Improvement of Glucose Homeostasis in Obese Diabetic db/db Mice Given
Plasmodium yoelii Glycosylphosphatidylinositols
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We have previously reported that infection with Plasmodium yoelii, Plasmodium chabaudi, or injection of extracts from
malaria-parasitized red blood cells induces hypoglycemia in normal mice and normalizes the hyperglycemia in streptozotocin
(STZ)-diabetic mice. P yoelii glycosylphosphatidylinositols (GPls) were extracted in chloroform:methanol:water (CMW)
(10:10:3), purified by high-performance thin layer chromatography (HPTLC) and tested for their insulin-mimetic activities. The
effects of P yoelii GPIs on blood glucose were investigated in insulin-resistant C57BL/ks-db/db diabetic mice. A single
intravenous injection of GPIs (9 and 30 nmol/mouse) induced a significant dose-related decrease in blood glucose (P < .001),
but insignificantly increased plasma insulin concentrations. A single oral dose of 2.7 umol GPIs per db/db mouse significantly
lowered blood glucose (P < .01). P yoelii GPIs in vitro (0.062 to 1 umol/L) significantly stimulated lipogenesis in rat adipocytes
in a dose-dependent manner both in the presence and absence of 10~2 mol/L insulin (P < .01). P yoelii GPIs stimulated
pyruvate dehydrogenase phosphatase (PDH-Pase) and inhibited both cyclic adenosine monophosphate (cAMP)-dependent
protein kinase A and glucose-6-phosphatase (G6Pase). P yoelii GPls had no effect on the activity of the gluconeogenic
enzymes fructose-1,6-bisphosphatase (FBPase) and phosphoenolpyruvate carboxykinase (PEPCK). This is the first report of
the hypoglycemic effect of P yoelii GPls in murine models of type 2 diabetes. In conclusion, P yoelii GPls demonstrated acute
antidiabetic effects in db/db mice and in vitro. We suggest that P yoelii GPls, when fully characterized, may provide structural

information for the synthesis of new drugs for the management of diabetes.

© 2004 Elsevier Inc. All rights reserved.

YPOGLYCEMIA IS A recognized complication of fal-
ciparum malaria, particularly in children and pregnant
women? and is associated with poor prognosis. The cause of
hypoglycemia is not fully defined. Several hypotheses have
been proposed including increased glucose consumption by
both host and parasites, impaired gluconeogenesis, reduced
hepatic glycogen, and increased lactate.22 In some studies,
hypoglycemia has been attributed to the hyperinsulinemic ef-
fect of treatment with quinine23 athough hyperinsulinemia
has also been shown to occur before treatment.*
Hypoglycemia aso occurs in murine models of maaria
where it is associated with hyperinsulinemia.>¢ We have pre-
viously shown that injection of heat-stable, pronase-digested,
water-soluble molecules derived from Plasmodium yoelii par-
asites induced a significant decrease in blood glucose of nor-
mal” and streptozotocin (STZ)-diabetic mice.® We subse-
quently showed that formalin-fixed P yoelii parasites® and
inositol phosphoglycans (IPGs) obtained from them? induced a
significant decrease in blood glucose in diabetic ob/ob and
db/db mice. IPGs mimic several actions of insulin and have
been suggested to be unique insulin mediators (reviewed in
Vardla-Nieto et a1° and Rademacher et alt).
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The C57BL/KsJ-db/db-diabetic mouse is a well-studied mu-
rine model of type 2 diabetes. It is characterized by obesity,
hyperglycemia, and hyperinsulinemia.

