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Abstract

Background —Epidemiological studies have established obesity as an independent risk factor
for atrial fibrillation (AF) but the underlying pathophysiological mechanisms remain unclear.
Reduced cardiac sodium channel expression is a known causal mechanism in AF. We
hypothesized that obesity decreases Nav1.5 expression via enhanced oxidative stress, thus
reducing /p;, and enhancing susceptibility to AF.

Methods —To elucidate the underlying electrophysiologic (EP) mechanisms a diet-induced
obese (DIO) mouse model was used. Weight, BP, glucose, Fo-isoprostanes (F»-1soPs), NADPH
oxidase 2 (NOX2), and protein kinase C (PKC) were measured in obese mice and compared to
lean controls. Invasive EP, immunohistochemistry, Western blotting and patch clamping of
membrane potentials was performed to evaluate the molecular and EP phenotype of atrial
myocytes.

Results —Pacing induced AF in 100% of DIO mice versus 25% in controls (A< 0.01) with
increased AF burden. Cardiac sodium channel expression, /x;; and atrial action potential duration
(APD) were reduced and potassium channel expression (Kv1.5) and current (/) and F,-IsoPs,
NOX2, and PKC-a/8 expression and atrial fibrosis were significantly increased in DIO mice as
compared to controls. A mitochondrial antioxidant reduced AF burden, restored /n, /car, Tkur
APD and reversed atrial fibrosis in DIO mice as compared with controls.

Conclusions —Inducible AF in obese mice is mediated in part by a combined effect of
sodium, potassium and calcium channel remodeling and atrial fibrosis. Mitochondrial antioxidant
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therapy abrogated the ion channel and structural remodeling and reversed the obesity-induced AF
burden. Our findings have important implications for the management of obesity-mediated AF in

patients.
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Introduction

Obesity is a global pandemic, which is steadily on the rise; between 1980-2013, the global
prevalence of overweight and obese individuals rose by 27.5% for adults.! While studies
have established an association between obesity and AF, it was only recently that a causal
link was confirmed.? In sheep fed a high-calorie diet, left atrium (LA) enlargement, atrial
fibrosis, increased inflammatory markers, lipid infiltration, and atrial electrophysiologic
(EP) changes were observed, all of which have been associated with AF.3:4 In
spontaneously hypertensive rats, obesity is an independent risk factor for the progression of
metabolic syndrome and AF.5 Whereas, weight reduction decreases AF burden.® These
results suggest that while the underlying mechanisms of AF are multifactorial, addressing a
single modifiable risk factor, e.g., obesity may reduce AF burden and suppress disease
progression.’: 8

Prior studies have shown that atrial fibrosis creates a substrate for AF in diet-induced obese
(DIO) mice but the role of ion channel remodeling in obesity-mediated AF remains unclear.
9.10 while increased expression of delayed rectifier potassium currents (/x) leading to
shortened action potential duration (APD) has been implicated in AF in obese guinea pigs,
whether other ion channels are also involved in modulating the atrial AP and conduction
velocity (CV) is unknown.! Both an increase and decrease in cardiac sodium channel
expression has been associated with AF suggesting a key role for this channel in disease
pathogenesis.1?: 13 However, it remains unclear if obesity-mediated AF is due to alterations
in Nav1.5 and other ion channels by mediators such as oxidative stress, a central
downstream molecular pathway modulated by obesity.14 We hypothesized that obesity
decreases Nav1.5 expression via enhanced oxidative stress, reducing the sodium current
(/n9), and creating an EP substrate for reentrant AF. To test this hypothesis, we determined
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the association between obesity and Nav1.5 expression, /x;, oxidative stress, and AF
inducibility in DIO mice.

The data that support the findings of this study are available from the corresponding authors
on reasonable request.

Mouse Model of Obesity

DIO Mice—Animal studies were performed according to protocols approved by the
institutional animal care and use committee (ACC) at UIC, and as per NIH guidelines. DIO
mice were bred on a C57BL/6J genetic background, and were fed a high fat diet (HFD, 60%
fat; Teklad #06414) starting at 8 weeks of age. Wild-type (lean) controls were fed a regular
mouse diet. Mice were considered obese when at least 33g in body mass as previously
described.1> Female mice did not meet the weight threshold despite a HFD and therefore
were excluded from the study. Detailed methods for invasive EP, echocardiography, BP and
glucose measurements, Western blotting, and immunohistochemistry are provided in the
Supplemental Methods.

