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Abstract: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, yet the cellular
and molecular mechanisms underlying the AF substrate remain unclear. Isolevuglandins (IsoLGs)
are highly reactive lipid dicarbonyl products that mediate oxidative stress-related injury. In murine
hypertension, the lipid dicarbonyl scavenger 2-hydroxybenzylamine (2-HOBA) reduced IsoLGs and
AF susceptibility. We hypothesized that IsoLGs mediate detrimental pathophysiologic effects in
atrial cardiomyocytes that promote the AF substrate. Using Seahorse XFp extracellular flux analysis
and a luminescence assay, IsoLG exposure suppressed intracellular ATP production in atrial HL-1
cardiomyocytes. IsoLGs caused mitochondrial dysfunction, with reduced mitochondrial membrane
potential, increased mitochondrial reactive oxygen species (ROS) with protein carbonylation, and
mitochondrial DNA damage. Moreover, they generated cytosolic preamyloid oligomers previously
shown to cause similar detrimental effects in atrial cells. In mouse atrial and HL-1 cells, patch
clamp experiments demonstrated that IsoLGs rapidly altered action potentials (AP), implying a
direct effect independent of oligomer formation by reducing the maximum Phase 0 upstroke slope
and shortening AP duration due to ionic current modifications. IsoLG-mediated mitochondrial
and electrophysiologic abnormalities were blunted or totally prevented by 2-HOBA. These findings
identify IsoLGs as novel mediators of oxidative stress-dependent atrial pathophysiology and support
the investigation of dicarbonyl scavengers as a novel therapeutic approach to prevent AF.

Keywords: Isolevuglandins; oxidative stress; lipid dicarbonyl; atrial HL-1 cells; mitochondria;
electrophysiology; atrial fibrillation

1. Introduction

Atrial fibrillation (AF) constitutes a major public health problem, causing substantial
morbidity including stroke, heart failure, and dementia, as well as death [1]. Currently,
available pharmacologic therapies are often ineffective in preventing AF, indicating that
key molecular pathways in AF pathogenesis remain elusive. Inflammation is implicated
in the genesis of AF, and oxidative injury plays a key role in the detrimental effects of
inflammation-related diseases. Elevated oxidative stress due to the excessive generation of
reactive oxygen species (ROS) is a key pathophysiological feature of multiple AF risk factors
such as hypertension [2]. Mitochondria are instrumental in maintaining normal mechanical
and electrical activity of cardiomyocytes, as they constitute over 30% of the cardiomyocyte
volume and are responsible for generating over 90% of cellular ATP through oxidative
phosphorylation [3]. Mitochondria are also a major source of ROS in cardiomyocytes,
and increasing evidence indicates a correlation between ROS damage, mitochondrial
dysfunction, and cardiomyocyte remodeling in AF [4–9].
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One of the most vulnerable sites to injury by ROS are polyunsaturated fatty acids
in the plasma membrane and circulation. Lipid peroxidation generates multiple byprod-
ucts that contain reactive aldehyde and/or ketone groups, including malondialdehyde
and 4-hydroxy-nonenol. These products can adduct proteins, DNA, and lipids to modify
molecular function, and they are potentially more injurious than ROS, given their longer
half-life and uncharged nature that enables membrane penetration. The most reactive lipid
oxidation products identified to date are dicarbonyl compounds known as isolevuglandins
(IsoLGs), and they are increased in the early stages of numerous diseases linked to ox-
idative stress [10]. The development of small molecule lipid dicarbonyl scavengers such
as 2-hydroxybenzylamine (2-HOBA) has enabled preclinical studies demonstrating that
IsoLGs are responsible for a major component of oxidative stress-related injury [10–12].
In addition, mitochondrial IsoLGs have been shown to promote vascular oxidative stress,
while mitochondria-targeted scavenging of IsoLGs reduces mitochondrial dysfunction and
hypertension [13].

In a recent study, AF susceptibility in hypertensive mice was associated with the
appearance of both IsoLG adducts and natriuretic peptide-derived preamyloid oligomers
in the atrial myocardium, all of which were prevented by 2-HOBA treatment [11]. It is
recognized that IsoLGs accelerate the process of oligomer formation for amyloid-forming
proteins, and oligomers have been shown to cause pro-arrhythmic metabolic and electro-
physiologic effects in atrial myocytes [14]. Whether IsoLGs are independent pathologic
mediators in the absence of oligomer generation is not known.

