
Leptin (ob) which was isolated by positional cloning
from the genetically obese ob/ob mouse [3] is a 16
kDa hormone which is nearly exclusively produced
by adipocytes (although production by the placenta

and skeletal muscle has recently been reported [1,
2]). In humans high adiposity, hyperinsulinaemia and
insulin resistance are associated with increased serum
leptin concentrations [4±8]. In rodents, leptin con-
trols food intake, satiety and body weight [9±12]. In-
sulin appears to be the most important regulator of
leptin synthesis in rodents [13±15]. It directly upregu-
lates leptin expression in vivo and in vitro. In condi-
tions characterized by low insulin concentrations
such as streptozotocin-induced diabetes or fasting,
leptin mRNA expression and serum leptin concentra-
tions were found to be suppressed [16, 17]. Adminis-
tration of insulin or refeeding normalized leptin con-
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Summary To examine whether insulin-like growth
factor I (IGF I) or growth hormone (GH) influences
leptin in vivo we measured leptin mRNA in epididy-
mal fat pads and serum leptin of normal rats infused
subcutaneously for 6 days with recombinant human
(rh)IGF I (1 mg/day), rhGH (200 mU/day), or vehi-
cle. In addition, we determined fat pad weight and
food consumption as well as IGF I, insulin, glucose,
non-esterified fatty acid (NEFA), glycerol, b-hydro-
xybutyrate and triglyceride (TG) serum concentra-
tions. Food intake was identical during all three treat-
ments. RhIGF I but not rhGH raised IGF I serum
concentrations, reduced fat pad weight (60.3 ± 7.4%
of control rats, p = 0.019), and suppressed leptin
mRNA (38.8 ± 11.9% of control rats, p = 0.002), se-
rum leptin (51.6 ± 10.5% of control rats, p = 0.0028)
and serum triglycerides (39.3 ± 8.0% of control rats,
p = 2.6 ´ 10±6). Both rhIGF I and rhGH reduced
non-esterified fatty acids (NEFA) (p = 0.00001 and
0.0007, respectively), whereas serum glycerol, b-OH
butyrate and glucose concentrations remained un-
changed. Serum insulin concentrations during rhIGF

I were lower than during rhGH infusion and corre-
lated with leptin mRNA (r = 0.589, p = 0.016) and
fat pad weight (r = 0.643, p = 0.007). Reduction of ad-
ipose tissue mass and suppression of leptin by IGF I
appear to be due to reduced circulating insulin lead-
ing to enhanced fat mobilization and NEFA oxida-
tion as well as to increased gluconeogenesis from
glycerol. In contrast, decreased NEFA concentra-
tions during rhGH in the presence of unchanged fat
pad weight, serum glycerol and triglycerides might re-
sult from more efficient re-esterification of released
fatty acids within the triglyceride-fatty acid cycle.
The results also show that exogenously infused IGF
I and GH act on lipid metabolism by different mecha-
nisms and suggest an IGF-independent, probably di-
rect, metabolic effect of GH. Finally, in agreement
with previous studies in GH-infused hypophysectom-
ized rats, it appears unlikely that GH regulates leptin
in the rat. [Diabetologia (1999) 42: 160±166]
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centrations [13, 16, 17]. In vitro a direct stimulatory
effect of insulin on leptin mRNA expression and lep-
tin secretion has been shown in adipocyte cell lines
and in primary adipocytes cultures [13, 15, 17±19].

In a previous study in which we examined whether
GH affects leptin expression, we showed that hypo-
physectomized rats have suppressed fat pad leptin
mRNA and nearly undetectable serum insulin con-
centrations and that neither could be restored by
rhGH treatment [20]. In contrast, infusion of rhIGF I
further suppressed the already low leptin mRNA in
fat pads of hypophysectomized rats. Similarly, serum
leptin concentrations and insulin secretion were sup-
pressed by rhIGF I infusion in GH-deficient human
subjects [21].

In vitro no direct effect of IGF I on leptin synthesis
was observed in adipocytes isolated from normal rats
[18]. Therefore and because our previous experi-
ments were carried out in GH-deficient rats, we ex-
amined the in vivo effect of infused rhIGF I on leptin
in normal rats and compared it with the effect of in-
fused rhGH.

