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Chronic administration of leptln has been shown to reduce
adiposity through energy Intake and expenditure. The present
study alms to examine how acute central Infusion of leptln
regUlates peripheral lipid metabolism, as assessed by markers
Indicative of their mobilization and utilization. A bolus Infusion
of 1 Jig/rat leptln Into the third cerebroventrlcle Increased the
expression of mRNA for hormone-sensitive lipase (HSL), an
Indicator of lipolysis, In white adipose tissue (WAT). This was
accompanied by elevation of plasma levels of glycerol, but not
of free fatty acids, as compared to the saline control (P < 0.03).
The same treatment with leptln decreased plasma Insulin levels
but did not affect the plasma glucose level (P < 0.05 for Insulin).
Among the major regulators of the transportation or utilization
of energy substrates, leptln treatment Increased expression of
mRNA for uncoupling protein 1 (UCP1)In brown adipose tissue
(BAT), UCP21n WAT, and UCP31n quadriceps skeletal muscle,
but not those for fatty acld-blndlng protein In WAT, carnltlne
phosphate transferase-l, a marker for poxidation of fatty acids
In muscle, nor glucose transporter 4 In WAT and muscle (P <
0.01 for HSL, P < 0.05 for UCP1, and P < 0.005 for UCP2 and
UCP3).These results Indicate that, even In a single bolus, leptln
may regUlate the mobilization andlor utilization of energy
substrates such as fatty acids by affecting lipolytic activity In
WAT and by Increasing the expression of UCPs In BAT, WAT,
and muscle. Exp Bioi Med 230:200-206,2005
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Introduction
Leptin, an ob gene product that is secreted from adipose

tissue, plays an essential role in the regulation of feeding
behavior and energy metabolism (l). A growing body of
evidence indicates that both a decrease in food intake and an
increase in energy expenditure following central as well as
peripheral administration of leptin can induce loss of body
fat mass (2, 3). Indeed, central infusion of leptin has been
shown to elevate energy expenditure, as assessed by both O2

consumption and mRNA expression for uncoupling protein
I (VCPI) in brown adipose tissue (BAT), this being another
indicator for peripheral energy expenditure (4-8).

BAT VCPI plays a major role in cold- or diet-induced
thermogenesis in rodents. This thermogenic action of VCPI
promotes energy expenditure as a result of the utilization of
energy substrates such as glucose and fatty acid (9). Newly
identified VCP homologs vcn and VCP3 have also
received a lot of attention in relation to their control of
energy metabolism, because these homologs are detectable
not only in small mammals but also in adult humans (10,
11). However, apart from BAT VCPI, the physiological
role of the remaining VCP family has remained unclear.
Recently it has been demonstrated that VCP3 may
contribute to the exportation of fatty acids from the
mitochondrial matrix rather than to the regulation of energy
expenditure through thermogenesis (12). This finding also
indicates that, in the assessment of VCP function, it is
important to analyze not only thermogenesis and/or energy
expenditure but also the utilization and/or mobilization of
energy substrates. It is well known that these VCP
expressions are under the control of humoral factors, as
well as neural inputs from the sympathetic nervous system.
For example, leptin may regulate VCP function directly Or
indirectly through the hypothalamic-sympathetic nervous
system axis. Chronic central leptin infusion is known to
upregulate VCPI-VCP3 in BAT, VCP2 in white adipose
tissue (WAT), and VCP3 in skeletal muscle more predom,
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inantly than in their pair-fed controls (\ 3). From these
results, it is highly probable that the action of leptin on
UCPI-UCP3, in addition to its effect on energy balance,
may contribute to the central regulation of energy utilization
and/or its mobilization.

