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Atrial fibrillation (AF) represents one of the most common 
arrhythmias seen clinically and is associated with a sig-

nificant increase in morbidity and mortality,1 yet, current treat-
ment paradigms have proven largely inadequate.2 Treatment 
with conventional antiarrhythmic drugs generally carries a 
high risk of proarrhythmia.3 Moreover, prevalence of AF is 
increasing because of the aging population.

There is a strong evidence supporting the involvement of 
inflammation in the pathophysiology of AF.1,4,5 Inflammatory 
infiltrates and increased serum levels of proinflammatory cyto-
kines have been demonstrated in animal models and patients 
with AF.6–8 In addition, inflammation has been implicated in 
diseases that predispose patients to AF and AF-related pro-
cesses including oxidative stress and fibrosis.5,7 Structural and 
electric remodeling represent the main pathophysiological 

mechanisms contributing to the initiation and maintenance of 
AF. Moreover, AF can exacerbate inflammation that further 
perpetuates the arrhythmia. Hence, reduction of inflamma-
tion and reversal of structural remodeling have increasingly 
become the focus of new therapeutic strategies for the treat-
ment of AF.

One of the most robust inflammatory responses is the acti-
vation of phospholipase A

2
 and the release of arachidonic acid, 

which is metabolized through the cyclooxygenase, lipoxy-
genase, and cytochrome P450 pathways. The cytochrome 
P450 epoxidized products, the epoxyeicosatrienoic acids 
have been shown to have anti-inflammatory and profibrinol-
ytic with several cardioprotective effects.9 However, epoxye-
icosatrienoic acids are further metabolized by the soluble 
epoxide hydrolase (sEH) enzyme to form the corresponding 
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Background—Atrial fibrillation represents the most common arrhythmia leading to increased morbidity and mortality, yet, 
current treatment strategies have proven inadequate. Conventional treatment with antiarrhythmic drugs carries a high risk 
for proarrhythmias. The soluble epoxide hydrolase enzyme catalyzes the hydrolysis of anti-inflammatory epoxy fatty 
acids, including epoxyeicosatrienoic acids from arachidonic acid to the corresponding proinflammatory diols. Therefore, 
the goal of the study is to directly test the hypotheses that inhibition of the soluble epoxide hydrolase enzyme can 
result in an increase in the levels of epoxyeicosatrienoic acids, leading to the attenuation of atrial structural and electric 
remodeling and the prevention of atrial fibrillation.

Methods and Results—For the first time, we report findings that inhibition of soluble epoxide hydrolase reduces inflammation, 
oxidative stress, atrial structural, and electric remodeling. Treatment with soluble epoxide hydrolase inhibitor significantly 
reduces the activation of key inflammatory signaling molecules, including the transcription factor nuclear factor κ-light-
chain-enhancer, mitogen-activated protein kinase, and transforming growth factor-β.

Conclusions—This study provides insights into the underlying molecular mechanisms leading to atrial fibrillation by 
inflammation and represents a paradigm shift from conventional antiarrhythmic drugs, which block downstream events 
to a novel upstream therapeutic target by counteracting the inflammatory processes in atrial fibrillation.  
(Circ Arrhythm Electrophysiol. 2016;9:e003721. DOI: 10.1161/CIRCEP.115.003721.)
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1,2-diols, dihydroxyeicosatrienoic acids with diminished anti-
inflammatory activities.9 Indeed, the cardioprotective activity 
of epoxyeicosatrienoic acids can be enhanced by blocking 
the degradation of epoxyeicosatrienoic acids to correspond-
ing dihydroxyeicosatrienoic acids using potent inhibitors of 
sEH (sEHI).10 We have previously demonstrated the beneficial 
effects of sEHIs in clinically relevant models of cardiac hyper-
trophy and failure.11–14 We further demonstrate that treatment 
with sEHIs reduces atrial arrhythmia inducibility in cardiac 
hypertrophy models.12 However, the molecular mechanisms 
underlying the prevention of atrial arrhythmia inducibility by 
sEHIs remain unexplored.

