Reversal of Type 2 Diabetes in Mice by Products of Malaria Parasites:
|. Effect of Inactivated Parasites
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C57BL/KsJ-db/db and C57BL/KsJ-ob/ob mice are good models for studies on human obesity and type 2 diabetes. We have
previously shown that infection with blood-stage malaria or injection of extracts from malaria-parasitized red blood cells
induces hypoglycemia in normal mice and normalizes hyperglycemia in mice made moderately diabetic by streptozotocin. In
the present study, we show that a single intravenous (IV) injection of Formalin-fixed Plasmodium yoeliiYM (FFYM) preparation
decreases blood glucose in db/db mice from an initial value of 19 mmol/L to a normal value of 7 mmol/L (P < .0001) for at least
24 hours and reduces food intake. Plasma insulin concentrations in db/db mice were not altered. FFYM was also active in
normal and ob/ob mice, an effect associated with an increase in plasma insulin. Although the rate of weight gain in lean ob/+
and lean db/+ was not altered by this treatment, there was a significant reduction in weight gain in db/db and ob/ob mice
(P < .001). We suggest that malaria-derived molecules, when fully characterized, may provide structural information for the
development of new agents for the management of type 2 diabetes.
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YPOGLYCEMIA is a common complication dPlasmo-  Parasites

dium falciparummalaria, affecting primarily children The lethal YM line of P yoelii strain 17< (from Dr A. Holder,

and pregnant womehlts mechanism of induction in malaria National Institute for Medical Research, London, UK) was maintained
remains incompletely understood. Hypoglycemia can be reproin our mice by blood passage of parasitized red blood cells. Mice were
duced in murine models of blood-stage malaria, and usingled 5 to 7 days after intravenous (IV) infection with*lfarasites.
these, we have shown that malaria infection or the injection ofParasitized red blood cells-00% parasitemia) were lysed by incuba-
parasite extracts can induce hypoglycemia and hyperinsulintio" in 0-01% saponin for 5 minutes at 37°C. Freed parasites were

- . . . . washed 3 times with phosphate-buffered saline (PBS), fixed overnight
emia in normal micé&? while a parasite extract is also able to . . L >

) : . . . .in 0.06% Formalin (Formalin-fixed® yoelii YM [FFYM]), washed

elnhance insulin-mediated .g|l.JCOSG uptake into admocytes I'&gain with PBS, counted by phase-contrast microscopy, resuspended at
vitro.* Furthermore, malaria-induced hypoglycemia can bes x 1¢8/mL in PBS containing streptomycin (100 pg/mL) and penicillin
prevented by agents that inhibit insulin secretion, namely(100 IU/mL), and stored at 4°C. FFYM was either injected IV or IP/(10
diazoxide, somatostatin, and adrenafine. to 1C parasites in 0.2 mL) or fed orally (1 to:2 10° parasites) in a

In a model of type 1 diabetes (streptozotocin-induced),0-2-mL vol via a gastric tube. Control preparations containing the same
malaria infection reduced blood glucose to normal |eve|s,number_of normal _red b_Iood cell _ghosts were mage by treating blood
provided some residual islet function was presewever, in UI(;m uninfected mice with saponin and Formalin in exactly the same
mice made severely diabetic with streptozotocin, malaria para- Y.
site extracts did not affect hyperglycemia significafitly.has
also been reported that a European diabetic patient witfBlood Glucose
non—insulin-dependent diabetes mellitus (NIDDM) developed Glucose concentrations were determined using Glucostix and an
hypoglycemia during an infection witR falciparumin Kenya Ames Glucometer (Miles, Stoke Poges, UK) on a drop of tail blood
(30% parasitemia). The patient received prophylactic doses Off,oll.ected between 1@m and midday, or at intervals thereafter as
glucose for 3 days and the hypoglycemia resolved aftedndicated. Results are expressed as the me&EM.
eradication of the parasitemia.

