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Abstract

Dipeptidyl peptidase-4 (DPP-4) inhibitors have potential as a treatment for atherosclerosis. However, it is unclear whether
DPP-4 inhibitors stabilize atherosclerotic plaque or alter the composition of complex plaque. Sixteen Watanabe heritable
hyperlipidemic rabbits aged 10-12 weeks with atherosclerotic plaque in the brachiocephalic artery detected by iMap ' intra-
vascular ultrasound (IVUS) were divided into a DPP-4 inhibitor group and a control group. Linagliptin was administered to
the DPP-4 inhibitor group via nasogastric tube at a dose of 10 mg/kg/day for 16 weeks, and control rabbits received the same
volume of 0.5% hydroxyethylcellulose. After evaluation by IVUS at 16 weeks, the brachiocephalic arteries were harvested
for pathological examination. IVUS revealed that linagliptin significantly reduced the plaque volume and vessel volume
(control group vs. DPP-4 inhibitor group: Aplaque volume, 1.02+0.96 mm? vs. —3.59+0.92 mm?, P=0.004; Avessel
volume, —1.22+2.36 mm° vs. —8.66+2.33 mm>, P=0.04; %change in plaque volume, 6.90+5.62% vs. —15.06 +3.29%,
P=0.005). With regard to plaque composition, linagliptin significantly reduced the volume of fibrotic, lipidic, and necrotic
plaque (control group vs. DPP-4 inhibitor group: Afibrotic volume, 0.56 +1.27 mm?® vs. —5.57 + 1.46 mm?®, P=0.04; Alipidic
volume, 0.24 +0.24 mm’ vs. —0.42+0.16 mm® P=0.04; Anecrotic volume, 0.76+0.54 mm?® vs. —0.84 +0.25 mm’,
P=0.02). Pathological examination did not show any significant differences in the %smooth muscle cell area or %fibrotic
area, but infiltration of macrophages into plaque was reduced by linagliptin treatment (%macrophage area: 12.03% +1.51%
vs. 7.21 £1.65%, P <0.05). These findings indicate that linagliptin inhibited plaque growth and stabilized plaque in Wata-
nabe heritable hyperlipidemic rabbits.
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It is known that atherosclerosis progresses rapidly in patients
with diabetes and is more likely to become severe [1]. In
several large-scale clinical trials (ACCORD, ADVANCE,
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and VADT trials), strict glycemic control did not signifi-
cantly reduce vascular damage in patients with type 2 dia-
betes [2—4]. However, development of incretin-related drugs
[glucagon-like peptide 1 (GLP-1) and dipeptidyl peptidase-4
(DPP-4) inhibitors] has raised the possibility of treatment for
diabetes with an anti-atherosclerotic effect and cardiopro-
tective effect [5]. Linagliptin is a DPP-4 inhibitor that does
not inhibit related enzymes, such as DPP-8 and DPP-9, and
shows high selectivity for DPP-4, with the lowest half maxi-
mal inhibitory concentration (IC5,) among existing DPP-4
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inhibitors. Linagliptin has a xanthine skeleton and this struc-
ture allows strong inhibition of DPP-4 activity.

Ocxidative stress is thought to be involved in the onset
and progression of atherosclerosis [6, 7]. When linagliptin
was administered for 7 days to rats with sepsis, vascular
endothelial function was improved, inflammatory cell infil-
tration into large vessels was reduced, and expression of
NADPH oxidase and inflammatory genes in the aorta was
downregulated [8]. Besides its hypoglycemic effect, lina-
gliptin may have pleiotropic effects such as antioxidant and
anti-inflammatory activity. However, the changes in plaque
volume and composition after administration of linagliptin
have not been investigated by intravascular imaging in the
setting of advanced atherosclerosis.

Therefore, the present study was performed to examine
the effect of linagliptin on the volume and composition of
advanced atherosclerotic plaque in myocardial infarction-
prone Watanabe heritable hyperlipidemic rabbits (WHHL-
MI rabbits).

