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Abstract—Incretin hormones analogues, including glucagon-like peptide type 1 (GLP-1), exhibit complex glucose-lower-
ing, anorexigenic, and cardioprotective properties. Mechanisms of action of GLP-1 and its analogues are well known for
pancreatic [3-cells, hepatocytes, and other tissues. Nevertheless, local effects of GLP-1 and its analogues in adipose tissue
remain unclear. In the present work effects of the GLP-1 synthetic analogue, liraglutide, on adipogenesis and insulin sensi-
tivity of the 3T3-L1 adipocytes were examined. Enhancement of insulin sensitivity of mature adipocytes by the GLP-1 syn-
thetic analogue liraglutide mediated by adenylate cyclase was demonstrated. The obtained results imply existence of the pos-
itive direct insulin-sensitizing effect of liraglutide on mature adipocytes.
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INTRODUCTION

Obesity is considered as one of the leading causes of
diseases among humans worldwide and is a risk factor for
developing insulin resistance (IR) and type 2 diabetes
mellitus (T2DM) [1, 2] that primarily develops due to

Abbreviations: CREB, cAMP responsive element binding pro-
tein; GLP-1, glucagon-like peptide-1; cAMP, cyclic adenosine
monophosphate; Erk, extracellular signal regulated kinase;
GLUT4, glucose transporter type 4; IR, insulin resistance;
IRS-1, insulin receptor substrate type 1; INK, c-Jun NH2-ter-
minal kinase; PKA, protein kinase A, cAMP-dependent pro-
tein kinase; PPARgamma, peroxisome proliferator-activated
receptor type gamma; SQ22536, adenylate cyclase inhibitor;
T2DM, type 2 diabetes mellitus; UCP-1, uncoupling protein

type 1.
* To whom correspondence should be addressed.

increased adipose tissue mass. Obesity and T2DM also
increase risk of development and severity of cancer [3],
cardiovascular [4] and many other diseases. Examining
physiology of adipose tissue represents a crucial scientific
and medical issue.

Glucagon-like peptide-1 (GLP-1) and its analogues
comprise one of the latest and most promising agents used
for correcting T2DM. Physiologically, GLP-1 is a peptide
belonging to the incretin hormone family originating
from the limited proglucagon proteolysis occurring in the
small intestine L-cells [5]. Free GLP-1 is rapidly broken
down by the dipeptidyl peptidase-4 in the blood stream,
so that its half-life is only 1-2 min [6], hence, its synthet-
ic analogues are used in T2DM therapy. Liraglutide is a
synthetic analogue of GLP-1 containing several modifi-
cations not affecting its specificity to GLP-1 receptor.
The extended half-life of liraglutide in blood is 13 h [7].
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GLP-1 and other agents based on incretin hormones
comprise a group of drugs exerting simultaneously meta-
bolic and cardioprotective effects in T2DM therapy. It is
believed that incretin hormone-based agents including
GLP-1 analogues act more as cardioprotective drugs with
antidiabetic effect rather than solely antidiabetic agents
[8, 9]. GLP-1 and its analogues demonstrate potential to
lower the rate of developing of cardiovascular and cere-
brovascular complications such as ischemic stroke,
myocardial infarction, and acute coronary syndrome
[10]. Recently, it was also shown that GLP-1 was involved
in enhancing endogenous antioxidant defense, inhibited
cardiomyocyte apoptosis, alleviated endothelial inflam-
mation and dysfunction [11].

The GTP-binding protein-dependent exocytosis of
insulin-bearing vesicles occurring due to the stimulated
adenylate cyclase and subsequent production of cyclic
adenosine monophosphate (cCAMP) that activates calci-
um signaling represents the most investigated mechanism
of the effects of GLP-1 on pancreatic B-cells [12].
Despite the existence of substantial evidence regarding
the systemic effects of GLP-1 on the pancreas, central
nervous, and cardiovascular systems [13, 14], the data on
the mode of action of GLP-1 and its analogues on adi-
pose tissue are scarce. The fact that the therapy with
liraglutide and GLP-1 analogues is often conducted by
administration of such agents directly into the subcuta-
neous adipose tissue is another issue that generates inter-
est to the effects of locally applied medicinal agents both
on adipose cell turnover and differentiation of adipocyte
progenitors. It is acknowledged that GLP-1 promotes
glucose uptake and its storage in adipose tissue [15]. By
now, two quite distinct mechanisms of liraglutide effects
on adipose tissue have been proposed. On the one hand,
GLP-1 promotes activation of both white and beige
adipocyte differentiations [16, 17]. Other studies demon-
strate potential for GLP-1 to stimulate activity of adeny-
late cyclase and related cAMP production resulting in the
subsequently stimulated protein kinase A (PKA)-depend-
ent lipolysis [18].

