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ABSTRACT
Acyl-ghrelin (AG), desacyl-ghrelin (DAG) and obestatin are all derived from the same gene transcript; however their plasma levels do not

necessarily change in parallel. The influence of these peptides towards the development of obesity and their direct effects on adipocyte

physiology has not been thoroughly investigated. This study was designed to evaluate the direct effects of peptides of the ghrelin family on

preadipocyte proliferation, differentiation and adipocyte lipid and glucose metabolism in 3T3-L1 cells. 3T3 cells were treated with

physiological peptide concentrations for 1 h to 9 days, and the relevant assays measured. In preadipocytes, AG, GHRP-6 and DAG stimulated

proliferation, measured as 3H-thymidine incorporation (up to 200%, P< 0.05), while all peptides stimulated differentiation (up to 300%,

P< 0.01) as compared to standard differentiation conditions. In adipocytes, FA uptake was increased in a concentration-dependent manner

especially with obestatin (three- to fourfold, P< 0.001) and DAG (three- to fivefold, P< 0.001). By contrast, glucose transport was unchanged.

DAG and obestatin significantly decreased lipolysis measured as non-esterified fatty acid and glycerol release by 50%, P< 0.05–0.01 and

51%, P< 0.01, respectively. Interestingly, DAG stimulation of FA uptake was blocked with GHSR1 antagonist (D-lys3)-GHRP-6 (P< 0.05),

phospholipase C inhibitor U73122 and phosphatidylinositol-3-kinase inhibitor wortmannin (P< 0.001). Finally, in omental but not

subcutaneous human adipose tissue, GHSR1 correlated with BMI (r¼ 0.549, P< 0.05) and insulin (r¼ 0.681, P< 0.01). Taken together,

these results suggest that ghrelin-related peptides may directly affect adipose tissue metabolism. J. Cell. Biochem. 112: 704–714, 2011.

� 2010 Wiley-Liss, Inc.
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T he prevalence of obesity and its related disorders (insulin

resistance, type 2 diabetes, and cardiovascular disease) is a

global social health concern. Biologically, both hypertrophy and

hyperplasia of adipocytes are primary characteristics of obesity

[Allende-Vigo, 2010], and a growing body of evidence suggests that

several hormonal factors could have an influence on these

processes. Insulin is one well-characterized effector of preadipocyte

proliferation and differentiation, and fat cell metabolism. Adipo-

kines (adipose tissue hormones) such as Acylation Stimulating

Protein (ASP), leptin and others are also implicated. Recently,

gastrointestinal hormones, known for their intestinal effects on

motility and exocrine/endocrine secretion have also been reported

to have broader effects both peripherally (cardiovascular, reproduc-

tion) and centrally (food intake, memory) [Muccioli et al., 2007;

Soares and Leite-Moreira, 2008; Taub, 2008].

Previous studies mostly focused on the role of gastrointestinal

hormones in the regulation of mechanisms that govern food intake

and weight gain but have not thoroughly explored the potential

direct role for gastrointestinal peptides on adipocyte functions.

Three gastrointestinal peptides, obestatin, desacyl ghrelin (DAG) and

acyl ghrelin (AG), all derived by posttranslational processing from a

common prohormone, preproghrelin, originate from endocrine cells

in the oxyntic gland of the stomach [Soares and Leite-Moreira,

2008]. AG administrations were reported to induce adipogenic

effects in rats, and the endogenous circulating hormone levels are

altered in insulin resistance and obesity [Gutierrez-Grobe et al.,
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2010]. Taken together, these elements provide relevance for

evaluating their role in the regulation of adipocyte physiology.

Desacyl ghrelin and acyl ghrelin are the two major molecular

forms of ghrelin gene products in circulation. In addition to

gastrointestinal functions, AG has been shown to increase or have

no effect on food intake and body weight [Druce et al., 2006; Neary

et al., 2006; Pfluger et al., 2008; Kirchner et al., 2009]. Further, AG

has been shown to mediate a number of functions including

cardiomyocyte survival, enhancement of memory and neurogenesis

as well as have effects on adipogenesis [Taub, 2008]. Derived mainly

from the gastric mucosa, AG can be desacylated to the DAG form in

the plasma. The concentration of the DAG form is approximately 5

times more important than the one of AG in the circulation.

Interestingly, DAG, was initially thought to be an inactive form of

AG but recent studies have indicated that it promotes proliferation

and inhibits apoptosis of pancreatic beta-cells and human islets,

inhibits cell proliferation in human breast carcinoma cell lines

[Cassoni et al., 2001], cell death in cardiomyocytes and endothelial

cells [Baldanzi et al., 2002]. The direct effect of DAG on food intake

is more controversial, with both decreased food intake [Asakawa

et al., 2005; Chen et al., 2009], or no effects [Neary et al., 2006]

reported. Further, the role of DAG in preadipocyte proliferation and

adipogenesis remains unclear [Zhang et al., 2004; Giovambattista

et al., 2008].

In the 1980s, different synthetic peptides, such as the growth

hormone releasing peptide 6 (GHRP-6), have been shown to

stimulate GH secretion, but the growth hormone secretagogue

receptor 1a (GHSR1a) mediating these effects was not isolated and

characterized before 1997. The GHSR1a remained an orphan

receptor until AG was identified as its endogenous ligand [Gauna et

al., 2007; Giovambattista et al., 2008; Davies et al., 2009]. Prior to

this, growth hormone releasing peptide 6 (GHRP-6) had been

identified as an agonist for GHSR1a [Dass et al., 2003], although

GHRP6 also appears to bind an alternate receptor CD36. However the

ability of DAG to bind and signal through GHSR1a is still questioned

with data presented both for [Gauna et al., 2007] and against

[Zhang et al., 2004; Patel et al., 2006; Giovambattista et al., 2008].