Materials and methods
Animals and housing

Male WHHL-MI rabbits were obtained from the laboratory
animal facility attached to Kobe University School of Medi-
cine for use as an animal model of atherosclerosis. WHHL-
MI rabbits were the first animal model reported to spon-
taneously develop myocardial infarction [9]. Rabbits aged
10—12 months were housed in a laboratory animal room of
Nihon University Medical Research Support Center. The
temperature of the room was set at 22 +2 °C, humidity was
maintained at 65 + 5%, and the lighting time was 12 h/day
(from 8 AM. to 8 PM.). The rabbits were fed 100 g/day of
standard chow (CR-3: CLEA Japan, Inc., Tokyo, Japan) and
had free access to tap water.

Grouping of animals

Sixteen WHHL-MI rabbits aged 10—12 months were divided
into two groups, which were a linagliptin group and a control
group. The linagliptin group received linagliptin at a dose
of 10 mg/kg/day in 0.5% Natrosol (hydroxyethylcellulose)
for 16 weeks via a stomach tube and the control group was
administered Natrosol alone.

These experiments were approved by the Animal
Research Committee of University and were conducted in
compliance with the guidelines of the Nihon University
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School of Medicine and the rules of the University for Ani-
mal Experiments and management.

IVUS procedure and analysis

IVUS imaging was performed at baseline and after
16 weeks using the same system. After induction of gen-
eral anesthesia with inhalation of 3-5% sevoflurane at 4
L/min, the right femoral artery was punctured with a 22G
needle and a 4Fr sheath was inserted. Then, 500 units of
unfractionated heparin were administered intravenously
before IVUS imaging. An ultrasound imaging system
((iLab™; Boston Scientific Corporation, Marlborough,
MA, USA) with iMap function (iMap"") and an IVUS
imaging catheter (Atlantis SR Pro 40-MHz Catheter;
Boston Scientific Corporation, Marlborough, MA, USA)
were used to capture IVUS images in the brachiocephalic
artery using a coronary guide wire (ASAHI SION blue;
Asahi Intecc Co. Ltd. Aichi, Japan). The IVUS catheter
was withdrawn by a mechanical automatic pullback system
at 0.5 mm/s.

iMap " identifies tissue properties by a method called
spectral similarity analysis. In iMAP-IVUS analysis, radi-
ofrequency ultrasound data are processed by autoregres-
sive modeling and matched with a database of known radi-
ofrequency signal profiles containing the characteristics
of four tissue types. All IVUS images with the radiofre-
quency signals were stored on DVD and were analyzed
offline with the use of commercial software Echo Plaque
4.0 (INDEC Medical Systems, Los Altos, CA, USA).
When the IVUS catheter was automatic withdrawn in bra-
chiocephalic artery at 0.5 mm/s, 30 frames of gray-scale
IVUS images and 1 frame of radiofrequency signal data
were recorded in every second, which means 60 Gy-scale
IVUS images and 2 iMAP-IVUS images per millimeter.
The external elastic membrane (EEM) area and lumen
area were traced. After tracing the EEM and lumen of all
involved iMAP-IVUS images from the distal to the proxi-
mal direction, the software Echo Plaque 4.0 automatically
calculated lesion length, lumen area and volume, vessel
area and volume, plaque area and volume, plaque burden,
fibrotic plaque area and volume, lipidic plaque area and
volume, necrotic plaque area and volume, and calcified
plaque area and volume. To compensate for the effect of
various lesion lengths on the volumetric variables, length-
adjusted volumetric variables were used in the study. For
example, length-adjusted lumen volume was calculated as:
lumen volume divided by lesion length and then multiplied
the median length of target segments [10]. In iMAP-IVUS
images, plaque components were displayed as green for
fibrotic plaque, yellow for lipidic plaque, red for necrotic
plaque, and blue for calcified plaque [11-13]. The percent
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of each plaque tissue component was calculated as com-
ponent area/plaque area x 100.