Measurement of Mitochondrial Reactive Oxygen Species (ROS)

Freshly isolated atrial myocytes from control and DIO mice were incubated with 5uM Mito-
Sox for 10 min at 37°C. To normalize for mitochondrial mass and assess mitochondrial
structure, cells were also stained with 50 nM MitoTracker Green for 30 mins at 37°C with
the fluorescence intensity measured using confocal microscopy (Zeiss LSM810) and Image
J. Mito-Tracker Green was excited at 488nm and Mito-Sox at 561nm laser. The ratio of
Mito-Sox fluorescence over MitoTracker fluorescence was used as a normalized indicator of
mitochondrial ROS.

Atrial Fibrosis Analysis using Masson’s Trichrome Staining

We fixed the harvested hearts with 10% neutral formalin overnight, and then embedded in
paraffin; 4um thick sections were cut with microtome and stained with Masson’s trichrome
stain (Sigma) after de-paraffination. Using Image J, we calculated the cardiac fibrosis ratio
by dividing total cardiomyocyte area in atrium.

Optical Mapping

We harvested intact mouse hearts with cannulation via the aorta onto a Langendorff
perfusion system and loaded with Rh237 (10 mM; Invitrogen) dye. The LA was then placed
in the middle of the perfusion chamber with the posterior wall facing the objective of the
microscope for all mapped hearts. We carefully positioned the stimulating electrode in the
same area of the LA, adjacent to the aorta. Voltage-sensitive fluorescent signals (Vm;
RH-237 dye) were acquired at a spatial resolution of 137.5um and sampling rate of 2kHz/
channel and analyzed as described.18: 17 The AP amplitude (APA) was defined as the
difference between the maximal signal at the peak of upstroke and the baseline fluorescence
signal. The activation time was defined as the time when the upstroke rose to 50% of APA.
APD was defined as the time interval from activation time to 90% of repolarization
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(APD90). Upstroke slope was calculated as the maximal dV/dt,ax of AP rise. CVs at a
pacing CL of 100 msec were calculated via vector field analysis with the CV vector
calculated from activation times measured at 5x5 neighboring pixels. Conduction paths were
assigned according to the group of vectors spreading from the central stimulation site for
every 10° (0-360°). The pathway containing the largest population of vectors was
considered as the major CV pathway. We analyzed 3 beats for each mouse at 100 ms CL.
The average value of the major-pathway CV from the three beats of each LA was used for
statistical analysis.

Measurement of Fo-Isoprostanes (F,-IsoPs)

Blood samples were centrifuged immediately after collection, and isolated plasma was
stored in EDTA-containing vials at —80°C until assayed. Plasma 8-isoprostrane (8-1soP)
concentrations were measured using a competitive enzyme immunoassay kit (Cayman
Chemicals). Briefly, 50L of standard/plasma samples were placed in 96-well plate that was
pre-coated with mouse monoclonal antibody after purification using C-18 solid phase
extraction cartridge. Thereafter, 50uL of 8-1soP tracer and antiserum was added into each
well and incubated for 18hr at room temperature. After washing with wash buffer, 200uL of
Ellman’s reagent containing acetylcholinesterase substrate was added. The plates were read
at 412 nm and the values of plasma 8-IsoPs were calculated from a curve drawn using
standard concentrations

Statistical Analysis

Results

Categorical variables are expressed as counts and percentages, and continuous variables are
expressed as meanzstandard deviation (SD). Bivariate analyses of a continuous and
categorical variable was assessed using two sample t-tests or repeated measures analysis of
variance (ANOVA) as appropriate, and two categorical variables were compared using the
Chi-square test for independence and also Fisher’s exact test when cell sizes were less than
5. Multivariate analysis was performed with logistic regression. Statistical significance was
defined by P<0.05. Statistical software SAS 9.4 was used to conduct the analysis.

