
Background

Since the observation by Claude Bernard in the 1850s
that puncture of the floor of the fourth ventricle in
dogs results in the appearance of transient glucosuria,
the central nervous system (CNS) has been implicat-
ed in the control of certain metabolic processes of en-
ergy homeostasis mainly through neuroendocrine
systems. After its recent discovery, leptin, an adipo-
cyte hormone, has been proposed to signal the CNS
to modulate autonomic outflow and food intake,
leading to alterations of energy metabolism [1, 2].
Leptin has been suggested to increase sympathetic
outflow and disturbances of leptin signalling lead to
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Abstract

The autonomic nervous system modulates glucose
and fat metabolism through both direct neural effects
and hormonal effects. This review presents recent
concepts on the sympathetic regulation of glucose
and fat metabolism. Focally released norepinephrine
from sympathetic nerves is likely to increase glucose
uptake in skeletal muscle and adipose tissues inde-
pendent of insulin but norepinephrine does not con-
tribute so much as epinephrine to hepatic glucose
production. Epinephrine increases hepatic glucose
production and inhibits insulin secretion and the glu-
cose uptake by tissues that is induced by insulin. Ad-
ditionally, catecholamines can increase thermogene-
sis and lipolysis, leading to increased energy expendi-
ture and decreased fat stores. It is likely that b-(b3)-
adrenergic receptors mediate these responses. Alter-
ations of central neurotransmission and environmen-
tal factors can change the relative contribution of
sympathetic outflow to the pancreas, liver, adrenal
medulla and adipose tissues, leading to the modula-

tion of glucose and fat metabolism. Recent studies
have proposed that leptin, an adipocyte hormone, af-
fects the central nervous system to increase sympa-
thetic outflow independent of feeding. The effects of
leptin on glucose and fat metabolism could be in
part mediated by the sympathetic nervous system.
Studies using mice with a genetic disruption of sero-
tonin 5-HT2c receptor indicate that central neural
mechanisms in the regulation of sympathetic outflow
and satiety could be dissociated. Abnormalities of
sympathetic effects, including disturbances of leptin
and b3-adrenergic receptor signalling, are likely to
cause obesity and impaired glucose tolerance in ro-
dents and humans. These findings indicate that dys-
function of the sympathetic nervous system could
predispose to obesity and Type II (non-insulin-de-
pendent) diabetes mellitus. [Diabetologia (2000) 43:
533±549]
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decreased sympathetic outflow and increased para-
sympathetic outflow [1±3].

Feeding and increased parasympathetic outflow to
the pancreas stimulate insulin secretion, leading to in-
creased energy storage. Insulin increases leptin ex-
pression and secretion by white adipose tissue [4±6].
Leptin then increases central sympathetic outflow,
which leads to suppression of leptin expression in
white adipose tissues by b3-adrenergic receptors [7].
There could be a negative feedback system between
leptin secretion and the sympathetic nervous system.
Recent studies using mice with disrupted serotonin
5-HT2c receptors have indicated that central neural
mechanisms in the regulation of feeding and auto-
nomic outflow are not always in parallel and a dys-
function of autonomic neural circuits rather than
feeding behaviour could be the primary causative fac-
tor in obesity [8]. These autonomic neural circuits
could therefore play an important part in the regula-
tion of energy metabolism in addition to the CNS reg-
ulation of food intake.

Leptin has also been proposed to modulate hypo-
thalamic pituitary adrenal, thyroid as well as gonadal
axes [9±12]. In contrast to these humoral factors, the
role of leptin and the autonomic nervous system in
the regulation of glucose and fat metabolism is not
well understood. The aims of this review are to pre-
sent recent concepts of autonomic neural regulation
of glucose and fat metabolism and to present the
role of the sympathetic nervous system in mediating
the effects of leptin on glucose and fat metabolism.
In addition, this review will provide new insights into
the role of the sympathetic nervous system in the
pathogenesis and treatment of obesity and Type II
(non-insulin-dependent) diabetes mellitus.

Autonomic neural function on metabolic organs

The autonomic nervous system innervates and regu-
lates the physiological function of important tissues
in energy metabolism. The liver is a major metabolic
organ for the production of glucose and lipids, and is
richly innervated by the autonomic components
from the splanchnic sympathetic nerves and vagal
parasympathetic nerves [13±15]. The hepatic paren-
chymal cells are well supplied with nerve fibres of a
sympathetic and parasympathetic nature. The pan-
creas is innervated by the sympathetic and parasym-
pathetic nervous system. Sympathetic and parasym-
pathetic nerve fibres are close to all islet cell types
and glucagon and insulin secretion alter in response
to pancreatic nerve stimulation. Activation of the
splanchnic sympathetic nerves increases glucagon se-
cretion from pancreatic alpha cells and activation of
the vagal parasympathetic nerves increases insulin se-
cretion [14]. The adrenal medulla is innervated by
typical cholinergic preganglionic sympathetic neu-

rons carried in the splanchnic nerves. The adrenal
medulla is composed almost entirely of chromaffin
cells which contain large amounts of either norepi-
nephrine or epinephrine: in humans 85% of the
adrenomedullary catecholamine store is epinephrine
[16]. Skeletal muscle and adipose tissues are major
sites of glucose utilisation stimulated by insulin ac-
tion. Sympathetic and parasympathetic nerves also
innervate skeletal muscle. Adipose tissues contain
sympathetic innervation and have adrenergic recep-
tors but they do not contain parasympathetic innerva-
tion [16, 17].

The effects of the sympathetic nervous system on
glucose and lipid metabolism are probably mediated
by circulating epinephrine, glucagon and the direct
sympathetic innervation of the liver, adipose tissues
and skeletal muscle. The effects of the parasympa-
thetic nervous system on glucose and lipid metabo-
lism are probably mediated by insulin and the direct
parasympathetic innervation of the liver. It has been
generally recognized that increased sympathetic neu-
ral activity produces catabolic effects on glucose and
lipid metabolism whereas increased parasympathetic
neural activity produces anabolic effects. The effects
of direct parasympathetic neural stimulation of liver
on hepatic glucose metabolism are, however, much
weaker than those of sympathetic neural stimulation
[14]. Activation of the splanchnic sympathetic nerves
inhibits insulin secretion from pancreatic beta cells.
Adipocytes have adrenergic receptors and therefore
are affected by sympathetic stimulation but not by
the parasympathetic system. Skeletal muscle glucose
metabolism is also affected by sympathetic stimula-
tion. The effects of the parasympathetic nervous sys-
tem are probably mediated by insulin, which can ex-
ert anabolic effects on glucose and fat metabolism
(Table 1).

The CNS regulates sympathetic and parasympa-
thetic outflow. Pharmacological stimulation of cen-
tral cholinergic systems has been shown to increase
epinephrine, norepinephrine and glucagon secretion
through increased sympathetic outflow and inhibit in-
sulin secretion, leading to acute hyperglycaemia [18,
19]. It is well known to increase gastric acid secretion
and decrease heart rate by increased vagus nerve ac-
tivity. In adrenalectomized rats, pharmacological
stimulation of the central cholinergic system increas-
es plasma insulin concentrations also by increased va-
gus nerve activity [20]. These findings indicate that
stimulation of the central cholinergic system increas-
es both sympathetic and parasympathetic outflow
but epinephrine is likely to mask insulin secretion
mediated by vagus nerve and actions, leading to acute
hyperglycaemia.

Thus, both the sympathetic and parasympathetic
nerves innervate the liver, pancreas and skeletal mus-
cle but adipose tissues receive only sympathetic in-
nervation and have adrenergic receptors. Parasympa-
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thetic effects are mediated by direct neural stimula-
tion and insulin, which can be masked by activation
of the sympathetic nervous system. The effects of
the sympathetic nervous system on glucose and fat
metabolism can therefore prevail over those of the
parasympathetic nervous system.

