
Vol:.(1234567890)

Heart and Vessels (2018) 33:1258–1265
https://doi.org/10.1007/s00380-018-1170-0

1 3

ORIGINAL ARTICLE

Linagliptin prevents atrial electrical and structural remodeling 
in a canine model of atrial fibrillation

Tazuru Igarashi1   · Shinichi Niwano1 · Hiroe Niwano2 · Tomoharu Yoshizawa1 · Hironori Nakamura1 · 
Hidehira Fukaya1 · Tamami Fujiishi1 · Naruya Ishizue1 · Akira Satoh1 · Jun Kishihara1 · Masami Murakami1 · 
Junya Ako1

Received: 23 December 2017 / Accepted: 20 April 2018 / Published online: 2 May 2018 
© Springer Japan KK, part of Springer Nature 2018

Abstract
Dipeptidyl peptidase 4 (DPP-4) inhibitors have recently been reported to exhibit additional cardioprotective effects; however, 
their effect in atrial remodeling, such as in atrial fibrillation (AF), remains unclear. In this study, the effect of linagliptin on 
atrial electrical and structural remodeling was evaluated in a canine AF model. Sixteen beagle dogs with 3-week atrial rapid 
stimulation were divided into the linagliptin group (9 mg/kg/day, n = 8) and pacing control group (n = 8). Three additional 
dogs without rapid pacing were assigned into non-pacing group, which was used as sham in this study. In the dogs with 
rapid pacing, the atrial effective refractory period (AERP), conduction velocity (CV), and AF inducibility were evaluated 
and blood was sampled every week. After the entire protocol, atrial tissue was sampled for histological examinations using 
HE, Azan, and dihydroethidium (DHE) staining to evaluate any tissue damage or oxidative stress. The pacing control group 
exhibited a gradual AERP shortening and CV decrease along the time course as previously reported. In the linagliptin group, 
the AERP shortening was not affected, but the CV decrease was suppressed in comparison to the control group (p < 0.05). 
The AF inducibility was increased in the control group and suppressed in the linagliptin group (p < 0.05). The control group 
exhibited tissue fibrosis, the degree of which was suppressed in the linagliptin group. DHE staining exhibited suppression 
of the reactive oxygen species expression in the linagliptin group in comparison to the pacing control group. Linagliptin, 
a DPP-4-inhibitor, suppressed the AF inducibility, CV decrease, and overexpression of oxidative stress in the canine AF 
model. Such suppressive effects of linagliptin on AF in the canine model may possibly be related to the anti-oxidative effect.
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Introduction

The dipeptidyl peptidase-4 (DPP-4) inhibitor is a member 
of protease inhibitors used clinically as antidiabetic agents 
[1]. In addition to the antidiabetic effects, recent reports have 
exhibited the cardioprotective and/or anti-fibrotic effects of 
DPP-4 inhibitors [2, 3]. Although the mechanisms of such 
additional effects are unclear, an increase in the glucagon 
like protein-1 (GLP-1) is considered to play a role. GLP-1 

is one of the target substrates of DPP-4 and the availability 
of intrinsic GLP-1 is increased under the action of DPP-4 
inhibitors. Because GLP-1 is considered to suppress the 
inflammatory process through unknown mechanisms, vari-
ous cardiovascular injuries can also be suppressed through 
the action of GLP-1 [4–7].

In the process of the formation of an arrhythmogenic 
substrate for atrial fibrillation (AF), the inflammatory pro-
cess is considered to play an important role. We recently 
reported the suppression of AF inducibility using several 
drugs with anti-inflammatory and/or anti-oxidative effects 
in a canine AF model [8–10]. Therefore, the production of 
an AF substrate can also be suppressed by DPP-4 inhibitors 
in the same AF model. In the present study, we evaluated the 
effect of linagliptin, a DPP-4 inhibitor, on the atrial electrical 
and structural remodeling in a canine AF model with special 
focus on its anti-oxidative effect.
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Methods

