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ABSTRACT 30 

Obesity is linked to an increased risk of atrial fibrillation (AF) via increased oxidative stress. While 31 

NADPH oxidase II (NOX2), a major source of oxidative stress and reactive oxygen species (ROS) 32 

in the heart predisposes to AF, the underlying mechanisms remain unclear. Here, we studied 33 

NOX2-mediated ROS production in obesity-mediated AF using Nox2-knock-out (KO) mice and 34 

mature human induced pluripotent stem cell-derived atrial cardiomyocytes (hiPSC-aCMs). Diet-35 

induced obesity (DIO) mice and hiPSC-aCMs treated with palmitic acid (PA) were infused with a 36 

NOX blocker (apocynin) and a NOX2-specific inhibitor, respectively. We showed that NOX2 37 

inhibition normalized atrial action potential duration and abrogated obesity-mediated ion channel 38 

remodeling with reduced AF burden. Unbiased transcriptomics analysis revealed that NOX2 39 

mediates atrial remodeling in obesity-mediated AF in DIO mice, PA-treated hiPSC-aCMs, and 40 

human atrial tissue from obese individuals by upregulation of paired-like homeodomain 41 

transcription factor 2 (PITX2). Furthermore, hiPSC-aCMs treated with hydrogen peroxide, a NOX2 42 

surrogate, displayed increased PITX2 expression, establishing a mechanistic link between 43 

increased NOX2-mediated ROS production and modulation of PITX2. Our findings offer insights 44 

into possible mechanisms through which obesity triggers AF and support NOX2 inhibition as a 45 

potential novel prophylactic or adjunctive therapy for patients with obesity-mediated AF. 46 

47 

48 
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Introduction 51 

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, is associated with an 52 

increased risk of stroke, heart failure, and death (1). Increasingly, population-based data has 53 

identified obesity (body mass index [BMI] ≥30 kg/m2) as an independent risk factor for AF (2-4). 54 

Human and animal studies show that obesity-induced atrial remodeling creates a pro-fibrillatory 55 

substrate for AF (4-8). In diet-induced obese (DIO) mice fed a high fat diet (HFD), increased AF 56 

burden was seen to be mediated by both atrial structural and electrical remodeling (9). 57 

Importantly, the atria of DIO mice exhibited reduced cardiac sodium (INa) and calcium currents 58 

(ICa,L), while there was enhanced ultra-rapid delayed rectifier current (IKur) and increased fibrosis, 59 

leading to a shortening of the atrial action potential duration (APD) and reduced conduction 60 

velocity (CV) (9). However, the molecular mechanisms by which obesity mediates AF remain 61 

poorly understood.62 

Oxidative stress and the generation of reactive oxygen species (ROS) play a key role in 63 

mediating obesity-induced atrial remodeling and the development of AF (10).Increased lipolysis 64 

and the consequent increase in the exposure of myocardial tissue to fatty acids (FA) result in 65 

oxidative injury and inflammation in obese hearts (10-12). The primary sources of ROS production 66 

are NADPH oxidase (NOX), mitochondria, xanthine oxidase, cytochrome c oxidase, and nitric 67 

oxide synthase (13). Recently, NOX2 has emerged as a key player in the pathophysiology of AF 68 

with several findings linking the onset of AF to NOX2 upregulation (12-18). Studies have also 69 

shown that Nox2 upregulation drives angiotensin II-induced cardiac hypertrophy and fibrosis and 70 

ROS production (16). NOX2 is also a critical mediator of AF pathophysiology through its 71 

modulation of acetylcholine-activated inward-rectifying potassium current (IKACh) via protein kinase 72 

C (PKC)-ε translocation to the cell membrane and NOX2 knockdown reduces the onset of AF in 73 

canines (16-18). In DIO mice, increased oxidative stress is specific to both mitochondria and 74 

cytoplasm and MitoTEMPO, a mitochondrial antioxidant, has been shown to reduce structural 75 
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remodeling and AF burden (9). However, the signaling pathways and mechanisms linking 76 

oxidative stress and atrial ion channel and structural remodeling remain unclear. 77 

Most clinical trials using antioxidant therapy to treat AF have failed to show clinical benefit, in 78 

part because generic antioxidants such as vitamin C and MitoTEMPO target non-specific 79 

pathways of ROS production (20-21). Moreover, regardless of the source, ROS generates more 80 

ROS in the same way AF begets AF and facilitates the progression of AF from paroxysmal to 81 

persistent forms (10, 12-13).  Thus, the identification and targeting of specific pathways involved 82 

in ROS production, such as NOX2, may not only prevent AF but also its progression in obesity-83 

mediated AF. 84 

Human induced pluripotent stem cell-derived atrial cardiomyocytes (hiPSC-aCMs) possess 85 

the complex array of ion channels that make up the atrial AP and closely mimic the electrical, 86 

structural, and metabolic features of human atrial tissue (HAT), thus, holding great promise for 87 

modeling AF (22-25). The most abundant FA found in obese individuals, palmitic acid (PA), 88 

increases the expression of NOX2 and the production of mitochondrial ROS in cardiomyocytes 89 

(10-12). This can lead to mitochondrial abnormalities and altered calcium homeostasis, and 90 

contribute to the development of AF in obesity (12). Thus, treating hiPSC-aCMs with PA creates 91 

an extracellular milieu that resembles obese human atria. 92 

Altered expression of the paired-like homeodomain transcription factor 2 (PITX2), which has 93 

been associated with the chromosome 4q25 locus in AF patients, results in abnormal atrial 94 

electrical properties in both humans and mice, highlighting its significance in the pathophysiology 95 

of AF (26). Investigating the pro-arrhythmic effects of PITX2-induced electrical remodeling is a 96 

crucial step towards understanding and treating AF (26-27). However, the specific role of PITX2 97 

in obesity-mediated AF and increase in NOX2 remains unclear. Considering the link between 98 

NOX2 and atrial remodeling, we hypothesized that NOX2 drives oxidative stress and ROS, 99 

resulting in atrial channel and structure changes via modulation of PITX2 in obesity-mediated 100 

AF(15-19).  To test this, we used a Nox2-knock-out mouse model and PA-treated hiPSC-aCMs 101 
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treated with apocynin (NOX blocker) (28-29)  and GSK-2795039 (NOX2 inhibitor) (30). 102 

Collectively, both genetic and pharmacological inhibition of NOX2 in obese mice and PA-treated 103 

hiPSC-aCMs abrogate ion channel and structural remodeling and prevent obesity-mediated AF 104 

in part by transcriptional regulation of PITX2. 105 

106 

RESULTS 107 

NOX2 is increased in atrial tissue of obese individuals: As NOX2 protein is increased in 108 

obesity-mediated AF in DIO mice,9 we examined NOX2 levels in human atrial tissue of obese 109 

individuals with real-time qPCR. Individuals were grouped into lean (BMI 18.5 to 25 kg/m2), 110 

overweight (BMI 25 to <30 kg/m2), and obese (BMI >30.0 kg/m2). BMI was the only key 111 

differentiator that was significantly changed in the overweight and obese groups compared to 112 

lean. Notably, other clinical parameters such as age, ejection fraction, left atrial size, and 113 

prevalence of conditions like diabetes mellitus, hypertension, coronary artery disease, and 114 

congestive heart failure did not exhibit statistically  differences across the groups (Supplementary 115 

Table S1). We observed increased mRNA expression of human atrial NOX2 in individuals with 116 

BMI>30 kg/m2 (Figure 1A). While there was no significant change in NOX2 expression among 117 

overweight individuals, obese individuals displayed more than a two-fold increase in atrial NOX2 118 

expression as compared with lean individuals (Figure 1B). 119 

We then evaluated the expression of cardiac ion channels and structural genes. Though not 120 

statistically significant, obese individuals displayed a marked increase in the mRNA expression 121 

of KCNA5 compared to lean individuals (Supplementary Figure 1A). Overweight and obese 122 

individuals also displayed a decrease in the mRNA expression of GJA5, which encodes connexin-123 

40 of which the decrease in overweight patients was statistically significant (Supplementary 124 

Figure 1B). In contrast, SCN5A encoding INa was not significantly changed compared to lean 125 

individuals. (Supplementary Figure 1C) CACNA1C encoding ICa,L showed a markedncrease in 126 

obese individuals as compared to lean individuals (Supplementary Figure 1D). 127 
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NOX2 inhibition prevents obesity-mediated AF: Given the association between NOX2 and 128 

atrial ion channel remodeling in obesity-mediated human AF, we investigated whether genetic 129 

knock out of NOX2 or pharmacological inhibition would reduce AF burden in an animal model of 130 

obesity (diet-induced obesity or DIO). We fed control (C57BL6J, DIO) and Nox2-KO male mice a 131 

