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Effects of linagliptin and liraglutide on glucose-
and angiotensin ll-induced collagen formation and
cytoskeleton degradation in cardiac fibroblasts in
vitro
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Aim: Glucagon-like peptide-1 (GLP-1) agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors can not only lower blood glucose levels, but
also alleviate cardiac remodeling after myocardial ischemia and hypertension. In the present study, we investigated the effects of a DPP-4
inhibitor (linagliptin) and a GLP-1 activator (liraglutide) on glucose- and angiotensin Il (Ang ll)-induced collagen formation and cytoskeleton
reorganization in cardiac fibroblasts in vitro, and elucidated the related mechanisms.

Methods: Cardiac fibroblasts were isolated from the hearts of 6-week-old C57BL/6 mice, and then exposed to different concentrations of
glucose or Ang Il for 24 h. The expression of fibrotic signals (fibronectin, collagen-1, -3 and -4), as well as ERK1/2 and NF-kB-p65 in the
fibroblasts was examined using Western blotting assays. F-actin degradation was detected under inverted laser confocal microscope in
fibroblasts stained with Rhodamine phalloidin.

Results: Glucose (1-40 mmol/L) and Ang Il (10®-10® mol/L) dose-dependently increased the expression of fibronectin, collagens, phospho-
ERK1/2 and phospho-NF-kB-p65 in cardiac fibroblasts. High concentrations of glucose (=40 mmol/L) and Ang Il (=10 mol/L) caused a
significant degradation of F-actin (less assembly F-actin fibers and more disassembly fibers). ERK1/2 inhibitor U0126 (10 umol/L) and
NF-kB inhibitor JSH-23 (10 umol/L) both markedly suppressed glucose- and angiotensin ll-induced fibronectin and collagen expressions in
cardiac fibroblasts. Furthermore, pretreatment with liraglutide (10-100 nmol/L) or linagliptin (3 and 30 nmol/L) significantly decreased
glucose- and Ang ll-induced expression of fibrotic signals, phospho-ERK1/2 and phospho-NF-kB-p65 in cardiac fibroblasts. Moreover,
pretreatment with liraglutide (30 nmol/L) or liraglutide (100 nmol/L) markedly inhibited glucose-induced F-actin degradation, however, only
liraglutide inhibited Ang Il-induced F-actin degradation.

Conclusion: Linagliptin and liraglutide inhibit glucose- and Ang Il-induced collagen formation in cardiac fibroblasts via activation of the
ERK/NF-kB/pathway. Linagliptin and liraglutide also markedly inhibit glucose-induced F-actin degradation in cardiac fibroblasts, but only
liraglutide inhibits Ang Il-induced F-actin degradation.
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Introduction

A novel milestone in the treatment of pre-diabetic or frankly dia-
betic patients is the development of dipeptidyl peptidase 4 (DPP-
4) inhibitors which prevent the degradation of glucagon-like pep-
tides (GLP-1). DPP-4 inhibitors have been widely used to treat
patients with type II diabetes mellitus. Application of DPP-4
inhibitors has been shown to improve insulin resistance in ani-
mal models™. Recent studies have shown that DPP-4 inhibitors
have effects beyond just lowering blood sugar”. These agents
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have immune regulatory and anti-inflammatory effects which
may influence cardiac performance in pathological states®.

It is known that type II diabetes enhances the risk of cardiac
complications®. Some studies have demonstrated that DPP-4
inhibitors exert cardioprotective effects in animals with diabe-
tes as well as in patients with type II diabetes®™. Lenski et al
observed that sitagliptin inhibited cardiac hypertrophy, fibro-
sis and the expression of transforming growth factor $ (TGF-
B), without affecting plasma glucose concentrations in db/db”"
diabetic mice®’. Picatoste et al reported that pre-treatment with
sitagliptin reduced diabetes-associated cell apoptosis, cardiac
fibrosis and hypertrophy in the heart of Goto-Kakizaki (GK)
rats with diabetes!. Connelly et al showed that sitagliptin
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improved left ventricular compliance, increased endothelial cell
density, reduced myocyte hypertrophy, and inhibited cardiac
fibrosis without affecting plasma glucose in diabetic rats with
experimental myocardial infarction®. These animal studies
suggest that the DPP-4 inhibitors exert cardioprotective effect
in multiple settings, and some of their effects are independent
of decrease of plasma glucose levels. Further, pooled analyses
of clinical studies and smaller mechanistic studies showed that
DPP-4 inhibitors might exert cardiovascular benefits in patients
with type II diabetes!®”.