Initial surgery

The canine AF model was set up as previously described 
[8–10]. Nineteen adult female beagle dogs (10.9 ± 1.2 kg 
body weight) were anesthetized with pentobarbital 
(Nembtal® 25 mg/kg intravenous), and followed by an addi-
tional dose of 2 mg/kg at the end of each hour. Mechanical 
ventilation was maintained through an endotracheal tube 
with a mechanical ventilator (Model SN-480-5; Shinano 
Manufacturing, Tokyo, Japan) with 100% oxygen. Two 
pairs of electrodes were sutured onto the left atrial append-
age and right atrial free wall for monitoring of the atrial 
electrograms. The other ends of the electrode wires were 
tunneled subcutaneously and exposed on the back of the 
neck. For continuous rapid atrial pacing, a unipolar screw-in 
lead (CapSureFix 5568; Medtronic Inc. Minneapolis, MN, 
USA) was inserted through the right external jugular vein 
and the distal end of the lead was screwed into the endocar-
dial side of the right atrial appendage. The proximal end of 
the pacing lead was connected to a rapid pulse generator 
(Soletra, Medtronic Inc. Minneapolis, MN, USA), which 
was implanted into a subcutaneous pocket on the back of the 
neck. No atrioventricular block was produced in this study in 
order to mimic the hemodynamic situation in clinical cases 
of AF [8–10].

All studies were performed in accordance with the guide-
lines specified by the Animal Experimentation and Ethics 
Committee of the Kitasato University School of Medicine. 
The investigation conformed with the Guide for the Care and 
Use of Laboratory Animals, US National Institutes of Health 
(NIH Publication No. 85-23, revised 2011).

Study protocol

To obtain a stable baseline condition, each dog was allowed 
to recover after the initial surgical procedure (day 7) for at 
least 1 week without pacing. Atrial rapid pacing at a rate 
of 400 beats per minute (bpm) was performed in 16 of the 
19 dogs starting at day 7, and the remaining 3 dogs without 
pacing were assigned into the non-pacing group. The 16 
dogs with atrial rapid pacing were divided into two groups: 
the pacing control group (n = 8), i.e., dogs without any oral 
administration, and the linagliptin group (n = 8), i.e., dogs 
with the oral administration of linagliptin (9 mg/kg/day) 
starting 1 week before the rapid pacing (Fig. 1). The left 
atrial tissue of the non-pacing group was used as the sham 
data for the histological evaluation.

Electrophysiological studies

Electrophysiological studies were performed every week 
to evaluate the AF inducibility, atrial effective refrac-
tory period (AERP), and atrial conduction velocity (CV) 
between both atria along the time course. For the electro-
physiological evaluation, the rapid pacing was temporarily 
stopped and all measurements were performed under a 
pharmacological block of the autonomic nervous system 
(infusing atropine 0.05 mg/kg and propranolol 0.2 mg/kg) 
to exclude any influence from the autonomic nervous tone 
[8–10]. To evaluate the AF inducibility, the incidence of 
AF induction was evaluated with atrial burst pacing for 
3 s at the minimal pacing cycle length that achieved 1:1 
atrial capture at the left atrial pacing site. This pacing was 
delivered at fourfold the diastolic threshold with a pulse 
width of 2 ms. We defined AF as a spontaneous irregular 
atrial rhythm lasting longer than 5 s. Atrial burst pacing 
for AF induction was delivered 5 times at the left atrial 
pacing sites. At each evaluation time point, the AERP 
was measured with a basic drive cycle length of 300 ms 
at the left atrial site where the electrodes were sutured. 
The pacing energy output was set at twice the diastolic 
threshold during each evaluation at the left atrial pacing 
site. The coupling interval of the premature stimulus was 
shortened by 2-ms steps. The longest coupling interval of 
the premature beat that failed to capture the atrium was 
determined as the local AERP. Because the AERP data 