An additional receptor, GHSR1b, produced through translational

processing has now been identified [Colinet et al., 2009]. The

presence of these receptors within adipose tissue has been both

demonstrated [Choi et al., 2003; Kim et al., 2004; Patel et al., 2006;

Rodrı́guez et al., 2009], and refuted [Gnanapavan et al., 2002;

Fontenot et al., 2007]. Further, it has been suggested that additional,

as yet unidentified, receptors for AG and DAG may also exist

[Muccioli et al., 2007].

Obestatin is a 23-amino acid peptide co-secreted with ghrelin

from the stomach [Zhang et al., 2004]. Although different groups

have reported that obestatin is able to reduce appetite, gastric

emptying, jejunal motility and exert proliferative, survival, and

antiapoptotic effects in b-cells, the biological effects of obestatin

remain highly controversial and need to be thoroughly investigated

[Gourcerol et al., 2007; Tremblay et al., 2007]. This peptide is

suggested to be a natural ligand of GRP39, a receptor with 52%

identity with GHSR-1a [Holst et al., 2004; Zhang et al., 2008],

although again controversial [Pemberton and Richards, 2008]. It has

been reported that the biologically active form of the receptor,

GRP39-1a is present in the adipose tissue and that its expression is

either increased in the fasting condition or decreased during

adipocyte differentiation and obesity [Catalan et al., 2007; Fontenot

et al., 2007; Zhang et al., 2008], providing evidence that it can be

considered as a potential target tissue, although the effects it

mediates remain unclear.

Much of the current research on gastrointestinal peptides is

focused on their effects on food intake and body weight regulation.

With respect to fat cell metabolism, AG clearly binds GHSR1a,

stimulates preadipocyte proliferation and differentiation, and

influences adipocyte metabolism [Muccioli et al., 2007; Soares

and Leite-Moreira, 2008; Taub, 2008]. However there is little

information on the effects of DAG or obestatin on these parameters,

with substantial controversy in the literature. The aim of the present

study was to comprehensively evaluate the biologic effects of DAG

and obestatin versus AG on preadipocyte proliferation and

differentiation, as well as adipocyte metabolism using 3T3-L1 cells.

Further, the expression and the potential role of GHSR1 inmediating

these effects in human adipose tissue was evaluated.

MATERIALS AND METHODS

REAGENTS

Insulin-like growth factor I (IGF1), insulin, U73122, and growth

hormone secretagogue receptor antagonist (D-lys3)-GHRP-6 were

purchased from Sigma–Aldrich (Oakville, ON, CA). Quaternary

beta-cylodextrin was from Supelco (Bellefonte, PA). 2-(4-,5-

dimethyl-2-thiazolyl)-3-(4-sulfophenyl) (MTS) was purchased

from Promega Corporation (Madison, WI). DMEM/F12, phosphate

buffered saline (PBS), bovine calf serum (BCS) and fetal bovine

serum (FBS) were from GIBCO (Burlington, ON, CA). Isobutyl-

methylxanthine (IBMX), dexamethasone, penicillin–streptomycin

and trypsin were from Life Technologies (Carlsbad, CA), 2-deoxy-

D[1-3H]glucose and 3Hthymidine were purchased from GE Health-

care (Montreal, QC, CA). Wortmannin was obtained from Invitrogen

(Camorillo, CA).

GHRELIN-RELATED PEPTIDES PREPARATION BY SOLID PHASE

SYNTHESIS

Acylated and desacylated ghrelin, obestatin and GHRP-6 were

generously provided by Peptidec Technologies Ltd. and assembled

by the solid-phase method as previously described [Merrifield, 1963]

using either Rink amide resin (C-terminal amidated peptides) or

Wang resin (C-terminal free-carboxyl peptides) as solid supports

with the Fmoc protection protocol. Peptides were cleaved from

the resin with TFA in the presence of scavengers (m-cresol,

triisopropylsilane, anisole) and purified by reversed-phase HPLC

using 0.1% TFA:acetonitrile gradients. Peptide purity (<95%) and

identity were confirmed by analytical reverse-phase HPLC on C18 3

micron columns and by LC–Mass Spectrometry. Peptide content was

greater than 85%. Peptides were reconstituted in phosphate buffered

saline (PBS) and stored at �808C until use. As previously reported

in 3T3-L1 cells, peptides were used between concentrations of 10�9

and 10�12M [Kim et al., 2004].
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CELL CULTURE OF 3T3-L1 PREADIPOCYTES AND STANDARD

DIFFERENTIATION OF 3T3 ADIPOCYTES

Murine preadipocytes (3T3-L1) cells were purchased from the

American Type Culture Collection (Manassas, VA). Preadipocytes

were cultured using DMEM/F12 supplemented with 10% bovine calf

serum (BCS) medium and maintained at 378C in 5% CO2 incubator.

Cells were maintained at low passage number and subdivided at

<70% confluence.

For standard 3T3-L1 adipocyte differentiation, preadipocytes

were seeded in 48-well culture plates (15� 103 cells/cm2) and grown

to confluence. Two days post-confluence, differentiation was

initiated with medium containing 1.721mM insulin, 1mM dex-

amethasone and 0.5mM isobutylmethylxanthine (IBMX) in DMEM/

F12 with 10% BCS. Two days later, medium was replaced with

DMEM/F12 containing 10% BCS and 1.721mM insulin. Two days

later, media was changed to DMEM/F12, 10% FBS. Differentiated

cells (at least 90%with lipid droplet accumulation) were used on day

8–12 after initiation of differentiation.

