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Overview

The identification of the ob gene through positional
cloning [1] and the discovery that its encoded protein,
leptin, is essential for body weight homeostasis [2±4]
have permanently altered the field of metabolic phys-
iology. Over a 5-year period a substantial and rapidly
changing body of knowledge has been created.

Leptin, a 16 kDa circulating hormone produced
and released primarily by adipocytes, exerts a regula-
tory control on food intake and energy expenditure
[2±4]. Plasma leptin concentrations are correlated
with total fat mass, per cent body fat and body mass
index acting as a sensing hormone or ªlipostatº in a
negative feedback control from adipose tissue to the
hypothalamus, the brain centre responsible for sati-
ety [5, 6]. Thus, leptin informs the brain about the
abundance of body fat, thereby allowing feeding be-
haviour, metabolism and endocrine physiology to be
coupled to the nutritional state of the organism. Lep-
tin-deficient ob/ob mice exogenously treated with
leptin have a pronounced body weight loss with a dis-
tinct loss of discernible body fat [2±4]. This effect is
not only attributable to a decreased food intake but

also to an increased basal metabolic rate with selec-
tive promotion of fat metabolism [2, 7±10].

Leptin was discovered through a very specific bio-
logical action consisting in its involvement in body
weight and appetite regulation. Interestingly, leptin
has structural similarities to the family of helical cyto-
kines [11]. Many cytokines, originally isolated
through particular biological actions, have subse-
quently been shown to be capable of stimulating a va-
riety of biological responses in a wide spectrum of cell
types. Thus, leptin shares with other cytokines an ex-
treme functional pleiotropy and has been shown to
be involved in quite diverse physiological functions,
such as reproduction [12], angiogenesis [13], haema-
topoiesis [14] and immune responsiveness [15].

Consistent with leptin's role in controlling appetite
and energy metabolism, leptin receptors (OB-R)
have been found in the hypothalamus and adjacent
brain regions [16, 17]. At the beginning direct leptin
actions were thought to be exclusively confined to
the central nervous system (CNS). The almost ubiq-
uitous distribution of functional OB-R provides,
however, evidence for a multiplicity of peripheral tar-
get organs. At the cellular level OB-R, structurally
related to the family of cytokine receptors, have
been found to activate Janus kinases and to function
as a signal transducer and activator of transcription
(STAT) pathways [16]. Special attention among the
extraneural tissues expressing functional OB-R
should be given to organs involved in metabolism
and digestion like the pancreas, skeletal muscle and
the gastrointestinal system [16, 17]. The pancreas has
evolved a complex and exquisitely sensitive mecha-
nism for matching the stimulation or inhibition of
pancreatic hormone release to the prevailing meta-
bolic needs [18]. Pancreatic endocrine and exocrine
secretion is released in response to nutrient inflow
from the gut and to gastrointestinal secretagogues.
Even though the insulo-acinar axis has been exten-
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sively studied, the mechanisms of the regulation of
pancreatic secretion have not been fully assessed. In
this review the complex relation between leptin and
insulin in the regulation of glucose metabolism is dis-
cussed in the broader perspective of integrative phys-
iology (Fig.1).

Leptin inhibits food intake, reduces body weight,
stimulates energy expenditure and decreases hyper-
glycaemia and hyperinsulinaemia in obese rodents
[2±4]. It was also observed that changes in glycaemia
precede changes in body weight [2]. In addition,
pair-feeding studies [7] and experimental hyperlepti-
naemic animal models [19, 20] provide compelling
evidence that leptin exerts an appreciable metabolic
regulatory role, in addition to appetite suppression.
It has been shown that leptin is involved in the regula-
tion of glucose transport [21, 22]. The importance of
glucose transport as the rate-limiting step in whole
body glucose utilization becomes more important in
metabolic disease states such as obesity and Type II
(non-insulin-dependent) diabetes mellitus, in which
insulin-mediated glucose transport is impaired. Al-
though leptin has been shown to increase whole
body glucose utilization, the effect of leptin on glu-
cose at the tissue level remains controversial.

