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Abstract.  The present study was designed to determine the effects of leptin on lipid metabolism and gene expression

during differentiation and maturation of the 3T3-L1 murine preadipocyte.  The preadipocytes were induced to differentiate

in a growth medium containing 10% calf serum and a hormonal cocktail for 2 days.  The cells were next allowed to

maturate for 14 days in the growth medium supplemented with 10 μg/ml insulin or 500 ng/ml insulin-like growth factor

(IGF)-I in the absence or presence of supplemented leptin.  Leptin, at a dose of 5 to 500 ng/ml, had no effect on

proliferation of undifferentiated 3T3-L1 cells.  However, leptin suppressed the insulin- or IGF-I-stimulated lipid

accumulation and enhanced the release of glycerol, a measure of lipolysis, in a dose-dependent manner during and after

the maturation of the cell.  Moreover, leptin at a dose of 50 ng/ml inhibited IGF-I gene expression during the entire

differentiation and maturation and also peroxisome proliferator activated receptor (PPAR)-γ expression during late

maturation as monitored by semi-quantitative reverse transcription-polymerase chain reaction.  However, leptin exerted no

effect on the expression of transforming growth factor-β, CCAT/enhancer binding protein-α and PPAR-δ.  Taken

together, results suggest the anti-lipogenic and lipolytic effects of leptin in differentiating and mature adipocytes may have

been partly mediated by suppressing the expression of PPAR-γ and IGF-I genes.
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ADIPOCYTES are highly specialized cells which

play an important role in energy homeostasis by

harboring energy reservoirs as lipid droplets consisting

of triglycerides [1, 2].  These reservoirs, however,

have been implicated in a host of major human health

problems, because an excessive or insufficient energy

reserve results in a metabolic disorder known as

obesity or lipodystrophy, respectively [3, 4].  The cel-

lular development and subsequent metabolic processes

controlling the energy reserve of adipocdytes are regu-

lated by a number of transcription factors and

autocrine/paracrine as well as endocrine agents.  Insulin-

like growth factor (IGF)-I stimulates the proliferation

and differentiation including lipid synthesis and also

inhibits lipolysis in the adipose cell lines in a fashion

similar to that of insulin [5–7].  Transforming growth

factor-β also has a stimulatory effect on proliferation

of preadipocytes [8], but, unlike IGF-I, this peptide

inhibits differentiation of preadipocyte cell lines [9,
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10].  These two growth factors are thus essential regu-

lators in adipocyte proliferation and differentiation.

Adipocyte development is also regulated by a number

of CCAT/enhancer binding protein (C/EBP)- and

peroxisome proliferator activated receptor (PPAR)-

family transcription factors [2, 11–13].  In this regard,

PPAR-δ, C/EBP-β and -δ are expressed at the onset of

preadipocyte differentiation [14, 15], whereas expres-

sion of PPAR-γ and C/EBP-α, which trigger the

expression of adipocyte-specific genes, is induced

during terminal differentiation of the adipocyte lineage

[16–18].

Leptin is an established endocrine as well as auto-

crine/paracrine hormone secreted from adipocytes

which plays an important role in regulating the food

intake and peripheral energy balance [19, 20].  Howev-

er, little is known about the role of leptin as a potential

metabolic regulator in differentiating adipocytes, al-

though this 16-kDa peptide is known to be expressed

during adipocyte differentiation concomitantly with

the expression of adipocyte-specific genes [21].  The

present study was therefore undertaken to examine

the effects of leptin on lipid metabolism and gene

expression related to cellular development during

differentiation and maturation of 3T3-L1 preadipo-

cytes and thereby to find insights into the role of this

peptide as a potential autorcinre/paracrine regulator in

adipocyte development.

Materials and Methods

Determination of the mitotic activity of the preadipocytes

by MTT assay

The 3T3-L1 preadipocytes of a mouse embryo

fibroblast origin (ATCC, Rockville, MD, USA) were

cultured in a growth medium [high-glucose Dulbeco’s

Modified Eagle’s Medium (DMEM) containing

100 unit/ml penicillin, 100 μg/ml streptomycin (all of

these from Gibco-Invitrogen, Carlsbad, CA, USA) and

10% calf serum (Sigma Chemical Co., Saint Louis,

MO, USA) in 100-mm culture dishes to confluence at

37°C in a humidified atmosphere with 5% CO2.  After

washing twice with PBS and harvesting, the preadipo-

cytes were seeded in 96-well plates (BD-Falcon Co.,

San Jose, CA, USA) at a density of 1.0 × 104 cells per

well and incubated in 0.2-ml growth medium for 24 hr.

