THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 9, pp. 6421-6430, February 24, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Regulation of Adipocyte Formation by GLP-1/GLP-1R
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Background: Nutrient intake directly affects adipose tissue function and growth.

Results: The gut peptide GLP-1 controls adipogenesis via its receptor through regulation of cell proliferation and apoptosis.
Conclusion: GLP-1 is a signaling molecule from the intestine relating nutritional status to the adipose tissue.

Significance: GLP-1 is used in treatment of type 2 diabetes, and regulation of adipose tissue mass might be one influencing

factor.

Increased nutrient intake leads to excessive adipose tissue
accumulation, obesity, and the development of associated met-
abolic disorders. How the intestine signals to adipose tissue to
adapt to increased nutrient intake, however, is still not com-
pletely understood. We show here, that the gut peptide GLP-1 or
its long-lasting analog liraglutide, function as intestinally
derived signals to induce adipocyte formation, both in vitro and
invivo. GLP-1 and liraglutide activate the GLP-1R, thereby pro-
moting pre-adipocyte proliferation and inhibition of apoptosis.
This is achieved at least partly through activation of ERK, PKC,
and AKT signaling pathways. In contrast, loss of GLP-1R
expression causes reduction in adipogenesis, through induction
of apoptosis in pre-adipocytes, by inhibition of the above men-
tioned pathways. Because GLP-1 and liraglutide are used for the
treatment of type 2 diabetes, these findings implicate GLP-1 as a
regulator of adipogenesis, which could be an alternate pathway
leading to improved lipid homeostasis and controlled down-
stream insulin signaling.

Obesity, characterized by an excessive accumulation of adi-
pose tissue, is a key component of the metabolic syndrome,
often associated with the development of type 2 diabetes mel-
litus, atherosclerosis, and hyperlipidemia (1-4). The growth of
adipose tissue involves cellular hypertrophy (cell size increase)
and hyperplasia (cell number increase) (5). Hypertrophy is the
result of excess lipid accumulation in existing adipocytes due to
high energy intake (2). Obesity in adults is characterized by
adipocyte hypertrophy, linked to down-regulation of adiponec-
tin secretion, leading to the development of insulin resistance
and type 2 diabetes (6). In contrast, hyperplasia results from the
recruitment of new adipocytes from precursor cells in adipose
tissue and involves proliferation (2) and differentiation of pre-
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adipocytes (7, 8). Interestingly, it was reported that hyperplasia
in both visceral and subcutaneous adipose tissue might be pro-
tective against lipid, as well as glucose/insulin abnormalities in
obesity (9). Adipocytes play an important role in energy home-
ostasis by storing energy in lipid droplets (10, 11). Furthermore,
adipose tissue functions as an endocrine organ, secreting adi-
pocytokines that regulate energy metabolism in fat and other
tissues (12, 13).

Glucagon-like peptide-1 (GLP-1),> an incretin hormone,
produced by post-translational processing of proglucagon gene
(14, 15) in enteroendocrine L-cells in response to food intake, is
secreted as one of the gut hormones (15, 16) and collected in the
intestinal lymph duct. Plasma levels of GLP-1 rise rapidly
within minutes after food intake (17). The major physiological
roles of this endocrine hormone include: 1) the stimulation of
glucose-dependent insulin secretion from pancreatic 3-cells, 2)
stimulation of insulin biosynthesis and insulin sensitivity, 3)
enhancement of pancreatic 3-cell proliferation and protection
against apoptosis, 4) inhibition of glucagon secretion and gas-
tric emptying, and 5) inhibition of food intake (14, 18 -21). As a
result GLP-1 facilitates the rapid clearance and storage of blood
glucose (16). For instance, subcutaneous administration of
native GLP-1 to patients with type 2 diabetes mellitus lowers
fasting and postprandial levels of glucose and HbA, _ effectively,
and reduces weight gain (22).

Given the rapid inactivation of endogenous GLP-1 (half-life
of less than 2 min) by the enzyme dipeptidyl-peptidase-4 (DPP-
IV), alternative therapeutic approaches have been developed
using GLP-1 analogues which are resistant to DPP-IV mediated
degradation (14). One of the FDA-approved GLP-1R agonists is
liraglutide which is used to treat type 2 diabetes (23). Liraglutide
has a 97% homology with human GLP-1 including a lysine to
arginine mutation at position 34 and a palmitoyl side-chain at
lysine 26 (24).

