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Abstract

 

Obesity is associated with diabetes, and leptin is known to
be elevated in obesity. To investigate whether leptin has a
direct effect on insulin secretion, isolated rat and human is-
lets and cultured insulinoma cells were studied. In all cases,
mouse leptin inhibited insulin secretion at concentrations
within the plasma range reported in humans. Insulin
mRNA expression was also suppressed in the cultured cells
and rat islets. The long form of the leptin receptor (OB-Rb)
mRNA was present in the islets and insulinoma cell lines.
To determine the significance of these findings in vivo, nor-
mal fed mice were injected with two doses of leptin. A sig-
nificant decrease in plasma insulin and associated rise in
glucose concentration were observed. Fasted normal and

 

leptin receptor–deficient 

 

db/db

 

 mice showed no response to
leptin. A dose of leptin, which mimicked that found in nor-
mal mice, was administered to leptin-deficient, hyperin-
sulinemic 

 

ob/ob

 

 mice. This caused a marked lowering of
plasma insulin concentration and a doubling of plasma glu-
cose. Thus, leptin has a powerful acute inhibitory effect on
insulin secretion. These results suggest that the action of
leptin may be one mechanism by which excess adipose tis-
sue could acutely impair carbohydrate metabolism. (

 

J. Clin.

 

Invest.
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Introduction

 

The 

 

ob

 

 gene product, leptin, is a 16-kD protein secreted pri-
marily by adipocytes (1). Circulating leptin levels correlate
well with the percent body fat, suggesting that the production
of leptin is regulated by adipocyte mass (2, 3). Several studies
have shown that one of the sites of action of leptin in regulat-
ing body weight and energy balance is the hypothalamus (4–6).
However, other reports suggest a peripheral role for leptin in
hemopoiesis and modulation of insulin activities in the liver (7,

8). Food intake causes an increase in leptin mRNA levels, an
effect that is mimicked by insulin administration in fasted rats,
suggesting a relationship between food intake, insulin levels,
and leptin synthesis in rats (9). Recent studies have shown an
increase in leptin levels in normal and non–insulin-dependent
diabetes mellitus subjects after an insulin infusion (10). In ad-
dition, insulin resistance has been reported to be associated
with high plasma leptin levels independent of body fat (11).
These observations suggest that important interactions exist
between leptin and insulin, with insulin regulating the expres-
sion of leptin. A recent study has reported the presence of lep-
tin receptors on 

 

b

 

 cells (12) and the authors proposed that lep-
tin may inhibit insulin secretion forming an adipoinsular
feedback loop. This speculation has been supported by the
demonstration of a direct inhibitory effect of leptin on insulin
release in islets isolated from normal and 

 

ob/ob

 

 mice (13). Our
pilot data from freely moving mice and isolated human islets
showed similar effects to the islet study. However, a study in
the perfused rat pancreas showed no effect of leptin on insulin
and glucagon release (14). Therefore, in this study, we investi-
gated the effect of recombinant mouse leptin both in vitro in
insulinoma cells and isolated rat and human islets and in vivo
in normal, 

 

ob/ob

 

, and 

 

db/db

 

 mice to verify whether there was
an acute effect of leptin on insulin secretion.

 

Methods

 

Chemical sources.

 

Recombinant mouse leptin (

 

. 

 

90% pure as deter-
mined by SDS-PAGE) was obtained from Dr. M. Chiesi and Dr. N.
Levens (Ciba-Geigy Ltd., Basel, Switzerland) and demonstrated to
be endotoxin free (i.e., below the detection limit by the Limulus ame-
bocyte lysate method). The batches of leptin used in this study have
been shown previously to potently inhibit food intake in normal mice
(15). Tolbutamide, arginine, and all other chemicals, unless specified,
were of analar grade and were obtained from Sigma Chemical Co.
(Poole, Dorset, UK).

 

Islet experiments.

 

Male Wistar rats (

 

z 

 

250 g body wt) were ob-
tained from Bantin and Kingman (Hull, UK). Islets were isolated as
described earlier (16). Briefly, the common bile duct was cannulated
in the anterograde direction and the pancreas distended with collage-
nase (type P, 4 mg in 5 ml; Boehringer Mannheim, Mannheim, Ger-
many), dissected free, and incubated at 37

 

8

 

C for 12 min. Washed,
hand-picked islets (100–200 per chamber) were perifused (0.4 ml/
min) with a 50:50 (vol/vol) mixture of KRB buffer (pH 7.4) and
CMRL 1066 media (GIBCO BRL, Paisley, UK) plus 2.8 mmol ·
liter

 

2

 

1

 

 glucose at 37

 

8

 

C, gassing with 95% oxygen/5% carbon dioxide
(16, 17). Leptin was added to the perifusion buffer for 40 min (81–120
min) in the presence of 8 mmol ·

 

 

 

liter

 

2

 

1

 

 glucose. Islet cell viability was
assessed by stimulation with high glucose (16 mmol ·

 

 

 

liter

 

2

 

1

 

) from 201
to 220 min. The effects of leptin were compared with paired control
chambers run synchronously from a single harvest pool.