Fig. 1   Schematic of the study protocol. Each dog underwent an ini-
tial surgery and was allowed to recover for 1  week without pacing 
before the start of the atrial rapid pacing (day 0). Atrial rapid pac-
ing (400 bpm) was performed for 3 weeks in the pacing control and 
linagliptin groups. In the linagliptin group, linagliptin (9 mg/kg/day) 
was orally administered starting from day 7 until day 21. Atrial tissue 
was sampled in each dog at the end of the protocol. See the text for 
the details
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varied among the individual dogs, the change in AERP 
(∆AERP) was calculated by subtracting the AERP on day 
0 [8–10]. The CV was calculated as the reciprocal of the 
conduction time between the left and right atrial sites dur-
ing right atrial appendage pacing at a drive cycle length of 
300 ms. Because the distance between the right and left 
atrial electrodes varied among the individual dogs, the 
change in the CV was calculated as the %CV by setting 
the data on day 0 as 100% [8–10].

Hemodynamic evaluation

To exclude the hemodynamic difference caused by linaglip-
tin administration and/or rapid atrial pacing, the hemody-
namic parameters, including the systemic blood pressure, 
pulmonary arterial pressure, pulmonary arterial wedge pres-
sure, and cardiac output, were evaluated using a thermo-
dilution catheter in the pacing control and linagliptin groups 
at the end of the 3-week protocol.

Histological analysis of the atrial tissue

At the end of the protocol, small portions of the left atrial 
free wall were excised for histological and biochemical 
analyses. The histology of the atrial tissue was evaluated by 
hematoxylin–eosin (HE) and Azan staining. For the analy-
sis of the in situ localization of the reactive oxygen species 
(ROS), we incubated frozen sections (25 μm) of the left 
atrial tissue with fluorophores sensitive to O2

−, dihydroeth-
idium (DHE, 10 μmol/L; Sigma). DHE specifically reacted 
with intracellular O2

− and was converted to the green fluo-
rescent compound ethidium, which then bound irreversibly 
to double-stranded DNA and appeared as punctuate nuclear 
staining. The specificity of DHE for O2

− was confirmed by 
preincubation with polyethylene glycolsuperoxide dismutase 
(PEG-SOD; 500 U/mL, Sigma). The stained sections were 
then observed with a fluorescence microscope (LSM710; 
Carl Zeiss MicroImaging, USA). To localize the nuclei of 
cardiomyocytes, 4′,6-diamidino-2-phenylindole (DAPI) 
staining was used.

DPP‑4 and GLP‑1 activities

For the analysis of the DPP-4 and GLP-1 activity, blood was 
sampled every week during the 3-week pacing protocol. The 
plasma DPP4 activity was determined as the rate of cleavage 
of 7-amino-4-methylcoumarin (AMC) from the synthetic 
substrate H-glycyl-prolyl-AMC (H-Gly-Pro-AMC; BioVi-
sion, Milpitas, CA, USA). In brief, the method used involved 
preparing duplicate test samples (one for background con-
trol) up to 50 µL/well, adjusting that to a 50 µL volume into 
a 96-well plate using a DPP4 Assay Buffer (5 μL of plasma 
were mixed with 45 μL of assay buffer). Then, 10 µL of the 

DPP4 Assay Buffer was added to one sample replicate and 
10 µL of the DPP4 inhibitor (sitagliptin) to another sample 
as a sample background control. That was mixed well and 
incubated for 10 min at 37 °C. Then, 40 µL of the Reaction 
Mix (38 µL DPP4 Assay Buffer and 2 µL DPP4 Substrate 
H-Gly-Pro-AMC) was added into each well for each sample. 
That was mixed well and incubated for 30 min at 37 °C. The 
liberation of AMC was monitored at an excitation of 360 nm 
and emission of 460 nm before and after the incubation. 
The DPP4 activity was expressed as the amount of cleaved 
AMC (nmol/min/mL or unit/L). One unit was defined as the 
amount of DPP4 that hydrolyzed the DPP4 substrate to yield 
AMC at 1.0 µmol/min at 37 °C. The active plasma GLP-1 
level was measured by an ELISA (Immuno-Biological Labo-
ratories, Gunma, Japan; catalog number 27784). The plasma 
DPP-4 activity was also measured using a commercial assay 
(Enzo Life Sciences, Farmingdale, NY, USA; catalog num-
ber BML-AK498).