Cells were refed with the growth medium containing

0, 5, 50, or 500 ng/ml recombinant mouse leptin (R&D

Systems, Minneapolis, MN, USA) and further incubat-

ed for zero to six days.

Mitotic activity of the preadipocytes was measured

by the 3-(4,5-dimethylthiazol-2-yl)-2,5,-diphenyl

tetrazolium bromide (MTT; Sigma Chemical Co.)

method as described by Scudiero et al. [22].  Briefly,

following addition of 0.1 ml of 2 mg/ml MTT to 0- to

6-day cultured preadipocytes, the culture plate was

incubated for 2 hr at 37°C.  The MTT-treated culture

medium was removed, after which each well received

0.15-ml dimethyl sulfoxide and spectrophotometry at

595 nm on an enzyme-linked immunosorbent assay

plate reader.

Induction of differentiation of preadipocytes

The 3T3-L1 preadipocytes were induced to differen-

tiate according to the procedure of Student et al. [23],

with a few modifications [24, 25].  The harvested cells,

which had been cultured to confluence in the growth

medium, were incubated for 2 days (day –2 to 0) in

the growth medium containing MDI (0.5 mM methyl-

isobutylxanthine, 1 μM dexamethasone and 10 μg/ml

insulin; all reagents from Sigma Chemical Co.) to

initiate the differentiation.  At day 0, after switching to

fresh growth medium containing either 10 μg/ml insu-

lin or 500 ng/ml IGF-I (Gropep, Adelaide, Australia)

and a varying concentration of leptin, the cells were

further induced to differentiate and maturate for

14 days, with the medium changed every other day.

Oil-Red-O staining

Lipid droplets contained in differentiating or mature

adipocytes were stained by the Oil-Red-O method as

described by Green and Kehinde [26].  In brief, cultured

cells were washed twice with PBS, fixed for 30 minutes

with 10% formalin and washed twice with distilled

water prior to staining.  Lipid droplets within the cell

were stained for 30 min using 0.3% filtered Oil-Red-O

solution in 60% isopropanol (Sigma Chemical Co.),

after which the cells were washed twice with distilled

water and photographed under the microscopic field.

Determination of lipolytic and lipid-accumulating 

activities

Concentrations of glycerol released into the culture
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media of the 3T3-L1 cells were determined as a

measure of lipolysis using a GPO-Trinder colorimetric

assay kit (Sigma Chemical Co.).  Determination of the

cellular content of triglycerides (TG), a measure of

lipid accumulation, began with washing the cultured

cells twice with PBS followed by scraping and

homogenization in 25 mM Tris-HCl (pH 7.5)/1 mM

EDTA using Ultrasonic Processor.  The TG in the cell

lysate was extracted with chloroform-methanol (2 : 1,

v/v) and quantified using the GPO-Trinder Triglycer-

ide kit (Sigma Chemical Co.).  Alternatively, the cellu-

lar TG content was semi-quantitated by staining the

cultured cells with Oil-Red-O, followed by dissolution

of the stained dye in 1-ml isopropanol for 15 min on a

shaker and spectophotometry at 490 nm [27, 28].

Semi-quantitative reverse transcription-polymerase

chain reaction (RT-PCR)

Total RNA was extracted from cultured cells

following the modified guanidine thiocyanate method

[29].  First-strand complementary DNA (cDNA) was

synthesized using 1 μg of total RNA as template,

0.3 μg of a mixture of random primers (Gibco) and

AccPowerTM RT Premix (Bioneer Co., Daejeon,

Korea) in a total volume of 20 μl according to the

manufacturer’s instruction as previously described

[30].  The targeted fragment of cDNA per each of the

differentiation-associated genes (Table 1) was ampli-

fied by PCR using 5 μl of the RT product, 20 pmoles

of each of the primer pair and the AccuPowerTM PCR

premix (Bioneer) under the conditions also shown in

Table 1.  The PCR products were separated by electro-

phoresis on 1.5 to 2% agarose gels and visualized by

staining with ethidium bromide.  The stained PCR

band was scanned using a 1-D image analyzer (Kodak

Co., Rochester, NY, USA) and the resulting densito-

metric numerical was normalized to that of β-actin.

Statistical analysis

All the quantitative data were analyzed by the Gener-

al Linear Model Procedure of SAS (SAS Inst. Inc.,

Cary, NC, USA).  The statistical model included the

dose of leptin or its equivalent (none, IGF-I and IGF-I

plus leptin treatments in the insulin-free culture), day of

incubation and an interaction of the two fixed errors.

