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The aim of this study was to investigate the regulation
of leptin expression and production in cultured human
adipocytes using the model of in vitro differentiated
human adipocytes. Freshly isolated human preadipo-
cytes did not exhibit significant leptin mRNA and pro-
tein levels as assessed by reverse transcriptase (RT)-
polymerase chain reaction (PCR) and radioimmunoas-
say (RIA). However, during differentiation induced by a
defined adipogenic serum-free medium, cellular leptin
mRNA and leptin protein released into the medium
increased considerably in accordance with the cellular
lipid accumulation. In fully differentiated human fat
cells, insulin provoked a dose-dependent rise in leptin
protein. Cortisol at a near physiological concentration
of 10"8 mol/1 was found to potentiate this insulin effect
by almost threefold. Removal of insulin and cortisol,
respectively, was followed by a rapid decrease in leptin
expression, which was reversible after readdition of
the hormones. These results clearly indicate that both
insulin and cortisol are potent and possibly physiologi-
cal regulators of leptin expression in human adipose
tissue. Diabetes 45:1435-1438, 1996

The recent identification of the ob gene, which
encodes a 167-amino acid protein expressed
exclusively in adipose tissue (1), has drawn
growing attention to the investigation of body

weight control, as injection of this factor, named leptin,
into obese and lean animals was found to induce a reduc-
tion of food and subsequent decrease of body fat stores
(2-4). Recent studies have shown that this protein is also
synthesized in human adipose tissue (1,5-8) and is appar-
ently overexpressed in human obesity (6-8). Serum leptin
concentrations are correlated not only with body fat but
also with serum insulin concentrations (9). To gain a bet-
ter insight into the regulation of leptin expression in
humans, we investigated the effects of insulin and cortisol,
two important regulators of gene expression, on leptin
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production in adipose tissue using the model of in vitro
differentiated human adipocytes.

RESEARCH DESIGN AND METHODS
Subjects. Human adipose tissue samples (wet weight 200-500 g) were
obtained from the mammary adipose tissue depot of 10 healthy women (mean
age 28 ± 7 years [means ± SD], mean BMI 28.3 ± 2.3 kg/m2) undergoing mam-
mary reduction. All patients gave their informed consent, and the study pro-
tocol was approved by the ethical committee of the University of Ulm.
Cell culture. After removal, the adipose tissue samples were stored in phos-
phate-buffered saline containing 20 mg/ml bovine serum albumin and imme-
diately transferred to the laboratory. The isolation and culture of the adipose
tissue derived stromal cells was performed as described previously with
minor modifications (10). Cells were cultured in serum-free DME/Ham's F-12
medium (vol/vol, 1:1) supplemented with 15 mmol/1 NaHCO3, 15 mmol/1
HEPES, 33 umol/1 biotin, 17 umol/1 pantothenate, 10 ug/ml human transferrin,
100 U/ml penicillin, and 0.1 mg/ml streptomycin (basal medium). To induce
adipose differentiation, 100 nmol/1 cortisol, 66 nmol/1 insulin, and 200 pmol/1
triiodothyronine (T3) were added (adipogenic medium). The percentage of dif-
ferentiated fat cells after 16 days of culture was assessed by microscopically
counting the number of lipid-filled cells in relation to total cell number in 10
randomly selected areas per dish, each area representing 1 mm2.
Total RNA extraction and reverse transcriptase (RT)-polymerase
chain reaction (PCR). Total RNA of cultured cells was prepared according
to the method of Chomczynski and Sacchi (11). The detailed description of
reverse transcriptase (RT)-polymerase chain reaction (PCR) is given else-
where (12). Briefly, total RNA was diluted to 0.2 ug/ul in Tris/EDTA buffer, and
first-strand cDNA was prepared using 5 ul RNA, Superscript RT kit, and ran-
dom hexamers (both Gibco/BRL) according to the instructions of the manu-
facturer. cDNA was diluted 1:2 with H2O and PCR carried out using 3 ul diluted
cDNA and a PCR primer mix containing 2.5 U Taq polymerase in its buffer
(Promega), 40 umol/1 of dCTP, dGTP, dTTP, 20 umol/1 dATP, 2.5 uCi of
1,000-3,000 Ci/mmol (a-33P)-dATP (Amersham), and 10 pmol of each primer in
a 50 ul volume overlaid with 50 ul mineral oil. PCR conditions were a denatu-
ration step at 95°C for 1 min followed by 23 cycles of 94°C, 30 s; 55°C, 1 min;
72°C, 1 min. PCR products were analyzed on a 6% polyacrylamide/7 M urea gel
exposed to a Phospho-Imager screen suitable for quantification.

