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Background: Glucagon-like peptide-1 (GLP-1) analogues regulate glucose homeostasis and have anti-inflammatory properties, but
cause gastrointestinal side effects. The fibroblast growth factor 21 (FGF21) is a hormonal regulator of lipid and glucose metabolism
that has poor pharmacokinetic properties, including a short half-life. To overcome these limitations, we investigated the effect of a
low-dose combination of a GLP-1 analogue and FGF21 on atherosclerosis-related molecular pathways.

Methods: C57BL/6J mice were fed a high-fat diet for 30 weeks followed by an atherogenic diet for 10 weeks and were divided into
four groups: control (saline), liraglutide (0.3 mg/kg/day), FGF21 (5 mg/kg/day), and low-dose combination treatment with liraglu-
tide (0.1 mg/kg/day) and FGF21 (2.5 mg/kg/day) (n=6/group) for 6 weeks. The effects of each treatment on various atherogenesis-
related pathways were assessed.

Results: Liraglutide, FGF21, and their low-dose combination significantly reduced atheromatous plaque in aorta, decreased weight,
glucose, and leptin levels, and increased adiponectin levels. The combination treatment upregulated the hepatic uncoupling protein-1
(UCP1) and Aktl mRNAs compared with controls. Matric mentalloproteinase-9 (MMP-9), monocyte chemoattractant protein-1
(MCP-1), and intercellular adhesion molecule-1 (ICAM-1) were downregulated and phosphorylated Akt (p-Akt) and phosphorylated
extracellular signal-regulated kinase (p-ERK) were upregulated in liver of the liraglutide-alone and combination-treatment groups.
The combination therapy also significantly decreased the proliferation of vascular smooth muscle cells. Caspase-3 was increased,
whereas MMP-9, ICAM-1, p-Akt, and p-ERK1/2 were downregulated in the liraglutide-alone and combination-treatment groups.
Conclusion: Administration of a low-dose GLP-1 analogue and FGF21 combination exerts beneficial effects on critical pathways
related to atherosclerosis, suggesting the synergism of the two compounds.
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INTRODUCTION

Diabetes mellitus is a metabolic disorder that is associated with
an increased risk of several comorbidities, including cardiovas-
cular disease (CVD). Atherosclerotic CVD, such as myocardial
infarction or stroke, is the main cause of death (accounting for
almost 80% of the death) in patients with type 2 diabetes [1].
Atherosclerosis is accompanied by vascular endothelial dysfunc-
tion, leading to hardening of the arteries and arterial occlusion,
which is a fundamental process underlying CVD. The develop-
ment of atherosclerosis is complex and influenced by glucose
and lipid metabolism, inflammation, and oxidative stress [2,3].

The glucagon-like peptide 1 (GLP-1) receptor has been a treat-
ment target for diabetes. GLP-1 analogues improve insulin sen-
sitivity in the liver and adipose tissue, reducing macrophage in-
filtration and inhibiting inflammation [4-7]. GLP-1 has multiple
biological functions related to the cardiovascular (CV) system
[8]. The CV safety and benefits of GLP-1 analogues were re-
ported in recent CV outcome trials [9-13]. However, these drugs,
particularly at high-dose, exhibit side effects, such as nausea,
vomiting, and other types of gastrointestinal discomfort [14].

The fibroblast growth factor 21 (FGF21), which is a member
of the FGF superfamily, is expressed in several tissues, includ-
ing the liver [15]. FGF21 has emerged as an important regulator
of glucose and lipid metabolism [16,17]. Recent studies report-
ed that FGF21 decreased hepatic steatosis, blood glucose, insu-
lin, glucagon, and body weight, and improved insulin sensitivity
in rodent models [18,19]. Treatment with FGF21 decreased the
development and progression of atherosclerosis in an animal
model [20]. Furthermore, FGF21 therapy decreased the concen-
trations of low-density lipoprotein cholesterol and alleviated in-
sulin resistance in animal models of obesity [18,21]. However,
the FGF21 protein has unfavorable pharmacokinetic properties,
such as susceptibility to in vivo proteolytic degradation and a
short half-life (<2 hours) [22].