Here, we hypothesized that IsoLGs are direct mediators of oxidative stress-induced
atrial cardiomyocyte dysfunction. Employing a multifaceted approach, we provide evi-
dence for a mechanistic link for IsoLGs to cause both mitochondrial and electrophysiologi-
cal remodeling in atrial cells. These results support the therapeutic potential of targeting
reactive lipid dicarbonyl mediators such as IsoLGs for the prevention of AF.

2. Materials and Methods

An expanded version of the Methods is provided in the Supplementary Materials.

2.1. Mouse Atrial Cardiomyocyte Isolation

Male C57BL/6J mice were obtained from Jackson Laboratory and studied at 3 to
4 months of age. Mice were maintained under 12:12 h light-dark cycles with standard chow
and water ad libitum. All animal procedures were approved by the Vanderbilt Institutional
Animal Care and Use Committee with care in accordance with the Guide for the Care and
Use of Laboratory Animals, US Department of Health and Human Services. Mouse atrial
cardiomyocytes were isolated using collagenase digestion [14].

2.2. Cell Culture

Atrial HL-1 cells [15] were cultured on fibronectin/gelatin-coated dishes in supple-
mented Claycomb Medium as described previously [16]. Mouse fibroblast (Ltk−) cells that
stably express KCNA5, representing the rapidly activating sustained outward K+ current
Isus, were also cultured for electrophysiologic experiments [14].

2.3. Cytotoxicity and Metabolic Flux Assays

Atrial HL-1 cells were treated with different concentrations of IsoLGs for 2 h. Cyto-
toxicity of IsoLGs was determined by measuring cellular ATP levels with an ATPlite assay
(Perkin Elmer, Waltham, MA, USA) according to the manufacturer’s instructions [11].

The Seahorse XFp Cell Mito Stress Test (Agilent, Santa Clara, CA, USA) was used to
analyze oxygen consumption rates (OCRs) and various bioenergetic parameters in atrial
HL-1 cells in response to different concentrations of IsoLG for 2 h [14]. OCR was measured
with a Seahorse XFp Analyzer following sequential injections of oligomycin, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP), and antimycin A/rotenone. Cells
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were stained with Hoechst 33342 and imaged, with cell numbers in each well used to
normalize all OCR parameters.

2.4. Mitochondrial Measurements

To assay mitochondrial membrane potential (∆ψm), atrial HL-1 cells were treated with
IsoLG for 2 h using a range of concentrations, followed by incubation with tetramethylrho-
damine methyl ester (TMRM; to identify functional mitochondria in a membrane potential
manner), Mitotracker Green (to label functional mitochondria irrespective of membrane
potential), and Hoechst 33342 (to visualize nuclei), with live cell imaging using either the
ImageXpress Micro XLS System (Molecular Devices, San Jose, CA, USA) for high content
analysis or a Zeiss 880 confocal microscope (Carl Zeiss Microimaging, Inc., Oberkochen,
Germany). As a positive control, a cohort of cells was treated with FCCP.

For mitochondrial DNA (mtDNA) content, total DNA was isolated from atrial HL-1
cells as described previously [17]. Mitochondrial DNA content was estimated from the
ratio of mitochondrial DNA to nuclear DNA by quantitative polymerase chain reaction
(qPCR) [18]. Data analysis was performed using the 2−∆∆CT method [19]. Primers are
available in the Supplementary Materials (Table S7).

2.5. Detection of Cytosolic and Mitochondrial Superoxide Production

The fluorescent dye dihydroethidium (DHE) was employed to assess intracellular su-
peroxide (O2

•−) production in atrial HL-1 cells in response to IsoLG treatment, with live cell
images acquired using confocal microscopy. To assess mitochondrial O2

•− production during
treatment with IsoLGs, cells were incubated with MitoSOX Red, a mitochondrial-targeted
fluorescent indicator of O2

•−, and live cell images were captured by confocal microscopy.

2.6. Protein Carbonylation

An OxiSelect™ Protein Carbonyl Immunoblot Kit (Cell Biolabs Inc., San Diego, CA,
USA) was used to analyze carbonylated proteins according to the manufacturer’s in-
structions, with β-actin (Santa Cruz Biotechnology, Dallas, TX, USA) used as an internal
loading control.