Leptin action on pancreatic islets

Plasma glucose concentration is tightly controlled
throughout life under physiological conditions. This
precise control is best seen during periods of food
deprivation or consumption. The stability of the plas-
ma glucose concentration is a reflection of the bal-

ance between the rates of whole body glucose pro-
duction and utilization. Each of these processes is
tightly regulated by the concentrations of hormones
and substrates in blood. Functional OB-R have been
shown to be expressed in pancreatic islets [23, 24].
This points to the possibility of leptin involvement in
local metabolic regulation. In this context, research-
ers have evaluated the possible physiological role of
leptin on the endocrine pancreas.

Leptin action on insulin production and release. The
relation between leptin and insulin seems to be com-
plex. Some researchers failed to show a direct effect
of leptin on the release of either insulin or glucagon
in the isolated perfused rat pancreas [25]. Other stud-
ies provide, however, evidence that leptin can directly
inhibit both basal and glucose-stimulated insulin se-
cretion [23, 24]. As depicted in Figure 2, leptin inhib-
its insulin secretion by acting on ATP-sensitive potas-
sium channels [26, 27], a mechanism later reported to
mediate leptin action in the hypothalamus [28]. The
inhibitory effect of leptin on insulin secretion does
not seem to be due to major actions on the main glu-
cose-phosphorylating pathways in the beta cells as
no changes in hexokinase and glucokinase activities
have been observed [29] and glucokinase regulation
appears to be leptin-independent [30]. Arginine-in-
duced insulin production did not seem to be affected
by leptin in vitro [29] suggesting that, at least some
of the mechanisms through which amino acids induce
insulin release are not influenced by leptin. A possi-
ble participation of leptin in amino acid-stimulated
insulin production under physiological circumstances
cannot, however, be ruled out.

Leptin has been shown to specifically target the
phospholipase C/protein kinase C-mediated regula-
tory component of insulin secretion rather than the
glucose or protein kinase A signalling components
of the secretory process [31]. Leptin constrained the
enhanced phospholipase C-mediated insulin secre-
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Fig.1. Proposed model of the interrelations between nutri-
tional, neural and hormonal factors working together on pan-
creatic islet cells



tion characteristic of islets from ob/ob mice, without
influencing release from islets of lean mice. A specific
enhancement in phospholipase C-mediated insulin
secretion is the earliest reported developmental alter-
ation in insulin secretion from islets of ob/ob mice
and thus a logical target for leptin action. This effect
of leptin on phospholipase C-mediated insulin secre-
tion has been reported to be dose-dependent, rapid
in onset (within about 3 min) and reversible [31].
Leptin was equally effective in constraining the en-
hanced insulin release from islets of ob/ob mice
caused by protein kinase C activation, a downstream
mediator of the phospholipase C signalling pathway.
Therefore, one function of leptin in body composi-
tion control could be to target a protein kinase C-reg-
ulated component of the phospholipase C/protein ki-
nase C signalling system within islets to prevent hy-
persecretion of insulin [31].

It has also been reported that leptin at physiologi-
cal concentrations suppresses the second phase of in-
sulin secretion, at least in part, through an inhibitory
effect on the Ca2+-dependent protein kinase C iso-
form [32]. Additionally, inhibition of insulin secretion
and preproinsulin mRNA expression by leptin has
been described by several groups [23, 32±38]. By ex-
amining the regulatory mechanisms governing gene
expression in the pancreatic beta cell line INS-1 and
ob/ob islets evidence was provided that leptin reduc-
es the transcriptional activity of the rat I gene pro-
moter and alters binding of distinct proteins, includ-
ing STAT5b complexes to upstream sequences within
the 5'-promoter region of the rat insulin gene [39].
Leptin, therefore, exerts inhibitory effects on both in-
sulin secretion and insulin gene expression in beta
cells, but by different cellular mechanisms.