To avoid the side effects of liraglutide and to overcome the
shortcomings of FGF21, a low-dose combination therapy with a
GLP-1 analogue and FGF21 might be a preferred strategy to
prevent the cardiometabolic risk associated with diabetes, by
possibly lowering glucose levels and reducing body fat and CV
risk. Thus, we aimed to estimate the ability of a low-dose com-
bination of liraglutide, which is a GLP-1 analogue, and FGF21
to mitigate the vascular complications of diabetes. Thus, the ef-
fect of the GLP-1 analogue/FGF21 combination therapy on
vascular cell proliferation, inflammation, and atherosclerosis
was explored in a high-fat diet-induced obese mouse model and
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in vascular smooth muscle cells (VSMCs). Finally, the mecha-
nisms underlying the effects of the combination therapy were
investigated using molecular experiments.

METHODS

Animals

Six-to-eight-week-old C57BL/6J male mice were obtained from
Jackson Laboratories (Bar Harbor, ME, USA). All mice re-
ceived a Western diet (40% fat and 43% carbohydrate) for 30
weeks and an atherogenic diet (4% cholesterol, 1% cholic acid,
and 0.5% 2-thiouracil) for another 10 weeks, and were divided
into four treatment groups: control (saline); liraglutide (0.3 mg/
kg/day), as a GLP-1 analogue; FGF21 (LY 2405319; donated
by Eli Lilly and Company, Indianapolis, IN, USA; 5 mg/kg/
day); and low-dose combination treatment with liraglutide (0.1
mg/kg/day) and FGF21 (2.5 mg/kg/day) (n=6/group) for 6
weeks. The investigational products were administered intra-
peritoneally. Mice were housed in a temperature-controlled
room and maintained under a 12/12-hour light/dark cycle. Mice
were sacrificed at 55 weeks of age.

This study was approved by the Institutional Animal Care
Committee, Seoul National University Bundang Hospital
(SNUBH) (IACUC No. BA1710-233/083-01). The animal ex-
periments were performed in compliance with the Guide for
Experimental Animal Research of the Laboratory for Experi-
mental Animal Research, Clinical Research Institute, SNUBH,
South Korea, and conformed to the provisions of the Declara-
tion of Helsinki (2013).

Atherosclerosis in the aorta

To measure the area of atherosclerotic lesions, whole aortas pre-
pared using the en face method were stained with Oil-Red-O
solution [23]. After perfusion fixation of the euthanized mice,
the whole aorta was dissected out, opened longitudinally from
the heart to the bifurcation of the iliac arteries, and stained with
Oil-Red-O. Each specimen was evaluated in a blinded fashion.
Images of the aorta were analyzed using Image-Pro Plus soft-
ware (Media Cybernetics, Silver Spring, MD, USA), and results
are presented as the area of atheromatous plaque lesion calcu-
lated as a percentage of the whole aortic area.

Weight, glucose, and biochemical parameters

During the treatment period, body weight was measured twice a
week. Food and water intake were also measured every week
throughout the treatment period. Fasting blood glucose concen-
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trations were measured twice a week using a glucometer (Accu-
Chek Inform II, Roche, Mannheim, Germany). Blood samples
were collected from mice after 8 hours of fasting at the end of
the treatment period. The levels of insulin, glucagon, leptin,
ghrelin, and resistin were measured using a Multiplex Assay Kit
(MMHMAG-44K, Lot. 3200934, Millipore, Billerica, MA,
USA). Adiponectin concentrations were measured using en-
zyme-linked immunosorbent assay kits (MRP300, R&D sys-
tem, Minneapolis, MN, USA) according to the manufacturer’s
instructions [24].

Cell culture

Rat aortic smooth muscle cells were purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% fetal bovine serum (HyClone, Logan, UT,
USA) in a humidified atmosphere of 5% CO, and 95% air at
37°C. The medium was replaced every 2 days. Prior to the ex-
periments, the cells were plated in 96-well plates at a density of
approximately 1.5X10* cells per well for 3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay, or in 6-well plates at 5% 10° cells per
well for all other assays. For the experiments, the cells were in-
cubated with the agents for 24 hours at 37°C. In each experi-
ment, treatments were performed in triplicate.

Cell viability assay

Cells were cultured to 80% to 90% confluence and then starved
in serum-free DMEM for 24 hours. The medium was replaced
with fresh medium containing different concentrations of lira-
glutide and FGF21 in the presence of the platelet-derived
growth factor (PDGF; 10 ng/mL). PDGF is a growth factor that
is commonly used to induce the proliferation of vascular cells
[25]. Cell viability was analyzed using the MTS cell prolifera-
tion assay (CellTiter 96 AQueous Cell Proliferation Assay Kit,
Promega Corp., Madison, WI, USA), according to the manufac-
turer’s protocol. Briefly, the cells were cultured for 24 hours and
20 pL/well of the MTS solution was added to the samples in
100 pL of culture medium. The cells were subsequently incu-
bated at 37°C for 4 hours and the absorbance was measured at
490 nm using a microplate reader.