For static incubation experiments on human islets, pancreata
were removed from brain-dead heart-beating donors after informed
consent was obtained from their next of kin, and islets were prepared
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as described previously (Leicester Royal Infirmary, Leicester, UK)
(18). Islets were cultured in RPMI 1640 medium (5.5 mmol 

 

?

 

 liter

 

2

 

1

 

glucose, 10% FCS, 100 U/ml penicillin, and 100 

 

m

 

g/ml streptomycin).
Groups of islets (100 islets 

 

?

 

 ml

 

2

 

1

 

) were incubated with leptin in 6-well
plates for 16 h.

Medium from islet experiments was removed, centrifuged at
1,000 

 

g

 

 for 5 min, and assayed for insulin by RIA. Antibody (Glu5)
was raised in a guinea pig against porcine insulin conjugated to BSA
by glutaraldehyde and used at a final dilution of 1:800,000 (19). This
antibody cross-reacts fully with human and rat insulin. Radiolabeled

 

125

 

I-porcine insulin was prepared by the iodogen method and purified
by HPLC. The assay was carried out in 0.8 ml of 0.06 mol 

 

?

 

 liter

 

2

 

1

 

phosphate/EDTA buffer, pH 7.4, containing 0.3% (wt/vol) BSA and
can detect changes of 2.5 fmol between adjacent tubes within 95%
confidence limits.

 

Cell culture.

 

b

 

TC6 cells were obtained from Dr. S. Efrat (Albert
Einstein College of Medicine, New York) and cultured in DME me-
dium with 15% (vol/vol) horse serum, 2.5% (vol/vol) FCS, and antibi-
otics (20). RIN 5AH (a gift from Dr. A.E. Karlsson, Hagedorn Re-
search Laboratory, Gentofte, Denmark; passages 14–24) and RIN
m5F cells (a gift from Dr. S.J. Ashcroft, Physiology Department, Ox-
ford University, UK; passages 84–100) were cultured in RPMI 1640
medium with 10% FCS (21). Cells were subcultured with EDTA and
trypsin (0.05%) in calcium-free and magnesium-free Hank’s solution.
For experiments, cells were plated at a density of 20–50 

 

3

 

 10

 

5

 

 cells in
100-mm culture plates in 10 ml of medium (

 

b

 

TC6) or 1–2 

 

3

 

 10

 

5

 

 cells/
well in 24-well plates in 1 ml of medium (RIN 5AH, RIN m5F). Cells
were incubated for 48–72 h to allow attachment, before changing the
medium. After a further 48–72 h, when 70% confluent, 

 

b

 

TC6 cells
were rinsed with serum-free DME medium and incubated with glu-
cose-free KRB buffer for 1 h. This was followed by incubation of the
cells for up to 2 h with KRB buffer containing glucose (5.5 mmol 

 

?

 

liter

 

2

 

1

 

) and leptin. The time course experiment using 

 

b

 

TC6 cells in-
volved incubation with 1 nmol 

 

?

 

 liter

 

2

 

1

 

 leptin. RIN cells were treated
in a similar manner, except preincubation was for 2 h in serum-free
glucose-free RPMI 1640 followed by 2 h of incubation in serum-free
RPMI 1640 supplemented with glucose (1.2 mmol 

 

?

 

 liter

 

2

 

1

 

, RIN
5AH) or glyceraldehyde (15 mmol 

 

?

 

 liter

 

2

 

1

 

, RIN m5F). Medium was
collected for insulin measurement by RIA (19). Cell viability and cell
counts were measured using trypan blue exclusion.

 

Northern blot analysis.

 

Total RNA was extracted using guanidin-
ium thiocyanate-phenol-chloroform (22). Northern blot analysis was
performed with a cDNA probe corresponding to the coding region of
rat insulin I as described previously (23). Briefly, 50 

 

m

 

g RNA was sep-
arated on a denaturing Mops/formaldehyde gel (1% [wt/vol] agarose)
and transferred to a Hybond-N membrane (Amersham International
plc, Buckinghamshire, UK). The RNA was fixed by baking at 80

 

8

 

C
for 2 h. The cDNA probe was prepared by random primer extension
using [

 

a

 

-

 

32

 

P]dCTP (Amersham) and Klenow fragment (Pharmacia
Biotechnology Ltd., St. Albans, Hertfordshire, UK). Hybridization
was carried out overnight at 42

 

8

 

C in 50% (vol/vol) formamide; 5

 

3

 

SSC (1

 

3

 

 SSC contains 0.15 mol 

 

?

