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Canagliflozin Suppresses Atrial Remodeling
in a Canine Atrial Fibrillation Model
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BACKGROUND: Recent clinical trials have demonstrated the possible pleiotropic effects of SGLT2 (sodium-glucose cotrans-
porter 2) inhibitors in clinical cardiovascular diseases. Atrial electrical and structural remodeling is important as an atrial fibril-
lation (AF) substrate.

METHODS AND RESULTS: The present study assessed the effect of canagliflozin (CAN), an SGLT2 inhibitor, on atrial remodeling
in a canine AF model. The study included 12 beagle dogs, with 10 receiving continuous rapid atrial pacing and 2 acting as the
nonpacing group. The 10 dogs that received continuous rapid atrial pacing for 3 weeks were subdivided as follows: pacing
control group (n=5) and pacing+CAN (8 mg/kg per day) group (n=5). The atrial effective refractory period, conduction velocity,
and AF inducibility were evaluated weekly through atrial epicardial wires. After the protocol, atrial tissues were sampled for
histological examination. The degree of reactive oxygen species expression was evaluated by dihydroethidium staining. The
atrial effective refractory period reduction was smaller (P=0.06) and the degree of conduction velocity decrease was smaller
in the pacing+CAN group compared with the pacing control group (P=0.009). The AF inducibility gradually increased in the
pacing control group, but such an increase was suppressed in the pacing+CAN group (P=0.011). The pacing control group
exhibited interstitial fibrosis and enhanced oxidative stress, which were suppressed in the pacing+CAN group.

CONCLUSIONS: CAN and possibly other SGLT2 inhibitors might be useful for preventing AF and suppressing the promotion of
atrial remodeling as an AF substrate.
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mia known to be associated with structural and

electrical remodeling of the atria under vari-
ous pathological conditions."? Several basic studies
have demonstrated that inflammatory processes and
myocardial hyperoxidative stress might play import-
ant roles, especially in the early phase of the process
of construction of an arrhythmogenic AF substrate,
which is often associated with the promotion of elec-
trical and structural atrial remodeling.'-® We previously

Atrial fibrillation (AF) is a common tachyarrhyth-

demonstrated the role of oxidative stress in such a pro-
cess using a canine AF model.4®

Canagliflozin (CAN) is one of the SGLT2 (so-
dium—glucose cotransporter 2) inhibitors origi-
nally designed as clinical antidiabetic medicines.”
SGLT2 inhibitors reduce the blood sugar level by
increasing the amount of sugar loss in the urine
through action on the urinary tubules. However, re-
cent studies, such as the EMPA-REG OUTCOME
(Empagliflozin Cardiovascular Outcome Event Trial in
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CLINICAL PERSPECTIVE
What Is New?

This study provides the first experimental
documentation of the suppressive effects of
canagliflozin on atrial remodeling through the
suppression of oxidative stress and fibrosis in a
canine atrial fibrillation model.

e This antiarrhythmic action may constitute a
pleiotropic effect of SGLT2 (sodium-glucose
cotransporter 2) inhibitors, although the precise
mechanisms remain unclear.

What Are the Clinical Implications?

e Other SGLT2 inhibitors may have similar clinical
effects on antiatrial remodeling as a result of the
same pharmacological class effect.

e This research may lead to the development of
therapeutic strategies aimed at preventing atrial
fibrillation in the general population.

Nonstandard Abbreviations and Acronyms

AERP atrial effective refractory period

(017) conduction velocity

DHE dihydroethidium

LA left atrial

NII nuclear immunofluorescent intensity
ROS reactive oxygen species

B-HA  [-hydroxybutyric acid

Type 2 Diabetes Mellitus Patients—Removing Excess
Glucose) trial and DECLARE TIMI 58 (Dapagliflozin
Effect on Cardiovascular Events—Thrombolysis in
Myocardial Infarction 58) trial, have reported the oc-
currence of reductions in cardiovascular diseases in
populations treated with empagliflozin and dapagli-
flozin, suggesting the cardiovascular-protective effect
of SGLT2 inhibitors.®® Furthermore, the DAPA-HF
(Dapagliflozin and Prevention of Adverse Outcomes
in Heart Failure) clinical trial indicated a reduction in
the risk of worsening heart failure or death from car-
diovascular causes was realized among patients who
received dapadgliflozin, regardless of the presence or
absence of diabetes mellitus.°

