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ABSTRACT

Central Stimulating Effects of Cerulenin 
on CPT-1 Activity Through Sympathetic 
Nervous System Activation Surpass Its 

Peripheral Inhibitory Effects

Yong-Jun Jin
Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Sung-Kil Lim)

To clarify the paradoxical effects of cerulenin, the so-called selective reduction in 
adipose mass despite a significant increase in the cellular levels of malonyl-CoA, we 
studied the in vivo and in vitro effects of cerulenin on carnitine 
palmitoyltransferase-1 (CPT-1) activity. A single intraperitoneal injection of cerulenin 
significantly reduced body weight and increased the core temperature without a 
significant reduction in food intake. Cerulenin's effect on CPT-1 activity was biphasic 
in the liver and muscle. In vitro treatment of cerulenin reduced CPT-1 activity, which 
was overcome by co-treatment with catecholamine. In contrast, an 
intracerebroventricular injection of cerulenin increased CPT-1 activity significantly in 
soleus muscle. Pretreatment with α-methyl-p-tyrosine inhibited the cerulenin-induced 
increase in core temperature, as well as the late phase stimulating effect of 
cerulenin on CPT-1 activity. This activity was significantly reduced in adrena- 
lectomized mice; however, it was reversed by cerulenin. An in situ hybridization 
study reconfirmed that a single injection of cerulenin did not affect the expression 
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of orexigenic neuropeptide mRNA in hypothalamus. In vivo treatment with cerulenin 
enhanced the CPT-1 activity of the muscle not in the gold thioglucose-treated 
(ventromedial hypothalamus lesion) mice but in the monosodium glutamate-treated 
(arcuate nucleus lesion) mice. All these findings suggest that cerulenin induced the 
late phase stimulating effects on CPT-1 activity, and energy expenditure was 
mediated by the activation of innervated sympathetic nervous system neurons 
through firing of the undefined neurons of the ventromedial hypothalamus, rather 
than the arcuate nucleus.

Key Words: cerulenin, obesity, hypothalamus, sympathetic nervous system, 
carnitine palmitoyltransferase-1, fatty acid oxidation
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Nervous System Activation Surpass Its 

Peripheral Inhibitory Effects

(Directed by Professor Sung-Kil Lim)

Department of Medical Science
The Graduate School, Yonsei University

Yong-Jun Jin

Ⅰ. INTRODUCTION

Excess body weight is a major health problem in developed countries, associated 
with increased risk of type 2 diabetes, cardiovascular and cerebrovascular diseases, 
and increased mortality. The magnitude of this health problem and the limitations of 
successful weight-reduction therapy emphasize the need for different approaches to 
control body weight. Cerulenin, a new class of drug which inhibits fatty acid 
synthase (FAS), robustly and reversibly reduced body weight1, and it brings hope 
that this family will be useful in obesity management.

Several trials on analyzing the weight reducing mechanisms of FAS inhibitors 
have taken place. A synthesized FAS inhibitor, C75 acts both centrally to reduce 
food intake and peripherally to increase fatty acid oxidation, leading to rapid and 
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profound weight loss, loss of adipose mass2. In contrast to C75, a natural FAS 
inhibitor, cerulenin induced the preferential loss of adipose tissue, which was not 
highly correlated with food intake. Treatment with cerulenin neither reduced the 
food intake nor attenuated the fasting-induced elevation of hypothalamic 
agouti-related peptide (AGRP) and neuropeptide Y (NPY) mRNA or the reduction 
of hypothalamic pro-opiomelanocortin (POMC) and cocaine-and amphetamine-related 
peptide (CART) mRNA in wild-type mice. Furthermore, cerulenin, intriguingly 
stimulated heat production and metabolic activity in wild-type ad libitum fed mice3. 
Therefore, the increased metabolic rate, rather than the reduction in food intake has 
been considered to contribute to a major role for weight loss, especially in the fat 
mass reduction induced by cerulenin. 

Malonyl-CoA, in addition to its role as a substrate for FAS, is pivotal to energy 
regulation through its reversible inhibition of carnitine palmitoyltransferase-1(CPT-1)4. 
During situations of excess energy, the increased malonyl-CoA that is generated for 
fatty acid synthesis inhibits CPT-1 activity, preventing the oxidation of newly 
formed fatty acids bound for energy storage. However, during starvation, 
malonyl-CoA levels fall to permit the oxidation of fatty acids for energy. Cerulenin, 
known as a FAS inhibitor at the cellular level, directly increases malonyl-CoA to 
inhibit CPT-1, the rate-limiting enzyme of fatty acid oxidation5. Interestingly, in 
contrast to the in vitro inhibitory effects of cerulenin on fat catabolism, in vivo 
treatment of cerulenin causes the opposite phenomenon, a selective reduction of fat 
mass. This phenomenon is so called as the paradoxical effect of cerulenin.

Recently, it has been reported that FAS is also expressed in the hypothalamus: 
arcuate nucleus (ARC), ventromedial hypothalamus (VMH), and paraventricular nucleus
(PVN)6. Considerable evidence has accumulated that raise the possibility of 
malonyl-CoA being one of the prime agents in the sensing of fuel supply in the 
brain and peripheral organs7. Meanwhile, the sympathetic nervous system (SNS) has 
been shown to play an important role in the regulation of both sides of the energy 
balance equation, but especially in the regulation of the expenditure side. Studies in 
which the endogenous catecholamines, norepinephrine8,9 and epinephrine10-12 are 
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infused showed significant increases in energy expenditure, lipid oxidation, and 
lipolysis. Furthermore, the reduction in sensitivity to certain levels of SNS activity 
and to lipid oxidation has also been shown in obesity13-15.