Histopathological examination

After 16 weeks of treatment, following IVUS examination,
the rabbits were killed and perfused with 1 L of physiologi-
cal saline from a height of 150 cm, corresponding to a sys-
tolic blood pressure of about 110 mmHg. After complete
removal of blood by perfusion with physiological saline, the
rabbits were similarly perfused with 500 mL of 10% forma-
lin from a height of 150 cm for fixation. After confirming
that fixation was adequate, the brachiocephalic artery and
the right common carotid artery were resected en bloc and
fixed in 10% formalin for more than 24 h. Then, a paraf-
fin block of the brachiocephalic artery was prepared and
transverse sections with a thickness of 4-5 pm were cut at
0.5 mm intervals from distal to proximal for pathological
examination. We selected iMAP-IVUS images matched
sections at the same location for following evaluations. To
match the histological sections to the iMAP-IVUS images,
pathological evaluation and IVUS were performed in the
same segment of brachiocephalic arteries, and the distance
from the bifurcation and plaque features were used to ensure
that IVUS and pathological sections are in the same posi-
tion. Sections were subjected to staining with hematoxy-
lin—eosin (H-E), Masson trichrome (MT), and Elastica van
Gieson (EVG) stain. The lumen, internal elastic membrane
(IEM), and EEM were traced. Plaque area was calculated by
subtracting the lumen area from the IEM area. The fibrous
component was defined as fibrocellular tissue with dense
collagen bundles sparse lipid content, while the lipid com-
ponent was defined as foam cells and dispersed extracellular
cholesterol crystals/lipids with little collagen. In addition,
the necrotic component was defined as necrotic lesions rich
in cholesterol crystals and inflammatory cells with a few col-
lagen fibers. Finally, the calcified component was defined as
tissue containing strongly stained calcium crystals [14, 15].

The macrophage infiltration area and smooth muscle cell
(SMC) area were determined by immunohistochemistry
according to the standard protocols, using mouse monoclo-
nal anti-rabbit macrophage antibody (Clone RAM-11, x50,
Dako North America Inc., Carpinteria, CA, USA) and
mouse anti-rabbit smooth muscle Actin antibody (Clone
1A4, x50, Dako North America Inc.). After immunostain-
ing, DAB-stained RAM-11 positive and 1A4 positive pro-
portion were measured in intimal plaques. Following digi-
tization of images obtained with a microscope (OLYMPUS
BX51, DP Controller; Ver 3.2.2.267; Olympus Corporation,
Tokyo, Japan), the area of each target tissue was automati-
cally measured using image analysis software (Photoshop
CC 2017, Adobe Systems Incorporated, San Jose, CA,
USA).

Statistical analysis

Differences in discrete variables between the two groups
were assessed by the Chi-square test or Fisher’s exact test,
as appropriate. Continuous variables were reported as the
mean =+ standard error of the mean, and intergroup compari-
sons were performed by the unpaired Student ¢ test. Within-
group differences in values obtained before treatment and
those obtained at 16 weeks of treatment were assessed by
paired Student’s t test. Statistical analyses were done with
Excel (Microsoft Corporation, Redmond, WA, USA) and
Easy R statistical software (EZR Version 1.36; Jichi Medical
University Saitama Medical Center, Saitama, Japan), and
statistical significance was accepted at P <0.05.

Results
Body weight and laboratory data

The body weight and laboratory data are listed in Table 1.
The body weight was comparable between the control
group and linagliptin group at baseline and after 16 weeks
of treatment (Control vs. Linagliptin: before treatment,
2.82+0.08 kg vs. 2.84+0.04 kg, P=0.81; at 16 weeks,
2.74+0.11 kg vs. 3.00+0.06 kg, P=0.06). There was no
significant difference in the lipid profile between the two
groups at baseline and after 16 weeks of treatment, including
total cholesterol (Control vs. Linagliptin: before treatment,
1084.3 +75.5 mg/dL vs. 1081.4 +83.4 mg/dL, P=0.98;
at 16 weeks, 938.9+50.1 mg/dL vs. 938.6 +42.0 mg/dL,
P=0.99), low-density lipoprotein cholesterol (Control vs.
Linagliptin: before treatment, 1006.4 +73.8 mg/dL vs.
991.4+74.1 mg/dL, P=0.89; at 16 weeks, 870.7 +57.3 mg/
dL vs. 852.1 +48.5 mg/dL, P=0.81), high-density lipo-
protein cholesterol (Control vs. Linagliptin: before treat-
ment, 6.7 +0.7 mg/dL vs. 6.4 +0.6 mg/dL, P=0.76; at
16 weeks, 6.6 £0.5 mg/dL vs. 6.1 +0.4 mg/dL, P=0.51),
and triglycerides (Control vs. Linagliptin: before treatment,
194.9 +46.9 mg/dL vs. 217.4+51.7 mg/dL, P=0.75;
at 16 weeks, 181.7+30.1 mg/dL vs. 284.3 +42.2 mg/
dL, P=0.07). Casual blood glucose was also comparable
between the control group and linagliptin group at baseline
and after 16 weeks of treatment (Control vs. Linagliptin:
before treatment, 183.1 +11.7 mg/dL vs. 171.0+5.6 mg/
dL, P=0.37; at 16 weeks, 192.4+16.5 mg/dL vs.
176.3+11.8 mg/dL, P=0.44).

