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Rationale: Atrial fibrillation is a critical health burden. Targeting calcium (Ca2+)

dysregulation and oxidative stress are potential upstream therapeutic strategies.

Fibroblast growth factor (FGF) 1 can modulate Ca2+ homeostasis and has antioxidant

activity. The aim of this study was to investigate whether FGF1 has anti-arrhythmic

potential through modulating Ca2+ homeostasis and antioxidant activity of pulmonary

vein (PV) and left atrium (LA) myocytes.

Methods: Patch clamp, western blotting, confocal microscopy, cellular and

mitochondrial oxidative stress studies were performed in isolated rabbit PV and LA

myocytes treated with or without FGF1 (1 and 10 ng/mL). Conventional microelectrodes

were used to record electrical activity in isolated rabbit PV and LA tissue preparations

with and without FGF1 (3 µg/kg, i.v.).

Results: FGF1-treated rabbits had a slower heart rate than that observed in controls.

PV and LA tissues in FGF1-treated rabbits had slower beating rates and longer action

potential duration than those observed in controls. Isoproterenol (1µM)-treated PV and

LA tissues in the FGF1-treated rabbits showed less changes in the increased beating rate

and a lower incidence of tachypacing (20Hz)-induced burst firing than those observed

in controls. FGF1 (10 ng/mL)-treated PV and LA myocytes had less oxidative stress and

Ca2+ transient than those observed in controls. Compared to controls, FGF1 (10 ng/mL)

decreased INa−L in PV myocytes and lowered Ito, IKr−tail in LA myocytes. Protein kinase

C (PKC)ε inhibition abolished the effects of FGF1 on the ionic currents of LA and

PV myocytes.
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Conclusion: FGF1 changes PV and LA electrophysiological characteristics possibly via

modulating oxidative stress, Na+/Ca2+ homeostasis, and the PKCε pathway.

Keywords: atrial fibrillation, calcium regulation, fibroblast growth factor 1, oxidative stress, pulmonary vein

INTRODUCTION

Fibroblast growth factor (FGF) 1, a signaling protein
secreted mainly in the paracrine system, may be produced
by cardiomyocytes (1). Animal and cellular studies have shown
that FGF1 plays a cardioprotective role during ischemia and
reperfusion conditions (2, 3). FGF23, a member of the FGF
family, has several cardiovascular effects and can directly change
cardiac electrical activity (4, 5). The overexpression of FGF1 may
protect against cardiac injury through the FGF receptor (FGFR)-
mediated signaling and the protein kinase C (PKC)-dependent
pathway (3, 6).

Atrial fibrillation (AF) is the most common type of cardiac
arrhythmia that causes heart failure and cardiovascular events
(7). Enhanced trigger activity from pulmonary vein (PV) ectopic
foci is critical for the genesis of AF (8, 9). Moreover, the
left atrium (LA) is the most vital substrate of AF (10). The
FGF1–FGFR system might play an important role in pulmonary
vascular remodeling via chronic inflammation, fibrosis, or heart
tissue repair, which has been demonstrated in obstructive lung
disease (11, 12). FGF-1 protects cardiomyocytes from oxidative
damage with hydrogen peroxide, which may enhance PV and
atrial remodeling in the pathogenesis and perpetuation of AF
(13–15). Accordingly, FGF may play a critical role in the
pathogenesis of AF, and different FGF subtypes may have
discrepant effects on PV and atrial arrhythmogenesis.

Calcium (Ca2+) regulation may induce the electrical
remodeling of the PV and the atrium leading to abnormal cellular
conduction properties that contribute to the pathogenesis of AF
(16, 17). Moreover, the inhibition of PKC and Ca2+ regulatory
proteins, which influence the signaling of cardiac protection
via FGF family members, reverse electrical remodeling in FGF
family member-treated PVmyocytes (4, 6, 18). In addition, FGF1
can increase the cardiac expression of atrial natriuretic factor,
which is blocked by PKC inhibitors (19, 20). Therefore, the
purpose of this study was to investigate whether FGF1 changes
the electrical properties of the AF trigger (PV) and substrate
(LA) and evaluate the potential underlying mechanisms.

