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Peripheral metabolic actions of leptin 
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The ob gene product, leptin, is produced predominantly in 
adipose tissue. In ob/ob mice, a mutation in the ob gene pre- 
vents normal leptin production and results in a phenotype 
characterized by obesity and diabetes (Zhang et al. 1994). 
Daily injections of recombinant leptin to ob/ob mice inhibit 
food intake and reduce body weight and fat mass (Campfield 
et al. 1995; Halaas et al. 1995; Pelleymounter et al. 1995). 
This treatment also normalizes the blood glucose concentra- 
tion and reduces the plasma insulin concentration of ob/ob 
mice (Pelleymounter et al. 1995). It was possible that the 
changes in glycaemia and insulin sensitivity in ob/ob mice 
given leptin might be a simple consequence of the anti- 
obesity action. However, in pair-feeding studies, infusion of 
leptin not only resulted in a greater reduction in body fat than 
in the pair-fed mice, but the reduction in the plasma insulin 
concentration was much greater than that produced by an 
equivalent reduction in food intake (Levin et al. 1996). These 
findings suggested to us that leptin might have direct effects 
on a number of peripheral tissues associated with energy 
metabolism, including the endocrine pancreas and skeletal 
muscle. 

The leptin receptor (OB-R) is the product of the diabetes 
(db) gene (Chen et al. 1996; Lee et al. 1996) and was initially 
isolated as a complementary DNA (cDNA) from the choroid 
plexus cDNA library, encoding an 894 amino acid cell sur- 
face receptor which includes a hydrophobic signal sequence 
(Tartaglia et al. 1995). Structurally, OB-R is related to the 
class I cytokine receptor family, which includes gp 130, the 
common signal transducing chain for interleukin-6, leukae- 
mia inhibitory factor receptor a-chain and the granulocyte 
colony-stimulatory factor. However, the interleukin-6, leu- 
kaemia inhibitory factor and granulocyte colony-stimulatory 
factor receptors all contain sequence motifs in the cyto- 
plasmic domain that are required for interaction with janus 
kinase (JAK) and signal transduction and activation of tran- 
scription (STAT), whilst the OB-R from the choroid plexus 
lacks such a sequence. Further investigation showed that 
there are multiple isoforms of the OB-R, and a long form of 
the receptor (OB-Rb) was identified in the hypothalamus. It 
contained a long cytoplasmic domain of 302 amino acids, 
including consensus docking sites for JAK and STAT (Chen 
et al. 1996; Lee etal. 1996). The different isoforms of OB-Ra 
and OB-Rb are generated by alternative splicing, and 
additional short carboxyl terminal splice variants (OB-Rc, 
OB-Rd) and a soluble isoform lacking a transmembrane 
domain (OB-Re) have been identified also. 

The importance of the OB-Rb isofomi in the action of 
leptin was demonstrated by the finding of a point mutation 
(G + T transversion) in dh/db mice which results in a new 
splice donor site and, hence, a premature termination of 
translation (Chen et al. 1996; Lee et al. 1996). This truncated 
OB-R (db) isoform lacks the sequence motif required for 
JAK and STAT interaction and so db/db mice do not 
respond to leptin. 

Effect of leptin on insulin secretion 

Kieffer et al. (1996) were the first to report on the presence of 
OB-R in rat pancreatic islets and the mouse clonal P-TC3 cell 
line and found evidence of OB-R mRNA. However, their 
riboprobe could not discriminate between the mRNA of the 
functional OB-Rb isoform and the ubiquitously expressed 
short forms of the receptor. Despite having no functional 
evidence they postulated the existence of an adipo-insular 
axis. However, subsequent studies by Leclercq-Meyer et al. 
(1997) suggested that leptin did not regulate insulin secretion 
in the perfused rat pancreas under conditions designed to 
mimic postprandial glycaemia (8.3 mmolll gtucose), with a 
leptin concentration similar to that found in obese individuals 
(1 nmolfl). In fact, although not significant statistically, this 
concentration of leptin caused a mean 13 % reduction in the 
insulin output. 

If leptin has a direct action on insulin secretion, we 
reasoned that OB-Rb must be expressed in pancreatic islets 
and that ob/ob mice, which lack endogenous leptin, would 
be a sensitive model for detecting functional responses. 
An approximately 0.68 kilobase cDNA sequence that 
specifically encodes the cytoplasmic domain of the leptin 
receptor (OB-Rb) was used to assess expression. By the use 
of reverse transcription-pol ymerase chain reaction, followed 
by DNA-specific hybridization, OB-Rb expression was 
detected in the hypothalamus and to a lesser degree in several 
tissues, including pancreatic islets. This was confirmed using 
the less-sensitive RNA blot hybridization (Emilsson et al. 
1997). We have also demonstrated the presence of the 
OB-Rb in normal lean mouse islets, in rat islets (Pallett 
et al. 1997) and in RIN m5F cells (Islam et al. 1997). In rat 
islets we found, using quantitative reverse transcription- 
polymerase chain reaction amplification of cDNA from three 
islets, that OB-Rb could be detected, and constituted 10 % or 
less of the OB-R isoforms. 