DIO obese mice are prone to AF

We determined whether obesity increases AF in DIO mice. The average weight of DIO mice
was 37.5+3.84g versus 24.3+4.1g controls (P <0.0001; Figure 1A). Mice were considered
obese when at least 33g in body weight using a threshold that would require a weight gain of
30-50% (Figure 1B). The average age of DIO mice achieving the 33g threshold was 20-22
weeks. Females failed to reach this threshold and thus were not included in the study
(P<0.0001; Figure 1C). To evaluate AF inducibility in DIO mice, we performed TE
programmed stimulation of the atria as previously described.1® Upon atrial stimulation
(Figure 1D) all DIO mice (100%) developed AF versus only 25% in control mice
(P=<0.0001; Figure 1E). AF duration was 284+295 seconds in DIO mice versus 13+26
seconds in control mice (P<0.0001; Figure 1F), supporting a higher incidence and burden of
pacing-induced AF in obese mice. AF duration in DIO mice on TE pacing increased with
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increase in weight (£<0.0001; Figure 1G). Echocardiography of DIO mice showed no
difference in LA size (Table 1).

APD shortening and reduced CV

To investigate the underlying EP mechanism of AF in DIO mice, we measured the APD20,
APD50 and APD90 using whole cell patch clamping (Figure 2A-D). DIO mice showed
shortened APD20, APD50, APD90 and APAnax but the resting membrane potential (RMP)
remained unchanged (A<0.01, Figure 2B—F). The maximal upstroke velocity of the AP,
dV/dT max Was significantly reduced in DIO mice as compared to controls (£<0.001, Figure
2G). Furthermore, optical mapping confirmed delayed upstroke of the AP with reduced
atrial CV strongly supporting a reentrant mechanism for obesity-induced AF (A<0.001;
Figure 2H-1)

Downregulation of Nav1.5 in obese mice with AF

Yanni et al*® previously reported a reduction of Nav1.5 in the sinoatrial nodes of aged obese
rats. In humans, genetic variations in SCN/5A are prone to alterations in cardiac
repolarization, reduction of APD, and susceptibility to AF. Given this association, we sought
to determine the role of Nav1.5 expression in the obesity-AF phenotype. Western blotting of
Nav1.5 in control and DIO mouse atria revealed a significant reduction of Nav1.5 protein in
obese mice versus age-matched controls (A<0.0001; Figure 3A-B), thus establishing that
obesity reduced Nav1.5 expression independent of the age. Immunohistochemical staining
of Nav1.5 in the 2 groups also revealed a significant reduction in Nav1.5 protein expression
versus controls (P < 0.05, respectively, Figure 3C-D).

Ina IS reduced in obese mice

We performed patch clamping of atrial cells isolated from the 2 groups of mice. We found
that /;, was significantly reduced at all test potentials between —65 mV and -5 mV (/<0.01
and P=0.03; Figure 3E) and the peak /p;; was reduced by —37% in DIO mice (/£<0.0001,
Figure 3F). /p; kinetics and voltage dependence were not significantly changed in DIO mice
(Figure 3G-H). Thus, in mice with acquired obesity, reduced Nav1.5 expression is
associated with reduced /p;, shortened APD and reduced dV/dTyax and CV, recognized risk
factors for AF initiation.

L-type calcium and potassium channel expression

To fully elucidate the EP phenotype, we evaluated the role of the ultra-rapid potassium
current (/4,,), and calcium current (/¢ /) as well as calcium handling proteins as potential
regulators of APD in obesity-induced AF. First, there was significant reduction in CaV1.2
expression and /¢, density in DIO mice (/<0.05, Figure 4A-B). /¢, was significantly
reduced at all test potentials between —10 mV and +40 mV (/<0.01 and ~<0.001; Figure
4C) and the peak /¢, was reduced by —23% in DIO mice (#<0.05, Figure 4D). /c;
kinetics and voltage dependence however were unchanged in DIO mice (Supplementary
Figure 1G). Second, we observed increased Kv1.5 expression in DIO mice (£<0.001; Figure
4E-F). Third, there was no change in Kv4.2/3 expression (Supplementary Figure 1E-F).
Fourth, there was a significant increase in /x,-in DIO mice (P<0.01, Figure 4G—-H).
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Although connexin expression is important in atrial CV changes,2% 21 there were no
differences in connexin-40/43 expression in DIO mice versus controls (Supplementary
Figure 1).

