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Obestatin stimulates differentiation and regulates
lipolysis and leptin secretion in rat preadipocytes
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Abstract. Obestatin is a 23-amino acid peptide encoded by
the ghrelin gene, which regulates food intake, body weight
and insulin sensitivity. Obestatin influences glucose and lipid
metabolism in mature adipocytes in rodents. However, the role
of this peptide in rat preadipocytes remains to be fully under-
stood. The current study characterized the effects of obestatin
on lipid accumulation, preadipocyte differentiation, lipolysis
and leptin secretion in rat primary preadipocytes. Obestatin
enhanced lipid accumulation in rat preadipocytes and increased
the expression of surrogate markers of preadipocyte differentia-
tion. At the early stage of differentiation, obestatin suppressed
lipolysis. By contrast, lipolysis was stimulated at the late stage
of adipogenesis. Furthermore, obestatin stimulated the release
of leptin, a key satiety hormone. Overall, the results indicated
that obestatin promotes preadipocyte differentiation. Obestatin
increased leptin release in preadipocytes, while the modulation
of lipolysis appears to depend upon the stage of differentiation.

Introduction

Increased differentiation of fat precursor cells, preadipocytes,
into mature adipocytes leads to fat tissue hypertrophy and
obesity (1). However, impaired differentiation of preadipocytes
in the abdominal adipose tissue positively correlates with insulin
resistance in obese patients (2). Thus, modulation of preadipocyte
differentiation into adipocytes may be an attractive approach in
the therapy of obesity and obesity-associated metabolic disor-
ders. A previous study demonstrated that appetite-regulating
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peptides such as orexin A, neuropeptide B and W, and fibroblast
growth factor-21 modulate the various functions of mature
adipocytes in addition to their precursor cells, preadipo-
cytes (3-6). In addition, previous studies have demonstrated
that the metabolic and endocrine functions of adipose tissue
are influenced by obestatin, an appetite-regulating peptide
hormone (7,8). Obestatin, a 23-amino acid peptide, is the product
of the proteolytic cleavage of preproghrelin (9). Preproghrelin
is predominantly expressed in the stomach (9), with lower
expression observed in other tissues, such as adipocytes (7) and
the pancreas (10). Obestatin was first identified as a hormone
that maintains energy homeostasis by inhibiting food intake,
delaying gastric emptying and facilitating body weight loss (9).
Furthermore, there is growing evidence indicating that obestatin
modulates the lipid and glucose metabolism by acting directly
on adipocytes. Obestatin activates protein kinase B signaling
and stimulates glucose uptake in 3T3-L1 adipocytes (7). In
addition, obestatin was reported to influence the lipid metabo-
lism by stimulating lipid accumulation and inhibiting lipolysis
in 3T3-L1 cells and human adipocytes (8,11). By contrast, a
previous study demonstrated that obestatin suppresses glucose
uptake and lipogenesis, whereas it potentiates adrenalin-induced
lipolysis in rat primary adipocytes (12). Studies investigating the
influence of obestatin on adipogenesis have produced contradic-
tory results. Although it was initially observed that obestatin
inhibits differentiation and proliferation of 3T3-L1 preadipo-
cytes (13), later studies indicated that obestatin promotes the
proliferation and differentiation of 3T3-L1 preadipocytes into
mature adipocytes (7,8,11). However, alternative studies have
demonstrated that obestatin failed to influence the differentia-
tion of 3T3-L1 preadipocytes (14). Thus, the role of obestatin
in controlling preadipocyte differentiation remains to be fully
understood. Therefore, the aim of the current study was to
investigate the role of obestatin in regulating rat primary preadi-
pocyte differentiation, lipid metabolism and leptin secretion.
The present study investigated whether obestatin enhanced
differentiation of rat preadipocytes by measuring lipid accumu-
lation and the expression of adipogenic transcription factors.
Furthermore, the differential effects of obestatin on lipolysis at
the early and late stages of differentiation were investigated.
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Materials and methods

Chemicals. Obestatin was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Gibco Dulbecco's modified Eagle's
medium (DMEM/F12) media for cell culture was obtained
from Thermo Fisher Scientific, Inc., (Waltham, MA, USA).
Unless otherwise stated, all additional reagents were obtained
from Sigma-Aldrich.

