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Hypothalamic fatty acid metabolism has recently been implicated
in the controls of food intake and energy homeostasis. We report
that intracerebroventricular (ICV) injection of leptin, concomitant
with inhibiting AMP-activated kinase (AMPK), activates acetyl-CoA
carboxylase (ACC), the key regulatory enzyme in fatty acid bio-
synthesis, in the arcuate nucleus (Arc) and paraventricular nucleus
(PVN) in the hypothalamus. Arc overexpression of constitutively
active AMPK prevents the Arc ACC activation in response to ICV
leptin, supporting the hypothesis that AMPK lies upstream of ACC
in leptin’s Arc intracellular signaling pathway. Inhibiting hypotha-
lamic ACC with 5-tetradecyloxy-2-furoic acid, a specific ACC inhib-
itor, blocks leptin-mediated decreases in food intake, body weight,
and mRNA level of the orexigenic neuropeptide NPY. These results
show that hypothalamic ACC activation makes an important con-
tribution to leptin’s anorectic effects. Furthermore, we find that
ICV leptin up-regulates the level of malonyl-CoA (the intermediate
of fatty acid biosynthesis) specifically in the Arc and increases the
level of palmitoyl-CoA (a major product of fatty acid biosynthesis)
specifically in the PVN. The rises of both levels are blocked by
5-tetradecyloxy-2-furoic acid along with the blockade of leptin-
mediated hypophagia. These data suggest malonyl-CoA as a down-
stream mediator of ACC in leptin’s signaling pathway in the Arc
and imply that palmitoyl-CoA, instead of malonyl-CoA, could be an
effector in relaying ACC signaling in the PVN. Together, these
findings highlight site-specific impacts of hypothalamic ACC acti-
vation in leptin’s anorectic signaling cascade.

carnitine palmitoyltransferase � long-chain fatty acyl CoA � malonyl CoA �
oleic acid � malonyl CoA decarboxylase

Energy balance is maintained by hypothalamic systems re-
sponding to hormonal and neural signals that sense body

energy status (1). Leptin is an anorexigenic hormone secreted
mainly from adipocytes that controls food intake and energy
homeostasis primarily by acting at hypothalamic nuclei such as
the arcuate nucleus (Arc) (1, 2). The Arc, the primary nucleus
in the hypothalamus in mediating leptin’s control of energy
balance, contains first-order neurons that express leptin recep-
tors and a variety of feeding-related neuropeptides such as
neuropeptide Y (NPY), agouti-related peptide (AgRP), and
�-melanocyte stimulating hormone (�-MSH) (1). Leptin exerts
its anorectic effects by modulating the levels of these neuropep-
tides. Activation of signal transducer and activator of transcrip-
tion 3 (STAT3) and activation of phosphatidylinositol 3-kinase
have been shown to play critical roles in leptin’s hypothalamic
intracellular signaling pathways (3, 4).

Further aspects of leptin’s hypothalamic intracellular signaling
have been identified. Minokoshi et al. (5) have demonstrated
that exogenous administration of leptin inhibits AMP-activated
kinase (AMPK) in the Arc, and, based on the finding that
constitutive activity of AMPK in the Arc prevents leptin’s
anorectic actions, they suggest that the Arc AMPK inhibition is

necessary for leptin’s anorectic signaling (5). One well charac-
terized substrate of AMPK is acetyl-CoA carboxylase (ACC),
and AMPK inactivates ACC by phosphorylating its serine res-
idue (Ser-79) (6, 7). ACC is the key regulatory enzyme of the
biosynthesis of fatty acids such as palmitate, and it catalyzes the
formation of malonyl-CoA, the intermediate in the fatty acid
synthetic pathway and a regulator of mitochondrial long-chain
fatty acyl-CoA uptake (8, 9). We predicted that leptin-mediated
AMPK inhibition would activate ACC (by preventing Ser phos-
phorylation), which, in turn, would increase metabolic f lux in the
fatty acid synthetic pathway. We expected that the level of
malonyl-CoA, the product of ACC, and/or palmitate, a direct
product of the pathway, would be elevated. Both metabolites
have been suggested to play significant roles in the hypothalamic
controls of food intake and energy balance (8, 10–15). In this
report, we provide evidence supporting the hypothesis that ACC
plays an important role in the hypothalamic intracellular signal-
ing cascade underlying leptin’s controls of food intake and
energy balance. Our data also highlight site-specific potential
roles for the metabolites of the fatty acid biosynthetic pathway
in leptin’s hypothalamic regulation of energy homeostasis.