Results

Effect of leptin on proliferation of preadipocytes

The effect of leptin on proliferation of 3T3-L1

Table 1. Primer Sequences and PCR conditions

Item Primer Sequencesa

PCR conditions

Cycles
Size 

(bp)
Denaturation Annealing Extension

Tempb Timec Temp Time Temp Time

IGF-I
F5'-GGA CCA GAG ACC CTT TGC GGG G-3'

R5'-GGC TGC TTT TGT AGG CTT CAG TGG-3'
94 45 62 45 72 30 35 210

TGF-β
F5'-ACC GCA ACA ACG CCA TCT AT-3'

R5'-GTA ACG CCA GGA ATT GTT GC-3'
94 20 55 20 72 30 35 200

C/EBP-α
F5'-TTA CAA CAG GCC AGG TTT CC-3'

R5'-CTC TGG GAT GGA TCG ATT GT-3'
94 30 62 30 72 30 30 232

PPAR-δ
F5'-ATG GAA CAG CCA CAG GAG GAG-3'

R5'-GAC ATT CCA TGT TGA GGC TGC-3'
94 30 53 30 72 30 30 220

PPAR-γ
F5'-GGT GAA ACT CTG GGA GAT TC-3'

R5'-CAA CCA TTG GGT CAG CTC TC-3'
94 30 53 60 72 30 30 268

β-actin
F5'-GTG GGC CGC TCT AGG CAC CAA-3'

R5'-CTC TTT GAT GTC ACG CAC GAT TTC-3'
94 30 60 30 72 120 25 540

a F = forward; R = reverse.
b Temperature (°C).
c Seconds.
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preadipocytes was measured by the MTT assay during

a 6-day culture following a 1-day pre-culture.  The

number of the cells increased linearly (p<0.01) during

the first and second two days with different slopes and

decreased slightly after day 4 (Fig. 1).  Addition of

leptin to the culture medium to 5, 50 or 500 ng/ml had

no effect on the measure of cell proliferation.

Induction of differentiation of preadipocytes into

adipocytes

The 3T3-L1 preadipocytes were induced to differen-

tiate into adipocytes in a growth medium containing

MDI (methylisobutylxanthine, dexamethasone and in-

sulin) for two days and further induced to differentiate

and maturate in the growth medium supplemented

only with insulin for 14 days.  Following the hormonal

induction of differentiation, the 3T3-L1 cells, which

had contained no discernible vesicles prior to differen-

tiation (Fig. 2A), exhibited a well-developed, appar-

ently lipid-filled vesicular structure typical of the

morphology of mature cells (Fig. 2B).  Consistent with

this dramatic morphological change, the differentiated

Fig. 1. Effects of leptin on 3T3-L1 preadipocyte proliferation.  The 3T3-

L1 cells were pre-cultured in 0.2 ml of a growth medium con-

taining 10% calf serum at a density of 1.0 × 104 cells/well in 96-

well plates and switched to the growth medium containing indi-

cated concentration of leptin.  The mitotic activity of the cultured

cells was measured by the MTT assay in which following a 2-hr

incubation of the cells with MTT at 37°C and removal of the

MTT-treated medium, each well received 0.15-ml dimethyl sul-

foxide and spectrophotometry at 595 nm on an enzyme-linked

immunosorbent assay plate reader.  Data are means ± SE of four

wells.  Effect of the day of culture was significant (p<0.01).

Fig. 2. Differentiation and maturation of 3T3-L1 preadipocytes.  Panels A and B, Morphology of 3T3-L1 cells (×40) before (A) and after differen-

tiation and maturation (B).  The 3T3-L1 preadipocyte, which had been cultured to confluence in a growth medium containing 10% calf serum

(A), was induced to initiate differentiation for two days in the growth medium supplemented with MDI (0.5 mM methylisobutylxanthine,

1 µM dexamethasone and 10 µg/ml insulin) followed by further induction of differentiation and maturation in the growth medium supple-

mented with 10 µg/ml insulin for 14 days (B), with the medium changed every other day.  Panels C and D, Oil-Red-O staining.  Lipid droplets

in the undifferentiated preadipocytes (A) and differentiated mature adipocytes (B) were stained with Oil-Red-O.  Note the intracellular lipid

droplets in the mature adipocytes (B & D), but not in the preadipocytes (A & C).
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mature cells (Fig. 2D), but not undifferentiated cells

(Fig. 2C), reacted with the Oil-Red-O dye to yield

compact red stains, which indicates that the vesicles in

the former were indeed filled with lipid droplets.

Effects of leptin on lipolysis and TG accumulation

during adipocyte differentiation and maturation

Following hormonal induction of differentiation of

the preadipocytes, the lipid-accumulating and lipolytic

activities of the differentiating and maturing cells were

determined by measuring the TG content in the

cellular homogenate and the concentration of glycerol

released into the medium, respectively.  Furthermore,

the TG content was also monitored by staining the

intracellular lipid vesicles with Oil-Red-O.