Sympathetic effects on glucose and fat metabolism

Effects of the sympathetic nervous system on hepatic
glucose production. Glucose is a major energy source
of cell activity and is produced mainly by the liver.
The sympathetic nervous system modulates both he-
patic glucose production and glucose uptake in pe-
ripheral tissues. The sympathetic nervous system pro-
motes hepatic glucose production by activating glyco-
genolysis in fed states and accelerating gluconeogen-
esis in fasted states. Hepatic glucose metabolism is
under the direct control of hepatic autonomic inner-
vation [13, 14, 21]. Electrical stimulation of the pe-
ripheral end of the left splanchnic nerve of rabbits
produces rapid increases in the activities of liver en-
zymes. These enzymes catalyse the rate-limiting steps
in glycogen breakdown, such as glycogen phosphory-
lase and glucose-6-phosphatase, with a concomitant
decrease in liver glycogen content. The activity of liv-
er glycogen synthase, the rate-limiting enzyme in-
volved in converting glucose-6-phosphate to glyco-
gen, was, however, greatly increased by electrical
stimulation of the peripheral end of the vagus nerve

but was slightly decreased by splanchnic nerve stimu-
lation in rabbits [14]. In perfused rat liver, activation
of the sympathetic liver nerves causes increases in
glucose release and the activity of glycogen phospho-
rylase and a decrease in the activity of glycogen syn-
thase. In addition, sympathetic stimulation decreases
the flow and elicits an intrahepatic redistribution as
well as a mobilisation of blood by the closing of sinu-
soids [13]. Activation of parasympathetic nerves en-
hances glucose utilisation and causes re-opening of
previously closed sinusoids. The actions of hepatic
nerves are modulated by hormones including gluca-
gon, insulin, epinephrine and norepinehrine [13]. In
humans, subjects who have had liver transplants
have normal postabsorptive glucose metabolism and
a glucose and insulin challenge elicit a normal re-
sponse at both hepatic and peripheral sites. Never-
theless, a minimal alteration of endogenous glucose
production, increased concentration of insulin and
glucagon, and defective counterregulation during hy-
poglycaemia could reflect an alteration in the liver-
CNS-pancreatic islet circuit which is due to denerva-
tion of the transplanted graft [21].

In addition to the direct effects of innervation of
the liver on hepatic glucose production, adrenal med-
ullary epinephrine release and sympathetic response
to pancreatic glucagon release contribute to in-
creased hepatic glucose production [14, 18, 19]. It
has been suggested that the relative contribution of
these factors to this glucose production can be chan-
ged by alterations of central neurotransmission in
fed rats whereas epinephrine is the major contributor
in fasted rats [18, 19] (Fig.1). Among these factors,
epinephrine is the strongest effector of hepatic glu-
cose production. It is essential for CNS-mediated
acute hyperglycaemia, because after any central neu-
rochemical stimulation, plasma glucose concentra-
tions are not increased unless those of epinephrine
are also increased [18, 19]. Epinephrine promotes he-
patic glucose production by activating glycogenolysis
in fed states and accelerating gluconeogenesis in fast-
ed states. In contrast to epinephrine, circulating nore-
pinephrine contributes less to rapid increases in he-
patic glycogenolysis [16, 22], although a selective rise
in sinusoidal norepinephrine has been recently shown
to increase hepatic glucose production by stimulating
glycogenolysis [23]. Hepatic gluconeogenesis is re-
sponsive to high concentrations of norepinephrine
such as can be seen at the sympathetic nerve termi-
nal. The enhancement is due to combined increases
in the gluconeogenesis precursors, lactate and glycer-
ol, released by peripheral tissues [22].

Various factors can affect the contribution of
adrenergic receptor mechanisms to hepatic glucose
production. In vitro, the interaction of epinephrine
with b-adrenergic receptors activates the well-known
sequence of adenylcyclase stimulation, generation of
cAMP and initiation of the cAMP-dependent enzy-
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Table 1. The direct autonomic neural effects on glucose and
fat metabolism

Neurotrans-
mitters

Sympathetic
effects
NE

Parasympathetic
effects
Ach

Liver Increase
Glycogenolysis (a or b)
Gluconeogenesis

Increase
Glucogenesis (M)

Muscle Increase
Glucose uptake (b )
Glycogenolysis (b )
LPL activity (b )

WAT Increase
Glucose uptake (b : b 3)
Lipolysis (b : b 3)

Decrease
LPL activity (b )
Leptin mRNA expression
(b : b 3)

BAT Increase
Glucose uptake (b : b 3)
Thermogenesis (b : b 3)
LPL mRNA expression (b : b 3)

NE: norepinephrine, Ach: acetylcholine, ( ): receptor subtype,
M: muscarinic receptor, a, b : adrenergic receptor, WAT: white
adipose tissue, BAT: brown adipose tissue



matic cascade, leading to conversion of glycogen
phosphorylase from the inactive to the active form.
Stimulation of the a-adrenergic receptors also acti-
vates phosphorylase, thereby increasing glycogenoly-
sis in isolated hepatocytes by mechanisms that are
independent of cAMP. In rats a-adrenergic effects
predominate whereas b-adrenergic effects predomi-
nate in dogs [16, 18, 19]. The relative importance of
a-adrenergic and b-adrenergic receptors (ARs) in
mediating catecholamine-induced hepatic glucose
production in humans is still to be resolved.

Pancreatic hormones, which are also regulated by
the autonomic nervous system, strongly contribute
to changes in hepatic glucose metabolism. Activation
of b-(b2)-AR transiently increases secretion of both
insulin and glucagon whereas a-(a2)-AR stimulation
suppresses insulin secretion [16]. Although the effects
of a-(a2)-AR mechanisms on glucagon secretion is
still to be resolved, CNS-mediated glucagon secretion
has been shown to be enhanced by a-(a2)-AR activa-
tion in rats [19]. Inhibition of insulin secretion by a-
adrenergic receptors usually predominate over its
stimulation by b-adrenergic receptors.

Catecholamines increase muscle glycogenolysis
through b-AR activation using cAMP as the second
messenger. Unlike the stimulation in liver, a-AR
mechanisms do not affect this process in skeletal mus-
cle [16]. Because muscle lacks the enzyme glucose-6-
phosphatase, the glucose-6-phosphate that is pro-
duced by glycogenolysis is metabolised to lactate be-
fore it is released into the circulation, leading to he-
patic gluconeogenesis. Thus, the receptor mecha-
nisms of the hepatic glucose production induced by
catecholamines have often been difficult to interpret
because experimental designs did not permit separa-
tion of indirect and direct actions.

These findings indicate that the sympathetic ner-
vous system promotes hepatic glucose production at
least by direct sympathetic innervation of the liver,
adrenal medullary epinephrine and pancreatic gluca-
gon. The relative importance of these pathways and
their receptor mechanisms could be changed by a va-
riety of factors including environment, species, diet
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Fig. 1 A, B. Possible sympathetic neural pathways involved in
the central nervous system-mediated hepatic glucose produc-
tion. A hepatic glycogenolysis, B hepatic gluconeogenesis.
Epinephrine stimulates glucagon secretion and inhibits insulin
secretion from pancreas. Epinephrine, glucagon and the direct
innervation of liver could contribute to increased hepatic gly-
cogenolysis induced by activation of the central cholinergic
system in rats (A). Epinephrine could contribute to increased
hepatic gluconeogenesis induced by central cholinergic system
in rats (B). Sympathetic N, sympathetic nerve; Epi, epineph-
rine; AR, adrenergic receptor; GR, glucagon receptor; Phos-
pho-a, phosphorylase-a; G-1-P, glucose-1-phosphate; G-6-P,
glucose-6-phosphate; Pyr, pyruvate; OAA, oxaloacetate; PEP,
phosphenolpyruvate
3

A

B



and alterations of neurotransmission. Norepineph-
rine contributes less to rapid increases in hepatic glu-
cose production than epinephrine.