DIO mice are prone to atrial oxidation

Obesity and AF are both independently associated with oxidative stress and compromised
redox balance.22: 23 However, the association between obesity and atrial oxidation is not
firmly established. Obese mice were phenotyped to determine the atrial substrate for the
induction and maintenance of AF. First, serum glucose was significantly higher in DIO mice
(120+12 mg/dL) than controls (100+11 mg/dL; A<0.05, Supplementary Figure 2A),
consistent with prior reports in obese patients with metabolic syndrome. Second, BP
readings of mean arterial pressure (MAP) showed significant reduction in DIO mice
(P<0.05; Supplementary Figure 2B). 7hird, Masson’s Trichrome staining of atrial samples
from the DIO and Control groups showed that there was significant increase in fibrosis in
DIO mice (P<0.01; Supplementary Figure 2C-D). Fourth, there was no difference in
expression of calcium handling proteins such as Ca?*/calmodulin-dependent protein kinase
I (CaMKIl), the cardiac sodium-calcium exchanger (NCX1) and ryanodine receptor type 2
(RyR2) in DIO mice (Supplementary Figure 3C-H). However, SERCA?2a expression was
significantly increased in DIO mice (Supplementary Figure 3A-B). Collectively our findings
not only suggest that obesity directly increases atrial oxidation in DIO mice but that ion
channel remodeling especially downregulation of the cardiac /p is the predominant plasma
membrane current contributing to the cellular AF phenotype in an acquired mouse model of
obesity.

To measure mitochondrial ROS production, freshly isolated atrial myocytes from DIO and
control mice were incubated with the mitochondrial-specific ROS fluorescence dye Mito-
Sox. We established that Mito-Sox fluorescence signals were abolished by the mitochondrial
antioxidant MitoTEMPO (MT), thus confirming that Mito-Sox was measuring
mitochondrial ROS. The cells were stained with Mito-Tracker Green and the fluorescence
intensity was measured using confocal microscopy. We showed that the mitochondrial ROS
levels were increased 3-fold and 5-fold in the atrial myocytes of DIO mice when compared
to control mice (Figure 5A-B). Furthermore, protein expression of NOX2, one of the major
enzymes involved in superoxide and ROS production in the atria, was increased (Figure 5C—
D). We also observed increased protein expression of PKC isoforms PKC-a and PKC-8
which modulate /5, ion channel expression and function (Figure 5E-H).24 We next assessed
whether acute exposure to a mitochondrial ROS generating agent (antimycin, AMA) would
alter /y,, density /n vitro by patch-clamping healthy control murine atrial myocytes in the
presence of AMA (20 uM) loaded in each patching pipette.2> Here, there was significant
reduction in /p;, (P<0.05, Supplementary Figure 2E—F). Collectively these data support the
observation that obesity-mediated atrial oxidation specific to the mitochondria is associated
with reduced Nav1.5 expression and /.

Treatment of DIO mice with MT reduces oxidative stress and AF inducibility

Currently there are no FDA-approved antiarrhythmic drugs (AADs) that reliably increase
In Furthermore, Class | AADs such as flecainide or propafenone, have the potential to
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further reduce /p;, and potentially cause a profibrillatory substrate in patients with obesity.
As our data suggested that mitochondrial oxidant stress impairs Nav1.5 function, we tested
the therapeutic efficacy of a mitochondrial-targeted superoxide scavenger, MT to reduce AF
burden and improve /p;;in DIO mice.

To test the hypothesis that reduction of atrial oxidation reduces pacing-induced AF, we
administered intra-peritoneal MT (0.7 mg/kg) to DIO and control mice daily for 2 weeks.
We then evaluated whether the antioxidant alters the AF substrate, and incidence. First, DIO
mice treated with MT showed a significant increase in Nav1.5 protein expression and peak
Inz density when compared to DIO mice not treated with the antioxidant (Figure 6A-B).
Also, the /5, was significantly restored at all test potentials between —60 mV and —20 mV
and the peak /p;; was increased by —40% in DIO mice (/£<0.01 and P=0.03; Figure 5G—-H).
Second, Kv1.5 expression and /x,were significantly reduced in DIO mice treated with MT
as compared with control DIO mice (P<0.05; Figure 6E-F, 61-J). Third, atrial fibrosis and
plasma 8-1soPs were significantly reduced in MT treated DIO treated mice versus untreated
DIO mice (Figure 7). Fourth, APD20 and APD90 were normalized while there was no
significant difference in APD50 (~<0.05; Figure 8A-D) and the dV/dTyqx Was completely
reversed in MT treated DIO mice (/£<0.001; Figure 8E). Finally, AF burden was significantly
reduced in DIO mice treated with MT as compared to DIO controls (£<0.05; Figure 8F).
Collectively, our data suggests that the obesity-mediated EP substrate for AF can be
abrogated by targeting oxidative stress with reversal of ion channel remodeling, normalized
APD and maximum upstroke velocity.