Glycosylphosphatidylinositols (GPIs) are essential compo-
nents of the plasma membrane of cells!2 including those of
malaria parasites, both as membrane anchors for proteins and as
free glycolipids.1314 The GPI precursors for the membrane
anchors and those for the 1PGs appear to be chemically dis-
tinct.25 In their role as precursors of 1PGs, GPIs play arole in
growth factor and hormone signal transduction.2%.11 For exam-
ple, the binding of insulin to its receptor leads to cleavage of
GPIs by a glycosylphosphatidylinositol-specific phospho-
lipaset® and the generation of |PGs.17-19 The pathogenesis of a
number of human disorders has been linked to either the
inappropriate release of 1PG families, for example in obesity20
and in obese type 2 diabetes,2! or to the overproduction of
specific IPGs, for example in pre-eclampsia.22 A role for GPIs
in the pathogenesis of malaria-associated hypoglycemia has
been suggested.23-25

Plasmodium falciparum GPIs differ from those of humans
with respect to both acyl substituents and the carbohydrate
moiety.14 |t has been proposed that these structural differences
may contribute to the observed naturally elicited immunologic
responses against the parasite GPIs in humans.14 GPIs isolated
from malaria parasites have been tested in vivo only in normal
mice pretreated with thioglycollate.2s To our knowledge no
GPIs from any source have been studied in murine models of
type 2 diabetes. Therefore, we administered P yoelii GPIs to
diabetic db/db mice and monitored changes in the concentra-
tion of their blood glucose and insulin levels. We have also
evaluated the effect of P yoelii GPIs on adipocytes and key
enzymes involved in glucose homeostasis and explored their
other insulin mimetic activities in vitro. Here, we continue
aong the lines of previous studies®® to highlight P yoelii GPIs
as a paradigm of biologically active compounds and to dem-
onstrate their antidiabetic activities both in vivo and in vitro.
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MATERIALS AND METHODS

Adenosine-5-monophosphate, glucose-6-phosphate, Trinder reagent,
fructose 1,6 bisphosphate (FBPase), nicotinamide adenine dinucleotide
phosphate (NADP™"), sodium pyruvate, thiamine pyrophosphate, di-
thiothreitol, ascorbic acid, ammonium molybdate, TRIZMA base,
orcinol ferric chloride (Bial’s reagent), and bovine serum abumin
(BSA) were obtained from Sigma-Aldrich (Poole, Dorset, UK). b-[3-
3H]glucose (18 Ci/mmol) was obtained from Amersham Pharmacia
(Amersham, Bucks, UK). Collagenase D from Clostridium histolyti-
cum, adenosine triphosphate (ATP), NAD*, EGTA, phosphoglucose
isomerase, glucose-6-phosphate dehydrogenase, and bovine insulin
were obtained from Roche (Lewes, East Sussex, UK). Silica gel 60
high-performance thin layer chromatography (HPTLC) auminium
sheets were obtained from Merck (Darmstadt, Germany). BetaMax
scintillation fluid and fatty acid-free bovine serum albumin were ob-
tained from ICN Biomedicals (Thames, Oxfordshire, UK). Cg Bond
Elute cartridges were obtained from Phenomenex (Macclesfield,
Cheshire, UK. All other materials were of high purity and were ob-
tained from BDH (Poole, Dorset, England).

Animals

The norma (C57BL/6 X BALB/c) F; mice and obese diabetic
(C57BL/Ks-db/db) mice were bred in house. We used mae db/db
diabetic mice 8- to 12-weeks-old. Wistar albino malerats (120to 150 g
body weight) were obtained from Harlan Olac (Bicester, UK) All
animals had free access to water and were fed ad libitum with normal
laboratory chow. All animal procedures were performed in accordance
with regulations specified by the United Kingdom ‘ Animals (Scientific
Procedures) Act 1986.

Measurement of Blood Glucose

Blood glucose concentrations were determined enzymatically on 10
rL vol of tail blood, collected between 10 am and midday or at
intervals thereafter as indicated below, using Glucotide strips and
Glucometer 4 (Bayer, Newbury, UK) according to the manufacturer’s
instructions. Results (mmol/L) are expressed as mean = SEM.

Measurement of |mmunoreactive Insulin

Blood was collected into heparinized tubes from the trunk after
decapitation. Plasma was separated by centrifugation and frozen at
—20°C. Immunoreactive insulin (IRI) concentrations were determined
in 50 uL aiquots of plasma by a double-antibody radioimmunoassay
(kit supplied by Linco Research, St Charles, MO). Results (in ng/mL)
are expressed as mean = SEM.

