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SUMMARY

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

trial fibrillation (AF) is highly prevalent in pa-

tients with type 2 diabetes mellitus (T2DM),

which accounts for ~90% of the diabetic
population.”* With obesity occurring at epidemic
proportions, T2DM and AF occurrence are expected
to continue to rise. AF is associated with increased
risk of stroke and death, as well as severe impair-
ments in quality of life.” In addition, patients with
T2DM that develop AF experience substantial in-
creases in total mortality, cardiovascular death, and
stroke compared to patients who are diabetic without
AF.*® Current therapeutic approaches for AF,
including in T2DM, are limited.

AF can develop in association with electrical and
structural remodeling of the atria.”® Atrial action
potential (AP) morphology is a critical determinant of
susceptibility to AF and can be affected by electrical
remodeling. Specifically, the AP upstroke is deter-
mined by the Na* current (Iy,) (carried by Nayl.5
channels), which importantly affects atrial conduc-
tion velocity.”'° Changes in conduction velocity can
affect susceptibility to re-entry and AF occurrence.
Action potential duration (APD) is determined in part
by several repolarizing K* currents including the
transient outward K* current (I;,) (carried by Ky4.2
and Kvy4.3), the ultrarapid delayed rectifier K" current
(IKy) (carried by Kyi1.5 channels), and the inward
rectifier K* current (Ix,) (carried by K;;2 channels).'®
Alterations in these currents can lead to changes in
APD that can also favor re-entry or triggered activity
in AF.7°

Changes in atrial electrical conduction can
also result from structural remodeling caused by
fibrosis following enhanced collagen production and
deposition.”® This inappropriate collagen deposition
can disrupt connectivity between myocytes leading
to slow or irregular conduction, which can further
promote re-entry and favor AF development. Recent
studies have demonstrated that the db/db mouse
model of T2DM is characterized by increased
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Effects of GLP-1 on AF in T2DM

Atrial fibrillation (AF) is highly prevalent in type 2 diabetes where it increases morbidity and mortality.
Glucagon-Llike peptide (GLP)-1 receptor agonists are used in the treatment of type 2 diabetes (T2DM), but
their effects on AF in T2DM are poorly understood. The present study demonstrates type 2 diabetic db/db
mice are highly susceptible to AF in association with atrial electrical and structural remodeling. GLP-1, as well
as the long-acting GLP-1 analogue liraglutide, reduced AF and prevented atrial remodeling in db/db mice.
These data suggest that GLP-1 and related analogues could protect against AF in patients with T2DM.

(J Am Coll Cardiol Basic Trans Science 2023;8:922-936) © 2023 The Authors. Published by Elsevier on behalf
of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

susceptibility to AF caused by impaired atrial
conduction in association with electrical and
structural remodeling in the atria."
Glucagon-like peptide (GLP)-1 is an incre-
tin hormone produced in endocrine cells in
the gut that mediates effects via the
glucagon-like peptide 1 receptor (GLP-1R).'*"?
GLP-1 can contribute to blood glucose regu-
lation via insulinotropic effects; however,
GLP-1R agonists also have a number of addi-
tional beneficial actions including in the car-
diovascular system.'*'® GLP-1R is highly
expressed in the atria of the heart,'>'” sug-

ABBREVIATIONS
AND ACRONYMS

4-AP = 4-aminopyridine

AERP = atrial effective
refractory period

AF = atrial fibrillation
AP = action potential

APD = action potential
duration

AVERP = atrioventricular node
effective refractory period

cSNRT = corrected sinoatrial
node recovery time

ECG = electrocardiogram
GLP = glucagon-like peptide

GLP-1R = glucagon-like
peptide 1 receptor

Ik = K* current

Ikur = ultra-rapid delayed
rectifier K* current

Ina = Na™ current

Iio = transient outward K™
current

SAN = sinoatrial node

T2DM = type 2 diabetes
mellitus

gesting that GLP-1 may be important in regulating
atrial function. A number of GLP-1R agonists have
been developed for therapeutic use in patients with
T2DM, including liraglutide, which is a long-acting
form of GLP-1 with a half-life of 13 hours compared
to ~2 minutes for native GLP-1.">'®

Clinical studies have shown that GLP-1R agonists
such as liraglutide do not increase the incidence of AF
in T2DM,* and some studies have suggested that GLP-
1R agonists could reduce the risk of AF in dia-
betes.'®* Liraglutide has also been shown to protect
against AF in a nondiabetic canine model of AF.*°
Overall, however, whether GLP-1 or GLP-1R agonists
are protective against AF in T2DM, and the mecha-
nisms involved, are poorly understood. Accordingly,
the purpose of this study was to investigate the ef-
fects of chronic GLP-1 treatment on AF susceptibility,
as well as atrial remodeling, in type 2 diabetic db/db
mice.

METHODS

An expanded Methods section can be found in the
Supplemental Appendix.

MICE. This study used male and female littermate
wild-type and db/db mice* aged 16-20 weeks.
All experimental procedures were approved by the
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University of Calgary Animal Care and Use Committee
and conformed to the guidelines of the Canadian
Council on Animal Care as described in the
Supplemental Appendix.