MATERIALS AND METHODS

Electropharmacological Experiments in PV
and LA Tissues in FGF1-Treated Rabbits
This study was approved by the local ethics review board
(No. IACUC-20-365). The Male New Zealand white rabbits
(2.0∼3.0 kg) were received FGF1 (3 µg/kg, Sigma Aldrich,
GF431) or vehicles intravenously 24 h before euthanasia by
anesthetized using an intramuscular injection of xylazine
hydrochloride (12 mg/kg) and inhaled overdose of isoflurane
(2.0–2.5% in oxygen) from a precision vaporizer as described

previously (13). The anesthesia dose was confirmed as adequate
because the rabbits did not exhibit corneal reflexes and
motor responses to pain stimuli induced with a scalpel tip.
Electrocardiograms of the rabbits were recorded from standard
lead II limb leads via a bio-amplifier (AD Instruments, Castle
Hill, Australia), connected to a polygraph recorder (ML 845
Powerlab, AD Instruments) in a restrained condition for 6 h
before euthanasia (21).

PVs and LA tissues were isolated from all rabbits after
euthanasia as described previously (22). The tissue preparations
were bathed in Tyrode’s solution at 37◦C containing 137mM
NaCl, 4mM KCl, 15mM NaHCO3, 0.5mM NaH2PO4, 0.5mM
MgCl2, 2.7mM CaCl2, and 11mM dextrose. The tissues were
superfused at a constant rate (3 mL/min) with Tyrode’s solution,
which was saturated with a gas mixture of 97% O2 and
3% CO2. The transmembrane action potentials (APs) of the
PV and LA tissues were recorded using machine-pulled glass
capillary microelectrodes filled with 3M KCl, and the tissue
preparations were connected to a World Precision Instrument
model FD223 electrometer (FL, USA) (23). The electrical and
mechanical events were simultaneously displayed on a Gould
4072 oscilloscope (OH, USA) and Gould TA11 recorder (24–
26). Electrical stimuli were applied using a Grass S88 stimulator
through a Grass SIU5B stimulus isolation unit.

The resting membrane potential (RMP) was measured during
the period between the last repolarization and onset of the
subsequent AP. The AP amplitude (APA) was obtained from the
RMP to the peak of AP depolarization. The AP duration (APD)
at 20, 50, and 90% repolarization of the amplitude was measured
and recorded as APD20, APD50, and APD90, respectively. APs
were analyzed for maximum upstroke velocity (dV/dtmax),
early and late diastolic depolarization (EDD and LDD) (27).
Burst firing was defined as the occurrence of an accelerated
spontaneous potential with sudden onset and termination. The
RMP, APA, and APD were measured under spontaneous beating
of PV or 2-Hz pacing of the LA tissues. The PV tissues were
analyzed before and after stimulation with isoproterenol (1µM)
to observe burst firing. In addition, the LA tissues were analyzed
before and after stimulation with isoproterenol (1µM) to observe
burst firing with or without high-frequency burst pacing (20Hz)
for 1 s.

Patch Clamp Experiments in Isolated
Single Cardiomyocytes Preparation
Single PV and LA cardiomyocytes were enzymatically dissociated
through the same procedure described previously (28, 29). In
briefly, the heart and lungs were rapidly excised followingmidline
thoracotomy after heparin (1,000 units/kg) was intravenously
administered. Proximal PVs and LA were cut away from the
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atrium and lung. They were gently shaken in 5∼10ml of Ca2+-
free oxygenated Tyrode’s solution until single cardiomyocytes
were obtained. The solution was then gradually changed to
oxygenated normal Tyrode’s solution. Cells were allowed to
stabilize in the bath for at least 30min before the experiments.

Single cardiomyocytes with spontaneous activity were
identified by the presence of constant beating during perfusion
with Tyrode’s solution. Then, single PV and LA myocytes were
treated in the control and FGF1 (1 and 10 ng/mL; Sigma Aldrich,
GF431) for 4–6 h are harvested for further experiments with or
without PKCε inhibitor peptide (εV1-2, 200 nM, Cayman).