Here we examined the effects of the synthetic GLP-
1 analogue liraglutide on the de novo adipocyte genera-
tion (by assessing activity of beige and white 3T3-L1
preadipocyte differentiation), on inflammatory state of
mature adipocytes (by evaluating activity of the c-Jun N-
terminal kinase, JNK), as well as on insulin sensitivity of
mature adipocytes.

MATERIALS AND METHODS

Overall study design. 3T3-L1 preadipocyte cell cul-
ture was used as a model. Examining white and beige
preadipocyte differentiation was performed by exposure
to various induction mixtures with and without liraglu-
tide. Differentiation efficacy was assessed by calculating
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mean number of mature adipocyte per surface unit, be
measuring adsorbed OilRedO dye in the cell extracts, as
well as by measuring the level of expression of white/beige
adipogenic marker with immunoblotting.

Next, phosphorylation kinetics of the pro-inflam-
matory JNK and pro-mitogenic Erk (extracellular signal
regulated kinase) kinases was assessed after mature
adipocytes were exposed to liraglutide at concentration of
100 nM for 30 min, 1, 6, 18, and 24 h as well as in com-
bination with the adenylate cyclase inhibitor (SQ22536)
at concentration of 500 uM followed by estimation of
adipocyte insulin sensitivity.

Insulin sensitivity was assessed by treating 3T3-L1
mature adipocytes with liraglutide for 24 h followed by
measuring phosphorylation and expression level of the
major insulin signaling components [insulin receptor sub-
strate-1 (IRS-1) and Akt kinase] using immunoblotting,
as well as measuring insulin-stimulated [*H]-2-deoxyglu-
cose uptake.

Materials. Murine 3T3-L1 preadipocyte cells
(ATCC, USA) were cultured in the DMEM-F12 medium
(glucose concentration — 4.5 g/liter) (Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS, HyClone,
USA) and 60 U/ml penicillin/streptomycin mixture
(Gibco). 3T3-L1 preadipocytes underwent differentiation
after adding insulin, isobutylmethylxanthine, dexametha-
sone, rosiglitazone, triiodothyronine and isoproterenol
(Sigma-Aldrich, USA). Adipocytes were incubated with
synthetic GLP-1 analogue liraglutide (Selleckchem,
Germany) and SQ22536 adenylate cyclase inhibitor
(Fluka, Germany). Immunoblotting analysis was per-
formed by using primary monoclonal antibodies against k
pIJNK1/2-T183/Y185 (R&D, USA), tINKI1/2 (R&D,
USA), pErk1/2-T202/Y204 (Cell Signaling, USA),
tErk1/2 (Cell Signaling), uncoupling protein type 1
(UCP-1, Thermo Scientific, USA), peroxisome prolifera-
tor-activated receptor type gamma (PPARgamma, Cell
Signaling), pIRS-Y612 (Thermo Scientific), tIRS (Cell
Signaling), pAkt-S473 (Cell Signaling), tAkt (Abcam,
USA), glucose transporter type 4 (GLUT4, Abcam), beta-
actin (Abcam), and secondary rabbit anti-mouse mouse
IgG antibodies conjugated with horseradish peroxidase
(Abcam). Insulin-induced uptake of [*H]-2-deoxy-glu-
cose was assessed by using 2-deoxy-glucose (Sigma-
Aldrich) and [*H]-2-deoxy-glucose (Perkin Elmer, USA)
solutions. A cell lysate sample was dissolved in an
UltimaGold liquid scintillation cocktail (Perkin Elmer)
for measuring decay rate with a LKB RackBeta counter
(LKB, Sweden). Protein concentration was measured
with a Pierce BCA Protein Assay Kit (Thermo Scientific).

