
tematively, sporozoites may be eliminated by 
either. macrophages or by some other compo- 
nent of the immune system. 

Our results suggest that the numerous 
genetic and biochemical tools available for 
Drosophila research can now be used to 
investigate Plasmodium-insect interactions. 
We have shown that Drosophila permits an 
ookinete to develop into an oocyst and can 
provide appropriate nutrients to sustain the 
growth of the oocyst. Further, the insect's 
cellular immune response is capable of af- 
fecting plasmodia1 development. Analysis 
of Drosophila mutants that alter any aspect 
of the Plasmodium life cycle should shed 
light on host requirements for Plasmodium 
development. By identifying factors that 
are critical to the survival of Plasmodium, 
these experiments may contribute to the 
development of new drugs, transmission- 
blocking vaccines, and engineered Plasmo- 
dium-resistant mosquitoes (14). 
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FAS catalyzes the reductive synthesis of 
long-chain fatty acids from acetyl-coenzyme 
A (acetyl-CoA) and malonyl-CoA (2). The 
mechanism through which two carbon units 
from malonyl-CoA are sequentially added to 
the growing fatty acid chain is unique among 
vertebrates, making FAS an attractive target 
for the design of therapeutic agents. Cerule- 
nin, a natural FAS inhibitor, forms a well- 
characterized complex with the enzyme (3): 
however. its epoxide structure is thought to 
limit its utility as a drug. We synthesized a 
FAS inhibitor, C75. Intraperitoneal (ip) injec- 
tion of mice with C75 leads to a 95% reduc- 
tion in "C-acetate incorporation into fatty 
acids and to a 110% increase in the level of 
hepatic malonyl-CoA, the principal substrate 
of FAS (Web fig. 1) (4) .  

To investigate the physiological conse-
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quences of in vivo inhibition of fatty acid 
synthesis on global lipid metabolism, we ad- -
ministered cerulenin [60 mg/kg body weight 
per day (mg/kg/day) for 7 days] or C75 (sin- 
gle dose of 7.5 to 30 mglkg) to mice by ip 
injection. We observed profound weight loss 
following treatment (Fig. 1). Weight loss oc- 
curred in a dose-dependent manner and per- 
sisted for a duration that increased with dose. 
In all cases, treated mice recovered lost body 
weight after the effect of the drug dissipated. 
arguing against induction of a persistent state 
of wasting. The treatment was well tolerated 
by the mice with no obvious toxicity. Nec- 
ropsy and histological analysis of all major 
organs in treated mice revealed no adverse 
pathology and plasma alanine aminotransfer- 
ase activity was unchanged (Web fig. 2A). In 
addition, C75-induced weight loss was ob-
served in mice lacking interleukin-lr and tu- 
mor necrosis factor-a rl  a receptors. suggest- 
ing that the weight loss is not mediated by an 
inflammatory response (Web fig. 2B) (4).  

C75-induced weight loss was due primar- 
ily to inhibition of feeding. Intraperitoneal 
administration of C75 (15 mg/kg) reduced 
food intake by more than 90% over the first 
24 hours (Fig. IC). Feeding then returned to 
normal over the next 48 to 72 hours as the 
drug effect dissipated. Inhibition of feeding 
was observed within 20 min of treatment 
(Web fig. 3) (4). Forced feeding largely re- 
versed the observed weight loss (5 ) .  

There was a 40% reduction in both water 
intake and urinary output in C75-treated mice 
(6). This is consistent with a change in os- 
motic balance resulting from decreased in- 
take of salts and other solutes in the diet. 
However. we cannot exclude the possibility 
that some of the observed weight loss is due 
to water loss. The loss of adipose mass was 
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accompanied by a reduction of lean body 
mass typical of that observed in fasting (6). 

To determine whether C75-induced 
weight loss is attributable entirely to suppres- 
sion of feeding, we compared ip C75 treat- 
ment with fasting. C75-treated mice lost 45% 
more weight than did the fasted animals (Fig. 
2A). Because the normal response to fasting 
is to reduce energy utilization (7) ,  this result 
suggests that C75 treatment may allow main- 
tenance of a normal energy utilization as well 
as inhibition of feeding. No gross changes in 
the animals' activity were observed (6). 

Neuropeptide Y (NPY) acts in the hy- 
pothalamus as a central member of a coor- 
dinated group of neuropeptides, regulated 
by adiposity and feeding status, that control 
feeding and energy utilization. NPY pro- 
motes feeding (8)  and its expression in- 
creases in the fasted state (9). To ascertain 
whether C75 affects NPY expression in the 
hypothalamus, we performed Northern blot 
analysis of hypothalamic tissue from fed, 
fasted, and C75-treated mice (Fig. 2). As 
expected, fasting markedly up-regulated 
NPY mRNA. However, hypothalamic NPY 
mRNA levels in C75-treated mice were 
even lower than those in fed control mice, 
even though the C75-treated mice had not 
eaten. This indicates that C75 inhibits feed- 
ing, at least in part, by blocking NPY- 
induced feeding. 