Animals. For independent isolations of preadipocytes, eight
rats were used. Male Wistar rats, weighing 80-100 g (age,
5-6 weeks) were maintained on a 12:12 light-dark cycle at 21°C
and fed ad libitum with standard chow. The rats were sacri-
ficed by decapitation according to the approval of the Local
Ethics Commission for Investigations on Animals (National
Ethics Commission for Investigations on Animals, Ministry of
Science and Higher Education, Poznafi, Poland).

Preadipocyte isolation and culture. Stromal-vascular cells
(preadipocytes) were isolated from epididymal adipose fat pads,
as previously described (15) with modifications. Following
the removal of blood vessels, the pooled tissue was washed
three times in sterile Krebs-Ringer buffer [118 mM NaCl,
4.8 mM KCl, 1.3 mM CaCl,, 1.2 mM KH,PO,, 1.2 mM MgSO,,
24.8 mM NaHCO;, 10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid] supplemented with 3% bovine serum
albumin, 5 mM glucose and antibiotics (100 U/ml penicillin and
0.1 mg/ml streptomycin). Tissue was minced using scissors and
digested with collagenase type II at 3 mg/ml for 45 min at 37°C,
with gentle agitation. The cell suspension was filtered through
100 pm nylon mesh to discard the remaining undigested tissue
debris and centrifuged at 450 x g for 10 min at room tempera-
ture (RT). The infranatant containing mature adipocytes was
discarded and Red Blood Cell Lysing buffer (Sigma-Aldrich)
was added to lyse the erythrocytes. Subsequently, cells were
filtered through a 45 pym mesh and centrifuged (450 x g,
10 min at RT). The cell pellet was resuspended in DMEM/F12
containing 10% fetal bovine serum and antibiotics. Following
cell counting with 0.4% trypan blue (cell viability >95%) cells
were seeded in multi-well plates and cultured for 24 h. Cell
culture was performed at 37°C in a humidified atmosphere
of 95% air with 5% CO,. Subsequently, preadipocytes were
differentiated in serum-free DMEM/F12 containing adipogen-
esis-promoting agents (30 nM dexamethasone, 167 nM insulin
and 2 nM triiodothyronine) in the absence or presence of
obestatin (1, 10 or 100 nM). Preadipocytes were differentiated
for 1,2, 4 and 5 days. The media was then collected and stored
at -20°C for determination of leptin and glycerol concentrations.
Simultaneously, cells were harvested and stored at -80°C in
Tripure reagent (Roche Diagnostics, Basel, Switzerland) for
RNA extraction. Separate experiments were performed for oil
red O (ORO) staining.

ORO staining. Preadipocytes were washed with
phosphate-buffered saline (PBS) and fixed with 10% formalde-
hyde in PBS for 5 min. Following this, the formaldehyde solution
was replaced with fresh formaldehyde and fixed for 1 h at RT.
Working ORO solution was prepared prior to each experiment
by mixing 6 parts ORO stock solution (0.7 g/200 ml isopro-
panol) with 4 parts distilled water and incubating for 20 min
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at RT, followed by filtration through a 0.2 ym syringe filter.
Fixed cells were washed with 60% isopropanol, completely
dried and stained with ORO working solution for 10 min at RT.
Subsequently, cells were washed four times with distilled water
and photographed using an LSM 510 inverted microscope and
AxioVision Rel. software, version 4.6 (Carl Zeiss, Oberkochen,
Germany). For quantification, cells were dried and ORO was
eluted by adding 100% isopropanol. Eluates were then trans-
ferred to 96-well plates and the absorbance was measured at a
wavelength of 520 nm using a Synergy 2 Multi-Mode Microplate
Reader (BioTek Instruments, Inc., Winooski, VT, USA).