3T3-L1 preadipocyte cultivation and differentiation.
3T3-L1 preadipocytes were cultured in a DMEM-F12
medium (4.5 g/liter glucose) supplemented with 10%
FBS and 60 U/ml penicillin/streptomycin mixture.

White adipogenesis was induced according to the
protocol proposed by Zebisch et al. [19] with modifica-
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tions. Cells were cultured to ~100% confluency, main-
tained in tight confluency for 2 more days, followed by
replacing the medium with a DMEM medium supple-
mented with 10% FBS, 0.5 mM dexamethasone, 0.25 uM
isobutylmethylxanthine, 2 uM rosiglitazone, and 100 nM
insulin. Next, the culture medium was replaced with the
standard medium for 2-4 days, and the obtained
adipocyte culture was used in further experiments.
Lypophilic OilRedO dye (Merck Millipore, Germany)
was used to assess the level of lipid accumulation followed
by imaging of 4 random fields of view on an AxioVertAl
microscope (Zeiss, Germany) in a phase-contrast mode
followed by counting the number of mature adipocytes
per area unit. OilRedO dye was extracted from the stained
adipocytes by using 100% isopropanol followed by assess-
ing absorption of the extract on a Multiscan Microplate
Reader (Labsystems, USA).

Beige adipogenesis was induced according to the
protocol proposed by Miller et al. [20] with modifica-
tions. Cells were cultured to ~100% confluency and
maintained in tight confluency for 2 more days, followed
by replacing the medium for the next 4 days with DMEM
supplemented with 10% FBS, 0.5 mM dexamethasone,
0.25 uM isobutylmethylxanthine, 2 puM rosiglitazone,
and 100 nM insulin, 1 nM triiodothyronine, and 100 uM
isoproterenol. Next, the medium was replaced with the
standard medium for 2-4 days followed by using the
obtained adipocyte culture in experiments.

Assessing phosphorylation level in the major compo-
nents of insulin signaling pathway in the mature 3T3-L1
adipocytes. Mature adipocytes were deprived of fetal
bovine serum for 4 h in the serum-free DMEM-F12
medium in order to assess phosphorylation levels of the
major components of insulin signaling. Next, the cells
were incubated with 100 nM insulin for 20 min followed
by lysing them in a radioimmunoprecipitation assay
(RIPA) buffer (150 mM NaCl, 1% (w/v) Triton-X100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
50 mM Tris-HCI at pH 8.0) supplemented with a pro-
tease/phosphatase inhibitor cocktail (Roche, Sweden).
Cell lysates were homogenized using insulin syringe with
a 29G gauge size needle.

Insulin-induced [*H]-2-deoxyglucose uptake. Mature
3T3-L1 adipocytes were stimulated with insulin at con-
centration of 100 nM for 20 min followed by adding
100 pM 2-deoxyglucose and 0.5 pCi [*H]-2-deoxyglucose
for 5 min to assess insulin-induced glucose uptake. Next,
the cells were washed three times with cold phosphate
buffered saline and lysed with the RIPA buffer. Finally,
cell lysate was dissolved in a liquid scintillation cocktail
for measuring decay rate in a B-radiation counter.

Examining effects of liraglutide on activity of pro-mito-
genic Erk and pro-inflammatory JNK kinases. A relation
between phosphorylation and expression of pro-mitogenic
Erk and pro-inflammatory JNK kinases was investigated
depending on the time of incubation in the presence of
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100 nM liraglutide. 3T3-L1 mature adipocytes were serum
deprived in the serum-free DMEM-F12 medium for 4 h
followed by exposure to liraglutide for 30 min, 1, 6, 18, and
24 h. After that, the cells were lysed in the RIPA buffer fol-
lowed by immunoblotting. To investigate the effects of
liraglutide on the kinase expression in the 3T3-L1 mature
adipocytes, the serum-starved for 4 h adipocytes were
incubated with SQ22536 adenylate cyclase inhibitor
(500 uM) followed by addition of liraglutide.