The whole-cell patch clamp experiment was performed in
the isolated PVs and LA myocytes by using an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA, USA) at 35± 1◦C
(17, 30). Borosilicate glass electrodes (o.d., 1.8mm) with a tip
resistance of 3–5 MΩ were used. Before the formation of the
membrane-pipette seal, the tip potentials were zeroed in Tyrode’s
solution. The junction potentials between the bath and pipette
solution (9mV) were corrected for the AP recordings.

APs were recorded in the current-clamp mode, and the ionic
currents were recorded in the voltage-clamp mode. APs of LA
myocytes were elicited in cells through brief current pulses at
1Hz. The ionic currents were recorded at an approximately
similar period (3–5min) after rupture or perforation by
amphotericin B to avoid decay of ion channel activity over time.
A small hyperpolarizing step from a holding potential of−50mV
to a test potential of −55mV for 80ms was delivered at the
beginning of each experiment. The area under the capacitative
current curve was divided by the applied voltage step to calculate
the total cell capacitance. Normally, series resistance (Rs) was
electronically compensated by 60–80%.

The sodium (Na+) current (INa) was recorded by using 40
msec. pulses from a holding potential of −120mV to the test
potentials varying between −80 and 0mV in 5mV increments
at a frequency of 3Hz at room temperature (25 ± 1◦C). The
external solution contained: 5mM NaCl, 133mM CsCl, 2mM
MgCl2, 1.8mM CaCl2, 0.002mM nifedipine, 5mM HEPES
and 5mM glucose (pH 7.3). Micropipettes were filled with a
solution containing (in mM) 133mM CsCl, 5mM NaCl, 10mM
EGTA, 5mM MgATP, 20mM TEACl and 5mM HEPES (pH 7.3
with CsOH).

The late Na+ current (INa−Late) included a step/ramp protocol
(−100mV stepping to +20mV for 100ms, then ramping back
to −100mV over 100ms) at room temperature with an external
solution containing 130mM NaCl, 5mM CsCl, 1mM MgCl2,
1mM CaCl2, 10mM HEPES, and 10mM glucose; pH was
adjusted to 7.3 using NaOH. Micropipettes were filled with a
solution containing 130mM CsCl, 4mM Na2ATP, 1mMMgCl2,
10mM EGTA, and 5mM HEPES; pH was adjusted to 7.3 using
NaOH. An equilibration period for dialysis was allowed to
adequately clamp the cell currents. INa−Late was measured as
the tetrodotoxin (TTX, 30µM)-sensitive portion of the current
traces obtained when the voltage was ramped back to −100
mV (31).

The L-type Ca2+ current (ICa−L) was measured as an inward
current during depolarization from a holding potential of
−50mV to test potentials ranging from−40 to+60mV in 10mV

steps for 300ms at a frequency of 0.1Hz using a perforated patch
clamp with amphotericin B. The micropipettes were filled with a
solution containing 130mM CsCl, 1mM MgCl2, 5mM MgATP,
10mMHEPES, 0.1mMNaGTP, and 5mMNa2 phosphocreatine,
which was titrated to a pH of 7.2 using CsOH. NaCl and KCl
in the external solution were replaced with tetraethylammonium
chloride and CsCl, respectively. Voltage-gated Ca2+ channel
current was plotted on the I–V curve and the curve was fitted
with the modified Boltzmann equation: I (V) = [Gmax × (V –
Vrev)]/{1+ e[(V1/2−V)/k]}, where I(V) is the peak current density
at the command potential V, Gmax is the maximum conductance,
Vrev is the reverse potential, V1/2 is the voltage at which half-
maximum ICa−L is observed, and k is the slope factor (26).