2.7. Preamyloid Oligomer Formation

Preamyloid oligomer formation was assayed in atrial HL-1 myocytes following IsoLG
stimulation as described previously [20], with minor modifications. Cells were exposed
to IsoLG for various time periods, fixed with 4% paraformaldehyde, and incubated with
a conformation-specific, polyclonal rabbit A-11 antibody overnight at 4 ◦C, followed by
incubation with rabbit Alexa Fluor 488 antibody and imaging using confocal microscopy.

2.8. Apoptosis

Apoptotic activity in response to IsoLG treatment was monitored using CellEvent™
Caspase-3/7 Green Detection Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions.

2.9. Quantitation of Proteins and mRNA

Expression of oxidative phosphorylation proteins in the absence and presence of
IsoLG exposure was assayed by Western blotting using a total oxidation phosphorylation
(OXPHOS) rodent antibody cocktail (Abcam, Waltham, MA, USA), with β-actin employed
as a loading control. Analogous methods were used to quantitate carbonylated proteins.
Atrial mRNA expression (e.g., mitochondrial genes) was assayed using qRT-PCR.

2.10. Electrophysiology

The whole cell configuration was used to record action potentials and ionic currents
from single cells as described previously [14]. Action potentials were recorded from mouse
atrial myocytes or atrial HL-1 cells at 37 ◦C using the current clamp technique, while ionic
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currents from atrial HL-1 cells (INa and ITo), Ltk− cells (Isus, represented by KCNA5 current),
and mouse atrial myocytes (ICa,L) were recorded in voltage clamp experiments at room
temperature (22 ± 1 ◦C).

2.11. Statistics

Data are presented as mean ± SEM. Statistical significance was determined by one-
way ANOVA and post hoc Tukey tests for multiple comparisons using Graph Pad Prism
software (Version 9.1.2). Differences with a p-value < 0.05 were considered significant. For
electrophysiologic recordings, data were analyzed using Clampfit 10.0 software (Molecular
Devices, Sunnyvale, CA, USA), compiled in Excel Office 365 (Microsoft, Redmond, WA,
USA), and plotted and fitted in OriginPro 2022 (OriginLab Corporation, Northampton, MA,
USA). Unless specified, a Student’s paired t-test (two-tailed) was used when appropriate.

3. Results
3.1. IsoLGs Cause Mitochondrial Dysfunction in Atrial HL-1 Cells

Reactive IsoLGs have been detected in the atria of hypertensive mice with increased
AF susceptibility, and they have been implicated in oxidative stress-related mitochondrial
dysfunction in hypertensive vasculature [13,21]. To determine whether IsoLGs can alter
metabolic function in the atrium, atrial HL-1 cells were exposed to increasing concentrations
of IsoLGs for 2 h followed by bioenergetic profiling using the Seahorse XFp Mito Stress
Test, with OCR serving as an indicator of mitochondrial function. Compared to control
cells, IsoLGs caused a concentration-dependent reduction in maximal respiration, spare
respiratory capacity, and ATP production with a similar non-significant trend for basal
respiration (Figure 1A–E). In parallel experiments, IsoLG-mediated reduction in cellular
ATP production was confirmed using an ATP luminescence assay (Figure 1F). These
effects were not associated with any changes in the abundance of representative oxidative
phosphorylation proteins in the mitochondrial electron transport chain (ETC) with IsoLG
exposure (Figure 1G,H). Collectively, these results demonstrate that IsoLGs have deleterious
effects on atrial cardiomyocyte mitochondrial function.

3.2. IsoLGs Decrease Mitochondrial Membrane Potential (∆ψm) and Promote Apoptosis

Given these findings, the effect of IsoLGs on ∆ψm was assessed using TMRM, a
membrane potential-dependent fluorescent probe that sequesters in the matrix of function-
ing mitochondria [22], and imaging with live-cell confocal microscopy in atrial HL-1 cells.
MitoTracker®Green FM, which accumulates within mitochondria regardless of mitochondrial
membrane potential, was used to visualize mitochondria, while FCCP, which uncouples
mitochondrial oxidative phosphorylation to collapse ∆ψm, served as a positive control.
IsoLGs caused a concentration-dependent reduction in TMRM fluorescence compared to
control cells (Figure 2A,B), indicative of mitochondrial uncoupling and further evidence of
mitochondrial dysfunction. In parallel experiments, qualitative assessment demonstrated
that IsoLGs also increased atrial myocyte apoptosis (Figure 2C).