Immunoblotting assay. Proteins in cell lysates were
separated using 10% polyacrylamide gel electrophoresis
under denaturing conditions according to Laemmli pro-
cedure [21] and next electrotransferred onto wet
polyvinylidene fluoride membranes (Amersham, USA)
according to the manufacturer’s recommendations.
Membranes were blocked for 6 h in the 50 mM Tris-HCI
(pH 8.0) containing 5% skim milk (Applichem,
Germany) supplemented with 0.1% (v/v) Tween 20 fol-
lowed by incubation with primary antibodies, according
to the manufacturer’s recommendations. Next the mem-
branes were treated with secondary antibodies according
to manufacturer’s instructions. Chemiluminescence was
visualized using a Clarity ECL kit (Bio-Rad, USA) and
recorded with a gel-documentation system FusionX
(Vilber-Lourmat, France). Next, images were processed
using ImageJ software (https://imagej.nih.gov/ij/) and
GelAnalyzer (http://www.gelanalyzer.com/). Finally,
phosphorylated protein/total protein ratio was calculated
or total protein level was normalized to B-actin used as
endogenous control.

Statistical analysis. The data are presented as
mean * standard deviation. Each experimental point was
obtained by carrying out three independent repeats, each
of which was analyzed in three replicates. Significance of
differences was calculated by using Student’s z-test with
statistical significance threshold set at p < 0.05.

RESULTS

Liraglutide exerts no profound effect on beige
adipocyte differentiation, but contributes to upregulated
UCP-1 expression during white adipocyte differentiation
of 3T3-L1 preadipocytes. Initially, we assessed impact of
the synthetic GLP-1 analogue liraglutide on events
underlying white and beige differentiation of
preadipocytes. This was important due to the common
use of subcutaneous injection of liraglutide in clinical
practice and its potential local effects on differentiation of
preadipocytes inside the adipose tissue. Experiments were
carried out by adding liraglutide at concentration of
100 nM to the induction mixture and the culture medium
following induction (see “Materials and Methods” sec-
tion).

The level of 3T3-L1 preadipocyte differentiation
with and without liraglutide was assessed by cell staining

BIOCHEMISTRY (Moscow) Vol. 86 No. 3 2021
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Fig. 1. Liraglutide exposure does not produce any marked impact on beige adipogenesis, but contributes to upregulation of UCP-1 expres-
sion during white adipogenesis in 3T3-L1 preadipocytes. a) 3T3-L1 adipocyte microimaging panel (phase-contrast) after white/beige (W/B)
adipogenesis with/without liraglutide (Lira), stained with OilRedO lipophilic dye; b) adipocyte number per microimage area unit shown in
panel (a); ¢) absorption of OilRedO dye extract; d) representative immunoblots; e) statistical analysis assessing UCP-1 expression level; f)
statistical analysis assessing PPARgamma expression level. The data from three independent experiments are presented; Student’s 7-test was
used to calculate significance of differences: significance threshold was set at p < 0.05. (Colored versions of Figs. 1, 3-5 are available in online
version of the article and can be accessed at: https://www.springer.com/journal/10541)

with lyophilic dye OilRedO (Fig. 1a). Enumeration of
mature adipocytes per surface area unit demonstrated no
significant differences between the groups, but exposure
of white and beige adipocytes to liraglutide caused statis-
tically insignificant increase of their numbers (Fig. 1b).
Similar situation was observed during assessment of the
level of OilRedO dye absorption in the cell extracts show-
ing only slight increase of absorption in the extracts of the
liraglutide-treated adipocytes. Such effect was significant
in the case of white adipocyte differentiation (p = 0.004),
but the rise in extract absorption after liraglutide exposure
comprised less than 10% out of the total magnitude
(Fig. 1c). The obtained data cast a doubt on the ability of
liraglutide to regulate white adipocyte differentiation and
lipid accumulation. Nonetheless, expression of the major
components involved in the white (PPARgamma) and
beige (UCP-1) adipogenesis was analyzed using
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immunoblotting. It was found that liraglutide significant-
ly upregulated expression of the white adipogenesis mark-
er UCP-1 (p = 0.032) (Fig. 1, d and ¢). In contrast,
liraglutide exposure exerted no significant effect on the
expression of both UCP-1 and PPARgamma related to
beige adipogenesis (Fig. 1, d and f). Thus, it can be con-
cluded that liraglutide has a potential to enhance expres-
sion of the markers of beige adipogenesis within white
adipocytes, but it does not affect expression of the white
adipogenesis markers. Overall, the obtained data imply
that liraglutide does not produce any effect on white adi-
pogenesis. However, it is worth noting that the liraglutide
exposure resulted in the significantly upregulated level of
UCP-1 in white adipocytes suggesting its potential for
modulation of the adipocyte phenotype towards the ther-
mogenic one. Further experiments were conducted on
3T3-L1 mature adipocytes following white adipogenesis.
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Liraglutide-activated adenylate cyclase results in
upregulated expression of pro-mitogenic Erk and down-
regulated expression of pro-inflammatory JNK. Impact of
time of exposure to liraglutide on levels of activation and
expression of pro-mitogenic (Erk) and pro-inflammatory
(JNK) kinase in 3T3-L1 mature white adipocytes was
investigated.

