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Ghrelin, a novel gastric hormone, regulates food intake and energy metabolism via central mechanisms. The peripheral
effect of ghrelin on adiposity is poorly understood. We established a stable 3T3-L1 cell line expressing ghrelin to study
the direct effect of ghrelin on adipogenesis. Cells overexpressing ghrelin demonstrate significantly attenuated differen-
tiation of preadipocytes into adipocytes. Expression of peroxisome proliferator-activator receptor-� is significantly
inhibited as demonstrated by decrease of peroxisome proliferator-activator receptor-� mRNA and protein. Both ghrelin
overexpression and exogenous ghrelin stimulate cell proliferation. Phosphorylation of mitogen-activated protein kinase
is increased after treatment of cells with ghrelin. Ghrelin binding activity is demonstrated in both native and ghrelin-
overexpressing 3T3-L1 cells by radiolabeled ghrelin, although reverse transcription-polymerase chain reaction with the
primer sequence of the previously identified ghrelin receptor subtypes detected no signal. Our results demonstrate that
ghrelin inhibits adipogenesis by stimulation of cell proliferation via the mediation of a ghrelin receptor, likely a novel
unidentified subtype.

INTRODUCTION

Ghrelin, a novel 28-amino acid peptide, was initially puri-
fied from rat stomach (Kojima et al., 1999) and localized to
gastric oxyntic glands (Date et al., 2000), the hypothalamus
(Kojima et al., 1999; Cowley et al., 2003), and kidney (Mori et
al., 2000). Ghrelin receptor, also known as growth hormone
secretagogue receptor, contains seven transmembrane (TM)
domains and belongs to a family of G protein-coupled re-
ceptors (Howard et al., 1996; McKee et al., 1997). Ghrelin
receptors are widely distributed among both central and
peripheral tissues, including pituitary gland, hypothalamus,
pancreas, stomach, and intestine (Howard et al., 1996; Date et
al., 2000, 2002). cDNAs for human, rat, mouse, and swine
ghrelin receptor have been sequenced previously (Howard
et al., 1996; McKee et al., 1997). Two types of ghrelin receptor
cDNA have been identified: type 1a, encoding a functional
protein containing seven TM domains; and type 1b, encod-
ing a protein containing TM-1 through 5 with no measurable
functional activity. In addition, recent studies suggest the
existence of another unidentified subtype of ghrelin receptor
(Baldanzi et al., 2002).

In common with synthetic growth hormone secreta-
gogue, ghrelin causes growth hormone release in vivo
from humans and rats after either peripheral or central
administration and in vitro from primary cultured pitu-
itary cells (Kojima et al., 1999; Takaya et al., 2000; Wren et
al., 2000). Ghrelin also plays an important role in the
control of food intake and energy metabolism. Ghrelin
peptide secretion and mRNA expression are increased by
weight loss, restriction of caloric intake and insulin-in-
duced hypoglycemia (Tschop et al., 2000; Lee et al., 2002;

Cummings et al., 2001; Toshinai et al., 2001). In rats, gh-
relin has been found to stimulate food intake (Nakazato et
al., 2001; Wren et al., 2000), to induce adiposity (Tschop et
al., 2000) and to increase body weight (Tschop et al., 2000;
Nakazato et al., 2001). Administration of ghrelin antibody
or ghrelin receptor antagonists prevents ghrelin-induced
positive energy balance (Nakazato et al., 2001). Weight
gain and adiposity caused by ghrelin are independent of
its ability to modulate growth hormone secretion (Naka-
zato et al., 2001; Tschop et al., 2000; Wren et al., 2000).

Although ghrelin is secreted from the stomach and circu-
lates in the blood, the orexigenic effect of ghrelin has been
reported to be mediated by the hypothalamic circuit in the
central nervous system (Tschop et al., 2000; Wren et al., 2000;
Horvath et al., 2001; Nakazato et al., 2001; Cowley et al.,
2003). Direct effects of ghrelin on peripheral tissues that
contribute to the regulation of body weight and energy
homeostasis are controversial. Banks et al. (2002) reported
that the quantity of ghrelin transport in the blood-to-brain
direction is negligible, suggesting that the orexigenic effect
induced by systemic ghrelin may be mediated by a periph-
eral mechanism. Using in vitro culture of rat preadipocytes,
Choi et al. (2003) reported that ghrelin stimulates adipogen-
esis via activation of ghrelin receptor subtype 1a. In contrast,
Ott et al. (2002) demonstrated no direct effect of ghrelin on
adipogenesis by using a well-characterized brown adipocyte
model, even though ghrelin directly suppressed expression
of adiponectin, an adipokine involved in the pathogenesis of
insulin resistance and obesity. Because ghrelin is quickly
degraded in vitro, it is difficult to study its effect on adipo-
genesis where long-term treatment of ghrelin is required.