As based on the anticardiovascular effects of SGLT2
inhibitors, we hypothesized that CAN would suppress
the promotion of an AF substrate. The present study
sought to evaluate the suppressive effects of CAN on
the development of atrial electrical remodeling, struc-
tural remodeling, and oxidative stress states in a ca-
nine AF model.
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METHODS

This study has been approved by the Ethical Review
Board of Kitasato University School of Medicine. The
authors declare that all supporting data are available
within the article.

Initial Surgery

The canine AF model was set up as previously re-
ported.*®" Twelve adult female beagle dogs (body
weight 9.6+0.6 kg) were anesthetized with dormicum
(midazolam 0.2 mg/kg, intravenous) and propofol
(propofol 6 mg/kg, intravenous), then given isoflurane
(isoflurane 2.5%, inhalation) during the surgery. Two
pairs of electrodes were sutured against the left atrial
(LA) appendage and right atrial free wall and later
used for atrial electrogram monitoring and stimula-
tion. The other ends of the electrode wires were tun-
neled subcutaneously and exposed at the lower back
of the neck. For continuous rapid atrial pacing, a uni-
polar screw-in lead (OptiSense model 1999; St. Jude
Medical, St. Paul, MN, USA) was inserted through
the right external jugular vein and the distal end of
the lead was screwed into the endocardial side of
the right atrial appendage. The proximal end of the
pacing lead was connected to a rapid pulse genera-
tor (Activa RC; Medtronic, Minneapolis, MN, USA),
which was implanted into a subcutaneous pocket
at the upper back of the neck. Atrioventricular block
was not performed in this study to mimic the hemo-
dynamic situation of clinical cases of AF.+511 All study
protocols were performed in accordance with the
guidelines specified by the Animal Experimentation
and Ethics Committee of the Kitasato University
School of Medicine.

Study Protocol

To obtain stable baseline conditions, each dog was al-
lowed to recover after the initial surgery (Day —7) for
1 week without pacing. After the 1-week recovery pe-
riod (Day Q), atrial rapid pacing at a rate of 400 beats
per minute (bpm) was initiated in 10 of the 12 dogs. The
remaining 2 dogs without pacing were assigned to a
nonpacing group (sham group). In the present study,
this group was set up as the sham group for histo-
pathological evaluation. In the nonpacing (sham) group,
similar to in the other groups, initial surgery was per-
formed in the absence of pacing and/or drug adminis-
tration and the dogs were euthanized after 6 weeks of
observation. The 10 dogs receiving atrial rapid pacing
were divided into the following 2 subgroups: a pacing
control group (n=5), which included dogs without any
oral administration of CAN, and a pacing+CAN group
(n=5), which included dogs with oral administration
of CAN (3 mg/kg per day) starting 3 days before the



Nishinarita et al

Canagliflozin Suppresses Atrial Remodeling of AF

Schematic of the study protocol.
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Figure 1. Schematic of the study protocol.

Each dog underwent initial surgery and was allowed to recover for 1 week without pacing before the start
of atrial rapid pacing (Day 0). Atrial rapid pacing (400 bpm) was performed for 3 weeks in the pacing control
and pacing+CAN groups. In the pacing+CAN group, CAN (3 mg/kg per day) was orally administered
from Day -3 until Day 21. Atrial tissue was sampled from each dog at the end of the study period. CAN

indicates canagliflozin; EPS, electrophysiological study; and LA, left atrium.

initiation of rapid pacing (Figure 1). The powder form of
CAN in a capsule was orally administered. In these 2
groups, continuous rapid atrial pacing was performed
for 3 weeks.