For chronic GLP-1 studies, db/db mice were treated
with GLP-1 (7-36 amide; 15 pg/kg/d), or saline as a
control, via osmotic minipumps, for 4 weeks begin-
ning at 12-16 weeks of age. This dose of GLP-1 was
chosen based on studies showing that similar GLP-1
doses and treatment durations have protective ef-
fects in mouse models of diabetes.”” For chronic
liraglutide studies, db/db mice were given subcu-
taneous injections of liraglutide (0.25 mg/kg/d), or
vehicle control, once per day for 28 to 30 days
beginning at 12 to 16 weeks of age. This dose of lir-
aglutide was calculated to be equivalent to the dose
used in obese humans.’®?3 Additional details are
available in the Supplemental Appendix.

Blood glucose levels were assessed by oral glucose
tolerance tests. Plasma insulin levels were measured
using commercially available assays. Blood pressure
was monitored by tail-cuff plethysmography. Cardiac
structure and function were assessed by echocardi-
ography. Additional details are available in the
Supplemental Appendix.

IN VIVO ELECTROPHYSIOLOGY. Surface electrocar-
diograms (ECGs) were measured in anesthetized mice
using subdermal needle electrodes. In conjunction, a
1.2-F octapolar electrophysiology catheter was inser-
ted into the right heart via an incision in the jugular
vein and used to measure AF susceptibility, atrial
effective refractory period (AERP), atrioventricular
node effective refractory period (AVERP), and cor-
rected sinoatrial node (SAN) recovery time (cSNRT) as
described previously.?*2® AF was defined as a rapid
and irregular atrial rhythm (fibrillatory baseline in
the ECG) with irregular RR intervals lasting at least
1 second. Additional details are provided in the
Supplemental Appendix.

HIGH-RESOLUTION OPTICAL MAPPING. Activation
patterns, atrial conduction velocities, and atrial op-
tical APD were measured in isolated atrial prepara-
tions using high-resolution optical mapping as
described previously®#?7 and in the
Supplemental Appendix.

PATCH-CLAMPING OF ISOLATED ATRIAL MYOCYTES.

Isolated left and right atrial myocytes were used to
record stimulated APs and ionic currents including
Ina, total Ik, Iy, and Ik, using the whole-cell patch-
clamp technique as described previously®**> and in
the Supplemental Appendix.
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QUANTITATIVE POLYMERASE CHAIN REACTION.
Expression of messenger RNA for Kcnd2, Kcnd3,
Kcnip2, Kcnas, Colia, Col3a, and Hprt1i (reference
gene) was measured in left atrial tissue samples using
approaches previously described.”**> Primer se-
quences and experimental protocols are described in
the Supplemental Appendix.

WESTERN BLOTTING. Western blotting for K.4.2,
K.4.3, KChIP2, and K,1.5 was performed in left atrial
tissue samples as described previously.'" Additional
details are provided in the Supplemental Appendix.

HISTOLOGY. Interstitial levels
measured using picrosirius red (collagen) and fast
green (myocardium) staining of paraffin embedded
sections (5 pm) through the left and right atria.
Fibrosis was quantified using ImageJ software (Na-

tional Institutes of Health).

collagen were

STATISTICAL ANALYSIS. Data are presented as mean
+ SEM. Categorical data were compared using Fisher
exact test and continuous data were compared using
one-way or two-way analysis of variance with Holm-
Sidak post hoc test for multiple pairwise compari-
sons as indicated in each figure legend. Data were
assessed for normality using Shapiro-Wilks test.
Statistical differences are reported as P < 0.05,
P < 0.01, or P < 0.001.

RESULTS

EFFECTS OF CHRONIC GLP-1 TREATMENT ON AF
SUSCEPTIBILITY AND ATRIAL ELECTROPHYSIOLOGY IN
DB/DB MICE. Compared to wild-type mice, db/db mice
infused with saline for 4 weeks (db/dbgajine) exhibited
increased blood glucose levels (Supplemental
Figures 1A to 1C). Four weeks of GLP-1 (15 pg/kg/d)
treatment in db/db mice (db/dbgp.,) resulted in in-
termediate blood glucose levels that were between
those of wild-type and db/dbguine mice
(Supplemental Figures 1A to 1C). Body mass and
plasma insulin concentrations similarly
increased in db/dbs,jine and db/dbgp.; mice compared
with in wild-type mice (Supplemental Figures 1D and
1E). There were no differences in blood pressure be-

were

tween treatment groups at baseline or after 4 weeks
of GLP-1 treatment (Supplemental Figure 2). Echo-
cardiography demonstrated an increase in maximum
left atrial area in db/dbg,jine mice; however, there
were no other differences in atrial area in db/dbgajine
mice compared with in wild-type mice. There were
also no effects of GLP-1 on atrial area compared with
that of db/dbg,ne mice (Supplemental Table 1).
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FIGURE 1 Effects of chronic GLP-1 Treatment on AF and AERP in db/db Mice

A dbld bsaline B d b/d bsaline
pacing AF (21.6 s) SR AF SR
I | | | I I 1
) O]
O O
LLI Lu bV T T v et A Ay VVJ
E d E l‘l‘ Hrv Il(” ( t' | l'
1 (gl
o | EBMH UNKENRRMR
500 ms
c db/db,, ;. D _o30  E
SR i R _*
SR pacing S | - xk
S 607 (14126) —_ 500}
Z < 400
:'-Q; * (7/28) -% 300
% 50 5 200
2“7 3125) @ 100/
(7] < °
250 ms & 0- 0-