Effects of the sympathetic nervous system on glucose
uptake in skeletal muscle and adipose tissues. Skeletal
muscle is considered to be the principal site of insu-
lin-stimulated glucose uptake and a major tissue for
blood glucose utilisation. There is, however, also evi-
dence of non-insulin-mediated pathways of glucose
utilisation in muscle including sympathetic nerve ac-
tivity and muscle contraction. Exercise and exposure
to cold have been shown to increase skeletal muscle
glucose uptake despite unchanged or even reduced
plasma insulin concentrations. The alternative mech-
anisms of glucose uptake are thought to be activated
by increased sympathetic activity [16]. Electrical
stimulation of the ventromedial hypothalamic nucle-
us (VMH) and central neurochemical stimulation
have shown that the sympathetic nervous system in-
creases glucose uptake in skeletal muscle without an
increase in plasma insulin concentration [24±26].
These responses in skeletal muscle are prevented by
pretreatment with guanethidine but not by adrenal
demedullation, indicating that norepinephrine but
not epinephrine is likely to contribute to the respons-
es [25].

In vivo and in vitro, the b-AR agonists, BRL37344
and BRL35135A, promote glucose transport into
skeletal muscle independent of insulin in rats [27,
28]. Glucose transport is the rate-limiting step in glu-
cose utilisation in muscle [29]. To increase glucose
transport in muscle, the glucose transporter-4
(GLUT4) is translocated from the intracellular pool
to the surface of the muscle by insulin and exercise,
albeit by different and largely unknown signalling
pathways. The agonist BRL37344 increases glucose
transport into L6 myocytes in a dose-dependent man-
ner without affecting the GLUT4 content in the plas-
ma membrane [30]. This indicates that b-AR stimula-
tion could increase glucose uptake independent of
GLUT4 translocation. The b3-AR mRNA (or b3-
AR gene expression) is, however, found primarily in
white and brown adipose tissue and is absent from
skeletal muscle in rodents and human [31±34]. In ad-
dition, CL-316,243, a new b3-AR specific agonist,
has no effect on skeletal muscle glucose uptake but
increases basal and insulin-stimulated glucose uptake
by white and brown adipose tissue in non-obese rats
[35]. These findings indicate that norepinephrine
could enhance glucose uptake in skeletal muscle by
b-AR independent of insulin but it is not known by
which subtype of b-AR.

In contrast to norepinephrine, epinephrine has
been considered to inhibit insulin-stimulated glucose
uptake in skeletal muscle by b-AR mechanisms in-
dependent of the glucose transport process [16].
Epinephrine lowers glucose transport, possibly by

altering the activity of surface GLUT4 transporters
and higher concentrations of epinephrine have re-
cently been shown to translocate GLUT4 to plasma
membrane associated with increases in muscle
cAMP concentration [36, 37]. Epinephrine can
translocate GLUT4, leading to increased glucose
transport when insulin is absent but can also inhibit
glucose transport when insulin is present [38]. Re-
cent studies in vivo have also shown that a physio-
logical increase in plasma epinephrine concentration
decreases insulin-stimulated skeletal muscle glyco-
gen synthesis and muscle inorganic phosphate in hu-
mans [39].

The sympathetic nervous system also has impor-
tant effects on glucose uptake in white and brown ad-
ipose tissues. Most of the stimulatory effects of the
sympathetic nerves on white and brown adipose tis-
sue glucose uptake are based on the b-adrenergic ac-
tion of norepinephrine [16]. In vivo, long-term nore-
pinephrine infusion stimulates glucose uptake in
white and brown adipose tissue independent of insu-
lin [40]. Long-term treatment with CL-316,243, en-
hances basal and insulin-stimulated glucose uptake
by white and brown adipose tissues without a de-
crease in body weight and increased non-esterified
fatty acid (NEFA) in plasma in non-obese rats [35].
In addition, long-term treatment with CL-316,243 in
obese Zucker-ZDF rats increases glucose uptake in
skeletal muscle, brown and white adipose tissues as-
sociated with improvement of insulin responsiveness
and glucose tolerance [41]. In vitro, a non-selective
b-AR agonist, isoproterenol, has been shown to stim-
ulate both GLUT4 translocation and glucose trans-
port at low concentrations by cAMP and to inhibit
glucose transport at high concentrations because of
an inhibition of the transport activity of surface
GLUT4 in white adipocytes [42]. Norepinephrine
and BRL37344 by contrast increase glucose transport
into brown adipocytes independent of insulin action
without stimulating GLUT4 translocation [43]. The
intracellular molecular mechanisms through which
stimulation by b-adrenergic modulates glucose trans-
port in skeletal muscle and adipose tissues are still
not clear.

Thus, norepinephrine could enhance glucose up-
take in skeletal muscle, white adipose tissues and
brown adipose tissues independent of insulin whereas
epinephrine is believed to inhibit insulin-stimulated
glucose uptake in skeletal muscle, independent of
the glucose transport process. The b-ARs, particular-
ly those in adipose tissues, contribute to these pro-
cesses.

Effects of the sympathetic nervous system on fat me-
tabolism. White adipose tissue is the principal tissue
for energy storage in mammals. When energy needs
cannot be met by circulating fuels or stored carbohy-
drate, lipid is mobilised from white adipose tissue
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through the process of lipolysis, a breakdown of tri-
glycerides into glycerol and NEFAs [16]. Physiologi-
cal evidence strongly suggests that the sympathetic
nervous system contributes to the regulation of lipol-
ysis. Although there is no convincing neuroanatomi-
cal evidence showing that white adipose tissue is di-
rectly innervated by the sympathetic nervous system,
the sympathetic innervation of white adipose tissue
has recently been proposed to be a part of the general
sympathetic nervous system outflow from the CNS,
consisting of structures and connections throughout
the neural axis [17]. The innervation of white adipose
tissue by the sympathetic nervous system could play a
part in the regulation of total body fat and lipid mo-
bilisation.

Catecholamines stimulate lipolysis by b-ARs fol-
lowed by activation of adenylate cyclase and phos-
phorylation of the inactive lipase by a cAMP-depen-
dent protein kinase on white adipose tissue but they
inhibit lipolysis by a2-ARs [16, 17]. When b-AR acti-
vation predominates, lipolysis is stimulated and con-
versely, when a2-AR activation predominates, lipoly-
sis is inhibited [17, 44]. If lipolysis predominates, then
hormone-sensitive lipase, the principal intracellular
enzyme responsible for the breakdown of triglycer-
ides into monoacylglycerols, is activated. This en-
zyme catalyses the first two steps of lipolysis, then
monoacylglycerol lipase converts the monoacylglyce-
rols into NEFAs and glycerol in the final step.

Lipoprotein lipase (LPL) is a rate-limiting enzyme
that hydrolyses the triglyceride component of circu-
lating lipoproteins. It is bound to glycosaminoglycans
on the surface of the endothelium in muscle and
white adipose tissue. Catecholamines have been
shown to mediate the uptake of triglycerides in both
white adipose tissue and muscle in a tissue-specific
manner by regulating LPL. In white adipose tissues
from rodents and humans, catecholamines inhibit
LPL activity and expression by b-adrenergic recep-
tors whereas in skeletal muscle, catecholamines in-
crease LPL activity [16]. The inhibition of LPL activ-
ity by catecholamines in white adipose tissue is post-
transcriptional with a strong inhibition of LPL trans-
lation [45]. In rat brown adipocytes, norepinephrine
increases LPL gene expression through a dominant
b3-AR and an auxillary a1-AR pathway [46]. Thus,
activation of the sympathetic nervous system could
increase lipolysis and decrease triglyceride-rich lipo-
protein accumulation into white adipose tissue by b-
ARs leading to decreased fat stores.

Brown adipose tissue is specialised for heat pro-
duction rather than for fuel storage; it contains
mutilobulated fat droplets and large numbers of mito-
chondria. The brown fat mitochondria are uncoupled
during sympathetic stimulation. Energy which is de-
rived from oxidation of fuels is released as heat rather
than stored as high-energy phosphate bonds. The
sympathetic nerves innervate brown adipose tissue

well and direct neural stimulation promotes heat pro-
duction by b-ARs [16]. The brown adipose tissue-spe-
cific mitochondrial uncoupling protein (UCP)-1 in
the mitochondrial inner membrane of brown adipose
tissue generates heat by uncoupling oxidative phos-
phorylation. This process protects against cold and
regulates energy balance. The CL-316,243 agonist in-
creases UCP-1 expression and protein in brown adi-
pose tissue, resulting in thermogenesis [47].