Because of the above mentioned reasons, GLP-1 and GLP-1
analogs are currently among the most promising therapeutic

2The abbreviations used are: GLP, glucagon-like peptide; DPP, dipeptidyl-
peptidase; BAD, Bcl-xL/Bcl-2-associated death; PPAR, peroxisome prolif-
erator-activated receptor.
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options for the pharmacotherapy of type 2 diabetes and obesity
because these substances do not lose their eating-inhibitory
and beneficial metabolic effects with chronic treatment and
because they are still effective in obese patients, which show
reduced GLP-1 levels. Although the cause of this association
between obesity and GLP-1 is unknown (25), it might be a con-
tributing factor toward the development of obesity as GLP-1
secretion is improved after weight loss (14, 25, 26).

The intracellular effect of GLP-1 is mediated via activation of
its specific receptor (GLP-1R). GLP-1R belongs to the class B
family of 7-transmembrane-spanning, heterotrimeric G-pro-
tein-coupled receptors (21). GLP-1R is expressed in many tis-
sues, including pancreas, lung, heart, kidney, intestine, stom-
ach, adipose tissue, muscle, as well as the central and peripheral
nervous systems (17, 19). Upon its activation, GLP-1R couples
with Gas and activates adenylate cyclase (AC) to stimulate
cAMP production (27), leading to the activation of second mes-
senger pathways, such as cAMP-dependent protein kinase
(PKA) and cAMP-regulated guanine nucleotide exchange fac-
tors of the Epac family (21). Here, we show that GLP-1 or its
analog liraglutide stimulate pre-adipocyte differentiation via
GLP-1R, both in vitro and in vivo. Suppression of Glp-1R
expression reduces proliferation and differentiation while
inducing apoptosis of pre-adipocytes. This mechanism is the
basis for a cross talk between the intestine and adipocyte pre-
cursor cells leading to an induction of adipogenesis in response
to nutrient intake.

EXPERIMENTAL PROCEDURES

Materials—Glucagon-like Peptide (7-36) GLP-1, was ob-
tained from Bachem. Bodipy493/503, Hoechst, Syto60 were
purchased from Invitrogen. Dexamethasone, IBMX, and insu-
lin were from Sigma-Aldrich.

Differentiation of Pre-adipocytes—The 3T3-L1 fibroblasts as
well as primary pre-adipocytes were grown and differentiated
as described previously (7). High throughput image analysis to
calculate adipogenesis was performed as described before (7,
28). In short, SVF cells and 3T3-L1 pre-adipocytes were cul-
tured on collagen coated black 96-well plates with clear bot-
toms. Fluorescent images were taken with the Operetta high
throughput imaging system (Perkin Elmer). Images were ana-
lyzed using either Cell Profiler or Harmony software (Perkin
Elmer).

Lentiviral Knockdown—For propagation and downstream
purification of shRNA clones, sequence-verified shRNA lenti-
viral plasmids (pLKO.1-puro) targeting mouse GLP-1R were
obtained as frozen bacterial glycerol stocks (Sigma-Aldrich).
Five different lentiviral vector plasmids constructs of mission
shRNA clones were used. PLKO.1 plasmids were used to gen-
erate lentiviral particles in the packaging HEK293T cell line.
60-70% confluent pre-adipocytes were infected with GLP-1R
shRNA lentivirus or a scrambled shRNA control in complete
medium (10% FBS and 1% penicillin streptomycin) in the pres-
ence of polybrene (8 ug/ml). The next day, the medium was
changed to complete medium, which was subsequently
changed every 48 h for a total of 6 days.

RNA Isolation and Quantitative Real-time RT-PCR—Total
RNA was extracted using TRIzol reagent according to the man-
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ufacturer’s protocol. 1.0 ug of total RNA was converted into
first-strand ¢cDNA using the SuperScript III First-Strand kit
(Invitrogen). Real-time PCR quantification was performed
using platinum SYBR Green and gene-specific primer sets
(sequence is available upon request).