A stable preadipocyte 3T3 L1 cell line overexpressing
ghrelin was established to investigate the effect of ghrelin on
adipogenesis in vitro. We report here that 1) overexpression
of ghrelin in 3T3 L1 cells inhibits the differentiation of prea-
dipocytes into adipocytes; 2) ghrelin stimulates cell prolifer-
ation; 3) ghrelin up-regulates mitogen-activated protein
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(MAP) kinase; 4) cells overexpressing ghrelin demonstrate de-
creased peroxisome proliferator-activator receptor (PPAR)-�
mRNA and protein expression during differentiation; and 5)
the effects of ghrelin are mediated by a ghrelin receptor,
likely a novel unidentified subtype.

MATERIALS AND METHODS

Generation of Ghrelin Plasmid by Reverse Transcription-
Polymerase Chain Reaction (RT-PCR)
Rat ghrelin was generated from gastric RNA by RT-PCR by using oligonu-
cleotides generated from published sequences. Restriction sites HindIII and
EcoR I were incorporated into primers. The sequences of ghrelin primers were
sense, CCCAAGCTTAGGCCATGGTGTCTTC, and antisense, CCGGAATTC-
CAGTGGTTACTTGTT.

After the RT-PCR product was matched to the published sequence by
sequencing analysis, ghrelin cDNA was excised, purified, and then cloned
into the pcDNA 3.1 vector. Ghrelin plasmid was amplified in DH5� and
purified using the Maxi-pre kit from QIAGEN (Valencia, CA).

Stable Cell Transfection
Mouse 3T3-L1s were maintained in DMEM containing 10% fetal calf serum,
1% penicillin-streptomycin, 1% sodium pyruvate, and 1% glutamine. Cells
(1.5 � 106) were plated, and vectors (pcDNA3.1) and ghrelin constructs were
transfected into cells by Lipofectamine (Invitrogen, Carlsbad, CA). Cells
expressing ghrelin constructs were selected with 800 �g/ml neomycin. Stable
cell lines were maintained with 400 �g/ml neomycin. Ghrelin expression was
verified by 1) PCR with T7 primer and ghrelin antisense primer; 2) immuno-
staining with specific antibody against ghrelin (Phoenix Pharmaceuticals,
Belmont, CA); and 3) radioimmunoassay (RIA) with a specific rat ghrelin RIA
kit (Phoenix Pharmaceuticals)

Differentiation of 3T3 L1 Preadipocytes
Mouse 3T3-L1 cells were grown and induced to differentiate as described
previously (Weiss et al., 1980). Briefly, cells were grown to confluence in
standard medium (DMEM supplemented with 10% fetal bovine serum). At
confluence, cells were induced to differentiate by addition of insulin (1 �g/
ml), dexamethasone (1 �M), and isobutylmethylxanthine (0.5 mM) to stan-
dard medium for 4 d. Cells were maintained for four additional days in
standard medium with insulin. Cells were then cultured in standard medium
without insulin for the remaining time. By using this protocol, �95% of the
cells began to acquire adipocyte morphology by 3–4 d and reached full
differentiation by 10–12 d. Fully differentiated adipocytes were identified by
the characteristic morphology of multilocular fat droplets, which stained red
by Oil Red-O solution as described previously (Ross et al., 2000).