A recent study indicated that DPP-4 inhibitor linagliptin could
significantly reduce infarct size (~<17%) and myocardial fibrosis
(=30%) following myocardial ischemia/reperfusion in rats®, but
the underlying mechanism(s) remain(s) unclear. Of note, the
reduction in infarct size and myocardial fibrosis was not suf-
ficient to improve cardiac function®. Chinda et al also reported
that another DPP-4 inhibitor vildagliptin could decrease effec-
tive refractory period dispersion, reduce ventricular premature
contractions and infarct size, and attenuate cardiac mitochon-
drial dysfunction in hearts of pigs during ischemia/reperfusion
injury®. Of note, the cardioprotective effects of vildagliptin were
associated with a reduction in reactive oxygen species (ROS)".

Fibroblasts are one of the essential cellular components of
remodeling process and the increase in their activity results
in cardiac fibrosis and subsequent cardiac remodeling. The
effects of linagliptin on collagen formation and cytoskeleton
organization in cardiac fibroblasts have not been studied.
The aim of the present study was to investigate the effect of
DPP-4 inhibitor linagliptin and GLP-1 activator liraglutide on
collagen formation and cytoskeleton organization in cardiac
fibroblasts and the related mechanisms. Cardiac fibroblast
activation was induced by two different stimuli-glucose and
angiotensin II (Ang II).

Materials and methods

Isolation and culture of cardiac fibroblasts

Cardiac fibroblasts were isolated from the hearts of 6-week-
old C57BL/6 mice as per recently published protocol”. In
brief, the mice were sacrificed under anesthesia with sodium
pentobarbital (80 mg/kg, ip) and their hearts were quickly
collected and put on ice. After opening the chambers with
sterile scissors, the hearts were dipped in 70% ethanol for 30 s
to kill endothelial cells. Then, the ventricular tissue was iso-
lated, minced into small pieces in phosphate-buffered saline
(PBS), and then digested with 0.25% trypsin/100 U/mL col-
lagenase. The digestion process was repeated until the tissues
were completely digested. Cell suspension was collected
and centrifuged (1000 rounds per minute for 6 min), and the
isolated cells were re-suspended in fibroblast basal medium
(supplemented with 10 mL FBS, 7.5 mmol/L L-glutamine, 2.5
ng rh-FGF-f, 2.5 png rh-insulin, 25 pg ascorbic acid, and 0.5
pg hydrocortisone) (ATCC, Manassas, VA, USA) and seeded
into the flasks. One hour after plating, the unattached cells
were discarded and the attached cells were cultured in fibro-
blast basal medium in a cell culture incubator at 37°C under
5% CO,. Passage 3-5 cells were used in the following experi-
ments. The use of animals was approved by the local animal
care committee and conformed to the Guide for the Care and
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Use of Laboratory Animals published by the US National
Institutes of Health.

Study protocol

Cardiac fibroblasts were exposed to different concentrations
of glucose (1-40 mmol/L) or angiotensin II (Ang II, 10°-10°
mol/L) for 24 h, and the expression of fibronectin, collagen-
3A1, collagen-4A1, phospho-ERK1/2, ERK1/2 and phospho-
nuclear factor-kappa B (NF-xB) was measured by Western
blotting. Based on preliminary dose-response data, in which
glucose and Ang II were found to be most effective to fibrotic
signals at 20 mmol/L and 107 mol/L, separately, we used
these concentrations to study time-response of fibrotic and
ERK/NF-kB signals in cardiac fibroblasts. In the subsequent
experiments, cardiac fibroblasts were pretreated with 0.3, 3
and 30 nmol/L linagliptin or 10, 50 and 100 nmol/L liraglutide
for 1 h, and then exposed to glucose (20 mmol/L) or Ang II
(107 mol/L) for 24 h, and the expression of fibrotic and ERK/
NF-xB signals was assessed again by Western blotting.