Western Blot Analysis—For whole cell lysate preparation, dif-
ferentiated cells were lysed in hypotonic buffer containing 10
mM KCL, 1.5 mm MgCl,, 0.2% Tween 20, 10 mm HEPES, pH 7.9
and 2% (v/v) protease inhibitors (Roche) for 5 min on ice.
Hypertonic buffer containing 0.5% (v/v) of 150 mm NaCl, 20
mMm HEPES pH 7.9, 25% glycerol, 0.2 mm EDTA, 1.5 mm MgCl,,
1.2 mm NaCl, and 2% (v/v) protease inhibitors was added, and
the sample was incubated for 30 min by overhead rotation at
4 °C. Cell lysates were centrifuged at 16,000 rpm for 20 min, and
protein concentrations were measured. Equal amounts of lysate
proteins were resolved by SDS-PAGE (10 -15%) gel and trans-
ferred onto a nitrocellulose membrane (Perkin Elmer). The fol-
lowing primary antibodies were used: ant-PKC (PKCpII), anti-
GLP-1R, (Abcam); anti-C/EBP, anti-C/EBPS§, anti-PPARY,
anti-FABP4, anti-phospho-PKC (BII ser660), anti-ERK1/2,
anti-phospho-ERK1/2 (Thr202/Tyr204), anti-phospho-Akt
(Ser473), anti-Akt, anti-phospho-Bad (Ser136), anti-cleaved
caspase-3 (Cell Signaling). Loading controls were measured
with a mouse anti-y-tubulin (Sigma-Aldrich).

Cell Proliferation and Apoptosis—Cell proliferation was
determined by measuring 5-ethynyl-2’'-deoxyuridine (EdU)
incorporation. By using the fluorescent Alexa Fluor® 488 azide
from the Click-iT® EDU Alexa Fluor® 488 Assay kit (Invitro-
gen). An ELISA apoptosis detection kit (Enzo) targeting dena-
tured DNA with a monoclonal antibody to single stranded
DNA (ssDNA) was used to evaluate apoptosis in adipocyte cells.
The assay was carried out according to the manufacturer’s
instructions.

Animal Studies—All animal studies were approved by the
Canton of Zurich Veterinary Office. Male 10-12-week-old
C57BL/6 mice were obtained from Charles River and housed in
a pathogen-free animal facility on 12 h dark/light cycle. In vivo
differentiation was performed as described, previously (28). In
short, male mice were sacrificed and fat tissues (subcutaneous
and visceral) were minced and incubated with collagenase type
II in KRB buffer for 1 h at 37 °C. SVF cells were pelleted by
centrifugation and filtered with a 40 wm mesh. For in vivo adi-
pogenesis, 10° cells were resuspended in 100 ul of Matrigel
(BD) and injected into the subcutaneous subscalpular region of
acceptor mice. To induce adipogenesis mice were fed a HED for
6 weeks. To assess the influence of liraglutide (Bachem), ani-
mals were injected for the last 17 days of the study with the long
lasting GLP-1 analog, liraglutide at 100 ug/kg twice daily. Mice
were sacrificed and Matrigel pads were excised, adipose tissue
was fixed in 5% paraformaldehyde, paraffin embedded, and cut
into 10 wm sections. The cut tissues were stained with hema-
toxylin/eosin. The amount of adipocytes present in a tissue sec-
tion was quantified using Cell Profiler (28).

Statistical Analysis—All data are expressed as mean * S.E.
The significance of differences between groups was determined
using a two tailed Student’s ¢ test.
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RESULTS

GLP-1 Regulates Adipogenesis—To determine the effects of
GLP-1 on adipogenic differentiation, cultured 3T3-L1 cells, as
well as primary pre-adipocytes were treated with or without
GLP-1 or its synthetic analog liraglutide at different concentra-
tions (Fig. 1, A—C, supplemental Fig. S1, A-D). Interestingly,
cells treated with GLP-1 or liraglutide demonstrated a signifi-
cantly higher degree of differentiation than control cells. Fur-
thermore, we observed a dose-dependent increase in the num-
ber of differentiated adipocytes after GLP-1 or liraglutide
treatment in 3T3-L1 cells, as well as an increase in differentia-
tion in primary pre-adipocytes. To further examine liraglutide
effects on adipogenesis in vivo, we implanted pre-adipocytes in
a matrigel pad into the subscapular region of acceptor mice
which were fed a HFD, in addition to treatment with liraglutide.
Interestingly, 100 ug/kg twice daily IP injection of liraglutide
into mice for 17 days induced pre-adipocyte differentiation sig-
nificantly (Fig. 1D), even though the same mice showed a trend
toward reduced weight gain and blood glucose levels (supple-
mental Fig. S1, E and F). Taken together these results demon-
strate that nutrient intake leads to an increased circulation of
GLP-1, which can regulate the process of adipogenesis.