The 3T3-L1 cells exhibited increasing numbers of

Oil-Red-O-stainable lipid vesicles with increasing

days in culture (Fig. 3, top panel), indicating that the

cells differentiated and maturated during the culture.

Glycerol concentration in the medium also increased

linearly with increasing days of culture (Fig. 3, middle

panel; p<0.01 of day effect).  Moreover, leptin added

to the medium caused an increase in glycerol concen-

tration in a dose-dependent manner (p<0.01 of leptin

dose effect).  The TG content in the homogenate of the

Fig. 3. Effects of leptin on lipid accumulation and lipolysis during 3T3-L1 cell differentiation and maturation.  Upper panel, Morphological change

and lipid accumulation during adipocyte differentiation and maturation.  The 3T3-L1 preadipocytes were initiated to differentiate in a

growth medium (DMEM/10% calf serum) supplemented with MDI (0.5 mM methylisobutylxanthine, 1 µM dexamethasone and 10 µg/ml

insulin) for two days, after which (day 0) the cells were further induced to differentiate and maturate for 14 days in the growth medium

supplemented with 10 µg/ml insulin and the indicated concentration of recombinant mouse leptin, with the medium changed every other

day.  Morphology and accumulation of lipid droplets of the cells were monitored by microscopic examination before (left columns) and

after (right columns) Oil-Red-O staining, respectively, on days 0, 8 and 14.  Middle and bottom panels, Lipolysis and triglyceride (TG)

accumulation during adipocyte differentiation and maturation.  Lipolysis (middle) and TG accumulation (bottom) of the cells at the

indicated days were monitored by measuring the glycerol concentration of the conditioned culture medium and the TG content of the

cellular homogenate, respectively, using commercially available assay kits.  Data, which are expressed as percentages relative to that at day

0 in the absence of added leptin (100%), are means ± SE of three replicates.  Effects of leptin dose and day after induction of differentiation

were significant (p<0.01) in glycerol release; in TG accumulation, effects of these two fixed errors as well as an interaction of them were

significant (p<0.01).
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cells also increased during adipocyte differentiation

and maturation (Fig. 3, lower panel).  The cellular TG

content decreased dose-dependently in response to

leptin added to the medium (p<0.01 of dose effect).

Leptin inhibited IGF-I-stimulated lipid accumula-

tion of the cell as well.  As shown in Fig. 4, the cellular

TG content barely changed during the 14 days in the

insulin-free culture in the absence of IGF-I, whereas in

the culture in the presence of 500 ng/ml IGF-I, the TG

content increased (p<0.01) several folds with increas-

ing days in culture.  The IGF-I-stimulated increase of

cellular TG content diminished following addition of

leptin to the culture medium at a dose of 50 ng/ml

which was effective in inhibiting the TG accumulation

of the cells cultured in the insulin-containing medium

in the previous experiment.

Gene expression of differentiation-associated growth

factors and transcription factors

Gene expression of a number of growth factors and

transcription factors during the adipocyte differentia-

tion and maturation was monitored by RT-PCR (Fig.

5).  The IGF-I gene expression increased up to day 6

and declined (p<0.01 of day effect).  Addition of leptin

to the medium at 50 ng/ml caused a decreased expres-

sion of this gene (p<0.01).  The expression of TGF-β1

gene increased over 10 folds up to day 8 and tended to

plateau during the later phase of the 14-day culture

(p<0.01 of day effect).  The C/EBP-α gene expression,

which was almost undetectable at days –2 and 0, was

induced dramatically up to day 6 to 8 (p<0.01 of day

effect), whereas PPAR-δ gene expression increased

transiently during the early phase of the culture

Fig. 4. Effects of leptin on IGF-I-stimulated lipid accumulation during 3T3-L1 cell differentiation and maturation.  Upper panel, Microscopic

examination.  Following a 2-day induction of differentiation in a growth medium (DMEM/10% calf serum) supplemented with DMI

(0.5 mM methylisobutylxanthine, 1 µM dexamethasone and 10 µg/ml insulin), the 3T3-L1 cells were further induced to differentiate and

maturate in the growth medium in the absence or presence of 500 ng/ml IGF-I ± 50 ng/ml leptin for 14 days, with the medium changed

every other day.  Morphology and accumulation of lipid droplets of the cells were monitored by microscopic examination before (left

columns) and after (right columns) Oil-Red-O staining, respectively, on days 0, 8 and 14.  Lower panel, Determination of the content of

cellular triglycerides.  The amount of triglycerides accumulated in the cell at the indicated day was semi-quantitatively monitored by Oil-