Materials and methods

Animals. All animal experiments were approved by the Insti-
tutional Animal Welfare Committee. We infused normal male
Tif RAI rats (170±190 g at the beginning of the experiment)
for 6 days with 1 mg per day of rhIGF I (Novartis, Basel, Swit-
zerland) in 0.1 mol/l acetic acid or with 200 mU per day of
rhGH (Nordisk, Gentofte, Denmark) or with vehicle
(0.1 mol/l acetic acid) using Alzet miniosmotic pumps (model
2001, Alza Corp., Palo Alto, Calif., USA) implanted subcuta-
neously. Food and water intake as well as body weight were
measured daily in the morning. Hoarding or dispersion of
food was carefully checked and was not observed. After
6 days of infusion, rats were anaesthetized with Innovar Vet
(Pitman Moore, Washington Crossing, N. J., USA, 0.2 ml/100
g body weight) and killed by aortic puncture. After clotting
on ice, blood was centrifuged for 30 min at 3000 g and 4 °C,
and serum was stored at ±20 °C. Epididymal fat pads were re-
moved, weighed, immediately frozen in liquid nitrogen and
stored at ±80 °C.

Preparation of a rat leptin DNA probe. Total rat fat pad RNA
was reverse transcribed using oligo(dT) as a primer and the Su-
perscript reverse transcriptase (GIBCO BRL, Basel, Switzer-
land) according to the manufacturer's instructions. The rat
cDNA was subjected to polymerase chain reaction (PCR) (kit
from Boehringer Mannheim, Germany) using two oligonucle-
otides complementary to the mouse leptin cDNA [22]. The re-
sulting 404 bp rat leptin cDNA fragment was separated by low
melting agarose gel electrophoresis and extracted by agarase
digestion (Boehringer Mannheim, Germany). Before hybrid-
ization, the fragment was labelled with (a-32P)deoxy-CTP
( ~ 3000 Ci/mmol, Amersham International, Amersham, UK)
by random primer extension (kit from Boehringer Mannheim,
Germany).

Total RNA isolation and Northern blotting. Total RNA was ex-
tracted from frozen fat pads by a standard CsCl centrifugation
method [23] with the following modification: after homogeni-

zation a low speed centrifugation step was included to band
the fat at the top of the homogenate. The underlying homoge-
nate was then removed and processed as described [23]. 10 mg
of total RNA was separated in 1 % agarose gel containing
2 mol/l formaldehyde. The amount of RNA loaded and its in-
tactness were judged by visual inspection of ethidium bro-
mide-stained gels. Distinct bands above the two ribosomal
RNA bands are adequate indicators for intact RNA, whereas
smearing (not observed on our blots) points to partial degrada-
tion of RNA. Size-fractionated RNA was transferred to Nylon
membranes (Hybond-N, Amersham, UK) by capillary blotting
and crosslinked by UV-radiation [24]. Filters were prehybri-
dised and subsequently hybridised with the radioactive 404 bp
rat cDNA fragment and washed as described [25]. The blots
were exposed overnight to Kodak X-Omat films (Eastman Ko-
dak, Rochester, N. Y., USA) in the presence of a Cronex light-
ening plus enhancer screen (Eastman Kodak) and the optical
densities of the 4.5 kb bands of leptin mRNA were determined
using a BIO RAD densitometre, model GS 700 (BioRad Lab-
oratories, Richmond, Calif., USA).

Determination of NEFA, glycerol, b-hydroxybutyrate, triglycer-
ides (TG), glucose, leptin, insulin and IGF I. Serum NEFA con-
centrations were determined with a commercial kit (Wako
Chemicals, Neuss, Germany) and serum insulin and rat leptin
with a radioimmunoassay from LINCO (Labodia SA, Yens,
Switzerland) according to the protocols provided by the sup-
pliers. Serum glyerol was determined by Eggstein and Kreutz's
method [26]. Triglyceride and b-hydroxybutyrate were deter-
mined in an auto-analyzer by the Institute of Clinical Chemis-
try of our hospital. Serum glucose was measured by a glucose
analyzer (Beckman, Fullerton, Calif., USA).