3.3. IsoLGs Promote Formation of Intracellular Superoxide and Preamyloid Oligomers

Mitochondria are a major site of ROS generation in cardiomyocytes [23]. To deter-
mine whether IsoLGs could alter the cellular redox status, atrial cells were incubated with
increasing concentrations of IsoLGs, followed by exposure to DHE to visualize cytosolic
O2

•− during live cell confocal microscopy. Interestingly, ROS generation was increased in
IsoLG-treated cells compared to the control cells (Figure 3A), indicating a feed-forward
effect by these mediators. In atrial HL-1 cells, we previously demonstrated that IsoLGs
accelerate protein misfolding of natriuretic peptides to cause the formation of preamyloid
oligomers that produce pro-arrhythmic electrophysiologic and metabolic effects [11,14,20].
Experiments were performed to determine the time course of this effect. As illustrated in
Figure 3B, there was no effect of IsoLG treatment at 15 min of exposure, indicating that,
as expected, oligomer formation was not immediate, but rather a discernible increase in
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oligomers was evident within 30 min. For untreated control cells, there was minimal devel-
opment of preamyloid oligomers over 120 min (Figure S1 in the Supplementary Materials).
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Figure 1. Isolevuglandins (IsoLGs) cause mitochondrial dysfunction in atrial cardiomyocytes.
Mitochondrial stress test showing average oxygen consumption rate (OCR) profile (A) in atrial
HL-1 cells treated with different concentrations of IsoLGs for 2 h compared to control cells. Acute
IsoLG exposure decreased mitochondrial respiratory parameters in a concentration-dependent man-
ner, including maximal respiration (C), spare respiratory capacity (D), and ATP production (E),
with a trend for basal respiration (B). Data represent mean ± SEM from 3 independent exper-
iments; * p < 0.05, ** p < 0.01 vs. control, one-way ANOVA. All OCR values were normal-
ized to the number of Hoechst positive nuclei. (F) Using a luminescence assay, cellular ATP
production was reduced following a 2 h exposure to IsoLGs (n = 4 independent experiments;
* p < 0.05, *** p <0.001 vs. control, one-way ANOVA). (G) Representative Western blot and (H) quanti-
tative analysis of total oxidative phosphorylation (OXPHOS) protein expression is displayed in the
absence and presence of IsoLG exposure to HL-1 cells (n = 3 experiments).

3.4. 2-HOBA Blunts IsoLG-Mediated Mitochondrial Dysfunction

To investigate whether IsoLG-induced mitochondrial dysfunction could be prevented
by the dicarbonyl scavenger 2-HOBA, atrial HL-1 cells were incubated with 2-HOBA or
vehicle prior to IsoLG exposure, followed by an assessment of mitochondrial oxidative
function, ROS generation, and protein peroxidation. Consistent with our previous findings,
IsoLGs tended to suppress basal and maximal respiration, spare respiratory capacity, and
ATP production compared to control cells, although these changes were only statistically
significant for spare respiratory capacity (Figure 4A–E). In addition, there was a largely
nonsignificant trend for 2-HOBA pretreatment to blunt these deleterious effects on mito-
chondrial bioenergetics. Similarly, 2-HOBA reduced IsoLG-mediated ROS generation in
atrial cells (Figure 4F). Protein carbonylation is an additional indicator of ROS-mediated
oxidative damage that can cause cellular dysfunction [24–26]. As expected, protein car-
bonyl content was increased by exposure to IsoLG or H2O2 (positive control; Figure 4G,H),
but this effect was blunted by 2-HOBA. Thus, 2-HOBA tended to reduce ROS generation
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to protect against IsoLG-induced mitochondrial dysfunction and protein modification,
suggesting that the effects of IsoLGs were largely mediated by lipid dicarbonyls.
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Figure 2. IsoLGs decrease mitochondrial membrane potential and promote apoptosis. (A) Repre-
sentative confocal images of atrial HL-1 cells are shown following a 2 h incubation with different
concentrations of IsoLGs, using carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) as
a positive control. Panels represent visualization of mitochondrial membrane potential (tetram-
ethylrhodamine methyl ester [TMRM], top), mitochondrial mass (Mitotracker Green or MTG), and
nuclei (Hoechst), with merged images in the bottom panel (scale bar, 10 µm). (B) High-throughput
content analysis was used to quantify alterations in mitochondrial membrane potential following
IsoLG treatment (n = 4 experiments; * p < 0.05, ** p < 0.01, **** p < 0.0001 vs. control, one-way
ANOVA). (C) Confocal images demonstrate apoptotic nuclei (green in the middle panel, using a
Caspase 3/7 assay) in HL-1 cells after a 2 h exposure to different concentrations of IsoLGs (scale bar,
100 µm). Hoechst staining was used to visualize cellular DNA/nuclei (blue), with merged images at
the bottom.
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preamyloid oligomers (green) in HL-1 cells exposed to IsoLGs (scale bar, 5 µm).
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Figure 4. 2-HOBA effects on IsoLG-mediated mitochondrial dysfunction, O2
•− formation, and