 

 liter

 

2

 

1

 

 sodium chloride; 15 mmol 

 

?

 

liter

 

2

 

1

 

 sodium citrate); 5

 

3 

 

Denhardt’s solution; 100 

 

m

 

g/ml of dena-
tured sonicated herring sperm DNA; and 10% (wt/vol) dextran sul-
fate with 2 ng/ml of radioactively labeled probe. The filter was
washed twice at room temperature for 10 min in 2

 

3

 

 SSC, 0.2% (wt/
vol) SDS, and once at 60

 

8

 

C for 20 min in 0.1

 

3

 

 SSC/0.1% SDS. Signals
were quantified on a PhosphorImager (Molecular Dynamics, Sunny-
vale, CA) using Imagequant software (Molecular Dynamics). The
data were normalized by reprobing the blot with terminal trans-
ferase-labeled oligo(dT)

 

12–17

 

 and requantification (24). Results are ex-
pressed in arbitrary units calculated as a ratio of the insulin mRNA
signal to the oligo(dT) signal. Autoradiography of the filter was car-
ried out at 

 

2

 

70

 

8

 

C using Kodak X-OMAT™ and an intensifying
screen for 3 d.

 

PCR and Southern blot analysis.

 

50 

 

m

 

g of RNA was reverse tran-
scribed using 9 U AMV reverse transcriptase (Promega, Southamp-
ton, UK) and 200 ng oligo(dT)

 

12–17

 

 in 1

 

3

 

 reverse transcription buffer

(50 mmol 

 

?

 

 liter

 

2

 

1

 

 Tris-HCl, pH 8.3, 5 mmol 

 

?

 

 liter

 

2

 

1

 

 KCl, 1 mmol 

 

?

 

liter

 

2

 

1

 

 MgCl

 

2

 

, 1 mmol 

 

?

 

 liter

 

2

 

1

 

 DTT, 0.5 mmol 

 

?

 

 liter

 

2

 

1

 

 spermidine)
and 200 

 

m

 

mol 

 

?

 

 liter

 

2

 

1

 

 dNTP. Amplification by PCR was performed
using primers derived from the aligned rat and mouse leptin receptor
sequences that correspond to nucleotides 3199–3219 (sense) and
3506–3525 (antisense) of the rat leptin receptor sequence (25). PCR
was carried out with half the reverse transcription reaction in a solu-
tion containing 1

 

3

 

 

 

Taq

 

 polymerase buffer (20 mmol 

 

?

 

 liter

 

2

 

1

 

 Tris-
HCl, pH 8.4, 50 mmol 

 

?

 

 liter

 

2

 

1

 

 KCl, 1.5 mmol 

 

?

 

 liter

 

2

 

1

 

 MgCl

 

2

 

), 200

 

m

 

mol 

 

?

 

 liter

 

2

 

1

 

 dNTP, 200 ng of each primer, and 1 U 

 

Taq

 

 polymerase
using the following program: 95

 

8

 

C for 1 min, 55

 

8

 

C for 45 s, and 72

 

8

 

C
for 50 s for 30 cycles followed by a final step of 70

 

8

 

C for 10 min. The
PCRs were analyzed by Southern blotting using an oligonucleotide
probe (nucleotides 3304–3326) 3

 

9

 

 end-labeled with [

 

a

 

-

 

32

 

P]dATP and
terminal transferase (Promega) as described previously (26).

 

Second messenger studies.

 

b

 

TC6 cells cultured in 80-cm

 

2

 

 flasks
were washed in KRB buffer and preincubated in glucose-free and se-
rum-free KRB buffer for 2 h. For intracellular Ca

 

2

 

1

 

 measurements
([Ca

 

2

 

1

 

]

 

I

 

),

 

1

 

 cells were washed in a solution of HBSS (27) and incu-
bated for a further 45 min at 37

 

8

 

C in HBSS containing 2 

 

m

 

mol 

 

?

 

 liter

 

2

 

1

 

Fura-2/AM (Novabiochem, Nottingham, UK). Excess Fura-2/AM
was removed by washing with HBSS. Intracellular calcium measure-
ments were carried out using 2 ml of cell suspension at 37

 

8

 

C within 2 h
of loading as described earlier (27, 28). Briefly, the fluorescence was
monitored in a luminescence spectrometer (LS-5; Perkin-Elmer, Nor-
walk, CT) with an excitation wavelength of 336 nm and an emission
wavelength of 510 nm using leptin (1 nmol 

 

?