Results
Intracerebroventricular (ICV) Leptin Activates ACC Concomitant with
Inhibition of AMPK in the Arc and Paraventricular Nucleus (PVN). The
Arc, located in the mediobasal hypothalamus (MBH), contains
leptin-responsive neurons. The paraventricular nucleus (PVN)
and lateral hypothalamic area (LHA), two projection sites from
the Arc, contain second-order neurons that mediate leptin’s
anorectic actions (1). We examined the activities of AMPK and
ACC in these nuclei in response to ICV administration of leptin.
Activation of AMPK usually requires Thr-172 phosphorylation
in its � catalytic subunit, and the level of phosphorylation
correlates well with activity (16–18). ICV leptin decreased Arc
pAMPK, indicating AMPK inhibition, and decreased phospho
(Ser-79)-ACC (pACC), indicating ACC activation (Fig. 1A). As
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expected, leptin increased pSTAT3 level in the Arc (Fig. 1 A).
The activation of ACC by leptin in the Arc was confirmed by
using an ACC activity assay (Fig. 1 A). ICV leptin also inhibited
AMPK in the PVN, as indicated by a decreased level of PVN
pAMPK (Fig. 1B). Concomitant with the inhibition of AMPK,
pACC was reduced, and ACC activity was increased in the PVN
after ICV leptin (Fig. 1B). The decreases in pACC levels in both
Arc and PVN appeared to be selective to the � isoform of ACC
because the phosphorylation levels of ACC �-isoform were not
significantly affected by leptin [supporting information (SI) Fig.
5]. In the LHA, leptin increased pSTAT3 level (Fig. 1C) but did
not affect the level of pAMPK (Fig. 1C), pACC-� (Fig. 1C), or
pACC-� (data not shown). ACC activity in the LHA was not
affected by leptin, consistent with the lack of change in the pACC
level (Fig. 1C). There were no changes of pAMPK or pACC in

ventromedial nucleus (VMN), dorsomedial nucleus (DMN) or
cortex (Fig. 1D). Thus, our data show that ICV leptin induces the
activation of hypothalamic ACC specifically in the Arc and
the PVN.

Arc Overexpression of Constitutively Active AMPK Blocks Leptin-
Mediated ACC Activation in both Arc and PVN. To determine
whether AMPK inhibition in the Arc is required for ACC
activation in response to leptin administration, we expressed
constitutively active AMPK (CA-AMPK) in the mediobasal
hypothalamus (mainly the Arc) using a recombinant adenovirus.
Constitutive activity of AMPK was verified in cultured A549
cells by monitoring the phosphorylation level (Ser-79) of ACC
(SI Fig. 6A). In rats injected with the virus, CA-AMPK expres-
sion was confined to the MBH (mainly the Arc), as evidenced by
the expression pattern of hemagglutinin tag of CA-AMPK (SI
Fig. 6B). Arc overexpression of CA-AMPK induced orexigenic
effects starting on day 3 after virus injection (SI Fig. 6 C and D
and Fig. 2 A and B), consistent with the data from a prior study
in mice using the same adenovirus (5). We then administered
leptin ICV to rats injected with the adenovirus and monitored
their food intake and body weight. Arc overexpression of CA-
AMPK reduced the leptin-mediated inhibition of food intake
and loss of body weight (Fig. 2 A and B). In support of the
constitutive activity of AMPK in the Arc, leptin failed to inhibit
Arc AMPK in CA-AMPK rats (Fig. 2C). Importantly, the ACC
activation in the Arc after ICV leptin was fully blocked in the rats
with Arc overexpression of CA-AMPK (Fig. 2C), supporting the
hypothesis that AMPK inhibition is necessary for ACC activa-
tion in leptin’s Arc signaling cascade. Consistent with the
previous finding (5), Arc overexpression of CA-AMPK did not
affect leptin’s ability to increase pSTAT3 in the Arc (Fig. 2C),
suggesting that Arc AMPK signaling is downstream of, or
independent of, the STAT3 pathway in the Arc (5). Arc over-
expression of CA-AMPK blocked the ability of ICV leptin to
inhibit AMPK, activate ACC, and increase pSTAT3 level in the
PVN (Fig. 2D), suggesting that AMPK inhibition by leptin in the
Arc is necessary for leptin’s effects on AMPK, ACC, and STAT3
in the PVN. This finding is consistent with other recent data
suggesting indirect actions of leptin in the PVN. For example,
although the PVN contains leptin receptors (1), leptin-induced
activation of PVN neurons has been demonstrated to be medi-
ated through melanocortin receptors located in the PVN that
respond to the neuropeptides (such as AgRP and �-MSH)
originated from the Arc (19). In our experiment, the constitutive
activity of AMPK was confined to the MBH(Arc) (SI Fig. 6B),
the impaired PVN signaling in the CA-AMPK animals in
response to leptin thus indicated a necessary contribution from
AMPK inhibition in the Arc to the PVN intracellular pathways
in leptin’s hypothalamic signaling cascade. It should be noted
that Arc overexpression of CA-AMPK did not increase the basal
(WT/PBS) level of pAMPK in the Arc (Fig. 2C), which is
consistent with the finding and interpretation of Minokoshi et al.
(5). In both studies, the animals had been fasted before they were
given leptin. Because fasting itself elevated the levels of pAMPK
and pACC in the Arc (data not shown), a fasted state may mask
the already elevated levels of pAMPK and/or pACC in the Arc
in CA-AMPK rats.