ASSESSMENT OF METABOLIC ACTIVITY AND CELL PROLIFERATION

IN 3T3 PREADIPOCYTES

Metabolic activity was evaluated using Cell titer 96 aqueous one-

solution (Promega Corp.) as described by the manufacturer. 3T3-L1

preadipocytes (5� 103/well) were plated in 96-well culture plates.

Cells were then changed to serum-free media for 2 h (75ml), then

supplemented with ghrelin-related peptides, for 24 h at 378C. MTS

solution (20ml of 2-(4-,5-dimethyl-2-thiazolyl)-3-(4-sulfophenyl))

was added and incubated for 3 h, 378C. Absorbance at 490 nm

indicates formazan production, an indicator of mitochondrial

activity.

Preadipocyte proliferation was evaluated based on [Boney et al.,

2000]. Cells were seeded (10� 103 cells/well, 48-well plate). Cells

were incubated in serum-free media for 2 h, then treated with

ghrelin-related peptides for 24 h at 378C, followed by incubation

with 3H-thymidine for 15 h at 378C incubator. After removal of the

labeling solution, cells were rinsed three times with cold PBS,

solubilized in 250ml 0.3 N NaOH for 3 h, and a 50ml aliquot taken

for protein assay. TCA solution (50ml, 20%) was added, incubated

for 30min at room temperature, centrifuged and supernatant

counted by liquid scintillation counting.

EFFECT OF GHRELIN-RELATED PEPTIDES ON 3T3-L1

DIFFERENTIATION ASSESSED BY OIL RED O QUANTITATION

3T3-L1 preadipocytes were differentiated in the presence of ghrelin-

related peptides using a modification of the methodology as

described above. Two-day post-confluent 3T3-L1 preadipocytes

were treated with the standard differentiation medium (1.721mM

insulin, 1mM dexamethasone and 0.5mM isobutylmethylxanthine

(IBMX) in DMEM/F12 with 10% FBS) with supplementation of the

indicated ghrelin-related peptides for 3 days. Media was changed to

DMEM/F12, 10% FBS, 1.721mM insulin, with supplementation of

the indicated ghrelin-related peptides for 3 days. Media was then

changed to DMEM/F12, 10% FBS, with/without peptides for 3 days.

On day 9, 3T3-L1 adipocytes were washed with phosphate-buffered

saline (PBS), fixed with 10% formalin for 30min, stained for 1 h at

room temperature in freshly diluted Oil Red O solution. Cells were

rinsed three times with PBS, stained lipids were visually assessed by

microscopy. For quantitative analysis of OilRed O staining, stained

lipids were extracted with 200ml heptane–isopropanol (3:2)

overnight at 48C, and absorbance measured at 540 nm.

EFFECT OF GHRELIN-RELATED PEPTIDES ON LIPOLYSIS IN 3T3

ADIPOCYTES

3T3 adipocytes (standard differentiation) were preincubated in

serum-free media for 2 h, then treated with ghrelin-related peptides

in serum-free DMEM/F12. Media was collected after 3 and 24 h and

frozen at �808C. Non-esterified fatty acid (NEFA) and glycerol

concentrations were measured using colorimetric enzyme assays

(Wako, Osaka, Japan, and Roche Diagnostics, Indianapolis, IN,

respectively).

EFFECT OF GHRELIN-RELATED PEPTIDES ON FATTY ACID

TRANSPORT AND INCORPORATION IN 3T3-L1 ADIPOCYTES

3T3 adipocytes (standard differentiation) were preincubated for 2 h

in serum free DMEM/F12, then treated with the indicated

concentrations of ghrelin-related peptides for 1 h (200ml, in

serum-free DMEM/F12), followed by fatty acid uptake measure-

ment. For experiments with the inhibitors growth hormone

secretagogue receptor antagonist (D-lys3)-GHRP-6, caveolae dis-

ruptor Beta-cyclodextrin, phospholipase C inhibitor U73122 and PI3

kinase inhibitor wortmannin, inhibitors at the indicated concentra-

tions were added 30min prior to the addition of ghrelin-related

peptides.

Fatty acid uptake and incorporation using QBTTM fluorescent

fatty acid uptake assay kit (Molecular Devices, Sunnyvale, CA) was

performed according to the manufacturer’s instructions. As

previously described [Cui et al., 2009], BODIPY reagent (200ml,

diluted in 0.2% BSA in Hanks Balanced salt solution) was added

directly to cells containing incubation media and BODIPY-fatty acid

(FA) uptake was measured in real-time every 20 s over 120min in a

bottom-reading fluorescent microplate reader (Synergy HT, Biotek).

Following measurement of BODIPY-FA uptake, solutions were

removed, cells washed twice gently with ice-cold PBS, and neutral

lipids extracted with 200ml of heptane–isopropanol (3:2) overnight

at 48C, and rinsed with an additional 500ml of the same solvent mix.

Lipid extracts were evaporated to dryness in a centrifuge-evaporator

(Canberra-Packard Canada) and redissolved in 50ml heptane–

isopropanol (3:2). TG mass was measured using enzymatic

colorimetric assay (Roche Diagnostics). Incremental-area-under-

the curve of FA incorporation into adipocytes was calculated by

trapezoidal method (Prism, Graphpad Software, San Diego, CA) and

normalized to cell TG mass.