In the preliminary study, we found that low concentrations
of glucose and Ang II have no effect on F-actin degradation.
So, we exposed cardiac fibroblasts to glucose (1-160 mmol/L)
or Ang IT (10°-10° mol/L) for 24 h to assess the effect of
glucose and Ang II on F-actin degradation. We found that
only 240 mmol/L glucose and 210° mol/L Ang II could cause
F-actin degradation. In subsequent experiments, cardiac fibro-
blasts pretreated with 30 nmol/L linagliptin or 100 nmol/L
liraglutide for 1 h, and then exposed to 40 mmol/L glucose or
10° mol/L Ang II for 24 h to study the effect linagliptin and
liraglutide on glucose- or Ang II-induced F-actin degradation.

Western blotting assay

Proteins were extracted using cell lysis buffer supplemented
with protease inhibitor cocktail and phosphatase inhibi-
tor cocktail, and protein concentrations were measured by
Bradford assay. Proteins (20 pg/sample diluted in Laemmli
sample Buffer) were loaded into 12% precast SDS-PAGE gels
and separated by electrophoresis. Following electrophoresis,
the proteins were transferred onto 0.45 pm nitrocellulose blot-
ting membranes. The blots were blocked by 5% non-fat milk
in Tris buffered saline with Tween-20 (TBS-T) for 1 h at room
temperature, and then incubated with primary antibodies
(1:1000-1:2000) in blocking solution at 4°C overnight. After
washing with TBS-T for 3 times, the blots were incubated with
HRP-conjugated secondary antibodies (1:10 000) in blocking
solution for 1 h at room temperature. The immunoreactive
bands were visualized by incubation with Western Blotting
Luminol Reagents for 3 min and then exposed to blue basic
autorad film. The protein bands were scanned and quantified
by Image J software.

Cytoskeleton assay

Cardiac fibroblasts were stained with Rhodamine phalloidin
(Invitrogen, Grand Island, NY, USA), and F-actin distribu-
tion in cardiac fibroblasts was assayed using an inverted laser
confocal microscope. The detailed protocol has been recently
published™".



Statistical analysis

Statistical analysis was performed with SPSS11.5 software.
Data are presented as means and standard deviation (SD) from
4-5 independent experiments. Univariate comparisons of
means were evaluated using one-way ANOVA with Tukey’s
post-hoc adjustment for multiple comparisons. P value <0.05
was considered statistically significant.

Results

Modulation of fibrosis signals in response to glucose and
angiotensin Il

Previous studies have demonstrated that high concentrations
of glucose promote cardiac secretion of collagens by fibro-
blasts"”. In this study, we found that the expression of fibro-
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nectin, collagen-3A and collagen-4A was markedly increased
in cardiac fibroblasts in response to glucose or Ang II. This
effect was dependent on the concentration of glucose (1-40
mmol/L) or Ang II (10®-10° mol/L) (Figure 1A and 1B) as
well as duration of incubation (Figure 1C and 1D). The con-
centration of glucose that consistently increased the expression
of fibronectin and collagens was 20 mmol/L; and the concen-
tration of Ang II that consistently increased the expression of
fibronectin and collagens was 107 mol/L (Figure 1A and 1B).
The duration of incubation that consistently increased the
expression of collagens was 24 h (Figure 1C and 1D). These
concentrations and incubation time were used in subsequent
experiments.
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Figure 1. (A, B) Dose responses of fibronectin (FN), collagen-3 (Col-3A1) and collagen-4 (Col-4A1) formation in mouse cardiac fibroblasts to different
concentrations of glucose (Glu) and angiotensin Il (Ang Il), and incubation time is 24 h. The concentration of glucose that consistently increased the
expression of fibronectin and collagens was 20 mmol/L, and the concentration of angjotensin Il that consistently increased the expression of fibronectin and
collagens was 107 or 10° mol/L. (C, D) Time responses of fibronectin and collagens to 20 mmol/L glucose and 10" mol/L angiotensin Il. The duration
of incubation that consistently increased the expression of fibronectin and collagens was 24 h. MeanSD. Bar graphs represent 4-5 independent