Statistical analysis

All statistical analyses were performed using JMP statistical 
software (SAS Institute Inc., Cary, NC, USA). The values 
are presented as the mean (standard deviation). The basic 
comparative statistics were analyzed with a nonparametric 
test (Friedman test), or Mann–Whitney U test. A p value 
of < 0.05 was considered to indicate statistical significance.

Results

DPP‑4 activity and GLP‑1 activities

Figure 2 shows the DPP-4 and GLP-1 activity along the 
time course of the rapid pacing in the pacing control and 
linagliptin groups. The DPP-4 and GLP-1 activity did not 
exhibit any significant changes in the pacing control group; 
however, the DPP-4 activity tended to increase at the end of 
3-week pacing protocol. In contrast, in the linagliptin group, 
the DPP-4 activity was strongly suppressed from the begin-
ning of the rapid pacing (day 0) by starting linagliptin from 
day 7. Conversely, the GLP-1 activity was enhanced from 
day 0 and such enhancement continued until the end of the 
3-week pacing protocol. That indicated that the dose of the 
linagliptin (9 mg/kg/day) achieved a sufficient suppression 
of the DPP-4 activity in this study protocol.

Parameters in the electrophysiological studies

Figure 3 summarizes the parameters of the electrophysio-
logical studies in the pacing control and linagliptin groups. 
As previously reported, the pacing control group exhibited 
a gradual shortening of the AERP, gradual decrease in the 
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Fig. 2   DPP4 and GLP-1 activity along the time course of rapid pac-
ing. After starting the administration of linagliptin (9  mg/kg/day), 
the DPP-4 activity was clearly suppressed in the linagliptin group. In 

contrast, the GLP-1 activity was enhanced during the entire pacing 
protocol. See the text for the details

Fig. 3   Parameters in the electrophysiological studies. Along the time 
course of the rapid pacing, a gradual AERP shortening, CV decrease, 
and increase in the AF inducibility were observed in the pacing con-
trol group. In contrast in the linagliptin group, although the change 

in the AERP did not exhibit a significant difference, the CV decrease 
and increase in the AF inducibility were suppressed in comparison to 
that in the pacing control group (p < 0.05). See the text for the details
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CV, as well as a gradual increase in AF inducibility along 
the time course of the 3-week rapid atrial pacing protocol 
[10]. In the linagliptin group, the change in the AERP did 
not exhibit any difference in comparison to the control. How-
ever, the decrease in the CV tended to be suppressed and the 
difference between the 2 groups became significant on day 
21. AF inducibility was also suppressed in the linagliptin 
group and the difference was significant at least on days 7 
and 21.

Hemodynamic parameters

Table  1 shows the hemodynamic parameters evalu-
ated at the end of the 3-week pacing protocol using a 

thermo-dilution catheter. The pacing control and linaglip-
tin groups did not show any significant difference in those 
hemodynamic parameters.

Histopathology

Figure 4 shows representative examples of the microscopic 
findings of the left atrial tissue in the 3 groups, includ-
ing the non-pacing group. Compared with the non-pacing 
group, the pacing control group exhibited histological 
changes including an irregularity of the cardiomyocytes 
and interstitial edema and/or fibrosis. In contrast in the 
linagliptin group, the degree of those changes tended to be 
suppressed compared to that in the pacing control group.

Expression of reactive oxygen species

Figure 5 shows representative examples of the immune-
fluorescent staining with DHE. DHE clearly stained 
the myocardial cells and could be localized by merging 
the image of the DHE and DAPI staining, in the pacing 
control group. Because this expression was negated by 
PEG-SOD, it was considered to reflect an enhanced ROS 
expression. In the linagliptin group, this DHE expression 
was suppressed.