Red-O staining followed by dissolution of the stained dye in isopropanol and spectophotometry at 490 nm.  Data are means ± SE of three

replicates.  Effects of the treatment and day were significant (p<0.01).
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Fig. 5. Gene expression of differention-associated growth factors and transcription factors during 3T3-L1 cell differentiation and maturation.  Upper,

Reverse transcription-polymerase chain reaction.  The 3T3-L1 preadipocytes were induced to differentiate in a growth medium (DMEM/10% calf

serum) supplemented with MDI (0.5 mM methylisobutylxanthine, 1 μM dexamethasone and 10 μg/ml insulin) for two days between d-2 and d0 in

the figure.  The cells were allowed to further differentiate and maturate up to the indicated day in the growth medium supplemented with 10 μg/ml

insulin in the absence or presence of 50 ng/ml leptin, with the medium changed every other day.  The RT-PCR for the indicated growth factor or

transcription factor was performed under the conditions shown in Table 1, followed by electrophoresis of the PCR products on agarose gels and

staining with ethidium bromide.  Lower, Temporal change of gene expression during differentiation and maturation.  The ethidium bromide-stained

PCR products in the upper panel were scanned and the resulting densitometric numericals were normalized to that of β-actin of the corresponding

RNA sample.  Data are means ± SE of three replicates.  The effect of day was significant in TGF-β, C/EBP-α and PPAR-δ (p<0.01).  Both effects

of the day and leptin were significant (p<0.01) in IGF-I; in PPAR-γ, both effects as well as an interaction of them were significant (p<0.01).
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(p<0.01 of day effect).  Leptin added to the medium

had no effect on gene expression of these transcription

factors or TGF-β1.  The PPAR-γ gene expression,

which, like that of C/EBP-α, was almost undetectable

at the beginning of the differentiation, was induced

remarkably during the entire period.  Expression of

this gene increased with increasing days in culture

(p<0.01 of day effect).  Moreover, leptin caused a

significant decrease (p<0.01) of the gene expression,

which was evident from day 10 of the culture.

Effects of leptin on lipid metabolism in mature adipo-

cytes

Effects of leptin on glycerol release and TG accu-

mulation of mature 3T3-L1 adipocytes during 24- and

48-hr cultures were next examined following a total of

16-day differentiation and maturation of the cells.

Consistent with previous results with differentiating/

maturing adipocytes, leptin added to the culture medi-

um enhanced glycerol release into the medium (p<0.01

of dose effect) in mature adipocytes (Fig. 6, upper).

Moreover, this effect was evident at 50 and 500 ng/ml

concentrations (p<0.05 and p<0.01 in 24- and 48-hr

cultures, respectively), but not at 5 ng/ml.  The

concentration of glycerol released into the medium

increased slightly following the 48-hr culture vs. 24-hr

culture (p<0.05).

Leptin added to the medium inhibited TG accumula-

tion (p<0.01 of dose effect) in mature adipoytes as

well (Fig. 6, lower).  This effect of leptin was also

dose-dependent within a few fold range, although

relative effects of the graded doses of this peptide were

slightly different between the 24- and 48-hr cultures.

However, the cellular TG content did not increase

following the 48-hr culture vs. 24-hr culture.

Discussion

The development and metabolism of the adipocyte

lineage are regulated by a variety of transcription

factors and hormonal agents including leptin and

growth factors [31, 32].  In the present study, effects of

leptin on lipid metabolism and gene expression related

to cellular development during differentiation and

maturation of 3T3-L1 preadipocytes were investigated.

The lack of effect of leptin at a dose of 5 to 500 ng/

ml (0.3 to 30 nM) on mitosis of 3T3-L1 cells during

the first two days was similar to the results of Ambati

et al. [33], although in the latter study, this regulatory

peptide exhibited a slightly anti-mitotic effect within

some 10% range irrespective of its dose between 1 and

1,000 nM.  These results, however, are different from

those of Zwirska-Korczala [34] in which proliferation

of the cells in the presence of 0.01 to 1,000 nM leptin

decreased 36% compared with that of control during a

24-h period.  Conflicting results regarding the effect of

leptin on mitosis have also been reported in primary

preadipocytes.  In this cell type, leptin has been report-

ed to stimulate cell proliferation at supra-physiological

concentrations over 100 ng/ml [35, 36], to have a

biphasic mitogenic effect at 50 to 500 ng/ml of supra-

physiological concentrations [37], but to have no

effect on mitosis at physiological (5 to 10 ng/ml)

concentrations [36, 37].  Obviously, more studies are

necessary to clarify the effect of leptin on proliferation

of preadipocytes including the 3T3-L1 cell line.