Hypothalamic ACC Activation Is Important for Leptin’s Anorectic
Actions. To assess the role of hypothalamic ACC in mediating the
anorectic actions of exogenous leptin, we administered leptin to
rats treated with an ACC inhibitor. Because ACC exists in two
isoforms (� and �) in the hypothalamus (20, 21), the effect of
disrupting one isoform might be offset by a potential compen-
satory activation of the other. We therefore ICV infused rats
with 5-tetradecyloxy-2-furoic acid (TOFA), a specific and dual
inhibitor of ACC (12, 22, 23). In our studies, ICV infusion of
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Fig. 1. ICV leptin activates hypothalamic ACC in both Arc and PVN. Rats were
fasted overnight before receiving ICV injection of leptin. The rats were eu-
thanized at 3 h after ICV injection. Western blotting and ACC activity assay
were performed to analyze the responses of AMPK and ACC to ICV leptin. (A)
Levels of pAMPK and pACC (n � 13–16) and ACC activity (n � 7) in the Arc.
(B) Levels of pAMPK and pACC (n � 14) and ACC activity (n � 7) in the PVN. (C)
Levels of pAMPK and pACC (n � 8–14) and ACC activity (n � 7) in the LHA.
(D) Levels of pAMPK and pACC in the cortex, ventromedial nucleus (VMN), and
dorsomedial nucleus (DMN) (n � 4–5). *, P � 0.05.
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TOFA reduced hypothalamic malonyl-CoA levels, indicating
ACC inhibition (SI Fig. 7C). Consistent with prior reports (10,
12, 14, 24), central infusion of TOFA had no significant effect on
the basal (PBS/DMSO) level of food intake (Fig. 3A) or body
weight (Fig. 3B), thus ruling out the possibility of an independent
orexigenic effect from TOFA at this dose (14). Importantly, we
found that TOFA abolished the ability of ICV leptin to inhibit
food intake and it attenuated the body weight loss by leptin (Fig.
3 A and B). TOFA’s ability to block the leptin-mediated ano-
rectic actions is unlikely to be due to a nonspecific action on the
hypothalamus because we were able to inhibit food intake with
the anorectic compound melanotan-II (25) in rats receiving
central TOFA infusion (a 50% reduction of overnight food
intake by melanotan-II in both DMSO-infused rats and TOFA-
infused rats). We also examined the role of ACC activation in

leptin-mediated hypothalamic neuropeptide signaling. A single
ICV bolus injection of leptin down-regulated the mRNA level of
the orexigenic neuropeptide NPY in rats (21 h after leptin), and
TOFA blocked this down-regulation (Fig. 3C) (Note: mRNA
levels of POMC and AgRP were not altered by leptin adminis-
tration or TOFA infusion in this paradigm). These results
indicate that hypothalamic ACC activation is important for
leptin’s anorectic effects. TOFA did not interfere with the ability
of leptin to decrease pAMPK level or to increase pSTAT3 level
in the Arc (Fig. 3 D and E), arguing against the view that TOFA
blocks leptin’s anorectic actions by impairing leptin-induced
AMPK or STAT3 signaling in the Arc. These data also imply that
ACC functions either downstream of, or in a parallel pathway to,
STAT3 in leptin’s Arc signaling pathway.