These findings show that activation of the sympa-
thetic nervous system increases lipolysis, decreases
triglyceride-rich lipoprotein accumulation into white
adipose tissue and increases thermogenesis in brown
adipose tissue, leading to decreased fat stores. The
b3-AR systems predominately contribute to these
processes.

K. Nonogaki: Sympathetic regulation of energy metabolism538

Fig. 2. A hypothesis of neural pathways by which leptin modu-
lates glucose and fat metabolism in vivo. Leptin increases he-
patic glycogenolysis and increases glucose uptake in skeletal
muscle and brown adipose tissues independent of insulin. Lep-
tin increases the rate of lipolysis and decreases triglycerides
content in white adipose tissues. Leptin stimulates brown adi-
pose tissue-induced thermogenesis. Leptin affects the CNS to
increase sympathetic outflow. The sympathetic nervous system
could mediate these responses in addition to the direct effects
of leptin. The increased sympathetic outflow then inhibits lep-
tin mRNA expression in white adipose tissue. Sym. N, sympa-
thetic nerve; WAT, white adipose tissue; BAT, brown adipose
tissue; NE, norepinephrine; Lep, leptin; G-6-P, glucose-6-phos-
phate; TG, triglycerides; (±): inhibition



Effects of leptin on glucose and fat metabolism

Effects of leptin on hepatic glucose production. Leptin
has been shown to have CNS-mediated effects on glu-
cose metabolism independent of its anorectic effect
(Fig.2). In vivo, intravenous (i. v.) infusion of leptin
increases hepatic glucose production associated with
decreased hepatic glycogen content in lean mice
[48]. Similar effects are observed with intraventricu-
lar (i. c. v.) injection of leptin. Plasma glucose, insulin
and glucagon concentrations are, however, not
changed by either i. v. or i. c. v. injection of leptin in
lean mice [48]. In addition, i. v. and i. c.v. infusion of
leptin has been shown to stimulate hepatic glucose
production associated with increased glucose-6-phos-
phatatse activity and decreased phosphoenolpyru-
vate carboxykinase (PEPCK) activity in lean rats
and ob/ob mice [49, 50]. These findings indicate that
leptin increases hepatic glycogenolysis by the CNS
but the CNS-mediated transmitting pathways of lep-
tin to hepatic glucose production have not yet been
determined.

Leptin has also been proposed to have direct ef-
fects on hepatic glucose metabolism but it is still con-
troversial whether leptin counteracts or mimics insu-
lin action [51±54]. A leptin receptor (LepR) variant
has been found in human hepatocellular carinoma
cell lines [51]. Exposure of human hepatic cells to lep-
tin, at concentrations similar to those in obese people,
caused attenuation of several insulin-induced activi-
ties including tyrosine phosphorylation of the insulin
receptor substrate-1 (IRS-1), association of the
adapter molecule growth factor receptor-bound pro-
tein 2 with IRS-1 and down-regulation of gluconeo-
genesis. In contrast, leptin increased the activity of
IRS-1-associated phosphatidylinositol 3-kinase [51].
In isolated perfused rat livers, the effects of short-
term portal leptin infusion on postprandial basal and
epinephrine-stimulated glycogenolysis and on post-
absorptive lactate-stimulated gluconeogenesis have
shown that leptin directly affects hepatic glucose me-
tabolism. The leptin has an insulin-mimicking effect
on glycogenolysis and a glucagon-like effect on gluco-
neogenesis [52]. In addition, in isolated rat hepato-
cytes, leptin enhances glycogen storage-like insulin
action [53, 54]. The differences between rats and hu-
mans could be due to the difference in their cells but
in rats the effects of leptin on hepatic glucose metab-
olism in vitro are not consistent with those in vivo.

The LepR is a member of the gp130 family of cyto-
kine receptors which are known to stimulate gene
transcription by activation of the transcription factor,
cytosolic STAT protein [1]. Positional cloning of db,
the LepR gene, showed that this gene encodes five al-
ternative splice forms. The Ob-Rb variant has a long
cytoplasmic region containing several motifs re-
quired for signal transduction whereas the other
forms lack some or all of these motifs. The effect of

leptin is believed to be mediated by the long form of
the LepR, Ob-Rb [1]. Within the CNS, leptin's main
site of action seems to be in the hypothalamus, in-
cluding the arcuate nucleus (ARC), dorsomedial hy-
pothalamic nucleus (DMH), periventricular nucleus
(PVH), lateral hypothalamus (LH) and VMH in
which Ob-Rb is highly expressed [1]. Leptin induces
activation of STAT3 in the hypothalamus of mice
within 15 min of intraperitoneal (i.p.) injection but
does not induce STAT activation in the liver, adrenal,
kidney or lung [55]. These findings indicate that the
hypothalamus is a direct target of leptin action and
that this activation is critically dependent on LepR.
In addition, i. c. v. injection of much smaller amounts
of leptin affects hepatic glucose metabolism. Because
plasma glucose, insulin and glucagon concentrations
are not changed in leptin-treated animals, the sympa-
thetic neural effects on liver by focally released nore-
pinephrine or other mediators could contribute to
leptin-induced hepatic glucose production in vivo.

These findings indicate that leptin could increase
hepatic glucose production by the hypothalamic
lepR in vivo. The sympathetic nervous system could
contribute to leptin-induced alterations of hepatic
glucose metabolism.

Effects of leptin on glucose uptake in muscle and adi-
pose tissues. Leptin has been shown to increase
whole-body glucose utilisation but it also has tissue-
specific effects on glucose utilisation. Peripheral and
central infusion of leptin increases glucose uptake in
brown adipose tissue and muscle, but not in white ad-
ipose tissue [48, 56±59]. Leptin up-regulates expres-
sion of GLUT4 mRNA and protein in brown adipose
tissue but down-regulates it in white adipose tissue
without changes in muscle tissues [58]. These effects
of leptin are suggested to be mediated by hypotha-
lamic LepR [1, 55]. The central effect of leptin on glu-
cose uptake in skeletal muscle and brown adipose tis-
sue is considered to be mediated by at least the VMH
but not LH in normal rats [56]. The denervation of
the sympathetic nerve attenuates the effect of VMH
injection of leptin on glucose uptake in brown adi-
pose tissue and pretreatment with propranolol, a
non-specific b-AR blocker, decreases the enhance-
ment of glucose uptake by tissues [57]. These findings
indicate that the effect of leptin is mediated through
the b-adrenergic mechanisms of the sympathetic
nerves innervating the tissues. In addition, it seems
central leptin and peripheral insulin have a synergis-
tic role in augmenting tissue glucose uptake [57].

Leptin increases insulin sensitivity in normal rats
both under fasting conditions and in the presence of
hyperinsulinaemia when glucose is clamped indepen-
dent of altered body weight [60]. In ob/ob mice, i. v.
infusion of leptin increased whole-body glucose turn-
over and stimulated glucose uptake in brown adipose
tissue but not skeletal muscle and white adipose tis-
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sue [50]. Leptin treatment in the insulin-deficient dia-
betic rats restored euglycaemia and substantially im-
proved glucose metabolic rates during the postab-
sorptive state as well as restoring insulin sensitivities
at the levels of the liver and the peripheral tissues
during glucose clamp [61]. These findings indicate
that the antidiabetic effects of leptin are achieved
through both an insulin-independent and an insulin-
sensitising mechanism.

In isolated mouse soleus and extensor digitorum
longus muscle, leptin does not affect insulin-stimulat-
ed muscle glycogen synthesis, glucose oxidation or
lactate production [62]. In isolated rat adipocytes,
leptin impairs insulin action in the physiological con-
centration range of both leptin and insulin [63]. The
presence of small amounts of LepR mRNA has been
shown in brown adipose tissue and white adipose tis-
sues but not muscle [64]. These findings indicate that
leptin increases glucose utilisation in skeletal muscle
and brown adipose tissue but not white adipose tissue
possibly through the sympathetic nervous system by
focally released norepinephrine.