Reverse transcription-quantitative polymerase chain reac-
tion. Total RNA was extracted using TriPure Isolation Reagent
(Roche Diagnostics) according to the manufacturer's instruc-
tions. First strand cDNA was generated using 0.5 ug total RNA
and a Transcriptor First Strand cDNA Synthesis kit (Roche
Diagnostics). Gene specific primers and probes were designed
using Roche software (http:/qpcr.probefinder.com/organism.
jsp), and are presented in Table I. Multiplex real-time expression
was conducted using Light Cycler TagMan Master kit in a Light
Cycler 2.0 (Roche Diagnostics) using the following thermocy-
cling conditions: cDNA was initially pre-denaturated at 95°C
for 10 min, followed by 40 cycles of denaturation at 95°C for
10 sec, annealing at 58°C for 30 sec and extension at 72°C for
8 sec. Analysis of gene expressions was conducted using Light
Cycler software, version 4.5 (Roche Diagnostics). The results
are based on the relative quantification method with efficiency
correction (standard curve method) (16). Results are presented
as aratio of the detected gene expression to the expression of the
glyceraldehyde 3-phosphate dehydrogenase gene.

Lipolysis assay. Lipolysis was analyzed by the determination
of glycerol release. The glycerol concentration in the medium
was measured using a Free Glycerol Determination kit
(Sigma-Aldrich), according to the manufacturer's instructions.
The absorbance reading was performed at 540 nm using a
Synergy 2 Multi-Mode Microplate Reader.

Leptin secretion assay. The leptin concentration in the culture
media was measured using a Rat Leptin Radio Immuno
Assay kit (Merck Millipore, Darmstad, Germany), according
to the manufacturer's instructions. The assay's sensitivity was
0.639 ng/ml.

Statistical analysis. Analysis of variance followed by the
Bonferroni post hoc test were used to determine statistical
significance. P<0.05 was considered to indicate a statistically
significant difference. Data are presented as the mean + standard
error, and are derived from experiments conducted a minimum
of four times. GraphPad Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA) was used for all statistical analyses.

Results

Obestatin increases triacylglycerol accumulation in rat
adipocytes. The effect of obestatin on rat preadipocytes
differentiation was investigated by measuring the lipid
accumulation and evaluating the morphology of the cells.
Obestatin (1-100 nM) increased intracellular triacylglycerol
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Table I. Primer sequences used for measurement of PPARy, C/EBPa and C/EBPf expression using reverse transcription-quantitative

polymerase chain reaction.

Gene Primer sequence Product size (nt)
PPARY Forward 5'-CAGGAAAGACAACAGACAAATCA-3'

(NM_013124.3) Reverse 5'-GGGGGTGATATGTTTGAACTTG-3' 95
C/EBPa Forward 5'-ATAAAGCCAAACAGCGCAAC-3'

(NM_012524.2) Reverse 5'-CGGTCATTGTCACTGGTCAA-3' 67
C/EBPp Forward 5'-CTTCAGCCCCTACCTGGAG-3'

(NM_024125.4) Reverse 5'-GAGGTCGGAAAGGAAGTCGT-3' 88
GAPDH Forward 5'-CTGCACCACCAACTGCTTAG-3'

(ENSRNOTO00000025351) Reverse 5'-TGATGGCATGGACTGTGG-3' 92

PPARY, peroxisome proliferator-activated receptor y; C/EBP, CCA AT-enhancer-binding protein; nt, nucleotides.

Table II. Effects of obestatin on PPARy, C/EBPa and C/EBP3 mRNA expression in rat preadipocytes.

