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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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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
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(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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(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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Supplemental Appendix

Supplemental Methods
Mice

This study used male and female littermate wild-type and db/db mice between the ages
of 16-20 weeks. At this age range db/db mice are obese and display glucose intolerance. The
db/db mouse contains an autosomal recessive mutation in the leptin receptor (Lepr) gene. Mice
homozygous for the mutation display hyperphagia and hyperglycemia. Db/db mice were initially
obtained from the Jackson Laboratory (strain C57BL/6J-Lepr™) and then bred locally.
Homozygous db/db mice and wild-type littermates were used in this study. Animals were fed ad
libitum and kept on a 12:12 h light-dark cycle. The diabetic phenotype was determined by oral

glucose tolerance test.

Oral glucose tolerance test

Blood glucose levels were assessed by oral glucose tolerance test (OGTT). After 6
hours of fasting, mice were administered 50 mg of glucose by oral gavage. Blood samples were
taken from the tail vein at regular intervals and blood glucose was measured with a glucometer

(StatStrip Xpress®, Nova Biomedical, MA).

Osmotic pump insertion

For chronic GLP-1 studies db/db mice implanted with osmotic mini-pumps (Model 2004,
Alzet) containing GLP-1 (7-36 amide). In control experiments db/db mice were implanted with
pumps containing saline. GLP-1 was synthesized (Synpeptide Co) with the following amino acid
sequence: His-Ala-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gin-Ala-Ala-Lys-

Glu-Phe-lle-Ala-Trp-Leu-Val-Lys-Gly-Arg-NH,. Mice were anesthetized using isoflurane



inhalation (2-3%) and osmotic pumps were inserted subcutaneously via a 1-2 cm mid-scapular

incision. Mice were given meloxicam (5 mg/kg) subcutaneously for post-operative analgesia.

Liraglutide treatment

For chronic liraglutide studies db/db mice were given subcutaneous injections of
liraglutide or vehicle control once per day at approximately 9 AM each morning. Liraglutide was
obtained from Synpeptide Co or from Bachem and had the following sequence: His-Ala-
Glu-Gly-Thr-Phe-Thr-Ser-Asp-Val-Ser-Ser-Tyr-Leu-Glu-Gly-Gln-Ala-Ala-Lys(y-Glupalmitoyl)-
Glu-Phe-lle-Ala-Trp-Leu-Val-Arg-Gly-Arg-Gly. Liraglutide was reconstituted in DMSO (1 mg/mL)
and diluted in saline to a 10 pM stock solution. Vehicle consisted of a 3.7% DMSO solution in

saline.

Insulin assay

Blood was collected via cardiac puncture from mice fasted for 4-6 hrs in tubes containing
0.04 mL of 7.5% EDTA solution. Whole blood was centrifuged at 1,000 rpm for 10 min to
separate plasma, which was collected and frozen at —20 °C until experimental use. Plasma
insulin was quantified using a mouse insulin ELISA assay (Mercodia Inc) according to

manufacturer’s instructions.

Blood pressure

Blood pressure was measured in conscious restrained mice using the CODA tail cuff
system (Kent Scientific). Mice underwent 2 days of training prior to measurements. All blood
pressure measurements were performed in a quiet dark room at a similar time of day. Data

were analyzed using the CODA analysis software.



Echocardiography
Cardiac structure and function were assessed by echocardiography in mice anesthetized
by isoflurane inhalation (2%) using a Vevo 3100 ultrasound system (Fuijifilm VisualSonics,

Canada).

In vivo electrophysiology

A 1.2 French octapolar electrophysiology catheter containing 8 electrodes spaced 0.5
mm apart was used for intracardiac pacing experiments as we have described previously.
Inducibility of AF was studied using 3 burst pacing protocols in the mid or high right atrium. The
first protocol delivered a train of 45 pulses at a cycle length of 40 ms. After 2 min of rest the
second protocol consisting of 80 pulses at a cycle length of 20 ms was applied. Finally, after an
additional 2 min of rest, the third protocol consisting of 67 pulses at a cycle length of 20 ms was
delivered. Pulse duration was 2 ms and each protocol was delivered 10 times. AF was defined
as a rapid and irregular atrial rhythm (fibrillatory baseline in the ECG) with irregular RR intervals
lasting at least 1 s on the surface ECG. Effective refractory periods (ERPs) were measured
using a S1-S2 protocol where an 8 stimulus drive train (S1) at a fixed cycle length of 100 ms
was delivered followed by an extra stimulus (S2) at a progressively shorter cycle length. AERP
was defined as the shortest S1-S2 interval resulting in loss of capture of the P wave while
AVERP was defined as the shortest S1-S2 interval resulting in a dropped QRS complex for
AVERP measurements. Sinoatrial node recovery time (SNRT) was measured by delivering a 12
stimulus drive train at a cycle length of 100 ms. SNRT was defined as the time between the last
stimulus in the drive train and the occurrence of the first spontaneous atrial beat (P wave).
SNRT was corrected for heart rate (cCSNRT) by subtracting the prestimulus RR interval from the
measured SNRT. All ECG data were acquired using a Gould ACQ-7700 amplifier and Ponemah
Physiology Platform software (Data Sciences International). Body temperature was maintained

at 37 °C using a heating pad.