Table 1   Hemodynamic parameters

All values are presented as mean ± standard deviation. p values pre-
sent the results of statistical comparison of the 2 groups
BP blood pressure, PAP pulmonary arterial pressure, PAWP pulmo-
nary atrial wedge pressure

Pacing con-
trol (n = 8)

Linagliptin (n = 8) p value

Heart rate (bpm) 168 ± 18 178 ± 20 0.737
Systolic BP (mmHg) 164 ± 10 147 ± 33 0.233
Diastolic BP (mmHg) 92 ± 11 84 ± 31 0.551
Systolic PAP (mmHg) 33 ± 12 28 ± 8 0.364
Diastolic PAP (mmHg) 11 ± 7 9 ± 4 0.444
PAWP (mmHg) 11 ± 6 7 ± 5 0.304
Cardiac output (L/min) 5.0 ± 2.0 4.3 ± 1.7 0.477

Fig. 4   Histological findings in the left atrial tissue. In comparison to 
the non-pacing group, the pacing control group exhibited advanced 
histological changes, such as an irregularity of the cardiomyocytes 
and interstitial fibrosis. In contrast in the linagliptin group, the degree 

of tissue fibrosis tended to be suppressed in comparison to that in the 
pacing control group. See the text for the details. HE hematoxylin–
eosin staining
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Discussion

In the present study, we documented several important find-
ings. First, the 3-week rapid atrial pacing produced a canine 
AF model in which the electrical remodeling was character-
ized by an AERP shortening, CV decrease, and increase in 
the AF inducibility as previously reported [8–10]. Second, 
atrial structural remodeling, i.e., interstitial fibrosis, was 
observed in parallel with the overexpression of the oxida-
tive stress. Finally, such electrical and structural remodeling 
was suppressed by the oral administration of linagliptin, a 
DPP-4 inhibitor.

Mechanism of the suppressive effect of linagliptin 
on the canine AF model

As discussed in our previous reports [8–10], oxidative stress 
was considered to play a key role in the process of the con-
struction of an arrhythmogenic substrate in this canine AF 
model. Although the degree of atrial electrical and structural 
remodeling was more prominent in the 6-week than 3-week 
pacing model [10, 11], the ROS expression had already 
advanced by the 3-week time point and such oxidative stress 
seemed to precede the appearance of various mediators of 
interstitial proliferation, such as connective tissue growth 
factor, periostin, and fibronectine [10]. Those factors are 
considered to produce later interstitial fibrosis in atrial tissue 
and then result in the construction of an arrhythmogenic sub-
strate of AF. Zheng et al. also reported in an ischemic heart 

disease model that hyper-synthesis of ROS is observed to 
be associated with cardiovascular damage [12]. Practically, 
medications with an anti-oxidative effect, such as atorvas-
tatin and carvedilol, suppress the oxidative stress and AF 
inducibility, as well as the CV decrease, but not the AERP 
shortening as in our canine AF model [8, 9]. Those results 
suggest the key role of oxidative stress in the structural 
remodeling observed in this canine AF model.

Interestingly, linagliptin, a DPP-4 inhibitor, suppressed 
AF and its electrophysiological basis in the same canine 
model in the present study. Because the oxidative stress 
was also suppressed in this study, this suppressive effect 
of linagliptin on AF inducibility was possibly considered 
to be related to the anti-oxidative effect. To the best of our 
knowledge, this is the first report that documented the sup-
pressive effect of the DPP-4 inhibitor on AF in an in vivo 
model. When considering this result, the cardioprotective 
effect of the DPP-4 inhibitor in humans might be under-
standable [2, 3]. The precise mechanism of such a suppres-
sive effect of linagliptin on the production of an AF substrate 
is unclear, but it might be partly explained by the possible 
relationship with the anti-oxidative effect. In the present 
study, DHE staining exhibited ROS overexpression in the 
atrial myocardium, which was almost fully negated by treat-
ment with linagliptin. DPP-4 inhibitors inhibit the degrada-
tion of GLP-1 by suppressing the plasma DPP-4 enzyme 
and it results in an increase in the intrinsic GLP-1 level. 
In the present study, this effect of linagliptin was evident 
in Fig. 2, which demonstrates the time course of the plasm 