Differential effects of leptin in beta cells at low
and high doses have been reported [38]. Notably, in
rodent pancreatic beta cells, leptin can exert differen-
tial effects on ATP-sensitive potassium channels and
preproinsulin gene regulation in the presence of the
insulinotropic hormone, glucagon-like peptide 1
(GLP-1). Whereas evidence has been provided that
GLP-1 can override short-term inhibition of insulin
secretion by leptin mediated through activation of
ATP-sensitive potassium channels [27], the same is
not observed for the inhibitory regulation of prepro-
insulin gene expression by leptin [39]. At normal glu-
cose concentrations preproinsulin gene expression in
INS-1 cells is only inhibited by leptin when concomi-
tantly stimulated by GLP-1. This could indicate that
leptin signalling from the adipose tissue as part of an
adipo-insular axis does not interfere with the well-es-
tablished entero-insular axis, which in the short-term
increases postprandial insulin secretion by GLP-1.
On the other hand, leptin can under certain condi-
tions also be able to counteract GLP-1 stimulated in-
sulin secretion, as has been reported for the perfused
rat pancreas [40] and in mice postprandially [35].

The existence of a direct suppressive effect of leptin
on insulin production at the level of both stimulus-se-
cretion coupling and gene expression as well as the
antagonism between leptin and GLP-1 signalling on
beta cells have been further shown in human islets
[41]. These findings support the leptin-related effec-
tors of insulin secretion operating in rodents being
equivalent to those in humans.

Furthermore, leptin could inhibit long-term stimu-
lation of preproinsulin gene expression during the
fasting state. The inhibitory actions of leptin on pre-
proinsulin gene expression appear to be transmitted
through an intracellular signalling pathway that dif-
fers from the one affecting ATP-sensitive potassium
channels and with different sensitivity to ambient glu-
cose concentrations [39]. Whereas short-term inhibi-
tion of insulin secretion by leptin has been recently
proposed to be mediated through phosphatidylinosi-
tol 3 (PI3)-kinase-dependent activation of cyclic nu-
cleotide phosphodiesterase 3B and subsequent sup-
pression of cAMP concentrations [38], the regulatory
effects of leptin on transcription of the preproinsulin
gene in pancreatic beta cells could be transmitted di-
rectly by means of the Janus kinases and STAT sig-
nalling cascades [39]. It is tempting to speculate that
leptin serves as an inhibitory control signal provided
by adipose tissue to prevent extended stimulation of
preproinsulin gene expression in beta cells by incre-
tins and glucose and to prevent sustained overpro-
duction of insulin and hyperinsulinaemia.

Assuming the mechanisms of leptin actions in hu-
man and rodent islets are similar to actions in the hy-
pothalamus, chronic hyperleptinaemia could desensi-
tize leptin reception in the pancreatic beta cells in
susceptible obese patients, which could hypothetical-
ly lead to increased preproinsulin gene expression,
enhanced insulin biosynthesis and eventually hyper-
insulinaemia. Whether transcriptional dysregulation
of the preproinsulin gene is, however, involved in the
development of obesity and adipogenic diabetes mel-
litus in vivo requires further research.

Leptin seems to be implicated in controlling insu-
lin release by increasingly inhibiting insulin expres-
sion as adipose mass enlarges and the anabolic effect
of insulin on the adipose tissue is undesirable. More-
over, leptin has been shown to alter the mRNA of
genes encoding enzymes of non-esterified fatty acid
(NEFA) metabolism and uncoupling proteins
(UCP)-2 in pancreatic islets [42, 43]. Chronic hyper-
leptinaemia, induced by adenoviral transfer of leptin
cDNA, reduced acetyl CoA carboxylase and fatty
acid synthetase mRNA in islets of wild-type control
rats by 93% and 80%, respectively but did not de-
crease the high expression of these lipogenic enzymes
in islets of fa/fa rats [43]. Furthermore, recombinant
leptin cultured with islets isolated from wild-type
rats lowered acetyl CoA carboxylase and fatty acid
synthetase expression by 66 % and 47%, respectively
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but had no effect in fa/fa islets [43]. Thus, de novo li-
pogenesis in islets seems to be controlled by leptin
and remains low in leptin-responsive islets whereas
it is increased in leptin-insensitive fa/fa islets, contrib-
uting to the fat overload that leads to beta-cell dys-
function and diabetes. Consequently, enhanced de
novo lipogenesis in leptin-unresponsive humans
could have a key role in the pathogenesis of lipotoxic
diabetes.

