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Abstract
Orexin A (OXA) and B (OXB) are neuropeptides which regulate appetite, energy expenditure, and arousal via G-protein coupled

receptors termed as OXR1 and OXR2. The aim of this study was to characterize the effects of OXA and OXB on proliferation and

differentiation of porcine preadipocytes. Porcine preadipocytes express both OXRs. OXA and OXB enhance porcine preadipocyte

proliferation by 54.8% or 63.2 %, respectively. OXA and OXB potentiate differentiation of porcine preadipocytes, as judged by the

increased lipid accumulation and expression of proadipogenic genes. Cellular lipid content after exposure of preadipocytes for six

days to 100 nM OXA or OXB increased by 82.2% or 59.2%, respectively. OXA and OXB suppressed glycerol release by 23.9% or

24.9% in preadipocytes differentiated for six days. OXA (100 nM) increased peroxisome proliferator-activated receptor gamma

(PPAR�) expression in cells differentiated for 24 h by 100.5%. PPAR� expression was also stimulated in preadipocytes differ-

entiated in the presence of 10 nM (58.3%) or 100 nM OXA (50.6%) for three days. OXB potentiated PPAR� mRNA expression at

1 nM (59%), 10 nM (53.2%), and 100 nM (73.9%) in cells differentiated for three days. OXA increased CCAAT/enhancer binding

protein alpha expression in preadipocytes differentiated for six days by 65%. OXB stimulated CCAAT/enhancer binding protein

beta expression in preadipocytes differentiated for three days at 10 nM (149.5%) as well as 100 nM (207.2%). Lipoprotein lipase

mRNA expression increased in cells treated with 10 nM OXA by 152.6% and 100 nM OXA by 162%. Lipoprotein lipase expression

increased by 134% at 100 nM OXB. Furthermore, OXA (100 nM) and OXB (100 nM) increased leptin mRNA expression in pre-

adipocytes differentiated for three days by 49.9% or 71.3%, respectively. These data indicate that orexin receptors may be

relevant in the context of white adipose tissue formation.
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Introduction

Orexins A (OXA) and B (OXB) are 33 and 28 amino acid

peptide hormones derived from the common precursor pre-

proorexin.1,2 In blood, OXA peptide is more stable than OXB

and in contrast to OXB, OXA can cross brain–blood barrier.3

Both peptides interact with two G-protein coupled recep-

tors (OXR1, OXR2). OXA is bound by OXR1 and OXR2,

whereas OXB is predominantly bound by OXR2.2 Brain

orexin system regulates energy homeostasis by increasing

food intake, arousal, as well as by promoting energy

expenditure.2,4,5 There is convincing evidence that, in add-

ition to brain actions, OXRs and their ligands are able to

influence energy balance by modulating a variety of

endocrine and metabolic functions of peripheral tissues.
Orexins regulate glucose levels by controlling the secretion
of glucocorticoids from adrenal glands,6 as well as gluca-
gon7 and insulin8 from pancreatic alpha and beta cells,
respectively. Recently, we and others showed that orexins
regulate glucose and lipid metabolism by interacting with
white adipose tissue.9–11 In human adipocytes, OXA stimu-
lates peroxisome proliferator-activated receptor gamma
(PPAR�) expression and suppresses lipolysis.9 Studies on
rodent adipocytes confirmed these observations and
revealed the ability of OXA to enhance glucose uptake, tria-
cylglycerol accumulation, as well as adiponectin expression
and secretion.10,11 In contrast to mature adipocytes, know-
ledge is scarce regarding the role of orexins in
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preadipocytes. It was shown that OXA stimulates prolifer-
ation and inhibits apoptosis in mouse 3T3-L1 and rat pri-
mary preadipocytes, whereas it fails to modulate
adipogenesis.12,13 Despite data derived from murine and
rat fat precursor cells, the effects of OXA and OXB have
not been studied in other species.

