-
centile, 0.139-0.239). The glucose consumption of the
parasites obtained from patients with UM were low-
er: UM-fresh isolate (median of 4 experiments, 0.111
mmol/L per 24 h; 25-74 petcentile, 0.111-0.200) and
the UM-frozen isolate (median of 10 experiments,
0.139 mmol/L per 24 h; 25-74 petcentile, 0.111—
0.167), but the differences between the three parasite
lines were not significant, P=0.267. The glucose con-
sumption of the parasites obtained from patients with
UM was consistent for each isolate over time and com-
parable between the two isolates (not shown). The glu-
cose consumption of the culture to which insulin was
added was insignificantly slightly higher than that of
the culture to which no insulin was added regardless of
the origin of the isolate.

DISCUSSION

In severe malaria, peculiar glucose homeostasis is rec-
ognized as an isolated complication or as part of a clini-
cal scenario. Hypoglycaemia is frequently recognized as
isolated complication (WHO, 2000), on the other hand,
hyperglycaemia is frequently associated with other SM
complications, mostly CM. Unlike hyperglycaemia, the
malarial hypoglycaemia has been thoroughly investigated
before (Phillips, 1989; Kawo e7 al., 1990a; Zijlmans et al.,
2008). In this study, the hyperglycaemia was associated
with CM, as the mean blood glucose level was found to
be above the fasting and post-absorptive levels (3.3-5.6
mmol/L) and the levels wete even higher in the fatal
cases of CM. Although the method we used for blood
glucose estimation is not the most accurate one, the dif-
ferences between the methods are not expected to be
significantly large. The used method gave consistent and
quick results, and helped in successful management of
the patients; none of the patients died because of hy-
poglycaemia in this study.

The association of hyperglycaemia with SM was not
a novel observation, as it was previously reported (van
Thien e al, 2001). Also, the high mortality rate of CM

associated with hyperglycaemia was recognized before
in Kenya (Osier e al, 2003). However, the hyperinsuli-
naemic hyperglycaemia that associates with CM and in-
dicates bad prognosis and increased mortality, was not
reported before. The malarial hyperglycaemia is due to
gluconeogenesis  (Phillips, 1989). The gluconeogenesis
process increases in the presence of gluconeogenic pre-
cursors, such as lactate and alanine, which are produced
by both parasite and host. On the other hand, insulin
secretion is stimulated by plasma glucose and poten-
tially inhibited by pancreatic B cell dysfunction. Thus,
increased plasma insulin with normal plasma glucose in-
dicates insulin resistance, while increased plasma glucose
in combination with increased plasma insulin indicates
insulin resistance associated with relative B-cell failure.
Here, the hyperglycaemia, hyperinsulinemia and high
HOMA scores in fatal CM were likely indicative of in-
sulin resistance associated with B-cell dysfunction. The
SM-associated insulin resistance is in line with a previous
report (Binh ez al, 1997).

Generally, we observed that the plasma level of insu-
lin increased with increasing age irrespective of the ma-
laria severity; similatly, the blood glucose level increased
with age up to 18 years. Furthermore, we found that the
level of insulin varied with the type of SM complica-
tion; it was within a normal range and associated with
normoglycaemia or hypoglycaemia in SMA and severe
malarial convulsions. In CM, the hyperinsulinaemia was
associated with hyperglycaemia, while the relatively high
level of insulin in severe malarial hypotension was asso-
ciated with normal levels of glucose (Giha ez al, 2005).
Although the number of patients was small, there were
still significantly higher levels of insulin and random
blood glucose in fatal compared with non-fatal SM. The
co-existence of hyperinsulinaemia and hyperglycaemia in
fatal CM can not be explained by the age factor, as hy-
perinsulinaemia in the severe malarial hypotension group
(eldest group of patients) was not associated with hyper-
glycaemia. Hyperinsulinaemic hypoglycaemia was previ-
ously recognized in CM (White ez al, 1983; Planche ef
al., 2005); in other studies hypoinsulinaemia was asso-
ciated with hypoglycaemia (White ez @/, 1987; Kawo et
al., 1990a). van Thein e/ a/. (2001) found no significant
change in insulin levels during SM. The discrepancies in
the association of insulin levels with blood glucose levels
in SM in different studies might be a reflection for the
differences in the epidemiological settings, definitions of
SM, age of the patients, feeding status before the sam-
pling (Kawo ez al., 1990b) or for other reasons. The hy-
perinsulinaemia in malaria might be due to TNF-a re-
lease (Manish e al., 2003).

In ex-vivo experiments, confounding host factors such
as cytokines, hormones, immunity and others are ex-
cluded, however, insulin was added in this experiment,
as it is the key hormone in glucose metabolism. Our
results revealed a trend of increased glucose consump-
tion by the more virulent parasites (CM) compared with
the less virulent parasites (UM). Interestingly, the former
parasite (SG22) carried the wild-type variants of the drug
resistance-associated genes pfer-76T and pfindr1-86Y. The
mutant variants of these genes are known to incur fit-
ness cost on the parasites. Previously, we showed that
the above-mentioned wild-type gene variants are associ-
ated with increased parasite virulence (Giha ez a/, 2000).
Taken together, the increased glucose uptake by SG22
parasite might indicate a higher metabolic activity of the
wild-type and more virulent strains. Higher turnover of
glucose in SM as compared with UM was previously re-
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ported (Agbenyega ¢ al., 2000). However, the increased
parasite glucose consumption is expected to contribute
to hypoglycaemia, as recognized in other studies (Davis
et al., 1993; Agbenyega ¢ al., 2000). The paradox of hav-
ing hyperglycaemia coupled with hyperinsulinaemia in
fatal CM in this study could be explained by a tempo-
ral status of insulin-resistance associated with pancreatic
B-cells dysfunction induced by infection with virulent
malaria strains. It would be of interest to follow the sur-
viving CM patients who had high HOMA scores, to see
if they developed diabetes mellitus thereafter. The rela-
tion between diabetes mellitus and P. faliparum malaria is
poortly understood, although malaria can results in severe
metabolic disturbances (Planche e @/, 2005). The abnor-
mal glucose homeostasis in SM could be due to abnor-
mal liver or renal functions which are both common in
SM; however, the latter conditions are expected to con-
tribute to the hypoglycaemia, although delayed insulin
catabolism is a possibility. Further studies in this line of
research should be undertaken.

Another interesting observation in this study was that
patients who developed severe malaria-associated hypo-
tension also had high insulin levels, in line with a previ-
ous report (Porcellati ef al., 1993). The effect of insulin
on blood pressure is thought to be due to peripheral
vasodilatation, especially in skeletal muscles (Hall ez al,
1995), which is probably mediated through nitric oxide
(Kawasaki 7 al., 2000). However, other factors may con-
tribute to the development of hypotension during SM,
such as dehydration. In this study, all patients who had
severe malarial hypotension had completely and quickly
recovered after resuscitation.

In conclusion, glucose and insulin levels were highly
variable between individual complications of SM. We re-
ported here the occurrence of hyperinsulinaemic hyper-
glycaemia and high HOMA score in fatal CM, and hy-
perinsulinaemic normoglycaemia in hypotension associ-
ated with SM. The former can be explained by induction
of insulin resistance and B-cell dysfunction by virulent
parasites. Although hyperglycaemia was recognized in
CM, the parasites causing CM consumed relatively more
glucose than those causing UM in an ex-vivo experiment.
This study should add to our understanding of the ma-
laria parasite metabolism and association of the latter
with parasite virulence and SM pathogenesis.
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