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Abstract

Background—The B3-adrenoceptor (83-AR) is implicated in cardiac remodeling. Since
metabolic dysfunction due to loss of mitochondria plays an important role in heart diseases, we
examined the effects of 3-AR on mitochondrial biogenesis and energy metabolism in atrial
fibrillation (AF).

Methods—Atrial fibrillation was created by rapid atrial pacing in adult rabbits. Rabbits were
randomly divided into 4 groups: control, pacing (P7), B3-AR antagonist (L748337), and p3-AR
agonist (BRL37344) groups. Atrial effective refractory period (AERP) and AF induction rate were
measured. Atrial concentrations of adenine nucleotides and phosphocreatine were quantified
through high-performance liquid chromatography. Mitochondrial DNA content was determined.
Real-time polymerase chain reaction and Western blot were used to examine the expression levels
of signaling intermediates related to mitochondrial biogenesis.
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Results—After pacing for 7 days, p3-AR was significantly upregulated, AERP was reduced, and
the AF induction rate was increased. The total adenine nucleotides pool was significantly reduced
due to the decrease in adenosine triphosphate (ATP). The P7 group showed decreased activity of
FoF1-ATPase. Mitochondrial DNA content was decreased and mitochondrial respiratory chain
subunits were downregulated after pacing. Furthermore, expression of transcription factors
involved in mitochondrial biogenesis, including peroxisome proliferator-activated receptor y
coactivator 1a (PGC-1a), nuclear respiratory factor 1 (NRF-1), and mitochondrial transcription
factor A (Tfam), was lower in the P7 group in response to f3-AR activation. Further stimulation of
B3-AR with BRL37344 exacerbated these effects, together with a significant decrease in the levels
of phosphocreatine. In contrast, inhibition of B3-AR with L748337 partially restored
mitochondrial biogenesis and energy metabolism of atria in the paced rabbits.

Conclusion—The activation of f3-AR contributes to atrial metabolic remodeling via
transcriptional downregulation of PGC-1a/NRF-1/Tfam pathway that are involved in
mitochondrial biogenesis, which ultimately perturbs mitochondrial function in rapid pacing-
induced AF. The B3-AR is therefore a potential novel therapeutic target for the treatment or
prevention of AF.

Keywords

atrial fibrillation; p3-adrenoceptor; metabolic remodeling; mitochondrial biogenesis

Introduction

Atrial fibrillation (AF), the most common tachyarrhythmia in clinical practice, is associated
with increased risk of heart failure (HF) and stroke. Atrial fibrillation is characterized by a
series of striking alterations in atrial electrical, structural, and functional properties,1:2 which
in turn promote maintenance and self-perpetuation of AF; that is, “AF begets AF.” A
number of studies have emphasized the role of perturbed cardiac metabolism in HF.
Metabolic alterations are thought to precede and trigger the sustained functional and
structural remodeling found in the stressed heart.3 Elevated release of adenine nucleotide
metabolites was also found following glycoside-induced ventricular fibrillation.* Recently,
human and animal models of AF have documented dramatic modifications in cardiac energy
metabolism.>® Therefore, understanding the mechanisms that contribute to metabolic
remodeling during AF is of great importance. Mitochondria are the canonical organelles
associated with energy metabolism. A study involving patients with AF showed increased
mitochondrial DNA (mtDNA) deletion mutation.” Moreover, mitochondria are considered to
be the sources of metabolic stress and lethal arrhythmias.8: Although compelling studies
have shown marked changes of myocardial mitochondrial morphology and function in AF,
10-12 |imited data are available regarding the underlying impact of cardiac mitochondrial
function and energy metabolism upon the initiation and persistence of AF.

The B-ARs are primary regulators of cardiac performance, and the current family contains at
least 3 B-ARs (including B1, B2, and 3 subtypes). Chronic stimulation of B-ARs plays a
vital role in physiological and pathological cardiac remodeling. The roles of B1- and p2-AR
in regulating cardiac structure and function in humans and other mammals are now well
established. The B3-AR differs from p1- and p2-AR with respect to its molecular structure
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and pharmacological profile. Considerable attention has been focused on $3-AR with
respect to cardiovascular pathologies such as HF, hypertension, and diabetes mellitus,
whereas the precise mechanisms of B3-AR in cardiac regulation during AF are not yet
completely understood. Sheng et al showed that B3-AR was elevated in paced atria and
contributed to atrial oxidative stress and structural remodeling in a canine model.13
Additionally, Liu et al found that stimulation of B3-AR resulted in reduced fatty acid
metabolism, which exacerbated atrial remodeling in pacing induced AF.14 These studies
imply a close relationship between AF and B3-AR; therefore, a better knowledge regarding
the regulatory role of B3-AR in AF is obligatory. Meanwhile, nebivolol, a third-generation
B-blocker, was shown to increase mtDNA copy number and upregulate the mitochondrial
protein levels by activation of B3-AR in 3T3-L1 adipocytes.!® In addition, a study from
differentiated H9c2 cardiomyoblasts treated with isoproterenol showed loss of the
mitochondrial respiratory chain.18 Nevertheless, the role of B3-AR in the regulation of
cardiac mitochondrial function and energy metabolism in AF has not been reported yet.