How could the paradoxical effects of cerulenin be explained, where a significant 
increase in the cellular levels of malonyl-CoA caused an opposite phenomenon, lipid 
oxidation and a selective reduction of fat mass? In this study, we hypothesized that 
the modest and delayed central effects of cerulenin through SNS activation 
stimulated CPT-1 activity and fatty oxidation of the peripheral tissues. To prove our 
hypothesis, we endeavored to clarify the catabolic effects of cerulenin on adipose 
mass by studying ① the effects of a single intraperitoneal (I.P.) injection of 
cereulenin on food intake, body weight change and core temperature, ② in vitro 
and in vivo effects of cerulenin on CPT-1 activity, ③ the role of activation of SNS 
for cerulenin induced reversible fat catabolism, eg fatty oxidation, ④ the central 
pathway for cerulenin induced activation of SNS.
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Ⅱ. Materials and Methods

1. Animal 

Six-week-old C57BL/6J male mice were obtained from the Jackson Laboratory 
(Deahan Biolink Co., Korea). Mice were fed post-weaning through the experimental 
procedures. Mice were maintained in a 12-h light-dark cycle at 23C. After a 1-week 
acclimatization, animals were administered a single intraperitoneal (I.P.) injection at 
60 mg/kg body weight. Food intake and body weight change were measured 24h 
after the cerulenin treatment. In the fasted mice, core temperature was measured with 
digital thermometer (Toshiba, Japan).

2. Drugs

Cerulenin, α-methyl-p-tyrosine (AMPT), monosodium glutamate (MSG) and gold 
thioglucose (GTG) were purchased from Sigma. L-[methyl-14C]-carnitine was 
purchased from Amersham Pharmacia Biotech. Cerulenin was dissolved in the RPMI 
medium 1640 and injected I.P. at doses of 60 mg/kg body weight and 
intracerebroventrically (ICV) injected at doses of 10ug. AMPT was dissolved in saline 
and was injected I.P. at doses of 300 mg/kg body weight.

3. Adrenalectomy

Operations were carried out under ketamine (100 mg/kg; Korea United Pharm, 
Korea) and xylazine (10 mg/kg; Bayer Korea Ltd., Korea) anesthesia. Adrenalectomy 
was performed by bilateral flank incision. Control animals underwent sham 
operations, in which the adrenal glands were grasped but not removed. 
Adrenalectomized (ADX) mice were supplemented with 0.9% saline; sham mice 
received tap water ad lib. CPT-1 activity assay was carried out 7-9 days after the 
adrenalectomy operation.
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4. Development of the ARC and VMH lesion mice

For development of the ARC lesion, pregnant C57BL/6J mice were housed singly 
prior to delivery. From day 1 to 7, the offsprings were injected subcutaneously with 
either MSG (2 mg/g body weight) or 0.9% NaCI daily. They were weaned at 21 
days of age, and then housed in groups of the same sex. All animals were allowed 
free access to water and the standard rodent chow. Male-control and male-MSG 
treated mice were studied at 8 weeks of age. For development of the VMH lesion 
model, 4-week-old C57BL/6J male mice were single I.P. injected with GTG (0.5
mg/g body weight) or 0.9% NaCI. Animals were studied 8 weeks after injection. 
When the mice were killed, their brains were removed and frozen with liquid 
nitrogen. The brains were later sectioned through the hypothalamus on a cryostat 
and the brain sections were fixed with paraformaldehyde. The sections were stained 
with Cresyl violet and the stained sections were examined under a microscope to 
confirm the presence or absence of lesions in the ARC and VMH.

5. Measurement of CPT-1 activity in vitro

CPT-1 was measured using digitonin-treated permeabilized cells16. Primary 
hepatocytes 1×106 cells were plated in DMEM with 10% FBS in six-well plates in 
triplicate. After overnight incubation, the drugs and vehicle controls were added as 
indicated. After 2h, the medium was removed, and the cells were washed with PBS 
and then incubated with 700l of assay medium con- sisting of 50 mM imidazole, 70
mM KCl, 80 mM sucrose, 1 mM EGTA, 2 mM MgCl2, 1mM DTT, 1mM KCN, 
1mM ATP, 0.1% fatty acid-free BSA, 70 μM palmitoyl-CoA, 0.25 μCi of 
L-[methyl-14C]-carnitine, and 40 μg of digi- tonin. Cerulenin was added as specified 
for each experiment. After incubation for 6 min at 37℃, the reaction was stopped 
by the addition of 500 μl of ice-cold 4 M perchloric acid. Cells were then harvested 
and centrifuged at 13,000×g for 5min. The pellet was washed with 500 μl of 
ice-cold 2 mM perchloric acid and centrifuged again. The resulting pellet was 
resuspended in 800 μl of deionized H2O and extracted with 400l of butanol. The 14C 
in the butanol phase was quantified and represents the acylcarnitine derivative.
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6. Measurement of CPT-1 activity in the liver and muscle

Animals were killed by decapitation and the liver and soleus muscle were 
homogenized in 0.25 M-sucrose medium containing 10 mM Tris-HCI (pH 7.4) and 1
mM EDTA, and 0.15 M-KCI medium containing 10 mM Tris-HCI (pH 7.4) and 1
mM EDTA, respectively. Mitochondria were isolated according to Saggerson and 
Carpenter17,18 and finally resuspended in 0.3 M sucrose buffer. Mitochondrial protein 
was determined following the method of Lowry et al.19. Enzyme activity was 
determined within 15 minutes of the mitochondria isolation by measuring the 
incorporation of L-[methyl-14C]-carnitine into the n-butanol soluble product20. 
Mitochondria (150 to 250 micrograms of protein, depending on the tissue) were 
preincubated at 25℃ for 4 min in 1.0 ml containing 150 mM sucrose, 60 mM KCl, 
25mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM dithiothreitol, 40 μM palmitoyl-CoA 
and 1.3 mg/ml albumin (fatty acid free). Reactions were started by the addition of 
25 μl containing 1 μCi (0.4 μmol) of L-[metyhl-14C]-carnitine, then carried out for up 
to 4 min and stopped with 1.0 ml ice-cold 1N HCl. Blank values were determined 
by replacing the mitochondria with an equal volume of resuspension buffer.