The Na+-Ca2+ exchanger (NCX) current was elicited by
depolarizing pulses between −100 and +100mV from a holding
potential of −40mV for 300ms at a frequency of 0.1Hz. The
amplitudes of the NCX current were measured as 10-mM nickel-
sensitive currents. The external solution consisted of 140mM
NaCl, 2mM CaCl2, 1mM MgCl2, 5mM HEPES, and 10mM
glucose at pH 7.4 and contained 10µM strophanthidin, 10µM
nitrendipine, and 100µM niflumic acid. Micropipettes were
filled with a solution containing 20mM NaCl, 110mM CsCl,
0.4mM MgCl2, 1.75mM CaCl2, 20mM TEACl, 5mM BAPTA,
5mM glucose, 5mM MgATP, and 10mM HEPES (at pH 7.25
adjusted using CsOH).

The transient outward potassium (K+) current (Ito) was
studied with a double-pulse protocol. A 30-ms pre-pulse from
−80 to −40mV was used to inactivate the Na+ channels,
followed by a 300-ms test pulse to +60mV in 10-mV steps
at a frequency of 0.1Hz. CdCl2 (200µM) was added to
the bath solution to inhibit the ICa−L. Ito was measured as
the difference between the peak outward current and steady-
state current.

Rapid delayed rectifier K+ current (IKr−tail) was measured as
the outward peak tail current density following a 3-s pre-pulse
from a holding potential of −40mV to voltage between −40
and +60mV in 10-mV steps at a frequency of 0.1Hz in the
presence of chromanol 293B (30µM) and CdCl2 (200µM) in
the Ca2+-free normal Tyrode’s solution. Micropipettes were filled
with a solution containing 120mM KCl, 5mM MgCl2, 0.36mM
CaCl2, 5mM EGTA, 5mM HEPES 5mM glucose, 5mM K2-
ATP, 5mM Na2-CrP, and 0.25mM Na-GTP (at pH 7.2 adjusted
using KOH).

Measurement of Intracellular Ca2+

Transient
Intracellular Ca2+ concentration ([Ca2+]i) was recorded using a
fluorometric ratio technique as previously described (26, 28). The
control and FGF1 (10 ng/mL)-treated PV and LA myocytes were
loaded with fluorescent Ca2+ (10µM) fluo-3/AM for 30min
at room temperature. Excess extracellular dye was removed by
changing the bath solution, and intracellular hydrolysis of fluo-
3/AM occurred at 35± 1◦C after 30min. Fluo-3 fluorescence was
excited with a 488-nm line of an argon ion laser. The emission
was recorded at > 515 nm. The cells were repeatedly scanned at
2-ms intervals for a total duration of 6 s. Fluorescence imaging
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FIGURE 1 | Effects of fibroblast growth factor 1 (FGF1) on the electrocardiography (ECG) of rabbits and electrophysiological characteristics of pulmonary vein (PV)

and left atrial (LA) tissues. (A) Control rabbits (N = 6) had a faster regular rhythm than that observed in FGF1 (3 µg/kg)-treated rabbits (N = 6). (B) Tracings and scatter

plots illustrated that PV tissues of FGF1 (3 µg/kg)-treated rabbits (N = 6) had a slower spontaneous activities with a decreased early and late diastolic depolarization

than that observed in control rabbits (N = 5). (C) Examples and scatter plots of the action potential (AP) morphology from LA tissues under regular pacing (2Hz) in the

control (N = 7) and FGF1 (3 µg/kg)-treated rabbits (N = 6). RMP indicates resting membrane potential, APA indicates AP amplitude, APD20, APD50, and APD90

indicate that AP duration at 20, 50, and 90% repolarization of the amplitude, respectively, EDD indicates early diastolic depolarization, LDD indicates late diastolic

depolarization, dV/dtmax indicates maximum upstroke velocity.
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was performed using a laser scanning confocal microscope (Zeiss
LSM 510, Carl Zeiss, Jena, Germany) and an inverted microscope
(Axiovert 100).

Fluorescent signals were corrected for variations in dye
concentrations by normalizing the fluorescence (represented
by F) against baseline fluorescence (F0) to obtain reliable
information about transient [Ca2+]i changes from baseline
values, as (F–F0)/F0, and to exclude variations in the fluorescence
intensity by different volumes of injected dye. The [Ca2+]i

transient was measured during a 2-Hz field stimulation for
10ms with square wave pulses that had two times the
threshold strength.