Electrophysiological Studies

During the 3-week study period, electrophysiological
studies were performed every week to evaluate the
AF inducibility, atrial effective refractory period (AERP),
and atrial conduction velocity (CV) through epicardial
wires implanted on the surfaces of both atria in each
canine. During the electrophysiological studies, the
rapid pacing was temporarily stopped and all measure-
ments were performed under pharmacological block
of the autonomic nervous system (infusion of atropine
0.05 mg/kg and propranolol 0.2 mg/kg) to exclude the
influence of autonomic nervous tone.*%

To evaluate AF inducibility, the incidence of AF in-
duction was evaluated with atrial burst pacing for
3 seconds at the minimal pacing cycle length neces-
sary to achieve 1:1 atrial capture at the LA pacing site.
AF induction was delivered 5 times at the LA pacing
site at each evaluation time point during the entire
study period.*®" This pacing was delivered at a level 4
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times the diastolic threshold with a pulse width of 2 ms.
For this investigation, we defined AF as a spontaneous
irregular atrial rhythm lasting longer than 5 seconds.”?
When AF was induced, its duration was measured and
AF inducibility was calculated as the ratio (%) of suc-
cessful AF inductions to the total number of AF induc-
tion trials with atrial burst pacing.

At each evaluation time point, the AERP was mea-
sured with a basic drive cycle length of 150 ms at the
LA site. The pacing energy output was set at 2 times
the diastolic threshold during each evaluation. The lon-
gest coupling interval of the premature beat that failed
to capture the atrium was established as the local
AERP. As the AERP data varied among individual dogs
owing to the heterogeneity of the canine model itself,
the change in the AERP (AAERP) was calculated by
subtracting the AERP recorded on Day 0.45

The conduction time between the right atrium and left
atrium was determined as the time interval between 2
activation times during right atrial appendage pacing with
a drive cycle length of 150 ms. As the distance between
the right atrial and LA electrodes varied among individual
dogs, the delta conduction time was calculated by sub-
tracting the conduction time in Day O from each piece
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of data. The delta CV was evaluated as the reciprocal
indirectly by measuring the delta conduction time as de-
scribed previously, although the delta conduction time
was expressed as conduction data in this figure.*112

Hemodynamic Evaluation

To estimate the presence or absence of hemodynamic
changes caused by CAN administration and/or rapid
atrial pacing, hemodynamic parameters—including
systemic blood pressure, pulmonary arterial pressure,
pulmonary arterial wedge pressure, and cardiac out-
put—were evaluated using a thermodilution catheter at
the end of the 3-week study period in the pacing con-
trol and pacing+CAN groups.

Histological Analysis of the Atrial Tissue

At the end of the study period, small portions of the
LA free wall were excised for histological and bio-
chemical analyses. The histology of the atrial tissue
was evaluated by hematoxylin and eosin and Azan
staining. The degree of tissue fibrosis was quanti-
fied by measuring the mean % area in digitized im-
ages, using the Imaged program (National Institutes
of Health, Bethesda, MD, USA).*% The mean value
was calculated from the values of 20 randomly se-
lected microscopic windows in each dog. For the
analysis of in situ localization of reactive oxygen spe-
cies (ROS), frozen sections (16 um) of LA tissues
were incubated with fluorophores sensitive to O, (di-
hydroethidium [DHE] 10 pymol/L; Sigma-Aldrich, St.
Louis, MO, USA). DHE specifically reacts with intra-
cellular O, and is converted to the red fluorescent
compound ethidium, which then binds irreversibly
to double-stranded DNA and appears as punctuate
nuclear staining. The specificity of DHE for O, was
confirmed by preincubation with polyethylene glycol-
conjugated superoxide dismutase500 U/mL; Sigma-
Aldrich). Stained sections were observed under
a fluorescence microscope (LSM710; Carl Zeiss
Microlmaging, Thornwood, NY, USA). To localize the
nuclei of cardiomyocytes, 4',6-diamidino-2-phenylin-
dole staining was performed. The degree of ROS
expression on DHE staining was quantified by meas-
uring the mean % area in digitized images, using the
Imaged program (National Institutes of Health).*® The
relative intensity was calculated by normalizing the
immunofluorescence intensity for nuclear staining in
cardiomyocytes.