There have been significant data to indicate that leptin
is involved in the regulation of peripheral lipid and glucose
metabolism (\4-16). An in vitro study of leptin showed an
increase of lipolytic activity in adipocytes, as assessed by
glycerol release into the incubation medium (17). An in l'il"O

study has also demonstrated that leptin administration (18)
or transfer of the leptin gene into the muscle (7) accelerated
lipolytic action in adipose tissues. In the liver, peripheral
treatment with leptin prevented accumulation of lipids by
the acceleration of fatty acid oxidation (19). In addition,
leptin has been shown to stimulate fatty acid oxidation in
muscle by activating 5' -AMP activated protein kinase
(AMPK) through direct peripheral action, as well as by
centrally mediated action (20). Thus, it could be concluded
that leptin regulates peripheral lipid metabolism at each step
by lipolysis, fatty acid oxidation, and energy expenditure.
However, it remains unclear whether these effects are
centrally or peripherally mediated.

Chronic treatment with leptin induces loss of body
weight and fat mass, which may secondarily affect the
body's metabolism and hormone secretion. These alter-
ations in body composition and humoral factors per se may
have the capability to induce changes in a variety of
metabolic parameters, such as UCPs. Thus, to assess
centrally mediated direct leptin action on peripheral energy
metabolism, it is particularly important to exclude the
involvement of factors such as changes in food intake,
adiposity, and humoral factors induced by chronic leptin
treatment.

The present study aims to clarify how acute central
administration of leptin regulates peripheral lipid metabo-
lism, using markers that indicate utilization and/or mobi-
lization of energy substrates.

Materials and Methods
Animals. Mature male Wistar King A rats weighing

300-360 g at II to 12 weeks of age were used. They were
housed in a room that was illuminated daily from 0700 hrs
to 1900 hrs (a 12:12-hr light:dark cycle) and maintained at
21°C ± 1°C with humidity at 55% ± 5%. Rats were
allowed free access to pellet rodent chow (CE-2; CLEA
Japan Ltd, Tokyo, Japan) and tap water. All studies were
conducted in accordance with the Oita Medical University
Guidelines, based on the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Reagents. Recombinant murine leptin (Arngen,
Thousand Oaks, CA) was dissolved in saline to a
concentration of 0.1 J.lg/J.ll. Each solution was freshly
prepared on the day of its administration. The pH of each
solution was adjusted to 6.4-7.2.

Third Cerebroventricle (i3vt) Infusion. Under
anesthesia with intraperitoneal sodium pentobarbital injec-
tion (45 mg/kg), the rats were fixed in a stereotaxic
apparatus (Narishige Co., Tokyo. Japan) so that a stainless-
steel guide cannula (23 gauge) could be chronically
implanted into the i3vt region at least I week before
infusion of the test solution. A stainless-steel wire stylet (29
gauge) was left in the guide cannula to prevent leakage of
cerebrospinal fluid or obstruction of the cannula. All rats
that had undergone surgery of the i3vt or the jugular vein
(described below) were allowed to recover for I week and
were handled for 5 min daily before each experiment to
equilibrate their arousal levels. Details of the surgical
procedures have been described elsewhere (21).

By I day before the infusion study, the rats had
recovered, at least, to the food intake level and body weight
observed before the surgical procedures were performed.
Matched on the basis of body weight on the testing day, 16
rats were equally divided into two groups, one treated with
leptin (11 =8) and the other serving as the saline control (11 =
8) solution. On the testing day, the rats fasted for 3 hrs.
Leptin at a dose of I ug/rat was infused to the i3vt for 10
mins with an infusion rate of 1.0 ul/min from 1000 hrs to
1030 hrs, while rats were unanesthetized and unrestrained.
The procedures for saline infusion in the control group were
the same as those for the leptin-infusion group. Each rat was
sacrificed 3 hrs after the infusion. After sacrifice, BAT, the
epididymal fat tissue (WAT). and the quadriceps skeletal
muscle were extirpated. immediately frozen in liquid
nitrogen, and stored at -80°C until RNA extraction.