experiments. “P<0.05 vs control.
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Figure 2. Degradation of F-actin following exposure of cardiac fibroblasts to different concentrations of glucose (Glu) and angiotensin Il (Ang Il). (A)
Rhodamine phalloidin staining shows F-actin morphology and degradation in cardiac fibroblasts following exposure to 1-160 mmol/L glucose and 10°-
10° mol/L angiotensin Il for 24 h (400x). Glucose (=40 mmol/L) and angiotensin (>10° mol/L) each induced degradation of F-actin in cardiac fibroblasts;
however, glucose (<20 mmol/L) and angiotensin 1l (<107 mol/L) did not significantly affect F-actin degradation. The degradation of F-actin was defined as
the cells with less actin filaments. (B) Amplified single cell images show that high concentrations of glucose (40 mmol/L) and angiotensin Il (10 mol/L)
cause F-actin degradation. The assembly F-actin filaments are clearly shown in control fibroblasts and fibroblasts treated with 5 mmol/L glucose, but much
less in the cells treated with 40 mmol/L glucose and 10° mol/L angiotensin II. (C) The bar graph shows the quantification of F-actin degradation rates (the
cells with degraded F-actin vs total cells) following exposure of fibroblasts to different concentrations of glucose. (D) The bar graph shows the quantification
of F-actin degradation rate following exposure of fibroblasts to different concentrations of angiotensin Il. Each figure represents cells in 20 randomly selected
microscopic fields (five fields/sample). Mean+SD. Bar graphs represent summary of 5 independent experiments. “P<0.05 vs control.
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F-actin degradation in response to glucose and Ang Il

Next, we checked the effect of glucose and Ang II on F-actin
organization in cardiac fibroblasts. As shown in Figure 2,
glucose (240 mmol/L) and Ang IT (210° mol/L) each induced
degradation of F-actin (less assembly F-actin fibers and/or
more disassembly fibers) in cardiac fibroblasts. Of note, low
concentrations of glucose (<20 mmol/L) and Ang II (<107
mol/L) did not significantly affect the integrity of F-actin
fibers.

ERK1/2 and NF-kB in response to glucose and Ang Il

Huang et al showed that glucose increased the phosphoryla-
tion of ERK1/2, JNK and NF-kB-p65 in rat mesangial cells"”.
Glucose (25 mmol/L) has also been shown to stimulate the
phosphorylation of ERK1/2 in cardiac fibroblasts"?. There
were rare reports about the effect of glucose on the phos-
phorylation of NF-«B in cardiac fibroblasts. However, several
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studies indicated that glucose (25 mmol/L) could promote
the phosphorylation of NF-kB-p65 in other lineages of fibro-
blasts such as 3T3 cells"*. In the present study, we found that
glucose (1-40 mmol/L) increased the expression of phospho-
ERK1/2 and phospho-NF-xB-p65 in cardiac fibroblasts (Figure
3A). The concentration of glucose that consistently stimulated
the expression of phospho-ERK1/2 (vs ERK1/2) and phospho-
NF-kB-p65 was 5 mmol/L (Figure 3A). The expression of
phospho-ERK1/2 and phospho-NF-kB-p65 was also markedly
increased in a time-response manner as the cells were exposed
to 20 mmol/L glucose (Figure 3B). Of note, glucose did not
affect the level of unphosphorylated ERK1/2.