ICV Leptin Increases Malonyl-CoA Level in the Arc and Increases
Palmitoyl-CoA Level in the PVN. To evaluate the potential down-
stream mediators through which leptin activation of hypotha-
lamic ACC affects food intake, we quantified malonyl-CoA and
long-chain fatty acyl-CoA (LCFA-CoA) levels in individual
hypothalamic nuclei in response to ICV leptin. Prior work
quantifying malonyl-CoA level from whole hypothalamic lysate
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Fig. 2. ICV leptin fails to reduce pACC level in the Arc and the PVN in
CA-AMPK rats. (A and B) Recombinant adenoviruses expressing H150R �1
subunit of AMPK (CA-AMPK, tagged with HA) or wild-type �1 subunit of
AMPK (WT-AMPK) were injected into the mediobasal hypothalamus (MBH,
mainly Arc) of rats. Four days after virus injection, leptin was administered at
2 h before dark onset. Food intakes, 8 h and overnight after ICV leptin (A) and
overnight body weight changes (B) were monitored. Food intake/body weight
change from each rat having a targeted MBH expression of HA tag was
included (CA-AMPK: n � 10). WT-AMPK rats were used as control (n � 11). (A)

*, P � 0.001; **, P � 0.05; ***, P � 0.005; ****, (PBS/WT vs. PBS/CA), P � 0.01.
(B) *, P � 0.001; **, P � 0.005; ***, P � 0.005; ****, P � 0.001. (C and D) Seven
days after virus injection, the rats were fasted overnight and were given an ICV
injection of leptin the next day (i.e., the 8th day after virus injection). They
were euthanized at 3 h after leptin injection. The levels of pAMPK and pACC
in the Arc (C, n � 18–21) and the PVN (D, n � 16) were quantitated by Western
blotting. The pSTAT3 levels in the Arc (C, n � 9) and the PVN (D, n � 8) were
quantitated. The rat having a targeted MBH expression of HA tag was used in
the Western blotting analysis. * and **, P � 0.05.
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Fig. 3. Inhibition of hypothalamic ACC by TOFA blocks leptin’s anorectic
actions without interfering with the response of AMPK or STAT3 in the Arc to
ICV leptin. Rats were infused with TOFA or DMSO into their lateral ventricle for
2–3 days for habituation. On day 3 to day 5 after infusion, rats were given ICV
leptin at 2 h before dark onset. (A and B) ICV TOFA infusion prevented
leptin-induced food intake inhibition (8 h and overnight after ICV leptin) and
body weight loss (24 h), n � 7–8 per group. Eight-hour food intake: *, P �
0.005; **, P � 0.001; overnight food intake: *, P � 0.005; **, P � 0.001; body
weight change: *, P � 0.001; **, P � 0.005. (C) ICV TOFA infusion blocked the
down-regulation of NPY mRNA level by leptin. NPY mRNA levels (21 h after ICV
bolus injection) were measured by real-time quantitative PCR (n � 4–5 per
group). mRNA of cyclophilin was used as the loading control. *, P � 0.005; **,
P � 0.05. (D and E) ICV TOFA infusion did not prevent the leptin-mediated
decrease in the pAMPK level or increase in the pSTAT3 level in the Arc (n � 3–5
per group). * and **, P � 0.05.
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has suggested a role for malonyl-CoA as a satiety factor (12, 14).
Consistent with such a role, we demonstrated that ICV leptin
increased malonyl-CoA level in the Arc, the primary region in
the hypothalamus in the regulation of energy balance, and
TOFA prevented this increase (Fig. 4A). Leptin did not affect
blood glucose level (SI Fig. 7D), ruling out a potential contri-
bution of blood glucose to the changes in Arc malonyl-CoA level.
Malonyl-CoA is synthesized by carboxylation of acetyl-CoA by
ACC and degraded by malonyl-CoA decarboxylase (MCD) (26),
and malonyl-CoA is the substrate for fatty acid synthase (FAS)
in fatty acid biosynthesis (9). To explore the mechanism for the
up-regulation of malonyl-CoA level by leptin, we evaluated
whether ICV leptin would produce changes in FAS or MCD.
FAS and MCD protein levels in the Arc were not affected by ICV
leptin (Fig. 4A). Because FAS level correlates well with activity
(14, 20), our data suggest that leptin does not affect FAS activity
in the Arc. Leptin also did not alter MCD activity in the Arc (Fig.
4A). Hence, ICV leptin appears to increase the malonyl-CoA
level secondary to increasing ACC activity. Malonyl-CoA is a
known physiological inhibitor of carnitine palmitoyltrans-
ferase-1 (CPT-1), the enzyme facilitating mitochondrial uptake
of LCFA for �-oxidation (8). As a result, the increased malonyl-
CoA in the Arc in response to leptin would be expected to