Peroxisome proliferator-activated receptor coactivator 1a. (PGC-1a), which is abundantly
expressed in cardiac muscle, is a central promoter of mitochondrial biogenesis and energy
metabolism through nuclear respiratory factor (NRF-1 and NRF-2).17-19 Mitochondrial
transcription factor A (Tfam), a nuclear encoded transcription factor that is responsible for
both the replication and transcription of mtDNA, is induced by the concerted activities of
PGC-1a and NRF-1. Consistent with their key roles in the maintenance of mitochondrial
health, cardiac-specific deletion of NRF-1 and Tfam resulted in decreased mitochondrial
function.29-21 Following adrenergic signaling via G-protein coupled receptors, PGC-1a. can
be activated by p38 mitogen-activated protein kinase (MAPK) and cyclic adenosine
monophosphate (CAMP).22 Rabbit cardiac function is similar to that of the human heart,23
and it has been shown that rabbit endogenously expresses p3-AR in ventricular
cardiomyocytes, regulating mechanical and electrical cardiac function.24 Therefore, we
designed the current study to investigate the potential significance of p3-AR in the
development of AF in a rabbit model of rapid atrial pacing (RAP) and to test the hypothesis
that changes in cardiac mitochondrial biogenesis and energy metabolism during AF are p3-
AR activation dependent.

Materials and Methods

Animals

Thirty-eight adult New Zealand white rabbits (either sex) weighing 2 to 2.5 kg were
purchased from the Experimental Animal Center of the First Affiliated Hospital of Harbin
Medical University (Harbin, China) and randomly divided into 4 groups: the control (CON)
group (n = 8), pacing (P7) group (n = 10), p3-AR antagonist (L748337) group (n = 10), and
B3-AR agonist (BRL37344) group (n = 10). All surgeries and experiments were approved by
the Institutional Animal Care and Use Committee and Animal Experimentation Ethics
Committee of Harbin Medical University and animals were cared for in accordance with the
Guide for the Care and Use of Laboratory Animals from the Institute for Laboratory Animal
Research (NIH Publication No. 85-23, Revised 1996).
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RAP Model

Light thoracotomy was performed in rabbits under anesthesia with ketamine (35 mg kg™1;
Sigma Aldrich, St Louis, Missouri) and xylazine (5 mg kg™1, Sigma Aldrich). A unipolar
lead was then sutured onto the right atrium and a pacemaker (Harbin Polytechnic University,
Harbin, China) was implanted subcutaneously in the chest. After recovery from surgery for 1
week, pacing was started at 600 beats per minute (bpm) for 7 days. Rabbits in the CON
group were operated on with an identical surgical procedure but were not subjected to RAP.
After pacing was initiated, animals in the L748337 group and BRL37344 group received
daily infusions of the B3-AR antagonist, L748337 (76 ug kg™1; Cat. No. L7045; Sigma
Aldrich)13:25 or the B3-AR agonist, BRL37344 (9 g kg1; Cat. No. B169; Sigma Aldrich)14
by infusion pump for 30 minutes, respectively. The rabbits were injected with nadolol (1 mg
kg~1; Cat. No. N1892; Sigma-Aldrich)14:26 20 minutes prior to intervention with either g3-
AR agonist or antagonist. In the CON and P7 groups, the rabbits only received infusion of
nadolol (1 mg kg™1) daily for 7 days. An echocardiogram was conducted both before pacing
and at the end of the experimental period. A surface electrocardiography was daily recorded
to confirm maintenance of 1:1 atrial pacing at 600 bpm.

Electrophysiological Measurements

After RAP for 7 days, atrial effective refractory period (AERP) and AF induction rate were
measured using a Prucka CardioLab multi-channels cardiac electrophysiological polygraph
(GE Co Ltd; Fairfield, Connecticut). Electrical stimulation was delivered using a bipolar
epicardial electrode attached to the right atrial appendage, and AERP was determined at a
representative basic cycle length of 200 milliseconds. The AERP,goms Was measured with a
train of 8 basic stimuli (S1) followed by a premature stimulus (S2) at an interval that was
progressively shortened from 180 milliseconds in 10-millisecond decrements until the S2
failed to generate a propagated response. The S1 to S2 interval was then increased by 5-
milliseconds and decreased by 2-milliseconds in steps until S2 capture failure. The longest
S1to S2 interval that failed to generate a response was considered the AERPygoms Value.
The AF duration was induced by a burst of stimuli (10 Hz, 2 milliseconds) to the right
atrium at 4 times the threshold current. AF was registered as a rapid and irregular atrial
rhythm with varied atrial electrogram morphology. The hearts were then removed
immediately and the atrial tissues were rapidly separated. A portion of free atrial tissue was
fixed in 2.5% glutaraldehyde (4°C), and the other portions were either used for
mitochondrion isolation or quickly frozen in liquid nitrogen and stored at —80°C for future
research.

Isolation of Mitochondria From Atrial Tissues

Mitochondria isolation kit (Beyotime Institute of Biotechnology, Shanghai, China) was
purchased. All procedures were performed per the manufacturer’s instructions at 4°C in 1
hour.