Blood Sampling and its Assay. Blood samples
were collected from each rat through a chronically
indwelling silicone catheter implanted in the right external
jugular vein. with its end at a point immediately outside of
the right atrium. Details of the sampling procedures have
been described elsewhere (22). A blood sample was
collected at 3 hrs after the infusion and quickly separated
into plasma. These plasma samples were immediately frozen
at -20°C until humoral factors were measured. Plasma
insulin concentrations were quantified by a double antibody
radioimmunoassay using [125Ijlabeled rat insulin (Amcr-
sham, Bucks, UK). Plasma glucose concentration was
measured by the glucose electrode method (Antscnse:
Mile-Sankyo, Tokyo, Japan). Free fatty acid (FFA)
concentration was measured by an enzymatic colorimetric
technique with a reagent kit (Wako Pure Chemicals USA,
lnc., Richmond. VA). Glycerol concentration was measured
by commercial kit (F-kit glycerol; Boehringer Mannheim
K.K., Tokyo, Japan)

RNA Extraction and Northern Blot Analysis.
Rats were sacrificed 3 hrs after i3vt infusion of leptin:
following this, the intrascapular brown adipose tissue, the
epididymal adipose tissue. and quadriceps skeletal muscle
were isolated for Northern blot analysis. Total cellular RNA
was prepared from BAT, WAT. and skeletal muscle using
Trizol (Gibco, Grand Island, NY), according to the
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Figure 1. Changes in serum free fatty acid (FFA) and glycerol concentrations (A) and hormone-sensitive lipase (HSL) mANA expression in
epididymal white adipose tissue (B) 3 hrs after 1 l!g1rat leptin or saline infusion into the third cerebroventricle (i3vt). In this and succeeding
figures, i3vt represents infusion into the third cerebroventricle. Each value (n = 8, mean ± SEM.) was measured 3 hrs after administration of
leptin (1 l!g1rat) i3vt. HSL values are expressed in arbitrary units, with the values for HSL mANA levels in animals that received saline arbitrarily
set at 100, and the SEM. adjusted proportionally .• P < 0.05 versus saline control group.

manufacturer's protocol. Total RNAs (20 ug/lane) were
electrophoresed on 1.2% formaldehyde-agarose gel. The
separated RNAs were transferred onto a Biodyne B
membrane (Pall Canada, Toronto, Canada) in 20XSSC by
capillary blotting and immobilized by exposure to ultra-
violet light (0.8 J). cDNA probes for rat UCP I, ucrz.
UCP3, hormone-sensitive lipase (HSL), glucose transporter
4 (GLUT4), adipocyte fatty acid-binding protein (aP2), and
camitine palmitoyltransferase-l (CPTl) were prepared by
reverse transcription-polymerase chain reaction by use of
the following primers: UCPl sense, 5'-AGTGC-
CACTGTTGTCTTCAG-3'; UCP 1 antisense, 5'-
TTCTCCAAGTCGCCTATGTG-3'; UCP2 sense, 5'-
CATCITCTGGGAGGTAGC-3'; ucrz antisense, 5'-AA-
GACAGGGCAGGAATGG-3'; UCP3 sense, 5-
GTTACCTITCCACTGGACAC-3'; UCP3 antisense, 5'-
CCGTTTCAGCTGCTCATAGG-3'; HSL sense, 5'-
ACATGGCCTTCTTCTCAAGC-3'; HSL antisense, 5'-
TCATGGGATTTGGAGGTCTG-3'; GLUT4 sense, 5-
TCTGGCTATCACAGTACTCC-3'; GLUT4 antisense, 5-
TCTGTACTGGGTTTCACCTC-3'; ap2 sense, 5'-
TGTGATGCCTTTGTGGGGAC-3'; ap2 antisense, 5'-
TGCTCTTTCATAAACTCTTG-3'; CPTl sense, 5'-
ATTTTGGCGACAGACTCAGG-3'; and CPTI antisense,
5'-AGGGGCAGGAATCAAACAAG-3'. Identification of
the appropriately sized product was carried out by mapping
with multiple restriction endonucIeases and sequencing.
cDNA probe was labeled by random prime labeling kit
(Amersham Biosciences Corp., Piscataway, NJ) with
[1X_32p] dCTP. Prehybridization and hybridization were
carried out according to the manufacturer's protocol. The