increase the level of LCFA-CoA through inhibiting CPT-1.
Because LCFA (or LCFA-CoA), notably oleic acid, has been
implicated in the hypothalamic control of food intake (11), we
determined the levels of two major LCFA-CoAs, i.e., palmitoyl-
CoA (16:0) and oleoyl-CoA (18:1), after ICV leptin. In the Arc,
there were no significant effects of leptin on the levels of these
LCFA-CoAs 3 h after treatment (Fig. 4B), a time point at which
the malonyl-CoA level in the Arc was significantly elevated.
There was a notable trend of increase in the level of oleoyl-CoA
after leptin, but the trend was not affected by TOFA treatment
(Fig. 4B), suggesting that the trend was not secondary to the
leptin-mediated up-regulation of ACC activity in the Arc and the
consequent increase in the level of Arc malonyl-CoA. Consistent
with a dissociation between malonyl-CoA and LCFA-CoA in
mediating leptin’s anorectic effects, at 8 h, when leptin inhibition
on food intake became obvious, Arc malonyl-CoA level re-
mained increased, however, the trend for the increase in oleoyl-
CoA diminished (Fig. 4C).

In the PVN, at 3 h after leptin, malonyl-CoA level did not
increase (Fig. 4D) despite the activation of ACC (Fig. 1B). ICV
leptin increased the FAS level (Fig. 4D) suggesting FAS activa-
tion, which would enhance incorporation of malonyl-CoA into
palmitate (and palmitoyl-CoA). As in the Arc, central leptin did

Fig. 4. ICV leptin increases malonyl-CoA level in the Arc and increases palmitoyl-CoA level in the PVN. (A and D) TOFA- or DMSO-infused rats received an ICV injection
of leptin on day 5 after infusion. Rats were euthanized 3 h after ICV injection, and malonyl-CoA levels in the Arc (A, n � 20) and the PVN (D, two PVN extracts were
pooled for use in one reaction, n � 11) were quantified. (A) *, P � 0.01; **, P � 0.001; ***, P � 0.005. (D) * and **, P � 0.05. Protein levels of FAS (Arc, n � 7; PVN, n �
12) and MCD (n � 5–7) were analyzed by Western blotting (D). *, P � 0.05. MCD activity assay was performed in the Arc and the PVN, n � 7 for each nucleus. Note:
the basal (PBS/DMSO) level of malonyl-CoA in the PVN is three to four times greater than that in the Arc. This difference in the basal levels may explain why TOFA
decreased the PVN, but not the Arc, malonyl-CoA level. (B and E) TOFA- or DMSO-infused rats were euthanized at 3 h after ICV leptin. Palmitoyl-CoA (16:0) and
oleoyl-CoA (18:1) levels in the Arc (B, n � 21) and the PVN (E, n � 11) were quantified. (E) *, P � 0.05; **, P � 0.005; ***, P � 0.001. (C and F) Rats received an ICV injection
of leptin and were euthanized 8 h later. The levels of malonyl-CoA and LCFA-CoA (palmitoyl-CoA and oleoyl-CoA) in the Arc (C, n � 7) and the PVN (F, n � 7) were
quantified. *, P � 0.05. (G) FAS protein levels (8 h after leptin) in the Arc and the PVN were analyzed by Western blotting, n � 7 (PVN: *, P � 0.05).
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not affect MCD activity in the PVN (Fig. 4D). We found a
significant increase of palmitoyl-CoA (16:0) level (but no change
in malonyl-CoA level) in the PVN 3 h after leptin (Fig. 4E),
which could be caused by increased ACC activity together with
FAS up-regulation. TOFA infusion decreased the levels of both
malonyl-CoA (Fig. 4D) and palmitoyl-CoA (16:0) (Fig. 4E) in
the PVN, and leptin did not increase the palmitoyl-CoA level in
TOFA-infused rats (Fig. 4E). These results suggest that leptin-
mediated ACC activation is required for the increase of palmi-
toyl-CoA level in the PVN. At 8 h after leptin, we found a similar
pattern of changes in the PVN, i.e., AMPK was inhibited (data
not shown), ACC was activated (data not shown), malonyl-CoA
level was not affected (Fig. 4F), and FAS protein level (Fig. 4G)
and palmitoyl-CoA (16:0) level (Fig. 4F) remained elevated. The
elevation in LCFA-CoA level appears to be specific to palmitoyl-
CoA. At both 3 h and 8 h after leptin, the level of oleoyl-CoA
(18:1), a major downstream product from palmitoyl-CoA in de
novo synthesis of LCFA-CoA (27), did not change (Fig. 4 E and
F). The synthesis of oleoyl-CoA requires stearoyl-CoA desatu-
rase (27), which might not be affected by leptin treatment.
Finally, consistent with the absence of leptin-induced alteration
in LHA ACC (Fig. 1C), there was no change in the malonyl-CoA
level in the LHA after ICV leptin (SI Fig. 7E).