protein carbonyl content. (A) Atrial HL-1 cells were preincubated for 24 h with 2-HOBA (100 µm) or
vehicle prior to IsoLG (1 µm) treatment for 2 h. (A) Average OCR profiles are illustrated in control
cells, and cells treated with IsoLGs in the presence or absence of 2-HOBA. Mitochondrial respiratory
parameters include basal respiration (B), maximal respiration (C), spare respiratory capacity (D), and
ATP production (E). Data represent mean ± SEM from 4 independent experiments. All OCR values
were normalized to the number of Hoechst positive nuclei. (F) Cells were pretreated with 2-HOBA
(100 µm) or vehicle for 24 h prior to IsoLG (1 µm) exposure for 2 h in the absence or presence of
2-HOBA. Cells were stained with DHE to detect O2

•−, followed by live cell imaging (scale bar, 50 µm).
2-HOBA prevented the IsoLG-induced increase in intracellular O2

•−. (G) In parallel experiments,
cells were cultured for an additional 24 h in Claycomb media after IsoLG treatment followed by
harvest, with cell lysates subjected to Western blot analysis to detect protein carbonylation, using
H2O2 (50 µm) as a positive control. (H) Quantification was performed for protein levels in panel (G)
(n = 3 experiments; * p < 0.05, ** p < 0.01 vs. control, one-way ANOVA followed by Tukey’s post
hoc analysis).

3.5. 2-HOBA Protects against IsoLG-Induced Mitochondrial ROS, as well as Disruption of
Mitochondrial Network and Content

To investigate whether IsoLGs increase the production of ROS specifically in the
mitochondria, atrial myocytes were exposed to IsoLGs in the absence or presence of
2-HOBA followed by staining with MitoSOX Red and confocal imaging. Antimycin A,
a complex III inhibitor, was used as a positive control. As illustrated in Figure 5A, cells
treated with IsoLGs alone displayed a marked increase in mitochondrial ROS generation.
However, this effect was significantly blunted by pretreatment with 2-HOBA, indicating an
effect to scavenge mitochondrial IsoLGs.

To further investigate the protective effects of 2-HOBA on IsoLG-induced mitochon-
drial dysfunction, we evaluated common biomarkers of mitochondrial network and content,
as well as mtDNA. Following preincubation in the absence or presence of 2-HOBA, atrial
HL-1 cells were exposed to IsoLGs and immunostained with the mitochondria structural
marker TOMM20, with H2O2 as a positive control. By confocal microscopy, control cells
demonstrated normal mitochondria content and distribution, characterized by an evenly
distributed network radiating from the nucleus (Figure 5B). In IsoLG-treated cells, mito-
chondria number and network structure were diminished compared to control cells, and
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this damage was reduced by pretreatment with 2-HOBA. As expected, cells treated with
H2O2 demonstrated nearly complete loss of mitochondrial staining indicative of organelle
loss, with smaller and more brightly staining nuclei, reflecting apoptosis.
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Figure 5. 2-Hydroxybenzylamine (2-HOBA) protects against IsoLG-induced mitochondrial O2
•−

generation and disruption of mitochondrial network and content. Atrial HL-1 cells were pretreated
with 2-HOBA (100 µm) or vehicle (control) for 24 h prior to IsoLG (1µm) exposure for 2 h in the
absence or presence of 2-HOBA. Cells were then stained with MitoSOX Red ((A), antimycin A
was a positive control; scale bar, 20 µm) or, following an additional 24 h of culture in Claycomb
media, with TOMM20 ((B), H2O2 was a positive control; scale bar, 10 µm). In (B), the arrows in the
middle panels point to cells highlighted in the inset images shown in the lower panel. In parallel
experiments, the cells were harvested 2 h after IsoLG treatment in the absence or presence of 2-HOBA,
with mitochondrial DNA (mtDNA) or total RNA extracted and subjected to qPCR or qRT-PCR to
determine mtDNA content ((C), * p < 0.05, ** p < 0.01 vs. control, one-way ANOVA followed by
Tukey’s post hoc analysis), expression of Ndusf4 mRNA ((E), * p < 0.05, ns is nonsignificant vs. control,
one-way ANOVA followed by Tukey’s post hoc analysis), or expression of multiple genes related to
mitochondrial biogenesis or antioxidant capacity (D,F).