Analysis of kinetics of Erk and JNK (Fig. 2, a, b
and d) phosphorylation demonstrated similar transitory
activation (Erk phosphorylation: p = 0.04 within 0-0.5 h;
p = 0.117 within 0.5-1 h; and p = 0.04 within 1-6 h; same
pattern of changes in significance levels was observed in
the presence of adenylate cyclase inhibitor SQ22536).
Analysis of Erk expression revealed robust upregulation in
response to liraglutide exposure. The effect was observed
0.5 h after the start of exposure, which was a rather short
time for realization of the expression-related response.
Nonetheless, the level of Erk expression was significantly
elevated during 6-h incubation with liraglutide and
returned back to the baseline after 18-24 h exposure
(Fig. 2, a and c). Expression of JNK kinase did not dis-
play any significant changes in time in the presence of
liraglutide compared to the baseline level (Fig. 2, aand e).
Hence, liraglutide is capable of transitory activation of
Erk and JNK kinases, which is accompanied by the rather
stable increase (up to 6 h) of Erk expression. In connec-
tion with this, it was suggested that liraglutide exerts
divergent effects on gene expression in 3T3-L1 mature
adipocytes.

CREB (cAMP response element-binding protein) is
the major transcription factor involved in liraglutide-

MAMONTOVA et al.

mediated effects, which is activated at elevated cAMP
levels [22-24]. Adenylate cyclase is the main enzyme pro-
ducing intracellular cAMP and it also able to activate
CREB transcription factor. Therefore, the liraglutide
mode of action was investigated further by using adeny-
late cyclase (SQ22536) inhibitor at concentration of
500 uM [25-27].

It was shown that the kinetics of Erk and JNK phos-
phorylation after exposure to liraglutide in the presence of
SQ22536 demonstrated similar transient pattern. In the
case of JNK it was found that its phosphorylation level
was elevated after 24 h of incubation with liraglutide vs.
phosphorylation level in the presence of SQ22536
(Fig. 2, a, b, and d). Furthermore, SQ22536 fully sup-
pressed upregulated Erk expression after 0.5-6 h incuba-
tion with liraglutide. While liraglutide per se did not affect
expression of JNK, statistically significant activation of
the JNK expression was observed in the presence of
SQ22536 (Fig. 2, a, ¢, and e). This result implies that
liraglutide exerts divergent cAMP-dependent effects on
Erk and JNK expression. Hence, it could be presumed
that liraglutide might be potentially involved in control-
ling proliferation and inflammation in the adipose tissue.

Liraglutide enhances phosphorylation and expression
level of IRS-1 and Akt by activating adenylate cyclase. It
was suggested that along with regulating proliferation and
inflammation in the adipose tissue, liraglutide might exert
systemic sugar-lowering effect due to elevated adipocyte
insulin resistance upon subcutaneous injection.