 

 liter

 

2

 

1

 

) and tolbutamide
(100 

 

m

 

mol 

 

?

 

 liter

 

2

 

1

 

) as test substances. [Ca

 

2

 

1

 

]

 

I

 

 was calculated using
the formula: [Ca

 

2

 

1

 

]

 

I 

 

in nM 

 

5 

 

200(

 

F

 

 

 

2

 

 Fmin)/(Fmax 2 F); where F is the
fluorescence at the unknown [Ca21]I, Fmax is the fluorescence after the
trapped fluorescence is released by the addition of 0.02% Triton
X-100, and Fmin is the fluorescence remaining after the Ca21 in the so-
lution is chelated with 10 mM EGTA. The change in [Ca21]I is pre-
sented as the increase in [Ca21]I expressed in nmol ? liter21. Calibration
was carried out by solutions from Molecular Probes (Eugene, OR).

In vivo studies. Normal male (C57B6/CBA) mice (z 25 g body wt)
were housed in a 12-h dark/light cycle and allowed chow and water ad
libitum. 1 wk before the experiment, animals were fasted overnight
and trained to consume food for 1 h (09:00 to 10:00) as described pre-
viously (29). On the experimental day, 30 min after feeding, mice
were injected intraperitoneally with 200 ml 0.9% saline (vehicle con-
trol), or leptin at 0.02 or 1.0 mg ? g21 body wt. A further group of nor-
mal mice was injected with either saline or leptin (1.0 mg ? g21 body
wt) after an overnight fast.

Male ob/ob (80 g body wt; Aston University, Birmingham, UK),
young male db/db (35 g body wt; Harlan Bicester, Oxford, UK), or
heterozygous db/1 mice (25 g body wt) were housed and fed as de-
scribed above. Mice were fed overnight and food was removed 30 min
before intraperitoneal injection of saline or leptin at 0.02 mg ? g21

body wt (ob/ob and db/db) or 0.2 mg ? g21 body wt (db/db) in 200 ml of
saline.

All experiments were randomized and blood was collected by ter-
minal cardiac puncture of different animals for each time point (n 5
5–10 per time point per group) with the injection at time 0. Separate
groups of controls injected intraperitoneally with 200 ml of 0.9% sa-
line were included for each dose of leptin. Blood was immediately
centrifuged and the plasma was separated and stored at 2208C for
measurement of glucose and insulin (RIA) (19). Glucose was mea-
sured by the glucose oxidase method (YSI 2300 glucose analyzer; YSI
Bioanalytical Products, Yellow Springs, OH). Mouse leptin concen-
trations were measured in test solutions and plasma by an established
RIA kit (Linco Research Inc., St. Charles, MO).

All animal procedures were performed according to British
Home Office regulations.

1. Abbreviations used in this paper: AUC, area under curve; [Ca21]I,
intracellular calcium concentration.
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Statistical analysis. Results are expressed as mean6SE. The com-
parisons between groups were made using ANOVA with post-hoc
Tukey test.

Results

Islet experiments. Using a perifusion system, a 53% decrease
in glucose-stimulated (8 mmol ? liter21) insulin release was ob-
served when mouse leptin (100 pmol ? liter21) was added to rat
islets (leptin 11.261.4 vs. control 21.060.9 fmol ? islet21 ?
min21, n 5 6, P , 0.001, Fig. 1 a). Isolated human islets were
studied in static incubation. Leptin inhibited insulin secretion
in 5.5 mmol ? liter21 glucose by z 77% at 1 nmol ? liter21 (lep-
tin 31.864.6 vs. control 139.6613.5 fmol ? ml21 ? h21, P , 0.001,
n 5 6, Fig. 1 b). Thus, an inhibitory effect of mouse leptin on
insulin secretion was observed in the islets.

Cell culture experiments. The effect of leptin on mouse
and rat insulinoma cells was investigated. In mouse bTC6 cells,
leptin suppressed insulin release stimulated with 5.5 mmol ?
liter21 glucose by 56% at 10 nmol ? liter21 (P , 0.001 vs. con-
trol, n 5 9, Fig. 2 a). The inhibition in bTC6 cells was seen at
10 min and achieved a maximum by 60 min (P , 0.01, n 5 6,
Fig. 2 b). Similar responses were observed in the rat cell lines,
with an inhibitory effect at 1 nmol ? liter21 in RIN 5AH cells
(leptin 0.5460.06 vs. control 0.8160.06 pmol/106 cells ? h21,
P , 0.01, n 5 12) and at 1 nmol ? liter21 in RIN m5F cells (lep-
tin 4.260.2 vs. control 5.760.4 pmol/106 cells ? h21, P , 0.01,
n 5 8). In the bTC6 cells, leptin (1 nmol ? liter21) did not alter
the stimulatory effect of tolbutamide (100 mmol ? liter21) or
arginine (10 mmol ? liter21) on insulin release (Table I).