Wound-healing migration assay

Cells were grown to 90% confluence and then subjected to
scratching using a sterile pipette tip. The medium was replaced
with fresh medium containing different concentrations of lira-
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glutide and FGF21 in the presence of PDGF (10 ng/mL). The
scratch wound was allowed to heal for 24 hours in the presence
of the indicated chemicals. A phase-contrast microscope (Opti-
ka, Ponteranica, Italy) captured images of each sample at 0 and
24 hours, and the ability of VSMCs to migrate was evaluated by
measuring the area of the scratch wound at both time points, us-
ing Image J software version 1.29x (National Institutes of
Health, Bethesda, MD, USA).

Annexin V staining and flow cytometry

To determine the rate of apoptosis, the cells were incubated in
culture medium containing liraglutide and FGF21 for 24 hours
and stained with Annexin V/fluorescein isothiocyanate (FITC),
according to the manufacturer’s protocol (Molecular Probes,
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Approxi-
mately 1x10° cells were harvested and washed with phosphate-
buffered saline. Cells were then resuspended in 100 pL of An-
nexin V binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5
mM CaCly; pH 7.4), incubated with 5 pL of Annexin V/FITC
for 15 minutes at room temperature, and counterstained with
propidium iodide (PI; final concentration, 1 pg/mL) for 10 min-
utes at room temperature. After the incu-bation period, the cells
were diluted with 190 pL of Annexin V binding buffer and ana-
lyzed by flow cytometry using a Becton Dickinson FACScan
flow cytometer with the Cell Quest 3.1 software (BD Biosci-
ences, Franklin Lakes, NJ, USA).

Reverse transcription quantitative polymerase chain
reaction analysis

Total RNA was extracted from the cells according to the Prome-
ga Total RNA Isolation System manual. Reverse transcription
quantitative polymerase chain reaction was performed on an
ABI Prism 7500 Sequence Detection System (Applied Biosys-
tems Inc., Foster City, CA, USA), according to the manufactur-
er’s instructions. SYBR Green (Toyobo Corp., Osaka, Japan)
was used as a double stranded DNA-specific fluorescent dye.
The specific primers used here were as follows: uncoupling pro-
tein-1 (UCP1) forward, 5'~ATCGGCCTCTACGACAACGT-
CAA-3' and reverse, 5~ ACCAGTTCTGTGCAGTTGAC-
CAG-3"; Aktl forward, S'-"ACTCATTCCAGACCCACGAC-
3" and reverse, 5-ATACACATCCTGCCACACGA-3'; and B ac-
tin forward, F 5-CGTTGACATCCGTAAAGACCTC-3' and re-
verse, S-“TAGGAGCCAGGGCAGTAATCT-3".

Western blot analysis
Cells (1 10%mL) were resuspended in a lysis buffer (Cell Sig-
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naling Technology Inc., Danvers, MA, USA) containing a pro-
tease inhibitor cocktail (cOmplete Mini Protease Inhibitor Tab-
let, Roche Diagnostics, Rotkreuz, Switzerland). The protein
concentrations were measured in the supernatant using a Pierce
BCA Protein Assay Kit (cat. no. 23225, Thermo Fisher Scientif-
ic Inc.). A total of 40 pg of protein was loaded per gel lane, sep-
arated via 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred onto nitrocellu-
lose membranes. The membranes were blocked for 2 hours at
room temperature with 5% skimmed milk in Tris-buffered sa-
line with Tween 20 (TBST; 20 mM Tris, 500 nM NaCl, and
0.1% Tween 20), followed by incubation with primary antibod-
ies against cleaved caspase-3, matric mentalloproteinase-9
(MMP-9), intercellular adhesion molecule-1 (ICAM-1), mono-
cyte chemoattractant protein-1 (MCP-1), phosphorylated Akt
(p-Akt), phosphorylated extracellular signal-regulated kinase
(p-ERK), phosphorylated p38 (p-p38), and phosphorylate INK
(p-JNK) (all 1:1,000; Cell Signaling Technology, Boston, MA,
USA), and B-actin (1:5,000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) overnight at 4°C. After three washes with
TBST, the membranes were incubated with secondary horserad-
ish peroxidase conjugated anti immunoglobulin G antibodies
(1:5,000; Invitrogen; Thermo Fisher Scientific Inc.) for 2 hours
at room temperature and visualized using a Pierce enhanced
chemiluminescence substrate (Thermo Fisher Scientific Inc.).
Densitometric quantification of the protein bands was achieved
using the ImagelJ software version 1.29x (National Institutes of
Health).