60% HFD for 10 weeks. Female mice were omitted from the study due to their heightened 132 

resistance to the obesogenic effects of HFD. Only obese mice that weighed >33g were included 133 

in the study. Some DIO mice were given a pharmacological NOX2 inhibitor, apocynin, in the 134 

drinking water (2 mg/mL; DIO-Apocynin).28-29 We then assessed AF incidence and burden using 135 

transesophageal atrial burst pacing as we previously described.9 DIO, DIO Nox2-KO, and DIO-136 

Apocynin mice increased their weight compared to lean controls and Nox2-KO mice fed with the 137 

control diet (Figure 1C). The average weights of DIO, DIO-Apocynin, and DIO Nox2-KO mice 138 

were substantially increased compared to control, and Nox2-KO mice (39.6 ± 6.1g, 43.4 ± 8.1g, 139 

and 40.2 ± 4.8g respectively vs 31.7 ± 1.2g, and 24.9 ± 2.2g respectively) (Figure 1D). In our 140 

study, following transesophageal (TE) atrial pacing, we observed that both DIO Nox2-KO and 141 

DIO-Apocynin mice had a marked reduced AF burden compared to DIO mice. DIO Nox2-KO mice 142 

and DIO-Apocynin mice had 17.4 ± 31.8s and 28.3 ± 25.4s of AF compared to 167.3 ± 168.9s in 143 

DIO mice respectively (Figure 1E-F). Compared to the DIO mice, DIO Nox2-KO mice showed a 144 

significant reduction in AF incidence (% of mice that displayed AF/ total number of mice) 145 

compared to DIO-Apocynin mice (Supplementary Figure 1E). Collectively, our data shows that 146 

both genetic and pharmacological inhibition of NOX2 expression prevents pacing-induced AF in 147 

DIO mice. 148 

Genetic suppression of Nox2 reverses obesity-mediated AF by normalizing atrial APD: To 149 

assess electrophysiologic (EP) impact of Nox2 deletion, we employed whole-cell cell patch 150 

clamping in freshly isolated atrial cardiomyocytes pooled from both LA and RA from control, DIO, 151 

Nox2-KO, and DIO Nox2-KO mice. First, DIO Nox2-KO mice displayed a prolonged atrial AP 152 

compared to DIO mice with substantial normalization of the APD20, APD50, and APD90 153 
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(P<0.05; Figure 2A-B, Supplementary Figure 2A-B). Second, both AP amplitude (APAmax) and 154 

the upstroke velocity (dV/dTmax) were significantly increased in DIO Nox2-KO mice compared to 155 

DIO mice (P<0.05; Figure 2C, Supplementary Figure 2B). Third, the atrial AP of DIO Nox2-KO 156 

mice closely resembled that of control and Nox2-KO mice and there were no changes in the 157 

APD20, APD50, APD90, APAmax, and dV/dTmax between the three groups (Figure 2A-D, 158 

Supplementary Figure 2A, B, D). There were no changes to the resting membrane potential 159 

(RMP) across the four groups of mice (Supplementary Figure 2C). 160 

DIO Nox2-KO mice restore APD by modulating INa and Iks: Inducible AF in obese mice is 161 

mediated in part by ion channel remodeling of both INa and IKs (9). To determine if NOX2 protein 162 

inhibition restores atrial INa, we performed whole-cell voltage patch clamping in all four groups of 163 

mice. DIO Nox2-KO mice showed a significant increase in peak INa density when compared to 164 

DIO mice (Supplementary Figure S3A–C) with the restoration of INa densities at all test potentials 165 

similar to control and Nox2-KO mice (Figure 2E-F). There was also increased protein expression 166 

of Nav1.5 in DIO Nox2-KO and DIO-Apocynin mice compared to DIO mice (Supplementary 167 

Figure 3D-F). Nox2 increase leads to increased protein levels of PKC isoforms (31-32). Increased 168 

PKC-δ activity reduces overall NaV1.5 expression and decreases INa (31-32). We performed 169 

Western blots on control, DIO, Nox2-KO, and DIO-Nox2-KO mice and showed that knockout of 170 

Nox2 reversed the obesity-induced increased protein level expression of PKC- and PKC- δ 171 

isoforms (Supplementary Figure 3G-H) 172 

Voltage clamping studies revealed that increased total IK in DIO mice is reduced significantly 173 

in DIO Nox2-KO mice (Supplementary Figure 4A). Using HMR-1556 to quantify IKs indicated 174 

that NOX2 inhibition abrogates obesity-induced IKs in DIO Nox2-KO (Figure 2I). IKs densities at 175 

30 mV and 50 mV were substantially reduced in DIO Nox2-KO mice versus DIO mice (Figure 2I-176 

J). We then evaluated the mRNA and protein levels of several genes encoding the α- and β-177 

subunits of the potassium channels with roles in AP repolarization. DIO Nox2-KO mice displayed 178 

decreased Kv7.1 and MinK protein expression compared to DIO mice, however, Kv1.5, another 179 
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major potassium channel involved in AF, remained unchanged (Supplementary Figure 4C-4E). 180 

DIO Nox2-KO mice showed reduced mRNA expression of Kcnq1 and Kcne1 which encodes for 181 

IKs and Kcna5 which encodes for IKur (Supplementary Figure 4B). Lastly, gene and protein 182 

expression of Kcnj3, encoding the inward rectifying potassium channel Kir3.1 and forms a part of 183 

the acetylcholine-activated potassium channel (IKACh), is significantly reduced in DIO Nox2-KO 184 

mice as compared to DIO mice (Supplementary Figure 4B, 4G). We previously showed that 185 

increased atrial natriuretic peptide (ANP) activity modulates IKs in hiPSC-aCMs harboring an 186 

NPPA mutation (23, 33). mRNA expression and protein expression of ANP was markedly 187 

increased in DIO mice as compared to controls, but the increase was abrogated in DIO Nox2-KO 188 

mice (Supplementary Figure 4B, 4G). 189 

NOX2 inhibition improves contractility in DIO mice and PA-hiPSC-aCMs: Reduction of the 190 

density of the ICa,L, which is generated by channels composed of Cav1.2 (encoded by CACNA1C), 191 

β2 (CACNB2), and α2δ (CACNA2D) subunits, is a hallmark of the atrial electrical remodeling in 192 

DIO mice (9). The reduction in ICa,L induces a reduction in calcium release from the sarcoplasmic 193 

reticulum (SR) and reduced overall atrial contractility. To further evaluate this change, we used 194 

voltage clamping studies on pooled mouse atrial cardiomyocytes  to measure ICa,L along with 195 

calcium transient measurements using fluorescent calcium dye Fura-2 in DIO Nox2-KO mice 196 

(Figure 2G-H, 3A-H). ICa, L reduction in DIO mice was markedly reversed in DIO Nox2-KO mice 197 

(Figure 2G-H). We also observed a reduction of intracellular Ca2+ ([Ca2+]i) in DIO atrial cells which 198 

was reversed in DIO Nox2-KO atrial cells, thus, highlighting an increased magnitude of calcium 199 

release from the SR in DIO Nox2-KO mice (Figure 3E). DIO atrial cells also showed a substantial 200 

decrease in sarcomeric cell shortening, a measure of atrial contractility, compared to control and 201 

DIO Nox2-KO atrial cells (Figure 3F). There were no statistical differences in the time to peak 202 

and relaxation time between the four groups (Figure 3C, D, G, H) 203 

NOX2 inhibition in PA-treated-hiPSC-aCMs using NOX2 small molecule inhibitor reverses 204 

obesity-induced ion channel remodeling:  Retinoic acid (RA) was used specifically to induce 205 



Page 9 

hIPSC-aCM differentiation from hiPSCs. Flow cytometry revealed a significant increase in the 206 

percentage of cells expressing Kv1.5 in RA-treated cells compared to dimethyl sulfoxide (DMSO)-207 

treated cells whilst there was a decrease in the percentage of cells expressing MLC2v, a 208 

ventricular marker (Supplementary Figure 11A-D). We used mature hiPSC-aCMs treated with 209 

PA and a NOX2 small molecule inhibitor, GSK-2795039 (20M dissolved in DMSO, PA-GSK-210 

hiPSC-aCMs), and oleic acid (OA, at 0.5 M)  for 5 days to study the effects of NOX2 in mediating 211 

FA-induced atrial remodeling.  Optical voltage mapping experiments on PA-GSK-hiPSC-aCMs 212 

showed similar results to DIO Nox2-KO mice with a reversal in shortened AP in PA-GSK-hiPSC-213 

aCMs compared to PA-hiPSC-aCMs at the 10,50, and 90% repolarization (Figure 4A-D). Similar 214 

to DIO mice, hiPSC-aCMs treated with PA also display increased IKs and total IK, which was 215 

reversed in PA-GSK-hiPSC-aCMs (Figure 4E-F). Whole cell patch clamping studies revealed 216 

that chronic PA treatment shortened APD at 20, 50, and 90% repolarization whilst OA treatment 217 

markedly prolonged APD50 and increased the maximum upstroke velocity (Supplementary 218 