EFFECT OF GHRELIN-RELATED PEPTIDES ON GLUCOSE TRANSPORT

IN 3T3-L1 ADIPOCYTES

3T3 adipocytes (standard differentiation) were preincubated for 2 h

in serum free DMEM/F12, then treated with the indicated

concentrations of ghrelin-related peptides for 1 h (200ml, in

serum-free DMEM/F12), followed by glucose transport measure-

ment. Glucose transport assays were performed as previously

described [Wen et al., 2008]. Following stimulation, cells were rinsed

with warm (378C) PBS, and glucose free DMEM media was added.
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Cells were incubated with 3H-2-deoxy-glucose (50mmol/L, final

specific activity 60–190 dpm/pmol) in serum-free glucose-free

media at 378C for exactly 10min. In all experiments, zero-time

controls were performed to subtract background 3H-2-deoxyglu-

cose. Following incubation, uptake was stopped with rapid washing

of the cells with cold PBS, and cells were dissolved in 0.1 N NaOH.

Aliquots were taken for scintillation counting. Cell protein was

measured by Bradford assay (BioRad, Mississauga, ON). Glucose

transport was measured as pmol 3H-2-deoxy-glucose uptake per mg

soluble cell protein, and expressed relative to the basal untreated

cells set as 100%.

MICROARRAY ANALYSIS

Subcutaneous and omental adipose tissues were collected at time of

operation from 16 men and women, non-obese and obese, as

described in detail elsewhere [MacLaren et al., 2008]. Average age

was 45.6� 11.5 (5 men, 11 women), average body mass index as

45.5� 17.2 (range 20–80). Omental tissue was not available from

two women. Plasma lipid, glucose, and insulin values as well as

detailed methodology for microarray analysis are reported else-

where [MacLaren et al., 2008]. Ethics approval for this project was

obtained from the McGill University Health Centre (Royal Victoria

Hospital) ethics review committee (Montreal, QC) and subjects

signed an informed consent form prior to participation.

STATISTICAL ANALYSIS

For all assays, each experiment was assayed in triplicate and

repeated at least three times. Results are presented as an average of

all data. Groups were compared by t-tests (for comparisons between

two groups) or one-way ANOVA followed by Dunnett’s post-hoc test

for several groups using Prism software (Graphpad Software) for

graphs and statistical analysis. Statistical significance was set as

P< 0.05.

RESULTS

The effects of ghrelin-related peptides on proliferation, metabolic

activity and differentiation were evaluated in 3T3-L1 preadipocytes.

Four different peptides were evaluated: acyl-ghrelin (AG), desacyl-

ghrelin (DAG) as well as growth-hormone-releasing peptide-6

(GHRP6) and obestatin (also derived from the same gene). Based on

the plasma concentrations of obestatin, acyl ghrelin and desacyl

ghrelin [Kojima and Kangawa 2005; Nakahara et al., 2008; Yano

et al., 2009], physiologically relevant concentrations were used

experimentally.

EFFECT OF GHRELIN-RELATED PEPTIDES ON CELL METABOLIC

ACTIVITY AND CELL PROLIFERATION

Evaluation of metabolic activity, based on mitochondrial response,

demonstrated that none of the ghrelin-related products affected

mitochondrial activity (Fig. 1A), although the positive control

insulin, at 50 nM, significantly increased mitochondrial activity.

Additionally, co-treatment with both insulin and each peptide did

not affect metabolic activity (data not shown).

As presented in Figure 1B, the effect of a treatment with DAG on

cell proliferation measured by the incorporation of 3H-thymidine

over a 15 h period (199% and 254%, P< 0.05–0.01) was shown to be

greater than that of the positive control, IGF-1 at 50 nM (149%,

P< 0.05). The higher dose of AG (10 pM) and GHRP6 were also able

to stimulate cell proliferation (up to 186%; P< 0.05), however this

effect could not be detected for obestatin.

Fig. 1. Effect of ghrelin-related products on 3T3-L1 preadipocyte metabolic

activity, proliferation and differentiation. A,B: Preadipocytes were preincu-

bated with serum free media for 2 h, then treated with acylated-ghrelin (AG),

GHRP-6, desacyl-ghrelin (DAG) or obestatin at the indicated concentrations

for 24 h, followed by (A) incubation with MTS reagent for 3 h followed by

measurement of absorbance (490 nm) or (B) incubation with 3H-thymidine for

15 h followed by cell solubilization and scintillation counting. C: Preadipocytes

were differentiated with standard differentiation mixture (CTL MIX), or

supplemented with additional insulin (50 nM), or AG, GHRP-6, DAG or

obestatin at the indicated concentrations for 9 days. Differentiation was

measured based on OilRedO staining of lipids, and quantitation by absorbance

(540 nm). Values were normalized to cell protein and expressed as mean� SEM

versus control (CTL, set as 100%), where n¼ 3–4 independent experiments

with individual triplicate cells in each experiment) where �P< 0.05, ��P< 0.01,
���P< 0.001 versus CTL.
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EFFECT OF GHRELIN-RELATED PEPTIDES ON ADIPOCYTE

DIFFERENTIATION

As indicated in Figure 1C, the differentiation of 3T3-L1 was

enhanced either by adding peptides of the ghrelin family or

increasing insulin in the standard differentiating cocktail over a 9-

day period. There was a significant increase in lipid accumulation

(247%; P< 0.01) at insulin concentrations considered above

standard (50 nM) for differentiation stimulation. Only the lower

concentration of AG significantly increased lipid accumulation

(287%, P< 0.01). Both 1 and 10 pM GHRP-6 led to increased

lipid accumulation (232� 45%, P< 0.05 and 307� 45%, P< 0.01,

respectively, Fig. 1C). Similarly, DAG induced a significant increase

of lipid accumulation compared to MIX control (221� 21%,

P< 0.05 and 314� 55, P< 0.01, respectively). Obestatin, at both

concentrations, significantly increased lipid accumulation by

217� 31% and 209� 45%, respectively, P< 0.05. Overall, the

effects on preadipocyte proliferation and differentiation-induced

lipid accumulation are similar across the ghrelin-related peptides

(within physiological concentrations).