In this semiquantitative RT-PCR method, two primer sets were used simul-
taneously in the same tube whereby variation in amount of cDNA and
between tubes was taken into account. One primer set was specific for leptin
cDNA and the other specific for the transcription factor Spl, which is ubiqui-
tously expressed and is necessary for the transcription of many housekeeping
genes as well as for other genes and, thus, can be used as internal standard
(12). When using only 23 cycles of PCR amplification, we made sure that the
amplification of both leptin and Spl cDNA was within the exponential range,
verified by running different numbers of PCR cycles (20-28 cycles). Human
leptin gene specific primers: 5' primer 5'-gacttcattcctgggctccacc-3', 3'-primer
5'-cctgaagcttccaggacacc-3'. Human Spl specific primers: 5' primer 5'-gagagtg-
gctcacagcctgtc-3', 3' primer 5'-gttcagagcatcagacccctg-3' (13).

Since it is essential to demonstrate that only mRNA is measured by RT-PCR
and not DNA contamination, we performed the PCR also in the absence of
reverse transcriptase. In this case, no PCR products could be detected.
Measurement of leptin concentration in the culture media. Leptin was
measured in the culture media at the time intervals indicated using a specific
radioimmunoassay (RIA), which has been described in detail elsewhere (W.F.
Blum, unpublished observation). In brief, recombinant human leptin (gift
from Eli Lilly Research Laboratories, Indianapolis, IN) was used for the pro-
duction of antiserum in rabbits and for the preparation of tracer by the chlo-
ramine T method (14) and of standards. The assay buffer was composed of
0.05 mol/1 sodium phosphate, pH 7.4, 0.1 mol/1 Na Cl, 0.05% (wtvol) NaN3, 0.1%
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FIG. 1. i4: leptin mRNA expression measured by RT-PCR in human adipose tissue samples {lane 1), in isolated adipocytes {lane 2), in stromal
cells isolated from adipose tissue {lane S), in stromal cells cultured in basal medium for 16 days {lane 4) , and in newly differentiated human
fat cells after 16 days of culture in adipogenic medium {lane 5). B: the same data as in Fig. L4 presented as leptin/Spl mRNA ratio.

(vol:vol) gelatine from teleostfish (Sigma, Munchen, Germany), 0.1% (vol:vol)
triton X 100 and 0.2% normal horse serum, which showed no cross-reaction in
the assay. The assay volume was 0.3 ml. After incubation at room temperature
overnight, bound and unbound tracer were separated by a second antibody
technique. Maximal tracer binding was 37-45% and half-maximal binding
occured at 0.9 ug/1 unlabeled leptin. Sensitivity was 0.03 pg/1. The intra- and
interassay coefficients of variation were 0.8% and 8.5%, respectively.

RESULTS

Between 70 and 80% of the stromal cells isolated from
human adipose tissue acquired adipocyte morphology
within 16 days of culture upon stimulation by insulin, glu-
cocorticoids, and T3. Semiquantitative measurement of
leptin mRNA by RT-PCR revealed that compared with
freshly isolated adipocyte precursor cells substantially
higher amounts of specific mRNA were measured in newly
differentiated adipocytes that were comparable to the
amount found in freshly isolated human adipocytes (Fig.
1). Even after 8 days of culture, a significant increase in
leptin mRNA was evident, whereas cells cultured without
adipogenic medium were devoid of any significant leptin
mRNA expression. In the culture medium of stimulated
cells, leptin production was measurable not before 8 days
of culture but then increased markedly in accordance with
the morphological maturation of the cells (Fig. 2). This
observation suggests that the newly synthesized hormone
is rapidly secreted by the fat cells and accumulates in the
culture medium. On day 16, when adipocytes were fully
developed, leptin production reached maximum levels and
remained relatively stable at 2 ng/105 adipocytes/48 h.
When cells were cultured in basal medium without adi-
pogenic factors, adipose differentiation of the cells did not
occur and leptin was undetectable in the medium (Fig. 2).