Exogenous or endogenous serum IGF I was determined by
two different radioimmunoassays (RIAs) as described previ-
ously [27, 28]. Briefly, 0.15 ml phosphate buffered saline
(PBS)/0.2 % human serum albumin (HSA), pH 7.4, was added
to 0.1 ml serum and the mixture was acid-treated and run on
SepPak C18-cartridges (Waters, Milford, Mass., USA) accord-
ing to the protocol supplied by Immunonuclear (Stillwater,
Minn., USA). After reconstitution with 1 ml PBS/0.2 % HSA,
all samples were assayed at three different dilutions (1:5; 1:10,
1:20) using as standards either rhIGF I for the determination
of exogenously administered rhIGF I, or rat IGF (gift from
Dr. M. Kobayashi, Fujisawa, Japan) for the determination of
endogenous rat IGF I, and two different antisera at a final dilu-
tion of 1:2000 [27] and 1:20 000 [28], respectively. After prein-
cubation of antiserum with standards or samples for 24 h at
4 °C, 25±35 000 cpm of 125I-IGF I (Anawa, Wangen, Switzer-
land, specific activity 300±400 mCi/mg) was added to a total in-
cubation volume of 0.4 ml. The reaction mixture was then
incubated for another 24 h before precipitation with the sec-
ond antibody (goat anti-rabbit gammaglobulin antiserum)
[27].

In the human IGF I RIA, rat IGF I does not crossreact at
the above dilutions. The values obtained in this RIA, there-
fore, reflect only the concentration of the infused rhIGF I. In
the rat IGF I RIA, human IGF I crossreacts five to six times
better than rat IGF I so that endogenous IGF I concentrations
cannot be determined in the animals infused with rhIGF. In an-
imals infused with GH and in the control animals (absence of
human IGF I) the RIA values represent endogenous rat IGF I
concentrations.

The sensitivity of the human IGF I RIA was 17 fmol/tube
(0.4 ml); the intraassay variation was ± 6.7 % (n = 6), the inter-
assay variation ± 11.1 % (n = 6). The sensitivity of the rat IGF I
RIA was 0.34 fmol/tube, the intraassay variation ± 5.3 %
(n = 10) and the interassay variation ± 10.1 % (n = 10).

M. Böni-Schnetzler et al.: Suppressed leptin in IGF I-infused rats 161



Statistical analysis. Statistics for the three treatment groups
were done with the Student's t-test and the Bonferroni adjust-
ment (p-values multiplied with the number of comparisons).
P-values < 0.05 resulting with this adjustment were considered
as statistically significant. Correlations were evaluated with
linear regression analysis.

Results

Growth parameters. Control rats, rhGH- or rhIGF I-
treated rats did not show any great differences in
food consumption during the experiment (Table 1).
The body weight at the end of the experiment was
not noticeably different in control and rhIGF I treat-
ed rats, but in rhGH treated rats it was 8% lower
than in control animals (p = 0.02) (Table 1). No cor-
relation between body weight and food intake was
observed during the treatment. Despite equal food
intake and body weight, fat pad weights were signifi-
cantly reduced after 6 days of rhIGF I treatment to
60.3 ± 7.4% (p = 0.019) as compared with untreated
control rats (Table 1). Rats treated with rhGH did
not show a very different fad pad weight from control
rats. Similarly, the fractional fat pad weight (g/100 g
body weight) was significantly lower in rhIGF I-
than in rhGH-treated (p = 1.68 ´ 10±5) or in control
rats (p = 0.014).

Serum IGF I, insulin, glucose, FFA, glycerol, b-hy-
droxybutyrate and triglyceride concentrations. Endog-
enous rat IGF I serum concentrations did not differ in
control and rhGH-treated rats (Table 1), which is
consistent with our previous unpublished data and
data reported by Mehls et al. [29]. In rhIGF I-treated
rats, total IGF I consists of endogenous rat and exog-
enous rhIGF I. Determinations of exogenous rhIGF I
gave a mean value of 190 ± 14.5 pmol/ml while endo-
genous rat IGF could not be determined in the pres-
ence of rhIGF I (see Materials and methods). A prior
infusion study with rhIGF II in normal rats (1 mg/rat
per day for 6 days) showed that endogenous IGF I
was suppressed by 37 ± 11 % (Zapf, unpublished).
Assuming a similar suppression by rhIGF I, we esti-
mate the total serum IGF I concentration in rhIGF I
treated rats to amount to approximately 330 pmol/
ml. Mean serum insulin concentrations tended to be
lower than in control rats during rhIGF I infusion,
but the difference did not reach statistical signifi-
cance. Insulin concentrations were lower during rhI-
GF, however, than during rhGH treatment (Table 1).
In a prior 6 day infusion study with 1 mg/rat per day
of rhIGF I, serum insulin concentrations were
suppressed from 0.40 ± 0.16 (control animals) to
0.186 ± 0.11 pmol/ml (p = 0.04) (Zapf, unpublished).