Northern blot analysis. Leptin suppressed insulin mRNA
expression in both isolated rat islets and bTC6 cells (Fig. 3 a).
For example, a 3867% (islets) and 2866% (bTC6) decrease
in insulin mRNA (n 5 4) was evident at 1 nmol ? liter21 leptin,
compared with untreated controls.

PCR and Southern blot analysis. The presence of leptin
receptor mRNA has been described recently in b cells (12, 13).
Using RT-PCR with long isoform specific primers (30), we
generated a band from RNA prepared from rat hypothalamus,
but not kidney or colon, the latter two tissues only expressing
the short form of the receptor (30) (Fig. 3 b). We found leptin
receptor mRNA to be present in the insulinoma cell lines, rat
islets, and mouse pancreas (Fig. 3 b). The leptin receptor long
isoform is the form thought to activate intracellular signaling
(30). Its presence in the islets and cell lines suggests it could
mediate the insulin inhibitory action of leptin. No mRNA
for leptin itself could be detected using a cDNA probe in
poly(A)1 prepared from RNA from any of the tissues or the
cell lines, except adipose tissue as reported earlier (1).

Second messenger studies. In bTC6 cell suspensions, leptin
at the concentration of 1 nmol ? liter21 showed a 20% decrease
in [Ca21]I, although this was not significantly different from
control values. Subsequent addition of tolbutamide (100 mmol ?
liter21), known to elevate [Ca21]I, caused a rapid mobilization,
which was unaffected by 1 nmol ? liter21 leptin (Table II).

In vivo studies: normal mice. The effects of intraperito-
neal injection of leptin were investigated in normal fed mice at
0.02 and 1.0 mg ? g21 body wt (31). A significant suppression of
insulin release was observed in both fed treated groups in the
period from 0 to 70 min after the injection (incremental area
under the curve from 0 to 70 min [AUC 0–70, nmol ? liter21 ?
min]: control 2267 vs. leptin 0.02 mg, 22568, P , 0.05; con-
trol 469 vs. leptin 1.0 mg, 23367, P , 0.01, Fig. 4, a and b) and
this suppression occurred in the face of an increase in plasma
glucose levels in the same period (AUC 0–70, mmol ? liter21 ?
min: control 23.6628 vs. leptin 0.02 mg, 151634, P , 0.05;
control 210658 vs. leptin 1.0 mg, 123632, P , 0.01, Fig. 4, c
and d). The increase in glucose concentration after leptin
treatment is thus likely to be a consequence of the fall in the
plasma insulin concentration. These effects were apparent as
early as 10 min after injection in both groups of leptin-treated
fed mice. The suppressed insulin levels were not significantly
different from control values at 70 min after injection in mice
treated with the 0.02 mg dose (control 728677 vs. leptin
639688 pmol ? liter21) but continued to be low in mice treated
with the 1.0 mg dose (control 8386156 vs. leptin 269649 pmol ?
liter21). Both doses produced plasma leptin concentrations at
25 min (leptin 0.02 mg, 1164 ng ? ml21 and leptin 1.0 mg,

Figure 1. (a) Insulin release from perifused rat islets. In the perifused 
islets, leptin (100 pmol ? liter21) was added from 81 to 120 min. Glu-
cose concentration was 2.8 mmol ? liter21 from 0 to 40 and 161 to 200 
min, 8 mmol ? liter21 from 41 to 160 min, and 16 mmol ? liter21 from 
201 to 220 min. Data are mean values6SE, n 5 6. *P , 0.01, leptin 
treated (filled circles) vs. control (open circles). The comparisons be-
tween groups were made using ANOVA with post-hoc Tukey test. 
(b) Insulin release from static incubation of human islets. Glucose 
concentration was 5.5 mmol ? liter21. Data are means6SE, n 5 6. The 
comparisons between groups were made using ANOVA with post-
hoc Tukey test. *P , 0.02, **P , 0.001 vs. control.
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5806172 ng ? ml21) above the levels in the saline-treated con-
trols (4.061.8 ng ? ml21). Normal mice fasted overnight
showed no significant change in plasma insulin or glucose 25
min after leptin (1.0 mg ? g21 body wt) treatment (Table III).