7. In situ hybridization

The mouse brain cryostat sections (10 μm) were prepared and hybridized with the 
specific antisense riboprobes. The antisense and sense RNA probes were labeled 
with [35S]CTP (>800 Ci/mmol; Amersham) by the standard conditions using T3, T7 
or SP6 polymerased (Promega). In situ hybridization was performed as previously 
described21. The dried sections were first exposed to Kodak XAR-OMAT film for 
autoradiography and subsequently dipped in a Kodak NTB2 nuclear emulsion. The 
slides were exposed at 4℃ for 24 h or 1 week, developed in Kodak D19, fixed 
with Kodak Unifix and counterstained with Toluidine Blue. The specificity of the in 
situ hybridization results was confirmed by sense strand riboprobes, which showed 
no detectable signals. The dark-field images were processed using an Imaging 
Technology image digitalizer to quantify the in situ hybidizations. The digitalized 
images were then analyzed on a MCID image-analysis system (Imaging Research 
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Inc., Canada). The autoradiograms were analyzed in parallel by a digital scanning 
densitometer (Luminescent image analyzer, LAS-1000 CH, Fuji, Japan), operating 
using the image acquisition and analysis program, TINA on BAS 2500 (Fuji, 
Japan).

8. Statistical analysis

All values are reported as mean ± SEM. Statistical significance was determined 
by Student's t test and one-way analysis of variance (ANOVA) followed by Tukey 
post hoc test, using GraphPad Software.
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Ⅲ. RESULTS

1. Effects of cerulenin on food intake, body weight change and core 
temperature 

To investigate the physiological consequences of the in vivo inhibition of fatty 
acid synthesis on the global fat metabolism, we administered cerulenin [60 mg/kg 
body weight] to mice by a single I.P. injection. 24h after injec- tion, the food 
intake and body weight were measured. As previously described, cerulenin produced 
a significant decrease in body weight; the effect on food intake was reduced but 
did not quite reach a significant level (Fig. 1A and B). Fasted mice treated with 
cerulenin lost 15% more weight than did the fasted control mice (Fig. 1C). This 
result suggested that cerulenin treatment might allow the maintenance of normal 
energy utilization or the enhancement of energy expenditure even in a fasting state.

To investigate cerulenin's effects on energy expenditure, we measured the core 
temperature in the fasted mice following cerulenin or RPMI treatment. The core 
temperature of the control mice given RPMI was found to drop dramatically during 
the 24-h period after food deprivation (Fig. 1D). In contrast, a single administration 
of cerulenin significantly prevented this reduction in the core temperature at 3h and 
5h after treatment. Tyrosine hydroxylase (TH) was the rate-limiting enzyme of 
catecholamine synthesis. To test whether the effects of cerulenin on the core 
temperature of the fasted mice were mediated through the activation of SNS, mice 
were pretreated with AMPT, an inhibitor of TH. As presented in figure 1D, the 
cerulenin-induced elevation of the core temperature was blocked in the AMPT 
pretreated mice. These data suggested that the cerulenin-induced elevation of core 
temperature could be mediated through the activation of the SNS, which contributed 
to weight loss.
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Fig. 1. Effects of vehicle(RPMI) and cerulenin on food intake, body weight change and core 
temperature. Cerulenin was single I.P. injected at doses 60 mg/kg body weight. After 24h, the 
food intake (A) and body weight change were measured in fed (B) and fasted (C) mice. 
The core temperature was measured during the 24h after cerulenin treatment in fasted mice 
(D). *, P<0.05 vs. control.

2. Effects of cerulenin on the expression of hypothalamic orexigenic 
neuropeptides mRNA in mice

To investigate whether cerulenin alters the level of neuropeptides known to 
regulate food intake, the mRNA expression of the AgRP, NPY and melanin- 
concentrating hormone (MCH) were assessed by in situ hybridyzation. Ad libitum fed 
mice were single I.P. injected with either RPMI or cerulenin and then killed 3 h 
after injection. A previous study reported that cerulenin treatment did not reduce 
hypothalamic AGRP and NPY mRNA and did not elevate POMC mRNA when 
compared to the control group3. In the present study, cerulenin treatment did not 
reduce hypothalamic orexigenic neuropeptide, AgRP, NPY and MCH mRNA (Fig.2). 
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Fig. 2. Effects of cerulenin on mRNA levels of neuropeptides, AgRP (A), NPY (B), and 
MCH (C). Mice were treated with either vehicle(RPMI) or cerulenin and killed 3h after the 
injection. Data are expressed as a percentage of mean RPMI-injected ad libitum fed levels ± 
SEM.

These results support that cerulenin's acute effects were not effective in reducing 
food intake.

3. Effects of cerulenin on the CPT-1 activity in vivo and in vitro

Prior study with cerulenin reported that cerulenin preferentially reduced fat mass3. 
To investigate cerulenin's effects on fat catabolism, e.g., fatty acid oxidation, we 
measured the activity of CPT-1, the rate-limiting enzyme of fatty acid β-oxidation, in 
the liver and soleus muscle. Mice were I.P. injected with cerulenin 60 mg/kg body 
weight, and the CPT-1 activities were measured at 0h, 0.5h, 1h, 3h and 5h after 
cerulenin treatment. In the liver, the CPT-1 activity was reduced significantly at 
0.5h after treatment, but recovered 1h after treatment (Fig. 3A). More interestingly, 
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Fig. 3. Effects of cerulenin on CPT-1 activity in the liver and soleus muscle in 
vivo. Mice were treated with cerulenin at doses 60 mg/kg bw. 0h, 0.5h, 1h, 3h and 
5h after the injection, CPT-1 activities were measured in the liver (A) and soleus 
muscle (B). *, P<0.05 and **, P<0.01 vs. 0h.

the CPT-1 activities were significantly elevated 3h and 5h after treatment (16% and 
9% greater from 0h, respectively). The effect of cerulenin on muscular CPT-1 
activity was also similar to the effects in the liver (Fig. 3B). Based on these results, 
we assessed CPT-1 activity 3h after cerulenin treatment in all the other experiments.