The 3T3-L1 preadipocytes underwent the terminal

differentiation during the early phase of the 16-day

hormonal induction of differentiation and subsequent

maturation, which was indicated by the remarkable

induction of the terminal differentiation makers

PPAR-γ and C/EBP-α during the first four to six days

of the culture.  Moreover, the differentiated adipocytes

developed to fully mature cells during the mid to late

phase of the culture as indicated by the remarkable

increase of the lipid vesiculature during this period.  In

these processes, leptin inhibited insulin- or IGF-I-

stimulated cellular lipid accumulation and enhanced

glycerol excretion of the 3T3-L1 cell.  This is consis-

tent with the anti-lipogenic action of this peptide in

differentiating 3T3-L1 preadipocytes [33] as well as

with its anti-lipogenic and lipolytic effects in differen-

tiated 30A5 adipocytes [38] and primary rodent adipo-

cytes [39, 40], suggesting that leptin is likely an

autocrine/paracrine regulator of lipid metabolism in

differentiating as well as mature adipocytes.  However,

these results are somewhat different from those of a

study with human primary adipocytes in which leptin

had no effect on lipolysis in spite of its inhibitory

effect on insulin-stimulated lipogenesis [41].  More

studies are therefore necessary to unequivocally deter-

mine a possible species- or cell-type specificity of the

lipolytic responsiveness of the adipocyte to leptin.

The hormonally induced expression of PPAR-γ and

C/EBP-α genes concomitant with the induction of dif-

ferentiation is consistent with the fact that these are



GENE EXPRESSION DURING ADIPOCYTE DIFFERENTIATION: EFFECTS OF LEPTIN 835

master transcription factors triggering the expression

of adipocyte-specific genes responsible for the accu-

mulation of triglycerides [11, 13].  Moreover, the

transient increase of expression of PPAR-δ and IGF-I

genes during early differentiation was consistent with

previously reported results in this cell line [14, 42].  It

also was noteworthy that the time-course of the

expression of the known differentiation inhibitor TBF-

Fig. 6. Effects of leptin on glycerol release and triglyceride accumulation in mature 3T3-L1 adipocytes.  Mature adipocytes following a total of 16-

day differentiation and maturation of the 3T3-L1 preadipocytes were incubated for 24 or 48 hr in a growth medium (DMEM/10% calf

serum) supplemented with 10 µg/ml insulin and an indicated concentration of leptin.  Concentrations of glycerol released into the culture

media and the triglyceride (TG) contents in the cellular homogenates were measured using commercially available kits.  Data, which are

means ± SE of three replicates, were expressed as percentages relative to the mean for the 24-hr incubation in the absence of added leptin

(100%) in each variable.  Effects of the dose of leptin and incubation time were significant (p<0.01 and p<0.05, respectively) in glycerol

release, whereas in TG accumulation, only the effect of the dose of leptin was significant (p<0.01).  Bars with different letters within each

incubation time are different (p<0.05).
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β was very similar to that of C/EBP-α, although

biological significance of this remains to be studied.

Exogenous leptin inhibited the expression of PPAR-

γ and IGF-I genes during the maturation and entire

differentiation/maturation of the 3T3-L1 cell, respec-

tively.  This suggests that the anti-lipogenic and lipoly-

tic effects of leptin may have been partly mediated by

suppressing the expression of PPAR-γ and IGF-I

genes, because PPAR-γ and IGF-I are a known

stimulator of lipogenesis and an established lipogene-

sis stimulator and lipolysis inhibitor, respectively [5,

6].  Collectively, results of the present study also

suggest that adipocyte differentiation and maturation

may involve intricate interactions between IGF-I,

leptin and PPAR-γ.  Obviously, more studies are

necessary to determine whether there exists this spec-

ulative autocrine/paracrine regulation of adipocyte

development.  Also what needs to be studied is the

time-course of expression of the leptin receptor,

because all the effects of leptin detected in the present

and previous studies in 3T3-L1 cells [33, 34] are

assumed to have been mediated through its cognate

receptors whose expression has not been confirmed in

any of these studies.  In primary rat preadipocytes, two

types of leptin receptors have been reported to be

expressed to mediate the mitotic and metabolic actions

of their ligand beginning from the pre-differentiation

stage of the cell [35], suggesting that leptin receptors

are likely to be expressed during the 3T3-L1 preadipo-

cyte development as well.

Acknowledgment

This work was supported by grants of Korea

Science and Engineering Foundation (MOSEF)/

Ministry of Science and Technology (MOST) (No.

M10641000013–06N410–01310) and the Ministry of

Knowledge Economy/Korea Institute of Industrial

Technology Evaluation and Planning (ITEP) through

the Regional Animal Industry Center at Jinju National

University, Jinju, Korea.

References

1. Cornelius P, MacDougald OA, Lane MD (1994)

Regulation of adipocyte development. Annu Rev Nutr

14: 99–129.