Ang II is another activator of ERK1/2-NF-«xB pathway. Pre-
vious studies have shown that treatment with Ang II can acti-
vate ERK1/2 and NF-«B in cardiac fibroblasts™ *. In accor-
dance with these studies, we observed that phospho-ERK1/2
and phospho-NF-xB-p65 were markedly upregulated in car-
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Figure 3. (A, B) Dose responses of phospho-ERK1/2 and phospho-NF-kB-p65 in cardiac fibroblasts to different concentrations of glucose (Glu) and
angiotensin Il (Ang I1), incubation time 24 h; (C, D) Time responses of phospho-ERK1/2 and phospho-NF-kB-p65 to 20 mmol/L glucose and 10" mol/L Ang Il
incubation time 1-24 h. Mean+SD. Bar graphs represent data from 4-5 independent experiments. “P<0.05 vs control.
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diac fibroblasts following exposure to Ang II (10°~10° mol/L)
(Figure 3). The concentration of Ang II that consistently
stimulated the expression of phospho-ERK1/2 and phospho-
NF-«B-p65 was 107 mol/L (Figure 3C). The expression of
phospho-ERK1/2 and phospho-NF-«xB-p65 was increased in a
time-response manner (Figure 3D). Of note, exposure to 107
mol/L Ang II for 6-24 h consistently increased the expression
of phospho-ERK1/2 (Figure 3D). Ang II did also not affect the
level of unphosphorylated ERK1/2 (P>0.05).

Modulation of the expression of fibronectin and collagens by
linagliptin and liraglutide

As shown in Figure 4A, both liraglutide and linagliptin in all
concentrations modestly, but significantly, reduced glucose-
induced fibronectin expression in cardiac fibroblasts (P<0.05).
Liraglutide (in all concentrations, 10-100 nmol/L) signifi-
cantly reduced glucose-induced collagen-1 and -3 expression
(P<0.05 or P<0.01). Liraglutide at high concentrations (50
and 100 nmol/L) also significantly reduced glucose-induced
collagen-4 expression (P<0.01), but at low concentration (10
nmol/L) did not significantly affect glucose-induced colla-
gen-4 expression (P>0.05). Linagliptin (in all concentrations,
0.3-30 nmol /L) significantly reduced glucose-induced colla-
gen-3 and -4 expression (P<0.05 or P<0.01). Linagliptin at high
concentrations (3 and 30 nmol/L), but not at low concentra-
tion (0.3 nmol/L), also significantly reduced glucose-induced
collagen-1 expression (P<0.05 or P<0.01).

Next, we checked the effects of liraglutide and linagliptin
on Ang Il-induced fibronectin and collagen expression. As
shown in Figure 4B, liraglutide (in all concentrations) and
linagliptin (3 and 30 nmol/L) significantly reduced Ang II-
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induced fibronectin expression (P<0.05 or P<0.01). Linagliptin
at low concentration (0.3 nmol/L) also modestly, but not
significantly, reduced Ang Il-induced fibronectin expression
(P>0.05). Both linagliptin and liraglutide in all concentrations
significantly reduced Ang II-induced collagen-1 expression
(P<0.05 or P<0.01). Linagliptin in all concentrations also sig-
nificantly reduced Ang II-induced collagen-3 and -4 expres-
sion (P<0.05 or P<0.01). Liraglutide at high concentrations (50
and 100 nmol/L), but not at low concentration (10 nmol/L),
also significantly reduced the Ang II-induced collagen-3 and
-4 expression (P<0.01).

Modulation of F-actin degradation by linagliptin and liraglutide
As shown in Figure 5, liraglutide (100 nmol/L) and linagliptin
(30 nmol/L) both markedly inhibited glucose-induced F-actin
degradation (P<0.05 or P<0.01). Liraglutide also significantly
inhibited Ang II-induced F-actin degradation (P<0.05); lina-
gliptin, on the other hand, did not show this effect (P>0.05).