Hence, in this study, we sought to directly test the 
molecular mechanisms in the prevention of AF using an in 
vivo pressure-overload model to replicate chronic hyperten-
sion, a major risk factor for AF. We further use an in vitro 
model of human-induced pluripotent stem cell (hiPSC)–
derived atrial myocytes and fibroblasts to test the hypoth-
eses that inhibition of sEH attenuates AF by reducing (1) 
inflammation, (2) atrial structural remodeling, and (3) 
electric remodeling in atrial myocytes. Our study not only 
provides important mechanistic insights into the roles of 
inflammation and atrial fibrosis in AF but also represents a 
proof-of-concept study for a novel therapeutic target for the 
treatment of AF.

Methods
The animal study was performed in accordance with the approved UC 
Davis Animal Care and Use protocol. Additional experimental details 
can be found in the Methods in the Data Supplement.

Thoracic Aortic Constriction Model in Mice
Thoracic aortic constrictions (TACs) were performed in 8- to 
12-week-old male C57BL/6J mice as previously described.13 One 
week after surgery, mice were randomized in an investigator-blinded 
manner to receive either vehicle alone or 1-trifluoromethoxyphenyl-3- 
(1-propionylpiperidine-4-yl)urea (TPPU; Figure 1A) for 3 weeks 
(Figure 1B).13

Analysis of Cardiac Function by Echocardiography
Echocardiograms were performed as described previously.12 
Fractional shortening was calculated from left ventricle dimensions 
as follows: % fractional shortening=([end diastolic dimension−end 
systolic dimension]/end diastolic dimension)×100.

Histological Analyses
Excised hearts were retrogradely perfused with phosphate-buffered 
solution to wash out blood. Fixed hearts were embedded in paraf-
fin, and serial left atrial (LA) and right atrial (RA) sections of 5 μm 
in thickness were taken along the longitudinal axis and stained with 
Picrosirius Red to assess for collagen content.

Immunofluorescence Confocal Laser Scanning 
Microscopy
Additional cardiac sections were stained with wheat germ agglutinin. 
Deparaffinized sections were rehydrated with serial dilution of etha-
nol, serum blocked, and stained. Sections from corresponding area 
from the 4 groups were scanned.

Flow Cytometric and Electrophysiological Studies 
of Single Isolated Cardiac Cells
Single cells were obtained using enzymatic digestion. LA and RA 
myocytes were used for electrophysiological studies using con-
ventional whole-cell patch-clamp technique at room temperature.12 
Currents were recorded using Axopatch 200B amplifier, filtered at 10 
kHz, and digitized at sampling frequency of 50 kHz.

For flow cytometric analysis, fixed cells were permeabilized, 
stained with anti-Thy1.2, lineage, anti-CD45, anti-troponin T, anti-
CD31, anti–phosphorylated extracellular signal–regulated kinase 
1 and 2 (pERK1/2), anti–phosphorylated Smad2/3 (pSMAD2/3), 
Ki67 antibodies, and 7-aminoactinomycin D. Data were collected us-
ing FACScan cytometer and analyzed using FlowJo software. Cells 
stained with isotype-matched IgG antibodies were used as controls to 
determine the positive cell population.

Human-Induced Pluripotent Stem Cell-Derived 
Cardiomyocytes
HiPSCs were plated and differentiated for 20 days using a directed 
differentiation protocol.15 HiPSC-cardiomyocytes (CMs) enriched 
with puromycin and treated with tumor necrosis factor-α (TNF-α) 
or angiotensin II (ANG II) and TPPU were fixed and stained with 
anti–α-actinin, anti–nuclear factor κ-light-chain-enhancer (NF-κB), 
anti–myosin light chain-2a (MLC2a), anti–MLC-2v (MLC2v), and 
fibroblast-specific antibodies.

In Vitro Human Cardiac Fibroblast Culture
Human RA appendage specimens from informed consented pa-
tients undergoing cardiac bypass surgery were obtained from UC 
Davis Medical Center in accordance with the approved UC Davis 
Institutional Review Board protocol. Partially digested cardiac tissues 
were plated on cell culture dishes until the appearance of fibroblasts 
from the explants. Trypsinized cells were replated, treated with ANG 
II and TPPU and stained with anti-Thy1.1, lineage, anti-CD45, and 
Ki67 antibodies for flow cytometry.