Mitochondrial DNA damage caused by oxidative stress is implicated in the pathophysi-
ology of various cardiovascular diseases including atrial fibrillation and heart failure [27–30].
To investigate whether IsoLGs can cause this abnormality, mtDNA was quantified using
qPCR. Figure 5C demonstrates a reduction in mtDNA in IsoLG-treated cells, and this was
prevented by pretreatment with 2-HOBA. Finally, IsoLG exposure caused a significant
decrease in the mRNA expression of Ndusf4, a component of Complex I of the mitochon-
drial electron transport chain (Figure 5E), corroborating our previous findings regarding
mitochondrial function. There was a trending but nonsignificant effect of 2-HOBA in
preventing this effect. On the other hand, there were no significant effects of IsoLGs on
the expression of other genes associated with mitochondrial biogenesis and antioxidant
capacity (Figure 5D,F). Collectively, these results indicate that 2-HOBA protects against
IsoLG-mediated mitochondrial structural dysfunction.
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3.6. IsoLGs Promote Pro-Arrhythmic Electrophysiologic Effects in Murine Atrial Myocytes and
Atrial HL-1 Cells

Previous studies have demonstrated that IsoLGs can modulate at least some cardiac
ionic currents, including the voltage-gated Na+ current as well as the K+ current from
rapidly activating delayed rectifier channels IKr (absent in the mouse atrium) [10]. Accord-
ingly, we investigated whether IsoLGs could modify action potentials (APs) in single mouse
atrial myocytes. As illustrated by representative examples in Figure 6A and summary
data in Figure 6B and Table S1, IsoLGs caused a reduction in both AP duration (APD at
90% repolarization, or APD90) and the maximum rate of rise of phase 0 (Vmax), as well as
elevation of the resting membrane potential (RMP). Moreover, these effects were rapid,
beginning immediately upon bath exposure and typically reaching a steady state within
10–15 min. Such changes are predicted to be pro-arrhythmic, as shortened repolarization
and slowed conduction promote the development of re-entrant circuits. Similar results
were seen in atrial HL-1 cells (Table S2). These deleterious effects on atrial action potentials
were prevented when cells were initially preincubated in 2-HOBA prior to IsoLG exposure
(Figure S2, Tables S3 and S4).
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Figure 6. IsoLGs modulate atrial action potentials in a pro-arrhythmic manner. (A) Representative
examples of mouse atrial action potentials stimulated at 1 Hz are illustrated before (Control) and
following bath exposure to IsoLG 500 nM. The red dashed line is the resting membrane potential
under control conditions and the black dashed line represents 0 mV. Control values are shown for
resting membrane potential (RMP) and the action potential (AP) overshoot. AP amplitude was
126 and 124 mV for control and IsoLG APs, respectively. (B) Summary data demonstrate that IsoLG
exposure causes abbreviation of action potential duration at 90% repolarization (APD90; center)
and a reduction in the maximum rate of rise of phase 0 (Vmax; right) compared to control (CTL),
as well as elevation of the resting membrane potential (RMP, left); n = 21; *** p < 0.001, Wilcoxon
signed-rank test.
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3.7. IsoLGs Reduce Inward Na+ and Ca2+ Currents and Increase Outward K+ Currents