The Effects of GLP-1 on Adipogenesis Are Mediated through
GLP-1R—Based on our findings that GLP-1 promotes adipo-
genesis, we next examined the role GLP-1R during differentia-
tion. In agreement with previous results (29), we found GLP-1R
to be expressed both in undifferentiated and differentiated
3T3-L1 cells. Interestingly, the expression of Glp-1R mRNA
and protein was markedly increased during late phase adi-
pocyte differentiation (Fig. 2, A and B). This expression pattern
was similar to the late phase adipogenic differentiation marker
PPAR<y and different from the early adipocyte differentiation
markers c-Jun, C/ebpf, and C/ebpd. To further analyze the
functionality of the GLP-1R, 3T3-L1 cells were treated with or
without GLP-1 or liraglutide at different concentrations. As
shown in supplemental Fig. S2A, cAMP levels increased in
response to GLP-1 or liraglutide treatment and reached a max-
imum at 1 nM, comparable to isoproterenol, indicating the pres-
ence of a functional GLP-1R in 3T3-L1 cells.

To study the potential role of GLP-1R during adipocyte dif-
ferentiation, 3T3-L1 cells were infected with lentivirus contain-
ing shRNA against GLP-1R or a scrambled shRNA control.
GLP-1R knockdown was confirmed by RT-PCR analyses (Fig.
2C). Reduction of Glp-1R expression decreased differentiation
compared with the scrambled control in the presence of GLP-1
(Fig. 2D, supplemental Fig. S2B).

To study the potential molecular mechanisms underlying
GLP-1 mediated activation of adipogenesis we focused on the
major adipogenic differentiation markers. Knockdown of
GLP-1R in the presence of GLP-1 significantly inhibited the
expression of PPARvy as well as that of its target A-Fabp genes
(Fig. 2, E and F, supplemental Fig. S2C). Furthermore, GLP-1R
knockdown in the presence of GLP-1 led to the down-regula-
tion of C/ebpB and C/ebpd expression (Fig. 2G, supplemental
Fig. S2, D and E). Taken together these results indicate that
GLP-1 mediates its adipogenic effect via GLP-1R through reg-
ulation of early events of differentiation, as evidenced by the
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FIGURE 1. GLP-1 regulates adipocyte differentiation. A and B, 3T3-L1 pre-
adipocytes were treated with indicated concentrations of GLP-1 or liraglutide
duringinduction of adipogenesis. Differentiation was quantified using image
based analysis (n = 12). C, primary pre-adipocytes were treated with indi-
cated concentrations of GLP-1 or liraglutide during induction of adipogene-
sis. Differentiation was quantified as described above (n = 4). D, in vivo pre-
adipocyte differentiation in mice injected with 100 ng/kg liraglutide or PBS
for 17 days (n = 12). Adipogenesis was quantified using image based analysis
of adipocyte formation. All values are shown as mean = S.E. (¥, <0.05, **, p <
0.01, *** p < 0.001).
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FIGURE 2. GLP-1 regulates adipogenesis via GLP-1R. A and B, expression of Glp-1R mRNA and protein in 3T3-L1 cells was measured at different time points
during adipogenesis (n = 8). C, 3T3-L1 pre-adipocytes were infected with GLP-1R shRNA expressing lentivirus (ShRNA2 and shRNA3) or scrambled shRNA
control. GlIp-1R expression was analyzed by qPCR (n = 4). D, quantitative analysis of adipocyte differentiation using high-throughput image analysis in cells
infected with GLP-1R shRNA expressing lentivirus or scrambled shRNA control (n = 12) and treated with GLP-1. E-G, analysis of PPAR~y, A-Fabp, C/ebp3/6 mRNA
and protein expressionin 3T3-L1 pre-adipocytes infected with GLP-1R shRNA-expressing lentivirus (shRNA2 and shRNA3) or scrambled shRNA and treated with
GLP-1 (n = 4). Cells were analyzed at indicated time points post induction of differentiation. y-tubulin was used as a loading control. The graphs represent

mean * S.E. (**, p < 0.01, ***, p < 0.001).

down-regulation of C/ebp /8, as well as the reduced expression
of PPARvy and its target genes.