WHAT IS KNOWN

•	Atrial fibrillation (AF) represents the most common 
arrhythmia leading to increased morbidity and mor-
tality, yet, current treatment strategies have proven 
inadequate.

•	The soluble epoxide hydrolase enzyme (sEH) cata-
lyzes the hydrolysis of anti-inflammatory epoxy 
fatty acids including epoxyeicosatrienoic acids from 
arachidonic acid to the corresponding diols.

WHAT THE STUDY ADDS

•	 Inhibition of sEH reduces inflammation, oxida-
tive stress, fibrosis, and electrical remodeling. 
Mechanistically, treatment with sEH inhibitor sig-
nificantly reduces the activation of key inflammatory 
signaling molecules, including the transcription fac-
tor nuclear factor κ-light-chain-enhancer (NF-κB), 
mitogen-activated protein kinase (MAPK) and trans-
forming growth factor-β (TGF-β).

•	This study provides insights into the underlying 
molecular mechanisms leading to AF by inflamma-
tion and represents a paradigm shift from conven-
tional antiarrhythmic drugs which block downstream 
events to a novel upstream therapeutic target by 
counteracting the inflammatory processes in AF.
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Western Blot Analysis
Immunoblots were performed as previously described16 using anti-
IκB, antiphospho-IκB, anti–NF-κB, and anti-GAPDH antibodies.

Measurement of Plasma Cytokine Levels
Plasma cytokine levels from samples collected 3 weeks after sham 
or TAC operations were analyzed using a Cytometric Bead Array kit 
and Cytometric Bead Array Analysis software following the manu-
facturer’s protocol.13

Evaluation of Endoplasmic Reticulum Stress 
markers
Total protein isolated from atrial tissues homogenized in radio-im-
munoprecipitation assay (RIPA) buffer supplemented with protease 
and phosphatase inhibitors were resolved by SDS-PAGE, and im-
munoblotting was performed using antibodies for pp38 (Thr180/
Tyr182), p38, pJNK (Thr183/Tyr185), c-Jun N-terminal kinases 
(JNK), pPERK (Thr980), PERK, peIF2α (Ser51), eukaryotic trans-
lation initiation factor 2 (eIF2α), sXBP1, inositol requiring enzyme 
1α (IRE1α), pIRE1α (Ser724), and tubulin. Proteins were visualized 

Figure 1. 1-Trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl) urea (TPPU) prevents the development of atrial fibrosis in a murine 
thoracic aortic constriction (TAC) model. A, Structure of the inhibitors of soluble epoxide hydrolase enzyme, TPPU used in our studies. B, 
Schematic representation of the experimental protocol. C, Examples of whole hearts showing evidence of atrial dilatation in TAC mice. 
Scale, 1 cm. D, Summary data for heart weight/body weight (mg/g). E, Flow cytometric analysis of isolated single-nucleated atrial cardio-
myocytes (cTnT positive). F, Summary data from (e). G, Atrial myocyte volume measurements by the Coulter Multisizer assay. H, Sum-
mary data for % fractional shortening. I, Oxylipin profiling at 3 weeks of follow-up. J, Serum concentration of cytokines and chemokine 
(K). Scale bars, 20 μm. Mean±SEM, Numbers inside the graph represents n. DHET indicates dihydroxyeicosatrienoic acid; EET, epoxye-
icosatrienoic acid; IL, interleukin; INF, interferon; MCP, monocyte chemoattractant protein; and TNF, tumor necrosis factor. *P<0.05.
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using enhanced chemiluminescence and quantified using ImageQuant 
5.0 software. Data for phosphorylated proteins are presented as phos-
phorylation level normalized to total protein expression and for non-
phosphorylated proteins as total protein expression normalized to 
β-tubulin.