High-resolution optical mapping

To isolate atrial preparations, mice were administered a 0.2 mL intraperitoneal injection
of heparin (1,000 1U/mL) to prevent blood clotting and were then anesthetized by isoflurane
inhalation and sacrificed by cervical dislocation. Hearts were excised into Krebs solution (37°C)
containing (in mM): 118 NaCl, 4.7 KClI, 1.2 KH2POQO4, 25 NaHCO3, 1 CaCl,, 1 MgClz, 11 glucose
and bubbled with 95% 02/5% CO. to maintain a pH of 7.4. The atria were dissected away from
the ventricles and pinned in a dish with the epicardial surface facing upward (toward the imaging
equipment). The superior and inferior vena cavae were cut open so that the crista terminalis
could be visualized, and the preparation could be pinned out flat with minimal tension.

The atrial preparation was superfused continuously with Krebs solution (37°C) bubbled
with 95% 02/5% CO2 and allowed to equilibrate for ~10 min. The preparation was then
incubated with the voltage sensitive dye RH-237 (15 yM; Biotium) for 15 min without
superfusion. After the dye incubation period, superfusion was resumed with blebbistatin (10 uM;
Cayman Chemical Company) added to the superfusate to suppress contractile activity and
prevent motion artifacts. Experiments were performed in sinus rhythm so that the cycle length
(ie, beating rate) of the atrial preparation was free to change as well as in atrial preparations
paced at a fixed cycle length of 125 ms (8Hz) in order to study electrical conduction
independently of changes in cycle length. The pacing electrode was placed near the opening of
the superior vena cava. RH-237-loaded atrial preparations were illuminated with light from the
X-Cite Xylis Broad Spectrum LED lllumination System (Excelitas Technologies) and filtered with
a 520/35 nm excitation filter (Semrock). Emitted fluorescence was separated by a dichroic
mirror (560 nm cutoff, Semrock) and filtered by a 715 nm long-pass emissions filter (Andover
Corp.). Recordings were captured using a high-speed CMOS camera (MiCAMO03-N256,
SciMedia). Data were captured from an optical field of view of 11 x 11 mm at a frame rate of

1,000 frames/s using BrainVision software (BrainVision Inc). The spatial resolution was 42.5 x



42.5 uM for each pixel. Magnification was constant in all experiments and no pixel binning was
used.

All optical data were analyzed using custom software written in MATLAB® (MathWorks).
Pseudocolor electrical activation maps were generated from measurements of activation time at
individual pixels as defined by assessment of dF/dtmax and background fluorescence was
subtracted in all cases. Local conduction velocity (CV) was quantified specifically in the right
atrial myocardium (within the right atrial appendage) and the left atrial myocardium (within the
left atrial appendage). Activation times at each pixel from a 7 x 7 pixel array were determined
and fit to a plane using the least squares fit method. The direction on this plane that is
increasing the fastest represents the direction that is perpendicular to the wave front of electrical
propagation and the maximum slope represents the inverse of the speed of conduction in that
direction. With a spatial resolution of 42.5 x 42.5 uM per pixel, the area of the 7 x 7 pixel array
was 297.5 x 297.5 yM. This approach allows assessment the maximum local CV vectors in the
atrial region of interest. Optical APs were assessed by measuring the change in fluorescence as

a function of time at individual pixels within the right and left atria.

Isolated of mouse atrial myocytes

Mice were administered a 0.2 mL intraperitoneal injection of heparin (1,000 IU/mL) to
prevent blood clotting. Briefly, mice were anaesthetized using isoflurane inhalation and then
sacrificed by cervical dislocation. The heart was excised into Tyrode’s solution (35°C) consisting
of (in mM): 140 NaCl, 5.4 KClI, 1.2 KH2PO4, 1.0 MgCl,, 1.8 CaCl,, 5.55 glucose, and 5 HEPES,
with pH adjusted to 7.4 with NaOH. Heparin was added to the Tyrode’s solution to prevent blood
clotting. The right or left atrial appendage was dissected from the heart, cut into strips and then
equilibrated and washed in a ‘low Ca?*, Mg?* free’ solution containing (in mM): 140 NaCl, 5.4
KCI, 1.2 KH2PO4, 0.2 CaCly, 50 taurine, 18.5 glucose, 5 HEPES and 1 mg/mL bovine serum

albumin (BSA), with pH adjusted to 6.9 with NaOH. Next, atrial tissue strips were enzymatically



digested for 30 min in 5 mL of ‘low Ca?*, Mg?* free’ solution that contained collagenase (type I,
Worthington Biochemical Corporation), elastase (Worthington Biochemical Corporation) and
protease (type XIV, Sigma Chemical Company). Next, the tissue was transferred to 2.5 mL of
modified KB solution containing (in mM): 100 potassium glutamate, 10 potassium aspartate, 25
KCI, 10 KH2PO4, 2 MgSOs4, 20 taurine, 5 creatine, 0.5 EGTA, 20 glucose, 5 HEPES, and 0.1%
BSA, with pH adjusted to 7.2 with KOH. Digested tissue strips were mechanically agitated using
a wide-bore pipette. This procedure yielded individual right or left atrial myocytes that were
stored in KB solution at room temperature and used for electrophysiology experiments within 6

hours of isolation.

Solutions and electrophysiological protocols

Stimulated action potentials (APs) were recorded using the whole cell patch-clamp
technique. Myocytes were superfused with normal Tyrode’s solution (22—23 °C) containing (in
mM): 140 NaCl, 5 KCI, 1 MgCl,, 1 CaCl,, 10 HEPES, and 5 glucose, with pH adjusted to 7.4
with NaOH. The pipette filling solution contained (in mM): 135 KCI, 0.1 CaCl,, 1 MgCl,, 5 NaCl,
10 EGTA, 4 Mg-ATP, 6.6 Na-phosphocreatine, 0.3 Na-GTP and 10 HEPES, with pH adjusted to
7.2 with KOH. The resting membrane potential was corrected for a liquid junction potential of 4.6
mV.