Measurement of Mitochondrial Cytochrome ¢ Oxidase and FgF1-ATPase Activities

Mitochondrial cytochrome ¢ oxidase and FgF1-ATPase activity measurement kits (Genmed
Gene Pharmaceutical Technology Co, Shanghai, China) were purchased. All experiments
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were conducted following the manufacturer’s instructions. Mitochondrial protein was
quantified using a bicinchoninic acid (BCA) protein assay kit (Beyotime Institute of
Biotechnology, Shanghai, China).

Electron Microscopy

After fixation for at least 2 hours, atrial tissues were postfixed in 1% osmium tetroxide,
dehydrated in ethanol, and embedded in Epon. Ultrathin sections were cut from each
sample, counterstained with uranium acetate and lead citrate, and evaluated under a
JEM-7650 transmission electron microscope (Hitachi, Tokyo, Japan).

Determination of Adenine Nucleotides and Phosphocreatine Content

The atrial tissue concentrations of adenine nucleotides, including adenosine triphosphate
(ATP), adenosine diphosphate (ADP), AMP, and phosphocreatine (Pcr), were measured by
means of high-performance liquid chromatography (HPLC) as described previously.2’
Briefly, liquid nitrogen frozen atria tissues (100 mg) were homogenized with 0.4 mol/L
perchloric acid and centrifuged (10000 x g for 10 minutes at 0°C). The supernatant was then
neutralized with 0.2 mol/L potassium hydrate and clarified with a second centrifugation
(3000 x gfor 10 minutes at 0°C). The supernatant was again collected and filtrated, and an
aliquot of 20 pL was applied to the HPLC system (Shimadzu, Japan) with a Hypersil GOLD
aQ column. All steps were conducted on ice. Standards of ATP, AMP, ADP, and Pcr were
purchased (Sigma-Aldrich). The amount of total adenine nucleotides (TANs) was calculated
as ATP + ADP + AMP.

Determination of mtDNA Content

Total DNA was extracted from atrial tissues using a genomic DNA extraction kit (Tiangen,
Beijing, China) according to the manufacturer’s instructions. A 5-uL sample DNA was used
for agarose gel electrophoresis.

The mtDNA content was determined according to the ratio between the mitochondrial D-
loop gene and the nuclear encoded p-actin gene. Quantitative real-time polymerase chain
reaction (QPCR) amplification was performed using an ABI 7500 real-time PCR system
(Applied Biosystems, Foster, California) in a 20-pL reaction volume containing 10 pL of 2 x
UltraSYBR Mixture (TaKaRa, Dalian, China), 0.4 pL of forward primers (10 mmol/L), 0.4
uL of reverse primers (10 mmol/L), and 2 uL of sample DNA. Data analysis was based on
measurement of the cycle threshold (Ct). The Cy value differences, that is, Ct (D-loop)-Ct
(B-actin), were used to quantify mtDNA copy number.28 The primers used are listed in Table
1.

Western Blot

After homogenization, total protein was extracted and quantified using a BCA protein assay
kit (Beyotime Institute of Biotechnology, China). Total protein was fractionated by
electrophoresis and transferred onto polyvinylidene difluoride membranes. The membranes
were then, respectively, incubated overnight at 4°C with a specific antibody targeting f3-AR
(1:100; Santa Cruz, Santa Cruz, California, Tfam (1:100; Santa Cruz), PGC-1a (1:500;
Abcam, Cambridge, United Kingdom), NRF-1 (1:900; Abcam), MitoProfile Total OXPHOS
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Rodent WB Antibody Cocktail (1:1000; Abcam), or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:1000; Bioss, Beijing, China). After conjugation with the
second antibody for 1 hour and washing 4 times with TBST, membranes were exposed to
ECL buffer and the signals were captured by ChemiDoc XRS (Bio-Rad, Hercules,
California). Bands were quantified using Bio-Rad image analysis software. GAPDH was
evaluated as a loading control.

Primer Design and Real-Time PCR

To measure the expression levels of target genes, total RNA was extracted using TRIzol
reagent (Invitrogen, Carlsbad, California). The RNA sample was quantified using
fluorescence spectrophotometry and then reverse transcribed via a Prime-Script RT reagent
kit with gDNA Eraser (Takara, Japan). A 20-pL reaction mixture consisting of 10 pL of
FastStart Universal SYBR Green Master (ROX; Roche, Basel, Switzerland), 0.5 pL of
forward primers (10 mmol/L), 0.5 pL of reverse primers (10 mmol/L), and 2 pL of
complementary DNA was applied to the ABI 7500 Real Time PCR system (Applied
Biosystems). The relative quantification was calculated as the 2722CT, and B-actin was used
as an internal control. The primers used are shown in Table 2.

Statistical Analysis

Results

Data are presented as mean + standard deviation. For comparisons of all experimental data,
1-way analysis of variance followed by Dunnett T3 or Tukey post hoc test was used. A P
value < 0.05 was considered to be significant.