Figure S7A-E). PA-hiPSC-aCMs in contrast to Bovine Serum Albumin (BSA)-hiPSC-aCMs 219 

showed a marked reduction in the maximum upstroke velocity and maximum amplitude of the AP 220 

(APAmax) (Supplementary Figure S7E-F).  Moreover, PA-hiPSC-aCMs also showed decreased 221 

INa and ICa,L densities in control hiPSC-aCMs which was reversed in PA-GSK-hiPSC-aCMs 222 

(Figure 4G-J). Thus, our results suggest that genetic deletion and pharmacological inhibition of 223 

NOX2 abrogates atrial APD shortening mediated by obesity and rescues obesity-induced AF in 224 

both DIO Nox2-KO mice and PA-GSK-hiPSC-aCMs. 225 

Echocardiographic analyses show that DIO mice display  increased LA size compared to 226 

control mice (Supplementary Figure 5A, C; Supplementary Table S2). While DIO mice showed 227 

both LA and right atrial (RA) enlargement compared to controls, only LA size was abrogated in 228 

DIO Nox2-KO mice (Supplementary Figure 5C). There was no notable difference in the right 229 

ventricular (RV) area between the 4 groups of mice.  Other echocardiographic parameters such 230 
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as the left ventricular ejection fraction (LVEF), fractional shortening (FS), pulse wave ratio 231 

between active and passive ventricle filling (A’/E’), cardiac output (CO), LV posterior wall diameter 232 

(LVPW) 233 

were unchanged across the 4 groups of mice (Supplementary Figure 5B, D-E, Table S2). 234 

NOX2 inhibition prevents obesity-mediated atrial fibrosis and increases atrial CV: To study 235 

changes in conduction, epicardial multielectrode array (MEA) mapping of both atria and the left 236 

ventricle was performed in isolated Langendorff‐perfused beating hearts from all four mouse 237 

groups. The CVs were reduced in both atria and the left ventricle in DIO, Nox2-KO, and DIO 238 

Nox2-KO mice compared to controls. However, DIO Nox2-KO mice showed improved  left and 239 

right atrial and left ventricular CV compared to DIO mice (Figure 5A-D, Supplementary Figure 240 

6B-C). The isochronal maps also illustrate a pattern consistent with improved CV in both atria of 241 

DIO Nox2-KO mice compared to DIO mice (Figure 5A-D). We then determined if NOX2 inhibition 242 

reduces obesity-induced atrial fibrosis by using picosirius red and Masson’s trichrome staining on 243 

histological sections from control, DIO, and DIO-Nox2-KO mice. LA and RAsections from DIO 244 

mice showed  increased fibrosis compared to both control and DIO Nox2-KO mice (Figure 5E-245 

H). However, there were no differences in fibrosis in the ventricular slices of all four  mouse groups 246 

(Supplementary Figure 7A). 247 

Nox2 inhibition reduces ROS production in both DIO mice and PA-hiPSC-aCMs: Utilizing 248 

H2DCFDA staining, a well-established technique for both visualizing and quantifying cytosolic 249 

ROS (61, 63-65), we assessed ROS levels in control, DIO mice, Nox2-KO mice, DIO Nox2-KO 250 

atrial myocytes (pooled LA and RA cardiomyocytes) , and BSA, PA, and PA-GSK-hiPSC-aCMs 251 

(Figure 6A-F). Measurements were taken at baseline and after 12 minutes of staining. Substantial 252 

elevations in ROS levels were observed in DIO mice from baseline, distinct from control, Nox2-253 

KO, and DIO Nox2-KO mice atrial myocytes. This increase continued progressively over 12 254 

minutes; a trend exclusive to the DIO group (Figure 6B-C). Similarly, PA-treated hiPSC-aCMs 255 
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showed increased ROS levels from the start with a marked rise noted over the 12-minute period,256 

compared to the BSA and PA-GSK-hiPSC-aCMs (Figure 6E-F). 257 

Global proteomics and pathway enrichment analysis: To identify the potential pathways 258 

involved in obesity-mediated AF, we performed proteomic profiling of pooled LA and RA protein 259 

lysates from control, DIO, and DIO Nox2-KO mice using a Q Exactive HF mass spectrometer 260 

coupled with an UltiMate 3000 RSLC nanosystem with a Nanospray Frex Ion Source (Thermo 261 

Fisher Scientific). The total number of identified proteins across the three groups was 3370 262 

proteins, of which primarily cardiac related genes were focused (Supplementary Figure 8A-D). 263 

Contractile proteins such as Myl3, Ace, TnnI2, and TnnI3k were seen to be downregulated in DIO 264 

atria in comparision to both control and DIO Nox2-KO mouse atria (Supplementary Figure 8A-265 

B). In comparison, proteins involved in fatty acid metabolism such as Cpt1a, Fabp4, and Acsl5 266 

were upregulated in DIO mouse atria compared to control and DIO Nox2-KO mouse atria 267 

(Supplementary Figure 8A-B). The number of differentially regulated proteins (log 2-fold change 268 

± 0.5) in the DIO versus control comparison were 41 of which 33 were upregulated and 8 269 

downregulated (Supplementary Figure 8C). In the DIO-Nox2-KO mice compared to DIO mice, 270 

7 were upregulated and 48 downregulated (Supplementary Figure 8D). 271 

To identify the signaling pathways that modulate Nox2-mediated atrial remodeling in DIO and 272 

DIO-Nox2-KO mice, we used Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 273 

enrichment analysis. Major common downregulated pathways that were enriched in both the DIO 274 

versus control and DIO versus DIO-Nox2-KO mice included the cardiac muscle contraction 275 

pathway (hsa04260), the dilated cardiomyopathy pathway (hsa05414), and the hypertrophic 276 

cardiomyopathy pathway (hsa05410) (Supplementary Figure 8E-F). In contrast, pathways that 277 

regulate increased FA metabolism and FA digestion and absorption were the commonly 278 

implicated upregulated pathways (Supplementary Figure 8G-H). In total, 22 pathways were 279 

commonly downregulated, and 6 pathways were upregulated (Supplementary Figure 8I-J). We 280 

further validated three major pathways with Western blot: cardiac muscle contraction pathway 281 
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(hsa04260), FA metabolism pathway (hsa0061), and oxidative phosphorylation pathway 282 

(hsa00190) (Supplementary Figure 8E-H). This revealed that proteins modulating the cardiac 283 

muscle contraction pathway such as cTnI, cTnT, Mybpc3, Mymo1, and Mlc2v are ubiquitously 284 

decreased in DIO mice and their expression levels are restored in DIO-Nox2-KO mice 285 

(Supplementary Figure 9A-D, F). Only Myl7 decrease wasn’t reversed after NOX2 inhibition 286 

(Supplementary Figure 9E). Expression of proteins involved in FA metabolism such as Cpt1, 287 

Ppar, and Fabp3 were abrogated in DIO-Nox2-KO mice, which was increased in the DIO mice 288 

(Supplementary Figure 10A-C). 289 

Transcriptomic and gene regulatory network analysis on HAT and hiPSC-aCMS. HAT from 290 

obese individuals showed increased NOX2 mRNA expression along with increased KCNA5 and 291 

decreased GJA5 mRNA expression compared to lean individual HAT (Figure 1A-B, 292 

Supplementary Figure 1A-B). We then performed an unbiased global transcriptomic analysis by 293 

RNA sequencing (RNA-Seq) separately on lean vs obese HAT, control hiPSC-aCMs versus PA-294 

hiPSC-aCMs, and PA-hiPSC-aCMs versus PA-GSK-hiPSC-aCMs to compare the differentially 295 

regulated gene expression pathways (Figure 7A-D). Pathway enrichment analysis showed that 296 

the three comparisons shared 5 KEGG pathways (Supplementary Figure 10A), 21 gene 297 

ontology (GO) molecular function pathways (Supplementary Figure 10C), and 32 GO biological 298 

process pathways (Supplementary Figure 10E). Cardiac-related GO biological process 299 

pathways commonly enriched between the three comparisons were 1) Cellular response to 300 

oxygen-containing compound (GO1901701), 2) Cardiac muscle tissue development 301 

(GO0048738), 3) Regulation of heart contraction (GO0008016), 4) Potassium ion transport 302 

(GO0006813), and 5) Potassium ion transmembrane transport (GO0071805) (Figure 7A). 303 

Potassium ion transmembrane transport (GO0071805), a pathway consisting of major potassium 304 

channels involved in AF was specifically studied in all three comparisons. (Figure 7B-D) 305 

Common cardiac-related KEGG pathways between the three comparisons were 1) PPAR 306 
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signaling pathway (hsa03320) (Supplementary Figure 10I-J), 2) MAPK signaling pathway 307 

(hsa04010), 3) Calcium signaling pathway (hsa04020) (Supplementary Figure 10F-H), 4) 308 