While enhanced preadipocyte proliferation and differen-
tiation may promote obesity, it was suggested that this can
lead to improved insulin sensitivity and lipid profile in
obese individuals.14,15

Currently, there is a great effort to identify novel
approaches for the therapy of obesity and obesity-
associated metabolic disorders. This strategy encompasses
development and characterization of new animal and cel-
lular models to study adipose tissue physiology and patho-
physiology of obesity.16 Although rodent models are well
characterized and widely utilized,16 the relevance of
porcine model is growing. The rationale behind using
porcine animal and cellular models is reflected by striking
similarities between humans and pigs, including both being
omnivores, fat deposition, as well as similar adipocytes
size.17–20 Therefore, identification of novel factors able to
influence preadipocytes proliferation and differentiation
may significantly improve our understanding of porcine
adipogenesis and understanding of obesity in general.
Furthermore, characterization of novel targets with the cap-
ability to modulate fat tissue formation may contribute to
the development of porcine breeding programs. Taking this
into account, we therefore characterize here the role of OXA
and OXB at modulating proliferation and differentiation of
primary porcine adipocytes.

Materials and methods
Reagents

OXA and OXB were obtained from Sigma Aldrich
(Deisenhofen, Germany). Media and supplements for cells
culture were from Gibco-Life Technologies (Carlsbad, CA,
USA). Anti-OXR1 and anti-OXR2 antibodies were from
Alpha Diagnostics International (San Antonio, TX, USA).
Anti-b-actin antibody was from Sigma Aldrich. Secondary
antibodies were from Cell Signaling Technology (Danvers,
MA, USA). Unless otherwise stated, all other reagents were
purchased from Sigma Aldrich.

Isolation of porcine preadipocytes

Preadipocytes were isolated from 5 to 7 days old male
Zlotnicka piglets from an Experimental Station of the
Poznan University of Life Sciences in Zlotniki, Poland.
The Local Ethical Committee for Experiments on Animals
approved all procedures (approval number 11/2010). For
independent isolations of preadipocytes, three piglets
were subjected to sedation with Stresnil (40 mg azaperon/
mL) at a dose of 0.4 mg/kg body weight, before transport.
After arrival at the experimental facilities, piglets were
anesthetized by intramuscular injection of ketamine/xyla-
zine mixture, followed by exsanguination. The method of
tissue samples collection and stromal-vascular cells isola-
tion was performed, as previously described,21 with several

modifications. Dorsal subcutaneous adipose tissue samples
obtained from three piglets were cut, mixed, and placed in a
warm sterile Krebs-Ringer buffer (118 mM NaCl, 4.8 mM
KCl, 1.3 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4,
24.8 mM NaHCO3, and 10 mM Hepes) supplemented with
3% BSA, 5 mM glucose, and antibiotics (100 U/mL penicil-
lin and 0.1 mg/mL streptomycin). After purification and
cutting with scissors, the fat pads were placed in collage-
nase type II (3 mg/mL) digestion medium and incubated at
37�C for 45 min in shaking water bath. Cell suspension was
then filtrated through sterile 250mm nylon mesh to separate
undigested tissue and centrifuged at 450� g for 10 min at
room temperature. Mature adipocytes enriched in the
upper fraction of the tube were discarded. Red Blood Cell
Lysing Buffer (Sigma Aldrich) was added to the pellet to
remove erythrocytes, according to producer’s protocol.
Final cell suspension was filtrated through a 20 mm nylon
mesh and centrifuged at 450� g for 10 min at RT. The pellet
containing stromal-vascular cells was resuspended in
DMEM/F12 medium and counted using Fuchs Rosenthal
chamber. Prior to the experiments, cells were plated in
multi-well plates for one day to pre-culture in DMEM/
F12 medium, supplemented with 10% fetal bovine serum
and antibiotics. Cell viability (limit of >95% viability) was
assessed after preadipocytes isolation as well as in cell dif-
ferentiated for one, three, or six days (we detected 2%–3% of
death cell) using trypan blue staining.