Parasites

The letha YM line of P yoelii strain 17X (from Dr A. Holder,
National Institute of Medical Research, London, UK) was maintained
in (C57BL/6 x BALB/c) F, mice by blood passage of parasitized red
blood cells. Mice were bled 5 to 7 days after intravenous infection with
10* parasites and parasitemia was determined from blood films stained
with Giemsa.

Extraction and Purification of GPIs

Parasitized blood (>90% parasitemia) was washed 3 times in sterile
saline and centrifuged at 2,000 X g at 4°C for 15 minutes. The pellet
was lysed by incubation in 0.01% saponin for 3 minutes at room
temperature. Released parasites were washed 3 times with sterile saline
by centrifugation at 2,000 X g at 4°C for 15 minutes. The pellet was
suspended in saline, sonicated for 12 seconds, and freeze-dried. GPIs
were extracted following a procedure described previously2é with some
modifications. Briefly, parasites (9 X 10°) from 10 mice (0.1 g dry
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weight) were extracted twice with 10 mL chloroform:methanol:water
(20:10:3) (CMW) and centrifuged for 15 minutesat 1,000 X g. Extracts
were pooled, dried in a speed evaporator (Eyala, Tokyo, Rikakikai,
Japan) and suspended in 5 mL water-saturated n-butanol. An equal
volume of water was added, thoroughly mixed, and centrifuged for 10
minutes a 1,000 X g. The organic top layer containing GPls was
removed by aspiration and the bottom layer of water was back-ex-
tracted with an equal volume of water-saturated n-butanol. The organic
phases were pooled and dried. Nonlipidic material was removed fol-
lowing a procedure described previously with some modifications.2”
Briefly GPIs were dried and suspended in 1 mL 5% 1-propanol con-
taining 0.1 mol/L ammonium acetate and applied to a Cg Bond Elute
cartridge equilibrated with 5% 1-propanol containing 0.1 mol/L am-
monium acetate. Each cartridge was then washed with 10 mL 5%
1-propanol containing 0.1 mol/L ammonium acetate. GPIs were eluted
with 10 mL 40% 1-propanol and 10 mL 60% 1-propanol. Eluates
containing GPl were pooled and concentrated in a Speed-Vac. GPls
were freeze-dried and stored at —20°C. Before use, the lipidic GPIs
were sonicated in sterile saline for 12 seconds.

GPls were dissolved in CMW (10:10:3) and applied to silica gel
HPTLC plates. Plates were developed twice in a solvent containing
chloroform:acetone:methanol:glacial acetic acid:water (50:20:10:10:5).
GPls were detected using orcinol and ninhydrin reagents. GPIs that
remained at 0.7 cm from the origin were scraped and eluted with 2 X
20 mL methanol. Eluates were filtered through 0.2 wm filters, concen-
trated in a Speed-Vac, and stored at —20°C. Control preparations
derived from the same number of normal red cell ghosts were made in
parallel.

Inorganic phosphate in P yoelii GPIs was determined following the
standard procedure,28 and the content was assumed to equal the GPI
concentration.

Lipogenesis Assay

Adipocytes were obtained from the epididymal adipose tissue of
male Wistar rats (120 to 150 g body weight) by digestion with colla-
genase. Stimulation of lipogenesis was measured as the increased
incorporation of [3-*H] glucose into toluene-extractable lipids. Briefly,
into a 96-multiwell plate, 100 uL of adipocyte suspension (3.5 X
10%/mL) was incubated for 30 minutes at 37°C in a CO, incubator with
2 ulL of various concentrations of P yoelii GPIs and/or insulin (108
mol/L). Lipogenesis was initiated by the addition of 100 uL of Krebs-
Ringer Hepes buffer (KRH) containing 0.2 uCi b-[3-*H] glucose, and
the incubation continued for 2 hours. Adipocytes were harvested onto
glass-fiber filter mats using a cell harvester and rinsed with 5 mmol/L
glucose in 0.154 mol/L NaCl. A 3-mL toluene-based scintillation
cocktail (BetaMax) was added to each filter disc for counting the
radioactivity incorporated into lipids.