Serum glucose concentrations were not different
in the three treatment groups. Non-esterified fatty
acid concentrations were suppressed to 43.8 ± 7.2%
in rhIGF I-treated rats (p = 0.00001) and to 58.8 ±

8.9% in rhGH-treated rats (p = 0.0007), whereas se-
rum glycerol and b-hydroxybutyrate concentrations
did not differ between the three treatment groups.
Serum TG were significantly lower in rhIGF I- than
in rhGH-treated (p = 2.6 ´ 10±6) and in control ani-
mals (p = 0.0008).

Fat pad leptin mRNA and serum leptin concentra-
tions. Northern blotting with total fat pad RNA and
with the rat leptin probe showed a single transcript
of approximately 4.5 kb (Fig.1). A comparison of
control rats with rhIGF I-treated rats showed that
the latter had suppressed leptin mRNA concentra-
tions (Table 1, Fig. 1). The mean leptin mRNA con-
centration of rhIGF I-treated rats was reduced to
38.8 ± 11.9% compared with control rats (p = 0.002).
RhGH-treated animals had 80 ± 13.1% of the leptin
mRNA found in control rats. This reduction was not
statistically significant. RhIGF I infusion resulted in
diminished serum leptin concentrations (51.6 ±
10.5% of control rats, p = 0.0028). RhGH treated
rats had 74.9 ± 10.2% of the control animals' serum
leptin concentrations (not statistically significant vs
control rats).

Correlation between insulin, leptin and fat pad weight.
The individual values from the three treatment
groups were subjected to linear regression analysis
(Figs. 2A±D). Only 16 of the 18 animals could be in-
cluded in this analysis because not enough blood was
obtained from one control and one GH-treated ani-
mal during aortic puncture. Regression analysis
showed significant correlations between leptin
mRNA and serum leptin concentrations (r = 0.948,
p < 0.0001; Fig.2A), between leptin mRNA and insu-
lin (r = 0.59, p < 0.05; Fig.2B), or serum leptin and in-
sulin (r = 0.57; p = 0.02), between fat pad weight and
serum insulin (r = 0.64, p < 0.01; Fig. 2C) and be-
tween leptin mRNA and fat pad weight (r = 0.745,
p < 0.001; Fig. 2D) or serum leptin and fat pad weight
(r = 0.75; p < 0.001). No significant correlation was
found between serum leptin and serum FFA concen-
trations.

Discussion

The key findings of this study are that rhIGF I infused
at a rate of 1 mg per day for 6 days into normal rats
reduces fat pad mass and suppresses fat pad leptin
mRNA and serum leptin concentrations. The sup-
pression of serum leptin was accompanied by an in-
crease in body weight gain per 100 g body weight (Ta-
ble 1). These effects were not observed during rhGH
infusion. As reported earlier, rhIGF I infusion in hy-
pox rats suppressed the already decreased fat pad
leptin mRNA to nearly zero [20], whereas GH treat-
ment of the hypox animals had no effect on leptin
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mRNA, although endogenous IGF I was restored to
normal [20]. These findings suggested that infused
IGF I and endogenous IGF I induced by GH ± and
thus in the presence of GH ± differ in their effect on
leptin. These results in normal and our previous find-
ings in hypox rats, make it unlikely that GH regulates
leptin in the rat. Recently it has been reported that in-
tracerebroventricular infusion of leptin anti-serum to
normal, fed female rats led to a decrease in sponta-
neous GH secretion [30]. In contrast, intraperitoneal
infusion of leptin to fed animals did not modify spon-
taneous GH secretion. Only in fasted rats leptin infu-
sion reversed the inhibitory effect of fasting on GH
secretion. The authors concluded from these findings

that leptin is a metabolic signal that regulates GH se-
cretion. Our findings suggest that the reverse does
not hold true, i. e., that GH in contrast to exogenously
infused IGF I, either infused into rats with a healthy
endocrine system or into rats deficient in GH does
not appear to be a signal for the regulation of leptin.