For recording Ina atrial myocytes were superfused with a modified Tyrode’s solution (22—
23 °C) containing the following (in mM): 130 CsCl, 5 NaCl, 5.4 TEA-CI, 1 MgCl,, 1 CaClz, 10
HEPES, 5.5 glucose, (pH 7.4, adjusted with CsOH). Nitrendipine (10 uM) was added to the
superfusate to block IcaL. The pipette solution for Ina contained (in mM): 120 CsCl, 5 NaCl, 1
MgClz, 0.2 CaClz, 10 HEPES, 5 MgATP, 0.3 Na-GTP, 5 BAPTA (pH 7.2, adjusted with CsOH).
Ina Was recorded using 50 ms voltage clamp steps between =100 and 10 mV from a holding

potential of =120 mV.



Ina activation kinetics were determined by calculating chord conductance (G) with the
equation G = l/(Vm — Erv), where Vi, represents the depolarizing voltages and E. is the reversal
potential measured from the current-voltage relationships of Ica or Ina. Maximum conductance
(Gmax) and V1,2 of activation (V12act) for lcarL and Ina were determined using the following
function: G = [(Vin = Vie))I[Gmaxl[=1/[(1 + exp((Vm — V12)/k))+1]].

INna steady-state inactivation kinetics were measured using 500 ms prepulse voltage
clamp steps between —120 and —30 mV from a holding potential of =120 mV followed by a 20
ms test pulse to —20 mV. Normalized peak currents were plotted as a function of the prepulse
potential and the resulting curve was fitted with the Boltzmann function h = 1/[1 + exp[V12 -
V]/K]. These data were used to measure the voltage at which 50% of channels are inactivated
(Vr2(inact))-

Total potassium currents (Ik) were recorded in the whole cell configuration of the patch
clamp technique using the same Tyrode’s solution and pipette solutions used to record APs. To
record total potassium currents (no prepulse), cells were held at -80 mV then Ik was recorded
using a series of voltage clamp steps (500 ms duration) between =120 and +80 mV in 10 mV
increments. To record potassium currents with an inactivating prepulse (to inactivate ly), cells
were given a 200 ms repulsed to —40 mV immediately followed by 500 ms voltage clamp steps
from —120 to +80 mV from a holding potential of -80 mV. For these recordings with and without
a prepulse, Ik was measured at the peak current for each voltage step. |, was calculated as the
difference current between the recordings with and without a prepulse. Ik, as carried by Ky1.5
channels, was measured as the component of Ik sensitive to 4-aminopyradine (4-AP; 100 pM).
The voltage clamp protocol for measuring lk.r included a prepulse to —40 mV for 200 ms to
inactivate |, immediately followed by a 500 ms step to +30 mV before returning to a holding
potential of =80 mV. Peak currents at baseline, in the presence of 4-AP, and after washout were

measured.



AP duration variability was assessed using Poincaré plot analysis. From these plots the
SDs (SD1 and SD2) for APD7o were calculated using the following equations: SD1% =
1/2[SD(APD; = APDn++)]? and SD22=2[SD(APD)]? - 1/2[SD(APD;, — APDy+1)].

Micropipettes were pulled from borosilicate glass (with filament, 1.5 mm OD, 0.75 mm
ID, Sutter Instrument Company) using a Flaming/Brown pipette puller (model p-87, Sutter
Instrument Company). The resistance of these pipettes was 4-8 MQ when filled with pipette
solution. Micropipettes were positioned using a micromanipulator (Burleigh PCS-5000 system)
mounted on the stage of an inverted microscope (Olympus IX71). Seal resistance was 2 — 15
GQ and access resistances were 5-15 MQ following rupture of the sarcolemma. Series
resistance compensation to 85% using an Axopatch 200B amplifier (Molecular Devices). Data
were digitized using a Digidata 1440 and pCLAMP 10 software (Molecular Devices) and stored
on computer for analysis. No junction potential corrections were applied in our analyses. All

patch-clamp studies were conducted at room temperature.

Quantitative PCR

Quantitative gene expression was measured in the right and left atria. Primers for Kcnd2
(Kv4.2), Kend3 (K4.3), Kenip2 (KChlP2), Kcnab (Kv1.5), Col1a (collagen type 1), Col3a
(collagen type lll), and hypoxanthine phosphoribosyltransferase (Hprt1;reference gene) were
used. Primer sequences are listed in Supplemental Table S7 below.

Total RNA was isolated from right or left atrial appendages using a PureZOL™ RNA
Isolation Reagent and the Aurum™ Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad
Laboratories) as per kit instructions. RNA samples were eluted from the spin column in 40 pL
elution buffer. RNA yield and purity were assessed using a Nanodrop. All samples had a
Azeo/Azso Of over 2.0 and therefore were free of DNA contamination. Next, cDNA (5 ng/uL) was
synthesized using the iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories). Reactions were

performed in a Bio-Rad MyCycler thermal cycler using the following protocol: 5 min of priming at



25 °C followed by reverse transcription for 30 min at 42 °C then 5 min at 85 °C to inactivate
reverse transcriptase.