Replacement of the adipogenic medium by a medium
without insulin led to a significant and rapid decrease of
leptin mRNA by up to 70% and of leptin protein by up to
40% after 24 h. This decrease was more pronounced when
cortisol was also removed (data not shown). Readdition of
insulin at rising concentrations for another 24 h increased
leptin production in a dose-dependent manner being
significant at concentrations not lower than 10"9 mol/1. If
cortisol was present at a concentration of 10"8 mol/1, the
insulin effect on leptin expression was clearly potentiated.
A more than threefold increase in leptin concentration

from 0.35 to 1.40 ng/105 adipocytes/24 h was observed,
when a combination of 10~7 mol/1 insulin and 10"8 mol/1
cortisol was supplemented for 24 h (Fig. 3).

The effect of cortisol alone on leptin expression was
also pronounced. Removal of cortisol at a persistent
insulin concentration of 10"8 mol/1 for 24 h resulted in a
80% decrease in both leptin mRNA and leptin protein con-
tent in the medium. When cortisol was supplemented
again to the medium at a concentration of 10"8 mol/1, lep-
tin mRNA and protein returned to the initial values within
24 h (Fig. 4).

DISCUSSION

The results of this study clearly show that leptin gene
expression and production in cultured human preadipo-
cytes and adipocytes is dependent on the stage of differ-
entiation. In fully developed human adipocytes, similar
amounts of leptin mRNA were measured as in freshly iso-
lated human fat cells. Both insulin and cortisol were found
to stimulate leptin production, the former in a dose-depen-
dent manner. It was also apparent from these experiments
that changes of leptin mRNA levels are paralleled by cor-
responding changes of leptin in the culture medium.
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FIG. 2. Leptin production by cultured human preadipocytes during
adipose differentiation. Preadipocytes were cultured in adipogenic
medium and leptin concentrations were measured every 48 h from
day 2 until day 24 in the aspirated medium, which was renewed
thereafter. Control cultures were kept in basal medium without adi-
pogenic factors. Means ± SE of three experiments in duplicate.
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FIG. 3. Effect of rising concentrations of insulin on leptin content
in the culture medium of newly differentiated human adipocytes.
After differentiation, insulin was removed for 24 h and then readded
for another 24 h in the absence or presence of 10"8 mol/1 cortisol.
Leptin was was measured in the medium by RIA. Data are expressed
as means ± SE of three experiments in duplicate.

Recent studies in animal models of obesity as well as in
established adipocyte cell lines have indicated that insulin
may play an important role as a regulator of leptin gene
expression (15-19). This has been shown mainly at the
mRNA levels. In one of these studies, it has been clearly
worked out that the insulin effect takes place at the
transcriptional level and is rapidly reversible (18). Our
findings extend this observation by demonstrating that i )
insulin also induces an increased leptin production in
adipocytes and 2) insulin is an important regulator of lep-
tin gene expression in humans.

The assumption that insulin may be involved in the reg-
ulation of leptin expression is only partly supported by
clinical studies. While Considine et al. (9) have demon-
strated a clear correlation between serum leptin and
insulin concentrations, recent studies using the eug-
lycemic-hyperinsulinemic clamp technique failed to show
an increase of serum leptin concentrations at least under
short-term hyperinsulinemia (20,21). In addition, 24-h pro-
files of circulating leptin were not correlated with insulin
levels (22). However, this does not exclude the possibility
that the chronic hyperinsulinemia, which characterizes
obesity, may cause and maintain an elevated leptin
expression. On the other hand, fasting and weight loss not
only are associated with low insulin levels, but also were
found to lead to a substantial decline in leptin mRNA and
protein levels (9).