Discussion

Obesity has long been described as a significant clinical risk factor for the development of
AF but the underlying EP mechanisms are poorly understood. We showed that DIO mice
were not only more prone to develop AF but that this risk is mediated in part by a combined
effect of sodium, potassium and calcium channel remodeling and atrial fibrosis.
Mitochondrial antioxidant therapy reduced AF burden, restored /py, /g1, /kun APD and
reversed atrial fibrosis. Our findings may have important implications for the management of
obesity-mediated AF in patients.

Although an association between obesity and AF is established, the underlying causal
mechanisms remain unclear.2 One reason for this is that obesity is a complex phenotype with
acquired, genetic, and metabolic components.4® To elucidate the underlying EP mechanisms
of obesity-mediated AF, we studied an acquired mouse model. DIO mice showed a high
susceptibility to pacing induced AF and had shortened atrial APD, decreased atrial CV and
maximum upstroke velocity. Our findings that there is significant downregulation of Nav1.5
and reduced /y;and /¢, in DIO mice and increase in /x,, may explain the reduction in
APD, CV and dV/dTnax. Collectively, our data supports obesity-mediated AF is due to a
combined effect of sodium, potassium and calcium channel remodeling and atrial fibrosis.
Our data showing an increase in PKC-a and PKC-& and NOX2 expression in DIO mice may

provide an explanation for the observed alterations in Nav1.5 and /5;as previously reported.
24
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Recent studies have demonstrated that a HFD in mice is associated with atrial EP changes
such as shortened PR interval, prolonged sinoatrial recovery time, and reduced atrial CV;
however the underlying mechanisms contributing to this EP phenotype have remained
unclear.21: 26 |n obese rats with advanced age, expression of Nav1.5 is markedly decreased
in sinoatrial nodal cells and associated with bradycardia.3® We showed that DIO mice are
more prone to AF in part by modulation of the cardiac sodium channel with shortening of
the atrial APD (Figure 3). However, shortening of the atrial APD may also relate to
modulation of potassium repolarizing currents through the up-regulation of atrial Kv4.2/3
and/or atrial specific Kv1.5.11: 26 While we found no change in the expression of atrial
Kv4.2/3 in DIO mice (Supplementary Figure 1E-F), there was significant up-regulation of
Kv1.5 and /r which along with Nav1.5 and /y, downregulation, may explain the
shortening of the atrial APD. DIO mice also displayed reduced CaV1.2 and /;,,; expression
when compared to controls. Inhibition of the L-type calcium channel shortens the APD in
human induced pluripotent stem cell-derived atrial cardiomyocytes and can potentially be
pro-arrhythmic.2” Collectively our findings support our hypothesis that obesity mediates AF
in mice in part through shortened APD and reduced CV by creating a reentrant substrate for
AF.

Obese mice accumulate pericardial fat, and atrial and systemic oxidative stress, as evidenced
by histological analysis of the atrial substrate. DIO mice had increased atrial fibrosis, which
may in part be due to the HFD. Mitochondrial dysfunction and fibrosis are known
contributing factors to the development of AF and our data suggests that alleviation of atrial
mitochondrial oxidative stress with MT abrogated both ion channel remodeling, and atrial
fibrosis and reversed the burden of pacing-induced AF in obese mice.

Our results have important clinical implications for ‘personalizing’ therapy for AF in
patients with obesity. First, reduced atrial /5, resulting from obesity may not be treatable
with Class | (sodium channel blocker) AADs such as flecainide/propafenone. Support for
this comes from our recent report where we showed that obese patients had greater
recurrence of AF than non-obese patients when treated with sodium channel blocker AADs.
28 Fyrthermore, this clinical finding was confirmed in DIO mice which showed reduced
efficacy of flecainide as compared with sotalol in suppressing pacing-induced AF. Second,
obesity-mediated AF may have a reversible component. Hohl et a/.°> showed that reducing
obesity can reverse AF; our results complement these clinical observations by suggesting
that reducing oxidative stress in obesity may also be an effective means by which AF may be
suppressed by reversing the pathologic obesity-induced atrial substrate for AF. Thira, our
studies suggest that the EP substrate for AF in acquired obesity is dependent in part upon the
content of the diet. DIO mice fed a HFD had significantly more atrial fibrosis than control
mice; thus this diet may directly contribute to a reentrant mechanism for AF.