To determine how cerulenin initially reduced and then elevated the CPT-1 activity, 
we examined the direct effects of cerulenin on CPT-1 activity in the primarily 
incubated hepatocytes. Cerulenin treatment reduced the CPT-1 activity of primary 
hepatocytes dose-dependently (Fig. 4A). At 40ug/ml of dose, cerulenin reduced the 
CPT-1 activity of the hepatocytes by up to 50% of the control. Therefore, we 
speculated that the initial reduction in CPT-1 activity might have been mediated 
through the direct effects of the elevated malonyl-CoA induced by FAS inhibition, and 
that the delayed elevation of CPT-1 activity might have been mediated through 
another mechanism. The biphasic response of CPT-1 activity to cerulenin speculated 
us that this delayed effect might be the indirect central effects of cerulenin. To 
conform that mice were ICV administered with 10 μg of cerulenin, and CPT-1 
activity of soleus muscles were measured at 0h, 0.5h, 1h, 3h and 5h after cerulenin 
treatment. The CPT-1 activity was significantly elevated at 1h and maintained at 3h 
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Fig. 4. Effects of cerulenin 
(Cer) and catecholamines (E and 
NE) on CPT-1 activity in primary 
cultured hepatocytes in vitro.

Primary cultured hepatocytes 
were treated with cerulenin at 10, 
20, 30 and 40 μg/ml and the 
CPT-1 activities were measured 
(A). Hepatocytes were treated with 
epinephrine and norepinephrine at 
0.1 and 1 μg/ml in the presence 
(C) and absence (B) of inhibitory 
concentration of cerulenin (10 μ
g/ml). *, P<0.05, **, P<0.01 and 
***, P<0.001 vs. control. ##, 
P<0.01 vs. Cer 10.
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Fig. 5. Effects of ICV administered cerulenin on muscular CPT-1 activity. Mice were ICV 
administered with cerulenin at doses 10 μg. 0h, 0.5h, 1h, 3h and 5h after the injection, 
CPT-1 activities were measured in the soleus muscle. *, P<0.05 vs. 0h.

after cerulenin treatment (Fig. 5). These results support that the late stimulating 
effect of cerulenin on CPT-1 activity was through central nervous system.

To determine whether the delayed stimulating effects of cerulenin on CPT-1 
activity might be mediated through the activation of the SNS, we applied adrenergic 
agonists, epinephrine and norepinephrine to the primary incubated hepatocytes. 
Epinephrine significantly enhanced the CPT-1 activity at a 1 μg/ ml dose and 
norepinephrine also significantly enhanced the CPT-1 activity at 0.1 and 1 μg/ml 
doses (Fig. 4B), whereas cerulenin inhibited the CPT-1 activity (80% of control at 
10 μg/ml). When catecholamines were applied along with cerulenin to the incubation 
buffer, cerulenin's inhibitory effects on the CPT-1 activity were not observed, even 
at high concentrations, 1 μg/ml of norepinephrine, the CPT-1 activity was still higher 
than the control. (Fig. 4C). To examine whether the increased CPT-1 activity by 
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Fig. 6. Effects of cerulenin (Cer) on CPT-1 activity in AMPT pretreated and ADX mice. 
Cerulenin was administered in doses as described above in either AMPT pretreated or ADX 
mice. 3h after cerulenin treatment, the CPT-1 activity was measured in the liver (A and C) 
and soleus muscle (B and D). *, P<0.05 and **, P<0.01 vs. control, #, P<0.05 and ##, 
P<0.01 vs. ADX.

cerulenin was mediated through the activation of the SNS, we pretreated mice with 
AMPT prior to cerulenin treatment. Pretreatment with AMPT attenuated cerulenin's 
stimulating effects on CPT-1 activity in the liver and muscle (Fig. 6A and B). 
These results indicate that cerulenin, through the activation of the SNS, increases 
catecholamine levels and thus, enhances CPT-1 activity.

  Catecholamines are known to be secreted from two main sources: the sympathetic 
nerves and the adrenal glands. To determine whether the adrenal production of 
catecholamines was involved in the regulation of the CPT-1 activity in 
cerulenin-treated mice, we analyzed mice in which the adrenal medulla, the main 
source of circulating epinephrine, was surgically removed. The CPT-1 activity of the 
liver was significantly reduced in ADX mice, whereas the CPT-1 activity of the 
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Fig. 7. Effects of cerulenin (Cer) on CPT-1 activities in MSG-treated and GTG-treated obese 
mice models. MSG-induced (A) and GTG-induced (B) obese mice were treated with cerulenin, 
and the liver (A and C) and soleus muscle's (B and D) CPT-1 activity was measured. *, P<0.05 
and ***, P< 0.001 vs. saline, #, P<0.05 vs. MSG.

muscle was not significantly different between the ADX and sham operated mice 
(Fig. 6C and D). Treatment with cerulenin significantly stimulated the CPT-1 
activity in the ADX mice, and the muscular CPT-1 activity reached similar levels to 
the non-ADX mice that were treated with cerulenin. These data suggest that the 
CPT-1 activity of the liver and muscle was more affected by the direct activation 
of innervated sympathetic nerves, rather than by adrenal catecholamines.