We next examined whether NPY could 
reverse C75-induced anorexia. Intracerebro- 
ventricular (ICV) injection of NPY (2.5 pg) 
into mice pretreated with ip injection of either 
vehicle or C75 (C75-NPY) rapidly led to 
voracious feeding, whereas ICV injection of 
vehicle had no effect on feeding. Total food 
intake within 1 hour by C75-NPY-treated 
mice was similar to that by mice treated with 
NPY alone, and intake was nine times greater 
than that by C75-treated mice (Fig. 2C). This 
result indicates that the pathways down- 
stream of NPY are functional in C75-treated 
mice and that C75 acts upstream of NPY. 
C75 also suppresses voracious feeding in 
fasted animals that have already up-regulated 
their endogenous NPY (Web fig. 3) (4), sug- 
gesting that C75 must have additional feeding 
regulatory effects. 

Leptin is elevated in the fed state and 
inhibits NPY production and feeding (10) in a 
manner similar to that observed with C75 
treatment. Because leptin is synthesized pri- 
marily in white adipose tissue (I  I), a primary 
site of fatty acid synthesis, we tested whether 
it mediates the effects of C75. Serum leptin 
levels were reduced rather than elevated in 
C75-treated mice (Fig. 3A), indicating that 
leptin does not mediate the C75 signal. 
Northern blot analysis of leptin mRNA levels 
in white adipose tissue supported this obser- 
vation (6). 

If C75 acts by a leptin-independent mech- 

anism, it should reduce the obesity of leptin- 
deficient ob/ob mice (11). A 2-week course 
of ip C75 treatment was found to reduce body 
weight by 10 g (Fig. 3, B and C). Histological 
examination of the liver from C75-treated 
mice revealed a dramatic normalization of the 
fatty liver that is characteristic of ob/ob mice 
(Fig. 3D). There was no evidence of histo- 
logical abnormality. In addition, C75 treat- 
ment corrected the hyperglycemia observed 
in control ob/ob mice, leading to a nearly 
threefold reduction in serum glucose levels. 
A 24-hour ip treatment of wild-type mice had 
no effect on serum glucose beyond that at- 
tributable to fasting (Web fig. 4) (4). 

The role of metabolism in controlling 
feeding is well established. The infusion of 
physiological fuels such as glucose (12) or 
fatty acids [reviewed in (13)] has long been 
known to inhibit feeding. Furthermore, inhib- 
itors of glucose or fatty acid oxidation (e.g., 
2-deoxyglucose or mercaptoacetate) stimu- 

Days of treatment 
B 2 ,  1 

Days post-injection 

Fig. 1. Effect of FAS inhibitors on body weight 
and food intake. (A) Female BALB/c mice were 
treated by ip injection of RPMl medium vehicle 
(0) or cerulenin at 60 mg/kg/day (0) for 7 
days. (B) Female BALB/c mice were given a 
single ip injection of C75 at doses of 7.5 (A), 15 
(0), or 30 (0) mg/kg or (0)  RPMl vehicle. Mice 
were housed in metabolic cages and monitored 
for body weight, food and water intake, and 
urine and feces output. Mean change from ini- 
tial body weight is expressed t- SEM. (C) Total 
food intake per day by mice treated with vehi- 
cle (black bars) or C75 (15 mglkg) (gray bars) 
from (B). Experiments consisted of three ani- 
mals per group and were repeated four times. 

late feeding. However, the FAS inhibitors 
described here operate by a distinct mecha- 
nism because they induce a feeding-inhibito- 
ry signal in the absence of an added physio- 
logical fuel. 

A physiological link between feeding 
inhibition and fatty acid synthesis is con- 
sistent with the fact that synthesis occurs 
only during energy surplus, when excess 
physiological fuels are channeled into en- 
ergy storage. However, the observation that 
FAS inhibition produces the same response 
predicted for active fatty acid synthesis 
argues against an effect of the end product 
of the pathway. Rather it suggests that an 
intermediate, preceding FAS in the path- 
way, mediates the metabolic signal. We 
postulate that elevation in the level of the 
FAS substrate, malonyl-CoA, during fatty 
acid synthesis may be linked to feeding 
control (Fig. 4A). It is unlikely that inhibi- 
tion of fatty acid synthesis per se causes 
feeding inhibition. In previous studies (14), 
treatment of mice with inhibitors of acetyl- 

6 --- Vehocle C75 Fasted 

Treatment 

B _Vehicle-. ~ ~ a t d -  

NF 

Fig. 2. Role of NPY in regulation of feeding by 
C75. (A) Male BALB/c mice were preweighed and 
fasted or were treated with vehicle or C75 (30 
mglkg) and fed ad libitum. After 24 hours, mice 
were weighed (n = 6 mice, repeated seven 
times). Change from initial body weight is ex- 
pressed as mean t- SEM. (B) Hypothalamic RNA 
from mice in (A) was analyzed by Northern blot 
using random primed probes for transcripts en- 
coding NPY and the ribosomal protein 526 (which 
was used as a loading control) (n = 6 mice). (C) 
Mice were pretreated for 4 hours with C75 (30 
mg/kg) or with RPMl by ip injection, anaesthe- 
tized by inhaled metofane, and given an ICV 
injection of 2.5 pg  of NPY (2.5 pl) or artificial 
cerebrospinal fluid vehicle. Mice were observed 
for feeding behavior and were monitored for food 
intake for 1 hour (three repetitions of three mice 
per group, nine mice total). 
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CoA carboxylase (ACC), the enzyme pre- 
ceding FAS in the pathway, inhibited fatty 
acid synthesis but not feeding. Administra- 

- - - -. 
O.720 * 21 ' 22 ' 23 . 