Voltage clamp experiments were performed to investigate the mechanistic basis of
the observed IsoLG-mediated AP changes. As reported previously [31], IsoLG exposure
suppressed cardiac Na+ current, with a shift in channel inactivation to more negative
potentials (Figure 7A, Table S6). In addition, we observed a small depolarizing shift in
channel activation that was not previously noted (Figure 7A; Table S5). Similarly, IsoLGs
caused a reduction in the L-type Ca2+ current, with a rightward shift in channel activation
(Figure 7B, Tables S5 and S6). On the other hand, both Isus and the transient outward
K+ current were increased in response to IsoLG exposure, with negative shifts in channel
activation (Figure 7C,D, Tables S5 and S6). As observed for AP changes, these effects
occurred rapidly upon IsoLG exposure with a similar time course. A reduced Na+ current
would explain the decrease in Vmax, while a reduction in ICa,L, as well as increases in Isus
and ITo, would shorten APD to account for these effects on the cardiac AP.
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Figure 7. Amplitude and gating are altered for multiple ionic currents with IsoLG exposure. (A) Rep-
resentative families of Na+ currents are illustrated before and after bath application of IsoLG 500 nM
using the voltage clamp protocol shown in the inset (top). Summary data are illustrated for the peak
current-voltage relationship (left) and curves representing the voltage dependence of normalized
channel inactivation (left) and the normalized conductance (G)-voltage plot, or voltage dependence
of activation (right) in the absence (black) and presence (red) of IsoLG exposure (p values vs. control;
n is shown on the Figure; Wilcoxon signed-rank test for peak current amplitude and curve midpoints
[V1/2]). Similar data are shown for L-type Ca2+ current (B), with associated current-voltage relation-
ship and activation curves; sustained outward K+ current Isus (C) with current-voltage relationships
for steady-state and tail currents; and the transient outward K+ current ITo (D) with its current-voltage
relationship and activation curves.
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4. Discussion

In this study, we have identified IsoLGs as novel effectors of oxidative stress-mediated
atrial cell dysfunction, characterized by mitochondrial and electrophysiologic alterations
that are potentially pro-arrhythmic. In addition, our results demonstrate two distinct
mechanisms by which these detrimental effects occur. First, IsoLGs interact with and
directly modify cardiomyocyte proteins, best illustrated by their rapid effects on ion channel
function at the plasma membrane. Second, IsoLGs promote the generation of cytotoxic
protein oligomers, which themselves have also been shown to cause electrophysiologic and
bioenergetic dysfunction in atrial cardiomyocytes [14]. Interestingly, we also found that
IsoLGs promote additional cellular ROS production, leading to a detrimental feed-forward
effect. Importantly, the pro-arrhythmic effects of IsoLGs on atrial cardiomyocytes were
ameliorated by pretreatment with 2-HOBA, an IsoLG scavenger. Taken together, our data
indicate that targeting IsoLGs to reduce the generation of IsoLG-protein adducts in the
atria represents a novel therapeutic approach to the prevention of AF.

Multiple lines of evidence have implicated inflammation and excessive ROS production
in AF risk factors such as hypertension, as well as the pathogenesis of AF itself [11,32–37].
However, results from experimental and clinical studies using antioxidant therapies to
prevent AF have been disappointing [38], possibly due to ineffective dosing, or the im-
pairment of host defenses and/or disruption of physiologic ROS signaling. Emerging
evidence indicates that ROS-mediated lipid peroxidation, resulting in the formation of
dicarbonyl compounds such as IsoLGs, plays an important role in the pathogenesis of many
human diseases, including cardiovascular disorders [10]. IsoLGs are the most reactive
lipid dicarbonyl products identified to date, and they rapidly adduct to primary amines,
including lysyl residues of proteins, to form irreversible covalent modifications [39,40].
Preclinical studies using IsoLG scavengers such as 2-HOBA have demonstrated benefits
in atherosclerosis [12], hypertension [11], and heart failure [41]. Moreover, we recently
found that 2-HOBA prevented electrical remodeling and AF susceptibility in a murine
model of hypertension [11,14], suggesting that IsoLGs along with preamyloid oligomers
likely participate in pro-arrhythmic, hypertension-mediated atrial remodeling. Importantly,
scavengers of these mediators differ mechanistically from contemporary antioxidants, as
they do not target ROS generation and therefore are more likely to preserve physiologic
ROS signaling.

It is well-recognized that electrophysiologic remodeling can initiate and/or perpetuate
AF. In mouse atrial myocytes, IsoLGs caused a reduction in APD and Vmax, both of which
would promote re-entry. In our electrophysiologic experiments, modulation of action
potentials and ionic currents developed rapidly upon IsoLG exposure, typically reaching a
steady state within 15 min, supporting a direct effect on cardiac ion channel proteins. This
is consistent with previous studies exploring the role of the Nav1.5 channel in ischemic
ventricular arrhythmias arising from the canine myocardial infarct border zone, where
IsoLGs accumulate [31]. Using heterologously expressed human Nav1.5 channels and atrial
HL-1 cells, the oxidant tert-butyl-hydroperoxide or IsoLG caused a reduction in Na+ current
accompanied by a leftward shift in channel availability, and these effects were prevented
by 2-HOBA. Using click chemistry, it was demonstrated that these changes were associated
with direct lipoxidative modification of the Na+ channel protein [42]. In addition, IsoLGs
have also been shown to oxidatively modify human HDL cholesterol to cause dysfunction,
while 2-HOBA has been shown to attenuate atherosclerosis in murine models [12].