Control

Liraglutide FGF21  Liraglutide (0.1 mg/kg)

Statistical analyses

Quantitative data are presented as mean=standard deviation for
animal studies and mean + standard error for cell studies. Differ-
ences between mean values were compared statistically by two-
tailed Student’s ¢ test or one-way analysis of variance followed
by Tukey’s post hoc comparison. Statistical analyses were per-
formed using the SPSS Windows software version 22.0 (IBM
Corp., Armonk, NY, USA). Significance was set at P<0.05. All
experiments were performed at least three times.

RESULTS

Effects of a 6-week treatment with liraglutide, FGF21, or
their combination on atheroma in the aorta

Plaque accumulation in the aorta of C57BL/6J male mice is
shown in Fig. 1. Quantification showed that the plaque areas
were significantly smaller in the groups treated with liraglutide,
with FGF21, or their combination than in controls (all £<0.05).
Moreover, the low-dose combination therapy of liraglutide (0.1
mg/kg) and FGF21 (2.5 mg/kg) showed significantly lower ath-
eromatous plaque formation in the aorta than either liraglutide
alone or FGF21 alone (both £<0.05) (Fig. 1).

Effects of a 6-week treatment with liraglutide, FGF21, or
their combination on body weight, food intake, and blood
glucose concentrations

Among the animals that were fed a high-fat and atherogenic
diet, weight was lower in the liraglutide, FGF21, and low-dose
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Fig. 1. Atheroma burden in the aorta of C57BL/6J mice after 6 weeks of treatment with liraglutide (0.3 mg/kg/day), fibroblast growth factor
21 (FGF21; 5 mg/kg/day), and a low-dose combination treatment with liraglutide (0.1 mg/kg/day) and FGF21 (2.5 mg/kg/day) (n=6 in each
group). (A) Representative images of atheromata in the aorta stained with Oil-Red-O (scale bar, 0.5 cm). The red color indicates plaque ac-
cumulation. (B) The atheromatous plaque area (% of total area) in the aorta. Data are mean+standard deviation. *P<0.05 vs. control;
°P<0.05 vs. liraglutide (0.3 mg/kg); °P<0.05 vs. FGF21 (5 mg/kg).
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combination of liraglutide and FGF21 groups compared with
the control group, starting at 13 days after treatment and with
the exception of days 40 and 42 (Fig. 2A). Random glucose
concentrations were lower in the liraglutide, FGF21, and low-
dose combination of liraglutide and FGF21 groups compared
with the control group, starting at 11 days after treatment and
with the exception of days 23, 31, and 35 (Fig. 2B). Similarly,
food intake was lower in the liraglutide alone and low-dose
combination of liraglutide and FGF21 groups than in the FGF21
or control groups starting at 36 days after treatment (Fig. 2C).

Effect of the liraglutide and FGF21 combination treatment
on biochemical parameters

Liraglutide, FGF21, and their low-dose combination regimen
decreased insulin levels, albeit without statistical significance.
Glucagon levels were significantly suppressed only by the lira-
glutide treatment (Fig. 3). All three treatments increased the lev-
els of circulating adiponectin in these high-fat diet-fed mice.
Furthermore, leptin levels were significantly lower in all treat-
ment groups. Finally, the levels of both ghrelin and resistin ex-
hibited decreasing patterns, albeit without statistical significance

(Fig. 3).
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Hepatic expression of MMP-9, MCP-1, ICAM-1, UCP1,
and Akt1

Both liraglutide alone and its combination with FGF21 down-
regulated MMP-9, MCP-1, and ICAM-1 in the mouse liver
compared with the control group (Fig. 4A). To investigate
whether UCP1 and Akt] were involved in the regulation of glu-
cose metabolism in the combination treatment, the hepatic ex-
pression levels of UCP1 and Aktl were tested. As shown in Fig.
4D, the mRNA expression of UCP1 and Aktl was significantly
increased in animals treated with a low-dose combination of li-
raglutide and FGF21 compared with the controls or either lira-
glutide-alone- or FGF21-alone-treated mice. Therefore, the lira-
glutide and FGF21 combination treatment exerted a synergistic
effect on the expression of these molecules.