Proliferation assay

Preadipocytes were cultured in 96-well plates (2� 103 cells/
well) in serum-free DMEM/F12 medium with or without
OXA or OXB (both peptides at the final concentrations of
1 nM, 10 nM, and 100 nM) for 24 h. Thereafter, cell prolifer-
ation was assessed using a Cell Proliferation ELISA (BrdU)
Assay (Roche Diagnostic, Penzberg, Germany), according
to manufacturer’s protocol.

In brief, after incubation with OXA or OXB, BrdU solu-
tion was added (final concentration of 10 mM) and cells were
cultured for 2 h. Thereafter, incubation medium was
removed and cells were fixed with Fix Denat solution for
25 min, following by incubation with Anti-BrdU-POD con-
jugate for 70 min. Afterwards, cells were washed three
times with PBS and substrate solution was added. After
20 min, reaction was stopped by addition of 25 ml of 1 M
H2SO4. The absorbance of the samples was read using
Synergy 2 Multi-Mode Microplate Reader (BioTek,
Winooski, VT, USA) at 450 nm wave length.

Differentiation of preadipocytes

Subconfluent preadipocytes underwent differentiation, as
previously described22,23 with several modifications.
Preadipocytes were incubated in a serum-free DMEM/
F12 medium containing differentiation agents (850 nM insu-
lin, 10 nM dexamethasone and 2 nM triiodothyronine) and
with or without OXA or OXB (1-100 nM). Incubation was
carried out for one, three, or six days.
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Western blot

Proteins were isolated from preadipocytes differentiated in
six-well plates for six days using RIPA buffer, as
described.24 Protein concentration was measured using
BCA Protein Assay Kit (ThermoScientific, Rockford, IL,
USA); 30 mg of protein was resolved on 5–10% Tris-HCl
SDS-PAGE gel and blotted onto a nitrocellulose membrane
(Amersham Biosciences, Freiburg, Germany). Thereafter,
membrane was blocked by 5% BSA in tris-buffered saline
containing 0.1% Tween 20 (TBST) for 1 h at room tempera-
ture. Next, membrane was incubated with primary anti-
body (1:1000 dilution) for 18 h at 4�C. After incubation
with primary antibody, membranes were washed with
TBST (three times, 5 min each) and incubated with the sec-
ondary anti-rabbit IgG HRP-linked goat antibody (1:5000
dilution) in TBST for 1 h at room temperature. Next, mem-
branes were washed three times (5 min each).
Chemiluminescence reaction was performed using ECL
Kit (GE Healthcare Europe, Freiburg, Germany). Signals
were visualized using VersaDoc Imaging System (Bio-Rad
Laboratories, Munich, Germany). Afterwards membrane
was stripped and incubated with antibodies against b-
actin (1:10,000 dilution). The signal intensity was quantified
using Quantity One 1-D Analysis Software (Bio-Rad
Laboratories).

Oil red O staining

Lipid accumulation was assessed as we previously
described.25 In brief, preadipocytes were washed with
PBS and fixed in 10% formaldehyde in PBS for 1 h. Fixed
preadipocytes were washed with 60% isopropanol, com-
pletely dried and stained with Oil red O (ORO) working
solution for 10 min at RT. ORO solution was prepared by
mixing six parts of ORO stock solution (0.7 g/200 mL iso-
propanol) with four parts of distilled water. Thereafter,
stained cells were washed four times with distilled water
and photographed using LSM 510 inverted microscopy
(Carl Zeiss, Germany) using Axio vision v. 4.6 software.
For quantitative assays, cells were dried and ORO was
eluted using 100% isopropanol. Absorbances of eluates
were read using Synergy 2 Multi-Mode Microplate Reader
(BioTek, Winooski, VT, USA) at 520 nm wave length and the

results were normalized against pure isopropanol as a
blank.