Effect of B3-AR on AERP,goms and AF Inducibility in RAP Rabbits

After pacing, the level of $3-AR mRNA and protein in atrial tissue was increased compared
with the CON group (Figure 1A-C). Additionally, when compared to the P7 group, the
expression of B3-AR was further elevated following treatment with the B3-AR agonist,
BRL37344, but was reduced upon addition of the B3-AR antagonist L748337. This finding
is consistent with our previous results in this model, in which expression of B3-AR protein
was barely detectable after treatment with the B3-AR antagonist, SR59230A.14

The present study investigated the effect of the f3-AR agonist and antagonist on AERP2qoms
(Figure 1E) and AF inducibility (Figure 1F) in RAP rabbits. In comparison with the CON
group, AERP,q0 ms Was significantly reduced in the P7 group (from 113.25 + 4.13
milliseconds to 80.00 + 4.99 milliseconds, P < .05). Application of BRL37344 enhanced
RAP-induced AERPqgms reduction (from 80.00 £ 4.99 milliseconds to 67.20 = 5.00
milliseconds, P < .05). The AERPygoms Was increased by L748337 compared with the P7
group (from 80.00 £ 4.99 milliseconds to 91.60 + 3.98 milliseconds, £ < .05). In the CON
group, no episode of AF was captured. RAP resulted in an increased AF induction rate (from
0% to 60%). The AF induction rate was further increased by treatment with BRL37344
compared with the P7 group (from 60% to 90%). By contrast, the group treated with the p3-
AR antagonist L748337 decreased the RAP-induced AF induction rate (from 60% to 40%).
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Transmission Electron Microscopy

Atrial myocytes from the CON group showed a regular sarcomere structure with rows of
uniformly sized mitochondria (Figure 2A). However, after RAP for 7 days, partial
disintegration of myofilaments, swelling of mitochondria, accumulation of glycogen (Figure
2B), and formation of contraction bands (Figure 2C) were present. After treatment with
BRL37344, most of the myofilaments were disintegrated and replaced by fibrous tissues,
and mitochondrial swelling was aggravated (Figure 2D). We also observed nuclear swelling
in the BRL37344 group (Figure 2E), and these changes were somewhat attenuated by
treatment with L748337 (Figure 2F).

Effect of B3-AR on Adenine Nucleotides and Pcr Content in RAP Rabbits

To explore the energy status during AF, we quantified the content of ATP, ADP, AMP, and
Pcr following RAP-induced AF. After 7 days of pacing, the ATP and ADP content, and the
TAN pool decreased compared with the control atria (P < .05; Figure 3A, B, and D). Further
activation of B3-AR with BRL3744 exacerbated the decrease in the levels of ATP, ADP,
AMP, and TAN. In contrast, inhibition of B3-AR resulted in higher levels of ATP content
and TAN pool compared with the P7 group (P < .01; Figure 3A and D). Moreover,
stimulation of B3-AR with BRL37344 resulted in a significantly lower Pcr content than that
in the CON group (P < .05; Figure 3E). Finally, in comparison to the CON group, the
Pcr/ATP ratio was significantly higher in the P7 and BRL37344 groups (P < .05; Figure 3F).

Effect of B3-AR on Cytochrome c Oxidase and FoF;-ATPase Activity in RAP Rabbits

The activity of mitochondrial cytochrome ¢ oxidase and FgF1-ATPase is closely related to
energy metabolism in the heart. We found that the activity of FgF1-ATPase was decreased in
the P7 group compared with the CON group (P < .05; Figure 4A). Upon injection with

BRL 37344, the activity of FoF{-ATPase was further depressed (P< .05). The activity of
FoF1-ATPase was higher in the L748337 group than that in the P7 group (P < .05). Although
the activity of cytochrome c¢ oxidase was not significantly different among the 4 groups, it
tended to decrease in the P7 and BRL37344 groups compared with the CON group (Figure
4B).

Effect of B3-AR on mtDNA Content in RAP Rabbits

To determine whether the altered mitochondrial function and energy metabolism in atrial
tissues are related to mitochondrial biogenesis, we also estimated the mtDNA content in the
4 groups (Figure 5). In our experiment, mtDNA copy number was significantly decreased
after RAP for 7 days compared with the CON group (P < .01). The mtDNA copy number
was further decreased by BRL37344 infusion. Conversely, the pacing-induced decrease in
mtDNA copy number was significantly increased by inhibition of f3-AR with L748337 (P
<.01).

Effect of B3-AR on Mitochondrial Respiratory Chain in RAP Rabbits

To complete our study, we examined the expression of mitochondrial respiratory chain
complexes, which play a role in cardiac mitochondrial oxidative phosphorylation
(OXPHOS) and consequent ATP production (Figure 6A and B). The expression of subunit of
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nicotinamide-adenine dinucleotide dehydrogenase (complex I; NDUFBS8), subunit | of
cytochrome ¢ oxidase (complex IV; MTCOL), and the a subunit of the FgF1-ATP synthase
(complex V; ATP5A) were lower in the P7 group than in the CON group (P<.05). In
comparison with the CON group, the expression of the 30-kDa subunit of succinate
dehydrogenase (complex Il; SDHB) and core protein 2 of the ubiquinol-cytochrome ¢
reductase complex (complex I11; UQCRC2) showed a tendency to decrease in the P7 group.
Furthermore, B3-AR antagonist treatment resulted in higher levels of NDUFB8, SDHB,
UQCRC2, and MTCOL1 (P < .05), suggesting that B3-AR inhibition promotes mitochondrial
respiratory chain protein synthesis in rabbits following RAP-induced AF.