Cellular Reactive Oxygen Species
Measurement
We used the CellROX green (Life Technologies, Grand Island,
NY, USA) to assess cytosolic ROS production in the control
and FGF1 (10 ng/mL)-treated PV and LAmyocytes. Experiments

FIGURE 2 | Effect of isoproterenol (ISO) on spontaneous activity of left atrium (LA) and pulmonary vein (PV) tissues with or without fibroblast growth factor 1 (FGF1)

treatment. (A) Tracings and scatter plots of ISO (1µM)-induced changing PV spontaneous activities in rabbits with (N = 7) or without (N = 6) FGF1 (3 µg/kg)

treatment. (B) The upper panel shows the representative tracings and scatter plots of LA action potential morphology under regular pacing (2Hz) in the control and

FGF1 (3 µg/kg)-treated rabbits (both N = 6). The lower panel shows the tracings and incidence of LA burst firing under rapid atrial pacing (20Hz) and ISO (1µM)

infusion in the control and FGF1 (3 µg/kg)-treated rabbits (both N = 6).
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were also performed using a laser scanning confocal microscope
(Zeiss LSM 510, Carl Zeiss) and an inverted microscope
(Axiovert 100) with a 63× 1.25 numerical aperture oil immersion
objective as described previously (32). Cardiomyocytes were
maintained in oxygenated normal Tyrode’s solution: 137mM
NaCl, 5.4mM KCl, 1.8mM CaCl2, 0.5mM MgCl2, 10mM
HEPES and 11mM glucose; with the pH adjusted to 7.4 by
titrating with 1N NaOH) supplemented with the appropriate
fluorescent dye of 10µM CellROX green. CellROX green was
excited at 488 nm and fluorescence signals were acquired at
wavelengths of > 505 nm in the XY mode of the confocal system.
Fluorescent images were analyzed using Image-Pro plus 6.0 and
Sigmaplot 12.3 software (4).

The level of malondialdehyde (MDA) in control
and FGF1 (10 ng/mL)-treated PV and LA myocytes to
detect lipid peroxidation were assessed by an ELISA
kit, according to the manufacturer’s guidelines and a
colorimetric-fluorimetric method.

Statistical Analysis
All quantitative data are expressed as mean± standard deviation.
The one-way analysis of variance (ANOVA) followed by Dunn’s
post-hoc test or the Wilcoxon rank-sum test was used to
compare the differences between the control and FGF1-treated
groups. Nominal variables were compared using Chi-squared
analysis with Fisher’s exact test. A P < 0.05 was considered
statistically significant.

RESULTS

Effects of FGF1 on the Electrocardiography
of Rabbits and the Electrophysiological
Characteristics of PV and LA Tissues
FGF1 (3 µg/kg)-treated rabbits had a slower heart rate than that
observed in control rabbits (Figure 1A). PV tissues of the FGF1
(3 µg/kg)-treated rabbits had a slower beating rate than that of

FIGURE 3 | Effect of fibroblast growth factor 1 (FGF1) on spontaneous activities, sodium (Na+) current (INa), late Na+ current (INa−Late), sodium–calcium exchanger

(NCX), and L-type calcium current (ICa−L) of pulmonary vein (PV) myocytes. (A) Examples of current traces and scatter plots of beating rate in the control (N = 7) and

FGF1 (1 and 10 ng/mL)-treated PV myocytes (both N = 10). (B) Examples of current traces and scatter plots of INa in the control (N = 8) and FGF1 (10 ng/mL)-treated

PV myocytes (N = 9). (C) Examples of current traces and scatter plots of INa−Late in the control (N = 8) and FGF1 (10 ng/mL)-treated PV myocytes (N = 14). (D)

Examples of current traces and I–V relationship of NCX in the control (N = 7) and FGF1 (10 ng/mL)-treated PV myocytes (N = 9). (E) Examples of current traces and