All gPCR reactions were run in duplicate in 10 yL reactions that contained the following:
4 uL sample cDNA, 5.6 L GoTag® gPCR Master Mix (Promega), and 0.4 uL primers. Primers
were reconstituted to a final concentration of 100 uM with nuclease free water and stored at —20
°C until use. Primers were diluted to 10 uM for gPCR reactions. RT-qPCR reactions were
performed using the CFX386 Touch™ Real-Time PCR Detection System (Bio-Rad) using the
following protocol: Taq polymerase was activated for 2 min at 95 °C followed by 39 cycles of
denaturing for 15 s at 95 °C, annealing for 30 s at 60 °C, and extension for 30 s at 72 °C. This
was followed by melt curve analysis from 65-95 °C in 0.5 °C increments. Data were analyzed

using the 224 method using the CFX Manager Software version 3.1 (Bio-Rad).

Western blotting

Protein samples were extracted from the left atrial appendage. Tissue was cooled in
liquid nitrogen, ground into a powder, and then incubated for 1 hour with ice-cold modified RIPA
buffer that contained (in mM): 50 mM Tris, 150 mM NacCl, 25 mM sucrose, 1 mM EDTA, 1%
Triton, 0,1% SDS. Protease inhibitor cocktail (Sigma-Aldrich) and 0.5 mM DTT (1,4-
Dithiothreitol, Roche) were added to prevent protein degradation. Next, preparations were
centrifuged for 10 min at 10,000 rpm at 4 °C and protein concentrations were measured using
the Bio-Rad DC™ Protein Assay Kit Il (Bio-Rad Laboratories). For K\4.2, K\4.3, and K,1.5
Western blot experiments, protein samples (20 pg/lane) were separated by 7.5% SDS-
polyacrylamide gels (SDS-PAGE) and transferred onto a BioTrace™ NT Nitrocellulose Transfer
Membrane (VWR). For KChIP2 Western blot experiments, a protein concentration of 40 ug/lane
was used and proteins were separated on a 10% SDS-PAGE gel. The membrane was blocked
for 1 hour at room temperature with 1% casein in Tris-buffered saline (TBS; Bio-Rad

Laboratories). Blots were incubated overnight at 4 °C with rabbit-raised primary antibodies to
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Kv4.2 (1:500, Alomone Labs), K\4.3 (1:1,000, Alomone Labs), K,1.5 (1:500, Alomone Labs) or
KChIP2 (1:500, Alomone Labs). The Western blot membranes were then washed 3 times for 10
min in 1% TBST (TBS with 1% Tween 20 (Bio-Rad Laboratories)) before secondary antibody
binding. Membranes were incubated with goat anti-rabbit IgG StarBright Blue 700 (1:2,500, Bio-
Rad Laboratories) fluorescent secondary antibodies for 1 hour at room temperature. In K\4.3,
KChIP2, and K,1.5 experiments, membranes were simultaneously incubated with hFAB
Rhodamine Anti-GAPDH IgG (1:5,000, Bio-Rad Laboratories) as a primary anti-GAPDH
antibody was not used. Following incubation, the membrane was washed 3 times for 10 min
with 1% TBST before imaging. All Western blot membranes were imaged using the
ChemiDoc™ MP Imaging System (Bio-Rad Laboratories). Protein expression was normalized to

GAPDH.
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Supplemental Figure 1: Blood glucose, body mass, and plasma insulin in db/db mice treated
with GLP-1 for 4 weeks. (A and B) Oral glucose tolerance test in wild-type, db/dbsaine, and
db/dbeLr.1 mice at baseline (A) and after 4 weeks of GLP-1 (or saline) infusion (B). *P < 0.05 vs
wild type by two-way repeated measures ANOVA with Holm-Sidak post hoc test. (C) Area under
the curve (AUCgyucose) for the data in panels A and B. Data analyzed by two-way repeated
measures ANOVA with Holm-Sidak post hoc test. (D) Body mass in wild-type, db/dbsaine, and
db/dbgLr-1 mice at baseline and after 4 weeks of GLP-1 (or saline) treatment. Data analyzed by
two-way repeated measures ANOVA with Holm-Sidak post hoc test. For panels A-D n = 5 wild-
type, 6 db/dbsaiine, and 6 db/dbgLp-1 mice. (E) Plasma insulin levels in wild-type, db/dbsaine, and
db/dbeLr.1 mice after 4 weeks of GLP-1 (or saline) treatment. Data analyzed by one-way
ANOVA with Holm-Sidak post hoc test; n = 5 mice per group.
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Supplemental Figure 2: Blood pressure in db/db mice treated chronically with GLP-1. (A-C)
systolic (SBP; A), diastolic (DBP, B) and mean arterial (MAP, C) pressures in wild-type,
db/dbsaine, and db/dbgLp-1 mice at baseline and after 4 weeks of GLP1 (or saline) infusion. There
were no differences in blood pressure between groups or at different time points. Data analyzed
by two-way repeated measures ANOVA with Holm-Sidak post hoc test; n = 7 wild-type, 11