Effects of leptin on fat metabolism. Leptin increases
the rate of lipolysis in white adipose tissue in vivo
and in vitro [65±67], leading to a decrease in triglycer-
ide stores. Leptin also decreases triglyceride content
in the liver, skeletal muscle and pancreas without in-
creasing plasma NEFA or ketones [65]. The depleted
triglyceride content induced by leptin is due to pre-
vent triglyceride formation from NEFA and in-
creased intracellular NEFA oxidation [65]. In addi-
tion, leptin treatment for 24 h increases LPL mRNA
in primary cultures of brown adipocytes [66]. The
presence of OB-Rb in white and brown adipose tis-
sues has been substantiated by the detection of its
transcripts by RT-PCR and leptin treatment in vivo
and in vitro activating the Jak/STAT pathway [67].
These effects of leptin are prevented in fa/fa rats
with leptin receptor mutation, suggesting that leptin
receptor signalling directly contributes to the effect
of leptin [67].

Leptin treatment rapidly increases norepinephrine
turnover in interscapular brown adipose tissues in ob/
ob mice [68]. In wild-type mice leptin treatment does
not increase rectal temperature or the activity of
UCP-1, although it increases both in ob/ob mice
[69]. Leptin treatment does not cause a net increase
in 24-h energy expenditure but instead blunts the de-
creased energy expenditure that generally accompa-
nies food restriction [70]. High doses of leptin and
treatment with leptin for 3 days has, however, recent-
ly been shown to increase UCP-1 expression in brown
adipose tissue and oxygen consumption in normal
rats [71, 72]. This effect is attenuated by denervation,
suggesting that leptin-induced enhancement of UCP-
1 gene expression is dependent on sympathetic inner-
vation [72]. In addition, i. v. infusion of leptin has

been shown to gradually increase sympathetic nerve
activity in brown adipose tissue, kidney, hindlimb
and adrenal medulla [73].

In mice i. c.v. injection of leptin has been shown to
increase triiodothyronine and decrease thyroxine,
suggesting that leptin treatment increases the rate of
conversion of thyroxine to triiodothyronine [48]. Cat-
echolamines affect the rate of deiodination of thyrox-
ine in animals [16]. Other studies found that leptin in-
creases plasma thyroxine concentrations in rats [58]
and fasting mice [9]. The relation between leptin and
thyroid hormones was not born out in human studies
[12]. From these findings, it is still not clear whether
interactions between leptin and thyroid hormones by
the sympathetic nervous system contribute to altera-
tions in glucose and fat metabolism.

These findings indicate that leptin increases the
rate of lipolysis in white adipose tissue and decreases
triglyceride content through the sympathetic nervous
system and by direct effects through autocrine or
paracrine pathways. Leptin probably increases sym-
pathetic stimulation of brown adipose tissue, leading
to increased thermogenesis.

Central neural pathways of sympathetic effects on
glucose and fat metabolism

Nerve fibres of the sympathetic nervous system
emerge from the spinal cord at the thoracic and lum-
bar levels whereas parasympathetic fibres emerge
from sacral segments of the cord. The cell bodies of
these fibres are located in the interomedial lateral nu-
clei of the spinal cord. These cells are called pregan-
glionic nerve cells and have short axons that inner-
vate cells in ganglia located near the spinal cord. The
cells within the ganglia are postganglionic nerve cells
that have long axons and synapse with cells in other
organ systems. Catecholamine release at the sympa-
thetic nerve endings and the adrenal medulla is a di-
rect consequence of a downward flow of impulses
from sympathetic centres within the CNS [16].

Initial studies using electrical stimulation of the
hypothalamic nuclei indicated that the VMH is the
sympathetic centre and the LH is the parasympathet-
ic centre. The VMH and LH have been proposed to
regulate glucose and fat metabolism in a reciprocal
manner [14]. Electrical stimulation of VMH increases
the activity of PEPCK, a key gluconeogenic enzyme,
and suppresses pyruvate kinase (PK), a key glycolytic
enzyme, in rat liver. Electrical stimulation of LH by
contrast decreases PEPCK activity without any effect
on PK activity [14]. Studies with neurochemical stim-
ulation do not, however, always follow these hypotha-
lamic anatomical boundaries in the neural regulation
of energy metabolism. Multiple hypothalamic nuclei
around the third cerebral ventricle including the
VMH, LH, PVH, and medial-preoptic area (MPA)
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seem to enhance sympathetic effects on hepatic glu-
cose metabolism [18, 19].

Recently the viral transneuronal tracing method,
Bartha's K strain of the pseudorabies virus, has been
used to identify the CNS cell groups that regulate
the autonomic outflow systems of pancreas, adrenal
medulla, white adipose tissue and brown adipose tis-
sues in rats and Siberian hamsters [74±76]. The
PVH, perifornical hypothalamic region (PeF), A5
catecholamine cell group, rostal ventrolateral medul-
la (RVL) and lateral paragigantocellular reticular nu-
cleus (LPGI) have been proposed to contain a con-
siderable amount of neurons that project to both the
sympathetic and parasympathetic pancreatic outflow
systems as well as the sympathoadrenal outflow sys-
tem in rats [74]. In addition, some hypothalamic nu-
clei including the dorsal hypothalamic area (DHA),
DMH and LH have been proposed to contain neu-
rons that project to the parasympathetic pancreatic
outflow systems. The MPA, DHA, LH and the poste-
rior hypothalamic area have been proposed to con-
tain neurons that project to the sympathetic pancre-
atic outflow system [74]. Brown adipose tissue is
only innervated by sympathetic nerves. The PVH,
MPA, LH, suprachiasmatic nucleus (SCN), ARC,
bed nucleus of stria terminalis, (BNST) and lateral
septum (LS) have been implicated in sympathetic
outflow to brown adipose tissue in Siberian hamsters
[76]. This distribution of infected neurons in the
CNS after pseudorabies virus injections into brown
adipose tissue was quite similar to that found after in-
jection into white adipose tissue of Siberian hamsters
and rats [75]. Notably, there were little or no neural
connections between the VMH and adipose tissues
or pancreas using this transneuronal viral tract tracer
[74±76] although the VMH has been implicated as a
major centre regulating sympathetic outflow systems
that alter energy metabolism. One possible reason
for this discrepancy is that the targeted stimulation
or destruction of the VMH secondarily affected the
caudally projecting neurons of the hypothalamic
PVH that course near and around the VMH. Alter-
natively, the pseudorabies virus does not necessarily
infect every type of neuron and the possibility re-
mains that these particular neurons are refractory to
infection.

Alterations of central neurotransmission have
been shown to modulate sympathetic regulation of
glucose and fat metabolism (Table 2). A variety of cir-
cumstances and afferent factors alter central neu-
rotransmission. The traditional view envisages the
sympathetic nervous system and the adrenal medulla
working in tandem, with circulating catecholamines
from adrenal medulla supporting the effects of the
sympathetic nerves. The relation between the sympa-
thetic nervous system and adrenal medulla in the reg-
ulation of energy metabolism is, however, more com-
plex. During exposure to cold or physical exercise, for

example, the initial response is predominantly one of
sympathetic stimulation but as the severity of the cold
or the degree and duration of exertion increases, the
secretion of adrenal medullary epinephrine progres-
sively increases. Studies with laboratory animals
have indicated that hypoglycaemia, acute hypoxia of
a moderate degree and acute ischaemia predomi-
nantly stimulate adrenal medullary epinephrine se-
cretion [16]. Humoral factors including glucocorti-
coid, estrogen and thyroid hormones also affect cen-
tral neurotransmission which could modulate sympa-
thetic effects [12, 16, 77±79]. It is well known that
cross-talk between catecholamines and glucocorti-
coid-receptor signalling systems can occur and thy-
roid hormones enhance b-AR-mediated lipolysis
and thermogenesis [12, 16, 77]. Estrogen has been
shown to reduce the sympathetic cardiovascular tone
in menopausal women [80] and increase the parasym-
pathetic tone of the baroreflexzone in male rats [81].
These interactions between the sympathetic nervous
system and humoral factors could be important in
regulating sympathetic effects.