Effect of liraglutide and FGF21 combination on the p-Akt
and ERK pathways in the liver and visceral fat

To identify the signaling pathways involved in the effects of the
liraglutide and FGF21 combination treatment, we examined the
phosphorylation of Akt and ERK by Western blotting. In the
liver and visceral fat of obese mice, p-Akt and p-ERK were up-
regulated in the liraglutide-treated and combination groups

350

-~ Control
= Liraglutide 0.3 mg/kg
300 + + FGF21 5 mg/kg
-~ Liraglutide 0.1 mg/kg+FGF21 2.5 mg/kg
250
200
150
100

Fig. 2. Effect of a 6-week treatment with liraglutide (0.3 mg/kg/day)
alone, fibroblast growth factor 21 (FGF21; 5 mg/kg/day) alone, and li-
raglutide (0.1 mg/kg/day) plus FGF21 (2.5 mg/kg/day) low-dose
combination therapy on (A) body weight, (B) blood glucose concen-
trations, and (C) food intake. Post hoc analysis by least significant dif-
ference ¢ tests of the mean differences between two groups. “Control
vs. liraglutide (0.3 mg/kg/day); *Control vs. FGF21 (5 mg/kg/day);
“Control vs. low-dose combination treatment with liraglutide (0.1 mg/
kg/day) and FGF21 (2.5 mg/kg/day); “FGF21 (5 mg/kg/day) vs. lira-
glutide (0.3 mg/kg/day); ‘FGF21 (5 mg/kg/day) vs. low-dose combi-
nation treatment with liraglutide (0.1 mg/kg/day) and FGF21 (2.5 mg/
kg/day), n=6 in each group, P<0.05 in all cases.
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Fig. 3. Effect of liraglutide and fibroblast growth factor 21 (FGF21) on the circulating concentrations of biomarkers. (A) Insulin, (B) gluca-
gon, (C) adiponectin, (D) leptin, (E) ghrelin, and (F) resistin concentrations were measured after 6 weeks of treatment (mean= standard er-
ror). “Control vs. liraglutide (0.3 mg/kg/day); "Control vs. FGF21 (5 mg/kg/day); “Control vs. low-dose combination treatment with liraglu-

tide (0.1 mg/kg/day) and FGF21 (2.5 mg/kg/day), n=6 in each group, P<0.05 in all cases.

compared with the control group (Fig. 4B, C). Moreover, in the
liver, the combination treatment exerted a partial additive effect.

Effect of the liraglutide and FGF21 combination treatment
on the proliferation of VSMCs

The PDGF-induced proliferative effects were significantly re-
versed by liraglutide concentrations above 50 uM and by the
combined treatment with concentrations above 50 uM liraglu-
tide and FGF21 (Fig. 5A). Subsequent experiments were per-
formed using toxic cellular concentrations (50 pM liraglutide
alone or 10 uM liraglutide combined with 50 nM FGF21). We
focused on further defining the therapeutic combinational po-
tential of liraglutide and FGF21.

Effect of the liraglutide and FGF21 combination treatment
on the PDGF-induced migration of VSMCs

A wound-healing migration assay was performed to determine
the effects of liraglutide alone or the liraglutide and FGF21
combination treatment on PDGF-induced VSMC migration.
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VSMC motility was significantly increased after a 24-hour
treatment with PDGF compared with both the liraglutide-alone
and the combination groups (Fig. 5B).

Effect of the liraglutide and FGF21 combination therapy
on VSMC apoptosis

To investigate the possible anti-apoptotic effects of the liraglu-
tide and FGF21 combination therapy, a flow cytometry assay
was performed using VSMCs. After 24 hours of treatment with
the drugs, approximately 19.03% and 14.43% of apoptotic cells
were detected in the liraglutide-alone and the combination
groups, respectively. In addition, early apoptosis was dramati-
cally increased in cells treated with liraglutide alone or the lira-
glutide and FGF21 combination compared with PDGF-stimu-
lated cells. Therefore, the proportion of apoptotic cells was
higher upon treatment with liraglutide alone and the liraglutide
and FGF21 combination compared with PDGF treatment (Fig.
6A). The activation of caspase-3 is marked by the cleavage of
procaspase-3 and is the executioner of apoptosis. We examined

Copyright © 2021 Korean Endocrine Society
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ment for 24 hours, followed by treatment with or without platelet-derived growth factor (PDGF; 10 ng/mL). (B) Quantification of the
wound area. The effect of a 24-hour treatment with liraglutide or the liraglutide and FGF21 combination on the migration of VSMCs was
determined by an in vitro scratch wound-healing migration assay. Each experiment was performed in triplicate (mean=standard error).