GLP-1/GLP-1R Regulate Cell Proliferation and Adipogenesis
in Pre-adipocytes—Given the fact that GLP-1 and GLP-1R reg-
ulate early adipogenic events we next examined, whether this
effect is due to changes in proliferation or apoptosis of pre-
adipocytes. To this end, we treated 3T3-L1 cells with GLP-1 or
its synthetic analog liraglutide and analyzed the degree of pro-
liferation during the first 24 h of adipogenesis. As seen in Fig. 3,
A and B, GLP-1 and liraglutide incubation led to a significant
increase in the number of proliferating cells as evidenced by
EDU incorporation. In addition, we examined cell proliferation
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in GLP-1R knockdown cells, to evaluate whether GLP-1 acts via
its receptor to regulate cell proliferation. To this end, 3T3-L1
pre-adipocytes were infected with shRNA against GLP-1R or a
scrambled control. Differentiation was induced after conflu-
ence and cells were treated with 10 nm of GLP-1 (Fig. 3C). We
could show that knockdown of GLP-1R led to a significant
decrease of EDU-positive cells compared with the scrambled
control.

Because adipose tissue mass is determined by the volume and
number of adipocytes, factors that are dependent upon a bal-
ance between pre-adipocyte proliferation, differentiation, and
cell loss by apoptosis, we quantified the effect of GLP-1 and its
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FIGURE 3. Regulation cell proliferation and apoptosis by GLP-1/GLP-1R. A and B, effect of GLP-1 and liraglutide on cell proliferation was measured by EDU
incorporation into 3T3-L1 pre-adipocytes (n = 8). C, 3T3-L1 pre-adipocytes were infected with GLP-1R shRNA-expressing lentivirus (shRNA2 and shRNA3) or
scrambled shRNA control and treated with 10 nm GLP-1 during induction of cell differentiation. EDU incorporation as a marker for cell proliferation was
quantified 24 h postinduction (n = 8). D and E, effect of GLP-1 and liraglutide on cell apoptosis measured by TUNEL (n = 4). F, 3T3-L1 pre-adipocytes were
infected with GLP-1R shRNA-expressing lentivirus (shRNA2 and shRNA3) or scrambled shRNA control and treated with 10 nm GLP-1 during induction of cell
differentiation. Apopotosis was quantified by TUNEL, 24 h post induction (n = 4). G, analysis of c-Jun mRNA expression in 3T3-L1 pre-adipocytes infected with
GLP-1R shRNA-expressing lentivirus (shRNA2 and shRNA3) or scrambled shRNA (n = 4) and treated with 10 nm GLP-1 during induction of cell differentiation.

The graphs represent mean = S.E. (**, p < 0.01, ***, p < 0.001).

receptor on the regulation of apoptosis in 3T3-L1 cells. We
observed a significant decrease in cell death of induced 3T3-L1
pre-adipocytes treated with GLP-1 or liraglutide (Fig. 3, D and
E). In contrast, 3T3-L1 cells infected with GLP-1R shRNA and
treated with GLP-1 showed significant induction of cell apo-
ptosis compared with that of scrambled control (Fig. 3F). Thus,
knockdown of GLP-1R induces apoptosis in pre-adipocytes
during adipogenesis, which cannot be rescued by GLP-1.

Because c-Jun is involved in many cellular processes includ-
ing cell proliferation, apoptosis, differentiation, and cell trans-
formation, we studied the effects of GLP-1 and its receptor on
the expression of c-Jun during adipogenic differentiation of
3T3-L1 cells. c-Jun was found to be expressed throughout dif-
ferentiation in the scrambled control group, with a sharp
increase during early differentiation (6 h) (Fig. 3G). c-Jun
mRNA levels were significantly down-regulated upon GLP-1R
knockdown and GLP-1 was unable to reverse down-regulation
of c-Jun expression.

Taken together, our result indicated that GLP-1 regulates
adipogenesis by affecting the early clonal expansion phase

S
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through regulation of c-Jun expression, as well as by shifting the
balance of proliferation and apoptosis.

Effects of GLP-1/GLP-IR Are Mediated by PKC Signaling—
To identify the signaling pathways mediating the effects of
GLP-1 and its receptor we studied the expression of the key
signaling molecules and their post-translational modifications
by Western blot analysis.

One important signaling cascade regulating proliferation
and apoptosis are the extracellular signal-regulated kinases
(ERK) 1 and 2 pathways. We observed GLP-1 induced Erk1/2
phosphorylation during early phases of differentiation, with
maximal phosphorylation attained at 24 h post-induction (Fig.
4A). In contrast, GLP-1 induced Erk1/2 phosphorylation levels
decreased in response to GLP-1R knockdown at 0, 12, and 24 h,
respectively (Fig. 4A). Total Erk1/2 protein levels were not
affected by either GLP-1 or GLP-1R knockdown.