Although leptin regulation differs in several re-
spects in rodents and humans [7, 8], and although
GH secretion is regulated in an opposite fashion in
these two species (e.g. GH is suppressed during fast-
ing and stress in the rat, but increased in man), our
findings in IGF I-infused hypox rats are consistent
with the decrease of serum leptin in GH-deficient hu-
mans infused with IGF I [21]. In contrast to hypox
rats, GH infusion stimulated serum leptin in these pa-
tients [21]. One of the reasons for this discrepancy
might be that hypox rats lack all pituitary hormones
and have low serum insulin concentrations, which
did not increase much during GH treatment [20]. In
contrast, GH-deficient patients received hormone re-
placement therapy (except GH) and they had normal
serum insulin and C-peptide levels which further in-
creased with GH treatment [31]. Thus, the effect of
GH on leptin in GH-deficient humans might be due
to the stimulation of insulin secretion or the replace-
ment of lacking hormones or both. Leptin suppres-
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Table 1. Summary of results in normal rats treated with rhIGF I (1 mg per rat per day) or rhGH (200 mU per rat per day)

Control rats rhIGF I rhGH

Body weight (g) 231 ± 7.6 229 ± 9.5 214 ± 9.9
(p c = 0.02)

Body weight gain/100 g body weight 19.5 ± 1.44 26.15 ± 2.03
(p c = 0.0005)

18.85 ± 1.82
(p IGF = 0.018)

Fat pad weight (g) 1.21 ± 0.32 0.73 ± 0.09
(p c = 0.019)

1.22 ± 0.12

Fat pad weight /100 g body weight 0.52 ± 0.13 0.32 ± 0.03
(p c = 0.014)

0.57 ± 0.06
(p IGF = 1.68 � 10� 5)

Food intake (g/day) 24.4 ± 0.4 24.1 ± 0.6 24.9 ± 0.5

Serum glucose (mmol/l) 11.71 ± 1.15 10.98 ± 0.55 10.78 ± 1.04

FFA (mmol/l) 472 ± 55 207 ± 34
(p c = 0.00001)

278 ± 42
(p c = 0.0007)

Glycerol (mmol/l) 142 ± 29 138 ± 27 166 ± 35

b -OH butyrate (mmol/l) 166 ± 32 116 ± 46 128 ± 9

Triglycerides (mmol/l) 1.49 ± 0.37 0.59 ± 0.12
(p c = 0.0008)

1.32 ± 0.08
(p IGF = 2.6 � 10� 6)

Rat IGF I (nmol/l) 222 ± 29 140 ± 241 235 ± 26
Human IGF I (nmol/l) ± 190 ± 75 ±

Serum insulin (nmol/l) 0.270 ± 0.088 0.184 ± 0.072 0.310 ± 0.053
(p IGF = 0.03)

Leptin mRNA
(arbitrary units)

4.95 ± 1.41 1.92 ± 0.58
(p c = 0.002)

3.96 ± 0.65

Serum leptin (nmol/l) 0.172 ± 0.039 0.089 ± 0.378
(p c = 0.0028)

0.129 ± 0.018

Values are means ± SD (n = 5±6); all p -values are after Bonfer-
roni adjustment (p by Student's t-test multiplied with the num-
ber of comparisons, i. e. 3); significance level: < 0.05.
P c = p vs control animal; P IGF = p vs IGF I; where no p values
are given, differences are not statistically significant.

1 Estimated from a previous s. c. infusion study with 1 mg/rat
per day of rhIGF II for 6 days in normal rats, where endogen-
ous IGF I was suppressed by 37 ± 11 %.

ob

Control rats IGF-I

Fig. 1. Northern blot with 10 mg/lane of total fat pad RNA hy-
bridized with a 404 bp rat leptin (ob) probe (see Materials
and methods). The 4.5 kb leptin (ob) mRNA of 6 normal con-
trol rats and of 6 rhIGF I (1 mg per rat per day) infused rats is
shown. The blot was exposed to an X-ray film overnight



sion by exogenous IGF I in the GH-deficient patients
was accompanied by suppressed insulin secretion.