— wildtype [ ] dbldbsa"ne- dbldbGLp_1

(A) Representative surface electrocardiogram (ECG) (top) and atrial intracardiac electrogram (EGM) (lower) showing the induction of atrial fibrillation (AF) following
burst pacing in an anesthetized db/db mouse after 4 weeks of saline infusion. AF lasted for 21.6 seconds and then reverted to sinus rhythm (SR). (B) Magnified view of
the recording shown in A illustrating AF converting to SR. (C) Representative surface ECG showing the absence of AF induction after burst pacing in a db/db mouse
infused with glucagon-like peptide-1 (GLP-1) for 4 weeks. (D) Inducibility of AF in wild-type mice, db/db mice infused with saline (db/dbg,iine), and db/db mice infused
with GLP-1 (db/dbg,p.1) for 4 weeks. Numbers in parentheses indicate the number of mice induced into AF. Data analyzed by Fisher exact test. (E) Duration of AF in
the wild-type, db/dbsaiine, and db/dbg p-1 mice that were induced into AF. (F) Atrial effective refractory period (AERP) in wild-type (n = 25), db/dbsaiine (n = 26), and
db/dbgip.1 (n = 28) mice. Data analyzed by one-way analysis of variance with Holm-Sidak post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001.

Furthermore, there were no differences between
groups in measures of ventricular structure or func-
tion (Supplemental Table 1).

Atrial burst pacing in anesthetized mice (Figures 1A
to 1C) demonstrates that AF susceptibility was
increased in db/dbg,jine mice compared with wild-
type mice and that this elevated susceptibility to AF
was prevented in db/dbgyp.; mice (Figure 1D). When
AF was induced, it was longer on average in db/
dbsatine mice, whereas wild-type and db/dbgyp., mice
exhibited shorter AF durations on average (Figure 1E).
Programmed electrical stimulation studies demon-
strate that AERP was increased in db/dbguine mice
compared with wild-type mice and GLP-1 treatment

prevented this increase in AERP in db/db mice
(Figure 1F). ¢SNRT was also prolonged in db/dbsajine
mice and not significantly affected by GLP-1 treat-
ment (Supplemental Table 2).

Surface ECG analysis (Figures 2A and 2B,
Supplemental Table 2) demonstrates that P-wave
duration as well as PR interval were increased in male
and female db/dbgajine mice (Figure 2C). These in-
creases were largely prevented in db/dbgp.; although
P-wave duration was still longer in db/dbgrp.; mice
compared with in wild-type mice (Figure 2C). In
contrast, there were no effects of GLP-1 treatment on
QRS duration, QT interval, or AVERP in db/db mice
(Supplemental Table 1). These effects of GLP-1 on ECG
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FIGURE 2 Effects of Chronic GLP-1 Treatment on P-Wave Duration in db/db Mice
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(A) Representative surface ECGs in anesthetized wild-type, db/dbsiine, and db/dbg p-; mice. (B) Magnified ECGs in wild-type, db/dbgaiine, and
db/dbg.p-1 mice illustrating differences in P-wave duration. (C) Summary of P-wave duration in wild-type (n = 25), db/dbgaiine (n = 26), and

db/dbgp-1 (N = 28) mice. Data analyzed by one-way analysis of variance with Holm-Sidak post hoc test. Refer to Supplemental Tables 2 to 4
for additional ECG analyses. **P < 0.01, ***P < 0.001. Abbreviations as in Figure 1.

parameters were comparable between male and fe-
male mice (Supplemental Tables 3 and 4); therefore,
male and female data were combined in all studies.

EFFECTS OF CHRONIC LIRAGLUTIDE TREATMENT ON AF
SUSCEPTIBILITY AND ATRIAL ELECTROPHYSIOLOGY IN
DB/DB MICE. To test the impact of targeting the GLP-1
pathway in a more clinically relevant fashion, db/db
mice were treated with the long-acting GLP-1
analogue liraglutide by once daily subcutaneous in-
jection (0.25 mg/kg/d). Vehicle-injected db/db mice
(db/dbyen) were hyperglycemic compared to wild-
type mice, whereas db/db mice treated with liraglu-
tide (db/dbyi;a) showed reduced blood glucose levels,
although not fully to wild-type levels (Supplemental
Figure 3A to 3C). Body mass was similarly elevated
in db/db mice injected with vehicle or liraglutide at
baseline; however, after 4 weeks of treatment, body
mass was lower in db/dby;;, mice compared with in
db/dbyen mice, although still increased compared to
wild-type mice (Supplemental Figure 3D). Plasma
insulin levels were similarly elevated in db/dby., and
db/dby;;, mice (Supplemental Figure 3E).
Vehicle-injected db/db mice exhibited an increased
susceptibility to burst pacing induced AF that was

longer lasting than for wild-type mice (Figures 3A to
3C). In contrast, db/dby;;; mice had an intermediate
susceptibility to AF between wild-type and db/dby.n
mice that on average was shorter in duration than for
db/dbyen, mice (Figures 3B and 3C). AERP was
increased in db/dby.n, mice compared with wild-type
mice, and this was prevented in db/dbj;, mice
(Figure 3D). P-wave duration was also increased in db/
dby.n, mice compared with in wild-type and normal-
ized in db/dby;;, mice (Figures 4A to 4C). Similar to
GLP-1, liraglutide had no effects on ventricular ECG
intervals, c¢SNRT, or AVERP in db/db mice
(Supplemental Table 5).