iMAP-IVUS findings
The brachiocephalic artery was observed by iMAP-IVUS in

the control group and the linagliptin group. Data obtained by
iMAP-IVUS are shown in Tables 2 and 3, as well as Figs. 1
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Table 1 Body weight and laboratory data before treatment and after 16 weeks in the two groups

Baseline 16 weeks

Control (n=38) Linagliptin (n=38) P value Control (n=38) Linagliptin (n=38) P value
BW (kg) 2.82+0.08 2.84+0.04 0.81 2.74+0.11 3.00+0.06 0.06
Total cholesterol (mg/dL) 1084.3+75.5 1081.4+83.4 0.98 938.9+50.1 938.6+42.0 0.99
LDL cholesterol (mg/dL) 1006.4+73.8 991.4+74.1 0.89 870.7+57.3 852.1+48.5 0.81
HDL cholesterol (mg/dL) 6.7+0.7 6.4+0.6 0.76 6.6+0.5 6.1+0.4 0.51
TG (mg/dL) 194.9+46.9 217.4+51.7 0.75 181.7+30.1 284.3+42.2 0.07
PG (mg/dL) 183.1+11.7 171.0+5.6 0.37 192.4+16.5 176.3+11.8 0.44
BUN (mg/dL) 17.4+0.8 15.7+1.2 0.26 18.3+0.4 16.8+1.4 0.34
Creatinine (mg/dL) 1.03+0.06 0.93+0.06 0.30 0.97+0.04 0.94+0.07 0.69
AST (U/L) 21.3+29 21.7+2.1 091 22.4+2.0 26.0+4.9 0.51
ALT (U/L) 44.9+4.6 479+4.5 0.65 43.0+2.4 423+3.8 0.88
LDH (U/L) 78.3+20.0 64.7+10.7 0.56 121.5+33.8 105.0+19.5 0.62
Na (mmol/L) 142.1+0.6 141.7+0.8 0.68 142.3+0.6 142.4+0.7 0.88
K (mmol/L) 3.0+0.1 32+02 0.44 3.0+0.2 3.0+0.1 0.91
Cl (mmol/L) 107.0+0.8 104.0+2.1 0.20 107.6+1.8 106.0+1.6 0.52

Data are shown as the mean + SE

BW body weight, LDL low-density lipoprotein, HDL high-density lipoprotein, 7G triglycerides, PG plasma glucose, BUN blood urea nitrogen,
AST aspartate aminotransferase, ALT alanine aminotransferase, LDH lactic dehydrogenase, SE standard error