Statistical Analysis

The data are presented as means+SDs or SEs.
Statistical differences for the hemodynamic evaluation
were analyzed using the Mann-Whitney U test imple-
mented in the JMP statistical software (SAS Institute
Inc., Cary, NC, USA). Considering pseudo-replication
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and multiple testing, hierarchical statistical techniques'®
based on a generalized linear mixed model (GLMM)
framework were employed to detect the statistical sig-
nificance for the electrophysiological and histological
analyses, which were performed using the R pack-
ages ImerTest'™ and glmmML in R version 3.5.2 (R
Foundation for Statistical Computing, Vienna, Austria)
and RStudio. Although the number of subjects was
small, the electrophysiological values were measured
on the multiple days per subject and the histological
values were obtained from 25 cells per subject. The
hierarchical statistical analyses were performed using
these values linked to the subject ID. The conditions for
those hierarchical statistical analyses were described
in each figure legend. A P value of less than 0.05 was
considered to indicate statistical significance.

RESULTS

Parameters of the Electrophysiological
Studies

Figures 2 through 4 summarizes the parameters of the
electrophysiological studies in the pacing control and
pacing+CAN groups. As previously reported, the pac-
ing control group exhibited gradual AERP shortening, a
gradual CV decrease, and a gradual AF inducibility in-
crease during the 3-week rapid atrial pacing protocol. 4
The AERP shortening was smaller in the pacing+CAN
group than in the pacing control group and this differ-
ence tended to become significant at Day 21 (AAERP
for 3 weeks, pacing control versus pacing+CAN; P=0.06
[GLMM)]) (Figure 2A and 2B). Additionally, the degree of
CV decrease was smaller in the pacing+CAN group than
in the pacing control group and the difference became
significant at Day 21 (ACV for 3 weeks, pacing control
versus pacing+CAN; P=0.009 [GLMM]) (Figure 3A and
3B). Moreover, the AF inducibility gradually increased in
the pacing control group, whereas such an increase was
suppressed in the pacing+CAN group, and the differ-
ence became significant at Day 21 (% AF inducibility for
3 weeks, pacing control versus pacing+CAN; P=0.011
[GLMM]) (Figure 4).

Carbohydrate Metabolism Evaluation

Figure 5 shows the time courses of changes in ma-
terials that could be affected by CAN administration
in the pacing control and pacing+CAN groups. The
fasting blood glucose level remained almost entirely
unchanged during the protocol and there was no dif-
ference between the 2 groups at any evaluation time
(Figure 5A). In contrast, the plasma levels of total ketone
bodies, acetoacetic acid, and [-hydroxybutyric acid
(B-HA) immediately increased after the start of rapid
atrial pacing (ie, Day 0) in the pacing+CAN group and
the levels were significantly higher in the pacing+CAN
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Figure 2. Changes in the AERP over the time course in the groups with and without the CAN
administration.

During rapid atrial pacing, gradual AERP shortening were observed in the pacing control group. On the
other hand, the AERP shortening was smaller in the pacing+CAN group than in the pacing control group
and this difference tended to become significant at Day 21 ([A], AAERP for 3 weeks, pacing control vs
pacing+CAN; P=0.06 [generalized linear mixed model]). The points-sets of closed circles and triangles
connected by dashed lines indicate the individuals of the control and treatment groups, respectively.
Furthermore, (B) indicated absolute values of AERP. In hierarchical statistical analyses, the AAERP was
modeled with Gaussian distribution and an identity link function. Each model included the date and
condition (treated or not) as fixed effects and their interaction and the subject ID as random effects (ie,
random intercept mixed model). See text for the details. AERP indicates atrial effective refractory period;
AF, atrial fibrillation; and CAN, canagliflozin.

group than in the pacing control group during the
3-week protocol (pacing control versus pacing+CAN,
total ketone bodies for 3 weeks, P<0.001 [GLMM];
acetoacetic acid for 3 weeks, P<0.01 [GLMM]; B-HA
for 3 weeks, pacing control versus pacing+CAN,
P<0.001 [GLMM]) (Figure 5B through 5D).