EFFECTS OF CHRONIC GLP-1 ON ATRIAL CONDUCTION
AND ATRIAL OPTICAL AP MORPHOLOGY. Changes in
P-wave duration are indicative of altered atrial con-
duction; therefore, this was directly assessed in
isolated atrial preparations paced at 8 Hz using opti-
cal mapping. Activation maps show that atrial
conduction time was longer in db/dbg,jine mice than
in wild-type mice and that this was shortened in db/
dbgrp., mice (Figure 5A). Right and left atrial con-
duction velocities were reduced in db/dbggje mice
compared with wild-type mice, but conduction
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FIGURE 3 Effects of Chronic Liraglutide Treatment on AF and AERP in db/db Mice
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(A) Representative surface ECG (top) and atrial intracardiac EGM (bottom) showing induction of AF and conversion to SR in a vehicle-injected
db/db mouse. (B) Inducibility of AF in wild-type mice, db/db mice given daily vehicle injections (db/dbyen), and db/db mice given daily in-
jections of liraglutide for 4 weeks (db/dby;,). Numbers in parentheses indicate the number of mice induced into AF. Data analyzed by Fisher
exact test. (C) Duration of AF in wild-type, db/dbyen, and db/dby;;, mice that were induced into AF. (D) AERP in wild-type (n = 13), db/dbyen
(n =16), and db/db;;, (n = 11) mice. Data analyzed by one-way analysis of variance with Holm-Sidak post hoc test. **P < 0.01, ***P <
0.001. Abbreviations as in Figure 1.

velocities were substantially improved in db/dbgrp.,
mice (Figures 5B and 5C). Representative optical APs
(Figure 5D) and APD maps (Figure 5E) demonstrate
changes in APD in db/db mice treated with GLP-1.
Specifically, right and left atrial APD;, (Figures 5F
and 5G) and APD,, (Figures 5H and 5I) were
increased in db/dbsaine mice compared with wild-
type mice and normalized in db/dbgrp., mice.
Similar changes in atrial conduction and APD were
observed in optical mapping experiments in atrial
preparations in sinus rhythm (ie, no pacing)
(Supplemental Figure 4).

EFFECTS OF CHRONIC GLP-1 ON ATRIAL MYOCYTE
ELECTROPHYSIOLOGY IN DB/DB MICE. AP re-
cordings in isolated left atrial myocytes (Figure 6A)
revealed increases in cell capacitance in db/dbggjine
mice that were normalized in db/dbgip.; mice
(Figure 6B). There were no differences in left atrial
resting membrane potential, AP upstroke velocity
(Vmax), or AP overshoot between treatment groups

(Figures 6C to 6E). Consistent with the data in intact
atrial preparations, left atrial APD was prolonged
throughout repolarization in db/dbgne mice and
normalized in db/dbg;p., mice (Figure 6F to 6l). Very
similar effects of GLP-1 on AP morphology were
observed in isolated right atrial myocytes
(Supplemental Figure 5).

In addition, variability in APD was assessed using
Poincaré plot analysis (Supplemental Figures 6A and
6B). Quantification of SDs (SD1 and SD2) of Poincaré
plots demonstrate that APD heterogeneity was
increased in db/dbg,jine mice throughout repolariza-
tion compared to wild-type mice and largely
normalized in db/dbgip., mice (Supplemental
Figures 6C to 6J).

Consistent with the absence of differences in AP
upstroke velocity or Vpay, there were no differences
in peak Iy, density (Supplemental Figures 7A and 7B)
or Iy, steady-state activation kinetics (Supplemental
Figure 7C, Supplemental Table 6) between treatment

groups. However, the Iy, steady-state inactivation
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FIGURE 4 Effects of Chronic Liraglutide Treatment on P-Wave Duration in db/db Mice

B
P
P C
g 40
S 30;
s
5 20
©
P S 101
g ol
o
50 ms = wildtype
mm db/db,,
m=m db/dby;,

analysis. ***P < 0.001. Abbreviations as in Figures 1 and 3.

(A) Representative surface ECGs in anesthetized wild-type, db/dbyep, and db/dby;, mice. (B) Magnified ECGs in wild-type, db/dbyep, and db/
dby;ra mice illustrating differences in P-wave duration. (C) Summary of P-wave duration in wild-type (n = 13), db/dbyen (n = 16), and db/dby;,
(n = 11) mice. Data analyzed by one-way analysis of variance with Holm-Sidak post hoc test. Refer to Supplemental Table 5 for additional ECG

curve was shifted to more positive membrane po-
tentials in db/dbg,ine right atrial myocytes compared
to wild-type mice and normalized in db/dbgpp.,
myocytes (Supplemental Figure 7D, Supplemental
Table 6). This resulted in a larger Iy, window cur-
rent in db/dbgaiine
normalized in