Table2 iMAP-IVUS findings before treatment and at 16 weeks in the two groups

Baseline 16 weeks

Control (n=28) Linagliptin (n=38) P value Control (n=28) Linagliptin (n=38) P value
Vessel volume (mm?) 45.84+4.31 49.97 £2.55 0.42 44.61+3.67 40.65 +3.03 0.42
Lumen volume (mm?®) 24.89+3.36 27.18+2.12 0.57 22.65+2.76 21.56+2.65 0.78
Plaque volume (mm?) 20.94+1.60 2278 +1.64 0.43 21.96+1.38 19.09+1.20 0.14
%Plaque volume 46.34+2.66 45.73+2.45 0.15 50.06+2.75 47.81+£2.84 0.25
Fibrotic volume (mm?®) 17.28+1.90 19.56 +1.40 0.35 17.84+0.96 14.05+0.87 0.01
Lipidic volume (mm?) 1.31+0.12 1.50+0.22 0.45 1.54+0.22 1.03+0.16 0.08
Necrotic volume (mm?) 2.01+0.28 2.74+0.52 0.24 2.73+0.49 1.85+0.38 0.18
Calcified volume (mm?®) 0.12+0.03 0.25+0.08 0.17 0.24+0.09 0.20+0.05 0.96
Lipidic + necrotic volume (mm®) 3.32+0.37 4.24+0.73 0.28 4.27+0.68 2.87+0.54 0.13
%Fibrotic 82.75+3.22 82.00+2.51 0.85 80.86+2.81 82.00+3.27 0.79
%Lipidic 6.25+0.80 6.13+0.79 0.91 6.50+0.87 5.75+1.00 0.57
%Necrotic 10.25+2.52 11.25+1.90 0.75 11.75+1.94 10.75+2.18 0.73
%Calcified 0.63+0.18 1.13+0.44 0.31 1.13+0.44 0.88+0.30 0.64
%Necrotic + lipidic 16.5+3.22 17.38 +£2.60 0.84 18.35+2.63 16.50+3.13 0.68

Data are shown as the mean + SE
IMAP-IVUS iMapTM intravascular ultrasound, SE standard error

and 2. There were no significant differences in baseline ves-
sel volume, plaque volume, lumen volume, and %plaque vol-
ume between the two groups, and no significant differences
were found even after 16 weeks. For plaque composition,
there were no significant differences in %fibrotic volume,
lipidic plaque volume & %lipidic volume, necrotic plaque
volume & %necrotic volume, and calcified plaque volume
& %calcified volume between 2 groups in baseline and after

@ Springer

16 weeks treatment, except fibrotic volume was smaller in
the linagliptin group after 16 weeks of treatment (Table 2).

Comparison of changes in each parameter over 16 weeks
of treatment between the two groups shows no significant
difference in Alumen volume, but Avessel volume and
Aplaque volume decreased significantly in the linagliptin
group (Table 3). While A%plaque volume did not show a
significant difference between the two groups, the %change
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control

in plaque volume (Aplaque volume/baseline plaque vol-
ume X 100, which compares the absolute change in plaque
volume between the two groups) displayed a significant
decrease in the linagliptin group (Table 3 and Fig. 1). The
changes in plaque component are shown in Fig. 2. Afibrotic
volume, Alipidic volume, and Anecrotic volume were
significantly decreased in the linagliptin group compared
with the control group [Afibrotic volume: 0.56 +1.27 mm®
vs. —5.57+1.46 mm® (P=0.04), Alipidic volume:
0.24+0.24 mm® vs. —0.42+0.16 mm> (P=0.04), and
Anecrotic volume: 0.76 +0.54 mm?® vs. —0.84 +0.25 mm?
(P=0.02)].

Histopathology

Pathologic findings are shown in Table 4 and Fig. 3. Cor-
responding to the IVUS data, there were no differences

Table 3 Changes in iMA}?‘ Control (n=28) Linagliptin (n=8) P value
IVUS findings from baseline to ) . .
16 weeks 16 weeks — baseline 16 weeks — baseline
AVessel volume (mm?) —1.22+2.36 —8.66+2.33 0.04
ALumen volume (mm?®) —-2.24+199 —-5.27+1.66 0.26
APlaque volume (mm?) 1.02+0.96 —3.59+0.92 <0.01
A%Plaque volume 3.72+£2.30 2.04+1.65 0.56
%change in plaque volume 6.90+5.62 —15.06+3.29 <0.01
AFibrotic volume (mm?) 0.56+1.27 —5.57+1.46 0.04
ALipidic volume (mm?) 0.24+0.24 —-0.42+0.16 0.04
ANecrotic volume (mm?) 0.76 £0.54 —0.84+0.25 0.02
ACalcified volume (mm®) 0.13+£0.08 —0.08+0.11 0.14
ALipidic + necrotic volume (mm?) 1.00+0.75 —1.26+0.38 0.02
Data are presented as the mean+ SE
SE standard error
Fig. 1 Changes in iMAP-IVUS (mm3) NS (mm3) "
parameters from baseline after 57 : 5] ]
16 weeks in the control group g e ) Py
and the linagliptin group. iMAP- 5 0 T e S 04~ 7 N
. . — —- Tty et <
IVUS iMap™ intravascular g S —— A S N 9 N - —
ultrasound, NS not significant, é -5 S < 7 g - ~ B T
* + N - 7] e s \>
P<0.05,"P<0.01 3 1ol . - L -104 = =
< . < -154 % \\_//
-15 __ .
control Linagliptin control Linagliptin
(mm3) + (%) T
) 51 . o 301
£ P S E 204 *
5 — ° T~ o 3 B a Y
> 0o —— — . 29 104 < * >
= = e - T :
g s < & 10 +
= a =
< . -20+ = __*\;_?,.»-/
-10 control Linagliptin