I–V relationship of ICa−L in the control (N = 7) and FGF1 (10 ng/mL)-treated PV myocytes (both N = 9). *P < 0.05.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 January 2022 | Volume 8 | Article 813589

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Lu et al. FGF1 Reduces PV and LA Arrhythmogenesis

FIGURE 4 | Effect of fibroblast growth factor 1 (FGF1) on action potential morphology, transient outward potassium current (Ito) and rapid delayed rectifier potassium

current (IKr−tail), late sodium current (INa−Late), sodium–calcium exchanger (NCX), and L-type calcium current (ICa−L) in left atrium (LA) myocytes. (A) Examples of

current traces, scatter plots of electrophysiological characteristics and dose response curves on the control (N = 8) and FGF1 (1 and 10 ng/mL)-treated LA myocytes

(N = 10 and 8, respectively). (B) Examples of current traces and I–V relationship of Ito in the control (N = 9) and FGF1 (10 ng/mL)-treated LA myocytes (N = 10). (C)

Examples of current traces and I–V relationship of IKr−tail in the control (N = 12) and FGF1 (10 ng/mL)-treated LA myocytes (N = 10). (D) Examples of current traces

and scatter plots of INa−Late in the control (N = 9) and FGF1 (10 ng/mL)-treated LA myocytes (N = 11). (E) Examples of current traces and I–V relationship of NCX in

the control and FGF1 (10 ng/mL)-treated LA myocytes (both N = 6). (F) Examples of current traces and I–V relationship of ICa−L in the control and FGF1

(10 ng/mL)-treated LA myocytes (both N = 10). *P < 0.05.

control rabbits. Compare to the AP of control rabbits, FGF1 (3
µg/kg)-treated rabbits had a similar dV/dtmax, but a reduced
steepness of EDD and LDD of PV tissues (Figure 1B). Moreover,
LA tissues of the FGF1 (3 µg/kg)-treated rabbits had a longer
APD50 and APD90 than those in control rabbits (Figure 1C).

As shown in Figure 2A, isoproterenol (1µM)-treated PV
tissues in the FGF1 (3µg/kg)-treated rabbits showed less changes
in the increased beating rate than those of tissues in control
rabbits. On an isoproterenol (1µM) infusion, there were no
differences in RMP, APA, APD20, APD50, and APD90 in LA
tissues between the FGF1 (3 µg/kg)-treated and control rabbits
(Figure 2B). Furthermore, the incidence of tachypacing (20Hz)-
induced burst firing in isoproterenol (1µM)-treated LA tissues
was lower in the FGF1 (3 µg/kg)-treated rabbits than in the
tissues of control rabbits.

Effects of FGF1 on the Electrophysiological
Characteristics of PV and LA Myocytes
FGF1 (10 ng/mL)-treated PV myocytes had a slower
spontaneous beating rate than that observed in control and

FGF1 (1 ng/mL)-treated PV myocytes. Compared to control
PV myocytes, FGF1 (3 µg/kg)-treated PV myocytes had
a similar dV/dtmax and EDD, but a reduced steepness of
LDD (Figure 3A). FGF1 (10 ng/mL)-treated PV myocytes
had a smaller INa−L and larger forward mode of NCX than
those observed in control myocytes (Figures 3C,D). FGF1
(10 ng/mL)-treated PV and control myocytes had similar INa
and ICa−L (Figures 3B,E). The voltage-dependence of ICa−L

activation was not different between FGF1 (1 ng/mL)-treated
and control PV myocytes with V1/2 value of −6.77 ± 8.64mV
and −11.07 ± 7.78mV in FGF1 (1 ng/mL)-treated and control
PV myocytes, respectively.