Ex Vivo Optical Mapping of Transmembrane 
Potential (Vm)
Hearts from heparin-injected anesthetized mice were perfused in 
Tyrode solution with the posterior surface of the heart facing the opti-
cal mapping camera using Langendorff apparatus.17 A bipolar pacing 
electrode was positioned on the epicardium of LA or RA appendage 
for pacing using a 2 ms pulse at twice the diastolic threshold. The 
heart was stained with the voltage-sensitive dye (RH237) via the coro-
nary perfusion. Optical action potentials were recorded using a 16-bit 
complementary metal oxide camera and images acquired at 1 kHz.

Statistical Analysis
Statistical comparisons were analyzed by 1-way ANOVA followed 
by Bonferroni tests and Tukey–Kramer honest significant difference 
analyses for post hoc comparison.

Results
Prevention of Atrial Myocyte Hypertrophy With 
sEHI in a Murine TAC Model
TPPU has been shown previously to have high inhibitory 
potency, long enzyme dissociation half-life, pharmacokinetic 
half-life with drug-like properties, and a comparable elevation 
of epoxyeicosatrienoic acids concentration in plasma as the 
sEH knockout mice (EPHX2−/−).13,18 TAC mice exhibited car-
diac hypertrophy, a significant increase in heart weight/body 
weight ratio (HW/BW; Figure 1C and 1D) and atrial dilation 
(Figure IA and IB in the Data Supplement). In contrast, treat-
ment with TPPU in TAC mice resulted in a decrease in HW/
BW ratio and atrial dilatation. Flow cytometry confirmed the 
presence of the sEH enzyme in the atrial myocytes (Figure IC 
in the Data Supplement).

We analyzed the forward light scattering by flow cytom-
etry as an index of atrial myocyte size using isolated single 
atrial cells. Atrial myocytes were gated based on the presence 
of cardiac-specific troponin T. There was a significant increase 
in atrial myocyte size in TAC-operated group (Figure 1E and 
1F) compared with sham-operated groups. More importantly, 
atrial myocyte hypertrophy was reduced in animals treated 
with TPPU (Figure 1F). We further confirmed the findings 
using patch-clamp recordings and cell capacitance mea-
surement showing a significant increase in myocyte size in 
TAC-operated mice (118±4 pF) compared with sham, sham-
operated, and TAC–TPPU treated groups (64±10, 67±7, and 
71±2 pF, respectively). Finally, the myocyte size from LA and 
RA was directly compared using a Coulter multisizer assay 
to quantify the cell volume.13 The myocyte volume signifi-
cantly increased in both LA and RA from TAC mice, which 
was restored to the sham-operated control levels by the TPPU 
treatment (Figure 1G). Interestingly, the myocyte volume was 
significantly smaller for RA compared with LA in all 3 groups 
(sham, TAC, and TAC-treated; P<0.05).

The effect of TPPU on the chamber size and systolic func-
tion was assessed using echocardiography. There was a sig-
nificant decrease in left ventricular end–diastolic dimension 

(Figure II in the Data Supplement) associated with a signifi-
cant improvement in fractional shortening (Figure 1H) post 
TPPU treatment. In contrast, left ventricular end-diastolic 
dimension in TAC mice increased from week 1 to week 4 sug-
gesting adverse remodeling.

Target Engagement of TPPU in Mouse TAC Model
To demonstrate the inhibition of sEH by TPPU, metabolic 
profiling of arachidonic acid metabolites of the cytochrome 
P450 pathway was performed after 3 weeks of treatment as 
previously described.13 There was a significant increase in the 
epoxyeicosatrienoic acids/dihydroxyeicosatrienoic acids ratio 
in the TPPU-treated groups compared with TAC alone group 
(Figure 1I; Table I in the Data Supplement). Moreover, analy-
sis of arachidonic acid metabolites of the cyclooxygenase 
pathway demonstrates an increase in proinflammatory throm-
boxane and prostaglandin levels in the TAC model, which was 
attenuated with TPPU treatment (Figure IIIA and Table II in 
the Data Supplement). Metabolites of the lipoxygenase path-
ways demonstrated a modest difference between the 4 groups 
(Figure IIIB and Table II in the Data Supplement).