ob/ob and db/db mice. Defective leptin production in ob/
ob mice produces a model of gross obesity, severe insulin resis-
tance and, usually, mild hyperglycemia (1, 32). To determine if
leptin alters insulin release at physiological concentrations, ob/
ob mice were injected intraperitoneally with saline or leptin at
a dose of 0.02 mg ? g21 body wt and killed after 25 min. This
achieved plasma leptin concentrations similar to those of age-
matched normal mice (leptin treated ob/ob mice [n 5 8]
3.360.9 ng ? ml21 vs. normal mice [n 5 9] 3.460.2 ng ? ml21).
Plasma leptin immunoreactivity in the saline-injected control
ob/ob mice was low (0.460.1 ng ? ml21, n 5 5, P , 0.001 vs.
normal mice 3.460.2 ng ? ml21, n 5 9) as previously reported
(33). The plasma glucose concentration was considerably
higher in the leptin-treated mice (leptin [n 5 8] 26.064.1 vs.
saline control [n 5 5] 12.560.5 mmol ? liter21, P , 0.05). In the
leptin-treated ob/ob mice, in spite of a marked rise in the glu-
cose concentration, the insulin concentration was reduced (Ta-
ble III). The increase in glucose concentration after leptin
treatment in the ob/ob mice is thus likely to be a consequence
of the fall in the plasma insulin concentration. As a control, di-
abetes db/db mice, known to have a nonfunctional leptin re-
ceptor (30), were injected with leptin at 0.02 or a 10-fold higher
dose of 0.2 mg ? g21 body wt, as described for the ob/ob mice.
The homozygous db/db mice injected at 0.2 mg ? g21 body wt
showed no changes in insulin or glucose (Table III). The lean
(db/1 and 1/1) littermates injected with leptin at 0.2 mg ? g21

body wt showed an inhibition of insulin and elevation of
glucose similar in magnitude to that found in normal mice
(Table III).

Discussion

This study demonstrates that leptin suppresses insulin release
from the endocrine pancreas. We have used isolated human is-
lets in a static culture model and have shown that leptin re-
duces insulin secretion in the presence of glucose (5.5 mmol ?
liter21) in a dose-dependent manner. We have also shown a
suppression of insulin release by leptin in perifused rat islets.
To confirm whether these effects are via a direct action on the
b cell, we treated clonal insulinoma cells with leptin, and a
dose-dependent inhibitory effect of the adipocyte-derived hor-
mone in three different cell lines was observed. This is sup-
ported by the observation that OB-Rb mRNA was present in
the islets and cell lines as recently reported by RNase protec-
tion assay (13). The batch of leptin used in these studies was
estimated to be . 90% pure by SDS-PAGE. The remaining
material was composed of three main elements, leptin dimer,
leptin with one to three amino acids lost from the NH2 termi-
nus (all these leptins are equally active as a full-length mono-
mer), and a small amount of unidentified material, assumed to
be bacterial protein. The leptin was entirely without activity in
leptin receptor–defective db/db mouse and did not alter insulin
secretion stimulated by arginine or tolbutamide in the bTC6
cells, suggesting that it is unlikely that there is any nonspecific
effects of the small quantity of unknown material. Pilot studies
carried out in our laboratory have shown that addition of BSA

Figure 2. (a) Leptin 
dose–response on insulin 
release from mouse bTC6 
cells (glucose 5.5 mmol ? 
liter21, n 5 9). (b) Time 
course of insulin suppres-
sion in response to 1 
nmol ? liter21 leptin in 
bTC6 cells (n 5 6), leptin
(filled circles) vs. control 
(open circles). Data are 
means6SE. The com-
parisons between
groups were made using 
ANOVA with post-hoc 
Tukey test. *P , 0.02, 
**P , 0.001 vs. control.

Table I. Effect of Leptin on Tolbutamide- and Arginine-stimulated Insulin Secretion in bTC6 Cells

Control
Tolbutamide

(100 mmol · liter21)
Tolbutamide (100 mmol · l21 1

leptin (1 nmol · liter21) Control
Arginine

(10 mmol · liter21)
Arginine (10 mmol · liter21) 1

leptin (1 nmol · liter21)

Insulin secretion
(pmol/106 cells · h21) 18.561.4 31.561.6* 30.062.2* 18.561.2 33.263.2* 34.662.8*

Cells were incubated in glucose-free, serum-free medium for 2 h with 100 mmol · liter21 tolbutamide or 10 mmol · liter21 arginine with or without ad-
dition of leptin (1 nmol · liter21) and insulin release measured by RIA of the media. Data are mean values6SE. The comparisons between groups
were made using ANOVA with post-hoc Tukey test. *P , 0.05 vs. control, n 5 6 each.
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(0.4%) inhibits insulin release in bTC6 cells by . z 40%. The
mechanism of inhibition of insulin secretion by albumin is un-
clear. However, in these conditions, addition of leptin up to
1 nmol ? liter21 produced no greater inhibition in these cells