atrial myocytes, which was
db/dbgrp1 atrial
(Supplemental Figures 7E and 7F).
Total K* current (Ix) was measured with and
without a prepulse to —40 mV to inactivate I, in left
atrial myocytes from wild-type, db/dbgajine, and db/
dbgrp.; mice (Figure 7A). Ix current-voltage relation-
ships measuring peak outward Ix demonstrate that
outward Ix was reduced in db/dbgaine left atrial
myocytes and significantly improved in, db/dbgprp.,
left atrial myocytes before (Figures 7B and 7C) and

myocytes

after (Figures 7D and 7E) the inactivating prepulse.
The difference current between the Ik recordings with
and without the prepulse is a measure of I,
(Figure 8A). I;, was reduced in left atrial myocytes
from db/dbgaiine mice compared with wild-type mice

and normalized in db/dbgrp., left atrial myocytes
(Figure 8B). In addition, Ix,,; was measured as the 4-
aminopyridine (4-AP) (100 pmol/L)-sensitive compo-
nent of Ik in left atrial myocytes from wild-type, db/
dbgaline, and db/dbgrp., mice (Figure 8C). The 4-AP-
sensitive Igx,, was reduced in left atrial db/dbsajine
myocytes compared with wild-type myocytes and
normalized in left atrial db/dbgip., myocytes
(Figure 8D). Similar changes in repolarizing K* cur-
rents were observed in right atrial myocytes from
GLP-1-treated db/db mice (Supplemental Figure 8).
Specifically, right atrial I;, was reduced in db/dbsajine
mice compared with wild-type mice and significantly
improved in db/dbgpp., mice (Supplemental
Figures 9A and 9B). Right atrial 4-AP-sensitive Ixy;
was also reduced in db/dbg,jine mice compared with in
wild-type mice and normalized in db/dbgrp., mice
(Supplemental Figures 9C and 9D).

Expression of Kcnd2 (encodes Ky4.2), Kcnd3 (en-
codes Ky4.3), and Kcnip2 (encodes KChIP2) were each
reduced in the left atrium of db/dbguine mice
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FIGURE 5 Effects of Chronic GLP-1 on Atrial Conduction and Atrial Optical AP Morphology in db/db Hearts
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(A) Representative activation maps in isolated atrial preparations from wild-type, db/dbsjjine, and db/dbg p.1 mice paced at 8 Hz. Right atrial
appendage is on the left side of the image. Color scale indicates total conduction time across the preparation. Bars = 2 mm. (B, C) Summary
of right atrial (B) and left atrial (C) conduction velocity (CV) in wild-type, db/dbg,jine, and db/dbg p.; mice. (D) Representative right atrial and
left atrial optical action potentials (APs) in isolated atrial preparations from wild-type, db/dbs,jine, and db/dbg p-; mice. (E) Representative
action potential duration maps at 50% repolarization time (APDso) in atrial preparations from wild-type, db/dbgajine, and db/dbg p.1 mice.
Bars = 2 mm. (F, G) Summary of right (F) and left (G) atrial APDsq in atrial preparations from wild-type, db/dbs;iine, and db/dbg p-1 mice. (H, )
Summary of right (H) and left (1) atrial APDo in atrial preparations from wild-type, db/dbsaiine, and db/dbg p.; mice. Summary data analyzed by
one-way analysis of variance with Holm-Sidak post hoc test; n = 5-6 atrial preparations per group. *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations as in Figure 1.
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compared with wild-type mice and remained reduced
compared to wild-type in db/dbgrp., left atria
(Supplemental Figures 10A to 10C). Expression of
Kcnas (encodes Kyl.5) was not different between
treatment groups (Supplemental Figure 10D). Protein
expression of K,4.2 showed a trend (P = 0.055) to-
ward reduction in the left atrium of db/dbgajine mice
and was not affected by GLP-1 treatment
(Supplemental Figure 10E). Protein expression of
Ky4.3, KChIP2, and K,1.5 was not different among
groups (Supplemental Figures 10F to 10H).

EFFECTS OF ACUTE GLP-1 ON ATRIAL MYOCYTE
ACTION POTENTIAL MORPHOLOGY IN DB/DB MICE.
The effects of acute GLP-1 (100 nmol/L) application on
isolated atrial myocytes from untreated db/db mice
were also measured to determine whether this would
mimic the effects of chronic GLP-1 treatment
described herein. In these experiments, GLP-1 was
superfused on isolated atrial myocytes for 5-10 mi-
nutes. Acute GLP-1 application had no effects on
atrial AP morphology in isolated db/db atrial myo-
cytes (Supplemental Figure 11).

EFFECTS OF CHRONIC GLP-1 ON ATRIAL FIBROSIS
IN DB/DB MICE. Interstitial fibrosis at study end-
points was increased in the right and left atria of db/
dbsaiine mice and this was significantly attenuated in
db/dbgLp-; mice (Figures 9A to 9D). The progression of
fibrosis was also assessed in the left atrium in db/db
mice (Supplemental Figure 12). These data demon-
strate that left atrial fibrosis was also increased at
12-14 weeks of age (ie, the time point at which GLP-1
or saline infusions began) in db/db mice and tended
to be further increased by the study endpoint.
Expression of Colia (encodes collagen type I) and
Col3a (encodes collagen type III) was increased in the
left atrium of db/dbga1ine mice compared to wild-type
mice and normalized in db/dbgip.; left atria
(Figures 9E and 9F).