Another important pathway that regulates apoptosis/prolif-
eration is the protein kinase C 8 pathway (PKCp), which regu-
lates its own expression through the (MAPK)-ERK-dependent
signaling pathway. We could show increased phosphorylation
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of PKCBII by GLP-1 and a reduced phosphorylation by GLP-1
in the absence of GLP-1R, with no changes in total protein
levels (Fig. 4A).

Lastly, the AKT signaling cascade is considered important
for adipogenesis, as it appears to induce or activate PPAR+y and
C/ebpa expression during adipocyte differentiation. Therefore,
we measured the phosphorylation states of AKT, after knock-
down of GLP-1R. Consistent with Erk and PKCPII, GLP-1
treatment increased Akt phosphorylation levels in scrambled
control during 3T3-L1 cell differentiation at 0, 12, and 24 h
post-induction (Fig. 4A). Similarly, GLP-1R knockdown
decreased GLP-1-mediated induction of p-Akt levels (Fig. 4A).
Taken together these results identify three possible pathways
that could explain the alterations in adipogenesis upon GLP-1R
activation or knockdown.

Bcl-xL/Bcl-2-associated death promoter homolog (BAD) is
pro-apoptotic member of the Bcl-2 family; its pro-apoptotic
activity is regulated by phosphorylation at several sites. ERK1/2
activation mediates the Ser-112 phosphorylation of BAD,
through p90RSK activation, allowing the association of BAD
with the scaffold protein 14-3-3, leading to its inactivation and
inhibition of B-cell apoptosis (21). Consistent with these find-
ings we could show that the decrease in Erk1/2 and Akt phos-
phorylation resulted in reduced pBAD levels in response to
GLP-1R knockdown compared with scrambled control cells
(Fig. 4A).

Caspase-3 activation plays a pivotal role in the signal trans-
duction pathways of cell apoptosis. Therefore, we further inves-
tigated the role of GLP-1R knockdown in caspase-3 regulation.
In contrast to decreased pBAD levels during adipogenesis,
cleaved caspase-3 levels were significantly increased in GLP-1R
knockdown cells in the presence of GLP-1 at 24 h post- induc-
tion (Fig. 44). The increase in cleaved caspase-3, a key execu-
tioner and marker of apoptosis, protein levels at 24 h fits with
the reduction of cell proliferation and induction of apoptosis at
24 h after induction of adipogenesis. This indicates that GLP-1
and its receptor are directly involved in the regulation of adipo-
genesis via activation of proliferation and survival pathways.

To study whether GLP-1 directly regulates the signaling
pathways downstream of GLP-1R, 3T3-L1 pre-adipocytes were
treated with or without GLP-1 or liraglutide. In accordance
with our previous findings, GLP-1 and liraglutide increased
Erk1/2, PKCBIL, and Akt phosphorylation during differentia-
tion (Fig. 4B) while total Erk1/2, PKC, and Akt protein levels did
not change (Fig. 4B). Taken together, this data indicates that
GLP-1 and liraglutide activate GLP-1R and mediate cell prolif-
eration and differentiation by regulating the ERK1/2, PKC, and
AKT signaling pathways.

Regulation of Adipogenesis by GLP-1

To determine which signaling pathways are essential for
GLP-1/liraglutide-mediated adipogenic actions, we used spe-
cific pathway inhibitors. Following serum starvation, 3T3-L1
pre-adipocytes were incubated in the presence or absence of
GLP-1or liraglutide and treated with different kinase inhibitors
or kinases alone for 24 h in induction medium. The result
showed that GLP-1/liraglutide effects were reduced in cells,
where PI3K or MEK1/2 were inhibited. Inhibition of PKC led to
complete ablation of GLP-1 or liraglutide-mediated induction
of adipogenesis (Fig. 4, C and D). These data are supported by
cell proliferation analysis, as we could show that inhibition of
either PI3K or MEK1/2 significantly blunted the proliferative
effect of GLP-1 or liraglutide. Similar to the differentiation
results we observed a complete ablation of GLP-1 or liraglutide
mediated proliferation if PKC was inhibited (Fig. 4, E and F).
Taken together these data demonstrate that GLP-1, or its syn-
thetic analog liraglutide, regulate cell proliferation through dif-
ferent mechanisms involving PI3K, MEK1/2, and PKC signal-
ing to modulate adipogenesis.