Determination of glycerol release

Lipolysis was analyzed by measurement of glycerol release
to the medium using Free Glycerol Determination Kit
(Sigma Aldrich) according to manufacturer’s procedure.

Real time PCR

Total RNA was isolated using Tripure Isolation Reagent
(Roche Diagnostics). Purity and quantity of RNA were
determined using NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). Total RNA (0.5 mg) was
transcribed into cDNA using Transcriptor First Strand
cDNA Synthesis Kit (Roche Diagnostic). cDNA was used
for multiplex quantitative RT-PCR (qPCR) using gene-spe-
cific primers and TaqMan probes (Thermo Fisher Scientific,
Waltham, MA, USA). List of assay identification numbers
for primers/probes are given in Table 1. Fluorescence was
measured using QuantStudio 12 K Flex (Life Technologies).
The relative expression was analyzed using the ��Ct
method. Expression of the target genes was normalized to
the expression of the housekeeping gene TATA binding
protein.

Determination of leptin secretion

Leptin concentration in culture medium was analyzed
using Multispecies Leptin RIA Kit (Merck Millipore,
USA). This test has a 67% specificity for porcine leptin com-
paring with 100% specificity of the same antibody to human
leptin. Intra- and interassay CVs were <6% and <9%,
respectively.

Statistical analysis

Statistical analysis was performed using ANOVA, followed
by Bonferroni’s test. If the data failed the normality test,
Dunn’s multiple comparisons test was used; P-values
<0.05 (*). The Student’s t-test (parametric two-tailed t-test)
was used for statistical significance determination between
two groups. Results are shown as means� SEM and were
derived in representative experiments, in which cells were

Table 1 List of assay identification numbers for primers/probes

Gene symbol Reporter/quancher Assay ID Catalog number

OXR1 (HCRTR1) FAM/MGB-NFQ Ss02839035_m1 4448892

OXR2 (HCRTR2) FAM/MGB-NFQ Ss03373226_m1 4448892

C/EBPa FAM/MGB-NFQ Ss03373315_s1 4448892

C/EBPb FAM/MGB-NFQ Ss03375347_u1 4448892

PPARg FAM/MGB-NFQ Ss03394828_m1 4448892

LPL FAM/MGB-NFQ Ss03394610_m1 4448892

Leptin FAM/MGB-NFQ Ss03392404 4448892

TBP (LOC100125545) VIC/MGB-NFQ Ss03377123_u1 4448489

C/EBPa: CCAAT/enhancer binding protein alpha; C/EBPb: CCAAT/enhancer binding protein beta; LPL: lipoprotein lipase; TBP: TATA

binding protein; PPARg: peroxisome proliferator-activated receptor gamma; LPL: Lipoprotein lipase; TBP: TATA binding protein.
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obtained from three individuals, performed at least in four
replicates.

Results
OXR1 and OXR2 are expressed
in porcine preadipocytes

Both, OXR1 as well as OXR2 mRNA were detected in pre-
adipocytes. OXR1 expression increased during differenti-
ation reaching the maximal level on day 6 (Figure 1(a)).
OXR2 mRNA expression was stable during the whole dif-
ferentiation process. These results show that porcine prea-
dipocytes express OXR1 and OXR2. The presence of OXR1
and OXR2 was confirmed on protein level in preadipocytes
differentiated for six days (Figure 1(b)). The protein level of
OXR1 was higher than OXR2 (P< 0.05).

OXA and OXB stimulate porcine
preadipocyte proliferation

Next, we examined the effects of 24 h exposure of OXA and
OXB on preadipocyte proliferation. Both, OXA (100 nM)
(Figure 2(a)) as well as OXB (100 nM) (Figure 2(b))

stimulated preadipocyte proliferation (P< 0.05). Both pep-
tides at 1 nM and 10 nM failed to affect cell proliferation,
however. These data indicate that highest doses of OXA and
OXB enhance proliferation of porcine preadipocytes.