Stimulation of B3-AR Resulted in Downregulation of PGC-1a/NRF-1/Tfam in RAP Rabbits

We next investigated the underlying mechanisms of B3-AR-mediated regulation of
mitochondrial function and energy metabolism via profiling of PGC-1a, NRF-1, and Tfam
expression in the atrial tissues following RAP-induced AF. The levels of PGC-1a and Tfam
MRNA were reduced in the P7 and BRL37344 groups compared with the CON group but
increased by L748337 when compared with the P7 group (Figure 7A and B). In comparison
with the CON group, the protein levels of PGC-1a, NRF-1, and Tfam were significantly
reduced in the P7 group (Figure 7C-H). Treatment with L748337 for 7 days triggered the
expression of PGC-1a, NRF-1, and Tfam, suggesting that the effect was indeed caused by
B3-AR inhibition during RAP-induced AF.

Discussion

This article provides, to the best of our knowledge, the first evidence for a relationship
among p3-AR-mediated mitochondrial biogenesis, function, and AF. Rapid pacing for 7
days led to a marked upregulation of 3-AR, followed by a reduction in AERP,qoms and an
increase in AF induction. The paced atria showed reduced mtDNA content and
downregulation of mitochondrial respiratory chain complexes and PGC-1a, NRF-1, and
Tfam expression. These effects ultimately hinder the progression of atrial mitochondrial
respiratory function and thus affect ATP generation and disturb cardiac energy balance.
Considering that SR59230A displays higher affinity at human p1-AR and p2-AR, we
administrated L748337 to inhibit f3-AR. In addition, BRL37344 and L748337 were still
shown with low affinity for B1-AR and B2-AR, and all experiments were performed in the
presence of nadolol, a selective B1- and B2-AR antagonist. The observation that the effects
were stimulated by BRL37344 and blocked by L748337 led us to confirm that these
responses were B3-AR dependent. Together, these data suggest the importance of B3-AR in
regulation of mitochondrial biogenesis and function in a rabbit model of RAP-induced AF.

Activation of B3-AR Leads to AERP Reduction and an Increase in the Rate of AF

Stimulation of B-ARs by the sympathetic nervous system (SNS) is generally involved in
regulation of cardiac function in response to acute or chronic stress, while the functional
roles of 3-AR in cardiac performance have remained largely unclear and controversial. The
expression level of B3-AR is extremely low in normal heart. The B3-AR is activated at
higher concentrations of catecholamines, which is relatively resistant to desensitization and
acts as a brake for excessive SNS activation.2® Morimoto A et al observed that block of B3-
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AR with L748337 did not affect heart rate, left ventricle end-systolic pressure or end-
diastolic volume in normal dogs, nor was there any effect on cell contractile performance in
normal myocytes.2> The expression level of B3-AR is upregulated markedly in HF and AF,
suggesting its important role in cardiac pathophysiological disorders rather than
physiological function.

Previously, B3-AR stimulation produced negative inotropic effect in human ventricle
through Gijj, and endothelial nitric oxide synthase (NOs) signaling.30-33 Beyond that, a
study from hypertrophic ventricular cardiomyocytes indicated that 3-AR activation
mediated antioxidant and antihypertrophic effects via a neuronal NOs dependent
mechanism.34 However, another study from paced canine atria showed increased levels of
oxidative stress markers and decreased glutathione peroxidase by regulating p38 MAPK
pathway.13 Meanwhile, it was reported that activation of B3-AR increased L-type Ga2*
channels and produced positive inotropic effect in human atrial tissues via the cAMP-
dependent pathway.3%36 Similarly, there are controversial reports concerning the effect of
B3-AR on effective refractory periods. The p1/2/3-AR knockout resulted in significantly
prolonged cardiac conduction times and ERP, which were accompanied by a highly
significant reduction of atrial and ventricular arrhythmias.3” In contrast, however, continuous
BRL37344 infusion in a canine model significantly reduced the occurrence of ventricular
tachycardia,38 and the same result was observed in rats with myocardial infarction.3? One
possible reason for these findings might be that p3-AR performs diverse roles in atria
compared to its function in ventricles by mediating different signaling pathway. Besides, the
functional performance of B3-AR may depend on its expression level, since the expression
level of B3-AR is much lower in atria than that in ventricle.3% In our study, B3-AR was
significantly upregulated in the paced atria. BRL37344 exposure further increased the level
of B3-AR expression, and this was along with a reduction in AEPRgoms in our RAP model,
accounting for the higher vulnerability to AF induction. The finding that L748337 reversed
the reduction in AEPRygg ms and increase in the AF rate supports our hypothesis that B3-AR
inhibition decreased AF susceptibility. In view of the AF induction rate which decreased
from 60% to 40% after B3-AR inhibition, persistent atrial remodeling induced by RAP,
especially ultrastructural anatomic changes, regional myocardial ischemia, and
inflammation, which would not be blocked completely by B3-AR inhibition, might account
for this matter.