DISCUSSION

AF is highly prevalent in patients with T2DM where it
substantially worsens morbidity and mortality.**°
Consistent with this, the present study, as well as
previous studies," show that the db/db mouse model
of T2DM is highly susceptible to pacing-induced AF
caused by impaired atrial electrical conduction in
association with electrical and structural remodeling
of the atria. Although some clinical studies have
suggested that antidiabetic drugs such as GLP-1R ag-
onists may protect against AF in T2DM,'° this is very
poorly understood. Accordingly, this was investi-
gated in the present study. Strikingly, chronic
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treatment of db/db mice with GLP-1 (continuous
infusion by osmotic pump) reduced susceptibility to
AF. Furthermore, AF durations were shorter on
average in GLP-1-treated db/db mice, indicating a less
severe AF burden. Protection against AF in GLP-1-
treated db/db mice occurred in association with im-
provements in atrial conduction as indicated by
shorter P-wave durations in vivo and faster atrial
conduction velocities in isolated atrial preparations
compared to saline-treated db/db mice. Importantly,
treatment of db/db mice with the long-acting GLP-1R
analogue liraglutide, using a clinically relevant dose
and treatment approach (daily subcutaneous in-
jections), also reduced AF burden. Specifically,
liraglutide-treated db/db mice exhibited intermediate
levels of AF susceptibility and on average had shorter
AF durations. Liraglutide also reduced AERP and
shortened P-wave duration to wild-type levels, indi-
cating a normalization of atrial conduction in db/db
mice. The intermediate effect of liraglutide compared
to GLP-1 on AF susceptibility may be related to dosing
and route of delivery as GLP-1 was delivered contin-
uously by osmotic pump whereas liraglutide was
delivered by once-daily subcutaneous injection.
Overall, the present study demonstrates that GLP-1
(and related GLP-1R agonists) can potently protect
against AF and preserve atrial conduction in db/db
mice.

db/db mice also exhibited evidence of SAN
dysfunction (ie, reduced heart rate, increased
cSNRT), which is common in association with AF.?8:29
Previous studies have also demonstrated SAN
dysfunction in db/db mice.?° Overall, GLP-1 did not
prevent these changes in SAN function. We did not
observe substantial changes in atrial or ventricular
size or ventricular function in db/db mice by echo-
cardiography, which is consistent with our previous
study." The present study shows that echocardiog-
raphy measures were also not significantly affected
by GLP-1. On the other hand, patch-clamp
studies demonstrated increased cell capacitance in
db/dbgajine mice that were normalized in db/dbgpp.,
mice. This suggests that db/db mice may exhibit
atrial myocyte hypertrophy, which was prevented
by GLP-1.

Whereas atrial electrophysiology was substantially
altered in db/db mice and potently affected by GLP-1,
ventricular ECG intervals were not markedly altered
in db/db mice and were not significantly affected by
GLP-1 or liraglutide. GLP-1R is highly expressed in the
atria, possibly at levels higher than in the ventricles,"
suggesting that GLP-1 may act, at least in part, via
direct effects in the atria. Consistent with this, blood
pressure was not different in db/db mice and not
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FIGURE 6 Effects of Chronic GLP-1 on AP Morphology in Isolated Left Atrial Myocytes in db/db Mice
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(A) Representative stimulated APs in left atrial myocytes isolated from wild-type, db/dbgaiine, and db/dbgip-1 mice. (B to 1) Summary data for cell capacitance (B),
resting membrane potential (RMP) (C), AP upstroke velocity (Vmax) (D), overshoot (E), APD,q (F), APDsg (G), APD5o (H), and APDyo (1) in isolated left atrial myocytes
from wild-type, db/dbsiine, and db/dbg p.; mice. Data analyzed by one-way analysis of variance with Holm-Sidak post hoc test; n = 8 myocytes from 2 mice for wild
type, 13 myocytes from 5 mice for db/dbsaiine, and 17 cells from 9 mice for db/dbg p-1. *P < 0.05, ***P < 0.001. Abbreviations as in Figures 1 and 5.

affected by GLP-1. There were also no effects of GLP-1
or liraglutide on plasma insulin levels, which were
similarly elevated in saline- and drug-treated db/db
mice. On the other hand, GLP-1 and liraglutide caused
some improvement in blood glucose levels in db/db
mice, although not to wild-type levels. This is
consistent with previous studies showing that lir-
aglutide partially improves glucose tolerance in db/db
mice.?3? Thus, it is possible that a partial reduction
in the level of hyperglycemia could contribute to the
improvements in atrial electrophysiology elicited by
GLP-1R agonists via indirect effects. It is important to
note, however, that the relationship between AF
prevalence and glycemic control in patients with
diabetes remains unresolved with some studies sug-
gesting worsening AF with poor glycemic control and
others finding no relationship.>*®33 Further studies
will be needed to delineate direct and indirect effects
of GLP-1R agonists on atrial electrophysiology.
Several factors can affect atrial conduction velocity
including AP upstroke velocity caused by In,, gap