We therefore thought it of interest to determine whetherImmunoreactive Insulin
malaria parasite—derived molecules also affect diabetic param- gjood was collected into heparinized tubes from the trunk after
eters in obese diabetic hyperglycemic hyperinsulinemic C57BL/gecapitation. Plasma was separated by centrifugation and frozen at
Ks-db/dband C57BL/6Jb/obmice, widely regarded as good —20°C. Immunoreactive insulin concentrations were determined in
models for human NIDDM:11 50-uL vol of plasma by a double-antibody radioimmunoassay (kit

supplied by ICN Biomedical, Irvine, CA) using a crystalline rat insulin
standard (Novo, Bagsvaerd, Denmark). The results are expressed as the
MATERIALS AND METHODS geometric mean with 95% confidence limits.

Mice

Obese diabetic C57BL/Kdb/db,C57BL/6Job/ob,and lipopolysac- From the Rademacher Group, London; and Department of Immunol-
charide-unresponsive (C3H/HeJ) mice were obtained from Harlan Ola%gy UCL Medical School. London. UK.
(Bicester, UK). We used female mice aged 8 to 12 weeks, when both ~ g,pmitted Septemberé 1999- a’ccepted January 28, 2000.

blood glucose and insulin levels are markedly elevaté&bntrols were Address reprint requests to K.M. Elased, PhD, Rademacher Group,

lean age-matched, normoglycemic, heterozygous littermdbés and  6th Floor, Arthur Stanley House, 40-50 Tottenham St, London W1P
ob/+). The normal (C57BL/6< BALB/c) F1 mice were bred in our  9pG, UK.

animal colony. Mice were allowed to acclimatize for at least 7 days Copyright© 2000 by W.B. Saunders Company
before the study started. All animals had free access to water and were 0026-0495/00/4907-0022%$10.00/0
fed ad libitum with normal laboratory chow. doi:10.1053/mt.2000.6756
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Food Intake Table 1. Effect of FFYM on Blood Glucose and Plasma Insulin
The mean food intake per day was estimated by subtracting the Blood Glucose Plasma Insulin
weight of food remaining from the initial weight of food in the cage, and Group (mmollL) (ng/mL)
dividing the result by the number of mice housed in the cage (2to 4). db/db + PBS 19.36 + 0.7 66.06 (50.1, 87.1)
db/db + FFYM (1.25 X
Statistical Analysis 10%/kg BW) 7.83+ 009t  69.18 (53.7, 89.12)
Statistical significance was assessed using Studerigst or the ob/ob + PBS 18 =051  64.56 (44.6,93.3)
Mann-WhitneyU test for unpaired samples as appropritealues less ~ 0b/0b + FFYM (1.25 X
than .02 were considered significant. 10%kg BW) 6.74 £ 0.371 123 (933, 162.2)*
F, + PBS 7.12 = 0.17 2.278 (1.77, 2.918)
RESULTS F, + FFYM (2.5 X 10%kg BW)  2.11 + 0.261 15.13 (10.47, 21.87)t

F. + FFNRBCs (5 x 10%kg BW) 6.94+0.31  1.78(1.44,2.2)

Hypoglycemic Effect of FFYM in Normal Mice
L . NOTE. Blood glucose and plasma insulin 4 hours after a single IV
IV injection of FFYM into 9 normal (C57BL/6< BALB/c) injection of FFYM, Formalin-fixed normal red blood cells (FFNRBCs),

F1 mice induced a dose-related decrease in blood glucoS®y pgs in obese diabetic and normal (F;) mice. Glucose data (mmol/L)

FFYM (2.5 % 10°kg body weight [BW]) produced a highly are expressed as the arithmetic mean = SEM. Plasma insulin is

significant decrease in blood gluco$e< .001). A more rapid  expressed as the geometric mean with 95% confidence limits. Insulin

hypoglycemic effect (blood glucos€2 mmol/L in 4 hours, values were converted to logarithms (base 10) before statistical

P < .001) was observed with 5 10%kg BW, whereas 1.2% analysis (n = 12-14).