Stimulation of B3-AR Exacerbates Mitochondrial Function and Energy Metabolism During
RAP-Induced AF

Defects in energy metabolism have been implicated in the progression of HF. In 2004,
Bilsen et al presented the concept of metabolic remodeling in the failing heart, which
included alterations in high-energy phosphate metabolism, mitochondrial dysfunction, and
substrate shift utilization.?? The authors posited that these changes would trigger metabolic
disturbance and cardiac dysfunction. Reduced ATP levels have also been observed in the
atria of hearts from human subjects with AF, but it remains unclear whether this resulted
from mitochondrial dysfunction or increased ATP consumption in the cardiomyocytes. In
present study, the paced atrial myocardium exhibited a decreased ATP and TAN content
accompanied by a decrease in the activity of FgF1-ATPase, indicating a reduction of
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mitochondrial ATP synthesis. Decreased FgF1-ATPase activity has been reported in a canine
model of pacing-induced cardiac failure.#! Others, however, observed no significant
differences in FgF1-ATPase activity in rabbits with acute stretch-related AF or in goats
subjected to chronic AF.542 In fact, short episodes of AF even resulted in increased FgF1-
ATPase activity.43 Rather, the increased FoF;-ATPase activity may have resulted from a
hypermetabolic state in the early stage of AF. After 7 days of RAP, the cytochrome ¢ oxidase
activity tended to decrease compared to the CON group, although the difference did not
reach statistical significance. Previous investigations have shown that energy-sensing ATP-
sensitive potassium channels was blocked by intracellular ATP,*4 and their opening would
abbreviate cardiac action potential duration (APD) and shortens the AERP.#546 Moreover,
FoF1-ATPase is tightly related to mitochondrial H* electrochemical gradient and ATP
generation. Mitochondria play an important role in regulation of intracellular calcium
homeostasis through Ca2* uptake with a mitochondrial Ca2* uniporter and Ca%* outward
transport with a Na*/Ca2* exchanger or a Na*-independent efflux mechanism, all of which
are thought to be driven by the energy of H* electrochemical gradient.#”:48 In addition,
mitochondria also provide ATP for activity of calcium pumps. Defects of calcium
homeostasis in myocytes would induce a decrease in L-type Ca2* channel, resulting in
shortening of APD and AERP,*? facilitating the initiation and persistence of AF. Thus,
reduced ATP content and FoF;-ATPase activity following p3-AR activation in atrial tissues
would participate in cardiac electrical remodeling and enhance the propensity for
arrhythmia.

Defects of mitochondrial respiratory function have been noted in failed hearts in both animal
models and human myocardium.30-51 Similarly, Montaigne et al identified a general
downregulation of the mitochondria/OXPHQOS gene cluster in atrial tissues of patients in
whom AF developed.52 The expression of mitochondrial respiratory chain complex subunits,
including ATP5A, MTCO1, and NDUFBS8, was downregulated after pacing in our model.
The mtDNA encodes for 13 polypeptides of respiratory complexes 1, 111, 1V, and V, which
are important for mitochondrial respiratory chain function. Together with our current
observation that mtDNA content was reduced by activation of 3-AR in the paced atria,
these data suggest that mitochondrial gene transcription and replication are impaired in this
model.

The decrease in levels of adenine nucleotides, in content and activity of mitochondrial
respiratory chain, and in copy number of mtDNA was further exacerbated by B3-AR agonist,
BRL37344. These findings support our notion that mitochondrial respiratory function and
subsequent ATP generation are impaired in the atrial tissues following stimulation of B3-AR.
The B3-AR activation-dependent decline in ATP was concomitant with a significant
reduction in Pcr content. However, the relative reduction of ATP level was great than that of
Pcr, which may explain the increased Pcr/ATP ratio in the P7 and BRL37344 groups. In
agreement, our previous study showed that fatty acid and glucose oxidation are reduced in
rabbits after treatment with the B3-AR agonist, SR59230A, implying a deficiency of
intracellular energy.1* Sustained B3-AR activation also enhanced oxygen consumption and
weakened mitochondrial efficiency by induction of mitochondrial uncoupling protein.>3
Consistent with our notion were observations gained from atrial ultrastructure that indicated
the occurrence of myocardial oxygen shortage and low energy metabolism in atria in

J Cardjovasc Pharmacol Ther. Author manuscript; available in PMC 2018 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al. Page 11

response to B3-AR activation. Such abnormalities inevitably have a negative impact on
global cardiac performance. Given that mtDNA content and mitochondrial respiratory
subunit levels were increased by L748337, we suggest that inhibition of B3-AR induces
mitochondrial gene transcription and replication, and thus restore cardiac mitochondrial
respiratory function and subsequent energy production in AF.