It was found that liraglutide was able to elevate both
phosphorylation level and expression of the scaffold pro-
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Fig. 2. Liraglutide exposure does not produce significant impact on activation of Erk and JNK signaling, but affects their expression via adeny-
late cyclase activity. a) Representative immunoblots; b) time-dependent liraglutide-mediated effects on pErk/tErk phosphorylation level;
c) time-dependent liraglutide-mediated effects on Erkl/B-actin expression level; d) time-dependent liraglutide-mediated effects on
pJNKI1/2-T183/Y185 kinase phosphorylation level; e) time-dependent liraglutide-mediated effects on pJNK1/2 kinase expression level. All
experiments were performed by using 100 nM liraglutide + 500 uM SQ22536. The data from three independent experiments are presented;
Student’s z-test was used to calculate significance of differences: * p < 0.05, significance level was calculated for each paired value at each time

point (£500 uM SQ22536).
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Fig. 3. Liraglutide enhances IRS-1 and Akt phosphorylation and expression via adenylate cyclase axis. All experiments were performed by
using 100 nM liraglutide £+ 500 uM SQ22536. a) Representative immunoblots; b) statistical analysis of IRS-1 phosphorylation and expression;
¢) statistical analysis of Akt phosphorylation and expression. The data from three independent experiments are presented; Student’s 7-test was
used to calculate significance of differences: significance level was set at p < 0.05.

tein IRS-1 promoting signaling from the insulin receptor
to the kinases (Fig. 3, a and b) as well as kinase Akt
(Fig. 3, a and ¢) when the mature adipocytes were affect-
ed directly. It must be mentioned that the baseline level of
Akt protein kinase phosphorylation was virtually
unchanged after liraglutide exposure, which together with
the upregulated Akt expression triggered by liraglutide
may indicate the decreased level of Akt phosphorylation
observed after adding liraglutide without stimulation with
insulin (Fig. 3, a and ¢). SQ22536 facilitated full elimina-
tion of liraglutide effects and return of phosphorylation
and expression levels of IRS-1 and Akt to the baseline
(Fig. 3, a and b). The obtained data demonstrate that
liraglutide exerts stimulatory effects on insulin-depend-
ent signaling pathway, which allows expecting associated
changes in the insulin-dependent glucose uptake.

Liraglutide enhances insulin-stimulated adenylate
cyclase-dependent glucose uptake in 3T3-L1 mature
adipocytes. After assessing activity of insulin signaling
cascade, we investigated physiological response to insulin
in the 3T3-L1 mature adipocytes. Previously, it was
observed that the rate of glucose uptake represents a real
adipocyte response to insulin exposure.

It was found that the glucose uptake in the insulin-
treated vs. control 3T3-L1 mature adipocytes was stimu-
lated by approximately 9.5-fold, whereas this process was
enhanced further (up to 11-fold) after liraglutide addi-
tion. It is worth mentioning that the absolute glucose
uptake rate after adding insulin together with liraglutide
increased by 30% vs. insulin alone (p = 0.023, Fig. 4a).
Addition of SQ22536 fully suppressed the liraglutide-
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associated effects (p = 0.01, Fig. 4a), whereas no signifi-
cant differences were observed in the absolute glucose
uptake rate in the insulin- vs. liraglutide/SQ22536-treat-
ed cells (Fig. 4a). In addition, we also investigated poten-
tial mechanisms underlying enhanced insulin sensitivity
of adipocytes triggered by liraglutide by assessing expres-
sion of the glucose transporter type 4 (GLUT4). It was
shown that exposure to liraglutide resulted in substantial-
ly increased GLUT4 expression that was fully abolished
by adding SQ22536 (Fig. 4b). It is worth noting that com-
bining liraglutide with insulin lowers GLUT4 expression
compared to the insulin-unstimulated cells but not to the
control or inhibitor-treated cells. These results could be
associated with the extremely pleotropic effects of liraglu-
tide on adipocytes. To summarize, we could suggest that
liraglutide contributes to the improved adipocyte insulin
sensitivity via the adenylate cyclase-dependent pathway.

DISCUSSION

In this work we demonstrated direct effects of the
synthetic GLP-1 analogue liraglutide on preadipocytes
and mature 3T3-L1 adipocytes. In particular, liraglutide
at concentration of 100 nM did not profoundly affect
preadipocyte potential to adipogenesis, but exposure to
liraglutide caused upregulation of UCP-1 expression in
white adipocytes thereby directing them towards beige
differentiation. Liraglutide was able to divergently regu-
late adenylate cyclase-dependent expression of pro-mito-
genic Erk and pro-inflammatory JNK kinases in mature
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adipocytes. Moreover, liraglutide displayed a potential to
enhance expression of a number of components involved
in insulin signaling as well as insulin-dependent glucose
transporter GLUT4 via adenylate cyclase-driven mecha-
nism. In addition, liraglutide stimulated the insulin-
dependent glucose uptake that also proceeded with par-
ticipation of adenylate cyclase (Fig. 5).