OXA and OXB enhance differentiation
of porcine preadipocytes into mature adipocytes

We then studied the influence of OXA and OXB on differ-
entiation of porcine preadipocytes into mature adipocytes.
To address this question, we assessed triacylglycerol accu-
mulation, glycerol secretion, and morphological changes in
preadipocytes, continuously exposed to OXA or OXB for six
days. As showed in Figure 3(a), OXA (P< 0.05) and OXB
(P< 0.05) at 100 nM increased intracellular triacylglycerol
content in preadipocytes. Adipogenic properties of OXA
and OXB were confirmed by studying the morphology of
preadipocytes. As shown in Figure 3(b), preadipocytes
exposed either to 100 nM OXA or 100 nM OXB for six
days displayed larger lipid droplets as compared to vehi-
cle-treated preadipocytes. An increased lipid accumulation
in response to 100 nM OXA and 100 nM OXB was associated
by a suppressed glycerol release (P< 0.05) from preadipo-
cytes (Figure 3(c)).

Next, we examined changes of adipogenic gene expres-
sion in preadipocytes incubated in the differentiation
medium with or without OXA or OXB (1-100 nM) for one,

Figure 1 Detection of orexin receptors expression in porcine preadipocytes. (a)

OXR1 (white bars) and OXR2 (black bars) mRNA expression was analyzed one,

three, or six days of differentiation. Results are shown as mean�SEM, derived

from n¼ 5 replicates. The experiment was repeated three times independently.

(b) Western blot detection of OXR1 and OXR2 in preadipocytes differentiated for

six days. Results are shown as mean�SEM, derived from n¼3 replicates

obtained from three independent preadipocytes isolations

Figure 2 Effects of OXA and OXB on porcine preadipocytes cell proliferation.

Cell proliferation was assessed in preadipocytes treated either with 1–100 nM

OXA (a) or 1-100 nM OXB (b), for 24 h. Results are shown as mean�SEM,

derived from n¼ 8 replicates. The experiment was repeated two times,

independently
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three, or six days. As shown in Figure 3(d), OXA at 100 nM
stimulated (P< 0.05) PPAR� expression 24 h after initiation
of differentiation. PPAR� expression also increased
(P< 0.05) in preadipocytes exposed to 10 or 100 nM OXA
for three days. OXA, at all tested doses, did not influence
PPAR� expression in preadipocytes differentiated for six
days. OXB increased PPAR� mRNA expression at 1 nM
and 10 nM (P< 0.05) as well as at 100 nM (P< 0.05),
assessed three days after the initiation of the differentiation
process (Figure 3(e)). OXB failed to modulate PPAR�
expression in preadipocytes differentiated for 24 h or six
days. CCAAT/enhancer binding protein alpha (C/EBP�)
expression increased in preadipocytes treated with 100 nM
OXA for six days (P< 0.05) was and remained unchanged
in other experimental groups (Figure 3(f) and (g)). CCAAT/
enhancer binding protein beta (C/EBP�) expression was not
affected by OXA as detected one, three, or six days after the
onset of the differentiation (Figure 3(h)). OXB at 10 as well
as 100 nM stimulated (P< 0.05) C/EBP� expression in pre-
adipocytes differentiated for three days, however, no
changes were observed after one and six days after initi-
ation of adipogenesis at all tested doses (Figure 3(i)).

Furthermore, both peptides enhanced lipoprotein lipase
(LPL) expression in cells, differentiated for three days
(Figure 3(j) to (k)). LPL mRNA expression increased in cells
were exposed to 10 nM OXA (P< 0.05) or 100 nM OXA
(P< 0.05). OXB (100 nM) increased LPL expression (P< 0.05).
There were no changes in LPL mRNA expression in preadipo-
cytes exposed either to OXA or OXB for one or six days.