Discussion
Our results demonstrate that central administration of leptin acti-
vates ACC in both Arc and PVN, two major hypothalamic sites in
the controls of food intake and energy homeostasis. The activation
of ACC appears to be important for leptin-mediated anorectic
actions and inhibition of orexigenic neuropeptide gene expression,
because blockade of hypothalamic ACC with TOFA prevented the
full expression of these actions after central leptin. Because ACC is
the key regulatory enzyme of biosynthesis of fatty acids such as
palmitate, activation of ACC is expected to elevate the level of
malonyl-CoA (the intermediate) and/or palmitate (and palmitoyl-
CoA) (a direct de novo product). Indeed, we found that ICV leptin
specifically increases malonyl-CoA level in the Arc and palmitoyl-
CoA level in the PVN. The leptin-mediated increase in Arc
malonyl-CoA is prevented by TOFA treatment as is the leptin’s
anorectic effects. In the Arc, constitutive activation of AMPK
abolishes leptin’s ability to activate ACC, indicating that AMPK
inhibition is required for ACC activation in leptin’s Arc signaling
cascade. Together, our results support the hypothesis that ACC
links AMPK and malonyl-CoA in the Arc to mediate leptin’s
anorectic actions. In the PVN, in addition to ACC activation, FAS
protein level was up-regulated after ICV leptin. The up-regulation
of FAS would enhance the incorporation of malonyl-CoA into
palmitoyl-CoA and would account for the absence of increase in
malonyl-CoA level in the presence of the ACC activation. Impor-
tantly, TOFA treatment that blocked leptin inhibition of food
intake also prevented the leptin-mediated increase in palmitoyl-
CoA level in the PVN. Thus, these results leave open the possibility
for palmitoyl-CoA in relaying the signal from ACC in leptin’s PVN
intracellular pathway.

Unlike the change in the Arc malonyl-CoA level, the change in
the Arc LCFA-CoA level was not consistent with the leptin-induced
alteration in food intake. Both malonyl-CoA and LCFA-CoA such
as oleoyl-CoA have been implicated in the hypothalamic control of
food intake (8, 10–15), and a specific role for the Arc malonyl-CoA
in the hypothalamic actions of leptin has been proposed (15). Our
data do not offer positive evidence for a necessary link between
malonyl-CoA and LCFA-CoA in the Arc in mediating leptin’s
anorectic signaling. In our studies, ICV leptin did not significantly
affect the LCFA-CoA levels in the Arc. Although the trend for the
increase of the Arc LCFA-CoA (oleoyl-CoA) level after leptin may
well imply a potentially meaningful rise of LCFA-CoA in a specific
subset of neurons and/or a specific cellular fraction (e.g., cytosol) in
the Arc, such a trend was not affected by TOFA inhibition on ACC.