Hypertrophic cardiomyopathy pathway (hsa05410) and 5) Dilated cardiomyopathy pathway 309 

(hsa05414) (Supplementary Figure 10B). Common cardiac GO molecular function pathways 310 

were 1) Calcium ion binding (GO0005509), 2) Potassium channel activity (GO005267), 3) 311 

Voltage-gated potassium channel activity (GO005249), and 4) Voltage-gated cation channel 312 

activity (GO022843) (Supplementary Figure 10D). Of the common KEGG and GO pathways, 313 

we selected the Potassium ion transport, Potassium ion transmembrane transport, voltage-gated 314 

potassium channel activity, lipid localization Gene Ontology Term (GO0010876), and voltage-315 

gated cation channel activity to perform upstream regulator analysis to identify potentially novel 316 

independent and integrated transcription factor (TF) networks and upstream TFs that might 317 

regulate the above key pathways (Figure 7E).  Common TFs that are upregulated in all the 318 

RNAseq comparisons were – PPARA, PITX2, ESRRA, TBX5, GATA4, and TCF12. Common TFs 319 

that were downregulated in all the RNA-Seq comparisons are – FOSL1, TCF21, FOXM1, FOXE1, 320 

and KLF4. qPCR validation of both HATs and hiPSC-aCMs showed that PITX2, and TBX5 were 321 

increased in obese HATs and PA-hiPSC-aCMs (Figure 7F-G). Similarly, DIO Nox2-KO mice 322 

showed reduced protein expression of PITX2 suggesting that NOX2 inhibition prevents obesity-323 

induced atrial remodeling through PITX2 (Figure 7H-I). Lastly, to investigate if NOX2 increase is 324 

associated with increased mRNA PITX2 expression, we treated BSA-hiPSC-aCMs with 25 M of 325 

hydrogen peroxide (H2O2) for 5 days. H2O2-hiPSC-aCMs showed a similar increase in PITX2 326 

mRNA expression compared to PA-hiPSC-aCMs, thus suggesting that PITX2 is indeed 327 

upregulated by ROS (Figure 7J). 328 

To directly assess the role of PITX2 in obesity-mediated ion channel remodeling, we 329 

performed small interfering (si) RNA knockdown (KD) experiments in PA-hiPSC-aCMs (Figure 330 

8). hiPSC-aCMs transfected with PITX2 specific siRNA and treated with both BSA and PA showed 331 

≈ 40% decrease in PITX2 expression compared to HiPSC-aCMs transfected with a scrambled 332 
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sequence (Figure 8A). PITX2 KD markedly abrogated PA-induced EP changes, including 333 

reversing the shortening of atrial APD20, APD50 and APD 90 (Figure 8C-E), decrease in 334 

maximum upstroke velocity (Figure 8F), and maximum action potential amplitude (Figure 8G), 335 

compared to PA-Scrambled-hiPSC-aCMs. Our results provide strong evidence that increase in 336 

PITX2 directly modulates EP changes in obesity-mediated AF. 337 

Discussion 338 

Oxidative stress plays a key role in mediating obesity-induced AF by the activation of NOX2, a 339 

major non-mitochondrial source of ROS production (11-13). Antioxidants, however, have not 340 

shown any benefit for treating AF, in part because of their failure to target the specific pathways 341 

of ROS production (20-21). Here, using both Nox2-KO mice and mature hiPSC-aCMs, we showed 342 

that NOX2 mediates increased oxidative stress and ROS production in obesity-mediated AF. 343 

Treatment of DIO and DIO-Nox2-KO mice with generic NOX blocker, apocynin and PA-treated 344 

hiPSC-aCMs with a NOX2-specific inhibitor, GSK2795039 abrogated obesity-mediated ion 345 

channel remodeling and atrial fibrosis by reducing oxidative stress and ROS production. Unbiased 346 

transcriptomics and gene regulatory network analysis revealed that NOX2 mediates atrial ion 347 

channel and structural remodeling in obesity-mediated AF in DIO mice, PA-treated hiPSC-aCMs, 348 

and human atrial tissue from obese individuals by the upregulation of PITX2. Treatment of hiPSC-349 

aCMs with hydrogen peroxide, a known by-product of NOX2 increased PITX2 mRNA expression, 350 

suggesting ROS-mediated upregulation of PITX2 in obesity-mediated AF. Collectively, our 351 

findings show that genetic and pharmacological inhibition of NOX2 abrogates ion channel and 352 

structural remodeling in both Nox2-KO mice and in mature hiPSC-aCMs and prevents the 353 

development of obesity-mediated AF by modulating PITX2 expression. 354 

Oxidative stress and ROS production mediate myocardial remodeling through the creation of 355 

an electrophysiologic (EP) substrate for arrhythmogenesis (18-19). The assessment of atrial EP 356 

of DIO-Apocynin, DIO-Nox2-KO mice, and PA-GSK-hiPSC-aCMs showed prolongation of atrial 357 

APD, normalization of remodeled ion channels, a decrease in atrial fibrosis, and an increase in 358 
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atrial CV as compared with the DIO mice. We previously reported that DIO mice are more prone 359 

to AF by upregulating the Kv1.5 and IKur along with downregulation of Nav1.5 and INa, causing 360 

shortening of the atrial APD (9). In humans, loss-of-function SCN5A mutations, encoding Nav1.5, 361 

not only decrease cardiac conduction and shorten atrial APD, but also increase susceptibility to 362 

AF (34-35). Thus, improvements in both atrial APD and CV and restoration of INa in DIO Nox2-KO 363 

mice support reduced AF vulnerability in these mice. Studies have reported that both cytosolic 364 

and mitochondrial ROS downregulate Nav1.5 via PKC-dependent phosphorylation of the channel 365 

(12, 31-32). Secondly, chronic treatment of AngII, a mediator of NOX2 increase has been seen 366 

to directly significantly reduce INa at 10 days and 21 days (36). Thus, our data that showed failure 367 

to increase PKC-α and PKC-δ expression in DIO Nox2-KO mice as compared to DIO mice 368 

provides a plausible explanation for the modulation of INa. 369 

We previously reported that DIO mice are more susceptible to AF due to ion channel 370 

remodeling, causing shortening of the atrial APD (9). Here, we showed that cardiac muscle 371 

contraction, potassium transmembrane transport, and PPAR signaling were enriched in the 372 

proteomics analysis of control, DIO, and DIO-Nox2-KO mice and the RNA-Seq analysis of BSA, 373 

PA, PA-GSK-hiPSC-aCMs, and obese HAT. Upstream regulator analysis identified PITX2 as a 374 

major upregulated gene in obese HATs, and PA-treated hiPSC-aCMs compared to lean HATs 375 

and BSA and PA-GSK-hiPSC-aCMs, respectively. While, there have been extensive research on 376 

the impact of loss-of-function PITX2 in atrial arrhythmogenesis (26-27),  the role of increased 377 

PITX2 in atrial remodeling is unclear. First, measuring PITX2 expression in human atrial myocytes 378 

from patients in sinus rhythm and AF, Perez-Hernandez et al. found that increased IKs and reduced 379 

ICa,L was mediated by increased PITX2 expression implicating its role in electrical remodeling 380 

during AF (37-38). Second, treating BSA-hiPSC-aCMs with H2O2, which has been shown to 381 

increase NOX2-mediated ROS production (39), increased PITX2 as seen with PA treatment. 382 

Importantly, studies have shown that H2O2 incubation in ventricular myocytes leads to decreased 383 

cardiac INa density (13). In addition, PITX2 KD using siRNA abrogated the EP effects of PA 384 
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treatment in PA-hiPSC-aCMs compared to PA-treated-Scrambled-hiPSC-aCMs. Collectively, our 385 

findings suggest that increased NOX2 is associated with PITX2 upregulation, which mediates ion 386 

channel remodeling in obesity-mediated AF. Nonetheless, additional studies will be necessary to 387 

fully elucidate this link in both in-vivo and in-vitro models. 388 

A major determinant of altered atrial APD is potassium channel activity (40). Mutations in 389 

KCNQ1, KCNA5, and KCNH2 encoding IKs, IKur, and IKr respectively have been implicated in the 390 

pathogenesis of early-onset AF (40-42). DIO-Nox2-KO mice showed a marked reduction in total 391 

IK and IKs, and reduced mRNA expression of KCNQ1 and KCNE1, which encode IKs. The 392 

normalization of IKs in DIO-Nox2-KO mice and PA-GSK-hiPSC-aCMs as compared to DIO mice 393 

and PA-treated hiPSC-aCMs respectively is in part explained by the oxidation of potassium 394 

channels, especially Kv7.1 (36). We and others have shown that gain-of-function mutations in 395 