Fig. 5   Immuno-fluorescent 
staining of DHE in the left atrial 
tissue. In comparison to the 
non-pacing group, DHE clearly 
stained the myocardial cells in 
the pacing control group and 
it was negated by PEG-SOD. 
In accordance with the merged 
image of the DHE and DAPI 
nuclei staining, the expression 
of ROS was enhanced in the 
myocardial cells in the pacing 
control group, but was sup-
pressed in the linagliptin group. 
See the text for the details
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GLP-1 activity in this model. GLP-1 suppresses the ROS 
production by suppressing the NADPH-oxidase activity in 
various organs and it may result in the suppression of the 
inflammatory process [13, 14]. GLP-1 also facilitates the 
adenylyl cyclase activity and causes an increase in cyclic 
adenosine monophosphate (cAMP). This cAMP facilitates 
protein kinase A (PKA) activity and upregulates heme oxy-
genase-1 expression (HO-1), which is known as one of the 
stress-induced proteins and protects various cells against 
oxidative stress [15, 16]. This HO-1 upregulation may also 
be expressed as attenuation of the tissue injury caused by 
hyper-oxidative stress. Additionally, DPP-4 is a ligand for 
membrane-bound adenosine deaminase (ADA), which scav-
enges adenosine from the cellular environment [17]. Because 
ADA binds to the cellular membrane through DPP-4 [18], 
DPP-4 inhibitors may prevent a lack of energy by inhibiting 
the degradation of adenosine, especially in an ischemic con-
dition. Adenosine suppresses the superoxide production by 
signaling through adenosine A1 receptors and the decrease 
in the inosine level suppresses the superoxide production 
by decreasing the formation of xanthine oxidase substrates 
[19, 20]. Besides these anti-oxidant mechanisms, a direct 
effect of DPP-4 inhibitors may be suspected. Because it is 
reported that there is enhanced activity of DPP-4 in patients 
with permanent AF [21], AF itself, i.e., rapid myocardial 
excitement, or its secondary effects such as increased atrial 
wall stress and/or neurohumoral stimulation, may promote 
DPP-4 activity. In such an environment, DPP4- inhibitors 
might directly affect the AF substrate even in humans.

Limitations

Our study had several limitations. Because a His-bundle 
ablation was not performed in our animal model, progres-
sion to tachycardia-induced heart failure cannot be ruled out. 
We previously confirmed that the influence of this potential 
progression was small [8–10, 12]. As we found no signifi-
cant changes in the hemodynamic parameters, we consider 
that this model was suitable for evaluating the possible clini-
cal effects of the drugs, as it closely mimicked clinical AF. 
Second, because there was only a single dose of linagliptin 
used in this study, the dose response could not be deter-
mined. Additionally, it was not clear whether the clinical 
dose of linagliptin would cause similar anti-remodeling and/
or anti-oxidative effects as in humans. Third, although the 
suppression of atrial remodeling and ROS overexpression by 
linagliptin treatment was observed in this canine AF model, 
those were just parallel phenomenon and we did not exhibit 
any evidence of a relationship between them. Therefore, 
the anti-oxidative mechanism of linagliptin involved in the 
anti-remodeling effect should be understood as one pos-
sible speculation. Finally, because the expression of ionic 

channels was not examined, the effect of linagliptin on the 
cellular electrical remodeling could not be discussed.

Conclusions

In the canine AF model with 3-week rapid atrial pacing, lin-
agliptin suppressed the AF inducibility and CV decrease, as 
well as the overexpression of ROS in atrial tissue. Because 
the AF suppression paralleled the suppression of interstitial 
fibrosis and ROS overexpression, there might have been a 
possible relationship between the suppressive effect of lina-
gliptin on AF and the anti-oxidative effect of linagliptin.
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