P<0.05.

the levels of cleaved caspase-3 by Western blotting. Apoptosis
was effectively induced in VSMCs treated with liraglutide and
the liraglutide and FGF21 combination compared with PDGF-
stimulated cells (Fig. 6B).

Effect of liraglutide and FGF21 combination on the
expression of MMP-9, ICAM-1, p-Akt, and ERK1/2 in
VSMCs

The expression of MMP-9 and ICAM-1 was significantly sup-
pressed in VSMCs after treatment with both liraglutide alone
and the liraglutide and FGF21 combination compared with
PDGEF treatment (Fig. 7A). As shown in Fig. 7B, the treatment
with liraglutide, either alone or in combination with FGF21,
significantly suppressed the PDGF-induced phosphorylation of
Akt and ERK in VSMCs.

Effect of combined liraglutide and FGF21 treatment on
the expression of phosphorylated p-p38 and p-JNK in the
liver, pancreas, and white adipose tissue

In the Western blot analysis, there was significantly increased
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expression of p-p38 in the liraglutide alone treatment in the pan-
creas and in the liraglutide alone and liraglutide and FGF21
combination treatment in the pancreas and white adipose tissue
(WAT) (Supplemental Fig. S1). There was a significant decrease
in the expression of p-JNK by FGF21 alone treatment in the liv-
er. Otherwise, there were no changes in the expression levels of
these two proteins in the liver, pancreas, and WAT by treatments
with liraglutide alone, FGF21 alone, or a low-dose combination
of both.

DISCUSSION

Here, a low-dose combination of liraglutide and FGF21 reduced
atheromatous plaque area in aorta and decreased body weight
and blood glucose concentrations in high-fat diet-induced obese
mice compared with controls and caused a concomitant upregu-
lation of the UCP1 and Aktl mRNA. The low-dose combina-
tion of liraglutide and FGF21 suppressed the proliferation of
VSMCs, accompanied by suppression of MMP-9 and ICAM-1,
thereby reducing the development of atherosclerosis. Further-
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Fig. 6. Effect of liraglutide and fibroblast growth factor 21 (FGF21) on vascular smooth muscle cell (VSMC) apoptosis. (A) Flow cytometry
analysis of fluorescein isothiocyanate (FITC)/Annexin V- and propidium iodide-stained VSMCs treated with liraglutide alone (50 uM) or
combination of liraglutide (10 uM) and FGF21 (50 nM) for 24 hours. In each scatter plot, the upper-left quadrant shows necrotic cells, the
upper-right quadrant shows late apoptotic cells, the lower-left quadrant shows the survival cell mass, and the lower-right quadrant shows
early apoptotic cells. (B) Representative three sets of Western blotting bands showing the upregulation of cleaved caspase-3 by liraglutide
alone (50 uM) or combination of liraglutide (10 uM) and FGF21 (50 nM) treatment. An anti-cleaved caspase-3 (Asp175) monoclonal anti-
body was used to detect the large fragment (17/19 kDa) of activated caspase-3 resulting from cleavage adjacent to Asp175. Each experiment
was performed in triplicate (mean + standard error). PDGF, platelet-derived growth factor. *P<0.05.

more, treatment with this combination therapy downregulated
the inflammatory markers MMP-9 and MCP-1, as well as the
adhesion molecule ICAM-1. Our in vitro and in vivo experi-
ments showed that the anti-inflammatory and anti-atherosclerot-
ic effects of the GLP-1 analogue and FGF21 combination thera-
py occurred via the Akt and ERK pathways. To the best of our
knowledge, this is the first study that has demonstrated that the
combination of a GLP-1 analogue and FGF21 is effective against
the vascular complications of diabetes.

A recent study using male C57BL/6 mice reported that the
UCP1 protein is expressed in the liver as well as in WAT [26].
In that study, a ketogenic diet upregulated UCP1 in the liver.
Another study using Sprague Dawley rats also reported that li-
raglutide injection increased the expression of the UCP/I gene
and UCPI protein in the liver [27]. UCP1 is a mitochondrial
protein that is involved in inflammatory cytokine signaling