As shown in Figure 4A, FGF1 (10 ng/mL)-treated LA
myocytes had longer APD50 and APD90 than those of the control
and FGF1 (1 ng/mL)-treated LA myocytes. FGF1 (10 ng/mL)-
treated LA myocytes had smaller Ito and IKr−tail than those
of control myocytes (Figures 4B,C). FGF1 (10 ng/mL)-treated
LA and control myocytes had similar INa−L, NCX, and ICa−L

(Figures 4D–F). The voltage-dependence of ICa−L activation
was not different between FGF1 (1 ng/mL)-treated and control
LA myocytes with V1/2 value of −4.44 ± 7.06mV and
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FIGURE 5 | Effect of fibroblast growth factor 1 (FGF1) on intracellular calcium (Ca2+) homeostasis, reactive oxygen species (ROS) and cytosol malondialdehyde (MDA)

in pulmonary vein (PV) and left atrium (LA) myocytes. (A) Examples of tracings and scatter plots of Ca2+ transients in the control and FGF1 (10 ng/mL)-treated PV (N =

25 and 17, respectively), and LA (N = 9 and 14, respectively), myocytes. (B) Examples and scatter plots of cellular levels of ROS in the control and FGF1

(10 ng/mL)-treated PV (N = 11 and 10, respectively), and LA (N = 12 and 15, respectively), myocytes. (C) Scatter plots of cytosol MDA in control and FGF1

(10 ng/mL)-treated PV (each N = 7) and LA (each N = 7) tissues.

−0.90 ± 3.92mV in FGF1 (1 ng/mL)-treated and control LA
myocytes, respectively.

Effects of FGF1 on Ca2+ Transient and
Oxidative Stress of PV and LA Myocytes
FGF1 (10 ng/mL)-treated PV and LAmyocytes had smaller Ca2+

transients than those of control PV and LAmyocytes, respectively
(Figure 5A). In addition, FGF1 (10 ng/mL)-treated PV and LA
myocytes had less cellular oxidative stress than those of control
PV and LA myocytes, respectively (Figure 5B). As shown in
Figure 5C, PV and LA cells in FGF1 (3 µg/kg)-treated rabbits
had less MDA compared with cells in the control rabbits.

Effects of PKC Inhibitor on the Ionic
Currents of FGF1-Treated PV and LA
Myocytes
As shown in Figures 6A,B, εV1-2 (200 nM) abolished the
inhibitory effect of FGF1 (10 ng/mL) on the Ito and IKr−tail

of LA myocytes. Moreover, εV1-2 (200 nM) abolished the
inhibitory effect of FGF1 (10 ng/mL) on the INa−L of PV
myocytes (Figure 6C).

DISCUSSION

In the present study, we have demonstrated that FGF1, a potential
novel therapeutic agent for treating metabolic conditions,
modulates electrophysiological characteristics and possess anti-
redox activity in rabbit hearts. To the best of our knowledge,
this is the first study to demonstrate that FGF1 suppresses PV
spontaneous activity and isoproterenol-induced LA burst firing.

Moreover, FGF1 prolongs APD of the LA. INa−L determines
the rate of spontaneous depolarization in sinoatrial node cells
and contributes to cardiac automaticity (33). The effect of FGF1
on reducing the intrinsic rabbit heart rate was considered to
reflect INa−L inhibition. INa−L can contribute to the diastolic
depolarization of PV myocytes and the inhibition of this current
suppresses PV diastolic depolarization and spontaneous APs
(34). INa−L plays an important role in PV arrhythmogenesis
and AF occurrence (4, 35). Activation of INa−L enhances the
genesis of triggered activity due to Ca2+ overload. In the present
study, FGF1 decreased the INa−L and increased the forward
mode of NCX in PV myocytes. NCX operated dominantly in
the forward mode increased Ca2+ efflux, which was considered
a compensatory effect for decreasing intracellular Na+ via
FGF1-related INa−L inhibition in PV myocytes. Moreover, FGF-
treated PVs displayed suppression of burst firing induced by
isoproterenol. Isoproterenol, an adrenergic agonist, promotes
an increase in pacemaker activity and abnormal automatism
through the accumulation of [Ca2+]I (36). Ca