Linagliptin

between the two groups regarding to the vessel area,
lumen area, intima area, media area, intima+ media area,
and %intima + media area (Table 4). Compared to control
group, plaque macrophage infiltration was significantly
reduced after 16 weeks of linagliptin treatment (Fig. 3a).
The %SMC area, %fibrotic area, and calcification were com-
parable between the two groups (Fig. 3b—d).

Discussion

In this study, WHHL-MI rabbits were administered linaglip-
tin or the vehicle for 16 weeks, and atherosclerotic lesions in
the brachiocephalic artery were compared before and after
administration by IVUS and pathological examination. We
found that the administration of linagliptin suppressed the
increase in plaque volume and %change in plaque volume
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Fig.2 iMAP-IVUS changes in A
plaque composition. Com-
parison of changes in fibrotic,
lipidic, necrotic, and calci-
fied volume after linagliptin

(mm3) <

1 .

treatments (a). Representative
iMAP-IVUS images (No. #15
in control group, No. #6 in lina-
gliptin group) at baseline and
16 weeks (b) NS not significant,

A Fibrotic volume

A Lipidic volume

Control

“P<0.05

Linagliptin Linagliptin

A Necrotic volume

[
il

A\ Calcified volume

Control

Baseline

Control

-0.75 . -

Linagliptin Control Linagliptin

Linagliptin

Baseline

Control (No. #15) Linagliptin (No. #6)

Baseline (mm3)

Fibrotic Lipidic Necrotic Calcified Fibrotic Lipidic Necrotic Calcified
|| |
25.2 1.0 1.3 0.2 16.9 1.3 1.6 0.2
21.3 1.6 4.6 0.8 16.8 0.4 0.6 0.1

16 weeks (mm?3)

compared with the control group. After 16 weeks, the lina-
gliptin group showed no significant difference in lumen vol-
ume compared to the control group, but plaque volume and
vessel volume were both decreased. In addition, infiltration
of macrophages, the key player in plaque stability, was less
prominent in the linagliptin group than in the control group.
These findings suggested that progression of atherosclerotic
plaque was inhibited, and plaque was stabilized by admin-
istration of linagliptin.

In mice, DPP-4 inhibitors have already been reported
to improve vascular endothelial function, reduce athero-
sclerotic plaque, and reduce infiltration of macrophages
into plaque [16, 17]. In addition, it has been reported that

@ Springer

DPP-4 inhibitors show anti-inflammatory activity in ani-
mal models of various inflammatory conditions, including
colitis, asthma, and rheumatoid arthritis [18—20]. Further-
more, administration of linagliptin to rats with sepsis has
been shown to suppress infiltration of CD11b- and CD11c-
positive cells into the vascular wall, reduce oxidative stress,
improve vascular endothelial function, and decrease vessel
wall adhesion by monocyte and granulocytes [8]. Thus,
DPP-4 inhibitors show anti-inflammatory effects in animal
models of severe inflammatory conditions that can lead to
atherosclerosis. Steven et al. [21] administered linagliptin
to rats with lipopolysaccharide-induced sepsis and evalu-
ated gene expression in the aortic wall by the quantitative
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Table 4 Histological findings at 16 weeks

Control (n=8) Linagliptin (n=38) P value

Vessel area (mm?) 6.83+0.73 8.29+0.72 0.18
Lumen area (mm?) 1.91+0.37 2.46+0.35 0.3