Copyright © 2021 Korean Endocrine Society

pathways and is implicated in liver function. Therefore, UCP1
is of great significance for application as a reasonable indicator
of metabolic health. Moreover, UCP1 activation in brown adi-
pose tissue is essential for the maintenance of the core body
temperature, and is associated with liver steatosis and oxidative
stress [28,29]. Moreover, Akt activation results in marked alter-
ations in glucose and lipid metabolism [30]. Here, we showed
that the low-dose combination of a GLP-1 analogue and FGF21
exerted body-weight-reducing effects, decreased fasting glucose
concentration, and upregulated the UCP1 and Aktl mRNAs,
suggesting that this treatment reduces obesity and improves in-
sulin sensitivity by inducing UCP! and Akt gene expression.
The elevated adiponectin levels and the enhancement in mito-
chondrial function induced by the combination therapy may
play an intrinsic role in the upregulation of UCP1 and Aktl in
the liver [27,31]. There is no clear answer to why treatments
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Fig. 7. Effect of liraglutide alone and the liraglutide and fibroblast growth factor 21 (FGF21) combination on inflammation, adhesion mole-
cules, and Akt and extracellular signal-regulated kinase (ERK)1/2 in vascular smooth muscle cells (VSMCs). (A) The decrease in matric
mentalloproteinase-9 (MMP-9) and intercellular adhesion molecule-1 (ICAM-1) expression in VSMCs was more pronounced in cells treat-
ed with liraglutide and the combination treatment compared with the platelet-derived growth factor (PDGF)-stimulated group. (B) Liraglu-
tide alone and the liraglutide and FGF21 combination treatment significantly suppressed the PDGF-induced phosphorylation of Akt and

ERK in VSMCs (mean t standard error). *P<0.05.

with liraglutide alone or FGF21 alone treatment did not increase
UCP1 expression. We speculate that these two molecules might
act synergistically. A previous study showed that UCP1-depen-
dent thermogenesis was not required for FGF21 to improve gly-
cemic control or to reduce the levels of circulating cholesterol
or free fatty acids [32]. Thus, some metabolic actions of FGF21
are not associated with UCP1.

In the current study, the food intake was lower in the liraglu-
tide-alone or liraglutide and FGF21 combination groups than in
the control group. The body-weight-reducing effects of GLP-1/
FGF21 treatment could be also due to increased energy expen-
diture, leading to a negative energy balance. Energy expenditure
has different elements, such as resting metabolic rate, physical
activity, and thermogenesis. It also depends on the oxidation of
substrates. It was reported that GLP-1 administration increased
whole-body oxygen consumption in rats, an index of energy ex-
penditure and body temperature by 0.3°C [33]. In another ani-
mal study, GLP-1 administration increased thermogenesis in
brown adipose tissue [34]. Unfortunately, we did not measure
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body temperature in the present study. Taken together, these
preclinical findings indicate that GLP-1 analogues might influ-
ence the central regulation of energy balance by affecting di-
etary intake, energy expenditure, and thermogenesis in particu-
lar.

Here, liraglutide, FGF21, and their combination increased ad-
iponectin levels and decreased leptin levels. Decreased serum
levels of adiponectin have been suggested as a mechanism un-
derlying obesity-induced insulin resistance [35]. Adiponectin
possesses potent anti-inflammatory and anti-atherosclerotic ac-
tivities via its multiple actions in the vascular system [36].
Leptin is a crucial hormone that is responsible for the endocrine
control of energy homeostasis [37]. The development of resis-
tance to leptin is a hallmark of obesity [38]. The favorable
changes in adiponectin and leptin afforded by liraglutide alone
or the combination treatment with liraglutide and FGF21 sug-
gest their systemic effects on the cardiometabolic system and
energy metabolism.

Our group showed that a synthetic GLP-1 molecule together
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with exenatide, another GLP-1 analogue, attenuated the PDGF-
induced proliferation of VSMCs [39]. Another study showed
that GLP-1 treatment effectively attenuated the proliferation of
VSMCs induced by angiotensin II [40]. Proliferation and migra-
tion of PDGF-induced VSMCs accompany the formation of
vascular injury, which leads to the development of atherosclero-
sis [41]. Apoptosis is also important for the control of excessive
cell proliferation and elimination of harmful cells, being regu-
lated both positively and negatively by growth factors, includ-
ing IGF-1 and PDGF [42,43]. A study reported that liraglutide
inhibits VSMC proliferation by promoting cell-cycle arrest via
the activation of AMPK [40]. The imbalance between VSMC
proliferation and apoptosis is related to neointimal formation,
indicating high proliferation/apoptosis ratio in VSMCs in the
arterial wall after injury or inflammatory stimuli [44]. In the
present study, we found that liraglutide alone (50 and 100 pM)
or in combination with FGF21 inhibited the proliferation of
VSMCs in response to PDGF. The liraglutide-alone and liraglu-
tide and FGF21 combination treatments increased the propor-
tion of apoptotic cells and the levels of caspase-3. However, the
FGF21 alone treatment (25 and 50 nM) showed a slight de-
crease in the proliferation of VSMCs but this lacked statistical
significance. This might have been because of the use of low-
dose FGF21. From a different context, the vascular endothelial
cells lining the atheromatous region and apoptosis of vascular
endothelial cells are critical in maintaining the stability of ather-
omatous plaques [45]. Apoptosis of VSMCs directly comprising
atheromatous plaques might confer instability, but in contrast,
other reports suggest that apoptosis of VSMCs contributes to
the reduced development of atheromatous plaques [39,46]. Tak-
en together, our findings suggest that the combination of liraglu-
tide and FGF21 suppresses the proliferation of VSMCs more
efficiently by inducing apoptosis.