Neuropharmacological studies over the past de-
cade indicate that central neural mechanisms regulat-
ing adrenal medullary epinephrine release and nore-
pinephrine release from the end of sympathetic nerve
terminals could be dissociated [18]. Epinephrine se-
cretion is more likely to have a specific neurochemi-
cal regulation in the CNS than norepineprine. Phar-
macological stimulation of central cholinergic musca-
rinic receptors in the VMH, PVH, MPA and LH has
been shown to increase hepatic venous plasma glu-
cose concentrations associated with increased epi-
nephrine more than norepinephrine [18, 19]. Cholin-
ergic muscarinic stimulation of the hippocampus
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Table 2. Central neuronal systems involved in the sympathetic
regulation of glucose and fat metabolism

Stimulators
Cholinergic system
Noradrenergic system
Histaminergic system
Serotonergic system
Corticotropin-releasing factor (CRF)
Thyrotropin-releasing hormone (TRH)
Bombesin
Melanocortin
b -Endorphin
Leptin
Interleukin-1
PGF2a, PGE2, PGD2
2-Deoxy-glucose
Kainate
NMDA
l-NMA

Inhibitors
GABAergic system
Somatostatin analogue

PG: Prostaglandin, NMDA: N -methly-d asparate, l-NMA:
NG -methyl-l-arginine



also increases hepatic venous plasma glucose concen-
trations associated with increased epinephrine more
than norepinephrine. Lesions in the VMH attenuated
these responses indicating that the VMH plays a cru-
cial part in the signalling of the hippocampal cholin-
ergic system to stimulate epinephrine secretion and
hepatic glucose production [18, 19]. Pharmacological
stimulation of other neurotransmitter systems does
not, however, always follow central sympathetic path-
ways induced by activation of the cholinergic system.
Leptin has recently been proposed to act on the
VMH but not LH and PVH to increase sympathetic
outflow [55, 56, 82].

Thus, not only anatomical sites but also different
kinds of neurotransmitters contribute to the central
regulation of sympathetic outflow. Multiple hypotha-
lamic nuclei around the third cerebral ventricle in-
cluding the VMH, PVH, MPA and LH probably con-
tribute to sympathetic regulation of glucose and fat
metabolism. The relative contribution of sympathetic
outflow to pancreas, liver, adipose tissues and adrenal
medulla could be changed by alterations of central
neurotransmission, environmental and hormonal fac-
tors.

Disturbances of sympathetic effects on glucose
and fat metabolism

Electrical and chemical lesions of hypothalamic nu-
clei. The VMH was initially implicated as a major
centre in the regulation of both satiety and sympa-
thetic outflow. Bilateral electrical lesions of VMH
cause hyperphagia and hyperinsulinaemia, leading
to obesity early after surgery. Vagotomy attenuated
the obesity syndrome induced by electrical lesions of
the VMH. An increased fat mass was still observed
in the animals with VMH lesions under paired feed-
ing conditions [2]. Transplantation of the pancreas at-
tenuates the hyperinsulinaemia and obesity in these
lesioned animals [2]. These findings suggest that pri-
mary neural innervation of the pancreas plays a cen-
tral part in the development of hyperphagia and obe-
sity after VMH injury [2].

Chronic intraventricular injection of the orexigen-
ic peptide, neuropeptide Y (NPY) also causes hyper-
phagia and obesity by a primary neural stimulation
of pancreatic insulin secretion [83]. Lesions in the
VMH reduce, however, NPY mRNA expression in
the hypothalamus [84], indicating that NPY does not
contribute to the VMH-lesioned obesity. Rats with
lesioned VMH show an increase in leptin expression
and release by white adipose tissue, but they cannot
respond to leptin [85]. These findings suggest that in-
creased vagus nerve-pancreatic insulin secretion in-
duced by VMH lesions enhances leptin expression
and secretion by white adipose tissue, and that the
VMH is a crucial effector region which leptin acts

on. Obesity in the VMH-lesioned animals could re-
sult from disturbances of central leptin signalling.

Peripheral injection of gold thioglucose has been
used as a model of neurochemical destruction of neu-
rons in the regulation of satiety and sympathetic out-
flow. Because hypothalamic lesion induced by gold
thioglucose absolutely depends on the glucose moiety
of gold thioglucose and the presence of insulin and
can be blocked by inhibitors of glucose uptake, it is
assumed that gold thioglucose specifically damages
glucose-responsive neurons including the VMH. The
destruction of these glucose-responsive neurons is
thought to be the cause of obesity induced by gold
thioglucose [86]. Hyperphagia and hyperinsulinaemia
were observed at 14 days after injection of gold thio-
glucose (early stage), leading to obesity and hypergly-
caemia at 10 weeks after treatment (late phase) [87].
Obesity induced by gold thioglucose is associated
with decreased NPY and pro-opiomelanocortin
(POMC), which is the precursor of melanocyte-stim-
ulating hormone (MSH), expression in the hypothala-
mus [87, 88]. Thus, such obesity could result from de-
creased activity of hypothalamic neurons synthesising
POMC but it is also associated with reduced Ob-Rb
expression in the ARC, VMH, LH and DMH [64], in-
dicating that disturbances of leptin signalling also
contribute to obesity induced by gold thioglucose.
These findings indicate that there could be an interac-
tion between leptin and POMC signalling.

Effects of functional disruption by colchicine in-
jected in the medial hypothalamic nuclei including
VMH, PVH, ARC and DMH on fat stores and hor-
mones have recently been evaluated. Rats with col-
chicine-induced disruption of VMH, PVH or ARC
but not DMH had a similar outcome of obesity asso-
ciated with increases in plasma insulin and leptin con-
centrations although VMH lesions showed a much
steeper slope in the relation of leptin to fat mass
than sham lesion or any other nuclear lesions [89]. In
addition, cholchicine-induced lesions of ARC, PVH
and VMH nuclei all resulted in leptin insensitivity
whereas lesions of DMH augmented sensitivity to
leptin on weight gain [90]. These findings indicate
that the medial hypothalamic cell groups could be
necessary for normal leptin responsiveness and the
regulation of energy balance.

Thus, studies with electrical and neurochemical le-
sions in the CNS have indicated that the medial hypo-
thalamus plays an important part in the neural regu-
lation of glucose and fat metabolism. Decreased lep-
tin signalling and POMC activity in the hypothalamus
probably contribute to obesity with electrical and
neurochemical disruption of cell groups in the hypo-
thalamus of rats. Because electrical and neurochemi-
al lesions do not always block the signalling of neuro-
transmitters at specific receptors, these approaches
have limited evaluation of central interactions of neu-
rotransmitters involved in sympathetic outflow.
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Mice with disruption of a specific neurotransmitter's
receptor gene

Genetic disruption of leptin receptor. The leptin sys-
tem has been implicated in the regulation of food in-
take and sympathetic outflow [1]. db/db Mice, with a
mutated LepR gene (Ob-Rb) have been recognised
as a genetic model of perturbed feeding regulation
and autonomic outflow. When these animals are as
young as 10 to 14 days old, normoglycaemic mice be-
come hyperinsulinaemic. During their first month of
life, they are not obese but increase their food intake
and show a moderate weight gain. In their second
month of life, the db/db mice become hyperglycae-
mic, with blood glucose concentrations reaching as
high as 16.5 mmol/l. In parallel, insulin concentra-
tions increase, reaching up to ten times normal values
when the animals are 3 months old. In this period the
mice gain weight and become very obese. This indi-
cates that disturbances of leptin signalling can cause
disturbances of satiety and sympathetic outflow, lead-
ing to obesity associated with hyperinsulinaemia in-
duced by increased vagus nerve activity in these ani-
mals [2]. db/db Mice have hyperglycaemia early in
life whereas VMH-lesioned animals do not have hy-
perglycaemia. Signalling pathways other than the
VMH are therefore likely to contribute to the mecha-
nisms of hyperglycaemia in animals with a mutation
of the LepR gene. These animals have increased
NPY expression and decreased POMC expression in
the hypothalamus [91, 92]. In addition, treatment
with leptin increases POMC gene expression in the
hypothalamus [93, 94]. These findings indicate that
POMC neurons could contribute to alterations of en-
ergy metabolism induced by leptin.