Intima area (mm?) 3.73+0.35 4.53+0.35 0.14
Media area (mm?) 1.17+£0.07 1.30+0.08 0.28
Intima/media ratio 3.22+0.24 3.51+0.25 0.41
Intima + media (mm?) 4.92+0.39 5.83+0.40 0.13
%Intima+ media area  73.11+2.12 71.32+2.14 0.12

(%)

%Macrophage area 12.03+1.51 7.21+£1.65 <0.05
%SMC area 6.49+0.73 6.24+1.63 0.89
%Fibrotic area 53.60+5.18 62.68 +6.44 0.29
%Calcified area 0.89+0.25 1.06+0.22 0.6

Data are presented as the mean+ SE. %Intima-media area= (intima
area+ media area)/vessel area x 100

SMC smooth muscle cell, SE standard error

real-time polymerase chain reaction, revealing downregu-
lation of IL-6, VCAM-1, ICAM-1, MCP-1, CCL-2, and
TNF-a expression in linagliptin-treated rats compared to
control rats without an increase in inducible nitric oxide
synthase expression. Therefore, this DPP-4 inhibitor has
anti-inflammatory activity that may prevent progression of
atherosclerosis.

%Macrophage

' 1
14
12 T
10
8
6
4
2
0
Control Linagliptin
Control Linagliptin *:P<0.05
B =

%SMC

Control Linagliptin

Control

Linagliptin

Fig.3 Histological findings: Immunostaining of macrophages (a),
immunostaining of smooth muscle a actin (b), Masson Trichrome
staining (c), and EVG staining (d). “P <0.05: control group vs. lina-

In our previous study, another incretin-related drug,
GLP-1 receptor agonist lixisenatide was administered to
WHHL-MI rabbits for 12 weeks [22]. iMAP-IVUS analy-
sis revealed that GLP-1 receptor agonist inhibited plaque
growth and modified plaque composition with larger fibrotic
plaque components and smaller necrotic and calcified plaque
components in the GLP-1 group than in the control group.
Histological analysis confirmed that GLP-1 receptor ago-
nist treatment improved smooth muscle cell-rich plaque with
increased fibrotic content. Furthermore, plaque macrophage
infiltration and calcification were significantly reduced by
GLP-1 receptor agonist treatment. Like lixisenatide, lina-
gliptin also inhibited plaque growth and promoted plaque
stabilization by inhibiting macrophage infiltration. These
results highlight the theory that GLP-1 affect atheroscle-
rosis through an anti-inflammatory mechanism. We also
verified the correlation between IVUS and histopathologi-
cal features in our previous study [22]. All values measured
by iMAP-IVUS correlated clearly with the corresponding
values measured histologically.

There were some limitations of this study. Acoustic shad-
owing interferes with the accuracy of detecting calcification
by IVUS and impairs quantitative determination of tissue
components behind calcified tissue. However, this factor
may have had little impact in the present study, because cal-
cification was not found in the surface layer of plaque, but in
the deeper layers. The size of rabbit coronary arteries is too
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small to be observed by intravascular imaging, and the rabbit
aorta is larger than human coronary arteries and difficult to
be imaged by IVUS. Hence, we selected the brachiocephalic
artery as a substitute, which diameter is close to the diam-
eter of human coronary arteries. However, since the vessel
structure and hemodynamics are different, the state of the
plaque and the processes of its development may not have
been the same as in the coronary arteries. Like IVUS, optical
coherence tomography (OCT) is another intravascular imag-
ing proved to be more sensitive to identify macrophages.
We tried to capture OCT images in WHHL-MI rabbits in
our preliminary experiments. However, all rabbits died soon
after the OCT procedure. We suspect that rabbit is too small
to bear the human dose contrast injection through guiding
catheter to remove blood from brachiocephalic artery, which
is necessary to obtain OCT images. The cause of death
might be contrast-induced cerebrovascular hypertension and
brain tissue edema.

Conclusion

Linagliptin treatment might suppress progression of plaque
volume and contribute to the stabilization of plaque. Lina-
gliptin showed both anti-inflammatory and anti-atheroscle-
rotic effects in WHHL-MI rabbits with chronic inflammatory
atherosclerosis.
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