The main function of GLP-1 is mediation of
insulinotropic effects after food intake (elevated insulin
secretion) as well as suppression of glucagon secretion by
activation of the specific GLP-1 receptor. Insulinotropic
effect combined with other fast-developing GLP-1 effects
contributes to the decrease of the blood glucose level [28-
30]. Thus, it could be concluded that GLP-1 acts as an
enhancer that additionally stimulates postprandial insulin
secretion causing maximal activation of the cell glucose
uptake. Nonetheless, the reduced GLP-1 level and
altered total profile of incretin hormone secretion is
observed in patients with IR and T2DM [31-33]. That is
why therapeutic approaches based on the use of GLP-1
and other incretin hormone analogues for correcting IR
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and T2DM attracted so much attention in the beginning
of 21th century [34, 35]. Currently, the synthetic GLP-1
analogues such as liraglutide-based drugs are the most
commonly used therapeutic agents. The majority of
GLP-1 analogue-based agents is administered subcuta-
neously into the adipose tissue, regulated generation of
which is a crucial problem associated with obesity
and T2DM.

Interaction between GLP-1 and the adipose tissue
has been thoroughly investigated in terms of unveiling
major regulatory mechanisms. GLP-1 can modulate
activity of hypothalamic-pituitary system and affect
metabolism in the adipose tissue by enhancing beige adi-
pogenesis [36-38]. Nonetheless, the recent study explor-
ing mechanisms of efficient bariatric surgery revealed
importance of the local GLP-1 receptor expressed exclu-
sively in the subcutaneous adipose tissue for improving
metabolic parameters in patients with obesity and T2DM
[39]. Thus, it may be expected that local activity of GLP-
1 and its analogues could improve metabolic profile and
insulin sensitivity. Our study attempted to elucidate the
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Fig. 4. Liraglutide enhances insulin-dependent glucose uptake via adenylate cyclase-mediated upregulation of expression of the insulin-
dependent glucose transporter GLUT4. All experiments were performed by using 100 nM liraglutide £ 500 uM SQ22536. a) Histogram
depicting insulin-stimulated 2-deoxyglucose uptake; b) representative immunoblots and relevant densitometry data. The data from three inde-
pendent experiments are presented; Student’s 7-test was used to calculate significance of differences: significance level was set at p < 0.05.
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GLUTH4, glucose transporter type 4; IRS, insulin receptor substrate; SQ22536, adenylate cyclase inhibitor; UCP-1, uncoupling protein 1.

mechanisms underlying GLP-1-related effects (modelled
by using the synthetic GLP-1 analogue liraglutide) on
white and beige adipogenesis.

Our first finding was lack of the effects of liraglutide
on white adipogenesis in combination with the upregulat-
ed UCP-1 expression in white adipocytes after exposure
to liraglutide. No convincing data on the local effects of
GLP-1 on activated beige adipogenesis were observed
before. It is known that the response of the hypothalam-
ic-pituitary system involved in regulation of thermogene-
sis is crucial for control of beige adipogenesis upon sys-
temic exposure to liraglutide [36-38]. However, activated
white adipogenesis in the 3T3-L1 preadipocytes after
exposure to liraglutide and GLP-1 was demonstrated in
some studies [16, 17]. It must be mentioned, however,
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that these studies used different models of adipogenesis
without using rosiglitazone. The latter is known to induce
strong adipogenic differentiation that may annul poten-
tial effects of liraglutide on white adipogenesis. To explain
lack of the effect of liraglutide on UCP-1 level it can be
presumed that the induction mixture itself triggers maxi-
mum possible upregulation of UCP-1 expression under
conditions of beige adipogenesis.