B Body weight (g) 

Duration of C75 treatment (hours) 

Fig. 3. Leptin independent of action C75. (A). 
Male BALBIc mice (n = 5) were fasted (a) or 
received ip injections of RPMl (0) or of C75 (30 
mg/@ (W) and were free-fed for 24 hours, 
weighed, and then exsanguinated. Serum leptin 
was determined with a Quantikine murine leptin 
enzyme-linked immunosorbent assay (R&D Sys- 
tems, Minneapolis, Minnesota) and plotted 
against total body weight. (B) Male ob/ob 
(C57BU60laHsd-Lepob) (Harlan, Oxon, England) 
mice (n = 3) were treated with ip injections of 
RPMl (0) or of C75 (22 mg/@ (a) every third 
day (representative of two experiments). Change 
in body weight is displayed as mean + SEM. (C) 
Representative vehicle- (left) and C75-treated 
(ri ht) mice from (B) after 14 days of treatment. (4 Liven from vehicle- (control) and C75-treated 
mice were formalin fixed and paraffin embedded. 
Tissue sections (4 ym) were stained with hema- 
toxylin and eosin. Bar, 50 ym. 
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tion of ACC inhibitors'would block malo- 
nyl-CoA production and, thus, would not 
be expected to inhibit feeding. In contrast, 
inhibition of FAS by C75 results in eleva- 
tion of malonyl-CoA levels in vivo that 
may mimic fatty acid synthesis and, thus, 
the fed state. 

This model predicts that feeding inhibi- 
tion by FAS inhibitors should be attenuated 
by inhibitors of ACCs. To test this, we 
pretreated mice with either the ACC inhib- 
itor TOFA or vehicle by ICV injection and 
examined the ability of an ip injection of 
C75 to inhibit feeding. TOFA largely re- 
stored food intake in C75-treated mice (Fig. 
4B), supporting the hypothesis that malo- 
nyl-CoA mediates feeding inhibition. In ad- 
dition, the efficacy of centrally adminis- 
tered TOFA argues for a central nervous 
system (CNS) mechanism of action. ICV 
administration of C75 inhibited feeding by 
82% (Fig. 4C), supporting the central target 
action of C75. 

We have observed expression of both 
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Fig. 4. Feeding regulation by malonyl-CoA. (A) 
Model of feeding regulation by inhibitors of FAS 
via malonyl-CoA. (B) BALBIc mice were anes- 
thetized with metofane and received ICV injec- 
tions of 2 y g  of TOFA or dimethyl sulfoxide 
vehicle. After 2 hours recovery, mice received ip 
injections of C75 (15 mg/kg) or of RPMl vehicle 
and were monitored for total food intake over 
2 hours. (C) Mice were anesthetized and re- 
ceived ICV injections of RPMl (2 yl) or of C75 
(2.5 or 5 yg/yl), and food intake was moni- 
tored over 2 and 4 hours (gray and solid bars, 
respectively). (B) and (C) combine results from 
three experiments with n = 3 mice for each 
experiment (nine mice total). 

FAS and ACC in select neurons in the brain, 
most notably in the arcuate nucleus of the 
hypothalamus (15). Our studies with [5-3H]- 
C75 indicate that the drug enters the brain 
(Web fig. 5) (4). Thus, it is conceivable that 
these inhibitors act directly on the brain to 
control feeding, either .in NPY-producing 
neurons or in neurons that act on them. 

Fatty acid synthesis regulates fatty acid 
oxidation by a well-characterized regulato- 
ry mechanism (16). In this paradigm, mal- 
onyl-CoA levels rise during fatty acid syn- 
thesis and result in inhibition of carnitine 
palmitoyl transferase 1-mediated uptake of 
fatty acids into the mitochondrion. This 
results in elevation of cytoplasmic long-chain 
fatty acyl CoAs and diacylglycerol, molecules 
that may play a role in signaling, which leads to 
the proposal that malonyl-CoA levels act as a 
signal of the availability of physiological fuels 
(1 7). One such role proposed for malbnyl-CoA 
is the mediation of nutrient-stimulated insulin 
secretion in the beta cell. Glucose-sensing neu- 
rons that regulate feeding in the hypothalamus 
share many features with the beta cell, includ- 
ing expression of glucokinase and the adeno- 
sine triphosphate-sensitive potassium channel 
(1 8). Our data. support the prediction (1 7) that 
malonylTCoA may signal fuel status in hypo- 
thalamic neurons. 

Our studies provide evidence that FAS 
has a role in the control of feeding behavior 
and, thus, may represent a therapeutic target 
for the control of appetite and body weight. 
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