blots were hybridized using the 32P_Iabeled cDNA fragment
at 42°C for 20 hrs in the presence of salmon sperm DNA.
Membranes were washed under high-stringency conditions.
After washing the membranes, the hybridization signals
were analyzed with a BIO-image analyzer BAS 2000 (FUji
Film Institution, Tokyo, Japan). The membranes were
stripped by exposure to boiling 0.1% sodium dodecy]
sulfate and rehybridized with a glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) eDNA probe (Wako, Osaka,
Japan), which was used to quantify the amounts of RNA
species on the blots in each sample. Band intensities
obtained by Northern blots were normalized to the signal
obtained after stripping and reprobing the same membranes
with 32P-labeled GAPDH cDNA probe. We quantified the
amount of both of the signals, target gene and GAPDH,
divided the signal of target mRNA by that of GAPDH, and
then converted the results to a percentage. The results were
expressed as mean ± SEM.

Statistical Analysis. All the data are expressed as
the mean ± SEM. The statistical significance of the
differences was assessed by unpaired t test. Values of P
< 0.05 were accepted as being statistically significant.

Results

Effect of Central Infusion of Leptln on Lipid
Metabolism. Figure I shows changes in plasma concen-
trations of glycerol, FFA, and mRNA expression of HSL in
the WAT 3 hrs after i3vt leptin infusion. The leptin infusion
increased serum glycerol concentration by 31% (each group,
n =8, P < 0.03), relative to saline control infusion (Fig.
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a Data are mean :!:: SEM. Statistical significance: each group, n = 8.
* P < 0.05 versus the saline (i3vt) group.

Table 1. Plasma Glucose (PG) and Insulin (IRI)
Concentration in Rats Infused with Leptin or Saline

Acute Intracerebroventricularly (i3vt)8

Discussion
The present study demonstrated that acute i3vt infusion

of leptin accelerates lipolysis in WAT and yields upregu-
lation of the VCP family in peripheral tissues. The
triglycerides in adipose tissue are metabolized into FFA
and glycerol in response to lipolytic messengers, such as
catecholamine, glucagon, etc. Adipocyte-derived glycerol is
transferred into the circulation without reuptake into adipose
tissue. A proportion of FFA, however, is stored in adipose
tissue per se, and the remainder is transported into muscle
and the liver to be used as an energy substrate. From a
metabolic point of view, the plasma concentration of
glycerol is thus a more sensitive measure of lipolytic
activity than that of FFA (17). Reflecting the di fferent
metabolic fates of glycerol and FFA, i3vt leptin infusion in
the present study increased serum glycerol concentration,
but not serum FFA. In addition to a change in glycerol level,

IA), but it did not affect serum FFA. Leptin treatment
increased mRNA expression ofWAT HSL mRNA by 39%,
as compared to saline infusion (each group, 11=8, P < 0.0 I)
(Fig. IB). However, these short-term effects of leptin on
WAT lipid metabolism did not affect body weight and
adiposity (data not shown). The effects of leptin concern the
parameters relating to transportation and utilization of FFA.
Leptin did not affect WAT aP2 or muscle CPT! gene
expression (data not shown).

Effects of Central Infusion of Leptin on Glucose
Metabolism. Changes in serum glucose and insulin
concentrations after leptin infusion are shown in Table I.
Leptin decreased the serum insulin to 64.7% of that of the
saline control (each group, 11 = 8, P < 0.05), but serum
glucose was unaffected (Table I). Leptin, however, did not
affect WAT or muscle GLVT4 mRNA (data not shown).

Leptin-Induced Upregulation of the UCP Fam-
ily. Figure 2 shows changes in mRNA expression of the
VCP family 3 hrs after i3vt leptin infusion. Leptin
upregulated BAT VCPI mRNA by 28% (each group, 11 =
8, P < 0.05), but not BAT VCP2 or VCP3 mRNA, relative
to the saline infusion (Fig. 2A and D). Leptin upregulated
WAT VCP2 mRNA by 37% (each group, 11 = 8, P <
0.005), but not WAT VCP3 mRNA (Fig. 2B and E).
Skeletal muscle VCP3 mRNA was upregulated by 35%
(each group, 11 = 8, P < 0.005) (Fig. 2C and F).