Enzyme Assays

HPTLC-purified P yoelii GPIs were sonicated in 100 uL water and
tested for stimulation of pyruvate dehydrogenase (PDH)-phosphatase
by a procedure described earlier.2®

The ability of GPIs to inhibit protein kinase A (PKA) activity was
determined using a colourimetric assay kit and a standard PKA prep-
aration (Pierce, Rockford, IL).

Glucose-6-phosphatase (G6Pase) activity was measured using a
method described previously®® with some modifications. The assay
mixture contained 900 uL Trinder reagent, 200 wg/mL liver micro-
somes, 2 or 10 mmol/L G6Pase, in the presence and absence of P yoelii
GPIs (0 to 7 wmol/L). The rate of production of quinoneimine was
followed spectrophotometrically at 505 nm and 28°C (Jasco V560
spectrophotometer; Jasco, Tokyo, Japan).

The activity of FBPase in the liver obtained from db/db mice
pretreated with P yoelii GPls was compared with that of saline-treated
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Fig 1. (A) Blood glucose concentrations in db/db diabetic mice
given a single IV injection of P yoelii GPIs (9 nmol/mouse, n = 5) (e);
P yoelii GPls (30 nmol/mouse, n = 2) (AA);or saline (O), n = 7. Values
are mean = SEM; *P < .001, **P < .0001 v saline. (B) Blood glucose
concentrations in db/db diabetic mice given a single oral dose of P
yoelii GPIs (2.7 pmol/mouse, n = 6) (®); or saline (O), n = 8. Values are
means = SEM; **P < .01 v saline.

animals. FBPase activity was measured using a method described
previously.3t

Phosphoenolpyruvate carboxykinase (PEPCK) activity was mea
sured using a reverse reaction of the standard method coupled with
malate dehydrogenase (MDH).32

Satistical Analysis
Statistical significance was assessed using Student’s t test. Values of
P < .05 were considered statistically significant.
RESULTS
Effect of GPIs on Blood Glucose of db/db Diabetic Mice

P yoelii GPl (9 nmol/mouse, intravenous [IV]) induced a
significant decrease in blood glucose from 26.85 = 1.5 to
15.1 = 0.5 mmol/L within 4 hours (P < .001, n = 5, Fig 1A)
and lasted for at least another 4 hours. A higher dose of GPIs
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(30 nmol/mouse, 1V in 2 mice) induced a larger decrease in
blood glucose from 21.3 and 25.1 mmol/L to 1.9 and 5.7
mmol/L, respectively (Fig 1A). The blood glucose in saline-
treated mice remained between 25 and 30 mmol/L during the
course of the experiment. In another experiment, the decrease
in blood glucose at 8 hours in a group of 6 db/db mice treated
with 8 nmol GPI was associated with a nonsignificant increase
in plasma insulin concentration (Table. 1). In a separate exper-
iment P yoelii GPIs administered orally (2.7 wmol/mouse)
induced a significant decreasein blood glucose at 4 and 6 hours
in C57 Bl/Ks-db/db diabetic mice (Fig 1B, P < .01, n = 6).
GPIs extracted from normal red blood cells prepared in parallel
(20 to 20 nmol/mouse, 1V) had no effect on blood glucose of
db/db-diabetic mice (data not shown). In moderately diabetic
STZ-treated mice with residual functioning pancreatic islets, P
yoelii GPIs significantly increased plasma insulin secretion
after 6 hours and caused a decrease in blood glucose (manu-
script in preparation).

Effects of GPIs on Lipogenesis

Two batches of P yoelii GPIs stimulated basal lipogenesisin
adose-related manner, and batch B at a concentration aslow as
1 uwmol/L stimulated lipogenesis by more than 5-fold (Fig 2A).
Insulin-stimulated lipogenesis was enhanced by P yoelii GPIs
0.062 to 1 uwmol/L (Fig 2B).