Modulation of activation of ERK1/2 and NF-kB by linagliptin and
liraglutide
The activation of ERK1/2-NF-«kB pathway contributes to
cytoskeleton organization in many types of cells and collagen
formation in fibroblasts"® "), As shown in Figure 6A, both
liraglutide and linagliptin in all concentrations significantly
decreased glucose-induced phospho-ERK1/2 and phospho-
NF-kB expression in a dose-dependent manner (P<0.05 or
P<0.01).

Liraglutide in all concentrations significantly reduced Ang
II-induced phospho-ERK1/2 and phospho-NF-kB expression
(Figure 6B; P<0.05 or P<0.01). Linagliptin in all concentrations
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Figure 4. Modulatory effects of linagliptin and liraglutide on glucose (20 mmol/L)- and angiotensin Il (107 mol/L)-induced fibronectin (FN), collagen-3
(Col-3A1) and collagen-4 (Col-4A1) formation in cardiac fibroblasts. Bar graphs represent data from 4 independent experiments. “P<0.01 vs control;

4P<0.05, *P<0.01 vs glucose or angiotensin Il alone.
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Figure 5. Modulatory effects of linagliptin and liraglutide on glucose (40 mmol/L)- and angiotensin Il (10® mol/L)-induced F-actin degradation in

cardiac fibroblasts.

Linagliptin (30 nmol/L) and liraglutide (100 nmol/L) both protect actin filament from disassembly caused by treatment with

glucose. Liraglutide also significantly inhibits angiotensin Il-induced actin filament disassembly in cardiac fibroblasts, but linagliptin does not show this
effect. Each figure represents cells in 20 randomly selected microscopic fields (five fields/sample). Mean+SD. Bar graphs represent summary of 5
independent experiments. "P<0.05, “"P<0.01 vs glucose- or angiotensin ll-alone.

also significantly reduced Ang Il-induced phospho-ERK1/2
expression in a dose-dependent manner (P<0.05 or P<0.01).
However, linagliptin only at high concentrations (3 and 30
nmol/L) significantly reduced Ang II-induced phospho-NF-«B
expression.

Of note, ERK1/2 inhibitor U0126 (10 pmol/L) and NF-xB
inhibitor JSH-23 (10 pmol/L) both markedly suppressed
glucose- and angiotensin Il-induced fibronectin and collagen
expressions in cardiac fibroblasts (Figure 7; P<0.05 or P<0.01).
This indicates that the activity of ERK-NF-xB pathway may
be correlated with the effects of linagliptin and liraglutide on
collagen synthesis by cardiac fibroblasts in response to glucose
and Ang I

Discussion

The precise mechanisms underlying DPP-4 inhibitors-
mediated inhibition of cardiac remodeling in diabetes
when blood sugar levels are high remain largely undefined.
Similarly, the mechanisms of cardiac fibrosis in myocardial

ischemia, hypertension and aging when Ang II activity is
increased remain unknown.

The present study was designed to study the modula-
tion of glucose- and Ang II-induced collagen formation and
actin cytoskeletal disassembly by DPP-4 inhibitor linagliptin
and GLP-1 activator liraglutide. We found that both lina-
gliptin and liraglutide inhibited the expression of fibronectin,
collagen-1, collagen-3 and collagen-4 in the cultured mouse
cardiac fibroblasts treated with glucose or Ang II. Liraglu-
tide and linagliptin both partially, but significantly, inhibited
F-actin fiber degradation induced by glucose (both linagliptin
and liraglutide) or Ang II (only liraglutide). Lastly, we
observed that linagliptin and liraglutide inhibited glucose-
and Ang Il-stimulated activation of ERK1/2 and NF-xB.
These intracellular signals might be the mechanism by which
linagliptin and liraglutide modulate cardiac fibroblast biology
in vivo in pathological states.