(our unpublished observations). Further, leptin is thought to
be present in FCS (34) and a large proportion of plasma leptin
(up to 98% in lean humans) has been reported to be bound to
serum proteins (35). These observations indicate that the ef-
fects of exogenous leptin may be diminished or obliterated in
the presence of BSA or FCS. Therefore, we carried out all ex-
periments on these cells in buffer devoid of BSA. The effect of
leptin was powerful, with inhibition evident at concentrations
in the range 1–1,000 pmol ? liter21. Leptin, at a similar concen-

Figure 3. (a) Representative Northern blots of insulin mRNA in rat 
islets (left) and bTC6 cells (right) (n 5 4). C, Control; 1, 0.1; 2, 1; 3, 10 
nmol ? liter21 leptin. (b) Southern blot analysis of the RT-PCR prod-
ucts showing leptin receptor mRNA in rat tissues (M, skeletal muscle; 
H, hypothalamus; I, islets), rat insulinoma cell lines (Rm, RIN m5F; 
R5, RIN 5AH), mouse tissues (K, kidney; P, pancreas; C, colon), and 
a mouse insulinoma cell line (b, bTC6), n 5 3.

Table II. Effect of Leptin on [Ca21]I (nmol · liter21) Levels in
bTC6 Cells

Control

Control 1
leptin (1 nmol ·

liter21)

Tolbutamide
(100 mmol ·

liter21)

Tolbutamide (100
mmol · liter21) 1 leptin

(1 nmol · liter21)

[Ca21]I 
(nmol/liter) 251642 202651 7666108* 815697*

Intracellular calcium was measured by analysis of Fura-2 fluorescence
in cell suspensions as described in Methods. Data are mean values6SE.
The comparisons between groups were made using ANOVA with post-
hoc Tukey test. *P , 0.05 vs. control, n 5 5 each.

Figure 4. Effect of leptin 
on plasma insulin and glu-
cose levels in fed normal 
mice injected (←) with 
saline or leptin. AUC
between 0 and 70 min 
(AUC 0–70) expressed as 
mean6SE: Insulin nmol ? 
liter21 ? min (a and b), 
Control 2267 (open cir-
cles) vs. 0.02 mg ? g21 body 
wt leptin 22568 (filled 
circles), P , 0.05; Control 
469 (open circles) vs. 1.0 
mg ? g21 body wt leptin 
23367 (filled boxes), P , 

0.01. Glucose, mmol ? 
liter21 ? min (c and d), 
Control 23.6628 (open 
circles) vs. 0.02 mg ? g21 
body wt leptin 151634 
(filled circles), P , 0.05; 
Control 210658 (open 
circles) vs. 1.0 mg ? g21 
body wt leptin 123632 
(filled boxes), P , 0.01.
n 5 5–10 mice per time 
point per group. Data are 
mean values6SE. The 
comparisons between 
groups were made using 
ANOVA with post-hoc 
Tukey test.
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tration of 1 pmol ? liter21, has also been shown to increase
luteinizing hormone–releasing hormone in median eminence-
arcuate nuclear explants (36).

To study if the inhibitory effects of leptin were evident in
the presence of stimulatory agents other than glucose, bTC6
cells were treated with 100 mmol ? liter21 tolbutamide and 10
mmol ? liter21 arginine in the presence and absence of 1 nmol ?
liter21 leptin. A nearly twofold stimulation of insulin release
was observed after the addition of tolbutamide and arginine.
Leptin at the tested concentration of 1 nmol ? liter21 did not in-
hibit insulin release induced by these agents. It is possible that
higher concentrations of leptin may be needed to inhibit insu-
lin release in the presence of these stimulatory agents. In the
clonal bTC6 cells, the inhibitory effect of leptin was associated
with an z 20% decrease in [Ca21]I. Although the observed de-
crease in these tumor cells was not significantly different from
control values, Kieffer et al. (37) have reported recently a de-
crease in [Ca21]I after an action on the adenosine triphosphate
potassium (KATP) channel in b cells isolated from ob/ob mice.
Thus, while it is likely that leptin may suppress insulin secre-
tion by acting on the KATP channel, other mechanisms such as
intracellular lipolysis and increased fatty acid oxidation may
also play a role (38). Further detailed studies are required to
explore the mechanism of action of leptin in native b cells iso-
lated from normal mice.