Our study has some limitations that should be acknowledged. First, we performed detailed
phenotyping of DIO mice to uncover the underlying EP substrate for obesity-mediated AF.
Similar to obese patients, DIO mice have elevated fasting serum glucose. However, in these
young (4-6 month old) mice baseline MAPs were similar, thus indicating that these mice do
not fully recapitulate the human phenotype of advanced obesity and metabolic syndrome.
Second, our focus was on identifying obesity-induced molecular pathways which may
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promote AF but we did not perform in silico computer simulations that could be useful to
ascertain the relative contributions of the identified obesity-induced pathways in promoting
AF. Our finding of a 7-fold increase in both PKC-a and PKC-6 and a 3-fold increase in
NOX2 expression in DIO mice as compared to controls (Figure 5C-H) is consistent with
earlier reports2®: 30 and strongly suggests a cause-effect relationship between ion channel
remodeling and mitochondrial ROS production. Future in silico modeling studies could be
useful to determine the relative contributions of these and other molecular pathways in
promoting AF. Third, our studies were carried out only in mice which can only approximate
human AF. However, challenges associated with procuring left atrial tissue, /n-vivo imaging
of thin-walled atria, and heterogeneity of the underlying substrate render animals an
attractive model to study AF mechanisms. While models of AF have generally been
developed in dogs and sheep, the elegance of performing definitive genetic and mechanistic
studies in transgenic mouse models has resulted in the development of important murine AF
models which elucidate the underlying mechanisms; permit access to tissue samples from
different regions of the heart; and conduct /n-vivo, ex-vivo and in-vitro studies with whole
hearts and isolated myocytes. Furthermore, we and others have shown that transgenic AF
mouse models expressing cardiac ion channel mutations have identified shortening of the
APD, creation of a substrate for reentry, and generation of early afterdepolarization and
delayed afterdepolarization triggered activity associated with cardiac RyR2 channel
dysfunction as important mechanisms underlying AF.31-35 |t has been recently reported that
obese patients had greater recurrence of AF than non-obese patients when treated with
sodium channel blocker antiarrhythmic drugs.28 This clinical finding can be explained by
the mechanistic studies in DIO mice presented in the current work which showed reduced
efficacy of flecainide versus sotalol in suppressing pacing-induced AF. Fourth, we did not
assess the temporal relationship between ion channel remodeling and atrial fibrosis. While
our data suggests that obesity-induced AF is mediated by both ion channel remodeling and
atrial fibrosis, determining which one comes first would be challenging and necessitate the
use of transgenic mouse models of obesity and is thus beyond the scope of this study.
Nonetheless, this is an important question and one which we plan on addressing in future
studies.

Conclusions

Obesity is a significant risk factor for AF in susceptible patients. We showed that obesity-
mediated AF is due in part to a combined effect of ion channel and structural remodeling.
Mitochondrial antioxidant therapy reversed the obesity-induced AF burden. Our findings
may not only impact the management of obesity-mediated AF in patients but also provide
important insights into the underlying mechanisms for the differential response to
antiarrhythmic therapy and the potential role of targeted antioxidant therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is known?

. Epidemiological studies have established obesity as an independent risk factor
for atrial fibrillation (AF)

. Other studies have shown that reduced cardiac sodium channel expression is a
known causal mechanism of AF.

. The pathophysiological mechanisms underlying obesity-mediated AF are not
understood.
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What the study adds?

Mice fed a high fat diet were more prone to develop pacing-induced AF with
reduced expression of the cardiac sodium and calcium channel, currents (Inq;
Ica,L) and atrial action potential duration (APD) and increased potassium
channel (Kv1.5), current (lk,), markers of oxidative stress, NOX2 (NADPH
oxidase 2) and PKC (protein kinase C) isoforms.

A mitochondrial antioxidant reduced the AF burden, restored Ing, lca L, Ikur:
APD and reversed atrial fibrosis in obese mice.