B3-AR Activation-Dependent Downregulation of PGC-1a/NRF-1/Tfam Triggers Alterations
in Atrial Tissue During RAP-Induced AF

Energy metabolism is controlled by activation of transcription factors and coactivators such
as PGC-1a, which coordinately regulates cardiac long-term remodeling of entire ATP
synthesis and utilizing pathways. In cultured cardiomyocytes, forced expression of PGC-1a
resulted in increased mitochondrial content and coupled respiration, thereby promoting
cardiac mitochondrial biogenesis.>* Peroxisome proliferator-activated receptor y coactivator
1a is induced by a B3-AR agonist in brown adipose tissues of Wistar rats,>® and levels of
this transcription factor are reduced in a rat model of cardiac failure®® as well as in patients
who developed new-onset postoperative AF.>’ Furthermore, NRF-1 expression is induced in
neonatal cardiomyocytes receiving electrical stimulation.>8 Chronic p3-AR activation has
been reported to stimulate mitochondrial biogenesis and increase metabolic rate in white
adipose tissue.5® Nevertheless, prior to the current study, evidence for a direct influence of
3-AR agonists on mitochondrial biogenesis in vivo during AF has been lacking. In contrast
to the situation in white adipose tissue, we found that expression of NRF-1 and Tfam was
decreased after RAP through B3-AR activation dependent downregulation of PGC-1a,
which blocked the expression of nuclear and mitochondrial genes that encode mitochondrial
proteins. This was true for both mtDNA content and mitochondrial respiratory subunit
protein levels in our study. Regardless, the finding that L748337 upregulates PGC-1a/
NRF-1/Tfam signaling supports the notion that this axis is the effective mediator of f3-AR
responses during the changes that accompany mitochondrial biogenesis and energy
metabolism in RAP-induced AF. Since transthoracic echocardiography showed that RAP-
induced AF was not associated with overt cardiac dysfunction in this study (data not shown),
it is unlikely that the observed changes of mitochondrial biogenesis were a part of a
secondary response to hypertrophic growth signals.

Our work suggests that activation of $3-AR impairs cardiac mitochondrial biogenesis and
function, contributing to atrial metabolic remodeling. Clearly, well-balanced metabolism is
not only required in order to provide an efficient energy supply for cardiac contractile
function and electrical stability but also for protection against oxidative stress, which is
involved in the remodeling and progression of AF. Indeed, stimulation of $3-AR is known to
promote electrical and structural remodeling in the atrial myocardium upon sustained AF.
13,60 Taken together, these data show that p3-AR stimulation in the paced atrium is an
important contributor to cardiac remodeling in AF and thus participates in the initiation and
maintenance of the disease. We conclude that f3-AR should be further investigated as a
promising therapeutic target for AF treatment. In particular, further work is necessary to
characterize the interactions of p1-, p2-, and B3-AR in AF, as all 3 receptors are expressed
in normal heart, and further research is also needed to understand the functional roles of B3-
AR agonist/antagonist in normal heart. Furthermore, it remains to be established whether the
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B3-AR activation mediated downregulation of metabolic genes represents an early or late
event in the clinical course of AF, as it has been reported that initial reduction in the Pcr
content of atrial tissues is completely reversed between 8 and 16 weeks of AF. What’s more,
it is necessary to establish a rapid-paced atrial myocyte model in which genetic
upregulation/silencing of B3-AR is attempted to define the roles and mechanisms of B3-AR
during AF at cellular and molecular levels.
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Figure 1.

Expression levels of p3-adrenoceptor (B3-AR) and electrophysiological measurements in

rapid atrial pacing (RAP) rabbits. A-C, Expression levels of $3-AR messenger RNA

(mRNA) and protein were determined by real-time polymerase chain reaction (PCR and
Western blot. D, A representative bipolar recording of atrial effective refractory period
(AERP)200ms in the B3-AR antagonist (L748337) group: the premature stimulus (S2) failed
to generate a response after a train of 8 basic stimuli (S1); the S1S2 value was 92
milliseconds. E, AERPygoms Was determined at a representative basic cycle length of 200
milliseconds. F, Atrial fibrillation (AF) was registered as a rapid and irregular atrial rhythm

with varied atrial electrogram morphology. A, C, and E, Data are presented as mean +
standard deviation (SD). *P < .05 versus control (CON) group; **P < .01 versus CON
group; #P < .05 versus pacing (P7) group; ##P< .01 versus P7 group.
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Figure 2.
Comparison of atrial ultrastructure among groups. A, The control group showed regular

sarcomere organization and uniformly sized mitochondria between sarcomeres. B, In atrial
tissues from the pacing (P7) group, partial myofilaments were disintegrated and replaced by
fibrous tissues, and mitochondria were slightly swollen. C, In the P7 group, formation of
contraction bands was observed in the atrial myocardium. D, After treatment with p3-AR
agonist (BRL37344), most of the myofilaments were disintegrated and replaced by fibrous
tissues, and mitochondria showed severe swelling that was accompanied by fractured cristae.
E, Nuclear swelling in the BRL37344 group. F, Reversion of the effects following p3-AR
antagonist (L748337)-dependent $3-AR inhibition. (Magnification: A, D, and F x20000; B,
C, and E x10000, n = 8 for control group, n = 10 for P7, L748337, and BRL37344 groups).
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Figure 3.