Abbreviations: cDNA, complementary DNA; JAK, janus kinase; OB-R, leptin receptor; OB-Rb, long form of OB-R OB-Ra,c,d,e, multiple isofoms of 
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The first evidence of a direct inhibitory effect of leptin on 
insulin secretion came from studies in ob/ob mice (Emilsson 
et al. 1997). Leptin (1 00 nmol/l) significantly reduced the 
rate of basal insulin secretion following direct administration 
to the perfused pancreas preparation (Fig. 1). No such effect 
was found in the perfused pancreas of the hyperinsulinaemic 
ZuckerfaJa rat, which has a point mutation in the extracellu- 
lar domain and is markedly less sensitive to the anti-obesity 
effects of leptin. Leptin (1-100 nmol/l) inhibited in a dose- 
dependent manner the stimulatory effects of 16-7 mmol 
glucose/l on insulin secretion by isolated islets from ob/ob 
mice, with a half-maximal inhibitory response of approxi- 
mately 10 nmol/l (Fig. 2). A similar half-maximal response 
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Fig. 1. Effect of murine leptin (100 nmol/l) on basal insulin release 
from the isolated perfused pancreas of ob/ob mice. (o), Control; (o), 
leptin. The mean insulin output during the leptin treatment period was 
significantly reduced relative to that of the control ( P  c 0.05). 
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Fig. 2. Dose dependency of inhibitory effects of recombinant murine 
leptin on glucose-stimulated (1 6.7 mmol/l) insulin secretion from iso- 
lated pancreatic islets of ob/ob mice. Values are expressed as per- 
centages of mean high-glucose control with their standard errors 
represented by vertical bars for more than ten islets. Basal rate of 
insulin secretion is 0.45 (SEM 0.1 9) pmol insulin/2 h from ten islets, 
and the glucose-stimulated rate is 5.24 (SEM 1.57) pmol/2 h from 
ten islets. Mean values were significantly different from that for 
16.7 mwglucose and zero leptin: * P  c 0.05, " P  c 0.01. 

occurred in normal mice, but insulin secretion in islets from 
db/db mice was unaffected by 100 nmol leptin/l. Thus, it was 
concluded that leptin was acting directly and the effect was 
mediated by the functional long-form of the receptor OB-Rb. 

The concentrations of leptin used in these studies were 
high (160-1600 ng/ml) relative to the physiological concen- 
tration of leptin, which is generally in the range 1-100 ng/ml 
in human subjects and in rodents. However, it is clear that the 
potency of recombinant leptin from various sources is 
variable, with the dose causing a 50% reduction in food 
intake in an ob/ob mouse varying from 0.1 to 5 mg/kg (LA 
Campfield, personal communication). Thus, exogenous 
recombinant leptin may be considerably less potent than 
endogenously-released leptin. 

In order to clarify whether the earlier failure of Leclercq- 
Meyer et al. (1997) to demonstrate a response in rats might 
indicate a species difference in leptin action, we investigated 
the effect of leptin on glucose-induced insulin secretion in 
isolated islets from rats. Leptin (0.1-100 nmolfl) inhibited 
insulin secretion but not in a dose-dependent manner (Pallett 
et at. 1997). Thus, both 1 and IOnmol leptin/l produced 
significant inhibitory responses ( P  < 0.05), but at the higher 
concentration of leptin (100 nmol/l) and the lowest concen- 
tration (0.1 nmol/l) there was no significant inhibition 
(Fig. 3). This 'U'-shaped dose response has been noted in 
studies examining leptin action on luteinizing hormone 
release from the rat anterior pituitary (Yu et al. 1997). Class 1 
cytokine receptors, which include OB-Rb, lack intrinsic tyro- 
sine kinase (EC 2.7.1.112) activity and are activated by 
ligand-induced receptor homo- or hetero-dimerization or 
oligomerization before activation of receptor-associated 
kinases of the JAK family. OB-Rb oligomerizes with itself 
(Baumann et al. 1996; Nakashima et al. 1997; White et al. 
1997). We suggest that high concentrations of leptin might 
prevent oligomerization and, hence, induce desensitization. 
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Fig. 3. Dose-dependent effect of leptin (1 00-0.1 nmolll) on 
glucose-stimulated (20 mmol/l) insulin secretion from isolated rat 
islets of Langerhans. Noradrenaline (N/A) was used as a positive 
control. Values are means with their standard errors represented by 
vertical bars. Mean values were significantly different from that for 
20 mmol glucose/l control: *P c 0.05. 
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The finding that murine leptin will inhibit insulin secre- 
tion by rat islets has recently been confirmed by Bloom and 
his colleagues (Kulkarni et al. 1997). More importantly, 
these authors have shown also that mouse leptin at concen- 
trations within the physiological range will inhibit insulin 
secretion by human islets. 