10%kg BW caused only a slight decrease in blood glucose. The *F< 01, 1P <.0001 vPBS-treated.

highest dose of Formalin-fixed normal red blood cells{(30%

kg BW) had no effect on blood glucose or plasma insulin (Fig 1

and Table 1). A group of 12ob/obmice and lean age-matchet¥/ + mice
Hypoglycemia induced by FFYM is associated with hyperin- were injected IP with FFYM (5< 108kg BW) daily for 2

sulinemia P < .0001). Oral administration of FFYM (& 10% weeks. Figure 2 shows that this dose of FFYM, which had no

kg BW) also induced a significanfP(< .0001) decrease in effect on blood glucose in lean mice (data not shown),

blood glucose (from 6.7 0.2 to 3.7+ 0.1 mmol/L within 7to  prevented the significant increade < .001) in blood glucose

8 hours, n= 6), indicating that the active molecules were not in PBS-treatedob/ob mice. The same mice then received a

destroyed in the gut. IV injection of FFYM (2.8 10°kg BW) single 1V injection of a larger dose of FFYM (1.26 10°kg

into lipopolysaccharide-unresponsive C3H/HeJ mice induced &8W) and blood glucose concentrations were determined for a

highly significant decrease in blood glucose from 6:7@.12to  further 24 hours. IV administration of this dose of FFYM

1.02+ 0.27 within 4 to 5 hoursR < .0001, n= 8), excluding  induced a slight decrease in blood glucoseobt+ mice, an

possible bacterial lipopolysaccharides as the cause (Table 1).

Hypoglycemic Effect of FFYM in Obese Diabetic ob/ob Mice
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Fig 1. Effect of a single IV injection of FFYM (M, 1.25 x 10%/kg; A, Fig 2. Effect of 5 x 10® FFYM/kg injected IP daily for 14 days

2.5 x 109kg; @, 5 x 109/kg) and Formalin-fixed normal erythrocytes followed by 1.25 x 10%/kg injected IV on day 15 on blood glucose in
(O, 5 x 10%/kg) on blood glucose in normal (C57BL/6 x BALB/c) F, ob/ob diabetic mice (@) as indicated by arrows compared with
mice (mean = SEM, n = 9). *P < .0001 v PBS-treated controls. PBS-treated mice (O) (mean = SEM, n = 6-8). *P < .001, **P < .0001.
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effect that lasted for 2 hours (data not shown). However, theA

same dose induced a highly significaRt< .0001) decrease in 94
blood glucose imb/obmice and normalized the hyperglycemia
for at least 24 hours (Fig 2).

In a separate experiment, a single IV injection of FFYM
(1.25x 10°%kg BW) in ob/obmice induced a highly significant
decrease in blood glucose within 4 hous<{ .0001) and a
significant increase in plasma insulid € .01; Table 1).

Food Intake and BW

FFYM (5 X 1(f/kg BW) was given IP tmb/obdiabetic mice
and lean-matchedb/+ littermates daily for 14 days, followed
by 1.25X 10°kg BW IV on day 15 and IP on days 16 and 17
(Fig 3A and B). BW and food intake were measured every 24 =3
hours. Administration of FFYM resulted in a dose-dependent @
decrease in food intake, which was highly significant compared fxy
with PBS-treated controlsP(< .001; Fig 3A). These results
suggest thadb/obmice, likedb/dbmice, were more sensitive to
FFYM than the lean control®f/+) whose food intake was not
altered by a similar treatment (data not shown).