DISCUSSION

It is well known that obesity and the excessive growth of
adipose tissue are linked with lymphatic disease (30-32). Fur-
thermore, abnormal subtle lymph leakage from Prox1 "/~ mice
is known to induce adipogenesis (33). However, so far it is
unclear which factors contribute to the adipogenic effects of
lymph. One prominent member of the gut hormones secreted
from the intestinal wall is GLP-1, which is secreted after food
intake and which we show here to regulate adipogenesis via its
receptor.

We have demonstrated that injection of liraglutide into mice
fed a HFD induces in vivo adipocyte differentiation. Liraglutide
has been reported to enhance glucose-dependent insulin secre-
tion and inhibit postprandial glucagon secretion (34). Clinical
studies have found liraglutide to enhance B-cell function and
prevent insulin resistance (35). Other groups have demon-
strated the beneficial effects of liraglutide, independent of
weight loss, since liraglutide at low concentrations improved
cardiac function and increased the survival of the mice without
reducing their weight, (36). Interestingly, we observed a stimu-
lation of in vivo adipogenesis, albeit reduced glucose level and
reduced weight gain as reported, previously (36). This suggests
that even though these mice lose their adipogenic insulin stim-
ulus, liraglutide itselfis still able to activate adipogenesis. More-
over, it has been shown that GLP-1 secretion is reduced in obe-
sity (14) and that GLP-1 secretion improves after weight loss
(26). Based on our findings it can be speculated that GLP-1

FIGURE 4. Signaling pathways of GLP-1/GLP-R regulating pre-adipocyte proliferation and differentiation. A, analysis of p-Erk1/2, Erk1/2, p-PKC, PKC,
p-Akt, Akt, p-Bad, and cleaved caspase-3 protein expression in 3T3-L1 pre-adipocytes infected with GLP-1R shRNA-expressing lentivirus (shRNA2 and shRNA3)
or scrambled shRNA (n = 4) and treated with 10 nm GLP-1 during induction of cell differentiation. B, analysis of p-Erk1/2, Erk1/2, p-PKC, PKC, p-Akt, and Akt
protein expression in 3T3-L1 pre-adipocytes (n = 3) treated with or without 10 nm GLP-Tor liraglutide during induction of cell differentiation. Cells were
analyzed at indicated time points postinduction of differentiation. y-Tubulin was used as a loading control. C and D, analysis of pre-adipocyte differentiation
in 3T3L-1 cells induced in serum-free medium in the presence or absence of either PI3k inhibitor LY294002 (10 um), Mek1/2 inhibitor PD-98059 (20 wm) or PKC
inhibitor (1 nm). In addition cells were treated with 10 nm GLP-1 or liraglutide. Quantitative analysis of adipocyte differentiation was achieved, using high-
throughputimage analysis (n = 4). E and F, analysis of pre-adipocyte proliferation in 3T3L-1 cells induced in serum-free medium in the presence or absence of
either PI3Kinhibitor LY294002 (10 wm), MEK1/2 inhibitor PD-98059 (20 wm), or PKC inhibitor (1 nm). In addition cells were treated with10 nm GLP-1 or liraglutide.
Quantitative analysis of adipocyte proliferation was measured by nuclear EDU incorporation (n = 4). The graphs represent mean = S.E. (*, < 0.05, **, p < 0.01,
®% p < 0.001).
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receptor activation acts locally at the tissue level to maintain
adipogenesis and mass at an equilibrium set point.

Suppressed adipogenesis, accompanied by an increase in adi-
pocytes size, is linked to increased insulin resistance (7). In con-
trast, up-regulation of adipocyte differentiation results in
increased glucose disposal (37) and high adiponectin secretion
(38), both of which are known to enhance insulin sensitivity and
prevent excess lipid storage in the liver, heart, or muscle (39).
Based on our studies we suggest that in response to food intake,
GLP-1 increases the differentiation of adipocyte precursors
into mature adipocytes, which may further contribute to
enhanced whole body insulin sensitivity (3) by decelerating
ectopic lipid accumulation and weight gain.

We show, that GLP-1 and liraglutide mediate their effect on
adipogenesis by regulating cell proliferation and apoptosis of
pre-adipocytes. Consistent with these results, others have also
reported that GLP-1 and liraglutide regulate islet growth and act as
differentiation factors of the endocrine pancreas (40). Our data,
however, are inconsistent with previous findings showing that
GLP-1 prevents human bone marrow-derived mesenchymal stem
cell (hMSCs) differentiation into adipocytes (41). Given the fact
that hMSCs are not committed adipocyte precursors, this discrep-
ancy might be due to cell line differences.