Inducible AF in obese mice is mediated by a combined effect of ion channel
and structural remodeling with a mitochondrial antioxidant abrogating the ion
channel and structural remodeling. Our findings may have important
implications for the treatment of obesity-mediated AF.
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Figure 1:
Diet-induced obese (DIO) mice are prone to atrial fibrillation (AF). The association between

obesity and pacing-induced AF was examined in wild-type (lean) control, and DIO mice. A:
Photograph showing the obesity phenotype in control, and DIO mice. B: Weights in control
and DIO mice. Bars represent mean weight (g) in each group. Red dashed line represents the
33g threshold for obesity. C: Average weight (g) of mice who received high fat diet (HFD)
over 10 weeks duration. D: Atrial electrograms showing sinus rhythm at baseline (top),
pacing-induced AF in DIO mice (middle) and sinus rhythm restoration in DIO mice

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McCauley et al.

Page 16

(bottom). E: Incidence of AF among the 2 groups. F: Burden (duration, s) of pacing-induced
AF in DIO (N=24) and control (N=16) mice. G: Increase in burden (duration, s) of pacing-
induced AF with increase in weight. */<0.05, **/<0.01; ***/<0.001, ****F<0.0001.
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Figure 2:

DIO

Atrial action potential duration (APD) is altered in DIO mice. Patch-clamped atrial
myocytes displayed reduced APD, a condition associated with AF induction. A:
Representative AP tracings in atrial myocytes in DIO and control mice. Measured
parameters include: B: APD at 20% repolarization (APD20; n=6 cells); C: APD at 50%
repolarization (APD50; n=6 cells); D: APD at 90% repolarization (APD90; n=6 cells). E:
Maximum AP amplitude (APAnax; N=6 cells). F: Resting membrane potential (RMP; n=6
cells). G: Instantaneous rate of voltage change over time (dV/dTmax), an indicator of atrial
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conduction velocity (CV; n=6 cells). H: Representative images of atrial optical mapping
experiments in DIO and control mice. I: Quantification of mean atrial CV with optical
mapping (N=6 hearts). */<0.05, **F<0.01; ***P < 0.001, ****,< 0.0001.
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Figure 3:

The cardiac sodium current (/p) is reduced in DIO mice. Obese mice have reduced sodium
channel current (/) versus controls. A: Western blot showing Nav1.5 expression in atria of
control, and DIO mice (N=7 hearts). B: Quantification of Nav1.5 expression among the 2
groups (N=7 hearts). C: Atrial sections immunostained for Nav1.5 (left), DAPI (center), and
merged (right). D: Quantification of corrected total cell fluorescence (CTCF) of Nav1.5
protein in immunostained samples (n=14 cells). E: Sodium current and voltage relationship
(1-V curves) in control and DIO mice (n=6 atrial cells). F: Comparisons of peak /5, at
-50mV in control (n=6 cells) and DIO (n=6 cells) mice. G: Steady-state inactivation and
activation of the sodium currents in control (n=6 cells) and DIO mice (n=6 cells). H: DIO
mice did not significantly alter sodium windows currents compared to control. *P<0.05,
**P<0.01; ***P<0.001, ****P<0.0001.
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Figure 4:
Obesity affects potassium and L-type calcium channels. A: Western blot comparing atrial