db/dbsaine, and 8 db/dbgLp.1 mice.
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Supplemental Figure 3: Blood glucose, body mass, and plasma insulin in db/db mice treated
with liraglutide for 4 weeks. (A and B) Oral glucose tolerance test in wild-type, db/dbyen, and
db/dbjia mice at baseline (A) and after 4 weeks of daily liraglutide (or vehicle) injections (B). *P <
0.05 vs wild type, *P < 0.05 vs db/db.en by two-way repeated measures ANOVA with Holm-
Sidak post hoc test. (C) Area under the curve (AUCgucose) for the data in panels A and B. Data
analyzed by two-way repeated measures ANOVA with Holm-Sidak post hoc test. (D) Body
mass in wild-type, db/db.en, and db/dbiia mice at baseline and after 4 weeks of liraglutide (or
vehicle) injections. Data analyzed by two-way repeated measures ANOVA with Holm-Sidak post
hoc test. For panels A-D n = 8 wild-type, 9 db/dbyen, and 12 db/dbiis mice. (E) Plasma insulin
levels in wild-type, db/db.eh, and db/dbiia mice after 4 weeks of liraglutide (or vehicle) injections.
Data analyzed by one-way ANOVA with Holm-Sidak post hoc test; n = 6 mice per group.
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Supplemental Figure 4: Effects of chronic GLP-1 on atrial conduction and atrial optical action
potential morphology in db/db hearts in sinus rhythm. (A) Representative activation maps in
isolated atrial preparations from wild-type, db/dbsaine, and db/dbeLr-1 mice in sinus rhythm. Right
atrial appendage is on the left side of the image. Color scale indicates total conduction time
across the preparation. Scale bar = 2 mm. (B and C) Summary of right atrial (B) and left atrial
(C) conduction velocity (CV) in wild-type, db/dbsaine, and db/dbeLr-1 mice. (D) Representative
right atrial and left atrial optical action potentials in isolated atrial preparations from wild-type,
db/dbsaiine, and db/dbeLr-1 mice. (E) Representative action potential duration maps at 50%
repolarization time (APDso) in atrial preparations from wild-type, db/dbsaiine, and db/dbgip-1 mice.
Scale bar = 2 mm. (F and G) Summary of right (F) and left (G) atrial APDs in atrial preparations
from wild-type, db/dbsaine, and db/dbgip-1 mice. (H and 1) Summary of right (H) and left (I) atrial
APDy, in atrial preparations from wild-type, db/dbsaiine, and db/dbgip.1 mice. All summary data
analyzed by one-way ANOVA with Holm-Sidak post hoc test; n = 5-6 atrial preparations per

group.
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Supplemental Figure 5: Effects of chronic GLP-1 on action potential morphology in isolated right
atrial myocytes in db/db mice. (A) Representative stimulated action potentials in right atrial
myocytes isolated from wild-type, db/dbsaine, and db/dbgip-1 mice. (B-I) Summary data for cell
capacitance (B), resting membrane potential (RMP, C), AP upstroke velocity (Vmax, D),
overshoot (E), APD (F), APDso (G), APD7o (H), and APDg (1) in isolated right atrial myocytes
from wild-type, db/dbsaine, and db/dbgip-1 mice. Data analyzed by one-way ANOVA with Holm-
Sidak post hoc test; n = 17 myocytes from 5 mice for wild type, 18 myocytes from 7 mice for
db/dbsaine, and 21 cells from 8 mice for db/dbgip-1.



o wildtype
A wildtype db/db,,,. db/db,, ., B o dbldbygine

—_ 50_ o dbfdbGLp_1
E 40 '
~— 1 °° °
< 301 1%

| =

2201 ¢

D 10{ *

< o\

0 10 20 30 40 50
APD;; ,(ms)
F
>0.99
__ 40, *k
*

E 301 o
2 20

]
R 10] o
< o.m

H 0112 I >0.99 J 2099
3, = 15 _* 60- —
7 8 *%k W *%
£ £ . E .

8 2' ° S 10' 8 40'

(77] ° (7] ) wn &

B14 o 4 14 4

2 X g

> : : lafa
D- 0. 0.

= WIIdtype [ ] db’dbsa"ne- db!dbGLp_A]

16

Supplemental Figure 6: Effects of chronic GLP-1 on action potential heterogeneity in right atrial
myocytes in db/db mice. (A) Representative overlays of stimulated action potentials in isolated

right atrial myocytes from wild-type, db/dbsaine, and db/dbgir-1 mice. (B) Representative Poincaré
plot for APDy, for stimulated APs in right atrial myocytes from wild-type, db/dbsaiine, and db/dbgip-
1 mice. (C-F) Summary of SD 1 (SD1) for APD2 (C), APDso (D), APD7o (E), and APDgy (F) for
isolated right atrial myocytes. (G-J) Summary of SD 2 (SD2) for APD2 (G), APDso (1), APD70 (1)
and APDy, (J) for isolated right atrial myocytes. For panels C-J data analyzed by one-way
ANOVA with Holm-Sidak post hoc test; n = 14 myocytes from 5 mice for wild type, 18 myocytes
from 7 mice for db/dbsaiine, and 16 myocytes from 7 mice for db/dbgip-1.
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Supplemental Figure 7: Effects of chronic GLP-1 on Na* current in isolated right atrial myocytes
from db/db mice. (A) Representative Ina recordings in isolated right atrial myocytes from wild-
type, db/dbsaiine, and db/dbeLp.1 mice. Voltage clamp protocol shown below recordings. (B-D) Ina
IV curves (B), steady-state activation curves (C), and steady-state inactivation curves (D) in
right atrial myocytes from wild-type, db/dbsaine, and db/dbgp-1 mice. Data analyzed by two-way
repeated measures ANOVA with Holm-Sidak post hoc test. There were no differences between
groups in panels B and C. For panel D *P < 0.05 vs wild type, *P < 0.05 vs db/dbgLp.1. n =10
myocytes from 3 mice for wild type, 11 myocytes from 4 mice for db/dbsaine, and 11 myocytes
from 3 mice for db/dbgLr-1. (E) Combined plots of normalized steady-state activation (G/Gmax)
and inactivation (I/lmax) in right atrial myocytes from wild-type, db/dbsaiine, and db/dbgipe-1 mice. (F)
Magnified view of steady state activation and inactivation curves illustrating window currents in