Hemodynamic Parameters

Table shows the hemodynamic parameters evaluated
by using a thermodilution catheter at the end of the
3-week pacing protocol. There were no significant
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differences in the hemodynamic parameters between
the pacing control and pacing+CAN groups.

Histopathology

Figure 6 shows the histological findings. Representative
examples of microscopic findings of the LA tissue in the
pacing control, pacing+CAN, and nonpacing groups
are presented in Figure 6A. The degree of tissue fi-
brosis was evaluated and the findings are summarized
as a bar graph in Figure 6B. Following Azan staining,
the pacing control group demonstrated increased
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A Change of Conduction velocity (CV)
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Figure 3. Changes in CV over the time course in the groups with and without the CAN

administration.

The ACV was evaluated as the reciprocal indirectly by measuring the delta conduction time as above
although the delta conduction time was expressed as conduction data. The pacing control group
exhibited a gradual CV decrease during the 3-week rapid atrial pacing protocol. In contrast, the degree
of CV decrease was smaller in the pacing+CAN group than in the pacing control group and the difference
became significant at Day 21 ([A], ACV for 3 weeks, pacing control vs pacing+CAN; P=0.009 [generalized
linear mixed model]). The points-sets of closed circles and triangles connected by dashed lines indicate
the individuals of the control and treatment groups, respectively. Furthermore, (B) indicated absolute
values of CV. In hierarchical statistical analyses, ACV was modeled with Gaussian distribution and an
identity link function. Each model included the date and condition (treated or not) as fixed effects and
their interaction and the subject ID as random effects (ie, random intercept mixed model). See text for the
details. AF indicates atrial fibrillation; CAN, canagliflozin; and CV, conduction velocity.

the pacing control group, DHE was clearly noted in
the myocardial nucleus, which could be localized by a
merged image of DHE and 4,6-diamidino-2-phenylin-
dole staining. As this expression was negated by pol-
yethylene glycol-conjugated superoxide dismutase,
it was considered to reflect a scenario of enhanced
ROS expression. In contrast, in the pacing+CAN
group, this expression of DHE was suppressed. The
ratio of nuclear immunofluorescent intensity (NIl) as

histological changes, including the irregularity of cardi-
omyocytes and interstitial fibrosis, relative to the non-
pacing group. On the other hand, the degree of such
changes was significantly lower in the pacing+CAN
group than in the pacing control group (% area of
fibrotic tissue, pacing control versus pacing+CAN:
12.8+1.1 versus 8.1+£0.80; P<0.05 [GLMM]).

Expression of ROS

Figure 7 shows the results of DHE staining.
Representative examples of immunofluorescent
staining of DHE in the pacing control, pacing+CAN,
and nonpacing groups are presented in Figure 7A. In

J Am Heart Assoc. 2021;10:e017483. DOI: 10.1161/JAHA.119.017483

an indicator of ROS expression on DHE staining,
which was assessed using Imaged (National Institutes
of Health), is presented in Figure 7B. The mean NI
was calculated by evaluating the NIl values of 25
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Figure 4. Changes in the inducibility of AF over the time course in the left atrium with and without
the CAN administration.

To evaluate AF inducibility, the incidence of AF induction was evaluated with atrial burst pacing for
3 seconds at the minimal pacing cycle length necessary to achieve 1:1 atrial capture at the LA pacing
site. When AF was induced, its duration was measured and AF inducibility was calculated as the ratio
(%) of successful AF inductions to the total number of AF induction trials with atrial burst pacing. The AF
inducibility gradually increased in the pacing control group, while such an increase was suppressed in the
pacing+CAN group, and the difference became significant at Day 21 (% AF inducibility for 3 weeks, pacing
control vs pacing+CAN; P=0.011 [generalized linear mixed model]). The AF inducibility was modeled with
binomial distribution and a logit link function. Each model included the date and condition (treated or not)
as fixed effects and their interaction and the subject ID as random effects (ie, random intercept mixed

model). See text for the details. AF indicates atrial fibrillation; and CAN, canagliflozin.

randomized cells in each group and the ANII was cal-
culated by subtracting the mean NIl of the nonpac-
ing group. The ANII was higher in the pacing control
group than in the nonpacing group (ANII, pacing con-
trol versus nonpacing: 1.9+1.0 versus 0.028+0.89;
P<0.05 [GLMM)). In contrast, the ANIl was lower in
the pacing+CAN group than in the pacing control
group (pacing control versus pacing+CAN: 1.9+1.0
versus 0.27+1.1; P<0.05 [GLMM)]).