Islet blood flow. An adequate islet blood perfusion is
pivotal both for oxygen and nutrient supply of the en-
docrine cells and for dispersal of islet hormones to
target organs [44]. This is of particular importance
when an increased requirement of insulin is imposed
on the beta cells. Thus, most conditions associated
with increased insulin secretion are initially accompa-
nied by an augmented islet blood flow. Hyperglycae-
mic, hyperinsulinaemic, obese, one-month-old ob/ob
mice showed an increased islet blood flow compared
with age-matched lean animals. Notably, the aug-
mented blood flow could be abolished by pretreat-
ment with leptin [45]. It has been suggested therefore
that the initial increase in islet blood flow in obese
mice is due to the leptin deficiency. Notably, when
blood flow is corrected for differences in islet volume,
a 50% decrease in islet blood flow has been observed
in adult obese mice despite their hyperinsulinaemic
state compared with age-matched lean mice [46].
Therefore, the changes described in islet blood flow

could be of physiological relevance in the impairment
of islet function in obesity and diabetes mellitus.

Leptin action on liver

It has become increasingly evident that leptin has an
important role in the regulation of carbohydrate and
lipid metabolism. Rapid elevations in plasma leptin
concentrations have been shown to modulate hepatic
gene expression of the gluconeogenic enzyme phos-
phoenolpyruvate carboxykinase (PEPCK) and the
rate of gluconeogenesis [47]. Leptin induces a redis-
tribution of intrahepatic glucose fluxes and enzymatic
changes that closely resemble those of fasting. All
these metabolic effects of leptin seem to be mainly
mediated through its action on hypothalamic OB-R
as short-term intracerebroventricular (ICV) leptin
treatment largely reproduced the effect on hepatic
glucose fluxes of leptin given systemically at much
higher doses [48].

In studies of postabsorptive gluconeogenesis using
20-h fasted rats, leptin stimulated the rate of hepatic
glucose production (Fig.3), which was accounted for
by increased lactate uptake and can therefore be in-
terpreted as lactate-induced gluconeogenesis [49]. In-
sulin and leptin reduced, but did not completely
block, epinephrine-stimulated glycogenolysis. Simul-
taneous infusion of insulin and leptin did not, howev-
er, additively inhibit epineprine-induced hepatic gly-
cogenolysis [49]. In this respect, it can be speculated
that leptin and insulin share certain steps of the post-
receptor activation cascades. Regarding OB-R acti-
vation in the liver, leptin is known to have an insulin-
like effect by increasing PI-3 recruitment to insulin-
receptor substrate (IRS)-1 in HepG2 cells [50] and
to IRS-2 in H-35(OB-R) clones [51]. Furthermore,
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Fig.2. Diagram of the postulated molecular mechanisms influ-
enced by leptin in the pancreatic beta cell. VDCC, voltage-de-
pendent Ca2+ channels; PKA, protein kinase A; DAG, diacyl-
glycerol; PKC, protein kinase C



leptin has been shown to stimulate mitogen-activated
protein kinase, which is also involved in insulin trans-
duction [52]. In contrast to the reduction in epineph-
rine-stimulated glucose output, lactate production
rates remained raised in the presence of either insulin
or leptin [49]. This finding could be explained by a
compensatory increase of glycolysis in response to
hypoxia resulting from a-adrenergic vasoconstric-
tion, which is reflected by an increased portal pres-
sure during epinephrine exposure.