wild-type, db/dbsaiine, and db/dbgipe-1 right atrial myocytes. Refer to Supplemental Table 6 for
additional analysis.
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Supplemental Figure 8: Effects of chronic GLP-1 on K* currents in isolated right atrial myocytes
in db/db mice. (A) Representative Ik recordings for total Ik (left) and Ik after an inactivating
prepulse to —40 mV (right) in right atrial myocytes isolated from wild-type, db/dbsaiine, and
db/dbgLp.1 mice. Voltage clamp protocols shown below recordings. (B) Ik IV curves measured at
the peak of the total Ik recordings. (C) Ik IV curves (same data as panel B) showing repolarizing
Ik at membrane potentials positive to 0 mV. (D) Ik IV curves measured at the peak of the Ik
recordings after an inactivating prepulse. (E) Ik IV curves after an inactivating prepulse (same
data as panel D) showing Ik at membrane potentials positive to 0 mV. For panel C *P < 0.05 vs
wild type, *P < 0.05 vs db/dbsaine. For panel E there were no differences between groups. Data
analyzed by two-way repeated measures ANOVA with Holm-Sidak post hoc test; n = 14
myocytes from 5 mice for wild type, 16 myocytes from 8 mice for db/dbsaine, and 25 myocytes
from 9 mice for db/dbgip-1. Statistical symbols shown only on panel C for clarity.
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Supplemental Figure 9: Effects of chronic GLP-1 on |, and 4-aminopyridine sensitive lkur in
isolated right atrial myocytes in db/db mice. (A) Representative i, recordings in isolated right
atrial myocytes from wild-type, db/dbsaiine, and db/dbgir-1 mice generated by digitally subtracting
the Ik recordings with and without a prepulse as seen in Supplemental Figure 8. (B) I, IV curves
measured as the difference current between Ik recordings with and without a prepulse as shown
in Supplemental Figure 8. *P < 0.05 vs wild type; *P < 0.05 vs db/dbgip-1 by mixed-effects
ANOVA with Holm-Sidak post hoc test; n =14 myocytes from 5 mice for wild type, 16 myocytes
from 8 mice for db/dbsaiine, and 25 myocytes from 9 mice for db/dbgip-1. (C) Representative Ik
recordings at +30 mV showing the effects of 4-aminopyridine (4-AP; 100 uM), which inhibits
Kv1.5-mediated Ik, in isolated right atrial myocytes from wild-type, db/dbsaine, and db/dbgip-1
mice. (D) Summary of amplitude of 4-AP sensitive Ik in isolated right atrial myocytes from wild-
type, db/dbsaiine, and db/dbgLr-1 mice. Data analyzed by one-way ANOVA with Holm-Sidak post
hoc test; n = 7 myocytes from 2 mice for wild type, 7 myocytes from 2 mice for db/dbsaine, and 5
myocytes from 2 mice for db/dbgip-1.
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Supplemental Figure 10: Effects of chronic GLP-1 on left atrial K* channel mRNA and protein
expression in db/db mice. (A-D) mMRNA expression for Kcnd2 (A), Kcnd3 (B), Kenip2 (C), and
Kcnab (D) in the left atrium in wild-type, db/dbsaine, and db/dbeLr.1 mice. Data analyzed by one-
way ANOVA with Holm-Sidak post hoc test; n = 11 wild-type, 12 db/dbsaiine, and 13 db/dbgp-1
mice. (E-F) Representative Western blots and summary protein expression for K4.2 (E), K\4.3
(F), KChIP2 (G), and K\1.5 (H). Data analyzed by one-way ANOVA with Holm-Sidak post hoc
test; n = 4 atria per group. Uncropped Western blots provided in Supplemental Figure 13.
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Supplemental Figure 11: Effects of acute GLP-1 on action potential morphology in isolated atrial
myocytes from db/db mice. (A) Representative stimulated atrial action potentials in control
conditions and after 5-10 min of acute superfusion with GLP-1 (100 nM). (B-C) Summary of the
effects of acute GLP-1 on RMP (B), Vimax (C), overshoot (D), APD2 (E), APDso (F), APD7o (G),
and APDgy (H) in isolated atrial myocytes from db/db mice. Data analyzed by Student’s {-test, n
= 8 myocytes from 3 mice.
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Supplemental Figure 12: Left atrial fibrosis in db/db mice. (A) Representative images showing
patterns of interstitial fibrosis (red staining) in the left atria in wild-type mice at endpoint (ie, at
time of functional studies), in db/db mice at baseline (ie, the timepoint at which GLP-1/saline
infusion started), and in db/dbsaine Mice at endpoint (ie, at time of functional studies). Scale bar =
50 uM. (B) Summary of left atrial fibrosis. Data analyzed by one-way ANOVA with Holm-Sidak
post hoc test. n = 6 for wild-type endpoint, 7 for db/dbyaseine, and 6 for db/dbsaiine €endpoint.