The small increase is unlikely to be caused by the increased
malonyl-CoA (resulting from ACC activation) and a consequent
potential inhibition of CPT-1, because TOFA treatment that blocks
the elevation of Arc malonyl-CoA level fails to prevent the small
increase. Our data thus imply that there could be mechanisms for
up-regulating LCFA-CoA level other than the malonyl-CoA-
mediated CPT-1 inhibition. In support of such a prediction, we
found that ICV leptin induced a significant and substantial eleva-
tion of palmitoyl-CoA and oleoyl-CoA level in the LHA even
though the ACC activity and the malonyl-CoA level were not
altered by leptin at this site (SI Fig. 7 E and F). Together, our data
suggest that LCFA-CoA and malonyl-CoA could function in nuclei-
specific ways to mediate leptin’s anorectic signaling cascade.

The mechanism through which elevated malonyl-CoA may
mediate the signal from ACC activation in the Arc to reduce
food intake has yet to be determined. The liver isoform of CPT1
(CPT-1A) is much more abundant than the muscle isoform
(CPT-1B) in the Arc (8), and CPT-1A has a fairly low binding
affinity for malonyl-CoA (28). As a result, the leptin-induced
increase in the malonyl-CoA level might not have been sufficient
for inhibiting CPT-1A in the Arc. Alternatively, malonyl-CoA
could relay the signal from ACC by interacting with the recently
identified brain isoform of CPT-1 (CPT-1C) that does not use
LCFA-CoA as substrate but binds malonyl-CoA (29). Malonyl-
CoA could also affect food intake independent of CPT-1.

In summary, our data provide evidence for hypothalamic ACC
activation as an important contributor to leptin’s anorectic
actions. The effects of leptin-induced ACC activation appear to
be nuclei specific. In the Arc, the primary hypothalamic site
mediating leptin’s controls of food intake and energy balance,
our results support the hypothesis that ACC links AMPK and
malonyl-CoA in mediating leptin’s intracellular signaling cas-
cade. In the PVN, a secondary hypothalamic nucleus in medi-
ating the actions of leptin, our data are consistent with a
potential role for palmitate (or palmitoyl-CoA) in mediating
leptin’s anorectic signaling. A diagram of hypothalamic fatty acid
biosynthetic pathway in mediating leptin intracellular signaling is
shown in SI Fig. 8. Together, these data suggest that modulation
of hypothalamic ACC activity is a promising strategy for main-
taining body energy balance or treating obesity.

Materials and Methods
Animals. Animal experiments were done in accordance with the
guidelines on animal care and use established by the Johns
Hopkins University School of Medicine Institutional Animal
Care and Use Committee. Male Sprague–Dawley rats (225–275
g) were purchased from the Charles River Laboratories (Wil-
mington, MA), housed in a controlled (12-h light/12-h dark)
environment, and allowed ad lib access to standard laboratory
chow and water unless otherwise noted.

Cannulation Surgery. Rats were implanted with cannulas into either
lateral or 3rd ventricle. The coordinates for lateral ventricular
injection were: anterior–posterior (from bregma): �1.0 mm; dor-
sal–ventral (from skull surface): �6.2 mm; and medial–lateral: 1.4
mm. The coordinates for third ventricular cannulation were: ante-
rior–posterior (from lamda): �4.6–5.7 mm; dorsal–ventral (from
skull surface): �8.5 mm; and medial–lateral: midline of the skull.
Cannula placements were verified by assessing a drinking response
to angiotensin II or a feeding response to NPY.

Central Infusion of TOFA by Osmotic Minipump. The pilot data
showed that bolus ICV injection of DMSO (a vehicle necessary for
dissolving TOFA) was not well tolerated by rats. We then chose to
deliver TOFA (a generous gift from Craig A. Townsend, Depart-
ment of Chemistry at The Johns Hopkins University) by slow
central infusion based on previous studies (24, 30). TOFA (15
�g/0.5 �l/hr) or DMSO was infused via osmotic minipump (DU-
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RECT) into lateral ventricle (LV) of rats (30). Similar LV
minipump infusion procedures demonstrated that TOFA blocked
the anorectic actions by central administration of glucose and
insulin (24). The chronically infused rats were implanted with
cannulas into the other lateral ventricle or 3rd ventricle for bolus
injection of leptin. Placement of the infusion cannula was verified
by histological examination. LV infusion of DMSO did not signif-
icantly change daily food consumption or body weight gain from the
basal (PBS infusion) level (SI Fig. 9 A and B).