Genetic disruption of melanocortin-4 receptor. The
melanocortin system has been implicated in regula-
tion of food intake and sympathetic outflow [95].
The melanocortin-4R (MC4-R) is a G protein-cou-
pled, seven-transmembrane receptor expressed in
the brain. Neurons expressing MC4-Rs localise to
the PVH, DMH, and LH [96]. The ectopically ex-
pressed agouti protein induces obesity primarily by
antagonising the hypothalamic MC4-R associated
with leptin resistance [97±99]. The a-melanocyte-
stimulating hormone (a-MSH), derived from the arc-
uate nucleus POMC neurons, is the primary source
of ligand for MC4-R and appears to have a tonic in-
hibitory role in feeding and energy storage. Yellow
(AY/a) mice have defects in POMC signalling in the
brain, leading to obesity associated with leptin resis-
tance [98]. It has been proposed that the weight-reduc-
ing effects of leptin are transmitted primarily by way
of POMC neurons. The central effects of defective
POMC signalling, and the absence of leptin on weight
gain in double-mutant lethal yellow (AY/a) leptin-de-
ficient (ob/ob) mice were, however, shown to be inde-

pendent and additive. These findings indicate that the
obesity is independent of leptin action and resistance
to leptin results from desensitisation of leptin signal-
ling [99].

Mice with a mutated MC4-R gene have hyper-
phagia, hyperinsulinaemia, maturity-onset obesity
and hyperglycaemia which mirrors some characteris-
tic features of the yellow (AY) agouti obesity syn-
drome [100]. Hyperinsulinaemia and hyperphagia
could occur almost in parallel, as hyperglycaemia (di-
abetic range) and hyperinsulinaemia are evident at
10±14 weeks old in MC4-R mutant mice [100]. In-
creased NPY expression in the DMH is observed in
MC4-R mutant mice, indicating that NPY might be a
downstream target of POMC neurons [100]. The AY/a
obese mice did not respond to subcutaneous injection
of leptin and were a 100-fold less sensitive to i. c. v. in-
jection of leptin, suggesting that leptin resistance
probably results from defects downstream of the lep-
tin receptor in the hypothalamus [64]. Non-obese
young adult, MC-4R-deficient mice are resistant to
the anorectic effect of MTII, a a-MSH-like agonist,
suggesting that a-MSH inhibits feeding primarily by
activating MC4-R. Obese MC-4R-deficient mice do
not respond to the inhibitory effects of leptin on feed-
ing whereas non-obese MC4-R-deficient mice do
[101]. These findings indicate that melanocortin sig-
nalling transduced by MC4-R is not an exclusive tar-
get of leptin action and that factors resulting from
the obesity syndrome contribute to leptin resistance.

Genetic disruption of serotonin 5-HT2c receptor. The
serotonin system has also been implicated in the reg-
ulation of food intake and sympathetic outflow [102±
104]. The serotonin 5-HT2c receptor (5-HT2cR),
which is G protein-coupled and expressed in the
CNS, contributes to the anorectic effect of m-chlor-
ophenylpiperazine, a non-selective serotonergic ago-
nist [105]. Mice deficient in 5-HT2cR have a late on-
set of obesity which is probably evident at
8±9 months old [106]. Increased fat mass attenuated
in 5-HT2cR mutants under paired feeding conditions
[105]. Despite their hyperphagia, young adult 5-
HT2cR-deficient mice are not obese and do not have
increased basal plasma insulin concentrations [106].
These findings indicate that the perturbation of sati-
ety in mutants is not associated with the direct neural
stimulation of insulin secretion. Hyperinsulinaemia
develops in older obese mice (after 8±9 months old)
[106], indicating that late-onset hyperinsulinaemia in
obese 5-HT2cR-deficient mice is a secondary conse-
quence of the mutation. A mild weight gain occurs
without hyperinsulinaemia in 5-HT2cR-deficient
mice, indicating that obesity without hyperinsulin-
aemia induced by increased vagus nerve activity de-
velops very slowly. Older chow-fed mutants are glu-
cose intolerant and have a mild increase in plasma
glucose concentrations but not diabetes although
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high-fat feeding in mutants causes diabetes earlier
than in wild-type animals [106].

Young adult 5-HT2cR-deficient mice consume
more food despite normal responses to exogenous
leptin, indicating that the hyperphagia does not result
from a disturbance of leptin signalling but leads to
late-onset leptin resistance [106]. In addition, NPY
and POMC mRNA expression in the hypothalamus
are not changed in hyperphagic young mutants, indi-
cating that neither NPY nor POMC neuronal activity
contribute to hyperphagia in 5-HT2cR mutants (un-
published data). Thus, the obesity syndrome in mice
with a mutated 5-HT2cR gene develops in a different
manner from db/db mice although 5-HT2cR and
LepR tend to be concentrated in the same hypotha-
lamic areas [1, 107]. Genetic disruption of the 5-
HT2cR probably causes a primary disturbance of sa-
tiety regulation rather than a direct neural regulation
of glucose and fat metabolism. These findings indi-
cate that central neural mechanisms in the regulation
of food intake and autonomic outflow could be disso-
ciated and that hyperphagia without decreased sym-
pathetic outflow and hormonal abnormalities does
not rapidly cause obesity (Table 3).

Genetic disruption of b3-adrenergic receptor and un-
coupling protein. The b3-AR has been implicated in
the regulation of food intake and sympathetic effects
on energy metabolism and has been shown to be ex-
pressed in brown and white adipose cells where it is
coupled to cAMP generation. The treatment of mice
with b3-AR agonists rapidly inhibits food intake in-
dependent of leptin [7], indicating that b3-AR signal-
ling could be involved in hypothalamic satiety regula-
tion. Adipocytes from ob/ob mice responded poorly
to b-adrenergic agonists-stimulated adenyl cyclase
[108]. In addition, the b3-AR mRNA expression is
greatly reduced (by 300-fold) in 12-week-old obese
ob/ob mice compared with that in lean animals. Ex-
pression of b1-AR mRNA was also reduced (by four-

fold) in ob/ob mice but that of b2-AR mRNA was not
changed [108].

Mice with a null mutation of the b3-AR gene have
a mild increase in fat stores at an early age (21 days)
[109]. The effect of CL-316,243, which decreases
food intake and increases oxygen consumption and
plasma NEFA concentrations, are absent in b3-AR
mutant mice [109, 110]. Furthermore, b1-AR
mRNA but not b2-AR mRNA expression is de-
creased in the mutants, suggesting that b1-adrenergic
receptor mRNA expression is up-regulated in white
and brown adipose tissues of b3-AR mutant mice
[109]. Body fat accumulation develops without hyper-
phagia at 21 weeks old [110]. These findings suggest
that a disturbance of sympathetic neural action on ad-
ipose tissues by b3-AR results in an increased fat
store without hyperphagia.

Mice lacking mitochondrial uncoupling protein
are cold-sensitive but not obese [111], although
brown adipose tissue of UCP-deficient mice have en-
larged lipid vacuoles. Mice deficient in UCP consume
less oxygen after treatment with b3-AR agonist and
they are sensitive to cold, indicating that their ther-
moregulation is defective. Neither hyperphagia nor
obesity develops, however, in UCP-deficient mice.
These findings indicate that the sympathetic-UCP-1
axis on brown adipose tissue can contribute to ther-
mogenesis but does not contribute to glucose and fat
metabolism directly. Factors other than brown adi-
pose tissue-induced thermogenesis could be needed
to change glucose and fat metabolism.