DISCUSSION

Main Findings

The present study has demonstrated several impor-
tant findings. Three-week rapid atrial pacing caused
atrial electrical remodeling changes, such as AERP
shortening, CV decrease, and AF inducibility in-
crease. Furthermore, atrial structural remodeling
changes, such as interstitial fibrosis and enhanced
oxidative stress, were confirmed. The administration
of CAN suppressed the electrophysiological changes
as well as the degree of interstitial fibrosis and the
extent of oxidative stress.

J Am Heart Assoc. 2021;10:e017483. DOI: 10.1161/JAHA.119.017483

Role of a Hyperoxidative State in the Atrial
Remodeling Process of AF
Previous reports have suggested the possible roles of
oxidative stress and inflammation in the mechanisms
of the promotion of electrical and structural substrates
for AF.3'% In these reports, the direct generation of ROS
in the myocardium was speculated through the actions
of NOXs (NADPH [nicotinamide adenine dinucleotide
phosphate] oxidases), mitochondria, xanthine oxidase,
and “uncoupled” nitrous oxide. These hyper-ROS were
considered to play crucial roles in the development of
an AF substrate."®'® Atrial tachycardia—induced cal-
cium accumulation causes an increase in such oxi-
dative stress and the resulting changes in the cellular
redox state facilitate the genesis and perpetuation of
atrial arrhythmias.'” Because increased oxidative
stress can promote tissue damage and the prolifera-
tion of interstitial fibrosis as structural atrial remodeling,
such can cause a decrease in CV, possibly resulting in
an increase in AF inducibility.'®

Mitochondria have been recognized as a major
source of ROS owing to electron leakage from the re-
spiratory chain to oxygen, resulting in the formation of
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superoxide. Lin et al investigated the oxidative damage
of mitochondrial DNA in the right atrial appendages of
patients with chronic AF undergoing cardiac surgery.”®
They found that the degree of mitochondrial DNA
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Figure 5. Carbohydrate metabolism evaluation.

There was no significant difference in the FBS level between the
pacing control and pacing+CAN groups (A). In contrast, the levels
of plasma ketone bodies, including TKBs, AA, and 3-HA, were
higher in the pacing+CAN group than in the pacing control group
(B through D). The points-sets of closed circles and triangles
connected by dashed lines indicate the individuals of the control
and treatment groups, respectively. In hierarchical statistical
analyses, response variables—specifically, log-transformed
FBS, TKBs, AA, and (-HA—were modeled with Gaussian
distribution and an identity link function. Each model included
the date and the condition (treated or not) as fixed effects and
the subject ID as the random effect. AA indicates acetoacetic
acid; CAN, canagliflozin; FBS, fasting blood glucose; TKBs, total
ketone bodies; and 3-HA, 3-hydroxybutyric acid.

damage in patients with AF was higher than that in
control patients who presented in sinus rhythm.'® It ap-
pears that initial Ca®* overloading in the mitochondrial
matrix eventually alters the mitochondrial membrane
potential to reduce adenosine triphosphate synthesis
and produce excess ROS."® These findings suggest
that oxidative injury and the deletion of mitochondrial
DNA in cardiac muscles are increased in patients with
AF, which might contribute to the impairment of mito-
chondrial bioenergetic functioning and the induction of
an oxidative vicious cycle involved in the pathogenesis
of atrial myopathy in AF.'®