NPPA, encoding ANP, have also been associated with increased IKs (25, 43-44). We recently 396 

reported that increased IKs expression and function were accompanied by atrial AP shortening in 397 

hiPSC-aCMs expressing an NPPA mutation in hiPSC-aCMs (23). Secondly, ANP expression 398 

intrinsically mediates electrical remodeling and cardiac electrophysiology through cAMP signaling 399 

as evidenced by previous studies  (43-44). ANP and NOX generation have also been linked 400 

through a feed-forward cycle via the NOX/Src axis, promoting excess production of both 401 

(45).Importantly, NPPA mRNA expression is increased in DIO mice but is unchanged in DIO-402 

Nox2-KO mice. Thus, we postulate that enhanced IKs is due to increased NOX2 expression 403 

directly modulating increased ANP secretion in DIO mice. 404 

We applied an electro-metabolic maturation approach to generate mature hiPSC-aCMs that 405 

are the best available surrogate for atrial tissue (22-25). Our findings demonstrate that blocking 406 

NOX2 effectively prevents obesity-mediated ion channel remodeling and atrial fibrosis by 407 

reducing oxidative stress and ROS production in both DIO mice and PA-treated hiPSC-aCMs.. 408 

Furthermore, to model obesity in-vitro and recapitulate increased oxidative stress and lipid 409 

overload, mature hiPSC-aCMs were chronically treated with PA, the most common FA in the 410 
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human diet, to increase serum-free FA circulation in the heart (46-48). Studies on PA treated 411 

murine cardiomyocytes and HL-1 cells showed that PA alone selectively increases NOX2 412 

expression, mitochondrial abnormalities, aberrant calcium transients, and arrhythmia as 413 

compared to OA (14).Our findings also revealed a distinct response to OA treatment, 414 

characterized by a prolongation of atrial AP with increase in the APD50 and the maximum 415 

upstroke velocity in contrast to PA treatment. Importantly, the differential effects observed 416 

between OA and PA treatments suggest that the abnormalities in obesity-related cardiac 417 

dysfunction are mostly driven by saturated fats like PA. 418 

We used a global Nox2-KO mouse model to examine the role of NOX2 in obesity-mediated 419 

AF. As NOX2 is expressed not only in cardiomyocytes and endothelial cells but also in fibroblasts, 420 

and inflammatory cells, it is possible that other cell types may contribute to the adverse atrial 421 

remodeling (49). Studies have also shown previously that an increase in ROS in DIO hearts is 422 

primarily generated by an increase in NOX2 rather than mitochondrial specific NOX4 (52). 423 

Interestingly, a recent report showed that superoxides can directly activate mitochondrial KATP 424 

channels, which may explain the effectiveness of generic mitochondrial ROS scavengers such as 425 

mitoTEMPO in reversing the atrial phenotype in obese mice (53-54). Furthermore, H2DCFDA 426 

staining in both rescue groups, DIO Nox2-KO mice and PA-GSK-hiPSC-aCMs showed reduced 427 

ROS compared to the obese groups, DIO mice and PA-hiPSC-aCMs which suggests that ROS 428 

production in the atria of DIO mice and PA-hiPSC-aCMs are driven by increased NOX2 429 

expression. 430 

NOX2-derived ROS and changes in intracellular redox state lead to aberrant calcium release 431 

and arrhythmias by modulating excitation-contraction coupling through oxidative modifications of 432 

ryanodine receptor 2 (RyR2), CamKII, phospholamban, and sarco/endoplasmic reticulum 433 

calcium-ATPase (SERCA2a) (55-56).  For example, oxidative activation of CaMKII through ROS 434 

signaling has been shown to be pro-arrhythmic in diabetic mice and is linked to the pathogenesis 435 

of several cardiac diseases including AF (57-58). Our proteomics analysis suggests that cardiac 436 
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muscle contraction was markedly reduced in DIO mice but restored in DIO-Nox2-KO mice. DIO 437 

mice also exhibited reduced ICa,L and atrial contractility, which was reversed in DIO-Nox2-KO 438 

mice. Given the important relationship between NOX2 and redox-mediated changes to excitation-439 

contraction, a combined strategy targeting both calcium handling proteins and NOX2 should be a 440 

focus for future studies. Our data suggests that the reduction in the Cai amplitude is more 441 

reflective of the reduction in the ICa,L (Figure 2G-H) which decreases the excitation contraction 442 

coupling gain and not due to changes in RyR2 that could affect the sarcoplasmic reticulum Ca 443 

release. We also showed that NOX2 protein inhibition prevents obesity-induced LA enlargement 444 

in DIO-Nox2-KO mice. As NOX2 has been implicated in cardiac hypertrophy (17-21), our data 445 

suggest that NOX2 inhibition may be a viable therapeutic approach for atrial hypertrophy. 446 

Our studies emphasize the key role played by NOX2-generated ROS and PITX2 in obesity-447 

mediated AF. Our mechanistic studies demonstrate that targeting atrial oxidative injury and ROS 448 

production with both a NOX blocker and a NOX2-specific inhibitor and genetic ablation of NOX2 449 

in obese mice and PA-treated hiPSC-aCMs may not only prevent and treat AF but also slow its 450 

progression in obese individuals. Our findings have important implications for targeted therapy for 451 

AF patients with obesity. As the response to current antiarrhythmic drugs in an individual patient 452 

is highly variable and membrane-active drugs can be associated with significant toxicity, targeted 453 

inhibition of NOX2 may be a novel therapeutic approach for obese individuals at risk for AF and 454 

as adjunctive therapy for patients with obesity-mediated AF. 455 

Limitations 456 

First, we utilized both left atrial and right atrial samples for whole-cell patch clamping, EP, and 457 

molecular analysis. However, it is essential to acknowledge that the right and left atria are known 458 

to exhibit significant differences in gene expression and function. These intrinsic disparities could 459 

impact our findings and should be carefully considered when interpreting the results. This 460 

limitation underscores the importance of analyzing both atria separately to fully understand the 461 

distinct electrophysiological and molecular characteristics of each chamber in the context of our 462 
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study. Second, using mature hiPSC-aCMs treated with FAs as an experimental model, though 463 

valuable, represents a simplified approach and thus cannot recapitulate the in vivo complexity of 464 

obesity, which consists of many lipids. Second, it has been established that current protocols do 465 

not achieve fully differentiated atrial cardiomyocytes and result in some heterogeneity. Our 466 

protocol typically yields ~80 to 90% pure iPSC-aCMs and <6% fibroblasts based on 467 

immunostaining analysis as we have previously described and show in Supplementary Figure 468 

S11 (23-25). Third, GAPDH and β-actin were utilized as housekeeping genes for qPCR and 469 

western blotting analyses. Reports indicate that the expression levels of GAPDH and β-actin can 470 

be affected in the LV and RA of hearts from aged and diabetic models, with these alterations 471 

being chamber-specific (66-67). Despite this, some findings suggest that GAPDH possesses high 472 

expression stability in heart failure and normal heart conditions (67). Nonetheless, a broader 473 

range of housekeeping genes may further strengthen our findings. 474 

METHODS 475 

Sex as a Biological Variant 476 

In this study, only male mice were used because female mice do not reach the 33g obesity 477 

threshold after ten weeks on a high-fat diet (HFD), due to their resistance to obesogenic effects 478 

(9). Control C57BL6J and Nox2-KO male mice were fed a 60% HFD from Teklad (#TD06414) for 479 

ten weeks (9). For experiments involving human atrial tissue, samples were from both males and 480 

females. However, sex as a biological variable was not considered due to insufficient statistical 481 

power to analyze sex-stratified effects. Further research is needed to determine whether these 482 

findings apply to females and to understand sex-specific differences in obesity-mediated atrial 483 

fibrillation. 484 

485 

Human Atrial Tissue 486 

We obtained written informed consent to collect adult human atrial tissue during cardiothoracic 487 

surgery under a University of Illinois Chicago Institutional Review Board-approved protocol. The 488 
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atrial tissue was obtained, stored, and processed as we previously described (23). Briefly 489 

summarizing, we obtained atrial tissue from the right and left atrium at the time of surgery during 490 

venous cannulation after which it was transported to the lab in warmed EDTA as previously 491 

described (69). Half the tissue was used for aCM isolation using a Langendorff-free isolation 492 

protocol69 and the other half was immediately snap frozen using liquid nitrogen for further use for 493 

RNA and protein isolation (23). For RNA extraction, 0.5 mL of TRIzol was added to the sectioned 494 

tissue and was stored at -80⁰C. 495 

Mouse models generation 496 

Animal studies were conducted following approved protocols by the University of Illinois at 497 