While discussing local effects of liraglutide on Erk
and JNK (Fig. 5) kinase expression possible local pro-
mitogenic and protective (pro-survival) (Erk) as well as
pro-inflammatory (JNK) activities should be mentioned.
Indeed, some studies noted pro-mitogenic effects of
liraglutide and GLP-1 mediated by activated Erk kinase
in various cell types [40, 41]. However, there is also evi-
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dence describing anti-inflammatory activity of liraglutide
and GLP-1 observed, however, in animal models. In par-
ticular, native GLP-1 overexpressed in the adipose tissue
was able to lower obesity level and macrophage infiltra-
tion in adipose tissue as well as promote anti-inflamma-
tory macrophage polarization [42, 43]. However, it
should be clarified that these studies described systemic
rather than local liraglutide effects, whereas we presented
the data on local anti-inflammatory effects of liraglutide.

Despite existing of multiple data pointing at central
role of the GLP-1 and its analogues in the major mecha-
nism regulating homeostasis in adipose tissue, in our study
we demonstrated highly prominent direct effects of GLP-
1 on adipocytes. Liraglutide is able to markedly upregulate
expression of the components involved in insulin signaling
pathway and promote glucose uptake in the subcutaneous
adipose tissue. These results are in agreement with the
data published by Gao et al. [44] demonstrating that the
insulin signaling in adipocyte was regulated by GLP-1
affecting expression of insulin receptor, IRS-1 as well as
insulin-dependent glucose transporter GLUT4. In our
study we managed to demonstrate for the first time that
such effects were driven by the adenylate cyclase activity
and resulted in the elevated insulin-dependent glucose
uptake and GLUT4 expression.

Moreover, it was clearly demonstrated that the ele-
vated insulin-dependent glucose uptake occurred after
direct exposure of 3T3-L1 mature adipocytes to liraglu-
tide, and raised a question about the fate of such glucose
molecules. Our data suggest that glucose was not directly
transformed into the energy storage (lipids), because nei-
ther the adipocyte count nor the total adipocyte lipid
content were changed (Fig. 1, a-c). Potentially, it might
be explained by the elevated expression of the mitochon-
drial uncoupling protein 1 (UCP-1), which is the major
component of thermogenesis capable of utilizing the cel-
lular energy reserves. It could be suggested that the ele-
vated insulin-dependent glucose uptake by the mature
3T3-L1 adipocytes initiated by liraglutide is associated
with the enhanced thermogenesis and nutrient consump-
tion.

Previously, the mechanisms of liraglutide-related
expression effects in the adipose tissue were explored, but
no consensus has been reached. There is no doubt that
the transcription factor CREB plays a crucial role in reg-
ulating gene expression in the pancreas [22-24]. Previous
studies revealed a 3-fold increase in the adipocyte cAMP
level after GLP-1 exposure indirectly confirming that
GLP-1 acted in a cAMP-dependent manner [18]. It was
also demonstrated that addition of the cAMP-dependent
protein kinase (PKA) blocked GLP-1-associated changes
in the fatty acid synthase expression as well as activation
of the transcription factor CREB in the mature 3T3-L1
adipocytes [17]. However, it should be noted that the
transcription factor CREB may act not only as a homod-
imer, but also as an active heterodimer with the ATF tran-
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scription factors. Hence, it should be taken into consider-
ation that other CREB/ATF family transcription factors
could be also involved in mediating physiological effects
of liraglutide [45]. The obtained data on adenylate
cyclase-dependent expression responses to liraglutide
exposure confirm participation of the adenylate cyclase-
dependent PKA-CREB signaling pathway in realization
of the local liraglutide-associated expression effects in the
subcutaneous adipose tissue.

CONCLUSION

To sum up the results of our study it should be noted
that the synthetic GLP-1 analogue liraglutide exerts pos-
itive direct effects on mature adipocytes by stimulating
insulin sensitivity as well as displaying pro-mitogenic and
anti-inflammatory activities. Such effects were mediated
by adenylate cyclase likely via the PKA-CREB signaling
pathway. The synthetic GLP-1 analogue liraglutide
demonstrated no direct effect on both thermogenic and
white adipocyte development. The data obtained indicate
positive antidiabetic local effects of exposure to liraglu-
tide, but the mechanisms controlling thermogenesis and
storage of lipids seem to rely mostly on the systemic activ-
ity of liraglutide.
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