Interestingly, one recent report suggested that
atrial sources of ROS vary with the duration and sub-
strate of AF,'® whereas mitochondria have been pro-
posed as the major ROS source for long-term AF.
Xie et al suggested that the atrial intracellular Ca®*
release channel/ryanodine receptor is a specific mo-
lecular target of oxidative stress that is fundamental
in the development of AF."20 These authors demon-
strated the functional importance of Ca®" release
channel/ryanodine receptor oxidation in AF patho-
physiology, showing that mitochondria-derived ROS
oxidize Ca®* release channel/ryanodine receptor in
atrial myocytes, which leads to an increase in intra-
cellular Ca®* leakage. Importantly, reducing mito-
chondrial ROS production attenuates atrial diastolic
sarcoplasmic reticulum Ca?" leakage and prevents
AF® These findings suggest a strong correlation
between the production of mitochondrial ROS and
the development of an AF substrate. In the present
study, we also found an increase in oxidative stress in
atrial tissue, suggesting the role of oxidative stress in
the promotion of atrial remodeling as an AF substrate
in our canine model.

Mechanism of the Suppressive Effects of
CAN in Our Canine AF Model

In the present study, CAN suppressed the expression
of a hyperoxidative state in the atrial tissue and sup-
pressed an increase in AF inducibility in our canine AF
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Table. Hemodynamic Evaluation
Pacing Control Pacing+CAN P

(N=5) (N=5) Value
Systolic blood 11947 113+14 0.45
pressure, mm Hg
Systolic pulmonary 25+3 19+4 0.05
arterial pressure,
mm Hg
Diastolic pulmonary 11+2 9+2 0.18
arterial pressure,
mm Hg
Pulmonary wedge 14+3 9+4 0.06
pressure, mm Hg
Cardiac output, L/min 3.2+1.3 2.6+1.1 0.44

CAN indicates canagliflozin.

model. In a previous canine atrial rapid pacing model,
the direct myocardial generation of ROS associated
with NOXs, leakage in the mitochondrial electron trans-
port chain, and “uncoupled” nitrous oxide appeared to
play a crucial role in the development of AF substrate.'®
Additionally, we documented that DHE staining ex-
hibited ROS overexpression in the atrial myocardium
and this expression was almost completely negated
by CAN administration. Furthermore, increased levels
of ketone bodies, that is, 3-HA and acetoacetic acid,
were observed in the vascular tissues in our animal
model. Ferrannini et al and Mudaliar et al*?? hypoth-
esized that the removal of large amounts of glucose
from the body and the subsequent reduction of the
insulin/glucagon ratio by SGLT2 inhibitor treatment
might boost lipid mobilization and oxidation in the liver,
stimulating ketogenesis. The resulting metabolic con-
dition, characterized by a mildly hyperketonemic state
in prolonged fasting, increased the myocardial uptake
of B-HA, which competes with fatty acid oxidation.
This substrate shift is considered cardioprotective be-
cause of the high metabolic efficiency of ketone body
oxidation.

Finally, B-HA might be linked to in vitro antioxi-
dative®® and antiarrhythmic properties.?* A metabolic
switch favoring cardiac ketone body oxidation was
proposed as a major driver of such properties via the
suppression of mitochondrial ROS production. Li et
al reported that NOX subunit NOX2/4, which medi-
ates mitochondrial and cardiac dysfunctions,? is a
major source of ROS in the failing heart. On the other
hand, Kimura et al demonstrated that canagliflozin
significantly reduced messenger RNA content and
levels of NOX2 and NOX4 in myocardial infarction
rats with type 2 diabetes mellitus.?® They concluded
that the elevation of blood 3-HA levels by treatment
with canagliflozin was related to the suppressed
expression of NOXs.?® Therefore, we thought that
transcriptional remodeling of ROS sources by treat-
ment with canagliflozin might be associated with
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the suppression of cardiomyocyte ROS. Although
no data directly revealed about the transcriptional
remodeling of cardiomyocyte ROS sources in this
study, our experimental data still indicate the ther-
apeutic potential of SGLT2 inhibitors for treating a
myocardial oxidative state.