Effect of GPIs on Enzymes of Gluconeogenesis and Glucose
Oxidation

P yoelii GPIs (0.5 to 4.5 X 10~7 mol/L) stimulated PDH-
Pase in a dose-dependent manner with an ED, of 0.16 wmol/L.
It modestly inhibited PKA by 23% and 40% at 2 and 6.25 X
10~®mol/L. It did not inhibit hepatic PEPCK and FBPase
(Table 1), but competitively inhibited hepatic microsomal
G6Pase (Fig 3).

DISCUSSION

There is still a need for new antidiabetic agents, because
long-term treatment with some thiazolidenediones and bigua-
nides may result in secondary failure of efficacy with enhance-
ment of obesity in 50% of patients.33

Hypoglycemia can be induced in normal mice by injection of
water-soluble extracts of parasitized, but not of nonparasitized
red blood cells.® These extracts are capable of synergizing
with insulin in enhancing lipogenesis by adipocytes in vitro,”
suggesting that P yoelii GPIs either sensitize cells to insulin
action or act directly through a pathway different from that

Table 1. Effect of P yoelii GPIs on Blood Glucose, Plasma Insulin,
and FBPase in db/db Mice

Blood Glucose Insulin Hepatic FBPase

Treatment  No. (mmol/L) (ng/mL) (mU/mg tissue)
GPI 6 17.57 £ 2.6* 13.6 = 5.5 (NS) 74 = 3 (NS)
Saline 9 30.71 £ 0.89 4.27 £1.2 76 £ 1

NOTE. Blood and livers were collected 8 hours after injection of P
yoelii GPI (8 nmol/mouse IV). Data are mean + SEM of the number of
observations (n).

Abbreviation: NS, not significant.

*P < .01 v saline.
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Fig 2. Dose-response of 2 different batches of P yoelii GPIs on (A) basal lipogenesis by rat and on (B) lipogenesis maximally stimulated with
insulin (10~8 mol/L); (B). Values are mean =SEM of 2 experiments each performed in quadruplicate. Basal lipogenesis and insulin-stimulated
lipogenesis were 752 = 31and 4,119 = 84 cpm/3.5 x 10* cells/2 h, respectively.

activated by insulin. Based on inorganic phosphate content, P
yoelii GPls appear to be 5 to 10 times more potent stimulators
of lipogenesis than IPGs.2
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Fig 3. Dixon plot of P yoelii GPls (1.4 to 7 pumol/L) on the activity
of G6Pase using 2 concentrations of glucose-6-phosphate 10 mmol/L
() or 2 mmol/L (O). Each point represents the mean from 2 experi-
ments each performed in duplicate.

We administered P yoelii GPIs to genetically obese, insulin-
resistant db/db mice and evaluated the changes in their blood
glucose to confirm our previous findings with crude extracts of
P yoelii.8 The average blood glucose concentration of fed db/db
mice was about 15 to 30 mmol/L being 3 to 4 times higher than
those of non-obese littermates. Administration of a single dose
of P yoelii GPIs induced a dose-dependent decrease in blood
glucose and the improvement of hyperglycemiawas observed 2
to 6 hours after treatment (Fig 1A). In the present study, P
yoelii GPIs were found to be active orally after a single dose
(Fig 1B). The hypoglycemic effect of P yoelii GPIs in db/db
mice after 8 hours was associated with a nonsignificant increase
in plasma insulin concentration (Table 1). Because db/db mice
were used at the time of peak hyperinsulinemia, it may be
speculated that the major effect of P yoelii GPIs is to amplify
insulin action possibly through sensitization. This contrasts
with the insulin-sensitive, moderately hypoinsulinemic STZ-
diabetic mouse in which the glucose-lowering activity of P
yoelii GPIs may be attributed to the increased insulin secretion
from the residual idets (manuscript in preparation). In that
study, GPIs extracted from normal red blood cells and from
Trypanosoma brucei treated similarly to parasitized red blood
cells had no effect on blood glucose in STZ-diabetic mice.