Overall, these data collectively show that both OXA as
well as OXB can enhance lipid accumulation and the
expression of proadipogenic genes in time- and dose-
dependent fashion.

OXA and OXB stimulate leptin mRNA expression
but fail to modulate leptin secretion

Next, we examined the effects of OXA and OXB on leptin
mRNA expression and secretion. OXA (100 nM) and OXB
(100 nM) increased leptin mRNA expression (P< 0.05) in
preadipocytes differentiated for three days (Figure 4(a)
and (b)). In case of both peptides, at all tested doses, there
appears to be no influence on leptin secretion from preadi-
pocytes (Figure 4(c) and (d)).

Figure 3 Effects of OXA and OXB (1–100 nM) on triacylglycerol accumulation, glycerol secretion and adipogenic genes expressions during differentiation of porcine

preadipocytes. Quantification of intracellular triacylglycerol content in cells incubated with or without OXA or OXB (a) for six days. (b) Representative images (ORO

staining) of porcine preadipocytes differentiated without (upper panel) or with 100 nM OXA (middle panel) or 100 nM OXB (lower panel) for six days. Images were taken

at 400-fold magnification. (c) Changes in glycerol secretion levels from preadipocytes differentiated with or without OXA and OXB for six days. Effects of OXA and OXB

on proadipogenic genes expression in porcine preadipocytes. PPAR� (d–e), C/EBP� (f-g) and LPL (h-i) expressions were evaluated in cell exposed to 1–100 nM OXA

and OXB for one (open bars), three (gray bars), and six days (black bars) after the onset of differentiation process. Results are shown as mean�SEM, derived from at

least n¼4 replicates. The experiment was repeated three times, independently. (A color version of this figure is available in the online journal.)
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Figure 3 Continued.
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Discussion

In the present study, we identify OXA and OXB as novel
stimuli of porcine white preadipocyte proliferation as well
as their differentiation into mature adipocytes.

We found that porcine preadipocytes express both OXR1
and OXR2. The presence of both isoforms of OXRs in white
fat precursor cells is in line with the results of our former
study, demonstrating expression of OXR1 and OXR2 in
murine 3T3-L1 preadipocytes.10 Furthermore, likewise in
3T3-L1 preadipocytes,10 expression of OXR1 mRNA
increased during the differentiation of porcine preadipo-
cytes into mature adipocytes. Since we additionally con-
firmed the presence of OXR1 and OXR2 on protein level,
these data collectively suggest that both OXRs may be
involved in predipocyte growth and differentiation.
Nevertheless, the levels of OXR1 mRNA as well as protein
were higher compared to OXR2, which is consistent with
higher expression of OXR1 in human white adipocytes.9

Importantly, OXR1 predominantly binds OXA, therefore
the higher levels of this type of orexin receptor may suggest
that OXA is more relevant in controlling preadipocyte func-
tions. This notion is supported by our current data. As dis-
cussed below, the effects of OXA were more effective on
preadipocytes differentiation as compared to OXB.

Several studies demonstrated that orexin receptors
modulate cell growth, as well as apoptotic cell death.

OXR1 and OXR2 activation was associated with a suppres-
sion of cell proliferation; however, a stimulation of cell
growth was reported as well.12,26,27

The vast amount of data indicated that OXR1 or OXR2
signaling suppresses cell growth and induces apoptotic cell
death, which is based upon experiments using tumor cell
lines, e.g., colon cancer, neuroblastoma cells, or pancreatic
AR42J cells.26–28 These data indicate that orexins may trig-
ger cell death selectively in tumor cells, while stimulating
proliferation of healthy cells. However, recent results
showed that OXA can enhance proliferation of rat insuli-
noma or SGC-7901 human cancer gastric cells.27,29,30

Noteworthy, in all studies, orexin concentrations as well
as times of incubations were very similar. Overall, stimula-
tion of cell death in cancer cells is not general, and cell
specific effects of OXA may be possible.