In agreement with previous data (29), we found that 3T3-L1
cells express GLP-1R. The expression of Glp-1R correlated with
PPARY, a late phase marker of adipocyte differentiation, sug-
gesting that GLP-1R might be a direct target gene of PPARyand
also play a role in mature adipocyte function. Furthermore, we
confirmed the function of GLP-1R as a GPCR by measuring an
elevation in cAMP levels after GLP-1 or liraglutide treatment.
We also show that knockdown of GLP-1R markedly decreases
3T3-L1 pre-adipocyte differentiation. Consistent with this
finding, a previous study indicated that male Glp-Ir~/~ mice
are protected from HF diet-induced weight gain (42). Others
have reported that Glp-1r~'~ mice exhibit glucose intolerance,
due to diminished insulin levels, albeit having normal body
weight and feeding behavior (43). This could be due to impaired
adipogenesis in Glp-Ir~ '~ mice, leading to a decreased glucose
uptake and reduced insulin sensitivity. To directly analyze the
effect in vivo it would be necessary to knock out GLP-1R in
pre-adipocytes, however, unfortunately so far no markers exists
that would allow such an experiment.

In line with the suppressed Ppary expression, we observe
here a reduced expression of C/ebpf and C/ebpd upon GLP-1R
knockdown. These actions of GLP-1 and GLP-1R on early adi-
pogenic regulation events seem to be mediated through cellular
proliferation. This is consistent with previous results demon-
strating that GLP-1 promotes cellular proliferation of hMSC
cells and significantly reduces cell apoptosis (41). These find-
ings, combined with our results, strengthen the notion that
GLP-1 or liraglutide regulate adipogenesis via suppression of
apoptosis and stimulation of proliferation.

GLP-1, via GLP-1R, activates ERK1/2 in B-cells by Ga,/
cAMP/PKA and B-arrestin dependent pathways controlling
cell proliferation and apoptosis (21). We observe here, that
GLP-1R silencing markedly reduced Erk1/2 phosphorylation,
compared with control cells. These findings confirmed the
observed decrease in cell proliferation and increase in apoptosis
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upon GLP-1R knockdown, suggesting that activation of
ERK1/2 might be required for the proliferative effect of GLP-1
via its receptor (44).

In addition to ERK signaling, the PKC family plays important
roles in various biological functions such as proliferation, dif-
ferentiation, cell migration and apoptosis (45). Studies have
suggested that the PKC pathway is involved in the regulation of
adipogenesis (46). In agreement with our findings, increased
PKCPII expression has been associated with increased cell pro-
liferation and suppression of apoptosis, which was reported in
distal colon crypt cells (47).

Previous studies reported that interference with the IRS-1
and AKT associated signaling pathways represses adipogenesis
(48). Activation of these pathways induces Ppary and C/ebpa
expression during 3T3-L1 adipocyte differentiation and inacti-
vation of the AKT signal can induce apoptosis (49, 50). In line
with these findings we observed decreased pAkt levels upon
GLP-1R knockdown. Activation of the AKT pathway is also
known to regulate BAD activity as a survival response (51). Here
we show that GLP-1R silencing suppresses BAD phosphoryla-
tion, while increasing cleaved-caspase-3 and caspase-3 activity,
which could explain the induction of apoptosis. Thus, our data
suggest that the reduced adipogenic differentiation of 3T3-L1
cells with a GLP-1R knockdown is partly due to a decrease
Erk1/2, PKCBIL, and Akt phosphorylation.

To further confirm the mechanism behind the regulation of
adipogenesis by GLP-1R, we investigated the effects of different
kinase inhibitors. Consistent with our data, it has been shown
that inhibiting the PKC pathway with pharmacological inhibi-
tors, such as Ro0318220 and Go6976, inhibits adipocyte
differentiation (52). At low doses inhibition of PKC signaling
significantly decreased both GLP-1 and liraglutide mediated
induction of both cell proliferation and differentiation. These
results further confirm that the PKC pathway is involved in
mediating liraglutide and GLP-1 signals that regulate pre-adi-
pocyte proliferation, apoptosis, and differentiation.

In conclusion, our data show cross-talk between the intesti-
nal wall and adipose tissue through GLP-1. GLP-1 directly acti-
vates adipogenesis through GLP-1R. The underlying signaling
pathway involves activation of PKC, ERK, and AKT, which
leads to altered proliferation, apoptosis and differentiation. Our
findings suggest that GLP-1 and its receptor might contribute
to nutrient-induced adipocyte development and thereby might
influence whole body energy metabolism.
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