2+ dysregulation
may induce AF via the electrical remodeling of PVs and
the LA (16, 17). Moreover, our previous study found that
hydrogen peroxide enhances oxidative stress-induced PV and
atrial arrhythmia via the modification of electrophysiological
characteristics and Ca2+ or K+ currents (15, 37). FGF1
binding to activate all FGFRs in various tissues might regulate
intracellular Ca2+ homeostasis leading to a protective role
in metabolic disorders (38, 39). FGF1 also displays favorable
effects on maintaining myocardial integrity and preventing
cardiac dysfunction in post-myocardial infarction (40). Our
study showed that FGF1-treated PV and LA cells have a smaller
Ca2+ transients and less oxidative stress than those of control
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FIGURE 6 | Effect of protein kinase C epsilon inhibitor (εV1-2) on transient outward potassium current (Ito) and rapid delayed rectifier potassium current (IKr−tail) in

FGF1-treated left atrial (LA) myocytes, and on late sodium current (INa−Late) in FGF1-treated pulmonary vein (PV) myocytes. (A) Examples of current traces and I–V

relationship of Ito in FGF1 (10 ng/mL)-treated LA myocytes with or without εV1-2 (200 nM) (each N = 7). (B) Examples of current traces and I–V relationship of IKr−tail in

FGF1 (10 ng/mL)-treated LA myocytes with (N = 8) or without (N = 9) εV1-2 (200 nM). (C) Examples of current traces and average data of INa−Late in FGF1

(10 ng/mL)-treated PV myocytes with (N = 8) or without (N = 9) εV1-2 (200 nM).

PV and LA cells. These results suggest that FGF1 may change
the electrophysiological characteristics of PV and LA through
its effects on Ca2+ homeostasis or ROS (4, 41). However, our
study model was restricted to normal physiological conditions,
and more experiments are required to understand whether
FGF1 will have any antiarrhythmic effect under more complex

pathological conditions (such as Ca2+ overload, oxidative stress,
or ischemia).

APD shortening is a hallmark of AF-related electrical
remodeling, likely contributing to AF maintenance and
progression (42). The LA plays a critical role in AF genesis when
the APD is shortened in the LA by oxidative stress or under
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ischemic conditions (43). Gain-of-function mutations in channel
subunits generating Ito and IKr are associated with familial
AF (44). Increased Ito and IKr decrease the APD and effective
refractory period, thereby increasing reentry. Chauhan-Patel et
al. demonstrated that long-term exposure of FGF1 in embryonic
myocytes decreases K+ current density (45). In the present
study, smaller Ito and IKr caused the prolongation of the APD
in FGF1-treated LA myocytes, which may reduce micro-reentry
arrhythmogenesis (46). Our previous study demonstrated that
the enhancement of INa−L increases PV arrhythmogenesis (35),
and selective INa−L inhibition suppresses the PV triggers that
initiate AF (35, 47). INa−L inhibition by FGF1 participates in
suppressing LA arrhythmogenesis.

PKC is an important enzyme involved in myocardial
ischemia/reperfusion (48). Our previous study revealed that
FGF23, a FGF family member related to chronic kidney disease-
induced AF, increases PV arrhythmogenesis due to Na+ and
Ca2+ dysregulation and mitochondrial ROS genesis via the
activation of PKC signaling (4). In contrast, FGF1 reduced
intracellular Ca2+ transients and oxidative stress; in addition,
the effects of FGF1 on ionic currents could be blocked by PKC
inhibitor in our present study. FGF1 is positively correlated
with PKCε expression in cardiogenesis (49). Activation of PKC
negatively regulates Ito and IKr in cardiomyocytes (50, 51).
Moreover, PKCε activation induces the synthesis of NOS-derived
nitric oxide and regulates cardiac intracellular Na+ and Ca2+,
which plays an important role in protecting the heart against Na+

and Ca2+ overload (52). It is speculated that FGF1 may decrease
ROS levels and modulate PKC activity that may change PV and
LA electrophysiological characteristics (48, 53).

CONCLUSION

In this study, we found that FGF1 can modulate PV and LA
electrophysiological characteristics and Ca2+ homeostasis
through the suppression of oxidative stress-induced
PKC activation.
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