Images and summary data for wild-type endpoint and db/dbsaine €ndpoint are the same as in
Figure 9.
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Supplemental Table 1: Echocardiography measures in db/db mice treated with GLP-1 for 4

weeks.
wild type db/dbsaiine db/dbgip-1 P value P value
db/dbsaiine VS db/dbgLp-1 VS
wild type db/dbsaiine

n 11 6 8

LVAWd (mm) 0.88+0.05 | 0.86 +0.05 0.99+0.04 0.98 0.21
LVPWd (mm) 0.92+0.04 | 0.85+0.05 0.97 £ 0.05 0.51 0.22
LVIDd (mm) 452+0.07 | 447 +£0.11 414 £0.13 0.95 0.12
LVAWSs (mm) 1.32+0.07 | 1.45+0.08 1.62 £ 0.05 0.21 0.21
LVPWs (mm) 1.23+£0.04 | 1.29+0.06 1.43 £ 0.06 0.46 0.16
LVIDs (mm) 3.26+0.10 | 2.86 £ 0.09 253+0.13 0.052 0.072
LVVd (uL) 68.2+29 | 68.6%2.1 68.7 £5.3 >0.99 >0.99
LVVs (uL) 355+22 31.5+14 320+ 3.3 0.69 0.92
EF (%) 478126 541+12 543+2.0 0.21 0.96
SV (uL) 32724 37.1+£11 36924 0.48 0.97
LA areamax (mm?) | 5.01+0.33 | 6.79+0.58 | 5.43+0.51 0.039 0.12
LA areamin (mm?) 298+040 | 3.27+043 3.81+0.33 0.64 0.64
RA areamax (mm?) | 4.38 £0.31 542+0.56 | 4.28+0.38 0.21 0.21
RA areamin (mm?) 248+0.32 | 3.09+043 | 3.38+0.57 0.59 0.67

n, number of mice, LVAW, left ventricular anterior wall thickness; LVPW, left ventricular
posterior wall thickness; LVID, left ventricular internal diameter; LVV, left ventricular volume.
LVAW, LVPW, LVID and LVV measurements were made during systole (s) and diastole (d). SV,
stroke volume; EF, ejection fraction; LA areamax, maximum left atrial area; LA areamin, minimum
left atrial area. RA areamax, maximum right atrial area; RA areamin, minimum right atrial area.
Data are means + SEM; Data analyzed by one-way ANOVA with Holm-Sidak post hoc test.
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Supplemental Table 2: ECG analysis in male and female db/db mice treated with GLP-1 for 4

weeks.
wild type db/dbsaiine db/dbgLp-1 P value P value P value
db/dbsaune VS db/dbGLp.1 db/dbGLp.1
wild type vs db/dbsaiine vs wild
type
n 25 26 28
HR 551+ 8 508 + 12 536 +9 0.007 0.071 0.26
(beats/min)
RR interval 109.4 + 120.0+3.1 | 112.7+1.9 0.006 0.0511 0.32
(ms) 1.60
P wave (ms) | 22.7+0.6 30.2+0.9 25707 <0.001 <0.001 0.008
PR interval 36.8+0.5 419+1.1 40.3+0.8 <0.001 0.16 0.001
(ms)
QRS (ms) 10.1+04 10.9+0.3 10.4+£0.2 0.30 0.63 0.63
QT interval 543+22 57.1+2.1 514+25 0.61 0.22 0.61
(ms)
cSNRT (ms) | 274+ 1.8 40.1+£3.5 35.0+1.7 0.001 0.14 0.041
AERP (ms) 29.3+0.8 35.0+0.8 29.5+0.9 <0.001 <0.001 0.89
AVERP (ms) | 454+1.2 476+1.3 447+1.6 0.48 0.36 0.70

n, sample size; HR, heart rate; cSNRT, corrected sinoatrial node recovery time; AERP, atrial
effective refractory period; AVERP, AV node effective refractory period. Data analyzed by one-
way ANOVA with Holm-Sidak post hoc test.

Supplemental Table 3: ECG analysis in female db/db mice treated with GLP-1 for 4 weeks.

wild type db/dbsaiine db/dbgLp-1 P value P value P value
db/dbsajine VS db/dbgLp-1 db/dbgLp-1
wild type | vs db/dbsaiine vs wild
type
n 20 17 17
HR 548 + 9 497 £ 15 529 + 12 0.009 0.13 0.25
(beats/min)
RR interval 110.0 + 122.7+41 | 1143126 0.009 0.10 0.30
(ms) 1.8
P wave (ms) | 22.5+0.7 20.5+1.1 255%+1.0 <0.001 0.009 0.023
PR interval 37.1+0.6 40.5+1.2 401+ .1.2 0.065 0.79 0.065
(ms)
QRS (ms) 10.0+04 10404 10.3+04 0.88 0.88 0.88
QT interval 55.7+2.6 59.3+27 54.0 £ 3.8 0.64 0.56 0.69
(ms)
cSNRT (ms) | 32.6+3.6 47.0+41 43.8+4.4 0.045 0.59 0.10
AERP (ms) 29.7+0.9 351+1.2 29.1+14 0.004 0.004 0.70
AVERP (ms) | 455+14 474 +1.8 46.0+24 0.83 0.84 0.84

n, sample size; HR, heart rate; cSNRT, corrected sinoatrial node recovery time; AERP, atrial
effective refractory period; AVERP, AV node effective refractory period. Data analyzed by one-
way ANOVA with Holm-Sidak post hoc test.
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Supplemental Table 4. ECG analysis in male db/db mice treated with GLP-1 for 4 weeks.