Gene
Day Obestatin (nM) PPARY C/EBPa C/EBPp
1 0 1.000+£0.010 1.000+0.028 1.000+0.039
1 0.952+0.011 1.250+0.020° 1.133+0.034¢
10 0.932+0.010 1.048+0.041 1.108+0.019*
100 0.969+0.012 1.139+0.046 1.075+0.013
2 0 1.000+0.002 1.000+0.015 1.000+0.011
1 0.967+0.010 1.307+0.068* 1.013+0.026
10 1.018+0.005 1.571+0.096° 1.041+0.018
100 1.046+0.010° 1.250+0.016 0.988+0.018
4 0 1.000+0.013 1.000+£0.032 1.000+0.033
1 1.245+0.017° 1.144+0.038* 1.128+0.043
10 1.123+0.016° 1.045+0.020 1.078+0.039
100 1.069+0.012° 1.173+£0.039* 1.104+0.026
5 0 1.000+0.008 1.000+0.118 1.000+0.043
1 0.992+0.012 1.646+0.066 1.140+£0.011
10 1.168+0.018° 2.215+0.409¢ 1.083+0.046
100 1.116£0.014° 2.748+0.168° 1.067+0.026

Cells were differentiated with or without obestatin (1-100 nM). PPARYy, C/EBPa and C/EBPf expression was evaluated 1,2, 4 and 5 days fol-
lowing the onset of differentiation. Data are presented as the mean =+ standard error, derived from a minimum of 4 replicates. *P<0.05, "P<0.01

vs. untreated cells. PPARY, peroxisome proliferator-activated receptor y; C/EBP, CCAAT-enhancer-binding protein.

content at 24 h following the initiation of differentiation
(Fig. 1A). Increased intracellular triacylglycerol content was
additionally observed in cells exposed to 10 and 100 nM
obestatin for 48 h (Fig. 1B). The obestatin-mediated increase
in lipid content was accompanied by the presence of larger
lipid droplets (Fig. 1E). Obestatin failed to significantly affect
lipid content and preadipocyte morphology at 4 and 5 days
following the onset of differentiation (Fig. 1C-E). These
results indicate that obestatin enhances triacylglycerol
accumulation in rat preadipocytes at an earlier stage of
differentiation.

Obestatin stimulates peroxisome proliferator-activated
receptor y (PPARy), CCAAT-enhancer-binding protein o
(CIEBPa) and CIEBPp expression in rat preadipocytes. The
effects of obestatin on the expression of PPARy, C/EBPa and
C/EBPf were investigated (Table II). Obestatin at 100 nM
significantly increased PPARY expression at 2 days following
the onset of differentiation. Furthermore, obestatin at all tested
concentrations increased PPARY expression at 4 days following
the induction of differentiation. The increase in PPARYy expres-
sion was additionally observed in preadipocytes differentiated
in the presence of 10 or 100 nM obestatin for 5 days. By
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Figure 1. Effects of obestatin (1-100 nM) on triacylglycerol accumulation during differentiation of rat preadipocytes. Quantification of intracellular triacylglyc-
erol content in cells incubated with or without obestatin for (A) 1, (B) 2, (C) 4 and (D) 5 days. (E) Representative images (oil red O staining) of rat preadipocytes
differentiated with or without obestatin for 1, 2,4 and 5 days. Images were acquired at a magnification of x400. Data are presented as the mean + standard error,
derived from a minimum of 4 replicates. "P<0.05, “P<0.01 vs. untreated cells. OD, optical density.

contrast, no increase was observed at 24 h following the onset of
differentiation. Obestatin (I nM) increased C/EBPa expression
at 24 h of differentiation. At 2 days of differentiation, obestatin
(at 1 and 10 nM) enhanced C/EBPa. expression. In addition, the
increase in C/EBPa expression was observed in preadipocytes
exposed to 1 and 100 nM obestatin for 4 days and in cells treated
with 10 and 100 nM obestatin for 5 days. C/EBPp mRNA
expression was upregulated by 1 and 10 nM obestatin following
24 h of incubation. Thus, obestatin increases adipogenic gene
expression in a dose- and time-dependent manner.