To further study the central pathways for the activation of the SNS mediated by 
cerulenin, we treated newborn pups with MSG, which predominantly damages the 
ARC nucleus structures22,23. Baseline CPT-1 activity of the muscle in 8-week-old 
MSG-treated mice was not significantly different from that of the saline-treated 
mice. I.P. injection of cerulenin in MSG-treated mice significantly elevated the 
muscular CPT-1 activity as in the control mice. In MSG-treated mice, the liver 
CPT-1 activity was even reduced to 25% of the control, and cerulenin treatment 
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also enhanced the activity (Fig. 7A and B). This indicates that MSG-sensitive 
neurons were not the ones firing for the activation of the SNS. 
Immunohistochemical studies showed that MSG treatment did not damage the VMH 
neurons and the other outside neurons of the hypothalamus (data not shown). To 
study the roles of VMH neurons in mediating the cerulenin-induced activation of the 
SNS, we treated 4-week-old mice with GTG, a compound that destroys 
glucose-sensitive neurons in the VMH24. Mice were treated with cerulenin and the 
liver and muscular CPT-1 activity was analyzed at 8 weeks after GTG treatment. 
GTG treatment significantly reduced CPT-1 activity, however, cerulenin failed to 
stimulate the CPT-1 activity (Fig. 7C and D). These data strongly suggested that 
VMH neurons were essential for the activation of the SNS and further stimulation 
of the CPT-1 activity after cerulenin treatment in the muscle.
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Ⅳ. DISCUSSION

Recently, there has been considerable interest in the role of fatty acid oxidation 
in the development of obesity and insulin resistance25-28. Children with decreased 
fatty acid oxidation due to nutritional stunting developed obesity with a higher 
prevalence27. One aspect of insulin resistance has been explained by the abnormal 
accumulation of triglycerides in non-classic fat-storing tissues such as muscle and 
beta cells. Since fatty acid flux into the muscle was similar between the obese and 
lean subjects, it has been speculated that triglyceride accumulation in the skeletal 
muscle in the obese subjects might have resulted from reduced fatty acid 
oxidation25. Accordingly, many studies have focused on the potential links between 
changes in fatty acid oxidation and the development of obesity.

Malonyl-CoA is a prime agent in sensing the fuel supply in the brain and 
peripheral organs7. Malonyl-CoA also affects fatty acid oxidation by the inhibition of 
CPT-1, which controls fatty acid entry into the mitochondrion for oxidation. 
Cerulenin (2,3-epoxy-4-oxo-6-dodecadienoylamide), an antifungal antibiotic found in 
culture of Cephalosporium caerulens, has been known as a strong inhibitor of fatty 
acid synthesis, blocking the condensation of acetyl and malonyl-CoA29. A synthetic 
FAS inhibitor, C75, acted centrally to reduce food intake by alterations in the level 
of hypothalamic NPY levels and other hypothalamic peptides, leading to decreased 
appetite30. In contrast to C75, a single injection of cerulenin did not reduce food 
intake significantly in this study. In situ hybridization study reconfirmed that a single 
injection of cerulenin did not affect the expression of hypothalamic AGRP and NPY 
mRNA. MCH is also one of the strong orexigenic neuropeptides. However, any 
alteration of the expression of MCH was not observed after treatment of cerulenin 
in this study. We could not explain this discrepancy between C75 and cerulenin on 
food intake and it is only a single injection study. However, in the previous 
studies1,3, cerulenin also caused a preferential loss of adipose tissue without any 
high correlation with food intake. Without significant reduction of food intake, 
meanwhile, a single injection of cerulenin significantly reduced body weight in ad 
libitum-fed mice. Furthermore, even in a fasted state, cerulenin reduced body weight 
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by 15% more than that of the control group. The core temperature of the control 
mice given RPMI was found to drop dramatically during the 24h period after food 
deprivation (Fig. 1D), which is consistent with the normal response of reducing 
energy utilization with fasting31. However, a single administration of cerulenin 
significantly prevented this reduction of core temperature at 3h and 5h after 
injection. Taken together, these results indicated again that cerulenin induced weight 
loss by increasing energy expenditure rather than reducing food intake. 