the present study demonstrated that central leptin treatment
increased HSL mRNA expression. HSL is presumed to be a
key enzyme for the lipolytic process. However, it was
recently demonstrated that a lipolytic agent such as
isoproterenol could stimulate lipolytic activity, even in
HSL-deficient mice, although its effect was lesser than that
noted in wild-type mice, indicating mediation by an HSL-
independent lipolytic factor (23). Although the involvement
of another lipolytic mechanism was unclear in the present
study, it can be concluded that upregulation of HSL mRNA
in response to central leptin treatment may explain the
accelerating effect of leptin on lipolysis.

Insulin inhibits lipolysis through HSL inactivation. An
antagonistic leptin effect on insulin-induced lipogenesis has
been shown in isolated adipocyte (17). Although the effects
of peripheral leptin on insulin secretion, insulin sensitivity,
and glucose metabolism have been investigated (16), it
remains unclear whether centrally administered leptin can
modulate the action of peripheral insulin on adipocytes. i3vt
leptin infusion lowered serum insulin concentration in the
present study. One possible explanation is that Ieptin-
induced activation of sympathetic nerves may inhibit insulin
secretion from the pancreas. A previous study supports this
possibility, as plasma insulin concentration was shown to be
markedly decreased by sympathetic activation (24, 25).
Serum glucose concentration in the present study, however,
was left unaffected, regardless of the induction of
hypoinsulinemia. From these findings, it can be postulated
that central leptin treatment may improve insulin sensitivity
and/or glucose utilization. Nevertheless, i3vt leptin infusion
in the present study failed to upregulate GLVT4 mRNA in
either the WAT or skeletal muscle. This result does not
necessarily exclude the possibility that central administra-
tion of leptin may affect glucose uptake. Indeed, systemic
administration of leptin decreased plasma glucose concen-
tration without a change in GLVT4 content (26). Recently it
has been demonstrated that central leptin administration
activates AMPK (20). Activation of this enzyme has been
shown to promote fatty acid oxidation and insulin-
independent glucose transportation (20). This unique
interaction between leptin and AMPK may explain, to
some extent, the apparent leptin-induced increase in glucose
uptake indicated by the present study. Taken together, it can
be said that lipolytic action following central leptin infusion
is induced mainly by sympathetic activation, but not by
hypoinsulinemia, although partial involvement of hypoin-
sulinemia cannot be completely excluded.

Acute central administration of leptin in the present
study upregulated gene expression for UCPs in adipose
tissue and skeletal muscle in a tissue-specific manner.
Leptin upregulated VCPI mRNA, but not that of VCP2 or
UCP3 in BAT. Both thermogenesis and energy expenditure
in BAT are mediated by VCPI, under the control of the
efferent sympathetic nervous system (27). The present result
is consistent with those of numerous previous studies that
indicate the essential role of central leptin action in the

Leptin (i3vt)

128.0 :': 4.4
9.7:': 1.8*

Saline (i3vt)

124.5:': 4.2
15.0 :': 1.0

PG (mg/dl)
IRI (ng/ml)
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Figure 2. Gene expressions of uncoupling protein (UCP) family in the intrascapular brown adipose tissue (I-BAT) (A, 0), epididymal white
adipose tissue rNAT) (B, E), and the skeletal muscle (8M) (C, F) 3 hrs after infusion into the third cerebroventricle (i3vt), 1 ltg/rat leptin or saline
infusion. Values (mean :t 8EM) are expressed as % difference in arbitrary units between leptin and saline i3vt infusion (each n = 8).• P < 0.05
versus saline control group.

regulation of energy balance (by affecting food intake) and
of energy expenditure by upregulation of BAT VCPI (13,
28). Furthermore, this centrally mediated leptin action may
contribute to an increase in energy utilization through the
BAT thermogenic process using energy substrates such as
glucose and fatty acids.