Chicago's institutional animal care and use committee (ACC) and adhering to NIH guidelines. The 498 

study utilized Nox2-KO mice (gp91phox-/- or Cybb-/-) with a neomycin resistance gene inserted 499 

at exon3 of gp91phox, resulting in the absence of NOX2 heterodimer complexes and subsequent 500 

lack of superoxide production (59). Breeding experiments involved male hemizygous mice 501 

crossed with control C57BL/6J mice and Nox2-KO mice. 502 

DIO mice generation 503 

Control C57BL6J and Nox2-KO mice were fed a 60% HFD from Teklad (#TD06414) for ten weeks 504 

as we previously described (9). We previously reported that female mice don’t reach the 33g 505 

threshold for obesity after ten weeks. Thus, only male mice participated in the study. 506 

Human iPSC culture and hiPSC-aCM differentiation 507 

HiPSC-aCMs were generated from reprogrammed peripheral blood mononuclear cells (PBMCs) 508 

from patient 1 (P1), with no prior diagnosis of AF recruited to the Human Cardiac Atrial Tissue 509 

Biorepository as previously described (23). hiPSCs were seeded at 500,000 cells/well on 510 

vitronectin-coated plates and cultured in mTesR media until 80-90% confluent. Differentiation was 511 

initiated using the Cardiomyocyte Differentiation Kit (Gibco) and guided toward the atrial subtype 512 

using all-trans retinoic acid (22-25). The cellular population was purified through glucose 513 

starvation and lactate replacement, resulting in contracting monolayers. Our protocol typically 514 
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yields ~80 to 90% pure iPSC-aCMs and <6% fibroblasts based on immunostaining analysis as 515 

we have previously described (23-25)  and show in Supplementary Figure S11. iPSC-aCMs 516 

were then matured following dissociation and replating on fibronectin-coated plates and 517 

maintained in Cardiomyocyte Maintenance Media supplemented with T3, insulin-like growth 518 

factor-1, dexamethasone, and bovine serum albumin (BSA)-bound PA/OA as previously 519 

described (22-25). 520 

Fatty acid treatment and Nox2 inhibition in hiPSC-aCMs 521 

To prepare PA and OA solutions, approximately 1 ml of 250mM FA solutions were made in 100% 522 

molecular grade ethanol. PA, being a powder and OA, being liquid at room temperature, were 523 

measured out into Eppendorf tubes under sterile conditions. The saturated FAs in ethanol were 524 

then placed in a 70°C water bath until they dissolved, and the solution became clear, a step 525 

necessary due to their insolubility at room temperature. For a 7:1 FA mixture of 25mL, 1.061mL 526 

of the solution was used, adding 265.3uL of each FA to achieve the target FA stock concentration 527 

of 10.5uM. The stock concentration was in turn dissolved in cardiomyocyte maintenance media 528 

to get a final FA concentration of 500uM.  Mature hiPSC-aCMs were exposed to either BSA or 529 

BSA-conjugated PA or OA at a concentration of 500μM each for 5 days to mimic FA exposure 530 

observed in obesity. In the case of PA-GSK-hiPSC-aCMs, GSK2795039 was resuspended in 531 

DMSO and dissolved in PA-conjugated media to achieve a final concentration of 20 μM. Similar 532 

to PA-hiPSC-aCMs, PA-GSK-hiPSC-aCMs were treated with this media for 5 days. 533 

Cellular electrophysiology, calcium transient recordings, and electrical mapping studies. 534 

Left and right atrial cardiomyocytes from mice were isolated in a Langendorff perfusion system, 535 

as previously described. Whole-cell patch clamping on both mouse cardiomyocytes and hiPSC-536 

aCMs for APD, INa, ICa,L, and IKs recordings was performed according to previously published 537 

protocols (9, 60-61).  Optical voltage mapping recordings were performed on the IonOptix system 538 

myopacer system using the fluovolt membrane potential kit (Thermo Fisher). HiPSC-aCMs 539 

attached to confocal dishes were incubated with Tyrode’s solution (140 mM NaCl, 4.56 mM KCl, 540 
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0.73 mM MgCl2, 10 mM HEPES, 5.0 mM dextrose, 1.25 mM CaCl2) containing 1x Fluovolt 541 

(Sigma/Aldrich) for 15-20 minutes. Cells were then washed with normal Tyrode’s solution before 542 

being viewed on the eGFP setting for APD recordings (23).543 

For calcium transients, isolated LA and RA cardiomyocytes were plated on laminin-coated 544 

coverslips and observed under an inverted Nikon TE300 microscope. The cells were incubated 545 

with 2 μM Fura-2 AM for 15 minutes, followed by a washout period of 20 minutes for dye de-546 

esterification. Excitation was performed at 340 and 380 nm, and emission was detected at 510 547 

nm. Transillumination with red light (>650 nm) was used to avoid interference with fura-2 548 

epifluorescence. Contractility was measured by tracing sarcomere length. Field stimulation was 549 

applied at 1 Hz until a steady state was reached, and contractility and [Ca2+]i transients 550 

(amplitude and kinetics) were analyzed using IonOptix software (61).551 

Isolated Langendorff-perfused hearts underwent left and right atrial and ventricular epicardial 552 

activation mapping (61). Using previously published protocols that used Mapping Labs electrical 553 

mapping system, a 2-dimensional multielectrode array (MEA) containing 64 electrodes in a 8x8 554 

grid was used to study activation times and atrial and ventricular conduction velocities computed 555 

at a cycle time of 100 ms (62) . The propagation of the beats across the left atrium (LA), right 556 

atrium (RA), and left ventricle (LV) over 5 seconds were analyzed. Activation maps were 557 

generated for each beat, depicting sequential activation from one localized region to the entire 558 

matrix area. CV was determined by measuring the time required for propagation from the point of 559 

minimum to maximum activation. The averaged conduction velocity is computed and binned 560 

where each bin contains enough vectors that have similar directions. This process was repeated 561 

across beats from different recordings for a specific sample and the overall average CV for each 562 

sample was calculated from these measurements. 563 

Atrial fibrosis measurements 564 

Preparation of paraffin sections and subsequent staining was done using the services of the 565 

Research Histology Core at the University of Illinois Chicago. For atrial fibrosis analysis, we 566 
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followed previously published protocols (9). We harvested and fixed mouse hearts in 10% neutral 567 

formalin overnight, embedded them in paraffin, and cut 5 μm thick sections using the Microm 568 

HM340E at the histology core. These sections were stained with Masson’s trichrome and 569 

picosirius red stains (Sigma) after de-paraffination. The cardiac fibrosis ratio was analyzed and 570 

calculated using Image J by dividing the total cardiomyocyte area in the atrium. 571 

qPCR analyses 572 

Total RNA was isolated from human atrial tissue, mouse LA and RA, and hiPSC-aCMs using 573 

TRIzol reagent (Invitrogen), following the manufacturer's instructions to ensure the extraction of 574 

high-quality RNA. The concentration and purity of the isolated RNA were meticulously assessed 575 

using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), with 1 µg of total RNA 576 

utilized for each reverse transcription reaction. Reverse transcription to synthesize cDNA was 577 

conducted using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific), adhering to 578 

the manufacturer's protocol to optimize the fidelity and efficiency of the cDNA synthesis. 579 

For the quantitative polymerase chain reaction (qPCR) analysis, specific assays and primers were 580 

selected for target genes (detailed in Supplementary Table S2) with glyceraldehyde 3-phosphate 581 

dehydrogenase (GAPDH) serving as the normalization reference gene. qPCR reactions were 582 

performed on an ABI QuantStudio 5 system (Applied Biosystems), using SYBR Green PCR 583 

Master Mix to accurately detect and quantify PCR amplification products. The thermal cycling 584 

conditions were carefully optimized specific to each target assay, comprising an initial 585 

denaturation step followed by 40 cycles of denaturation, annealing, and extension. Relative 586 

expression levels of the target genes were calculated employing the ΔΔCt method, by the 587 

quantification of gene expression changes in the experimental samples relative to control. For the 588 

ΔCT Calculation, the cycling time (CT) value of the target gene was subtracted from the CT value 589 

of GAPDH in the same sample using ΔCT=CTtarget gene − CTreference gene. The ΔΔCT value was then 590 

calculated using ΔΔCT= ΔCTExperimental – ΔCTControl. The relative expression for the gene was in 591 

turn calculated using Relative gene expression=   2−ΔΔCT. 592 
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Protein isolation and Western blots 593 

Proteins from both mouse hearts and HiPSC-aCMs were isolated based on previously published 594 

protocols using 1X RIPA buffer (9,23).  Each sample containing 50 μg of protein was subjected 595 

to SDS-PAGE gel electrophoresis. The resolved gels were then electro-transferred onto 0.2 μm 596 

PVDF membranes. Following a 2-hour blocking step with 5% BSA, membranes were probed with 597 

specific antibodies for target proteins (Supplementary Table S3). Blots were developed using 598 

either anti-rabbit HRP or anti-mouse HRP and scanned with C280 imaging systems (Azure 599 