Mechanism of leptin action on insulin secretion 

Kinetic analysis of the effects of leptin on insulin secretion 
has shown an effect on the ob/ob mouse perfused pancreas 
(Emilsson et al. 1997) and isolated rat islets (Pallett et al. 
1997) within 5 min, with a similar time-lag after withdrawal 
of leptin. Although we have shown an inhibitory effect 
on basal insulin secretion in the perfused pancreas of hyper- 
insulinaemic hyperglycaemic ob/ob mice, studies using rat 
islets demonstrated that the effect of leptin on insulin release 
only occurred at high glucose concentrations (Pallett et al. 
1997). This finding has recently been confirmed by Ookuma 
et al. (1998). These latter authors also demonstrated that 
leptin did not affect the first phase of insulin secretion in 
response to a high glucose concentration (16.7 mmol/l) but 
significantly inhibited insulin release during the second 
phase. 

The molecular mechanism(s) by which leptin inhibits 
insulin secretion has been the subject of several recent stud- 
ies. Kieffer et al. (1997) demonstrated that leptin could 
hyperpolarize ob/ob mouse islet p-cell membranes, leading 
to a reduction in intracellular Ca. This was associated with 
leptin-induced opening of the ATP-sensitive K+ channel and 
was reversible on administration of glucose or glucagon-like 
peptide-1 . They noted that the apparent biphasic induction of 
the ATP-sensitive K+ channel was similar to that observed 
for JAK 2-mediated activation of K+ channels by prolactin 
(Prevaskaya et al. 1995). However, Ookuma et al. (1998), 
using rat islets, found that leptin did not inhibit 
glibenclamide-stimulated insulin secretion in the presence of 
a low glucose concentration (3.3 mmol/l). Since glibencla- 
mide stimulates first-phase insulin secretion by acting on the 
ATP-sensitive K+ channel to induce depolarization and 
stimulate the influx of Ca2+, their studies do not support 
leptin acting via the ATP-sensitive K+ channel. 

Fehmann et al. (1997a,b) found that leptin reduced the 
intracellular Ca2+ concentration in both mouse islets and the 
INS-1 cell line, but without affecting the membrane poten- 
tial. This resulted, in their hands, in an inhibition of both 
basal and stimulated (glucose and glucagon-like peptide- 1) 
insulin secretion. 

Ookuma et al. (1998) showed that leptin will inhibit phor- 
bol 12-myristate 13-acetate-induced increases in insulin 
secretion in the presence of Ca2+, but not in the absence of 
Ca2+. Phorbol 12-myristate 13-acetate induces insulin secre- 
tion from islets (Easom et at. 1989) and RIN m5F cells (Yada 
et al. 1989) by activating islet protein kinase C. It has been 
suggested that the impaired second phase of insulin secretion 
observed in animal models of hyperglycaemia and obesity 
(Surwit et al. 1988; Wencel et al. 1995) is associated with 
aberrations of Ca2+ efflux and protein kinase C activity 
(Ookuma et al. 1997). All these findings may suggest that the 
inhibitory effect of leptin on insulin secretion may be due, at 

least in part, to inhibition of the Ca2+-dependent protein 
kinase C isoform. 

There are inconsistencies in the various reports for the 
mechanism by which leptin reduces insulin secretion, but a 
reduction in the intracellular Ca2+ concentration is a consis- 
tent observation. 

The role of the leptin signalling pathway in the action of 
leptin on insulin secretion is obscure. The leptin receptor is 
closely related to the type- 1 superfamily of cytokine recep- 
tors. To date, studies in vivo on leptin signalling have been 
restricted to a STAT-3-dependent satiety mechanism in the 
leptin-deficient ob/ob mouse hypothalamus (Vaisse et al. 
1996). No activation of hypothalamic STAT-3 occurred in 
the db/db mouse. In cell lines and over-expression studies, 
leptin has been shown to activate the JAK-STAT trans- 
duction system and the mitogen-activated protein kinase sig- 
nalling pathways (Takahashi et al. 1996). We (Islam et al. 
1997) have shown that leptin can activate tyrosine phospho- 
rylation and induction of the early gene c-fos in the pancre- 
atic islet cell line RIN m5f. It has been shown also that sub- 
chronic treatment (6-12 h) of rat islets with leptin leads to 
both a reduction in insulin secretion and a reduction in insu- 
lin mRNA (Kulkami et al. 1997; Pallett et aE. 1997). Thus, it 
would appear that leptin has both an immediate action on 
insulin secretion and a long-term action to reduce the insulin 
mRNA. A challenge in islet research is to define the mecha- 
nisms whereby leptin exerts these discrete responses. 