ICV Injection of Leptin. Leptin was obtained from A. F. Parlow,
National Hormone and Pituitary Program, National Institute of
Diabetes and Digestive and Kidney Diseases. Dose–response
study showed that a single bolus ICV injection of 15 �g of leptin
dissolved in 1� PBS (vehicle) induced a consistent and robust
reduction of food intake and body weight loss, and this dose of
leptin also consistently and significantly decreased pAMPK level
in the Arc and PVN. Therefore, we chose to ICV inject 15 �g of
leptin in all our experiments.

Dissection of Hypothalamic Regions and Quantification of Hypotha-
lamic Neuropeptides mRNA Level by Real-Time Quantitative PCR. At
a designated time point, rats were euthanized by decapitation.
Brains were dissected within 1 min and immediately snap-frozen
in isopentane on dry ice. Each hypothalamic region was quickly
dissected from 600 �m of frozen coronal sections based on the
coordinates described in ref. 31. Dissection of PVN and dorso-
medial nucleus was verified by in situ hybridization experiment
(data not shown). The accuracy of dissection of the other
hypothalamic regions was validated by comparing the mRNA
levels of characteristic neuropeptides in hypothalamic dissec-
tions by using quantitative RT-PCR (SI Fig. 10). The MBH
included mainly the Arc.

Western Blotting. Phospho-AMPK (Thr-172), AMPK �-subunit,
phospho-STAT3 (Tyr-705), STAT3, and ACC-� isoform were
determined by using corresponding antibodies from Cell Signaling
Technology (Beverly, MA). Phospho-ACC was determined by
using the antibody against phospho-Ser-79 of ACC � isoform from
Upstate Biotechnology (Lake Placid, NY). FAS and �-actin were
determined with antibodies from BD Biosciences (San Diego, CA)
and Sigma (St. Louis, MO), respectively. HA antibody was from

Roche (Indianapolis, IN). MCD antibody was generated and
provided by Gary D. Lopaschuk at the University of Alberta.
Densitometry was performed by using Scion Image software
(Scion, Frederick, MD). The ratio of the intensity of the phospho-
protein (e.g., pAMPK or pACC �-isoform) to that of the total
protein (e.g., AMPK �-subunit or ACC �-isoform) was calculated
to represent the level of phosphorylation. The phosphorylation
level of ACC �-isoform was calculated as the ratio of the intensity
of phospho-ACC-� (using the same Ab for detecting pACC-�) to
that of �-actin (Note: the Ab against the ACC �-isoform failed to
detect the ACC �-isoform). �-Actin was used as the loading
control.

Activity Assay of ACC and MCD. The procedure for ACC activity
assay is described in SI Methods. MCD activity assay was
performed based on the established protocol (26).

Quantification of Malonyl-CoA and LCFA-CoA. Rats were fasted
overnight before receiving ICV leptin. The levels of malonyl-
CoA and LCFA-CoA (palmitoyl-CoA, 16:0; oleoyl-CoA, 18:1) in
the MBH (Arc), PVN, and LHA were quantified. The proce-
dures for malonyl-CoA recycling assay and LCFA-CoA quanti-
fication are described in SI Methods.

MBH Injection of Recombinant Adenovirus Expressing Constitutively
Active AMPK. Preliminary studies with dye injections were per-
formed to target MBH for viral injections. Once the coordinates
and injection volumes were determined, rats were injected with a
recombinant adenovirus expressing H150R �1 subunit (providing
AMPK with constitutive activity) tagged with hemagglutinin or
wild-type �1 subunit of AMPK into mediobasal hypothalamus
bilaterally (3 � 108 p.f.u./0.3 �l per side). The coordinates were:
anterior–posterior (from bregma): �2.8 mm; dorsal–ventral (from
dura): �9.0 mm; and medial–lateral: �0.5 mm.

Statistical Analysis. All values are presented as mean � SEM.
Effects of treatments were assessed by unpaired t test or
ANOVA (individual differences among treatments were com-
pared by Student–Newman–Keuls method).

This work was supported by National Institutes of Health Grants
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