Obestatin regulates lipolysis in rat preadipocytes. Glycerol
release was analyzed in preadipocytes differentiated in the
absence or presence of obestatin for 2, 4 or 5 days. At 100 nM,
obestatin reduced glycerol release from preadipocytes at 2 days

following the onset of differentiation (Fig. 2A). Obestatin failed
to influence glycerol release following 4 days of differentiation
(Fig. 2B). By contrast, glycerol secretion increased in preadipo-
cytes exposed to 10 and 100 nM obestatin for 5 days (Fig. 2C).
These results suggest that obestatin suppresses lipolysis during
the first stages of differentiation, whereas it stimulates lipolysis
in well-differentiated preadipocytes.

Obestatin stimulates leptin secretion from rat preadipocytes.
The effect of obestatin on leptin secretion from rat preadipocytes
was investigated during the different stages of the differentiation
process. At 10 or 100 nM, obestatin increased leptin secretion
from preadipocytes at 24 h following the initiation of differ-
entiation (Fig. 3A). In addition, at 1, 10 and 100 nM, obestatin
increased leptin secretion from rat preadipocytes following
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Figure 2. Effects of obestatin (1-100 nM) on glycerol release from rat pre-
adipocytes. Preadipocytes were differentiated with or without obestatin
(1-100 nM) for (A) 2, (B) 4 and (C) 5 days, followed by measurement of
glycerol in the medium. Data are presented as the mean =+ standard error,
derived from a minimum of 4 replicates. "P<0.05, “P<0.01 vs. untreated cells.

4 days of differentiation (Fig. 3C). Obestatin at all tested doses
failed to significantly modulate leptin secretion from preadipo-
cytes differentiated for 2 (Fig. 3B) and 5 days (Fig. 3D). These
results indicate that obestatin is able to enhance leptin secretion
from rat preadipocytes.

Discussion

A previous study reported that obestatin inhibits lipogenesis
and glucose uptake in differentiated rat adipocytes (12). The
current study extends these observations by demonstrating that
obestatin increases lipid accumulation, enhances preadipocyte
differentiation and modulates lipolysis and leptin secretion in
rat primary preadipocytes. Furthermore, the results demonstrate
that obestatin increases leptin secretion in rat preadipocytes.
Differentiation of preadipocytes into mature adipocytes is
accompanied by enhanced triacylglycerol accumulation (17).
The current study observed that obestatin increased early
intracellular triacylglycerol accumulation in preadipocytes.
As a hallmark of adipogenesis (18) the size of lipid droplets
in obestatin-treated cells increased, and notably, these effects
were detected at 1 or 2 however not 4 or 5 days following the
onset of differentiation. These results correspond to previous
reports regarding the inability of a 9-day treatment of 3T3-L1
preadipocytes with obestatin to influence lipid content (14).
In contrast to these observations, it has been reported that
obestatin is able to potentiate lipid accumulation even following
8 and 14 days of differentiation in 3T3-L1 preadipocytes and
in human primary subcutaneous preadipocytes (8). Notably, in
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Figure 3. Effects of obestatin (1-100 nM) on leptin secretion from rat pre-
adipocytes. Preadipocytes were differentiated with or without obestatin, and
leptin secretion was determined at (A) 1, (B) 2, (C) 4 and (D) 5 days following
the onset of differentiation. Data are presented as the mean + standard error,
derived from a minimum of 4 replicates. ‘P<0.05, “P<0.01 vs. untreated cells.

the same study obestatin failed to affect lipid accumulation in
omental preadipocytes obtained from lean humans, whereas
it enhanced lipid accumulation in preadipocytes isolated from
obese individuals (8). These conflicting data may result either
from different experimental methodology or the health condi-
tions of the preadipocytes donors.