CaV1.2 expression in DIO and control mice (N=6 hearts). B: Quantification of atrial CaV1.2
expression among the 2 groups (N=6 hearts). C: I/V curve with /¢, recordings in mouse
atrial cells in control (n=6 cells) and DIO mice (n=6 cells) at different test potentials. D:
Comparisons of peak /¢, at 10 mV in control (n=6 cells) and DIO (n=6 cells) mice. E:
Western blot comparing Kv1.5 expression in DIO and control mice (N=6 hearts). F:
Quantification of Kv1.5 expression among the 2 groups (N=6 hearts). G: Representative /x,
recordings in control and DIO mice; H: Comparisons of peak /- density among the 2
groups (n=6, 6 cells respectively). */<0.05, **P<0.01; ***F,<0.001, ****/F<0.0001.
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The atrial substrate in obesity favors AF. Characterization of the atrial substrate in DIO mice
shows atrial fibrosis and oxidation versus controls. A: Atrial sections immunostained for
MitoSOX, a marker of mitochondrial oxidative stress in Control and DIO mice. B:
Quantification of MitoSOX staining in DIO mice and controls (n=9, 7 cells respectively). C:
Western blot comparing NOX2 expression among the 2 groups. D: Quantification of NOX2
expression (N=6 hearts); E: Western blot comparing PKC-& expression among two groups.
F: Quantification of PKC-& expression. G: Western blot comparing PKC-a expression
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among two groups. H: Quantification of PKCa expression (N=6 hearts). I: Masson’s
trichrome staining of atrial myocytes in Control and DIO mice. J: Fold change in fibrosis
(%) in the 2 groups of mice showing a significant increase in atrial fibrosis in DIO mice
(n=10, 11 cells respectively). *P<0.05, **F<0.01; ***F<0.001, ****P<0.0001.
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The antioxidant MitoTEMPO (MT) normalizes cardiac sodium channel and potassium
channel expression in obese mice. A: Western blot comparing Nav1.5 expression in DIO and
DIO-MT treated mice. B: Quantification of Nav1.5 expression among the 2 groups (N=6
hearts); C: Western blot comparing Cav1.2 expression in DIO and DIO-MT treated mice. D:
Quantification of CaV1.2 expression among the 2 groups (N=6 hearts). E: Western blot
comparing Kv1.5 expression in DIO and DIO-MT treated mice. F: Quantification of Kv1.5
expression among the 2 groups (N=6 hearts). G: I/V curve of /y;, at different test voltages
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for DIO and DIO MT mice. H: Comparisons of peak /5, among control, control-MT, DIO
and DIO-MT mice; n=6 cells each respectively. I: Representative /x,,-current images in
control, DIO and DIO-MT mice; J: Comparisons of peak /«,-among Control, Control-MT,
DIO and DIO-MT mice; n = 6 respectively each. **/<0.01; ***/<0.001, ****,<0.0001.
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Figure 7:
The antioxidant MitoTEMPO (MT) reverses atrial fibrosis and reduces oxidative stress in

DIO mice. A: Western blot showing NOX2 expression in DIO and DIO-MT mice (N=3
hearts). B: Quantification of reduced NOX2 expression in DIO MT compared to DIO mice
(n=3 cells). C: Mitosox staining image in DIO and DIO-MT mice. D: Isoprostane levels in
the control and DIO mice pre- and post-MT treatment; n=4 mice; *P<0.05. E: Masson’s
trichrome staining of atrial myocytes from DIO mice before and chronic MT treatment. F:
Fold change in fibrosis (%) in the 2 groups of mice showing a significant reduction in
fibrosis after MT (n=6, 7 cells each respectively). *P<0.05; **P<0.01.
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Figure 8:

The antioxidant MT reduces AF Burden in DIO obese mice through increased APD90 and
maximum upstroke velocity, dV/dTax. A: Representative AP tracings in atrial myocytes
among DIO and DIO-MT mice; B: APD20 obtained in atrial myocytes pre- and post-MT; C:
APD50 obtained in atrial myocytes pre- and post-MT; D: APDgq obtained in atrial myocytes
pre- and post-MT (n=6 cells); E: dV/dTnax in atrial myocytes pre- and post-MT (n=6 cells);
F: AF burden in mice pre- and post-MT. **P< 0.01; ***P< 0.001, ****/<0.0001.
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Echocardiographic parameters of control and diet-induced obese (D10O) mice.

Table 1:

Control DIO P-value
Heart rate (bpm) 515 + 28 570 + 252 0.68
Left atrial diameter (mm) 1.59+0.20 1.56 + 0.06 0.78
Left ventricular ejection fraction (%) 60.42+2.61 72.74+7.61 0.02
Fractional shortening (%) 3144+1.96 41.45+6.74 0.03
End systolic diameter (mm) 2.33+0.09 2.05+0.42 0.25
End diastolic diameter (mm) 340+0.23 3.49+0.38 0.72
Intraventricular septum in systole (mm) 0.65+0.10 0.72+0.08 0.28
Intraventricular septum in diastole (mm) 0.45+0.02  0.56+0.10 0.08
Left ventricular posterior wall in systole (mm)  0.83+0.14 0.75+0.18 0.5
Left ventricular wall in diastole (mm) 0.52 +.12 0.52+0.11 0.92
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