EFFECT OF GHRELIN-RELATED PEPTIDES ON INTRACELLULAR TG

LIPOLYSIS IN DIFFERENTIATED 3T3-L1 ADIPOCYTES

Lipolysis of intracellular TG stimulates the extracellular release of

glycerol and NEFA. The effects of peptides of the ghrelin family were

tested over a period of 3 and 24 h treatment. As depicted in

Figure 2A, following 3 h incubation, both DAG and obestatin

significantly decreased glycerol release from �40% to �60%

(P< 0.05–0.001). While AG had no effect on glycerol release,

GHRP-6 at the higher concentration tested significantly decreased

glycerol release by �50% (P< 0.05). As expected, the treatment

with the positive control isoproterenol (a b-adrenergic agonist)

significantly increased glycerol release (P< 0.05). Results on NEFA

release (Fig. 2B) were similar to those of glycerol, DAG and obestatin

both significantly decreased NEFA release (�40%), comparable to

the decrease in glycerol. While insulin significantly inhibited NEFA

release (positive control), AG and GHRP-6 had no significant effect.

Similar results were obtained after 24 h incubation (data not shown).

EFFECT OF GHRELIN PEPTIDE FAMILY ON LIPID AND GLUCOSE

UPTAKE IN DIFFERENTIATED 3T3-L1 ADIPOCYTES

The effects of ghrelin-related peptides on lipid storage activities

(fatty acid uptake and glucose transport) were also evaluated.

Following acute short term (1 h) stimulation, as shown in

Figure 3A, both DAG and obestatin increased fatty acid uptake

(Fig. 3A) up to 506% and 383%, respectively (P< 0.001). AG at the

lower concentration significantly increased fatty acid uptake (265%,

P< 0.001), while GHRP6 had an effect only at the higher

concentration tested (198%, P< 0.05). Insulin, a known positive

stimulator, significantly increased real-time fatty acid uptake by

twofold (P< 0.01) relative to treatment with PBS (vehicle) only

(CTL). Of note, the DAG and obestatin effects were significantly

greater than the insulin effects when compared directly (DAG vs.

insulin 2.5-fold P< 0.001, obestatin vs. insulin 2.3-fold P< 0.05).

More detailed evaluation of DAG demonstrated a concentration

dependent saturating effect (Fig. 3B), while evaluation of AG,

indicated a concentration dependent decrease at higher concentra-

tions (data not shown). Evaluation of fatty acid transport after 24 h

stimulation by insulin or ghrelin-related peptides demonstrated

similar stimulatory effects (data not shown).

By contrast with fatty acid uptake, preincubation of 3T3

adipocytes with ghrelin-related peptides did not alter glucose

transport (Table I), although, as expected, insulin treatment did

significantly increase glucose transport (P< 0.01).

INVOLVEMENT OF GROWTH HORMONE SECRETAGOGUE RECEPTOR

(GHSR1) AND DOWNSTREAM SIGNALING COMPONENTS ON DAG

STIMULATION OF ADIPOCYTES

The potential involvement of the growth hormone secretagogue

receptor (GHSR1) in the DAG response was evaluated using specific

inhibitors of GHSR1 and of the downstream signaling components.

For this purpose, [D-lys3]-GHRP-6, shown to be a GHSR1 antagonist

[Sun et al., 2010] was used. As shown in Figure 4A, 30mM [D-lys3]-

GHRP-6 alone had no effect on basal FA uptake. However, presence

of [D-lys3]-GHRP-6 completely blocked the maximal stimulation by

both concentrations of DAG (P< 0.001 þinhibitor vs. no inhibitor).

Fig. 2. Effect of ghrelin-related products on 3T3-L1 adipocyte lipolysis. 3T3-

L1 adipocytes were differentiated with standard differentiation media. Adi-

pocytes were preincubated in serum free media for 2 h, then treated with

acylated-ghrelin (AG), GHRP-6, desacyl-ghrelin (DAG) or obestatin at the

indicated concentrations for 3 h (A,B) or 24 h (C). Cell culture media were

collected, glycerol and non-esterified fatty acid (NEFA) levels were determined

and expressed relative to cell TG mass. Values are mean� SEM normalized to

control (CTL¼ 100%) where n¼ 3–4 independent experiments with individual

triplicate cells in each experiment) where �P< 0.05, ��P< 0.01, ���P< 0.001

versus CTL.
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Phospholipase C and PI3 kinase have all been implicated in the

signaling pathway for GHSR1, while fatty acid uptake is partially

dependent on maintenance of lipid rafts. 3T3-L1 adipocyte

pretreatment with quaternary beta-cylodextrin (50mM) a lipid raft

disruptor, did not affect basal FA uptake when compared to control.

However, 10�11 and 10�10M DAG stimulated-FA uptake was

significantly inhibited (P< 0.001, Fig. 4B). Incubation of unstimu-

lated 3T3-L1 adipocytes with 40mM U73122, a phospholipase C

inhibitor, had no effect on basal FA uptake, however U73122

completely blocked DAG stimulation at both 10�11 and 10�10M

concentrations (P< 0.001, Fig. 4C). Similarly, wortmannin, an

inhibitor of the PI3kinase catalytic site, had no effect on basal FA

uptake (100 nM wortmannin, Fig. 4D), although it significantly

reduced the DAG mediated stimulation of FA uptake at both DAG

concentrations (P< 0.001).