It is also known from animal experiments and in vitro
studies that glucocorticoids may be involved in the control
of leptin expression. Treatment of normal rats with differ-
ent types of glucocorticoids at catabolic doses rapidly
induced leptin expression in adipose tissue followed by a
concordant decrease in body weight gain and food intake
(23). Exposure of isolated rat adipocytes to dexametha-
sone was reported to increase leptin mRNA within hours
by four- to eightfold (24) as well as leptin secretion (25). In
contrast, in 3T3 LI adipocytes dexamethasone was found
to exert a slightly inhibitory effect on leptin mRNA levels
(19), indicating substantial differences in the regulation of
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FIG. 4. Effect of cortisol on leptin mRNA and protein in newly
differentiated human fat cells. After having developed the adipocyte
phenotype (A), cortisol was removed from the culture medium for 24
h (.B) and then readded for another 24 h at a concentration of 10"8

mol/1 (C). Leptin mRNA was determined by RT-PCR and expressed as
leptin/Spl ratio ( • ) , leptin concentration in the culture medium was
measured by RIA ( S ). The results of one representative experiment
is shown. Leptin/Spl mRNA (•); Leptin (S)

leptin expression among fat cell models. Our in vitro
experiments in human adipose cells clearly suggest that
cortisol is a potent stimulator of leptin gene expression
and may potentiate the effect of insulin. This action is
obviously independent of the differentiation-promoting
effect of cortisol, since leptin gene expression was also
triggered in fully differentiated fat cells and was rapidly
reversible after removal of cortisol. The physiological
importance of this finding remains to be demonstrated, as
the reported 24-h profile of circulating serum leptin (22)
does not correspond with the circadian pattern of serum
cortisol levels.

In conclusion, the results of this study suggest that both
insulin and cortisol potently induce leptin production in
cultured human fat cells. Although these data may indicate
that both hormones are contributing to the elevated leptin
concentrations found in obesity, it is likely that other hor-
monal and/or metabolic factors are also involved in the
regulation of leptin production in vivo.

ACKNOWLEDGMENTS
The authors gratefully acknowledge the excellent techni-
cal assistance of Simone Schmid and the help of Bettina
Wabitsch.

REFERENCES
1. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JAM: Posi-

tional cloning of the mouse obese gene and ist human homologue. Nature
372:425-432, 1994

2. Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T,
Collins F: Effects of the obese gene product on body weight regulation in
ob/ob mice. Science 269:540-543, 1995

3. Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D, Lal-
lone R, Burley SK, Friedman JM: Weight-reducing effects of the plasma
protein encoded by the obese gene. Science 269:543-546, 1995

4. Campfleld LA, Smith FJ, Guisez Y, Devos R, Burn P: Recombinant mouse
OB protein: evidence for a peripheral signal linking adiposity and central

DIABETES, VOL. 45, OCTOBER 1996 1437



LEPTIN PRODUCTION IN HUMAN ADIPOCYTES

neural networks. Science 269:546-549, 1995
5. Considine RV, Considine EL, Williams CJ, Nyce MR, Magosin SA, Bauer TL,

Rosato EL, Colberg J, Caro JF: Evidence against either a premature stop
codon or the absence of obese gene mRNA in human obesity. J Clin Invest
95:2986-2988, 1995

6. Masuzaki H, Ogawa Y, Isse N, Satoh N, Okazaki T, Shigemoto M, Mori K,
Tamura N, Hosoda K, Yoshimasa Y, Jingami H, Kawada T, Nakao K: Human
obese gene expression: adipocyte-specific expression and regional differ-
ences in the adipose tissue. Diabetes 44:855-858, 1995

7. Lonnquist F, Arner P, Nordfors L, Schalling M: Overexpression of the obese
(ob) gene in adipose tissue of human obese subjects. Nature Med
1:950-953, 1995