wild type db/dbsaiine db/dbgLp-1 P value P value P value
db/dbsaune VS db/dbGLp.1 db/dbGLp.1
wild type | vs db/dbsaiine vs wild
type
n 5 9 11
HR 563 + 18 528 £ 19 548 + 13 0.50 0.60 0.60
(beats/min)
RR interval 107.0 + 1149+43 | 110127 0.46 0.54 0.58
(ms) 3.3
P wave (ms) | 23.6+0.9 314+£2.0 26.0+0.9 0.009 0.019 0.28
PR interval 35.7+0.8 43.8+ 1.8 41.2+11 0.015 0.191 0.078
(ms)
QRS (ms) 10.2+1.2 116+ 0.6 10.6 £ 0.3 0.36 0.36 0.64
QT interval 48.8+1.9 53.1+3.2 474 +23 0.58 0.34 0.74
(ms)
cSNRT (ms) | 25.9+5.9 55.4+8.8 424 +54 0.056 0.29 0.29
AERP (ms) 275+1.4 34.9+0.5 30.2+1.1 0.001 0.003 0.13
AVERP (ms) | 45.3+2.7 48.0+2.0 42.8+1.8 0.6914 0.20 0.69

n, sample size; HR, heart rate; cSNRT, corrected sinoatrial node recovery time; AERP, atrial
effective refractory period; AVERP, AV node effective refractory period. Data analyzed by one-
way ANOVA with Holm-Sidak post hoc test.

Supplemental Table 5: ECG analysis in db/db mice treated with liraglutide for 4 weeks.

wild type db/dbyen db/dbiira P value P value P value
db/dbveh VS db/dbura VS db/dbura VS
wild type db/dbyen wild type
n 13 16 11
HR 5399 497 + 14 523+ 7 0.033 0.22 0.36
(beats/min)
RR interval 111.8 £ 1222+3.7 | 115.0+14 0.039 0.16 0.16
(ms) 1.9
P wave (ms) | 22.8+1.1 29.7+0.7 23.7+1.2 <0.001 <0.001 0.56
PR interval 38.5+0.7 46.0+1.2 43.8+1.1 <0.001 0.16 0.003
(ms)
QRS (ms) 9.9+0.5 10.7+04 96+04 0.33 0.20 0.60
QT interval 534+22 56.9+2.9 57.5+2.0 0.88 0.88 0.88
(ms)
cSNRT (ms) | 25.8+ 1.8 445+ 3.3 39.5+3.6 <0.001 0.25 0.009
AERP (ms) 29.6+1.0 46.9+ 3.8 39.2+2.0 <0.001 0.067 0.063
AVERP (ms) | 466+ 1.5 53.5+1.9 47114 0.015 0.025 0.83

n, sample size; HR, heart rate; cSNRT, corrected sinoatrial node recovery time; AERP, atrial
effective refractory period; AVERP, AV node effective refractory period. Data analyzed by one-
way ANOVA with Holm-Sidak post hoc test.
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Supplemental Table 6: Ina steady-state activation and inactivation parameters in db/db mcie
treated with GLP-1 for 4 weeks.

wild type db/dbsaiine db/dbgLp-1 P value P value P value
db/dbsaiine | db/dbgLp.1 | db/dbgip-1
vs wild Vs vs wild
type db/dbsaiine type
n (N) 10 (3) 11 (4) 11 (3)
Gmax (PS/pF) 1382.3 1385.0 £ 1332.7 £ 0.99 0.98 0.98
106.4 106.8 112.8
Vii2(act) (MV) -53.2+1.6 -521+14 | -51.8+15 0.89 0.91 0.89
Kact) (MmV) 3.4+0.3 41+04 3.9+0.2 0.38 0.65 0.46
Vii2(inact) (MV) -82.0+1.3 -75.8+1.3 | -815+1.0 0.003 0.004 0.78
K(inact) (MV) -6.1+0.6 -6.0+0.4 -6.1+0.4 >(0.99 >0.99 >(0.99

n (N), number of cells (number of mice), Gmax, maximum conductance; V1.ac), Voltage at which
50% of channels are activated; k), activation curve slope factor; Vijnact), Voltage at which
50% of channels are inactivated; kgnact), inactivation curve slope factor. Data analyzed by one-
way ANOVA with Holm-Sidak post hoc test, n = 10 cells from 3 mice for wild type, 11 cells from
4 mice for db/dbsaiine, and 11 cells from 3 mice for db/dbgip-1.

Supplemental Table 7: PCR primers

Amplicon
Gene Gene product Primer Sequence (5'— 3’) length
(bp)
Forward: GCAAGCGGAATGGGCTAC
Kend2 Kv4.2 Reverse: TGGTTTTCTCCAGGCAGTG 126
Forward: CCTAGCTCCAGCGGACAAGA
Kend3 Kv4.3 Reverse: CCACTTACGTTGAGGACGATCA 60
Kcnip KChIP2 Forward: AACTATCCACGGTGTGCCAC 112
2 Reverse: GGACATTCGTTCTTGAAGCCT
Kcnas Kyl 5 Forward: TTATTCTTATGGCTGACGAGTGC 204
Vi Reverse: AAGGCACCAATAGTACATCCCAG
Colla Collagen tvoe | Forward: GCGGACTCTGTTGCTGCTTGC 125
gentyp Reverse: GACCTGCGGGACCCCTTTGT
Col3a Collagen type II Forward: AGATCCGGGTCCTCCTGGCATTC 194
genty Reverse: CTGGTCCCGGATAGCCACCCAT
Hypoxanthine Forward: GCAGGTCAGCAAAGAACTTATAGCC
Hprt1 | phosphoribosyltransferas Reverse: CTCATGGACTGATTATGGACAGGAC 123
e
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