Since the number of mature adipocytes depends on pre-
adipocytes pool,14 we studied the effects of orexins on pro-
liferation of porcine preadipocytes. In the present study, we
found that both OXA and OXB augmented porcine preadi-
pocyte proliferation. Stimulation of white preadipocyte
growth by OXA is in line with previous observations indi-
cating that OXA increases 3T3-L1 as well as primary rodent
preadipocytes growth via ERK1/2-dependent mechan-
ism.12,13 In contrast, OXB was reported to suppress prolif-
eration of 3T3-L1 preadipocytes.12 Since OXB binds mainly

Figure 4 Effects of OXA and OXB on leptin mRNA expression and leptin secretion in preadipocytes. Changes in leptin mRNA expression in preadipocytes differ-

entiated with or without OXA (a) and OXB (b) for differentiated for one (open bars), three (gray bars) or six days (black bars). Effects of OXA (c) and OXB (d) on leptin

secretion in preadipocytes differentiated with or without OXA (a) and OXB (b) for differentiated for one (open bars), three (gray bars) or six days (black bars). Results are

shown as mean�SEM, derived from at least n¼4 replicates. The experiment was repeated three times, independently.
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to OXR2, it is likely that activation of this receptor isoform
in murine and porcine preadipocytes may lead to opposite
effects on cell growth. Studies on OXR2 cascade signal
transduction in murine and porcine preadipocytes are
required to answer this question.

Apart from preadipocyte proliferation and dietary
energy supply, fat tissue mass precisely modulated the abil-
ity of preadipocytes to differentiate into mature fat cells.31

In the present study, we assessed the effects of OXA on
porcine preadipocyte differentiation. Initially, we found
that both OXA as well as OXB enhanced triacylglycerol
accumulation in porcine preadipocytes. Notably, stimula-
tion of lipid accumulation by OXA or OXB was accompa-
nied by reduced glycerol secretion, confirming antilipolytic
activates of OXA previously reported in human and murine
adipocytes.9,10 Since accumulation of triacylglycerol is a
hallmark of adipogenesis,32 these findings suggest that
both peptides can stimulate differentiation of preadipocytes
into mature adipocytes. To further confirm this hypothesis,
we assessed expression of differentiation markers (PPAR�,
C/EBP�, C/EBP�, and LPL32) in preadipocytes exposed to
OXA or OXB. Moreover, we evaluated the expression and
secretion of leptin as a major satiety signal produced by
adipocytes.33 Our study shows that predominantly OXA
as well as OXB (to a lesser degree) increased expressions
of PPAR�, C/EBP�, C/EBP�, and LPL mRNAs in a dose- and
time-dependent manner. Interestingly, in our experiments,
the highest levels of PPAR� and other genes were detected
three days after initiation of differentiation process. These
findings are inconsistent with previous data showing that
PPAR� and LPL are continuously increasing during differ-
entiation.34 However, there are also studies available show-
ing that PPAR� expression increases at an early stage of
differentiation only. For instance, Wang et al.35 found the
maximal levels of PPAR� and C/EBP� expression were
detected three days after initiation of differentiation pro-
cess. This is consistent with our current observation that
PPAR� expression decreases from day 3 to day 6.
Furthermore, others reported that PPAR�2 expression
reached the maximal level four days after initiation of adi-
pogenesis and was lower in preadipocytes differentiated for
eight days.36 Contradictory results describing expression
pattern of main transcription factors controlling preadipo-
cytes differentiation could result from several experimental
factors. It cannot be excluded that composition of differen-
tiation medium and/or animal breed may cause different
pattern of adipogenic genes expression.

Furthermore, we show that OXA and OXB stimulate
leptin mRNA expression. Notably, both peptides stimu-
lated leptin mRNA expression only one day after onset of
differentiation process.