In addition to electrophysiologic derangements, there is increasing evidence that mito-
chondrial dysfunction participates in the pathophysiology of AF. Atrial tissue from patients
with AF demonstrates impaired mitochondrial respiration, mtDNA deletions, disturbances
in the atrial transcriptome for OXPHOS-related gene expression, and abundant evidence of
increased ROS [5,6,33,43]. Subcellular anatomy is critical for optimal mitochondrial func-
tion, as the close physical relationship of the mitochondria and SR is essential for effective
mitochondrial Ca2+ buffering. Interestingly, the atria of AF patients have displayed disrup-
tion of this mitochondrial network [4,6]. Our results in atrial cardiomyocytes indicate that
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IsoLGs impaired mitochondrial respiration, reduced mitochondrial membrane potential,
and disturbed the mitochondrial network structure. These results corroborate previous
findings that IsoLGs alter mitochondrial respiration and membrane potential [44]. In addi-
tion, IsoLGs increased cytoplasmic and mitochondrial oxidative stress, findings consistent
with the concept of a feed-forward generation mechanism by IsoLGs [45]. A potential
explanation for this phenomenon is that the collapse of ∆ψm would shunt NADH/NADPH
towards restoration of this gradient at the expense of ROS scavenging, leading to an in-
crease in mitochondrial ROS production [9]. Our data are also consistent with a previous
report demonstrating that acute IsoLG exposure inhibits mitochondrial respiration and
attenuates Complex I activity in isolated murine kidney mitochondria [21]. Moreover,
we found that IsoLG treatment decreased expression of the complex I subunit Ndufs4 in
atrial cardiomyocytes, which was prevented by 2-HOBA. Complex I is the largest of the
mitochondrial ETC complexes and a major source of ROS. Previously, it was shown that
cardiac-specific Ndufs4-null mice developed cardiomyopathy with a significant decrease
in cardiac complex I activity, while Ndufs4 knockout also demonstrated reduced complex
I- driven oxygen consumption [46], indicating a vital role of Ndufs4 in maintaining complex
I activity.

While IsoLGs promote multiple effects reflecting mitochondrial dysfunction in atrial
cardiomyocytes, we provide the first experimental evidence indicating they can promote a
reduction in mtDNA and mitochondrial mass, characterized by a decrease in the mtDNA
to nuclear DNA ratio and reduced TOMM20 staining. Prior studies have implicated the
presence of mtDNA damage due to excessive ROS generation in other cardiac pathologies,
including ischemia-reperfusion injury and heart failure, as well as AF [47–50]. Notably,
oxidative injury-induced cardiac mtDNA damage was increased in the atria of patients
with AF [30], while mitochondria DNA copy number was inversely associated with the
risk of AF in human subjects [51]. In our model, it is likely that the increased mitochondrial
ROS generated by IsoLGs contributes to the reduction of mtDNA content.

Because natriuretic peptide-derived atrial amyloid and a mutation in NPPA encoding
atrial natriuretic peptide (ANP) are both associated with AF, we previously investigated
the effects of natriuretic peptide preamyloid oligomers on atrial cell function. Interestingly,
oligomer-mediated electrophysiologic and metabolic effects were reminiscent of those of
IsoLGs, and IsoLGs have been shown to accelerate oligomer formation. Thus, it is likely
that indirect effects of oligomer production account for at least some of the detrimental
effects of IsoLGs, in particular metabolic effects. However, given that it takes at least 30 min
for oligomers to form with IsoLG exposure, they cannot mediate the rapid effects on ion
channel function that we observed.

The limitation of this investigation is the use of atrial HL-1 cells for the bioenergetic
studies that were performed. However, it is well-recognized that collagenase digestion
causes cardiomyocyte injury leading to decreased viability over time, especially for atrial
myocytes. Based on this consideration, we and other investigators have utilized atrial HL-1
cells for such studies based on their preserved bioenergetic capacity [52].

In conclusion, our findings indicate that highly reactive IsoLGs alter atrial cell electro-
physiology and mitochondrial function in a pro-arrhythmic manner, thus representing a
significant component of oxidative stress-mediated atrial cell injury. Pharmacologic efforts
to target these and other lipid dicarbonyls represent a novel and promising therapeutic
approach to prevent detrimental atrial remodeling and AF susceptibility.
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