MICROARRAY EXPRESSION OF GHSR IN HUMAN OMENTAL AND

SUBCUTANEOUS ADIPOSE TISSUE

Expression of GHSR1 in human omental and subcutaneous adipose

tissue was evaluated across a weight range extending from normal

body weight to severely obese, based on body mass index (BMI).

Subjects included both men (n¼ 5) and women (n¼ 11), with an

average age of 45.6� 11.5 years, however omental tissue was not

available in two women. As shown in Figure 5, GHSR1 expression in

omental adipose tissue correlated with BMI (Fig. 5A, r¼ 0.549,

P¼ 0.04) as well as plasma insulin (Fig. 5B, r¼ 0.681, P¼ 0.007).

However, there was no significant correlation of GHSR1 expression

in subcutaneous adipose tissue with any physiological or plasma

parameter. Further, GHSR1 expression (subcutaneous and omental

tissue combined) also correlated with a number of genes involved in

fatty acid metabolism although there was little correlation with

glucose related genes (Table II).

DISCUSSION

There are strong indications suggesting that specific GI hormones

influence important metabolic parameters. Although it may be of

major relevance, their effects on the functions of specific tissues

have not been thoroughly investigated. AG, DAG and obestatin, all

derived from the preproghrelin transcript, have been reported to be

involved in the neuroendocrine regulation of food intake and energy

homeostasis, but there is little evidence of their effect on adipocyte

functions. Therefore, the present study was designed to investigate

effect of peptides of the ghrelin family on adipocyte functions such

as proliferation, differentiation, fatty acid uptake and triglyceride

synthesis. The salient results presented here are (i) in preadipocytes,

DAG, AG and GHRP6 significantly increased proliferation and

differentiation; (ii) in adipocytes, both DAG and obestatin had

pronounced effects on stimulation of FA uptake and inhibition of

NEFA and glycerol release, (iii) the effect of DAG on fatty acid

uptake was blocked using GHSR1 antagonist D-(lys3)-GHRP6, lipid

raft disruptor beta-cyclodextrin, U73122 (PLC inhibitor) and

wortmannin (PI3kinase inhibitor), suggesting a GHSR1-mediated

pathway, and (iv) expression of GHSR1 in omental adipose tissue

was observed to be increased in obesity. The results presented here

suggest that they may also play a very direct role in obesity

development and the consequences thereof.

Previous studies have demonstrated that AG stimulates prolif-

eration of a number of cell types, such as pituitary and fetal spinal

TABLE I. Effect of Insulin, Acyl-Ghrelin, GHRP6, Desacyl-Ghrelin

and Obestatin on Glucose Transport in 3T3-L1

Addition Concentration Mean� SEM
ANOVA,
P< 0.0001

CTL 21.4� 3.1 P value vs. CTL
Insulin 5� 10�8 34.1� 2 P< 0.01
Acyl-ghrelin 1� 10�12 24.7� 1.9 NS

1� 10�11 22.2� 1.9 NS
GHRP-6 1� 10�12 16.1� 1.4 NS

1� 10�11 24.6� 1.8 NS
Desacyl-ghrelin 1� 10�11 19.1� 3.4 NS

1� 10�10 26.1� 2.2 NS
Obestatin 1� 10�10 13.2� 1.4 NS

1� 10�9 18� 3.3 NS

Adipocytes. 3T3-L1 adipocytes were differentiated with standard differentiation
media. Adipocytes were preincubated in serum free media for 2 h, then treated
with acyl-ghrelin, GHRP-6, desacyl-ghrelin or obestatin at the indicated con-
centrations for 1 h followed by assessment of glucose transport. Results are
calculated as pmol 3H-2-deoxy-glucose uptake/mg cell protein as mean� SEM
of multiple replicates in four independent experiments (n¼ 12).

Fig. 3. Effect of ghrelin-related products on 3T3-L1 adipocyte fatty acid

uptake and incorporation into lipids. 3T3-L1 adipocytes were differentiated

with standard differentiation media. Adipocytes were preincubated in serum

free media for 2 h, then treated with (A) acylated-ghrelin (AG), GHRP-6,

desacyl-ghrelin (DAG) or obestatin at the indicated concentrations for 1 h, or

(B) increasing concentrations of DAG from 10�13 to 10�7M, followed by

assessment of fatty acid (FA) uptake in 3T3-L1 adipocytes in real-time over 2 h

using QBT fluorescent fatty acid (Fl-FA) assay. Results are calculated as

incremental area-under-the-curve (AUC) of FA uptake per nmol cell trigly-

ceride content as mean� SEM (B) or expressed versus control (A: CTL¼ 1),

where n¼ 3 independent experiments with individual triplicate cells in each

experiment) where �P< 0.05, ��P< 0.01, ���P< 0.001 versus CTL. For DAG

concentration curve (B), EC50¼ 5.72� 10�12M.
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cord cells [Sato et al., 2006], including 3T3-L1 preadipocytes [Kim

et al., 2004; Zwirska-Korczala et al., 2007; Liu et al., 2009]. Further

AG has also been shown to stimulate differentiation of adipocytes

[Choi et al., 2003; Rodrı́guez et al., 2009] including 3T3-L1

adipocytes [Kim et al., 2004; Zhang et al., 2004; Liu et al., 2009]. The

present results confirm this, at least at physiological AG

concentrations. With respect to DAG, in a number of situations,

the effects paralleled those of AG: stimulation of fetal spinal cord

proliferation, inhibition of DU-145 cell proliferation, biphasic effect

in PC-3 cells, differentiation of C2C12 skeletal myoblasts [Cassoni

et al., 2004; Sato et al., 2006].