Biosystems). ImageJ software was used to determine protein signal densities, which were 600 

subsequently normalized to corresponding β-actin signal densities. 601 

Transthoracic echocardiography 602 

Echocardiography measurements were conducted in unconscious mice using an induction 603 

chamber with 3% isoflurane. Isoflurane was adjusted to 0.5-1.5% to maintain a target heart rate 604 

of 450 ± 50 BPM. Ultrasound scans were obtained with the Vevo2100 imaging system and 605 

MS550D probe at a center frequency of 40 MHz. M-mode tracings, mitral inflow, and tissue 606 

velocities were measured using pulsed wave Doppler and tissue Doppler modes. Measurements 607 

were taken from at least three consistent cardiac cycles within the target heart rate range. Mice 608 

were monitored for recovery after echocardiography. 609 

RNAseq and proteomics analyses 610 

RNA quality and quantity were evaluated using the Agilent Bioanalyzer (25).  RNA sequencing 611 

was conducted following the TruSEQ mRNA-Seq library protocol and performed on the Illumina 612 

NovaSEQ6000 platform, as previously described (25). For analysis of RNAseq raw FASTQ files, 613 

the biojupies online RNA-Seq platform (https://maayanlab.cloud/biojupies) was utilized for 614 

pathway and upstream transcription factor (TF) analyses. The ENRICHR option available on the 615 

same platform (https://maayanlab.cloud/Enrichr/) was employed for upstream regulator analysis. 616 

The Enrichr-KG database contains gene set libraries, including GO pathways, KEGG analysis, 617 

REACTOME pathway analysis, and TRRUST transcription factor analysis, among others. 618 
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The mass spectrometry analysis was performed by the Mass Spectrometry Core in Research 619 

Resources Center of University of Illinois at Chicago. For the analyses, 9 samples (N=3 for 620 

control, DIO, and DIO Nox2-KO) at 100 μg each were subjected to tryptic digestion using the S-621 

Trap Micro kit (ProtiFi, NY, USA). The digested proteins were labeled with TMT10plex Isobaric 622 

Label Reagent Set (Thermo Fisher, Waltham, MA), combined, and desalted using an Oasis 623 

PRiME HLB 96-well plate (Waters). The pooled TMT-labeled peptides were fractionated into 80 624 

fractions using off-line high-pH reverse phase (HPRP) liquid chromatography with an XBridge 625 

BEH C18 Column, 130Å, 3.5 µm, 4.6 mm X 250 mm (Waters). Every 13th fraction was 626 

concatenated together, resulting in 12 concatenated fractions that were dried and resuspended 627 

for LC-MS analysis. Approximately 1 μg of concatenated HPRP fractions were analyzed using a 628 

Q Exactive HF mass spectrometer coupled with an UltiMate 3000 RSLC nanosystem and a 629 

Nanospray Flex Ion Source. Digested peptides were separated on a Waters BEH C18 column at 630 

a flow rate of 300 nL/min using a gradient of 0.05% trifluoroacetic acid in H2O, solvent A and 631 

0.05% TFA acid in acetonitrile, solvent B. Full MS scans (resolution: 120,000) were acquired over 632 

an m/z range of 350-1400, and the 15 most intense peaks were fragmented for tandem mass 633 

spectra (resolution: 60,000). Ion selection thresholds and maximum allowed ion injection times 634 

were set for both full scans and fragment ion scans. Spectra were searched against the UniProt 635 

mouse database using Mascot daemon (2.6.0) with specified parameters. The search results 636 

were analyzed using Scaffold Q+S software (v5.0.0) for compilation and normalization of spectral 637 

counts. TMT purity correction was applied. Protein identification filtering criteria included a 1% 638 

false discovery rate (FDR) and minimum peptide count. Acquired differentially expressed genes 639 

file was further analyzed using the biojupies online platform to look at pathway enrichment 640 

analyses and upstream regulators. 641 

H2DCFDA staining of mouse atria cells and hiPSC-aCMs and ROS measurements 642 

As previously described, we measured ROS levels using a well-established technique.61, 63-65 643 

Briefly, summarizing freshly isolated mouse LA and RA cells and hiPSC-aCMs in Tyrode solution 644 
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(mM: NaCl 140, KCl 5.4, CaCl2 1, MgCl2 1, Glucose 5.5, Hepes 10, pH 7.4) were incubated for 645 

30 min at 37°C with 10 µM 29,79-dichlorofluoresceindiacetate (DCFH-DA). DCFH-DA, being 646 

nonpolar, readily diffuses into cells, where it is hydrolyzed to the nonfluorescent polar derivative 647 

DCFH, thereby trapped within the cells. In the presence of ROS, DCFH is oxidized to the highly 648 

fluorescent 29,79-dichlorofluorescein (DCF). Extracellular DCFH-DA was washed out, and DCF 649 

fluorescence measurements were taken at room temperature in a Zeiss LSM 710 confocal 650 

microscope. Cells were excited with low laser power at 480 nm, and the emitted fluorescence was 651 

recorded at 610 nm with 400 ms scans every 3 minutes. The rate of ROS production during 12 652 

min was obtained from the fitting of a linear regression to the DCF/min slope (GraphPad Prism). 653 

SiRNA KD experiments 654 

Mature hiPSC-aCMs were treated with either scrambled or PITX2-specific siRNAs (#SR321325B, 655 

10 pmol) using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA).68 Stock solutions of both 656 

lipofectamine and SiRNA, prepared at 10 µM, were initially diluted in Opti-MEM medium. These 657 

solutions were then mixed at a 1:1 ratio and allowed to incubate for 5 minutes to form the siRNA-658 

lipid complex. This complex was subsequently added to the cells dropwise and the cells were 659 

incubated for 2 days, after which the media was replaced (68). Following a recovery period of 2 660 

days, the transfected cells were treated with either BSA or PA for a period of 5 days. Data Analysis 661 

and Statistics 662 

Data are presented as mean ± SD unless otherwise specified. Significance is denoted as *P < 663 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, with P < 0.05 considered significant. Statistical 664 

analyses include nonparametric unpaired and 2-tailed Mann-Whitney U test for data with normal 665 

distribution, and either 1-way or 2-way ANOVA with post hoc Bonferroni's corrections for multiple 666 

groups. Skewed data are expressed as medians with the first and third quartiles. Continuous 667 

variables are evaluated using unpaired Student's t-test or ANOVA, while categorical data are 668 

compared using Fisher's Exact test (9,25).669 

Study Approval 670 
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To collect human atrial tisse from different cardiac surgery patients, we used the UIC Institutional 671 

Review Board–approved protocol to enroll participants following receipt of informed written 672 

consent. Mouse studies were conducted as per previously approved Animal Care and Use (ACC) 673 

protocols approved by the Office of Animal Care and Institutional Biosafety (OACIB), UIC. 674 

Data availabilty. 675 

Data are available in public repositories, supporting XLS data values files; or from the 676 

corresssponding author upon request. The RNA-Seq and proteomics data reported in this 677 

manuscript were deposited into the National Center for Biotechnology Information’s Gene 678 

Expression Omnibus database with the accession number GSE271748. 679 
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GRAPHICAL ABSTRACT 

Increased NOX2 expression modulates ion channel remodeling via Pitx2 upregulation in obesity-

mediated AF in diet-induced obese (DIO) mice and palmitic acid-treated hiPSC-aCMs  
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FIGURES AND LEGENDS 

Figure 1. Genetic and pharmacologic inhibition of NADPH oxidase 2 (NOX2) reduces obesity-

mediated atrial fibrillation (AF). (A) Human NOX2 mRNA expression versus patient body mass index 



Page 31 

(BMI kg/m2). (B) Human NOX2 mRNA expression in lean (N=6), overweight (N=3), obese individuals (N=7). 

(C) Average weight (g) of control, diet-induced obese (DIO), DIO-Apocynin, Nox2-knockout (KO), and DIO

Nox2-KO mice over 10-week duration with a high-fat diet (HFD). (D) Final weights (g) of all five groups of 

mice after 10 weeks of HFD. (E) Atrial electrograms showing sinus rhythm at baseline (top), pacing-induced 

AF in DIO mice (middle), and sinus rhythm restoration in DIO mice (bottom). (F)  Pacing-induced AF 

burden (duration, s)  in Control (N=8), DIO (N=9), DIO-Apocynin (N=7), Nox2-KO (N=5), and DIO-Nox2-

KO (N=7) mice; P>0.05; *P<0.05; **P<0.01; ***P<0.001, by 2-tailed, unpaired Student’s t test 



Figure 2. DIO Nox2-KO mice display increased atrial action potential (AP) and abrogation of obesity-

induced ion channel remodeling. (A-B) Whole-cell patch-clamping of atrial myocytes of DIO-Nox2-KO 

mice showed increased prolongation of shortened AP duration (APD) caused by obesity. Representative 
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AP tracings in atrial myocytes in control (n=6 cells, N= 4 mice), DIO (n=6 cells, N= 4 mice), Nox2-KO (n=6 

cells, N= 3 mice), and DIO-Nox2-KO mice (n=6 cells, N= 3 mice). (C)  Instantaneous rate of voltage 

change over time (dV/dTmax), an indicator of atrial conduction velocity (CV; n=6 cells). (D) Measured APD 

at 90% repolarization (APD90; n=6 cells). (E) Representative sodium current (INa) tracings from control, 

DIO, and DIO-Nox2-KO mice showing increased currents in DIO-Nox2-KO atrial myocytes (n=6 atrial 

cells, N= 3 mice). (F) INa and voltage relationship (I-V curves) in control (N=6), DIO (N=6), and DIO-

Nox2-KO mice (N=6). (G) Representative L-type calcium current (ICa,L) tracings from control, DIO, and 

DIO-Nox2-KO mice showing increased currents in DIO Nox2-KO atrial myocytes (n=4 cells, N= 3 mice). 