The FAS inhibitor induced preferential reduction of adipose mass32 and fatty liver1 
in the setting of the cellular increased malonyl-CoA levels followed by the direct 
reduction of fatty oxidation was well clarified by the recent beautiful work of Jagan 
et al.2. C75 stimulated paradoxically activated fatty acid oxidation, ATP levels, and 
CPT-1 activity. However, there is no evidence that cerulenin bind to CPT-1 directly. 
Previous in vitro studies using primary culture and cell line models revealed that it 
decreased fatty acid oxidation through elevation of malonyl CoA indirectly. The 
difference was explained by dicarbonyl groups and amphipathic nature of both C75 
and malonyl coA which are required for direct contact for CPT-1, while cerulenin 
contains only a single dicarbonyl group in cyclized and not amphipathic form 33,34. The 
previous study revealed cerulenin had no effect on CPT-1 activity5; however, in this 
study, CPT-1 activity was inhibited dose dependently. Even though cerulenin does 
not bind to CPT-1 directly, it is a natural FAS inhibitor increasing cellular malonyl 
CoA and therefore, it should decrease the CPT-1 activity indirectly. The discrepancy 
might be explained by the dosage of cerulenin, and only one dose of 10 μg/ml 
cerulenin was tested in previous study. Interestingly, a single I.P. injection of 
cerulenin revealed a biphasic response, where the early phase suppression was 
followed by the late phase stimulation of CPT-1 activity. The biphasic response of 
CPT-1 activity to cerulenin speculated us that this delayed effect might be the 
indirect central effects of cerulenin. ICV administered results conformed that 
cerulenin act centrally to enhances CPT-1 activity. (Fig. 5) Taken together, these 
findings suggested that the central stimulating effects of cerulenin overcame the 
early peripheral inhibitory effects on CPT-1 activity, and that the modest and 
delayed central effects of cerulenin might be the major contributor of the energy 
expenditure and the preferential reduction of adipose mass. 
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The autonomic nervous system is involved in processes where the brain controls 
energy expenditure. To get some clues of the central pathway responsible for the 
biphasic response of cerulenin to fatty oxidation or increased energy expenditure, we 
tested the following: ① The in vitro effects of catecholamine, epinephrine and 
norepinephrine on CPT-1 activity in the presence and absence of cerulenin. ② Mice 
were also pretreated with AMPT, an inhibitor of TH that was the rate-limiting 
enzyme of catecholamine synthesis. ③ The adrenal glands were removed before 
treatment with cerulenin. As we had expected, cerulenin-induced inhibition of CPT-1 
activity was overcome by co-treatment with epinephrine or norepinephrine. 
Pretreatment with AMPT inhibited the cerulenin-induced increase in core 
temperature, and the late phase stimulating activity of cerulenin on CPT-1 activity in 
both the liver and muscle. In ADX mice, cerulenin treatment enhanced the CPT-1 
activity in both the liver and muscle prepared from these mice. These findings 
suggest that a major portion of the cerulenin-induced late phase stimulating effects on 
CPT-1 activity occurred through the activation of innervated SNS neurons. Cerulenin 
induced delayed activation of CPT-1 might be also explained by the recent 
observation of leptin induced delayed activation of 2 AMPK through SNS, because 

the activation of α2 AMPK reduces acetyl-CoA carboxylase (ACC) activity and 

results in the stimulation of CPT-1 activity35.

FAS is also expressed in the hypothalamus: ARC, VMH and PVN6. Although 
fasting and treatment with a FAS inhibitor significantly down-regulated the FAS 
activity in the liver, mRNA expression of FAS remained high in the hypothalamus, 
indicating that FAS in the brain is regulated differently6. VMH neurons mediated 
leptin-induced increase in the secretion of catecholamines36, and chemical lesion 
reduced the SNS activities37. To further elucidate the central pathways involved in 
the cerulenin-mediated activation of the SNS, we used the well-established 
MSG-treated (Arc lesion) and GTG-treated (VMH lesion) mice models. Cerulenin 
treatment enhanced CPT-1 activity in the liver and muscle of MSG-treated mice; 
however, it did not enhance the activity in the GTG-treated mice. Interestingly, the 
initial hepatic CPT-1 activity decreased in the MSG-treated mice. Previous studies38-41 
already showed that the MSG-treated mice became significantly obese and revealed 
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higher levels of serum blood glucose, total cholesterol, and cholinesterase. 
Furthermore, when compared to the control mice, the MSG-treated mice revealed 
high levels of triglycerides in the liver or even showed a fatty liver. In this way, 
MSG treatment contributed to this unexpected phenomenon. Therefore, although FAS 
is expressed in the ARC nucleus with VMH and PVN, our results suggested that 
the enhanced CPT-1 activity by cerulenin was mediated through the VMH 
activation, rather than through the ARC nucleus activation to activate the SNS. 
However, both GTG and MSG influence several populations of neurons and both 
change basal CPT-1 activity. Therefore interpreting the ability of cerulenin to alter 
CPT-1 activity from these animal models needs caution and has some limitation. 
Further study is necessary to elucidate mechanism of cerulenin on fat metabolism.
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Ⅴ. CONCLUSION

Taken together, our findings provided insight into the paradoxical effect of a FAS 
inhibitor, cerulenin, which resulted in a biphasic response on CPT-1 activity by a 
direct inhibitory effect in the peripheral and an indirect stimulating effect in the 
central hypothalamic-SNS, and found that the central stimulating effects surpass the 
peripheral inhibitory effects.



24

REFERENCES

 1) Loftus TM, Jaworsky DE, Frehywot GL, Townsend CA, Ronnett GV, Lane 
MD, et al. Reduced food intake and body weight in mice treated with fatty 
acid synthase inhibitors. Science 2000;288:2379-2381. 

 2) Thupari JN, Landree LE, Ronnett GV, Kuhajda FP. C75 increases peripheral 
energy utilization and fatty acid oxidation in diet-induced obesity. Proc Natl 
Acad Sci USA 2002;99:9498-502. 

 3) Makimura H, Mizuno TM, Yang XJ, Silverstein J, Beasley J, Mobbs CV. 
Cerulenin mimics effects of leptin on metabolic rate, food intake, and body 
weight independent of the melanocortin system, but unlike leptin, cerulenin fails 
to block neuroendocrine effects of fasting. Diabetes 2001;50:733-739.

 4) McGarry JD, Brown NF. The mitochondrial carnitine palmitoyltransferase 
system. From concept to molecular analysis. Eur J Biochem 1997;244: 1-14.

 5) Thupari JN, Pinn ML, Kuhajda FP: Fatty acid synthase inhibition in human 
breast cancer cells leads to malonyl-CoA-induced inhibition of fatty acid 
oxidation and cytotoxicity. Biochem Biophys Res Commun 2001;285:217-23.

 6) Kim EK, Miller I, Landree LE, Borisy-Rudin FF, Brown P, Tihan T, et al. 
Expression of FAS within hypothalamic neurons: A model for decreased food 
intake after C75 treatment. Am J Physiol Endocrinol Metab 2002;283:E867-79. 

 7) Ruderman NB, Saha AK, Vavvas D, Witters LA. Malonyl-CoA, fuel sensing, 
and insulin resistance. Am J Physiol 1999;276:E1-E18.