In the present study, central leptin infusion increased
WAT ucez mRNA and muscle VCP3 mRNA expression.
This result is also consistent with that of a previous study
using chronic leptin administration (13). Gene expression of
both WAT VCP2 and muscle VCP3 is known to be
upregulated by administration of a ~3 adrenoceptor agonist
(29, 30). Thus, in a similar way to that noted with BAT
VCPI, WAT vcn and muscle VCP3 are influenced by the
sympathetic nervous system, as well as by central leptin
action. However, the functional meaning of this regulatory
system for energy metabolism, especially the role of vcn,
remains unclear. Recently it has been proposed that the
primary physiological role of VCP3 may be the mitochon-
drial handling of fatty acids rather than the regulation of
energy expenditure through thermogenesis (12). Exportation
of fatty acids from the mitochondrial matrix by VCP3 may
offer protection from the accumulation of fatty acids in
mitochondria and may help to maintain muscular fat

oxidative capacity. Thus, leptin-induced upregulation of
muscle VCP3 may also contribute to central regulation of
fatty acid mobilization and utilization. As another candidate
for the role of modulator of VCP3, it is necessary to discuss
the function of FFA, per se, released from adipose tiSsue.
Among peripheral factors that regulate VCPs such as leptin,
glucocorticoid, thyroid hormone, and tumor necrosis factor
(TNF)-cx, FFA has been shown to upregulate skeletal mUScle
VCP3 expression (31-36). In the present study, the plasma
FFA level did not change after leptin treatment. However,
FFA possibly has the ability to affect VCP3 in the present
study since it has been released from adipose tissue, similar
to the glycerol that increased in the blood level.

Our results show that central leptin treatment accej,
erates lipolysis and upregulates VCP expression. This
finding led us to hypothesize that central leptin admin,
istration might not simply regulate each peripheral mecj-,
anism related to lipid metabolism individually; rather, it
seemed to contribute to coordination between each process,
from energy supply to its utilization. This indicated that it
might be interesting to investigate whether central leptin
treatment could regulate other steps of fatty acid mobi-
lization and/or utilization. To assess this, we analyzed gene
expression of aP2 in WAT, a marker of fatty acid
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transportation, and CPTI in skeletal muscle, a marker of
fatty acid oxidation. The results showed that there were no
significant changes in the expression of either parameter.
However, the possibility that fatty acid oxidation may be
modulated by centrally mediated leptin action still remains.
First, muscle VCP3 upregulated by leptin may affect it (37-
39). Second, as described above, central administration of
leptin has been shown to activate AMPK, which can
stimulate fatty acid oxidation (20). It is likely that
measurement of indicators other than CPTI mRNA may
be necessary to analyze the detailed mechanism of this
central action. Thus, the present study indicates that acute
leptin treatment may affect mobilization and/or utilization of
lipid. In the chronic stage, further metabolic change may
develop from this initial response.

Finally, we must discuss the central mechanism of
leptin action in the regulation of peripheral lipid metabo-
lism. A possible pathway in the central regulation of BAT
VCPI may be mediated by pro-opiornelanocortin (POMC)
neurons in the arcuate nucleus, one of the major targets for
leptin action in the hypothalamus. Direct neuronal projec-
tion of POMC neurons, as well as expression of
melanocortin 4 receptors, has been identified in sympathetic
preganglionic neurons of the intermediolateral cell column
of the spinal cord (lML) (40). Indeed. our previous study
demonstrated that central infusion of a-melanocyte-stim-
ulating hormone, a POMC-derived peptide, increased BAT
sympathetic nerve activity (41-43). As a second possibility,
direct leptin effects on the paraventricular nucleus (PVN)
can be considered, since localization of the leptin receptor is
identified in this region. The PVN also directly projects to
the IML (44). Indeed, stimulation of this nucleus activates
BAT sympathetic nerves (45).

In summary. acute i3vt infusion of leptin may modulate
mobilization and/or utilization of lipids through the
acceleration of lipolysis in the WAT and through upregu-
lation of BAT VCPI, WAT VCP2, and muscle VCP3
mRNA in rats.

We thank Dr. Ronald Jandacck for reviewing this manuscript.
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