How might exogenously administered IGF I re-
duce fat mass and leptin in our experimental ani-
mals? It is not very likely that IGF I acted directly
on fat tissue by way of type 1 IGF receptors because
rat adipocytes lack functional type 1 IGF receptors
[32]. This agrees with in vitro data in white adipo-
cytes where a direct effect of IGF I on leptin produc-
tion could not be shown [18]. Since IGF I crossreacts,
although poorly, with the insulin receptor of fat cells
[33], an insulin receptor-mediated effect of the in-
fused IGF I could be possible. This would not be
compatible with decreased fat pad weights and sup-
pression of leptin, since an insulin-like action would
rather stimulate lipogenesis and thus fat pad weight
and enhance leptin expression. Therefore, the reduc-
tion of the fat pad mass during IGF I infusion ap-
pears to be due rather to an indirect action of IGF I,
leading to enhanced fat mobilization. One of the
prominent hormonal changes during IGF I infusion
in humans is suppression of insulin secretion [31, 34,
35]. Similarly, insulin secretion has been reported to

be suppressed by rhIGF I in rat pancreatic islets and
islet cells in vitro [36, 37] as well as during short-
term infusion in fasted rats [38]. Rat islet cells con-
tain type 1 IGF receptors [36, 37], and the inhibitory
effect on insulin secretion appears to be mediated
through activation by IGF I of phosphodiesterase
3B [37], resulting in decreased cellular cyclic AMP
concentrations.

Although in our experiment the decrease of the se-
rum insulin concentrations during rhIGF I infusion
did not reach statistical significance when compared
with the control rats, it was significant when com-
pared with the GH-infused animals (whose insulin
concentrations were not significantly different from
those of the control animals). In an earlier study in
normal rats, which had not yet addressed leptin regu-
lation, we had already observed that rhIGF I infusion
for 6 days greatly reduced fat pad weight and fat pad
weight per 100 g of body weight and at the same
time increased body weight gain per 100 g of body
weight, findings which were confirmed by this study.
In this previous experiment, serum insulin concentra-
tions during rhIGF I infusion had dropped from
0.40 ± 0.16 to 0.186 ± 0.11 pmol/ml (p = 0.04). Togeth-
er with the present data these data support the notion
that long-term rhIGF I infusion suppresses insulin in
rats, although this is difficult to prove with a single
end-point determination of the serum insulin concen-
tration in feeding animals. The correlation between
serum insulin and fat pad mass as well as between se-
rum insulin and leptin mRNA (Fig.2) or serum leptin
further suggests that decreased insulin secretion
might be responsible for the decrease in fat pad mass
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by enhanced fat mobilization and thus for the de-
crease in leptin.

Enhanced fat mobilization might be expected to
result in increased serum NEFA and glycerol concen-
trations. These increases, however, may be masked
by enhanced NEFA oxidation leading to a fall of se-
rum NEFA and TG, as observed in this study, and by
increased gluconeogenesis from glycerol. The latter
is consistent with the observation that serum glycerol
concentrations did not increase but remained un-
changed. Preferential oxidation of NEFA by skeletal
muscle might explain why b-hydroxybutyrate result-
ing from NEFA oxidation in the liver tended to de-
crease rather than increase. The reduction of serum
NEFA during rhGH infusion in the absence of chan-
ges in fat pad weight, serum TG and serum insulin
might reflect more efficient TG resynthesis from
NEFA released in adipose tissue within the triglycer-
ide fatty acid cycle.

In summary, long-term exogenous IGF I infusion,
in contrast to GH, reduces fat pad mass in normal
rats, most likely by suppressing insulin secretion and
thus enhancing rat mobilization and NEFA oxida-
tion. As a consequence, adipose tissue leptin mRNA
and serum leptin concentrations fall. It is unlikely
that the fall in leptin precedes or causes enhanced
fat mobilization because decreased leptin would rath-
er favor adipogenesis and increase food intake, which
was not observed. In agreement with previous find-
ings [20], GH does not appear to be a signal for leptin
expression in the rat. The effects of GH on lipid me-
tabolism clearly differ from those of exogenous IGF
I, suggesting an IGF I-independent mechanism of
GH action.
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