Although differentiation of fat precursor cells into mature
adipocytes is modulated by a variety of transcription factors (17),
there is convincing evidence that the expression of numerous
genes which induce and maintain adipognesis is coordinated
by PPARy and the C/EBPs (17,19,20). In the current study,
obestatin increased PPARy, C/EBPa and C/EBPf expression
in rat preadipocytes. It should be emphasized that these effects
were time- and dose-dependent. Gene expression was more
potently stimulated by the lower doses of obestatin. This obser-
vation is in line with a previous report indicating that obestatin
enhances 3T3-L1 preadipocyte proliferation only at lower
concentrations (14). It cannot be ruled out that the dynamic and
dose-dependent effects of obestatin on preadipocytes may result
from obestatin receptor desensitization.

However, as obestatin was observed to stimulate lipid
accumulation in addition to potentiating the expression
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of genes which regulate adipogenesis, it is suggested that
obestatin promotes the differentiation of rat preadipocytes. Of
note, the adipogenic role of this peptide is supported by studies
demonstrating that obestatin promotes adipogenesis in 3T3-L1
cells (7) and in porcine preadipocytes (21).

A previous study indicated that obestatin promotes lipolysis
and suppresses lipogenesis in fully differentiated rat adipo-
cytes (12). In the current study, the consequences of obestatin
treatment on glycerol release during the differentiation of
preadipocytes was investigated. These data demonstrated that
obestatin suppresses glycerol release following 2 days of differ-
entiation. By contrast, obestatin enhances glycerol release from
cells that were continually exposed to obestatin for 5 days. These
data suggest that the effects of obestatin on lipid metabolism
in rat adipocytes are biphasic. Obestatin appears to enhance
lipid accumulation at an early stage of differentiation, which
may result from enhanced adipogenesis, whereas it inhibits
lipogenesis in mature adipocytes. Furthermore, this suggests
that obestatin may only induce lipolysis in well-differentiated
fat cells. This suggestion is supported by a previous study
demonstrating that obestatin promotes free fatty acid release
from 3T3-L1 adipocytes (14). The same study indicated that
cell-permeable TAT-obestatin is able to evoke free fatty acid
and glycerol release from 3T3-L1 adipocytes (14). However,
conflicting studies have reported that obestatin suppresses
lipolysis in 3T3-L1 adipocytes and in human adipocytes (8,11).
Overall, the influence of obestatin on adipocytes lipid metabo-
lism is complex and requires further investigation.

Furthermore, the current study observed that obestatin
increased leptin secretion from rat preadipocytes. Notably,
leptin enhanced rat preadipocyte differentiation in vitro (22).
Leptin inhibits glucose transport and triggers lipolysis in
mature rat white adipocytes (23,24). These observations
support the hypothesis that the effects of obestatin on rat
preadipocytes (enhanced differentiation) and adipocytes
(lipolysis) may be contributed to by enhanced leptin secre-
tion. However, in contrast with the results of the current study,
others have observed obestatin to inhibit leptin secretion in
human preadipocytes (8). Why obestatin selectively stimulates
leptin secretion in rat adipocytes whilst suppressing secre-
tion from human preadipocytes remains unclear. However, it
cannot be ruled out that this is due to the different receptors
conferring the effects of obestatin in rat and human adipo-
cytes. It remains to be fully elucidated whether obestatin
binds to G protein-coupled receptor 37 (GPR37) or/and to
glucagon-like peptide-1 receptor (GLP1R), however GPR37
and GLPIR have been previously reported as obestatin recep-
tors in adipocytes (7,8,12). Furthermore, it has been suggested
that the presence of intracellular receptors conferring the
metabolic effects of obestatin cannot be excluded (14,25).

In conclusion, the current study demonstrates that obestatin
stimulates early lipid accumulation and the expression of adipo-
genic genes, and provides evidence that obestatin stimulates
leptin secretion from preadipocytes.
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