Atherosclerosis is an inflammatory disease and a major cause
of the upregulation of adhesion molecules for leukocytes in
VSMCs via altered phenotypic expression at the injured sites
[47]. MMPs are proteolytic enzymes that act on a variety of
connective tissue proteins, and increasing evidence supports
their involvement in the development of atherosclerotic plaques
[48]. MCP-1 activates monocytes/macrophages at the site of tis-
sue injury and regulates adhesion molecules [49]. The expres-
sion of MMP-9 and ICAM-1 is increased in VSMCs during the
development of atherosclerosis [50,51]. In addition, monocytes
expressing MCPs affect the growth of cells within atheroscle-
rotic lesions [52]. Importantly, GLP-1-based treatment yielded
beneficial anti-inflammatory effects in the liver and vein endo-
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thelial cells, and the use of FGF21 prevented the inflammation
and oxidative stress associated with atherosclerosis in vivo
[53,54]. Here, in vivo experiments showed that the combination
of liraglutide and FGF21 downregulated MMP-9, MCP-1, and
ICAM-1 and increased the plasma levels of adiponectin. These
data support the notion that decreased inflammation is closely
related to the inhibition of atherosclerosis in diabetes. Thus, li-
raglutide and FGF21 may exert a synergistic effect in the pre-
vention of diabetes-associated atherosclerosis, with a possibly
higher anti-inflammatory potential than that observed for GLP-
1, FGF21, and other monotherapies.

In our experiment, the most noteworthy effect of the GLP-1
analogue was its anti-inflammatory ability. FGF21 induced siz-
able improvements in hepatic steatosis [55]. Consequently, the
GLP-1 analogue and FGF21 combination therapy may be more
effective at promoting insulin sensitivity in the liver, compared
with the GLP-1 analogue alone. In addition, the combination
treatment significantly reduced PDGF-stimulated Akt and
ERK1/2 phosphorylation in VSMCs, suggesting its therapeutic
applicability in the prevention of atherosclerosis. Our in vivo
experiments explored the molecular events downstream of insu-
lin signaling and showed that the liraglutide and FGF21 combi-
nation significantly increased Akt and ERK 1/2 phosphorylation
in the liver compared with high-fat-fed control mice. Because
Akt and ERK1/2 are signaling molecules that are involved in
the pathophysiology of vascular complications, these results
support the beneficial effect of the two agents on vasculature in
a synergistic fashion.

Gastrointestinal side effects are common in high-dose GLP-1
analogue therapy [14]. In addition, the FGF21 protein has sev-
eral limitations as a therapeutic agent, including a short half-life
[22]. To reduce the side effects induced by liraglutide treatment
and overcome the shortcomings of FGF21, a low-dose combi-
nation of the two agents might be an ideal strategy from a safety
perspective.

In conclusion, the present study expands our understanding of
the effects elicited by the combination of a GLP-1 analogue with
FGF21 and provides new insights regarding an ideal therapeutic
option for preventing the development of atherosclerosis in pa-
tients with diabetes. We showed an additive or partial synergis-
tic effect of the liraglutide and FGF21 combination compared
with the control or the single drugs in several in vivo experi-
ments. Thus, FGF21 might be a suitable agent to enhance the ef-
fect of GLP-1 analogues. Taken together, our results indicate
that, by acting on the Akt and ERK1/2 pathways, the combined
treatment with a GLP-1 analogue and FGF21 protects against
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inflammation and atherosclerosis. These results suggest that the
GLP-1 analogue and FGF21 combination is of potential clinical
relevance in the treatment of vascular complications related to
diabetes.
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