2. Hwang CS, Loftus TM, Mandrup S, Lane MD (1997)

Adipocyte differentiation and leptin expression. Annu

Rev Cell Dev Biol 13: 231–259.

3. Garg A (2000) Lipodystrophies. Am J Med 108: 143–

152.

4. Kopelman PG (2000) Obesity as a medical problem.

Nature 404: 635–643.

5. Smith PJ, Wise LS, Berkowitz, R, Wan C, Rubin CS

(1988) Insulin-like growth factor-I is an essential

regulator of the differentiation of 3T3-L1 adipocytes. J

Biol Chem 263: 402–408.

6. Wabitsch M, Hauner H, Heinze E, Teller WM (1995)

The role of growth hormone/insulin-like growth factors

in adipocyte differentiation. Metabolism 44: 45–49.

7. Hausman DB, DiGirolamo M, Bartness TJ, Hausman

GJ, Martin RJ (2001) The biology of white adipocyte

proliferation. Obes Rev 2: 239–254.

8. Jeoung DI, Tang B, Sonenberg M (1995) Mitogenic

response to TGF-β in 3T3-F442A cells. Biochem

Biophys Res Commun 216: 964–969.

9. Ignotz PA, Massague J (1985) Type β transforming

growth factor controls the adipogenic differentiation of

3T3 fibroblasts. Proc Natl Acad Sci USA 82: 8530–

8534.

10. Choy L, Derynck R (2003) Transforming growth

factor-β inhibits adipocyte differentiation by Smad3

interacting with CCAT/enhancer-binding protein (C/

EBP) and repressing C/EBP transactivation function. J

Biol Chem 278: 9609–9619.

11. Gregoire FM, Smas CM, Sul HS (1998) Understanding

adipocyte differentiation. Physiol Rev 78: 783–809.

12. Rosen ED, Spiegelman BM (2000) Molecular regula-

tion of adipogenesis. Annu Rev Cell Dev Biol 16: 145–

171.

13. Grimaldi PA (2001) The roles of PPARs in adipocyte

differentiation. Prog Lipid Res 40: 269–281.

14. Amri EZ, Bonino F, Ailhaud G, Abumrad NA, Grimal-

di PA (1995) Cloning of a protein that mediates

transcriptional effects of fatty acids in preadipocytes. J

Biol Chem 270: 2367–2371.

15. Elberg G, Gimble JM, Tsai SY (2000) Modulation of

the murine peroxisome proliferator-activated receptor

gamma 2 promoter activity by CCAAT/enhancer-

binding proteins. J Biol Chem 275: 27815–27822.

16. Freytag SO, Paielli DL, Gilbert JD (1994) Ectopic

expression of the CCAAT/enhancer binding protein

alpha promotes the adipogenic program in a variety of

mouse fibroblastic cells. Genes Dev 8: 1654–1663.

17. Schoonjans K, Peinado-Onsurbe J, Lefebvre AM,

Heyman RA, Briggs M, Deeb S, Staels B, Auwerx J

(1996) PPARalpha and PPARgamma activators direct



GENE EXPRESSION DURING ADIPOCYTE DIFFERENTIATION: EFFECTS OF LEPTIN 837

a distinct tissue-specific transcriptional response via a

PPRE in the lipoprotein lipase gene. EMBO J 15:

5336–5348.

18. Kubota N, Terauchi Y, Miki H, Tamemoto H, Yamauchi

T, Komeda K, Satoh S, Nakano R, Ishii C, Sugiyama

T, Eto K, Tsubamoto Y, Okuno A, Murakami K,

Sekihara H, Hasegawa G, Naibto M, Toyoshima Y,

Tanaka S, Shiota K, Kitamura T, Fujita T, Ezaki O,

Aizawa S, Kadowaki T, et al. (1999) PPAR gamma

mediates high-fat diet-induced adipocyte hypertrophy

and insulin resistance. Mol Cell 4: 597–609.

19. Zhang F, Chen Y, Heiman M, Dimarchi R (2005)

Leptin: structure, function and biology. Vitam Horm

71: 345–372.

20. Muoio DM, Lynis DG (2002) Peripheral metabolic

actions of leptin. Best Pract Res Clin Endocrinol

Metab 16: 653–666.

21. MacDougald OA, Hwang CS, Fan H, Lane MD (1995)

Regulated expression of the obese gene product (leptin)

in white adipose tissue and 3T3-L1 adipocytes. Proc

Natl Acad Sci USA 92: 9034–9037.