5-Bromo-2-deoxyuridine (BrdU) Incorporation
Native cells, cells expressing pcDNA3.1 or ghrelin-expressing cells (1 � 105)
were seeded onto a six-well dish containing coverslips. pcDNA 3.1- and
ghrelin-expressing cells were labeled with 10 �M BrdU for 24 h. Native cells
were treated with 10�6 M exogenous ghrelin (Phoenix Pharmaceuticals) and
labeled with 10 �M BrdU in serum-free media for 24 h. Samples were stained
with 0.5 �g/ml antibodies against BrdU (Roche Diagnostics, Indianapolis,
IN), and fluorescein isothiocyanate-conjugated antibody (1:50; Santa Cruz
Biotechnology, Santa Cruz, CA). Total cell population was determined by
4,6-diamidino-2-phenylindole staining. BrdU-positive cells were counted un-
der the microscope. For cell count assay, 1 � 105 cells were plated onto a
10-cm dish. Forty-eight hours later, cells were harvested and counted.

Flow Cytometry
Cultured cells were harvested using trypsin/EDTA and washed twice with
phosphate-buffered saline (PBS). Aliquots of 2 � 106 cells were centrifuged,
fixed in 70% ethanol, stained with 500 �l of propidium iodide (PI) solution
(100 �g/ml RNase and 50 �g/ml PI in 1� PBS). Labeled cells were analyzed
using a BD Biosciences FACSCalibur cell analyzer at 488 nm. Fluorescence
was measured at 650 nm for PI. Data were analyzed using Modfit software.
DNA histograms were deconvoluted, and percentage of cells in each phase of
cell cycle was calculated and expressed as mean � SEM.

Western Blot Analysis
Cultured cells were washed with cold PBS and harvested at the time indi-
cated. Cells were lysed in radioimmunoprecipitation assay buffer (1� PBS, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS). One tablet of protease inhibitor
cocktail (Roche Diagnostics) and 1 mM phenylmethylsulfonyl fluoride were
added to 10 ml of radioimmunoprecipitation assay buffer right before lysing
the cells. Total protein was assayed with bicinchoninic acid assay kit (Pierce
Chemical, Rockford, IL). Then, 50–250 �g of total protein was loaded onto a
7.5–10% denaturing gel. Proteins were transferred to polyvinylidene difluo-

ride membrane for analysis. Phospho-specific and nonphospho-MAP kinase,
and PPAR-� were detected with polyclonal anti-phospho-, or anti-nonphos-
pho-MAP kinase antibodies (1:1000; Signal Transduction, Boston, MA) and
PPAR-� antibodies (1:200; Santa Cruz Biotechnology).

RT-PCR
Total RNA was isolated from cultured 3T3-L1 cells by using RNeasy mini kit
(QIAGEN) according to the manufacturer’s directions. Single strand cDNA
synthesis was performed as follows: 30 �l of reverse transcription mixture
contained 1 �g of DNase I pretreated total RNA, 0.75 �g of oligo d(T) primer,
6 �l of 5� RT buffer, 10 mM dithiothreitol, 0.5 mM deoxynucleotides, 50 U of
RNase inhibitor, and 240 U of reverse transcriptase (Invitrogen). The RT
reaction was carried out at 40°C for 70 min followed by heat inactivation at
95°C for 3 min. PCR primers used for ghrelin receptor mRNA or PPAR-�2
mRNA detection were deduced from published sequences. The nucleotide
sequences of sense and antisense primers with the expected product size are
as follows: ghrelin receptor: 1) ACC TCC TCT GCA AAC TCT TCC (sense, bp
585–604) and CAC CCG TAC TTC TTG GAC AT (antisense, bp 1184–1165),
599-bp product or 2) TCC GAT CTG CTC ATC TTC CT (sense, bp 270–289)
and CAG CTC TCG CTG ACA AAC TG (antisense, bp 385–366), 116-base pair
product, or 3) TCC GAT CTG CTC ATC TTC CT (sense, bp 270–289) and
GGA AGC AGA TGG CGA AGT AG (antisense, bp 450–431), 181-base pair
product, or 4) GCT GAG CGT CGA GCG CTA CTT CG (sense, bp 405–427),
GTT GCA GTA CTG GCT GAT CTG AGC (antisense, bp 2943–2920), 511-base
pair product; PPAR-�2: ATG GGT GAA ACT CTG GGA GAT TCT (sense, bp
46–69), CAT CCT TCA CAA GCA TGA ACT CCA (antisense, bp 498–521),
476-base pair product; and �-actin: AAA TCG TGC GTG ACA TCA
AA(sense, bp 700–719) and AAG GAA GGC TGG AAA AGA GC (antisense,
bp 858–877), 178-base pair product.