By contrast, published results with DAG in preadipocytes are far

from consistent. No studies have tested the effects of DAG on

proliferation of preadipocytes. With adipocyte differentiation

studies, there was either no DAG tested [Kim et al., 2004; Liu

et al., 2009], or DAG results were negative [Zhang et al., 2004],

although two studies have suggested a positive effect on

differentiation [Giovambattista et al., 2008; Rodrı́guez et al.,

2009]. In the present study, in parallel comparisons with AG and

GHRP6, we demonstrate clearly that DAG, at several concentrations,

does stimulate proliferation of preadipocytes as well as differentia-

tion of 3T3-L1 adipocytes in a manner comparable to both AG and

GHRP6, and this effect is therefore consistent with activation

mediated via GHSR1a.

In adipocytes, published AG and DAG functional data vary. There

are evidences suggesting that AG and DAG have some similar

biological effects and others that are opposite. For example, while a

study by Muccioli et al. [2004] demonstrated that AG and DAG

decrease lipolysis, by contrast, a study by Kos et al. [2009]

demonstrated that while DAG decreased lipolysis, AG did not.

Similarly, while AG alone had no effect on glucose transport,

addition of AG with insulin enhanced the insulin effect, while

DAG had no effect in any situation [Patel et al., 2006]. In one study,

AG and DAG both stimulated leptin secretion, however, only the AG

effect was blocked with GHSR1 antagonist [Giovambattista et al.,

2008]. By contrast, DAG has also been shown to inhibit leptin

Fig. 4. Effect of GHSR1 antagonists and inhibitors on desacyl-ghrelin-induced fatty acid uptake stimulation in 3T3-L1 adipocytes. 3T3-L1 adipocytes were differentiated

with standard differentiation media. Adipocytes were preincubated in serum free media for 2 h, with addition of GHSR1 antagonist, 30mM (D-lys3)-GHRP6 (A), caveolae

inhibitor Beta-cyclodextrin (B), phospholipase C inhibitor, 40mM U73122 (C) or phosphatidylinositol 3-kinase inhibitor, 100 nM Wortmannin (D) for the last 30min before

adding desacyl-ghrelin (DAG) at the indicated concentrations for 1 h stimulation. Fatty acid (FA) uptake in 3T3-L1 adipocytes was assessed in real-time over 2 h using QBT

fluorescent fatty acid (Fl-FA) assay. All inhibitors were present throughout the experiment. Results are calculated as incremental area-under-the-curve (AUC) of FA uptake per

nmol cell triglyceride content as mean� SEM, and normalized to % maximal DAG stimulation where n¼ 3 independent experiments with individual triplicate cells in each

experiment) where �P< 0.05, ��P< 0.01, ���P< 0.001 versus CTL.
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secretion [Kos et al., 2009]. Finally, while in vivo infusion of AG

increased retroperitoneal adipose tissue, DAG had no effect [Davies

et al., 2009]. It was suggested that this effect was mediated through

GHSR1, as floxed null mice were unresponsive. In several other in

vitro and in vivo studies, these peptides displayed opposite

functional effects [Gauna et al., 2005]. While it is difficult to

explain these discrepancies, the small number of studies, each one

evaluating a different functional parameter, and the differences in

hormone concentrations tested, may all have an impact.

In the present study, evaluation of the effect of peptides related to

the ghrelin family demonstrated that in 3T3-L1 adipocytes, DAG,

increased fatty acid uptake and triglyceride storage, while

decreasing lipolysis as evidenced by the reduction in extracellular

NEFA and glycerol release. To our knowledge, this is the first study

to directly evaluate the effects on triglyceride metabolism.

Overall, the effects of DAG on preadipocyte proliferation and

differentiation, and on adipocyte lipid storage are all consistent

with a pro-lipogenic adipogenic effect. By contrast, in adipocytes,

Fig. 5. Expression of GHSR1 in subcutaneous and omental human adipose

tissue. Expression of GHSR1 in human omental and subcutaneous adipose

tissue was evaluated by microarray analysis in 16 subjects from normal body

weight to severely obese, based on body mass index (BMI:45.5� 17.2 kg/m2).

Subjects included 5 men and 11 women, average age 45.6� 11.5 years

(omental samples were unavailable in 2 women). GHSR1 expression in omental

adipose tissue correlated with BMI (A) and plasma insulin (B). There was no

significant correlation in subcutaneous adipose tissue with any physiological or

plasma parameter.

TABLE II. Correlation of GHSR With Microarray Expression of

Housekeeping, Lipid Metabolism, and Glucose Metabolism Genes in

Adipose (Omental and Subcutaneous) Tissue

Gene ACCN# r P

Housekeeping genes
Beta-actin M10277 0.358 NS
TFRC NM_003234 0.167 NS

Lipid metabolism genes
AGPAT1 NM_006411 �0.257 NS
CES1 NM_001266 �0.377 0.048
DGAT1 NM_012079 �0.575 0.001
DGAT2 NM_032564 �0.439 0.019
ELOVL1 NM_022821 �0.651 0
ELOVL2 NM_017770 0.663 0
ELOVL4 NM_022726 0.433 0.021
FABP1 NM_001443 0.053 NS
FABP2 NM_000134 0.563 0.002
FABP3 NM_004102 �0.635 0
FABP3 U17081 0.014 NS
FABP4 NM_001442 0.509 0.006
FABP5 NM_001444 0.025 NS
FABP6 NM_001445 0.504 0.006
FABP7 NM_001446 0.535 0.003
FACL2 NM_021122 �0.681 0
FACL3 NM_004457 �0.788 0
FACL4 NM_022977 �0.839 0
FACL5 NM_016234 �0.682 0
FADS2 NM_004265 0.865 0
FADS3 NM_021727 0.492 0.008
FASN NM_004104 �0.41 0.03
LIPC NM_000236 0.358 0.05
LIPE NM_005357 �0.541 0.003
LPAP NM_016361 �0.086 NS
LPL NM_000237 0.215 NS
PDHB NM_000925 �0.158 NS
PLIN NM_002666 �0.273 NS
PNLIP 1255094 0.593 0.001
PPAP2A NM_003711 �0.779 0
SCD AB032261 �0.638 0
SLC27A4 NM_005094 0.481 0.01
TGL NM_022034 0.556 0.002
ADFP NM_001122 �0.639 0
ADIP-N NM_025225 0.966 0