22. Scudiero DA, Shoemaker RH, Paull KD, Monks A,

Tierney S, Nofziger TH, Currens MJ, Seniff D, Boyd

MR (1988) Evaluation of a soluble tetrazolium/

formazan assay for cell growth and drug sensitivity in

culture using human and other tumor cell lines. Cancer

Res 48: 4827–4833.

23. Student, A.K., Hsu, R.Y., Lane, M.D., 1980. Induction

of fatty acid synthetase synthesis in differentiating

3T3-L1 preadipocytes. J Biol Chem 255: 4745–4750.

24. Liu K, Guan Y, MacNicol MC, MacNicol AM,,

McGehee Jr RE (2002) Early expression of p107 is

associated with 3T3-L1 adipocyte differentiation. Mol

Cell Endocrinol 194: 51–61.

25. Neal JW, Clipstone NA (2002) Calcineurin mediates

the calcium-dependent inhibition of adipocyte differen-

tiaion in 3T3-L1 cells. J Biol Chem 277: 49776–49781.

26. Green H, Kehinde O (1975) An established preadipose

cell line and its differentiation in culture. II. Factors

affecting the adipose conversion. Cell 1: 19–27.

27. Ramirez-Zacarias JL, Castro-Munozledo F, Kuri-

Harcuch W (1992) Quantitation of adipose conversion

and triglycerides by staining intracytoplasmic lipids

with Oil red O. Histochemistry 97: 493–497.

28. Aouadi M, Laurent K, Prot M, Le Marchand-Brustel Y,

Binetruy B, Bost F (2006) Inhibition of p38 MAPK

increases adipogenesis from embryonic to adult stages.

Dibetes 55: 281–289.

29. Chomczynski P, Sacchi N (1987) Single-step method of

RNA isolation by acid guanidinium thiocyanate-phenol-

chloroform extraction. Anal Biochem 162: 156–159.

30. Yun JS, Seo DS, Kim WK, Ko Y (2005) Expression of

relationship of the insulin like growth factor system

with posthatch growth in Korean Native Ogol Chicken.

Poultry Sci 84: 83–90.

31. Kim S, Moustaid-Moussa N (2000) Secretory, endo-

crine and autocrine/paracrine function of the adipocyte.

J Nutr 130: 3110S–3115S.

32. Miner JL (2004) The adipocyte as an endocrine cell. J

Anim Sci 82: 935–941.

33. Ambati S, Kim H-K, Yang J-Y, Lin J, Della-Fera MA,

Baile CA (2007) Effects of leptin on apoptosis and

adipogenesis in 3T3-L1 adipocytes. Biochem pharma-

col 73: 278–384.

34. Zwirska-Korczala K, Adamczyk-Sowa M, Sowa P,

Pilc K, Suchanek R, Pierzchala K, Namyslowski G,

Misiolek M, Sodowski K, Kato I, Kuwahara A,

Zabielski R (2007) Role of letin, ghrelin, angiotension

II and orexins in 3T3 L1 preadipocyte cells prolifera-

tion and oxidative metabolism. J Physiol Pharmacol 58

(Supp l): 53–64.

35. Machinal-Quelin F, Dieudonne MN, Leneveu MC,

Pecquery R, Giudicelli AY (2002) Proadipigenic effect

of leptin on rat preadipocytes in vitro: activation of

MAPK and STAT3 signaling pathways. Am J Physiol

Cell Physiol 282: C853–C863.

36. Ramsay TG (2005) Porcine preadipocyte proliferation

and differentiation: a role for leptin? J Anim Sci 83:

2066–2074.

37. Wagoner B, Hausman, DB, Harris RBS (2006) Direct

and indirect effects of leptin on preadipocyte prolifera-

tion and differentiation. Am J Physiol Regul Integr

Comp Physiol 290: R1557–R1564.

38. Bai Y, Zhang S, Kim KS, Lee JK, Kim KH (1996)

Obese gene expression alters the ability of 30A5

preadipocytes to respond to lipogenic hormones. J Biol

Chem 271: 13939–13942.

39. Fruhbeck G, Aguado M, Martinez JA (1997) In vitro

lipolytic effect of leptin on mouse adipocytes: evidence

for a possible autocrine/paracrine role of leptin.

Biochem Biophys Res Commun 240: 590–594.

40. William Jr WN, Ceddia RB, Curi R (2002) Leptin

controls the fate of fatty acids in isolated rat white

adipocytes. J Endocrinol 175: 735–744.

41. Elimam A, Kamel A, Marcus C (2002) In vitro effects

of leptin on human adipocyte metabolism. Horm Res

58: 88–93.

42. Zizola CF, Balana ME, Sandoval M, Calvo JC (2002)

Changes in IGF-I receptor and IGF-I mRNA during

differentiation of 3T3-L1 preadipocytes. Biochimie 84:

975–980.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