junctions, and fibrosis.” We observed no differences
in atrial AP upstroke velocity or atrial peak Iy, in db/
db mice and neither of these were altered by GLP-1
treatment. We have also previously shown that
messenger RNA expression of major atrial connexins
(Cx40 and Cx43) is not altered in db/db mice." In
contrast, db/db mice exhibited fibrosis in the right
and left atria increases in
expression of collagen type I and collagen type III.
Atrial fibrosis was significantly lower in db/db atria
after GLP-1 treatment. Atrial fibrosis was also
increased at 12-14 weeks of age in db/db mice (which
corresponds to the time point at which GLP-1 treat-
ment began) and tended to increase further at time
points corresponding to study endpoints when func-
tional studies were conducted. This suggests that
GLP-1 acts to prevent further fibrosis from developing
but may also partially reverse fibrosis. Consistent
with this, GLP-1 also normalized atrial collagen gene
expression in db/db mice. These data indicate that
changes in fibrosis are critically involved in the

in association with
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FIGURE 7 Effects of Chronic GLP-1 on K* Currents in Isolated Left Atrial Myocytes in db/db Mice
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(A) Representative K* current (I) recordings for total I, (left) and I after an inactivating prepulse to —40 mV (right) in left atrial myocytes isolated from wild-type,
db/dbgaiine, and db/dbg p.; mice. Voltage clamp protocols shown below recordings. (B) I current-voltage (IV) curves measured at the peak of the total I recordings.
() I IV curves (same data as B) showing repolarizing Ix at membrane potentials positive to O mV. (D) I IV curves measured at the peak of the Iy recordings after
an inactivating prepulse. (E) I IV curves after an inactivating prepulse (same data as D) showing | at membrane potentials positive to O mV. *P < 0.05 vs wild type,
P < 0.05 vs db/dbsgine by mixed-effects analysis of variance with Holm-Sidak post hoc test; n = 7 myocytes from 2 mice for wild type, 11 myocytes from 3 mice for
db/dbgaiine, and 15 myocytes from 5 mice for db/dbg p-1. Statistical symbols shown only on € and E for clarity. Abbreviations as in Figure 1.

impairments in atrial conduction velocity in db/db
mice and their prevention following treatment with
GLP-1. GLP-1 could directly affect fibroblast function;
however, it is also possible that GLP-1 could affect
inflammatory signaling, which could then have an
impact on fibroblast activation and profibrotic
signaling. Inflammation has been linked to fibrosis
and atrial arrhythmias in prior studies.®* These
possibilities will be explored in future studies.
Impaired conduction caused by atrial fibrosis can
create a substrate for re-entry, which favors the

occurrence and maintenance of AF.”>> Consistent
with the findings in our study, previous studies have
shown that GLP-1R agonists or dipeptidyl peptidase 4
inhibitors (which prevent the hydrolysis of GLP-1) can
have antifibrotic effects in the heart in nondiabetic
mouse models of disease.3® 3%

In addition, we observed substantial heterogeneity
in APD during repolarization in db/db mice,
which was prevented by GLP-1 treatment. Increased
heterogeneity in repolarization can also lead to
re-entry;>° therefore, the ability of GLP-1 to protect
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FIGURE 8 Effects of Chronic GLP-1 on I, and 4-AP-sensitive Iy, in Isolated Left Atrial Myocytes in db/db Mice
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(A) Representative transient outward K™ current (ly,) recordings in isolated left atrial myocytes from wild-type, db/dbgyiine, and db/dbg p.; mice generated by digitally
subtracting the I recordings with and without a prepulse as seen in Figure 7. (B) Iy, IV curves measured as the difference current between Iy recordings with and
without a prepulse as shown in Figure 7. *P < 0.05 vs wild-type mice; *P < 0.05 vs db/dbgp-1 mice by mixed effects analysis of variance with Holm-Sidak post hoc test;
n = 7 myocytes from 2 mice for wild type, 11 myocytes from 3 mice for db/dbs,iine, and 15 myocytes from 5 mice for db/dbgp.1. (C) Representative I recordings

at +30 mV showing the effects of 4-aminopyridine (4-AP) (100 pmol/L), which inhibits Ky1.5-mediated Iy, in isolated left atrial myocytes from wild-type, db/
dbsatine, and db/dbgp-1 mice. (D) Summary of the amplitude of 4-AP-sensitive I in isolated left atrial myocytes from wild-type, db/dbsiine, and db/dbg p.; mice. Data
analyzed by one-way analysis of variance with Holm-Sidak post hoc test; n = 7 myocytes from 2 mice for wild type, 9 myocytes from 3 mice for db/dbg,jine, and

12 myocytes from 5 mice for db/dbgp-1. ks = ultra-rapid delayed rectifier K* current; other abbreviations as in Figures 1 and 7.

against this heterogeneity in APD may also contribute
to the protective effects of GLP-1 against AF in db/db
mice.