Limitations

The present study has several limitations that should
be noted. First, the influence of tachycardia—induced
heart failure cannot be ruled out completely. We se-
lected our model setting, that is, no AV block, which
mimicked clinical AF, to evaluate the effects of the
drug in a real AF situation and we believe that the
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Figure 6. Histological findings in the left atrial tissue.
Histological changes, such as the irregularity of cardiomyocytes
and interstitial fibrosis, were advanced in the pacing control
group when compared with in the nonpacing group. In contrast,
the degree of tissue fibrosis was suppressed in the pacing+CAN
group relative to in the pacing control group (A). The degree of
fibrosis (% area of fibrotic tissue on Azan staining) at the end of
the study protocol was higher in the pacing control group than
in the nonpacing group (P<0.05) and lower in the pacing+CAN
group than in the pacing control group (P<0.05) (B). In hierarchical
statistical analysis, the response variable, log-transformed
% area of fibrotic tissue on Azan staining, was modeled with
Gaussian distribution and an identity link function. The fixed
effect and the random effect were the experimental conditions
and subject ID, respectively. CAN indicates canagliflozin; and
HE, hematoxylin and eosin.
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Figure 7. Immunofluorescent staining of DHE in the left atrial tissue.

DHE is clearly observable in the myocardial nucleus (indicated by solid arrows) in the pacing control
group when compared with the non-pacing group and could be localized by a merged image of DHE
and DAPI staining. As this expression is negated by PEG-SOD, it is considered to reflect enhanced
ROS expression. In contrast, this expression of DHE was suppressed in the pacing+CAN group
relative to in the pacing control group (A). The NIl (an indicator of ROS expression) was higher in
the pacing control group than in the nonpacing group (P<0.05) and lower in the pacing+CAN group
than in the pacing control group (P<0.05) (B). The ANII was calculated by subtracting the mean NIl of
the non-pacing group. In hierarchical statistical analysis, the response variable, ANIl, was modeled
with Gaussian distribution and an identity link function. The fixed effect and the random effect
were the experimental conditions and subject ID, respectively. CAN indicates canagliflozin; DAPI,
4,6-diamidino-2-phenylindole; DHE, dihydroethydium; NII, nuclear immunofluorescent intensity;
PEG-SOD, polyethylene glycol-superoxide dismutase; and ROS, reactive oxygen species.
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abovementioned influence was absent or small as
there was no difference in hemodynamic parameters
between the groups with and without CAN, respec-
tively. Second, CV may be influenced by changes in
the conduction pathway. Because there is no differ-
ence in LA diameter between pre and post pacing
in the 2 groups, we evaluated the CVs by calculating
as the reciprocal of this conduction time as previ-
ously reported. However, we think this to be a major
limitation. Third, myocardial ketone use was not as-
sessed in detail. Some reports have shown that car-
diac ketone use increased and caused myocardial
ketone oxidation among failing hearts in vivo and
in vitro.?"?8 Therefore, the antioxidative mechanism
of CAN-induced hyperketonemia should be under-
stood as a possible speculation. Fourth, as a single
dose of CAN was used in this study, the dose-de-
pendency could not be determined. Finally, as the
expressions of ionic channels, connexin expression,
and/or phosphorylation were not examined, the ef-
fect of CAN on cellular electrical remodeling could
not be adequately discerned. Furthermore, another
report found that the administration of dapagliflozin
imparted an antiarrhythmogenic effect by increas-
ing the expression of gap junction protein p-Cx43
S368, which could be mainly responsible for reduc-
ing the arrhythmia vulnerability in rats with cardiac
ischemia-reperfusion injury.?® Similar clinical effects
might be expected through the same pharmacologi-
cal class effect. This study describes the protective
effects of CAN but does not provide information
about the molecular mechanisms underlying the re-
duced electrical and structural remodeling. These
mechanisms should be studied in future research
with different designs.

CONCLUSIONS

We found that CAN suppressed AF inducibility, AERP
shortening, and CV decrease in our canine AF model,
representing effects that were associated with the sup-
pression of tissue fibrosis and oxidative stress. CAN
and possibly other SGLT2 inhibitors might be useful for
preventing AF and suppressing the promotion of atrial
remodeling as an AF substrate.
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