To investigate the physiological significance of these find-
ings in vivo, we injected leptin into normal fed mice at two
doses. The decrease in insulin release in response to both
doses along with a corresponding increase in glucose levels
suggests that leptin is able to acutely suppress insulin secretion
in normal animals. Reported circulating concentrations of lep-
tin are 3.960.4 in fed lean mice and 4.060.5 ng ? ml21 in rats
(31, 33). Leptin levels are reported to be 5-fold higher in mice
fed a high-fat diet (39), 10- and 5-fold higher in db/db and fat/
fat mice relative to littermate controls, respectively (40), and
are elevated by as much as 50-fold in fatty (fa/fa) rats (40, 41).
In humans, the levels vary from 1264 ng ? ml21 (lean) to 4269
ng ? ml21 (obese) (42). Therefore, the insulin suppressive effect
observed in normal fed mice is evident at plasma concentra-
tions (1164 ng ? ml21) similar to those in mice fed a high-fat
diet, and in humans, suggesting a hormonal role for leptin in
the modulation of postprandial insulin secretion. Interestingly,

in fasted animals no effect of leptin on plasma insulin and glu-
cose concentrations was observed. No obvious explanation for
this differential effect is apparent but it suggests that leptin ei-
ther acts to inhibit a postprandial stimulator of insulin release
or in the fasting state a similar inhibitor already acts which is
absent after food intake. In db/db mice, used as negative con-
trols, injection of leptin failed to alter insulin or glucose levels,
supporting the study carried out on the perfused pancreas of
Zucker fa/fa rats (13). Both of these rodent models have a mu-
tant leptin receptor and show reduced sensitivity or no re-
sponse to leptin (4, 6, 38, 43–46).

These results demonstrate leptin inhibition of insulin secre-
tion in the whole animal and a direct effect on the rodent and
human islet. Leptin also inhibits insulin mRNA expression in
both bTC6 cells and rat islets. Insulin is known to enhance lep-
tin synthesis and release in rodents and humans, although the
time course of these effects is different (9, 10). Inhibition of in-
sulin secretion by leptin thus appears to form a feedback loop.
Insulin also stimulates lipogenesis (47), contributes to the reg-
ulation of fat mass, and thus to plasma leptin concentrations,
apparently forming a second, longer term feedback.

Administration of leptin to ob/ob mice resulted within min-
utes in a suppression of insulin secretion and gross exacerba-
tion of the hyperglycemia. Repeated administration of leptin
to the ob/ob mouse decreases food intake over the subsequent
days, with an associated weight loss and marked decrease in
peripheral insulin resistance (4, 5). This latter effect appears
dominant over any direct suppression of insulin secretion by
leptin, since plasma glucose concentration falls. The results
shown in our study relate to acute changes in insulin levels ob-
served within minutes of leptin injection and are not incon-
sistent with earlier reports (4, 5, 30, 46). In these reports, al-
terations in plasma glucose and insulin concentrations are
observed several hours or days after leptin injection and are
likely to involve a complex set of changes in other regulatory
factors, for example in plasma cortisol levels (30, 31), hypo-
thalamic neuropeptide Y (45, 46) or norepinephrine (48), or in
brown fat activation (49).

In obese humans, behavioral override may prevent the ef-
fect of leptin on food intake but may leave intact the inhibition
of insulin release. Leptin acts indirectly on the hypothalamus,
being dependent on rate-limiting transport into the central

Table III. Plasma Glucose and Insulin Concentrations 25 min after Intraperitoneal Injection of Saline (Control) or Leptin in 
Normal (Fed and Overnight Fasted), ob/ob, and db/db Mice

Mice Condition
Leptin dose

(mg · g21 body wt)

Glucose (mmol · liter21) Insulin (pmol · liter21)

Saline Leptin Saline Leptin

Normal Fast 1.0 6.560.4 7.160.4 140611 145615
Normal Fed 0.02 11.360.3 13.660.4* 969652 396664‡

Normal Fed 1.0 10.260.5 13.260.7§ 924698 288673‡

ob/ob Fed 0.02 12.560.5 26.064.1* 556561248 13406247§

db/db Fed 0.2 27.461.7 27.662.4 35876389 38336464
db/db Fed 0.02 25.863.2 26.862.1 33926419 32686349
db/1 and 1/1 Fed 0.2 9.760.4 12.260.4§ 9596148 254648‡

Plasma insulin was measured by RIA and glucose by the glucose oxidase method. Data are mean values6SE. The comparisons between groups were
made using ANOVA with post-hoc Tukey test. *P , 0.05, §P , 0.01, ‡P , 0.001 vs. saline, n 5 5–10 per group.
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nervous system. Reduced central nervous system access has
been reported at higher plasma leptin concentrations (2). The
pancreatic b cell is in direct plasma contact and thus not af-
fected by rate-limiting transport. In severe human obesity, lep-
tin may act to worsen carbohydrate intolerance and form one
mechanism by which increased body fat is associated with dia-
betes mellitus. We conclude that the effects of circulating lep-
tin on insulin secretion, at least in obese mice, are likely to be
physiologically important since glucose tolerance is acutely im-
paired at apparent physiological leptin concentrations.
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