The cDNAs for ghrelin receptor and PPAR-�2 was amplified by RT-PCR.
PCR was performed using Ampli Taq Polymerase (Roche Diagnostics). PCR
products were visualized by 1.5% agarose gel electrophoresis. For negative
controls, PCR reactions were performed for the primer pairs in the absence of
transcript. Total RNA from hypothalamus was used as positive control for
ghrelin receptor.

Receptor Binding Assay
Binding experiments were performed on whole cells by using conditions
described previously (Yang et al., 2000). Twelve hours before the experiments,
3 � 105 cells were plated on 24-well plates. Before initiating binding experi-
ments, cells were washed twice with minimal essential medium. Cells were
then incubated with various concentrations of ghrelin (rat) or des-octanoyl
ghrelin (rat) containing 0.2% bovine serum albumin and either 1 � 105 cpm of
125I-ghrelin (rat) or 125I-des-octanoyl ghrelin (rat). After 1-h incubation, the
cells were again washed twice with minimal essential medium, and the
experiment terminated by lysing the cells with 0.1 N NaOH, 1% Triton X-100.
Radioactivity present in the lysate was quantified using an analytical gamma-
counter. Nonspecific binding was determined by measuring the amount of
125I label remaining bound in the presence of 4 � 10�6 M unlabeled ligand,
and specific binding was obtained by subtracting nonspecific bound radioac-
tivity from total bound radioactivity. Data were analyzed using GraphPad
Prism (GraphPad Software, San Diego, CA). Ki values were derived from IC50
value according to the equation Ki � IC50 � [radioligand], and receptor
density was calculated using the equation Bmax � Bo � IC50/[radioligand]
(DeBlasi et al., 1989). All values are means � SEM determined from three
independent experiments.

RESULTS

Stable Cell Line Overexpressing Ghrelin
The 3T3 L1 cell line stably transfected with ghrelin plasmid
was established and maintained in medium containing 400
�g/ml neomycin. Because native 3T3 L1 cells express en-
dogenous ghrelin, we used a sense primer derived from the
T7 promoter of pcDNA3.1 and an antisense primer derived
from the ghrelin gene to demonstrate the successful trans-
fection of the pcDNA3.1-ghrelin construct. mRNA contain-
ing the sequence of ghrelin pcDNA 3.1 plasmid was dem-
onstrated only in cells transfected with pcDNA3.1-ghrelin
construct, but not in native 3T3 L1 cells or cells transfected
with pcDNA3.1 (Figure 1A). Overexpression of ghrelin pro-
tein was demonstrated in the cytoplasm of cells by immu-
nostaining (Figure 1B). As shown in Figure 1C, increased
concentration of ghrelin immunoreactivity in the cultured
medium harvested from cells transfected with pcDNA3.1-
ghrelin construct was demonstrated to be significant com-
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pared with those in native 3T3 L1 cells or cells transfected
with pcDNA3.1 (p � 0.01).

Inhibition of Adipogenesis
To investigate whether ghrelin affects preadipocyte differenti-
ation, we used the 3T3-L1 cell line stably overexpressing ghre-
lin and assayed its ability to differentiate into adipocytes. Cells
transfected with pcDNA 3.1, which was used as a control,
differentiated into adipocytes as indicated by the appearance of
the microscopic pattern of multilocular fat droplets. These fat
droplets occurred as early as day 4 and stained positive by Oil
Red-O staining, indicating the accumulation of intracellular
triglycerides. In contrast, cells overexpressing ghrelin demon-
strated few fat droplets even at 2 wk (Figure 2).