The partial inhibition of glycogenolysis reported
using isolated liver perfusion [49] probably leads to
preservation of hepatic glycogen stores. In contrast,
either intravenous or ICV leptin infusion for 5 h in
lean mice have been reported to decrease liver glyco-
gen concentrations by around 35 % [53]. This appar-
ent inconsistency could be explained by differences
in the hormonal milieu between the experimental set-
tings. In this sense, metabolic conditions of increased
hepatic glycogen turnover could have been created
during leptin exposure compared with control [53]
due to the lower insulin:glucagon ratio [54]. Hyperin-
sulinaemic euglycaemic clamps yielded an almost
50% inhibition of endogenous glucose production
by suppression of glycogenolysis after a 6-h leptin in-
fusion in rats [47]. Similar findings were also obtained
in experiments at higher leptin concentrations [49]. In
the postabsorptive state the increase observed in the
gluconeogenic rate by glucagon and leptin was more
pronounced after 60 to 90 min of liver perfusion and
accompanied by an increase in lactate uptake [49].
In addition, a contribution of renal glucose produc-
tion to whole-body glucose production should not be
completely ruled out.

The metabolic effects of leptin on the liver are
likely to neutralize or diminish the compensatory
mechanisms which normally favour regaining normal
body weight after fasting or food restriction. Because
the net flux through glycolysis/gluconeogenesis deter-
mines the hepatic concentration of malonyl-CoA, the
effects of leptin on PEPCK and gluconeogenesis are
likely to limit the hepatic formation of triglycerides
by favouring NEFA entry to the mitochondria and
their b-oxidation [9, 47]. Although the liver is the
principal site for de novo lipogenesis in humans, lep-
tin has also been shown to promote lipid oxidation
and decrease tissue triglycerides at other tissue sites
[9, 55±58]. These effects of leptin on lipid metabo-
lism, which are probably mediated by diverse molec-
ular and biochemical events in various tissues, could
contribute to the beneficial influence of long-term
leptin treatment on hepatic and peripheral insulin ac-
tion [2, 59±61]. A study attempting to approximate
physiological conditions by using a constant ICV in-
fusion together with low leptin doses rather than a
bolus injection and high concentrations of the OB
protein did not show a statistically significant in-
crease in either basal or insulin-stimulated rates of

glucose disposal [48]. Conversely, in mice parallel in-
creases in both glucose production and disposal 5 h
after ICV leptin treatment have been reported [53].
Because the effects on glucose metabolism were ob-
served without changes in plasma glucose and insulin
concentrations, it has been suggested that leptin acti-
vated efferent signals from the CNS to the liver and
peripheral tissues [53]. Thus, it seems plausible that
the stimulatory effect of ICV leptin on peripheral glu-
cose uptake requires high peak concentrations of lep-
tin at cerebral sites. Regardless of the differences be-
tween the diverse methodological approaches, exper-
iments have unveiled the effects of leptin on glucose
fluxes and that there are redundant central and local
actions of leptin on the liver should not be ruled out.

In a recent study the effect of leptin given intrave-
nously to ob/ob mice for 6 h was reported [62]. Leptin
stimulated hepatic glucose production, which was as-
sociated with increased glucose-6-phosphatase activi-
ty. Conversely, PEPCK activity was diminished. No-
tably, hepatic IRS-1-associated PI3-kinase activity
was slightly increased but neither the content of glu-
cose transport (GLUT)2 nor the phosphorylation
state of the insulin receptor and IRS-1 were changed
[62]. These findings suggest that leptin effects on glu-
cose metabolism differ between lean mice and hyper-
glycaemic, hyperinsulinaemic obese animals.