Glucose is an important stimulus for collagen formation in

the heart under diabetic environment. In vitro studies have
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Figure 6. Modulatory effect of linagliptin and liraglutide on glucose (20 mmol/L)- and angiotensin Il (107 mol/L)-changes of phospho-ERK1/2 and
phospho-NF-kB-p65 in cardiac fibroblasts. Both liraglutide and linagliptinin in all concentrations significantly inhibits glucose-induced expression of phospho-
ERK1/2 and phospho-NF-kB-p65 in cardiac fibroblasts. Liraglutide in all concentrations also significantly inhibits angiotensin ll-induced expression of phospho-
ERK1/2 and phospho-NF-kB-p65. Linagliptin except dose at 0.3 nmol/L also inhibits angiotensin Il-induced expression of phospho-ERK1/2 and phospho-NF-
KB-p65. Mean+SD. Bar graphs represent data from 4 independent experiments. “P<0.01 vs control. “P<0.05, *P<0.01 vs glucose or angiotensin Il alone.

demonstrated that hyperglycemia promotes collagen synthesis
by cardiac fibroblasts through the activation of ERK1/2 path-
way™. Another study has shown that hyperglycemia and
Ang II synergistically enhance collagen synthesis by cardiac
fibroblasts through the activation of ROS-STAT3 pathway!".
Ang 11, the major mediator of the renin-angiotensin-system
contributes to a range of cardiovascular pathologies. In cardio-
vascular system, the canonical effects of Ang II are mediated
primarily by expression and activation of its type 1 (AT1R)
and type 2 (AT2R) receptors. In a previous study, we showed
that Ang II stimulated collagen production as well as MMP
expression in cardiac fibroblasts through activation of ATIR!".
In accordance with previous work, we observed again that
the expression of fibronectin, collagen-1A1, collagen-3A1 and
collagen-4A1 was markedly increased in cardiac fibroblasts
following exposure to Ang II for 24 h. Exposure of fibroblasts
to glucose had qualitatively similar effect. These effects of
glucose or Ang Il were largely concentration-dependent.

More importantly, both linagliptin and liraglutide decreased
glucose- and Ang II- induced fibronectin and collagen accu-
mulation in cardiac fibroblasts. Although these effects of
linagliptin and liraglutide were observed in relatively high
concentrations, the plasma concentrations of linagliptin and
liraglutide in the diabetic heart are unknown. Cmax of lina-
gliptin in human is 9 nmol/L, and that of liraglutide is 9.4
nmol/L following a subcutaneous single dose of liraglutide
(0.6 mg). It is possible that prolonged use of linagliptin and
liraglutide leads to tissue concentrations used in the present in
vitro study.
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The integrity of cytoskeleton is an important factor to main-
tain the function of cardiac fibroblasts!. The disassembly of
F-actin cytoskeleton inhibits migration of cardiac fibroblasts™,
and the inhibition of F-actin assembly has also been proved
to inhibit the fibroblast-myofibroblast transition®. An in
vivo study has also shown that actin cytoskeleton remodeling
attenuates myocardial fibrosis following myocardial infarc-
tion in rats”. A series of studies have demonstrated that high
level of ROS can impair the integrity and function of cytoskel-
eton in a variety of cells including fibroblasts, and reduction of
ROS production via antioxidant therapy can stabilize cytoskel-
eton by targeting the ROCK1 pathway™ . While it is known
that glucose and Ang II are strong stimuli for ROS production,
the effects of glucose and Ang II on cytoskeleton organization
in cardiac fibroblasts have not been previously studied. In this
study, we demonstrated that both glucose and Ang II affected
F-actin integrity in cardiac fibroblasts albeit in high concentra-
tions (240 mmol/L and 210°mol/L, respectively). Linagliptin
and liraglutide each partially inhibited glucose-induced
degradation of F-actin fibers. The effect of linagliptin and
liraglutide on glucose-induced F-actin disassembly probably
involves their ROS inhibitory actions. Previous studies have
adequately demonstrated that both these drugs suppress high-
glucose-induced ROS production in various types of cells™ .
Of note, the Ang Il-induced F-actin degradation was attenu-
ated by liraglutide, but not by linagliptin. This suggests that
direct augmentation of GLP-1 by liraglutide may be somewhat
superior to the indirect augmentation by linagliptin. How-
ever, this remains unknown.
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Figure 7. Effect of ERK1/2 and NF-kB inhibitors on collagen formation
in cardiac fibroblasts in response to glucose and angiotensin Il (Ang Il).
ERK1/2 inhibitor U0126 (10 pymol/L) and NF-kB inhibitor JSH-23 (10
umol/L) both markedly inhibited glucose (20 mmol/L)- and Ang Il (107
mol/L)-induced fibronectin (FN), collagen-3 (Col-3A1) and collagen-4 (Col-
4A1) expression in cardiac fibroblasts. Mean+SD. Bar graphs represent
data from 4 independent experiments. “P<0.05 vs glucose- or Ang -
group.