Mitotic Effect of Ghrelin
Because cell growth and differentiation are usually mutually
exclusive and because preadipocytes usually undergo
growth arrest before differentiation, we assayed the effect of
ghrelin on cell growth. Cell count experiments demon-
strated that cells overexpressing ghrelin proliferate 2.4 �
0.5-fold (p � 0.05, n � 6) faster than control cells transfected
with the vector pcDNA 3.1. To further characterize the mi-
totic effect of ghrelin, we used both BrdU incorporation and
flow cytometry to identify cells undergoing proliferation. As
shown in Figure 3A, cells overexpressing ghrelin demon-
strated a significantly higher percentage of BrdU incorpora-
tion than cells expressing the vector pcDNA 3.1 (n � 4, p �
0.05). When native 3T3-L1 cells were treated with exogenous
ghrelin, the percentage of BrdU incorporation significantly
increased to 51 � 9 from 39 � 8% in control cells (n � 6, p �
0.05) (Figure 3b). In agreement with the BrdU data, flow
cytometry analysis showed that 25 � 3% of cells overex-
pressing ghrelin were actively proliferating, whereas only
9 � 3% of cells expressing the vector were in S phase of the
cell cycle (Figure 4).

Activation of MAP Kinase Pathway
MAP kinase is a key element of signal transduction path-
ways involved in the regulation of cell growth induced by
epidermal growth factor and insulin-like growth factor. To

Figure 1. Expression of ghrelin in cells transfected with pcDNA3.1 con-
taining ghrelin cDNA. (A) Expression of ghrelin mRNA. Total RNA was
extracted from stable cell lines transfected with pcDNA3.1 or pcDNA3.1
containing ghrelin cDNAs. RT-PCR was performed using the T7 primer
and the ghrelin antisense primer as indicated in the text. Lane 1, markers;
lane 2, cells transfected with pcDNA3.1; lane 3, cells overexpressing ghre-
lin; lane 4, RT negative control; lane 5, PCR negative control; and lane 6,
RT-PCR product from hypothalamus by using ghrelin sense and antisense
primers. (B) Expression of ghrelin protein. Ghrelin immunoreactivity was
detected by immunofluorescence in cell cultures. Control cultures lacking
specific primary antibody incubation showed no significant staining. (C)
Secretion of ghrelin. Five million of native 3T3 L1 cells, or cells transfected
with pcDNA3.1, or cells transfected with ghrelin were cultured for 6 h.
Culture media were harvested and assayed for ghrelin by using a specific
rat ghrelin RIA kit. Results are expressed as mean � SEM; n � 3. *
indicates p � 0.01 as compared with native 3T3 L1 cells or cells transfected
with pcDNA3.1.

Figure 2. Overexpression of ghrelin inhibits adipogenesis. Native,
pcDNA3.1 vector-expressing, and ghrelin-overexpressing cells were
allowed to transform from preadipocytes to adipocytes for 10 d.
Cells were fixed and stained of Oil Red, a specific stain for fat cells.
Data are representative of five separate experiments. Bar, 100 �m.
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determine whether MAP kinase is involved in the signal
transduction of cell growth triggered by ghrelin, we treated
3T3-L1 cells with ghrelin (10�6 M). Phosphorylated MAP
kinase proteins were analyzed using a specific antibody
targeting phospho-p44/42 MAP kinase (extracellular signal-
regulated kinase 1 and 2). As shown in Figure 5, exposure of
3T3-L1 cells to ghrelin activated the phosphorylation of

MAP kinase. This phosphorylation of MAP kinase occurred
as early as 5 min after ghrelin stimulation, reached the
maximum in 10 min, and returned to baseline in 15 min.

Inhibition of PPAR-�

PPARs are a family of transcription factors that function
cooperatively to activate adipocyte genes and thereby bring

Figure 3. Effect of ghrelin on cell proliferation. Cells were treated with BrdU (10 �g/ml) for 24 h and labeled with an antibody against for
BrdU. Nuclei were counterstained with 4,6-diamidino-2-phenylindole. BrdU-positive cells were counted under an epifluorescent microscope.
(A) Cells overexpressing vector pcDNA3.1 or ghrelin. (B) Native 3T3-L1 cells treated with exogenous ghrelin (1 �M) for 24 h. Data are
representative of four to five independent experiments. *p � 0.05. Bar, 100 �m.
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about adipocyte differentiation. It is commonly used as a
marker of adipocyte differentiation (Gregoire et al., 1998). To
test whether PPAR-� is involved in the ghrelin-mediated
inhibition of adipogenesis, PPAR-� was assayed using spe-
cific antibody recognizing PPAR-�1 and PPAR-�2. In 3T3-L1
cells expressing vector pcDNA3.1, negligible PPAR-� pro-
tein was observed in day 0; expression was first detected in
day 1 and reached peak values at day 4 (Figure 6A). The
level of PPAR-� protein was greatly inhibited in cells over-
expressing ghrelin (Figure 6A). As shown in Figure 6B, cells
overexpressing ghrelin demonstrated negligible expression
of PPAR-�2 mRNA until day 4 of cell differentiation,
whereas PPAR-�2 mRNA was constantly expressed in con-
trol cells from day 1 to day 5 of cell differentiation.