 8) Kurpad AV, Khan K, Calder AG, Elia M. Muscle and whole body metabolism 
after norepinephrine. Am J Physiol 1994;266:E877-E884.

 9) Kurpad A, Khan K, Calder AG, Coppack S, Frayn K, Macdonald I, et al. 
Effect of noradrenaline on glycerol turnover and lipolysis in the whole body 
and subcutaneous adipose tissue in humans in vivo. Clin Sci 1994;86:177-184.

10) Astrup A, Simonsen L, Bulow J, Madsen J, Christensen NJ. Epinephrine 
mediatesfacultative carbohydrate-induced thermogenesis in human skeletal 
muscle. Am J Physiol 1989;257:E340-E345. 

11) Simonsen L, Bulow J, Madsen J, Christensen NJ. Thermogenic response to 
epinephrine inthe forearm and abdominal subcutaneous adipose tissue. Am J 



25

Physiol 1992;263:E850-E855.
12) Connacher AA, Bennet WM, Jung RT, Bier DM, Smith CC, Scrimgeour CM, 

et al. Effect of adrenaline infusion on fatty acid and glucose turnover in lean 
and obese human subjects in the post-absorptive and fed states. Clin Sci 
1991;81:635-644.

13) Blaak EE, van Baak MA, Kemerink GJ, Pakbiers MTW, Heidendal AK, Saris 
WHM. β-Adrenergic stimulation of energy expenditure and forearm skeletal 
muscle metabolism in leanand obese men. Am J Physiol 1994;267:E306-E315. 

14) Schiffelers SLH, Saris WHM, van Baak MA. β1- and β2-Adrenoceptor- 
mediatedthermogenesis and lipid utilization in obese and lean men. J Clin 
Endocrinol Metab 2001;86:2191-2199.

15) Blaak EE, van Baak MA, Saris WHM. β-Adrenergically stimulated fat oxidation 
is diminished in middle-aged compared to young subjects. J Clin Endocrinol 
Metabol 1999;84:3764-3769. 

16) Sleboda J, Risan KA, Spydevold O, Bremer J. Short-term regulation of carnitine 
palmitoyltransferase I in cultured rat hepatocytes: spontaneous inactivation and 
reactivation by fatty acids. Biochim Biophys Acta 1999;1436:541-549.

17) Saggerson ED, Carpenter CA. Carnitine palmitoyltransferase and carnitine 
octanoyltransferase activities in liver, kidney cortex, adipocyte, lactating mammary 
gland, skeletal muscle and heart. FEBS Lett 1981;129:229-232. 

18) Saggerson ED. Carnitine acyltransferase activities in rat liver and heart measured 
with palmitoyl-CoA and octanoyl-CoA. Latency, effects of K+, bivalent metal 
ions and malonyl-CoA. Biochem J 1982;202:397-405. 

19) Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the 
folin phenol reagent. J Biol Chem 1951;193:265-275.

20) Saggerson ED, Carpenter CA. Carnitine palmitoyltransferase in liver and five 
extrahepatic tissues in the rat. Inhibition by DL-2-bromopalmitoyl-CoA and 
effect of hypothyroidism. Biochem J 1986;236:137-141.

21) Baik JH, Picetti R, Saiardi A, Thiriet G, Dierich A, Depaulis A, et al. 
Parkinsonian-like locomotor impairment in mice lacking dopamine D2 receptors. 
Nature 1995;377:424-428.

22) Morris MJ, Tortelli CF, Filippis A, Proietto J. Reduced BAT function as a 



26

mechanism for obesity in the hypophagic, neuropeptide Y deficient monosodium 
glutamate-treated rat. Regulatory Pepeptides 1998;7576:441-447.

23) Dellovade T, Young M, Ross EP, Henderson R, Caron K, Parker K, et al. 
Disruption of the gene encoding SF-1 alters the distribution of hypothalamic 
neuronal phenotypes. J Comp Neurol 2000;423:579-589.

24) Debons AF, Silver L, Cronkite EP, Johnson HA, Brecher G, Tenzer D, et al. 
Localization of gold in mouse brain in relation to gold thioglucose obesity. Am 
J Physiol 1962;4:743-750.

25) Kelley DE, Goodpaster B, Wing RR, Simoneau JA. Skeletal muscle fatty acid 
metabolism in association with insulin resistance, obesity, and weight loss. Am 
J Physiol 1999;277:E1130-E1141.

26) DeLany JP, Windhauser MM, Champagne CM, Bray GA. Differential oxidation 
of individual dietary fatty acids in humans. Am J Clin Nutr 2000;72:905-911.

27) Iossa S, Lionetti L, Mollica MP, Crescenzo R, Barletta A, Liverini G. Effect of 
long-term high-fat feeding on energy balance and liver oxidative activity in rats. 
Br J Nutr 2000;84:377-385.

28) Hoffman DJ, Sawaya AL, Verreschi I, Tucker KL, Roberts SB. Why are 
nutritionally stunted children at increased risk for obesity? Studies of metabolic 
rate and fat oxidation in shantytown children from Sao Paulo, Brazil. Am J 
Clin Nutr 2000;72:702-707.

29) Kuhajda FP, Jenner K, Wood FD, Hennigar RA, Jacobs LB, Dick JD. Fatty 
acid synthesis: A potential selective target for antineoplastic therapy. Proc Natl 
Acad Sci USA 1994;91:6379-6383.

30) Shimokawa T, Kumar MV, Lane MD. Effect of a fatty acid synthase inhibitor 
on food intake and expression of hypothalamic neuropeptides. Proc Natl Acad 
Sci USA 2002;99:66-71.

31) Loftus TM. An adipocyte-central nervous system regulatory loop in the control 
of adipose homeostasis. Semin Cell Dev Biol 1999;10:11-18.