ERK1/2 are important members of the mitogen-activated
protein kinase super family that widely regulate cell function
nearly in all cell types, particularly cell proliferation. The acti-
vation of NF-«xB, which is downstream of mitogen-activated
protein kinases, has also been shown to participate in several
physiological processes in cardiac fibroblasts”’. The activa-
tion of ERK1/2 and NF-«kB has been shown to be involved in
collagen deposition in the hearts of diabetic and hypertensive

animals®=Y.

Ang II and glucose-induced collagen accumula-
tion in the cultured cardiac fibroblasts has also been demon-
strated to involve the activation of ERK1/2 and NF-xB!* 1232,
High concentrations of glucose and Ang II can indeed activate
ERK1/2 and/or NF-«B in other types of cells™. These previ-
ous data were confirmed in the present study in mouse car-
diac fibroblasts. Interestingly, linagliptin and liraglutide both
inhibited glucose- and Ang II-induced activation of ERK1/2
and NF-kB-p65. We suggest that the reduction of fibronectin
and collagens in cardiac fibroblasts by linagliptin and liraglu-
tide may be mediated, at least to a large extent, via inhibition
on ERK1/2 and NF-kB-p65. It is known that the increase of
intracellular ROS would cause the activation of ERK1/2 and
[10, 25, 33]

NEF-xB signals The inhibitory effects of linagliptin
and liraglutide on ERK1/2-NF-xB pathway may depend on
their roles in reduction of ROS production in cardiac fibro-
blasts. The effect of linagliptin and liraglutide on cytoskeleton

may only be partially related to inhibition of ERK1/2 and
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NF-xB-p65 activation, since these agents both markedly inhib-
ited the activation of ERK1/2 and NF-«B as well as F-actin
degradation in response to glucose (40 mmol/L), and both
agents at high concentrations also markedly inhibited Ang II-
induced the activation of ERK1/2 and NF-«B, but only liraglu-
tide inhibited Ang Il-induced F-actin degradation, linagliptin
did not show this effect. Thus it is likely that signals besides
ERK1/2 and NF-kB-p65 are also involved in the overall effects
of linagliptin and liraglutide on fibroblast biology in response
to glucose and Ang II.

Conclusion

The DPP-4 inhibitor linagliptin and the GLP-1 activator lira-
glutide both inhibited glucose- and Ang Il-induced expression
of fibrotic signals in mouse cardiac fibroblasts, which may be
related to the activation of ERK1/2 and NF-kB-p65. Liraglu-
tide and linagliptin also inhibited glucose- as well as Ang II-
induced F-actin degradation in cardiac fibroblasts, albeit in
large concentrations. These observations suggest that ERK1/2
and NF-xB-p65 activation are a basis of the effect of DPP-4
inhibitors and GLP-1 activators in cardiac remodeling in dia-
betic and non-diabetic states. However, there may be involve-
ment of other pathways besides ERK1/2 and NF-xB-p65 acti-
vation in the overall cardiac remodeling modulatory effects of
these agents.
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