PDH-Pase has been shown to be activated by mammalian
IPGs in vitro,1129 and the present study demonstrated that like
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the IPGs, P yoelii GPIs stimulated PDH-Pase in a dose-related
manner with an EDg, of 0.16 wmol/L. Like insulin, this stim-
ulation would activate PDH, which would translate in vivo into
increased glucose oxidation that may contribute to the lowering
of blood glucose. Another insulin-like activity of P yoelii GPls
is inhibition of PKA and therefore of lipolysis in adipose
tissue.34

The final step of gluconeogenesis and glycogenolysis is
catalyzed by G6Pase located in the endoplasmic reticulum; this
is a logical target for antidiabetic agents to suppress hepatic
glucose production and ameliorate hyperglycemia. The rate of
gluconeogenesis increases in the livers of db/db diabetic mice,
and the increased activity of G6Pase was shown to be important
for the development of hyperglycemia in db/db and STZ-
diabetic mice3s and in type 2 diabetic patients. In the present
study, we measured the effect of P yoelii GPIs on the activity
of the gluconeogenic enzyme G6Pase in vitro as afirst step in
€elucidating the mechanism of the hypoglycemic effect. P yodlii
GPIs showed significant G6Pase inhibition at concentrations as
low as 0.1 umol/L, with an 1Cg, of about 4 wmol/L. At this
stage, it is not clear whether P yoelii GPIs affect glucose-6-
phosphate translocase (T1), the endoplasmic glucose trans-
porter (T2), or the inorganic phosphate transporter (T3). The
present study is the first to demonstrate that P yoelii GPIs
potently inhibit G6Pase in vitro. Because G6Pase is a crucial
enzyme for the regulation of blood glucose homeostasis, this
inhibition may at least contribute, but does not fully explain,
the hypoglycemic activities of P yoelii GPIs. The insulin-
sensitizing drug, troglitazone, was shown to inhibit the activity
of hepatic G6Pase in vivo,° while the antidiabetic agent,
tungstate, inhibited the activity of hepatic G6Pase in vitro.3¢

P yodlii GPIshad no effect on the activitiy of hepatic PEPCK
invitro. In addition, P yoelii GPIs appeared to have no effect on
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hepatic FBPase activity both in vitro and when given to db/db
mice (8 nmol/mouse) (Table 1). This suggests that the modu-
lation of gluconeogenesis by P yoelii GPIs is at the level of
GPase.

P. falciparum GPls activate protein tyrosine kinase p59h«
and calcium-independent e isoform of protein kinase C.37 Both
signals regulate gene expression of interleukin ( I1L)-1, tumor
necrosis factor (TNF)-a and inducible nitric oxide (NO) syn-
thase. However, P yodlii 1PGs isolated by the method previ-
ously reported retain the insulin mimetic activity, but do not
induce TNF-« in vitro.38

In view of the hyperinsulinemia observed during infection
with P yoelii parasites,>¢ P yoelii GPIs could be the mediators
of this insulin-releasing activity. In the insulin-resistant db/db
mice the lowering of blood glucose by P yoelii GPIsisunlikely
to be due to increase in plasmainsulin concentration. However,
the lowering of blood glucose seen in STZ-diabetic mice
treated with P yoelii GPIs could be partially explained by an
increase in insulin secretion and by inhibition of gluconeogenic
enzymes.

Partial characterization of P yoelii GPIs revealed that they
are ninhydrin and orcinol positive, indicating the presence of
amino groups and sugars, respectively. These molecules con-
tain phosphate and, from Dionex analysis, they contain myoi-
nositol, glycerol, glucosamine, galactosamine, galactose, and
mannose (Elased et al. unpublished data).

In conclusion, acute administration of P yoelii GPIs demon-
strated antidiabetic activities in animal models of type 2 dia-
betes. These data are consistent with GPIs playing a central role
in glucose homeostasis and being a direct contributing factor in
the modulation of lipogenesis, PDH-Pase, and PKA. When
fully characterized, GPIs may provide useful information for
the synthesis of drugs for the management of diabetes.
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