Consistent with previous studies,”
observed increases in atrial APD in db/db mice.
Increased APD was evident from optical mapping
studies in intact atrial preparations and from patch-
clamp studies in isolated atrial myocytes and coin-
cided with increases in AERP in vivo. Increased atrial
APD occurred because of reductions in repolarizing I;,
and Ig,,. Although peak Iy, was not altered in db/db
atrial myocytes, the Iy, steady-state inactivation
curve was shifted to more positive membrane

we also

potentials resulting in a larger Iy, window current
that could also contribute to AP prolongation. Chronic
GLP-1 treatment normalized APD, prevented the
reductions in I, and Iky;, and normalized Iy, steady-
state inactivation in db/db atrial myocytes. In addi-
tion to fibrosis, prolongation of APD could also
contribute to the slowing of atrial conduction,
particularly at high heart rates, while also increasing
the potential for conduction block.*®*' Each of these
could further contribute to a substrate for re-entry
and AF in db/db mice. In addition, AP prolongation
could increase the likelihood of early after-
depolarizations, which could trigger AF occurrence.
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FIGURE 9 Effects of Chronic GLP-1 on Atrial Fibrosis in db/db Mice
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(A, B) Representative images showing patterns of interstitial fibrosis (red staining) in right (A) and left (B) atria of wild-type, db/dbsjine, and db/dbg .1 mice.

Bars = 50 pum. (C,D) Summary of right (C) and left (D) atrial fibrosis. Data analyzed by one-way analysis of variance with Holm-Sidak post hoc test. For right atrium,
n = 3 wild-type, 5 db/dbgajine, and 5 db/dbgp-; mice. For left atrium, n = 6 wild-type, 6 db/dbgjine, and 7 db/dbgp.1 mice. (E-F) Messenger RNA expression of Colla (E)
and Col3a (F) in the left atrium in wild-type, db/dbsiine, and db/dbg p-; mice. Data analyzed by one-way analysis of variance with Holm-Sidak post hoc test, n = 11
wild-type, 12, db/dbsiine, and 13 db/dbg p.1 mice. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations as in Figure 1.

Thus, the prevention of increases in APD by GLP-1 is
likely centrally involved in the improvements in atrial
conduction and protection against AF in db/db mice
treated with GLP-1.

In agreement with previous studies," I,, was
reduced in db/db atria in association with reduced

1

expression of Kcnd2, Kend3, and Kcnip2 and lower
protein expression of K,4.2. Interestingly, these
changes were not prevented by GLP-1 treatment. GLP-
1 treatment also had no effects on the protein
expression of Ky4.3 or KChIP2. Furthermore, there
were no changes in expression of Kcna5 or Kyl.5
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protein in db/db mice before or after GLP-1 treatment.
Thus, GLP-1 was able to increase I;, and Ik, current
density independently of changes in ion channel gene
or protein expression. As noted, cell capacitance was
increased in db/db atrial myocytes (indicating atrial
hypertrophy) and this was prevented by GLP-1 treat-
ment; therefore, the improvements in I, and Igy,
density in db/dbgrp., mice may be associated with
these differences in cell capacitance and the preven-
tion of atrial myocyte hypertrophy. The mechanisms
by which GLP-1 improves atrial K" currents in db/db
mice will be studied further in future investigations.

Acute application of GLP-1 had no effects on AP
morphology in isolated atrial myocytes from db/db
mice. It is also reasonable to infer that an acute
exposure to GLP-1 treatment would have minimal
affects, if any, on atrial fibrosis. Together, these data
indicate that GLP-1 must be delivered chronically to
achieve protection against atrial electrical remodeling
(ie, changes in AP morphology and associated ionic
currents) and structural remodeling (ie, fibrosis) in
db/db mice.

STUDY LIMITATIONS. The present study was con-
ducted in mice, which exhibit some differences in
repolarizing K* currents compared to humans.*”
Specifically, the rapid and slow delayed rectifier K*
currents (Ix; and Igxs) do not play a major functional
role in mouse atria. However, I, and Ik, which are
centrally involved in the changes in AP morphology
in db/db mice before and after GLP-1 treatment, are
critical in the atria of mice and humans, suggesting
the effects identified in the present study will be
relevant to humans. Further studies to determine
optimal doses and duration of treatment with specific
GLP-1R agonists to optimize effects on atrial electro-
physiology while also ensuring appropriate glycemic
control are warranted.

CONCLUSIONS

The present study demonstrates that chronic treat-
ment of type 2 diabetic db/db mice with GLP-1 pro-
tects against AF by preventing impairments in atrial
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conduction, atrial electrical remodeling, and atrial
fibrosis. These findings suggest that GLP-1R agonists
could protect against AF in human patients with
T2DM. Given the wide use of GLP-1R agonists for the
treatment of T2DM, the effects of these compounds
on AF in these patients should be further studied.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Atrial fibrillation
is highly prevalent in patients with T2DM. Furthermore, patients
with T2DM that develop AF experience worse outcomes
including increased mortality. GLP-1R agonists are used to treat
patients with T2DM; however, their effects on atrial remodeling
and AF are unclear. We demonstrate that GLP-1 and the GLP-1
analogue liraglutide protect against AF in type 2 diabetic mice by
preventing electrical and structural remodeling in the atria.

TRANSLATIONAL OUTLOOK: This study identifies GLP-1 and
the related GLP-1 analogue liraglutide as a potential approach for
treating or preventing AF in a mouse model of T2DM. Further
studies will be required to translate these finding to human pa-
tients with T2DM to reduce the influences of AF in this patient
population.
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