Receptor-mediated Effect of Ghrelin
Ligand binding studies of radiolabeled ghrelin were per-
formed on 3T3-L1 cells. Dose-dependent displacement of
125I-ghrelin by ghrelin was observed for wild-type 3T3L-1
cells, 3T3L-1 cells transfected with pcDNA3.1 (control), and
3T3L-1 cells transfected with the pcDNA3.1 vector contain-
ing the ghrelin cDNA (Figure 7). In contrast, des-octanoyl
ghrelin was incapable of displacing 125I-ghrelin from wild-
type 3T3L-1 cells and no specific binding of 125I-des-octanoyl
ghrelin was observed in those cells. This observation con-
firmed that 125I-ghrelin recognized a single class of high-
affinity, saturable, and specific binding sites and that the
endogenous 3T3L-1 cell ghrelin receptor requires an acy-
lated ghrelin for binding. The receptor protein expression
level (Bmax) and binding affinity (Ki) for native and trans-
fected 3T3-L1 cells are summarized in Table 1.

To determine whether the previously identified ghrelin
receptor is expressed in 3T3-L1 preadipocytes, we assayed
the expression of ghrelin receptor mRNA by RT-PCR by
using different pairs of primers from the published ghrelin
receptor cDNA sequence. As shown in Figure 8, no expres-
sion of ghrelin receptor mRNA was detected in 3T3-L1 cells,
whether cells were undifferentiated or differentiated into

Figure 4. Analysis of cell cycle by flow cytometry. Cells overex-
pressing ghrelin or pcDNA3.1 were harvested after culturing for
48 h, stained with propidium iodide in hypotonic lysis buffer, and
analyzed by flow cytometry. DNA histogram was deconvoluted,
and percentage of cells in each phase of cell cycle was calculated and
expressed as mean � SEM. Results are representative of four sep-
arate experiments. *p � 0.05.

Figure 5. Activation of MAP kinase by ghrelin. 3T3-L1 cells were
treated with ghrelin (10�6 M) or control medium for the time
indicated. Cell lysates containing 50 �g of protein were loaded into
SDS-polyacrylamide gel, transferred to membranes, and probed
with a specific antibody that recognizes phosphorylated MAP ki-
nase. Membranes were then stripped and reprobed with antibodies
against nonphosphorylated MAP kinase and �-tubulin separately.
Similar findings were observed in three separate experiments.
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adipocytes, whereas positive signals were readily detected
from the hypothalamus. These data suggest that the previ-
ously identified ghrelin receptor is not expressed in 3T3-L1
cells and indicate that a novel ghrelin receptor subtype may
mediate the effect of ghrelin on 3T3-L1 cell proliferation and
differentiation.

DISCUSSION

The present study demonstrates that ghrelin regulates pro-
liferation and differentiation of preadipocytes, likely via a

novel unidentified ghrelin receptor subtype. The data that
support this conclusion are fivefold: 1) cells overexpressing
ghrelin demonstrated significant decreased adipogenesis; 2)
both exogenous ghrelin and ghrelin overexpression stimu-
lated preadipocyte proliferation; 3) ghrelin activated an in-
tracellular signaling pathway involving MAP kinase; 4) tran-
scription and translation of PPAR-� were attenuated in cells
overexpressing ghrelin; and 5) ghrelin binding activity was
demonstrated by radiolabeled ghrelin, whereas RT-PCR by
using primer sequences of the previously identified ghrelin
receptor was negative.

Figure 6. Inhibition of PPAR-� expression by ghrelin. Cells over-
expressing ghrelin or pcDNA3.1 were harvested from day 0 to 5. (A)
Equivalent amount of cell lysates were loaded and were analyzed
by Western blotting. PPAR-� proteins were detected with PPAR
antibodies from Santa Cruz Biotechnology (1:200). Results are rep-
resentative of four individual experiments. (B) Total RNA was
extracted from cultured cells at the time indicated. RT-PCR was
performed using PPAR-�2 primers. Blot shown is the typical of four
separate experiments.