Notably, certain metabolic defects found in db/db
mice and fa/fa rats, which are leptin-resistant due to
a mutation in the OB-R gene, can now be explained,
at least in part, by impaired leptin action at the hepat-
ic level [49]. Hepatic glucose production has been re-
ported to be increased in fa/fa rats [63]. Furthermore,
in hepatocytes isolated from fa/fa rats basal lactate/
pyruvate-dependent gluconeogenesis has been shown
to be reduced by approximately 60% compared with
lean animals [64]. This finding was associated with in-
creased activities of glycolytic enzymes like glucoki-
nase and pyruvate kinase and decreased activities of
gluconeogenic enzymes like glucose-6-phosphatase
and PEPCK. These enzymatic changes promote tri-
glyceride synthesis and simultaneously decrease glu-
coneogenesis in this model of leptin resistance. The
stimulation of triglyceride synthesis proposed as hap-
pening in leptin-resistant rats is further supported by
the 13% reduction in liver triglyceride concentra-
tions observed in a hyperleptinaemic, but not leptin-
resistant, rat model [9]. The apparent paradoxical ab-
sence of increased plasma NEFA concentrations
could be explained by an effect of leptin to primarily
limit hepatic triglyceride accumulation or to promote
intrahepatic NEFA oxidation or both, which in turn
might favour gluconeogenesis [65].

Leptin seems to directly affect hepatic glucose me-
tabolism through an insulin-mimicking effect on gly-
cogenolysis and a glucagon-like effect on gluconeo-
genesis. It is conceivable that leptin is involved in
switching hepatic substrate oxidation from carbohy-
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drates to lipids and participates in the control of liver
glycogen stores in obesity. In obese patients, endoge-
nous glucose production is not increased despite aug-
mented gluconeogenesis [66], which implies simulta-
neous suppression of hepatic glycogenolysis. Thus,
increased plasma leptin concentrations could help to
suppress hepatic glycogen turnover and to thereby
initially maintain euglycaemia in obesity.

Leptin action on gut

The small intestine has the ability to adjust its absorp-
tive function by integrating multiple regulatory influ-
ences including neurotransmitters, hormones and lo-
cal mediators. Multiple short isoforms of the OB-R
are expressed throughout the gastrointestinal tract in
relation with a potential role of leptin in nutrient ab-
sorption [67]. The functional OB-R is predominantly
expressed in the jejunum and more weakly in the ile-
um, the two major sites that are involved in nutrient
handling. In this context, it has been shown that lep-
tin produced a rapid inhibitory effect on sugar ab-
sorption in rat intestinal rings [68]. Likewise, leptin
causes a rapid activation of STAT5 in jejunum, which
is associated with a reduction of the apolipoprotein-
AIV transcript expression 90 min after ingestion of a
pure fat load [67]. Under physiological conditions,
postprandial rises in plasma leptin could function as
a buffer system to reduce the plasma chylomicron
triglyceride concentrations by reducing apolipopro-
tein-AIV. It is possible that leptin serves as a tonic in-
hibitory mechanism on the apolipoprotein-AIV sys-
tem to reduce the concentrations of secreted triglyc-
erides. Leptin has been shown to induce enzymes of
fatty acid oxidation [42] and thus might promote a
switch in fuel metabolism to û-oxidation of fatty ac-
ids. This could account for a reduction in apolipopro-
tein-AIV mRNA at the transcriptional or post-tran-
scriptional level.

Recently, the stomach has also turned out to be a
source of leptin [69], in addition to adipocytes and
placenta. Leptin expression seems to be localized in
the chief cells in the lower half of the fundic glands.
When rats were fasted for 18 h the amount of gastric
leptin slightly decreased. In contrast, plasma leptin
concentrations are known to decline sharply during
fasting [70]. Treating these fasted animals with chole-
cystokinin produced a dose-dependent decrease in
the leptin content of the fundic epithelium whereas
the plasma leptin concentration increased rapidly
[69]. The effect of cholecystokinin on leptin reached
maximum within 15 min. The changes observed in
gastric leptin during refeeding probably reflected lep-
tin neosynthesis. These observations indicate that the
rapid increase observed in plasma leptin concentra-
tions in response to cholecystokinin involves the mo-
bilization of the gastric leptin store [69]. The increase

in plasma leptin concentration was relatively small
and, therefore, unlikely to have any large, direct ef-
fect on satiety control. It is, however, in agreement
with the reported synergistic interaction of leptin
with cholecystokinin [71±73], the involvement of lep-
tin in early cholecystokinin-mediated effects on sati-
ety [74, 75] and the local action on vagal afferent ter-
minals of the stomach [76]. Simultaneously, gastric
leptin could enter the liver and influence glucose pro-
duction and uptake as well as hepatic expression of
genes encoding key metabolic enzymes.