Adenine nucleotides and phosphocreatine (Pcr) content in rapid atrial pacing (RAP) rabbits.
Atrial concentrations of adenine nucleotides and Pcr were measured by high-performance
liquid chromatography (HPLC). Data are presented as mean * standard deviation (SD). *P
< .05 versus control (CON) group; **P< .01 versus CON group; *#P < .01 versus pacing
(P7) group. ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine
monophosphate; TAN, total adenine nucleotides; Pcr, phosphocreatine, respectively.

J Cardiovasc Pharmacol Ther. Author manuscript; available in PMC 2018 February 13.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Dong et al. Page 19
A B
8_
1.5 & o
=N 2 5 6
= -~ i
¢ E | T 2 T
o g‘1.0- “
o QU -
g - Ee 4 ==
& g -
< = 05 B
- SE 7
> E S &
0.0 T 0 T T
- - A A )
o 0tk R A A
< C I\".‘-b. A\’
N
A Y
&
Figure 4.

Mitochondrial FgF1-ATPase and cytochrome ¢ oxidase activity in rapid atrial pacing (RAP)
rabbits. Activity of atrial (A) FgF1-ATPase and (B) cytochrome c oxidase was determined by
fluorescence spectrophotometry. Data are presented as mean * standard deviation (SD). *P
< .05 versus control (CON) group; **P< .01 versus CON group; #P < .05 versus pacing (P7)

group.
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The mitochondrial DNA (mtDNA) content in rapid atrial pacing (RAP) rabbits. The mtDNA

copy number was determined by real-time polymerase chain reaction (PCR). Data are

presented as mean + standard deviation (SD). **P< .01 versus control (CON) group; #P< .

01 versus pacing (P7) group.
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Figure 6.

Pr%tein levels of mitochondrial respiratory chain complexes (1, II, 111, 1V, and V) in rapid
atrial pacing (RAP) rabbits. A, Western blot results for NDUFB8, SDHB, UQCRC?2,
MTCO1, and ATP5A protein expression. B, Quantification of NDUFB8, SDHB, UQCRC?2,
MTCO1, and ATP5A protein levels in the 4 groups. Data are presented as mean = SD. *P<,
05 versus control (CON) group; **P< .01 versus CON group; #P < .05 versus pacing (P7)
group; #P < .01 versus P7 group. NDUEBS indicates subunit of nicotinamide-adenine
dinucleotide dehydrogenase (complex 1); SDHB, 30-kDa subunit of succinate
dehydrogenase (complex I1); UQCRC2, core protein 2 of ubiquinol-cytochrome ¢ reductase
complex (complex I11); MTCO1, subunit I of cytochrome ¢ oxidase (complex 1V); ATP5A,
a subunit of FgF1-ATP synthase (complex V); SD, standard deviation.
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Figure 7.

Gene and protein levels of mitochondrial biogenesis-related proteins in rapid atrial pacing
(RAP) rabbits. A and B, The gene expression levels of PGC-1a and Tfam among the 4
groups. C, E, and G, Western blot results for PGC-1a, NRF-1, and Tfam protein expression.
D, F, and H, Quantification of PGC-1a, NRF-1, and Tfam protein levels in the 4 groups.
Data are presented as mean + SD. *P < .05 versus control (CON) group; **P< .01 versus
CON group; #P < .05 versus pacing (P7) group; #P< .01 versus P7 group. PGC-1a
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indicates peroxisome proliferator-activated receptor -y coactivator 1a; NRF-1, nuclear
respiratory factor 1; Tfam, mitochondrial transcription factor A; SD, standard deviation.
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Table 1
Primers Used to Estimate mtDNA Content.

Genes Sequence

D-loop  Forward primer 5'-GGTTCTTACCTCAGGGCCATGA-3’
Reverse primer 5" -GATTAGTCATTAGTCCATCGAGAT-3’

B-Actin  Forward primer 5 -ATCGTGCGCGACATCAAGGAGAAG-3’
Reverse primer 5'-GCAGCTCGTAGCTCTTCTCCAG-3’

Abbreviation: mtDNA, mitochondrial DNA.
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Table 2
Primers Used for Real-Time PCR.

Genes Sequence

B3-AR  Forward primer 5’ -CACGCTGGGGCTCATTAT-3’
Reverse primer 5 -TGAAGGCAGAGTTGGCAT-3’
PGC-1  Forward primer 5'-GAGAAGCGGGAATCGGAAAG-3’
Reverse primer 5 -GCATCACAGGTGTATCGGTAGGT-3’
Tfam Forward primer 5"-TTCCGAGATGGTGTTCATCC-3’
Reverse primer 5"-TGCCTCTGGGTTCTTAGCTT-3’
B-Actin  Forward primer 5'-GTCAGGTCATCACTATCGGCAAT-3’
Reverse primer 5 -AGAGGTCTTTACGGATGTCAACGT-3’

Abbreviations: PCR, polymerase chain reaction; B3-AR, p3-adrenoceptor; PGC-1, peroxisome proliferator-activated receptor -y coactivator 1;
Tfam, mitochondrial transcription factor A.
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