There was also a significant difference in BW between
FFYM-treated ob/ob mice and PBS-controlob/ob mice
(P < .001). The rate of weight gain was not altered in lebfi+

mice (Fig 3B). B

intake (g/mouse/day)

Hypoglycemic Effect of FFYM in Obese Diabetic db/db Mice 607

A single IV injection of FFYM (1.25X 10%kg BW) into 12
obese diabetic (C57BL/Ksdlb/dh mice induced a highly 5X 108 1.25 X 109 %
significant decrease in blood glucose from a basal level of= 50 1= >3 =
19.4+ 0.7 mmol/L to a normal level of 7.% 0.8 mmol/L, an
effect that lasted at least 24 houPs< .0001; Fig 4). This dose
of FFYM had no significant effect in matched led/ + mice,
while 2.5x 10°kg BW IV caused a decrease in blood glucose
in 4 hours from 6.5+ 0.32 to 3.24*+ 0.17 mmol/L. In a separate
experiment (Table 1), a single injection of FFYM (1.2510°%/

Body weight (g
W
e}

kg BW 1V) in 12 db/db mice induced a highly significant 30+
decrease in blood glucose within 4 houPs<¢ .001), with no
change in the already very high plasma insulin concentration. 20

Oral Treatment With FFYM ] I I T T

When FFYM (4% 10°/kg BW) was given daily for 1 week as 0 5 10 15 20 25

a single oral bolus to @lb/db mice, there was a significant
decrease in blood glucose compared with 6 controls fed with

PBS @ < .001; Fig 5A). This treatment led to suppression of ) o
food intake (at day 7, there was a 30% reduction in food Fig 3. Effect on food intake (A) and BW (B) of ob/ob diabetic mlce8
. . % ith PBS'(.) and !egn age—mat'ched ob/+ heterozygotes (A) of 5 x 10
cpnsumptlon/ day 0, while there was an 8% increase wi ' FFYM/kg injected IP daily for 14 days, followed by 1.25 x 109/kg IV on
Flg 5B). day 15 and IP on days 16 and 17 as indicated by arrows, compared
with PBS-treated controls (O), respectively (mean = SEM, n = 6-8).

DISCUSSION *P <.001.

Type 2 diabetes (NIDDM) is a common and complex
disorder which results from a variable combination of defects insulfonylureas are ineffective in patients with severely impaired
insulin secretion and impaired insulin sensitivity in peripheralislet cell function. Long-term treatment with these agents may
tissues. NIDDM is characterized by hyperglycemia in both theresult in a secondary failure of efficacy with an enhancement of
fasted and fed states, variable degrees of hyperinsulinemia, arabesity in 50% of patients.
obesity. Current therapy includes diet and exercise, sulfonyl- Hypoglycemia is a recognized complication of infection with
ureas to enhance insulin secretion, insulin itself, and biguanidethe malaria parasité® falciparum.Although often attributed to
and thiazolidinediones to reduce insulin resistance. There is atarvation and quinine therapgr to overproduction of tumor
need for new antidiabetic agents, since biguanides are toxic andecrosis factor (TNF), it can be reproduced in animal models of

Days
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it has no effect in obese diabetitb/db mice, which have an
increased level of circulating leptin and do not respond to
treatment with recombinant leptid1® It is thought that the
defect in these mice may be at the level of the leptin
recepto1917The effect of the malaria-derived product on food

30+
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Fig4. Effectofasingle IV injection of 1.25 x 10° FFYM/kg on blood
glucose in db/db obese diabetic mice (®) compared with controls
given PBS (O) (mean = SEM, n = 6-8). *P < .0001.

Blood glucose (mmol/l)

malaria in the absence of any of these factéigfection with
the lethal murine parasite yoelii YMor the nonlethal parasite
P chabaudiinduces severe hypoglycemia at the time of high DayS
parasitemia and is associated with marked hyperinsulinémia.

Moreover, hypoglycemia can be induced in normal mice by

injection of soluble extracts of parasitized (but not nonparasit-

ized) red blood celld.Similar extracts are capable of synergiz-

ing with insulin in enhancing glucose uptake in adipocytes in

vitro,* and of inducing insulin secretion from isolated pancreatic 8-
islets (K.M. Elased, unpublished data, December 1996). We
have therefore investigated the potential of malaria parasite
and extracts as a source for new molecules for the managemermts
of diabetes. As a model of type 1 diabetes, we treated mice with ¢
streptozotocin to destroy islet tissue and showed that malaria s 7
infection could reduce the resulting hyperglycemia to normal
levels, provided some residual islet function is pregent.