Figure 7. 125I-ghrelin displacement. Displacement of 125I-ghrelin
by ghrelin on wild-type 3T3L-1 cells, 3T3L-1 cells transfected with
pcDNA3.1 vector, and 3T3L-1 cells transfected with pcDNA3.1 con-
taining the rat ghrelin cDNA.

Table 1. K1 of 125I-ghrelin and Bmax of ghrelin receptor (n � 3)

Ki (nM)
Bmax (fmol/mg

protein)

3T3-L1 45.1 � 2.2 10.4 � 0.2
3T3-L1 � pcDNA3.1 41.0 � 11.4 9.0 � 1.4
3T3-L1 � ghrelin 96.2 � 11.1 8.6 � 0.2

Figure 8. No expression of known ghrelin receptor mRNA in
3T3-L1 cells. RT-PCR was performed on total RNA extracted from
undifferentiated and differentiated 3T3-L1 cells with primers spe-
cific for the known ghrelin receptor (top) or �-actin (bottom). Lane
1, marker; lane 2, undifferentiated 3T3-L1 cells; lane 3, 3T3-L1 cells
differentiated for 10 d; lane 4, positive control with RNA from
hypothalamus; and lane 5, negative control.
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Ghrelin is a potent orexigenic hormone that plays a role in
appetite stimulation and energy homeostasis. Previous stud-
ies have suggested that the effect of ghrelin in the regulation
of feeding behavior and energy metabolism is mediated by
a direct hypothalamic mechanism. Expression of ghrelin in
the hypothalamic neurons has been demonstrated (Cowley
et al., 2003). Ghrelin receptor and ghrelin binding have also
been identified on presynaptic terminals of neuropeptide Y
(NPY) neurons (Cowley et al., 2003), and ghrelin activation
of arcuate NPY neurons has been demonstrated by electro-
physiological recording (Cowley et al., 2003). Peripheral
ghrelin increases the expression of immediate early genes in
the medial arcuate nucleus, an area rich in NPY/AGRP
(agouti-related protein) neurons (Hewson and Dickson,
2000; Wang et al., 2002). Administration of ghrelin activates
NPY neurons and stimulates the expression of NPY and
AGRP mRNA in the hypothalamus. The orexigenic effect of
ghrelin is blocked by antibodies of NPY and AGRP, and
their receptor antagonists (Nakazato et al., 2001). The influ-
ence of ghrelin on NPY and AGRP pathways seems to be
counteracting the action of leptin (Nakazato et al., 2001).
These observations suggest that the coactivation of NPY and
AGRP pathways in hypothalamus by ghrelin plays a role in
appetite stimulation and energy homeostasis. The current
results demonstrate a direct effect of ghrelin on adipocytes.
This finding is consistent with recent studies demonstrating
expression of a putative ghrelin receptor subtype 1a on
adipocytes (Choi et al., 2003). Functional studies by Ott et al.
(2002) and Choi et al. (2003) have shown that ghrelin up-
regulates expression of adipokine and the GAPDG activity
in adipocytes by a direct peripheral mechanism.

As the only known orexigenic hormone, ghrelin partici-
pates not only in meal patterning (Cummings et al., 2001) but
also in long-term body weight regulation (Tschop et al., 2000;
Wren et al., 2000; Nakazato et al., 2001). The adipogenic effect
of ghrelin is suggested by in vivo studies showing that
chronic administration of ghrelin increases body weight by
reducing metabolic rate and fat catabolism (Tschop et al.,
2000). However, in vitro studies characterizing the direct
effect of ghrelin on adipogenesis have been inconsistent.
Choi et al. (2003) have shown that exogenous ghrelin stim-
ulates adipogenesis in primary culture of rat preadipocytes,
whereas Ott et al. (2002) reported that chronic treatment of
SV40 large T antigen-immortalized brown adipocytes with
ghrelin had no effect on adipogenesis. Using a stable cell line
overexpressing ghrelin, we demonstrate that ghrelin inhibits
adipogenesis in 3T3-L1 preadipocytes.