8. Hamilton BS, Paglia D, Kwan AY, Deitel M: Increased obese mRNA expres-
sion in omental fat cells from massively obese humans. Nature Med
9:953-956, 1995

9. Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce
MR, Ohannesian JP, Marco CC, McKee LJ, Bauer TL, Caro JF: Serum
immunoreactive leptin concentrations in normal-weight and obese
humans. N EnglJ Med 334:292-295, 1996

10. Hauner H, Entenmann G, Wabitsch M, Gaillard D, Ailhaud G, Negrel R,
Pfeiffer EF: Promoting effects of glucocorticoids on the differentiation of
human adipocyte precursor cells cultured in a chemically defined medium.
J Clin Invest 84:1663-1670, 1989

11. Chomczynski N, Sacchi N: Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem
162:156-159, 1987

12. Jensen J, Serup P, Carlsen C, Nielsen TF, Madsen OD: mRNA profiling of
rat islet tumors reveals Nkx 6.1 as a p-cell specific homeodomain tran-
scription factor. J Biol Chem. In press

13. Kadonaga JT, Carner KR, Masiarz FR, Tyan R: Isolation of cDNA encoding
transcription factor Spl and functional analysis of the DNA binding
domain. Cell 51:1079-1090, 1987

14. Blum WF, Breier BH: Radioimmunoassays for IGFs and IFGBPs. Growth
Regulation 4 (Suppl. 1): 11-19, 1994

15. MacDougald AO, Hwang CS, Fan H, Lane MD: Regulated expression of the
obese gene product (leptin) in white adipose tissue and 3T3-L1 adipocytes.
Proc Natl Acad Sci USA 92:9034-9037

16. Saladin R, De Vos P, Guerre-Millo M Leturque A, Girard J, Staels B, Auw-
erx J: Transient increase in obese gene expression after food intake or
insulin administration. Nature 377:527-529, 1995

17. Cusin I, Sainsbury A, Doyle P, Rohner-Jeanrenaud F, Jeanrenaud B: The ob
gene and insulin: a relationship leading to clues to the understanding of
obesity. Diabetes 44:1467-1479, 1995

18. Leroy P, Dessolin S, Villageois P, Moon BC, Friedman JM, Ailhaud G, Dani
C: Expression of ob gene in adipose cells: regulation by insulin. J Biol
Chem 271:2365-2368, 1996

19. Rentsch J, Chiesi M: Regulation of ob gene mRNA levels in cultured
adipocytes. FEBS Lett 379:55-59, 1996

20. Dagogo-Jack S, Fanelli C, Paramore D, Brothers J, Landt M: Plasma leptin
and insulin relationships in obese and nonobese humans. Diabetes
45:695-698, 1996

21. Kolaczynski JW, Nyce MR, Considine RV, Boden G, Nolan JJ, Henry R,
Mudaliar SR, Olefsky J, Caro JF: Acute and chronic effect of insulin on lep-
tin production in humans: studies in vivo and in vitro. Diabetes 45:699-701,
1996

22. Sinha MK, Ohannesian JP, Heiman ML, Kriauciunas A, Stephens TW,
Magosin S, Marco C, Caro JF: Nocturnal rise of leptin in lean, obese, and
non-insulin-dependent diabetes mellitus subjects. J Clin Invest
97:1344-1347, 1996

23. De Vos P, Saladin R, Auwerx J, Staels B: Induction of ob gene expression
by corticosteroids is accompanied by body weight loss and reduced food
intake. J Biol Chem 270:15958-15961, 1995

24. Murakami T, Iida M, Shima K: Dexamethasone regulates obese expression
in isolated rat adipocytes. Biochem Biophys Res Comm 214:1260-1267,
1995

25. Slieker LJ, Sloop KW, Surface PL, Kriauciunas A, LaQuier F, Manetta J,
Bue-Valleskey J, Stephens TW: Regulation of expression of ob mRNA and
protein by glucocorticoids and cAMP. J Biol Chem 271:5301-5304, 1996

1438 DIABETES, VOL. 45, OCTOBER 1996