Glucose metabolism genes
ME1 NM_002395 �0.183 NS
ME2 NM_002396 �0.218 NS
ME3 NM_006680 �0.287 NS
GLUT1 NM_006516 0.277 NS
GLUT2 NM_000340 �0.01 NS
GLUT3 NM_006931 0.223 NS
GLUT4 NM_001042 0.79 0
HK1 NM_000188 �0.779 0
HK2 NM_000189 0.638 0

Insulin signaling genes
IP4 AF368319 �0.488 0.008
IRS1 NM_005544 0.538 0.003
P101-PI3K NM_014308 �0.344 0.05
PI3KP85� M61906 �0.387 0.042
PIK3C2G NM_004570 0.562 0.002
PIK3CA NM_006218 �0.707 0
PIK3CB NM_006219 �0.481 0.01
PIK3CG NM_002649 0.638 0
PIK3R2 NM_005027 �0.651 0
PIK3R3 NM_003629 0.628 0
PTPN1 NM_002827 0.555 0.002

Adipocyte differentiation related genes
CEBPA NM_004364 �0.642 0
CEBPB� NM_005194 �0.585 0.001
CEBPD NM_005195 �0.007 NS
CEBPE NM_001805 0.66 0
CEBPG NM_001806 0.587 0.001
PPARA NM_005036 �0.013 NS
PPARD NM_006238 0.7 0
PPARG NM_005037 �0.628 0
PPARGC1 NM_013261 0.594 0.001
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the effects of AG are clearly different (little effect on fatty acid

uptake).

The question of whether DAG binds GHSR1, and whether GHSR1

is expressed in adipose tissue are two issues that have received

substantial scrutiny. In the present study we therefore investigated

the expression of the GHSR1 in adipose tissue. As expected, GHSR1

expression was detected both in subcutaneous and omental human

adipose tissue. Furthermore the expression of the GHSR1 in omental

tissue positively correlates with BMI as well as insulin levels, and a

number of expressed genes. Meanwhile a recent review by Muccioli

et al. [2007] has proposed that there may be up to four different

receptors for ghrelin-related peptides, including GHSR1a, GHSR1b,

and two additional putative GHS receptors (currently uncloned)

based on published ligand-binding groupings, cell signaling, and

functional in vitro and in vivo responses. It is still debated as to

whether DAG binds GHSR1. However, a recent detailed study of AG

and DAG ligand-binding, using HEK cells transfected with GHSR1a

Gauna et al. [2007], clearly demonstrated that (i) DAG binds GHSR1a

and displaces AG binding; (ii) DAG binding was blocked with

specific antagonists BIM28163 and [D-lys3]GHRP6; and (iii) DAG

was active. Several groups have failed to detect GHSR1a in adipose

tissue, while others have reported its presence, binding properties

and increased expression during adipocyte differentiation. The

presence of GHSR1b in adipose tissue has also been demonstrated

[Gnanapavan et al., 2002]. Further, it has been suggested that

GHSR1a may signal through Ca2þ, while GHSR1b signals through

phospholipase C [Giovambattista et al., 2008]. The present results are

consistent with DAG stimulation mediated through GHSR1, as the

specific antagonist [D-lys3]GHRP6 blocked DAG induced stimula-

tion. Further, inhibition of phospholipase C and PI3Kinase pathways

and disruption of lipid rafts also blocked DAG-mediated effect,

again consistent with a GHSR1 pathway.

The role of obestatin and its interaction with its putative receptor

GPR39, remain controversial [Gourcerol et al., 2007]. Following the

claim that GPR39 was a receptor for obestatin, numerous groups

were unable to replicate this data [reviewed in Epelbaum et al.,

2010]. However it has been recently suggested that inconsistencies

in the binding of 125I-obestatin to GPR39 may be due to variations

in the bioactivity of iodinated obestatin [Zhang et al., 2008].

Regardless, obestatin binds in a specific and saturable manner to

cells [Epelbaum et al., 2010]. However, as with demonstration of the

nature of its receptors, the physiological effects of obestatin appear

difficult to reproduce. The present results demonstrate that obestatin

does not display a proliferative effect in preadipocytes, in contrast to

the published proliferative effects in ovarian, retinal pigment

epithelial cells, beta-cells and human islets [Tang et al., 2008].

However, we demonstrate clearly that the effects of obestatin

generally paralleled those of DAG, stimulating preadipocyte

differentiation, adipocyte fatty acid uptake and inhibiting lipolysis.

CONCLUSIONS

In this study, we show for the first time that DAG and obestatin

stimulated preadipocyte proliferation, adipocyte differentiation,

fatty acid uptake and inhibited lipoysis in 3T3-L1 adipocytes. These

results highlight the fact that these gastrointestinal peptides

variously affect cell metabolism. This study also supports that

DAG may be acting through the GHRS1 pathway in adipocytes.

Together, these results suggest that DAG and obestatin could

stimulate adipose tissue hyperplasia and hypertrophy by various

mechanisms. This study provides evidence that ghrelin-related

peptides might simultaneously interact to maintain and exacerbate

an obese phenotype.
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