In the central nervous system, ghrelin receptor subtype 1a
is predominantly present (Guan et al., 1997). The subtype of
ghrelin receptor expressed in peripheral tissue is less well
characterized. Whereas ghrelin receptor subtype 1a has been
reported to be present in a variety of peripheral tissues,
recent studies by Cassoni et al. (2000) and Baldanzi et al.
(2002) have suggested the presence of a novel, as-yet-un-
identified subtype of ghrelin receptor, distinct from the gh-
relin receptor subtype 1a. Our findings also suggest that a
novel subtype of ghrelin receptor may be present on 3T3-L1
cells. Although no expression of ghrelin receptor 1a mRNA
was detected in 3T3-L1 cells by RT-PCR, ghrelin recognized
a high-affinity binding site on 3T3-L1 cells. The binding of
radiolabeled ghrelin could be competitively displaced with
unlabeled ghrelin, with an affinity constant comparable with
that of ghrelin receptor 1a as measured on pituitary and
hypothalamus membranes. The ghrelin receptor on 3T3-L1
cells required an acylated ghrelin for binding. This charac-
teristic distinguishes it from the ghrelin receptor subtype
described by Baldanzi et al. (2002) on H9c2 cardiomyocytes,

in which a common single class of binding sites was recog-
nized by both ghrelin and des-acyl-ghrelin, with an affinity
constant that was 10-fold higher. The presence of diverse
ghrelin receptor subtypes in peripheral tissues may explain
the discrepant results in various cell models. Using primary
culture of rat preadipocytes, Choi et al. (2003) reported that
ghrelin stimulates adipogenesis by activation of the ghrelin
receptor subtype 1a. In contrast, Ott et al. (2002) demon-
strated that ghrelin did not affect the pattern or extent of fat
accumulation in a well-characterized brown adipocyte model
despite direct inhibition of adiponectin gene expression. The
subtype of ghrelin receptor in brown adipocytes was not
characterized.

Ghrelin exposure stimulates proliferation in 3T3-L1 cells.
Three pieces of evidence support the mitotic effect of ghrelin
in 3T3-L1 preadipocytes: 1) acute stimulation by exogenous
ghrelin significantly increased BrdU incorporation; 2) cells
overexpressing ghrelin demonstrate increased proliferation
as measured by cell number and BrdU incorporation; and 3)
cell cycle analysis by flow cytometry shows a significantly
increased percentage of S-phase cells in ghrelin-overexpress-
ing cells. Because growth arrest is a prerequisite for adipo-
cyte differentiation (Gregoire et al., 1998), it is presumed that
the mitotic activity of ghrelin inhibits growth arrest and
therefore prevents the progression of adipocyte differentia-
tion. This concept is supported by the observation that
PPAR-� transcription and translation are significantly atten-
uated in cells overexpressing ghrelin. PPAR-� has been
shown to induce growth arrest in fibroblasts and in adipo-
genic SV40 large T antigen-transformed cells (Hu et al., 1995;
Altiok et al., 1997).

A number of growth factors, including epidermal growth
factor, platelet-derived growth factor, and basic fibroblast
growth factor, inhibit the conversion of preadipocytes into
adipocytes (Gregoire et al., 1998). An MAP kinase-depen-
dent pathway may be important in ghrelin-mediated regu-
lation of preadipocyte proliferation and differentiation be-
cause ghrelin activates the phosphorylation of MAP kinase.
Previously, Camp and Tafuri (1997)) and Hu et al. (1996)
have shown that phosphorylation of MAP kinase leads to
down-regulation of PPAR-�, a master coordinator of the
adipocyte differentiation process. Based on observations that
ghrelin stimulates phosphorylation of MAP kinase and at-
tenuates PPAR-� expression, we propose that ghrelin inhib-
its PPAR-� activity via the mediation of MAP kinase to
prevent adipocyte differentiation in 3T3-L1 cells.

In summary, our study demonstrates that ghrelin stimu-
lates preadipocyte cell proliferation and inhibits adipogen-
esis via the mediation of a novel ghrelin receptor subtype.
Activation of this ghrelin receptor subtype leads to a se-
quence of intracellular signaling involving phosphorylation
of the MAP kinase and down-regulation of PPAR-� activity.
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