32) Kumar MV, Shimokawa T, Nagy TR, Lane MD. Differential effects of a 
centrally acting fatty acid synthase inhibitor in lean and obese mice. Proc Natl 
Acad Sci USA 2002;99:1921-1925.

33) Funabashi H, Kawaguchi A, Tomoda H, Omura S, Okuda S, Iwasaki S. 



27

Binding site of cerulenin in fatty acid synthetase. J Biochem (Tokyo) 
1989;105:751-755.

34) Cook GA, Mynatt RL, Kashfi K. Yonetani-Theorell analysis of hepatic carnitine 
palmitoyltransferase-I inhibition indicates two distinct inhibitory binding sites. J 
Biol Chem 1994;269:8803-8807.

35) Minokoshi Y, Kahn BB. Role of AMP-activated protein kinase in leptin-induced 
fatty acid oxidation in muscle. Biochem Soc Trans 2003;31(Pt 1):196-201.

36) Satoh N, Ogawa Y, Katsuura G, Numata Y, Tsuji T, Hayase M, et al. 
Sympathetic activation of leptin via the ventromedial hypothalamus: 
Leptin-induced increase in catecholamine secretion. Diabetes 1999;48:1787-1793.

37) Vander Tuig JG, Knehans AW, Romsos DR. Reduced sympathetic nervous 
system activity in rats with ventromedial hypothalamic lesions. Life Sci 
1982;30:913-920.

38) Yoshida T, Yoshioka K, Sakane N, Umekawa T, Kondo M. Probucol prevents 
the progression of fatty liver in MSG obese mice. Exp Clin Endocrinol 
Diabetes 1995;103:119-122.

39) de Carvalho Papa P, Vargas AM, da Silva JL, Nunes MT, Machado UF. 
GLUT4 protein is differently modulated during development of obesity in 
monosodium glutamate-treated mice. Life Sci 2002;71:1917-1928.

40) Bryson JM, Phuyal JL, Proctor DR, Blair SC, Caterson ID, Cooney GJ. Plasma 
insulin rise precedes rise in ob mRNA expression and plasma leptin in gold 
thioglucose-obese mice. Am J Physiol 1999;276:E358-364.

41) Chen C, Williams PF, Cooney GJ, Caterson ID. Changes in glycogen 
metabolism in liver of gold thioglucose injected mice during the development 
of obesity. Int J Obes Relat Metab Disord 1994;18:627-631.



28

국문요약

교감신경의 활성화를 통한 Cerulenin의 
CPT-1에 미치는 영향

지도교수 임  승  길

연세대학교 대학원 의과학과

김    용   군

Cerulenin은 FAS(fatty acid synthase) 억제제로 세포 내 malonyl CoA를 증가시

키고 CPT-1 활성을 떨어뜨려 지방산의 베타 산화를 억제한다. 그러나 cerulenin

을 in vivo로 주사하면 FAS 억제제 임에도 불구하고 지방을 우선적으로 감소시

킨다. cerulenin이 상기 역설적 효과를 나타내는 기전을 연구하기 위하여, 마우스

를 cerulenin으로 처치하고 식이 및 체중에 미치는 영향 및 CPT-1 활성도에 미치

는 영향을 조사하였다. cerulenin을 복강 내로 주사하였을 때 일일 식이 섭취는 

의미 있게 감소하지 못하였지만 체중이 의미 있게 감소되었고 체온은 의미 있

게 증가되었다. 또한 cerulenin을 복강 내로 투여할 경우 마우스의 간장과 근육

의 CPT-1 활성도 변화는 이상성 반응(biphasic response)을 나타내었다. 즉 투여 

직후에는 CPT-1 활성도가 억제되었지만 투여 3시간과 5시간 사이에는 대조 군

에 비해 의미 있는 증가를 보였다. 간장 조직을 분리한 이후 간세포에 cerulenin

을 처리하면 농도 의존적으로 CPT-1 활성이 억제되지만 catecholamine과 동시에 

cerulenin을 처리하였을 때는 대조 군에 비해 의미 있게 CPT-1 활성도가 증가하

는 것을 관찰하였다. 반면에 ICV로 cerulenin을 투여할 경우 soleus muscle에 측

정한 CPT-1 활성이 1시간 이후부터 증가하며 3시간까지 유지되는 것을 관찰하
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였다. Catecholamine의 합성에 속도조절효소인 tyrosine hydroxylase를 AMPT로 억

제한 후 cerulenin을 처치할 경우 cerulenin 처치시 관찰되던 체온의 증가 및 

CPT-1 활성의 증가 효과를 관찰 할 수 없었지만, 부신을 제거하고 코티졸을 주

사한 마우스에서 cerulenin은 여전히 CPT-1 의 활성을 증가시켰다. 복강 내 

cerulenin의 투여 후 in situ hybridization으로 조사한 orexigenic neuropeptide인 

AgRP, NPY와 MCH의 mRNA 표현은 대조 군과 비교하여 의미 있는 차이를 보

이지 못하였다. MSG로 전 처치하여 arcuate nucleus가 파괴된 마우스에서 

cerulenin은 여전히 간장과 근육에서 CPT-1의 활성을 증가 시켰지만, GTG로 전 

처치하여 ventromedial hypothalamus가 파괴된 마우스에서는 CPT-1의 활성을 증

가시키지 못하였다. 이상의 결과로 볼 때 cerulenin이 FAS억제제 임에도 불구하고 

CPT-1활성과 energy expenditure를 증가 시키는 기전은, cerulenin이 간장 및 근육

조직에 직접적으로 영향을 미친 초기 억제 효과와 central hypothalamic-SNS를 활

성화에 따른 지연자극 효과의 가중에 의한 결과일 것으로 사료된다.

핵심되는 말: cerulenin, 비만, hypothalamus, 교감신경, CPT-1, 지방산산화