Leptin action on skeletal muscle

Skeletal muscle is the quantitatively most important
target tissue for insulin in glucose metabolism. Thus,
muscle tissue has a central role in insulin action and
in the pathogenesis of insulin resistance associated
with obesity.

Studies of leptin's effects on glucose metabolism
have typically been confounded by the weight-reduc-
ing actions of leptin treatment, which by themselves
could affect glucose homeostasis. Circumventing this
possibility by in vivo experiments with short-term in-
travenous and ICV leptin infusions showed rapid ef-
fects on glucose metabolism. A statistically signifi-
cant increase in glucose turnover and glucose uptake,
independent of increased plasma insulin were ob-
tained [53]. Leptin-stimulated glucose uptake was de-
creased in denervated hindlimb in both extensor digi-
torum longus and soleus relative to innervated mus-
cles. Thus, the effects of leptin on glucose metabolism
in skeletal muscle were suggested to be mediated, in
part, by the CNS. The residual increase in glucose up-
take by denervated soleus in mice treated intrave-
nously with leptin compared with controls receiving
vehicle was attributed to hormonal factors such as
higher concentrations of triiodothyronine. Other
studies provide, however, evidence that independent
of either hormonal or centrally mediated influences,
leptin could directly modulate muscular glucose han-
dling [21, 22, 57, 58, 77±79].

The mechanisms by which leptin stimulates glu-
cose uptake are still to be fully explained. There is ev-
idence for a crosstalk between leptin and the insulin
intracellular signalling pathways [80, 81]. Leptin
seems to mimic the effects of insulin on glucose trans-
port and glycogen synthesis through a PI3-kinase-de-
pendent pathway. In C2C12 myotubes leptin has been
shown to activate Janus kinase 2, which induces ty-
rosine phosphorylation of IRS-2 leading to activation
of PI3-kinase. This effect of leptin occurs indepen-
dently of IRS-1 activation. In skeletal muscle, the in-
sulin effect on glucose uptake is mainly mediated by
GLUT4 translocation. A central role of PI3-kinase,
both in the signalling to GLUT4 translocation and
glycogen synthesis, has been shown [82]. This is in ac-

G.Frühbeck, J.Salvador: Leptin and glucose homeostasis8



cordance with data showing an up to two fold in-
crease in GLUT4 expression in leptin-treated mice
[83], which suggests that glucose uptake (and insulin
sensitivity) is enhanced by leptin in the presence of
normal concentrations of insulin and glucagon
(Fig.3).

Recently, leptin has been shown to exert a simi-
lar effect to that of insulin on glucose oxidation.
Leptin seems to stimulate the activity of both pyru-
vate dehydrogenase and other key enzymes of the
Krebs cycle [79]. It could, however, also be a conse-
quence of an indirect leptin effect such as activa-
tion of the mitochondrial UCP. Mitochondria un-
coupling reduces the intracellular ATP:ADP ratio,
which activates pyruvate dehydrogenase and the
enzymes of the Krebs cycle [84]. Leptin is known
to up-regulate the expression of UCP-3 mRNA in
skeletal muscle of rodents treated with intraperito-
neal injections of leptin [85, 86]. It can be speculat-
ed that leptin up-regulates expression of UCP-3
thus indirectly activating pyruvate dehydrogenase
and the Krebs cycle.