Genetic disturbances of sympathetic effects on obesity
and diabetes in humans

Disturbances of leptin secretion and action have re-
cently been implicated in the pathogenesis of human
obesity [1]. Plasma leptin concentration correlates
with body fat content and is usually increased in
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Table 3. Characteristics of CNS-mediated obesity in mice with a mutated receptor gene

Mutated receptor LepR MC4-R 5-HT2cR

Age (weeks) 8±12 10±14 11±14 32±36
Leptin sensitivity defect decrease normal a mild decrease
SNS decrease decrease normal a mild decrease?
PSNS increase increase normal a mild increase?
Food Intake increase increase increase increase
Body Mass obesity obesity normal a mild obesity

Plasma
Leptin increase increase normal increase
Insulin increase increase normal increase
Glucose diabetic diabetic normal normal
Triglycerides increase ? normal normal
Corticosterone increase normal normal normal

Glucose tolerance impaired impaired normal a mild impaired

The characteristics are compared in male mice (background of C57BL/six strains). SNS, sympathetic nervous activity, PSNS: para-
sympathetic activity



most obese subjects, suggesting that human obesity is
generally associated with an insensitivity to leptin.
Although the association of mutations in leptin and
its receptor with massive obesity confirms its impor-
tance in regulating body weight, these syndromes are
rare in humans [1, 112]. Rather than a primary genet-
ic mutation of leptin production or leptin receptors,
secondary perturbation of leptin signalling induced
by other factors including chronic hyperphagia, high-
fat diet or other genetic disturbances could contrib-
ute to the more common causes of human obesity.

In contrast to mice with disruption of Lep gene
and LepR, mice with disruption of MC4-R have ma-
turity-onset obesity and hyperglycaemia. Because
the development of obesity in MC4-R mutant mice
resembles common cases of human obesity which
are likely to slowly develop after ªmiddle-ageº, hu-
man MC4-R gene polymorphisms have recently
been evaluated in 190 obese subjects [113]. Three al-
lelic variants were identified, including two new
ones, Thr112Met and Ile137Thr. Among 190 subjects
screened, 9 were found to be heterozygous for the
MC4-R allelic variants, including 1 for the severely
impaired Il137Thr variant, suggesting that the se-
quence polymorphism in the MC4-R coding region is
probably a common cause of obesity in the cohort
studied [113]. Two patients with mutations of POMC
have, however, been observed; one was compound
heterozygous for two mutations in exon 3 (G7013T,
C7133D) and the other was homozygous for a muta-
tion in exon 2 (C3804A) which abolished POMC
translation. These patients had severe early-onset
obesity, adrenal insufficiency and red hair pigmenta-
tion [114].

In contrast, a genetic disturbance of sympathetic
effects on energy metabolism has recently been iden-
tified. Pima Indians have a high frequency of mis-
sense mutations of the b3-AR gene (Trp64Arg).
Those with the mutation develop early-onset Type II
diabetes and tend to have a low metabolic rate [115].
This mutation is also associated with abdominal obe-
sity and resistance to insulin [116, 117], an increased
capacity to gain weight [118], a reduced ability to
lose weight [119, 120], high BMI [121] and lower li-
polytic activities [122]. The frequency of the Arg vari-
ant differs, however, between ethnic groups. In Cau-
casians it is 8±10%, in Japanese about 20% and as
many as 40% of Alaskan Eskimos have the Arg al-
lele. Homozygotes are rare but they generally occur
in a frequency which agrees with the Hardy-Wein-
berg equilibrium [123]. Recent studies have shown
that treatment of lean male subjects with CL-316,243
increases insulin action and fat oxidation (both in a
plasma concentration-dependent manner) without
affecting heart rate, blood pressure and tremor
[124]. This indicates that b3-AR signalling could
have an important role in the pathogenesis and treat-
ment of obesity and Type II diabetes.

A strong association between obesity and a mis-
sense mutation in coden 27 of the b2-AR gene replac-
ing glutamine to glutamic acid (Gln27Glu) has also
been reported [125]. The Gln27Glu variant is strong-
ly associated with obesity in women. Women who
are homozygous for 27Glu have an average 20 kg
higher fat mass and about 50% larger fat cells than
control subjects. The Gln27Glu variant of the b2-AR
gene could be an important obesity gene polymor-
phism in women but no data are available for men.
These findings indicate that the genetic variability in
the b3-AR and b2-AR genes and disturbances of their
signalling could be important for the development of
human obesity.

Conclusion and a hypothesis

Since its recent discovery, leptin has been recognised
as an afferent pathway from the peripheral organs to
the CNS involved in the regulation of energy metabo-
lism. Leptin can be also recognised as an effector of
glucose and fat metabolism. The effects of leptin on
energy metabolism could be in part mediated by the
sympathetic nervous system by locally released nore-
pinephrine-like effects in vivo although leptin has
also been shown to act directly in the periphery. Epi-
nephrine and norepinephrine, which are secreted by
the adrenal medulla and the sympathetic nerve termi-
nals, have some different effects on glucose metabo-
lism. Epinephrine increases hepatic glucose produc-
tion and inhibits insulin-induced glucose uptake in
skeletal muscle and adipose tissues, leading to a rapid
increase in plasma glucose concentration. In contrast,
norepinephrine contributes less to hepatic glucose
production than epinephrine but could increase glu-
cose uptake and its utilisation in skeletal muscle and
adipose tissues by the potent b3-adrenergic receptor
independent of insulin action. Although the relative
importance of the effects of norepinephrine and epi-
nephrine on fat metabolism are still to be resolved,
activation of the sympathetic nervous system increas-
es lipolysis and decreases triglyceride-rich lipopro-
tein accumulation into white adipose tissue by the po-
tent b3-adrenergic receptor, leading to decreased fat
stores. The direct sympathetic stimulation of brown
adipose tissue and b3-adrenergic stimulation produce
thermogenesis, leading to increased energy expendi-
ture.

In addition to these pharmacological and physio-
logical studies, recent approaches using transgenic
mice could provide new insights into the sympathetic
nervous system and regulation of energy metabolism.
Mice with a genetic disruption of the specific neu-
rotransmitter receptors involved in sympathetic ef-
fects are usually obese and have impaired glucose tol-
erance. The developmental processes are, however,
very different. Studies using 5-HT2cR mutant mice
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indicate that hyperphagia without decreased sympa-
thetic effects and abnormalities of hormones does
not rapidly cause obesity. Although central neural
mechanisms in the regulation of food intake and au-
tonomic outflow have been recognised to occur in
parallel, recent studies indicate that they could be dis-
sociated. The sympathetic nervous system should
function properly for increased energy intake to be
compensated by increased energy expenditure. Dys-
function of the sympathetic nervous system should
therefore be considered, in addition to feeding, as a
primary cause of CNS-mediated obesity.

Leptin insensitivity, which is observed in most
obese rodents, is associated with decreased sympa-
thetic outflow, leading to obesity and impaired glu-
cose tolerance. Leptin resistance has been recognised
as a common pathophysiology of obesity in most hu-
mans although mutations of the leptin gene and
LepR gene are very rare. Moreover, Pima Indians de-
velop abdominal obesity and early-onset Type II dia-
betes which have a high frequency of missense muta-
tions of the b3-AR gene (Trp64Arg). The frequency
of the Arg variant differs, however, between ethnic
groups. Caucasians and Japanese have a low frequen-
cy of missense mutations of the b3-AR gene (8±10%
and about 20%, respectively). These findings indi-
cate that secondary decreased sympathetic effects in-
cluding a secondary perturbation of leptin and b3-AR
signalling could be a cause of human obesity and
Type II diabetes.

Thus, the sympathetic nervous system has an im-
portant role in the regulation of glucose and fat me-
tabolism. Dysfunction of the sympathetic nervous
system regulation of metabolic organs could predis-
pose to obesity and Type II diabetes. Further insights
into the mechanisms by which the autonomic nervous
system modulates glucose and fat metabolism could
therefore provide new insights into the pathophysiol-
ogy and strategies for the treatment of obesity and di-
abetes.
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