Effects of leptin on glycogen synthesis in muscle 
Skeletal muscle is the major site of insulin-mediated glucose 
uptake in animals and man, and defective glycogen synthesis 
in muscle is one of the earliest manifestations of insulin resis- 
tance. Since insulin resistance is associated with obesity, 
which in turn is associated with an increased secretion of 
leptin from adipose tissue, we examined the direct effect of 
leptin on glycogen synthesis in muscle (Liu et al. 1997). 
Recombinant murine leptin at 10 and 100 nmol/l inhibited 
glycogen synthesis in soleus muscle of ob/ob mice in the 
presence of physiological concentrations of insulin (Fig. 4), 
but had no significant effect on glycogen synthesis in 
muscles from either wild-type or db/db mice. The lack of a 
significant effect of leptin in muscle of wild-type mice did 
not appear to be related to receptor expression level, since 
quantitative polymerase chain reaction amplification studies 
showed a similar level of expression of both OB-Rb and all 
isoforms of OB-R between ob/ob and wild-type mice. 

Studies to examine the effect of leptin on food intake and 
body-weight changes have also shown that ob/ob mice are 
the most sensitive animals to the effect of leptin, and reduced 
responsiveness to leptin is common in lean animals and in 
animals that fail to resist the obesity-inducing effects of a 
high-fat diet. 

Contrasting central and peripheral effects of 
leptin on glucose metabolism 

Kamohara et al. (1997) examined the effects on glucose 
turnover and glucose utilization of intravenously- and 

https://doi.org/10.1079/PNS19980064 Published online by Cambridge University Press

https://doi.org/10.1079/PNS19980064


452 M. A. Cawthome et al. 

intracerebroventricularly-administered infusions of leptin 
into wild-type mice. Measurements were made 3-5 h after 
commencing the infusion. Both treatments resulted in a 
reduction in the plasma insulin concentration (ng/ml; con- 
trols 1.5, intravenous leptin 0.8, intracerebroventricular 
leptin 1.1), but produced a significant increase in glucose 
turnover (mg/kg per min; controls 15.0, intravenous leptin 
23.7, intracerebroventricular leptin 21.8). These findings 
suggest that leptin increases both glucose output and glucose 
uptake (probably from liver, as liver glycogen content 
decreased) independent of increases in plasma insulin. 

In addition to increased whole-body glucose turnover, 
glucose uptake into skeletal muscle and brown adipose tissue 
was significantly increased in the leptin-treated mice. As 
intracerebroventricular leptin was more potent but produced 
the same range of effects as intravenous leptin, then it seems 
likely that efferent signals from the central nervous system 
modulated glucose metabolism in these mice. The possibility 
that neuronal signals were responsible was further tested by 
comparing denervated and intact muscle in the same animals. 
The action of leptin on muscle glucose uptake in vivo was 
blocked by denervation, supporting the notion that these 
actions of leptin are dependent, at least in part, on neuronal 
signals. 

These findings taken together with our own findings sug- 
gest that leptin affects glucose metabolism in muscle both 
directly through muscle OB-Rb and via stimulation of neural 
(probably sympathetic) pathways. The action of these two 
pathways, involving inhibition of glycogen synthesis and 
stimulation of glycolysis respectively, would have the effect 
of shifting glucose metabolism from storage to oxidative. 

Could leptin be diabetogenic? 

It is now well established that obese subjects are insulin 
resistant and have an increased risk of developing non- 
insulin-dependent diabetes. Circulating levels of leptin 
increase with adiposity (Considine et al. 1996). Obese sub- 
jects do not present with non-insulin-dependent diabetes 
until they develop a relative insulin secretion deficit, i.e. their 
rate of insulin secretion fails to meet the increased insulin 
requirement that results from their insulin-resistant state. Our 
twin findings from in vitro studies show that relatively high 
concentrations of leptin will inhibit glycogen synthesis in 
muscle and reduce insulin secretion from pancreatic islets, 
suggesting that leptin might be one of the triggers that causes 
the development of non-insulin-dependent diabetes. This 
notion is further supported by the finding by Kulkarni et al. 
(1997) that leptin administration to normal and ob/ob mice 
resulted in a marked lowering of plasma insulin and a dou- 
bling of plasma glucose. These actions of leptin could be part 
of a process to increase catabolic activity in obese animals 
and man. 
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