In vivo studies using the euglycaemic hyperinsulin-
aemic clamp in rats have shown that an increase in
plasma leptin enhances insulin's ability to inhibit he-
patic glucose production but does not affect peripheral
insulin action [87]. Furthermore, 2-deoxy-glucose up-
take was not different between control and leptin-in-
fused rats, which is in agreement with in vitro data
showing no additive effect on either physiological or

supraphysiological insulin stimulated 2-deoxy-glucose
uptake and glycogen synthesis in soleus muscle [79].
Possibly under physiological circumstances, i. e. in the
presence of insulin, the effects of leptin on muscle glu-
cose metabolism are supplanted by those of insulin.

Glucose is transported and phosphorylated to pro-
duce glucose-6-phosphate in adipose cells and skele-
tal muscle. Glucose-6-phosphate is used mainly in
glycogen synthesis and glycolysis. Approximately
1±3% of the incoming glucose is, however, converted
to fructose-6-phosphate and enters the hexosamine
biosynthetic pathway. This regulatory pathway is a
cellular sensor of energy availability and mediates
the effects of glucose on the expression of several
gene products, including a rapid activation of the ob
gene [58]. Thus, evidence of inducible leptin expres-
sion in skeletal muscle through a nutrient-sensing
pathway unveil the biochemical link between in-
creased glucose availability and leptin secretion.

On the other hand, other researchers have pre-
sented evidence against a direct effect of leptin on
glucose metabolism in skeletal muscle [62, 88±90].
No effects of short-term or long-term leptin exposure
were observed on the rates of basal and insulin-stimu-
lated 2-deoxy-glucose transport, glycogen synthesis,
CO2 production and lactate release. Leptin neither
influenced insulin-independent glucose metabolism
nor did it affect insulin sensitivity or responsiveness
in experiments designed to cover basal and partially
as well as maximally insulin-stimulated conditions.
Both the short and long OB-R isoforms are expressed
in predominantly slow-twitch or fast-twitch muscles,
which have metabolically diverse characteristics [91].
The lack of effect of leptin on glucose metabolism
was independent of muscle fibre type and prevailing
insulin concentration [88]. In addition, no qualitative
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differences have been observed in the pattern of re-
sponse of OB-R mRNA expression of mainly oxida-
tive or glycolytic muscles in the pre-prandial and
postprandial state [91].

Differences in the experimental approach used to
study the effects of leptin could underlie the diverse
findings. Intact soleus muscle from recently weaned
Wistar rats as well as slices of soleus muscle from
adult Sprague-Dawley rats and C2C12 myotubes have
been studied. Age-related differences in the response
to leptin treatment were observed [92]. Species and
strains of the animals, muscle extraction procedure
and sources of leptin were also taken into account.
In addition, native muscle tissue more closely resem-
bles the physiological situation than myotube culture.

Skeletal muscle has an important role in NEFA
and triacylglycerol clearance as well as in whole-
body fatty acid oxidation. In intact muscle, leptin
and insulin seem to have opposite effects on lipid me-
tabolism, with leptin favouring lipid oxidation and in-
sulin facilitating lipid storage in triacylglycerol [57,
77]. Leptin-induced changes in the partitioning of
muscular fatty acids are consistent with data from
whole-animal studies in which leptin appeared to
promote fatty acid oxidation and decrease adipose
tissue mass [2, 6, 7]. Thus, skeletal muscle could be
considered critical in mediating leptin's effects on
fuel homeostasis, weight regulation and adiposity.
Leptin appears to attenuate the antioxidative lipo-
genic actions of insulin on muscle fatty acid metabo-
lism without inhibiting insulin-stimulated glucose dis-
posal. Both obesity and non-insulin-dependent dia-
betes mellitus are associated with decreased fatty
acid oxidation and increased concentrations of mus-
cle triacylglycerol and diacylglycerol [93, 94]. Thus,
defects in cellular lipid metabolism could have a role
in the development of muscle insulin resistance asso-
ciated with obesity and leptin regarded as a possible
regulator of peripheral glucose homeostasis.
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