(H) ICa,L and voltage relationship (I-V curves) in control (n=4), DIO (n=4), Nox2-KO (n=4), and DIO-Nox2-

KO mice (n=4) (I) Slow delayed rectifier potassium current (IKs, treated with 1 M HMR-1556) and voltage 

relationship (I-V curves) in control (n=5 cells, N=3 mice), DIO (n= 4 cells , N= 3 mice), Nox2-KO (n= 7 

cells, N= 3 mice), and DIO-Nox2-KO mice (n= 8 cells , N= 3 mice) (J) Comparison of IKs at 50 mV in 

control (n=5 cells), DIO (n=4 cells), Nox2-KO (n= 7 cells), and DIO-Nox2-KO mice (n=8 cells)..; 

P>0.05; *P<0.05; **P<0.01; ***P<0.001;****P<0.0001 , by 1-tailed ANOVA test along with bonferroni post 

hoc test for multiple comparisons. 



Figure 3. NOX2 inhibition improves atrial contractility in DIO mice.  (A) Representative calcium 

transient tracings from control, DIO, Nox2-KO and DIO-Nox2-KO atrial myocytes. (B) Representative cell 

shortening tracings from control, DIO, Nox2-KO and DIO-Nox2-KO atrial myocytes; (n=6 cells, N= 3 mice 

each). (C-E) Quantification of calcium transient tracings- (C) time to peak calcium; (D) time for calcium 

decline; (E) Calcium transient peak amplitudes;. (F-H) Quantification of sarcomere cell shortening tracings 
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– (F) Shortening sarcomeric length; (G) Time to peak cell shortening; (H) Time to 90% relaxation. (N=6 

cells). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, by 2-tailed, unpaired Student’s t test. 



Figure 4. NOX2 inhibition in palmitic acid (PA) treated-hiPSC-aCMs using NOX2 small molecule 

inhibitor, GSK-2795039 reverses obesity-induced ion channel remodeling. (A) Optical voltage 

mapping on vehicle bovine serum albumin (BSA), PA, and PA-GSK-hiPSC-aCMs showed that the 

shortening of atrial action potential (AP) duration observed in PA-hIPSC-aCMs is abrogated in PA-GSK-

hiPSC-aCMs. (B) Measured APD at 10% repolarization (APD10). (C) Measured APD at 50% 

repolarization 
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(APD50). (D) Measured APD at 90% repolarization (APD90). (E) Total potassium current (IK) and voltage 

relationship (I-V curves) in BSA (N=5), PA (N=4), and PA-GSK-hiPSC-aCMs (N=3). (F) Slow delayed 

rectifier potassium current (IKs) and voltage relationship (I-V curves) in BSA (N=5), PA (N=4), and PA-GSK-

hiPSC-aCMs (N=3) . (G) Representative INa traces in BSA (N=6), PA (N=6), and PA-GSK-hiPSC-aCMs 

(N=6). (H) Peak INa current density in BSA (N=6), PA (N=4), and PA-GSK-hiPSC-aCMs (N=3). (I) 

Representative ICa,L traces in BSA (N=6), PA (N=6), and PA-GSK-hiPSC-aCMs (N=6). (J) Peak ICa,L 

current density in BSA (N=6), PA (N=5), and PA-GSK-hiPSC-aCMs (N=4). ). *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001, by 1-tailed ANOVA test along with bonferroni post hoc test for multiple 

comparisons.. 

awilburn
Highlight



Figure 5. NOX2 inhibition prevents atrial fibrosis and increases atrial CV in DIO mice. (A) 

Representative left atrial (LA) isochronal maps of the 3 groups of mice using electrical mapping. (B) 

Quantification of mean left atrial (LA) CV in Control (N=6), DIO (N=6), Nox2-KO (N=5), and DIO-Nox2-KO 

mice (N=6). (C) Representative isochronal maps of the right atria (RA) in the 3 groups of mice using 

electrical mapping. (D) Quantification of mean right atrial (RA) CV in Control (N=6), DIO (N=6), Nox2-KO 

(N=5), and DIO-Nox2-KO mice (N=6). (E) Picosirius red staining of atrial myocytes from control, DIO, Nox2-

KO and DIO-Nox2-KO. (F) Change in fibrosis (%) in the 3 groups of mice showing a significant reduction 

in fibrosis in DIO-Nox2-KO compared to DIO mice (N= 3 mice each). (G) Masson trichrome staining of atrial 

myocytes from control, DIO, and DIO-Nox2-KO. (H) Change in fibrosis (%) in the 4 groups of mice 

showing 
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a significant reduction in fibrosis in DIO-Nox2-KO compared to DIO mice (N=3 mice each). *P<0.05; 

**P<0.01; ***P<0.001; ****P<0.0001, by 2-tailed, unpaired Student’s t test. 
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Figure 6. NOX2 inhibition in palmitic acid (PA) treated-hiPSC-aCMs using NOX2 small molecule 

inhibitor, GSK-2795039 reverses obesity-induced ion channel remodeling. (A) Representative H2DCF 

staining of atrial cells from Control, DIO, Nox2-KO, and DIO Nox2-KO mice. (B) Measured H2DCF 

fluorescence of atrial cells from Control (n=18 cells) , DIO (n=30 cells), Nox2-KO (n= 24 cells), and DIO 

Nox2-KO (n=24 cells) mice at 0, 4, 8, and 12 minutes. (C) Rate of H2DCF increase in atrial cells from the 

four mouse groups. (D) Representative H2DCF staining of BSA, PA, and PA-GSK-hiPSC-aCMs. (E) 

Measured H2DCF fluorescence of BSA (n=22 cells), PA (n=26 cells), and PA-GSK-hiPSC-aCMs (n=15 

cells) at 0, 4, 8, and 12 minutes. (F) Rate of H2DCF increase in the three hiPSC-aCM groups. P>0.05; 

*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001, by 2-tailed, unpaired Student’s t test.
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Figure 7. Transcriptomic and pathway enrichment analysis in bovine serum albumin (BSA), palmitic 

acid (PA), and PA-GSK-hiPSC-aCMs and lean and obese human atrial tissues (HAT). (A) Common 

biological processes gene ontology pathways between the 3 comparisons. (B–D) Heatmaps of top 

upregulated and downregulated differentially expressed genes (DEGs) associated with the key GO 

pathway - Potassium transmembrane transport heart contraction (GO0071805) in (B) BSA vs PA-hiPSC-

aCMs and (C) PA vs PA-GSK and hiPSC--aCMs and (D) Lean vs Obese HAT. (E) Common upregulated 

and downregulated cardiac related transcription factors in hIPSC-aCMs. (F-G) qPCR validation of PITX2, 

TBX5, and TBX3 genes in both hIPSC-aCMs (N=3 each group) and HAT (N=3 for lean, N=6 for obese). 

(H-I) Pitx2 protein quantification using western blotting in control, DIO, and DIO Nox2-KO mice. (J) PITX2 

qPCR quantification on BSA, PA, and H2O2-hiPSC-aCMs (N=8 each group) (25 M). *P<0.05; **P<0.01; 

****P<0.0001, by 2-tailed, unpaired Student’s t test and 1-tailed ANOVA with Tukey’s multiple-

comparison test.. 
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Figure 8.  siRNA knockdown (KD) of PITX2 abrogates the effect of palmitic acid (PA) on hiPSC-

aCMs: (A) PITX2 expression in BSA scrambled, PA scrambled, BSA PITX2 KD, and PA PITX2 KD hiPSC-

aCMs (n= 4 each). (B) Whole-cell patch-clamping of BSA scrambled (n=10), PA scrambled (n=5), and PA 

PITX2 KD hiPSC-aCMs (n=5). (C) Measured APD at 20% repolarization (APD20). (D) Measured APD at 

50% repolarization (APD50). (E) Measured APD at 90% repolarization (APD90). (F) Instantaneous rate of 

voltage change over time (dV/dTmax), an indicator of atrial conduction velocity (CV). (G) Maximum atrial 

potential amplitude (APAmax). P>0.05; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
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