The present results are the first to establish that FFYM has
antidiabetic actions in murine models of type 2 diabetes.
We used the diabetic mouse strains C57BL/kKbdb and
C57BL/6Jeob/ob,which exhibit many of the classic metabolic
disturbances of human type 2 diabetes including hyperglyce-
mia, obesity, and early hyperinsulinen§i&. The dose of FFYM
had no significant effect on plasma insulin levelsibidbmice.
Since these diabetic mice were used at the time of peak ©
hyperinsulinemia, it may be speculated that the major effect of e 4
FFYM is to amplify insulin action, possibly through sensitiza-
tion. This agrees with an earlier study in vitro which demon- 0 2 4 6 8
strated synergy for a malaria extract with insulin in rat
adipocytes.

The primary defective gene ab/ob mice which produces
the diabetic/obese syndrome has been cléhddhe ob gene i )

s . . . Fig 5. Effect on blood glucose (A) and food intake (B) of db/db
product, leptin, is an adl,pocyte-de,rlved protein that reg,l'”atesobese diabetic mice given 5 x 10° FFYM/Kg orally daily for 7 days (@)
BW.t>1Although recombinant leptin corrects hyperphagia andcompared with controls given PBS (O) (mean + SEM, n = 6-8). *P <
obesity inob/obmice, which do not produce endogenous leptin, .001.
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intake and BW suggests that it may directly or indirectly inhibit ~ The molecular nature of the malaria-derived factors (MDFs)
appetite, as shown in other infectiol¥s? However, this is  active in our experiments may be related to inositol phosphogly-
unlikely due to the induction of leptin, sincib/dbmice do not  cans, since preliminary structural evidence suggests that the
respond to this proteitf.16 Expression of leptin is increased in active MDFs are nonprotein, can be labeled with radioactive
response to endotoxin, TNF, and interleukin-1, suggesting a rolénositol, and contain phosphate and hexoses. A parallel study in
for leptin in the anorexia of infectiol However, malaria  which malaria extracts induced hypersecretion of TNF by
products can induce hypoglycemia in the presence of pentoxymacrophages also indicated that the active component was a
fylline or antibody against TNF!® which seems to exclude phospholipid containing inositdlwhich copurified with P-type
TNF as a major cause of the hypoglycemic effect of FFYM.  inositol phosphoglycan—like insulin second messengex-
Although the hypoglycemic effect of FFYM in normal mice periments with glucose uptake into adipocytes suggested simi-
appears to be secondary to the hyperinsulinemia, decreasgsk but probably not identical molecules with several effects on
caloric intake may contribute to the hypoglycemic effect after gjycose metabolism; the components of “malaria toxin” prepa-
chronic treatment, since a reduction in BW decreases the neegtjons that induced TNF were different from those that induced
for insulin and improves insulin sensitivity. Although our hypoglycemia and synergized with insuf22We propose that
malaria preparation caused a slight increase in plasma insulin ighen fully characterized, the latter might form the basis for
db/db mice, this is unlikely to account for the hypoglycemic ireatment of both type 1 and type 2 diabetes. Indeed, one case
effect, since pretreatment insulin levels in these mice werg,as peen reported in which falciparum infection induced

already high in presence of substantial hyperglycemia (Table 1)hyp0glycemia not related to quinine therapy in a patient with
Although injection of insulin controls hyperglycemia in young Nippm.7

db/dbmice, once blood glucose exceeds 14 mmol/L, injection

of insulin greater than 100 U/100 g no longer normalizes blood

glucose® It seems likely that the main effect of the malaria ACKNOWLEDGMENT

preparation was to reduce insulin resistance, with an additional We are grateful to Professor K.A. Gumaa and Professor T.W.
effect in reducing appetite after chronic treatment. Rademacher for useful discussions.
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