Stimulation of leptin mRNA expression by orexins in
preadipocytes suggests that elevation of serum leptin
levels in rodents in response to OXA37,38 may result from
the ability of orexin to stimulate leptin mRNA expression in
adipocytes. However, since the increased leptin mRNA
expression was not accompanied by enhanced leptin secre-
tion in our study, this can be considered as a hypothesis
only. Evaluation of adipose tissue leptin mRNA expression

in OXA-treated animals would be appropriate to verify this
hypothesis.

Taken together, our results indicate that OXA and OXB
are capable to stimulate porcine preadipocyte proliferation
and differentiation, thereby potentially contributing to
changes of fat tissue composition and energy homeostasis.
Stimulation of preadipocyte proliferation and differenti-
ation suggests that orexin receptors signaling in adipocytes
may trigger enhanced fat accumulation, leading to obesity.
Indeed, there are studies available, indicating that blockade
of OXR1 results in alleviation of obesity in rodents.39,40

However, a vast majority of studies showed that orexin
receptor signaling protects against obesity and improves
insulin sensitivity in rodents.41–43 It was postulated that
contradictory data describing the effects of orexin system
on energy homeostasis may result from site-specific appli-
cation of orexin as well as different pattern of orexin recep-
tors expression.43

Interestingly, it was shown that stimuli of white adipo-
genesis can improve lipid homeostasis and insulin sensitiv-
ity in rodents.15 Thus, it cannot be excluded that improved
insulin sensitivity in response to orexin treatment reported
in rodents may result from augmented preadipocyte prolif-
eration and differentiation. However, it must to be men-
tioned that in our recent study we found that OXA fails to
affect murine as well as rat preadipocytes differentiation, as
judged by changes in PPAR� expression and lipid accumu-
lation.13 These observations suggest that OXRs are not rele-
vant in regulating adipogenesis in rodents. Nevertheless,
contrary to our data, a recently published work reported
that OXA stimulates Ppar� mRNA expression in 3T3-L1
preadipocytes.11 Shen et al. studied the effects of OXA on
Ppar� expression alone. In our study, however, the effects
of OXA on Ppar� expression were assessed in the presence
of 3-isobutyl-1-methylxanthin, which is a potent stimulus of
PPARg expression in preadipocytes.44 Therefore, it cannot
be excluded that OXA failed to further potentiate Ppar�
expression in 3T3-L1 adipocytes when combined with 3-
isobutyl-1-methylxanthin. Nevertheless, since stimuli of
PPAR� expression are able to enhance differentiation of
white preadipocytes,45 the potential role of OXA in rodent
preadipocytes cannot be completely ruled out and requires
to be verified by independent research groups.

One of the limitations of our study is that the effects of
OXA and OXB on expression of adipogenic markers were
studied on mRNA level, only. Thus, further studies are
required to investigate whether changes in mRNA levels
are accompanied by changes in protein levels.
Nevertheless, it is worth to note that both and OXB affected
cell morphology and lipid accumulation. This allows us to
claim that both peptides promote adipogenic processes in
porcine preadipocytes.

Furthermore, the detailed evaluation of underlying
mechanisms explaining the effects of orexins on porcine
preadipocyte growth and differentiation is missing.
However, it is known that OXA can activate PKB as well
as ERK1/2 kinases.7,10,13 Since stimuli of PKB and ERK1/2
can induce preadipocyte proliferation and affect their dif-
ferentiation,13,46,47 it is likely that the ability of orexins to
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stimulate adipogenesis of preadipocytes depends on these
protein kinases.

In summary, we identified that OXA and OXB are able to
stimulate proliferation of porcine primary preadipocytes.
Furthermore, using porcine preadipocytes, we showed for
the first time that orexins stimulate white preadipocyte dif-
ferentiation. Our data appear that OXA and OXB may
modulate energy balance by promoting adipogenesis.
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