Treatment With TPPU Results in a Significant 
Reduction in Inflammatory Cytokines and 
Chemokine
Although the precise underlying mechanisms for atrial fibro-
sis in AF have not been fully elucidated, a network of profi-
brotic factors including proinflammatory cytokines is known 
to contribute toward AF in the clinical setting.19 Our data 
demonstrate a significant increase in proinflammatory cyto-
kine and chemokine levels including interferon-γ, TNF-α, 
and monocyte chemoattractant protein-1 in the TAC mice 
(Figure 1J and 1K). Importantly, treatment with TPPU signifi-
cantly decreased the cytokine and chemokine levels.

Treatment With TPPU Significantly Reduces Atrial 
Fibrosis and Atrial Fibroblast Activation
Previous studies have provided a strong link between atrial 
fibrosis and atrial structural remodeling in the development 
of AF1,4; however, the precise mechanisms for atrial fibrosis 
remain incompletely understood. The secretory, migratory, 
and proliferative capacity of cardiac fibroblasts increases after 
injury.13 Proinflammatory cytokines and profibrotic factors, 
such as ANG II, induce cardiac fibrosis by activating cardiac 
fibroblasts resulting in an increase in collagen synthesis.1 
However, there are regional differences in structural remodel-
ing between atria and ventricles with atria being particularly 
prone to fibrosis.20 Indeed, atrial fibroblasts are distinct from 
ventricular fibroblasts in their morphology, gene expression, 
secretory, and proliferative patterns.21

Here, we demonstrate the presence of atrial fibrosis 
in LA (Figure 2A and 2B) and RA (Figure IV in the Data 
Supplement) sections using Picrosirius Red stain and wheat 
germ agglutinin that binds to highly glycosylated collagen 
protein in TAC hearts. However, there was a marked decrease 
in collagen deposition in the TPPU-treated atrial tissue sec-
tions compared with the TAC alone. Next, we analyzed 
atrial fibroblasts isolated from sham, sham-treated, TAC, and 
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Figure 2. 1-Trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl) urea (TPPU) reduces atrial fibrosis and atrial fibroblast activation.  
A, Cardiac sections stained with Sirius Red demonstrate the amount of collagen deposition. Scale bars; red, 500 μm and black, 20 μm.  
B, Confocal images of wheat germ agglutinin stain showing a significant decrease in collagen deposition in the TPPU-treated thoracic aortic 
constriction (TAC) mice compared with TAC alone. Scale bars; red, 200 μm and white, 20 μm. C, Flow cytometric analysis of Thy1.2+/Lin−/
CD31−/CD45−/CD34− (Thypos) cells. x and y axes represent arbitrary units. D, Summary data from C. E, Nucleated cells were enumerated 
based on the incorporation of 7-aminoactinomycin D from human atrial fibroblasts derived from human atrial appendage specimens from 
patients undergoing cardiac bypass surgery. Human atrial fibroblasts were identified as Thy1.1+/CD45−/Lin− (Human-Thypos) cells. F, Flow 
cytometric analysis of human-Thypos cells. G, Flow cytometric analysis of the proliferation of human-Thypos using Ki67. H, (Continued )  
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TAC-treated hearts. Atrial fibroblasts were defined as Thy1.2+/
Lin−/CD31−/CD45− cells (Mouse-Thypos cells) using flow 
cytometry.13 There was a significant increase in percentages 
of Thypos cells in the atria of TAC compared with the 2 groups 
of sham animals (Figure 2C and 2D). Treatment with TPPU 
resulted in a significant decrease in percentages of Thypos cells 
compared with TAC animals.

In Vitro Models of Human Atrial Fibroblasts and 
hiPSC-Derived Cardiac Fibroblasts
The effects of TPPU observed in the atria may be second-
ary to the reduction in ventricular hypertrophy and adverse 
remodeling in the ventricles. Therefore, to directly dem-
onstrate the effects of sEH inhibition specifically on atrial 
fibroblasts and independent of ventricular influence, we used 
atrial fibroblasts isolated from human atrial appendages as 
well as an in vitro model of hiPSC-derived cardiac fibroblasts 
(hiPSC-fibroblasts).

Human atrial fibroblasts were isolated and quantified as 
cells expressing Thy1.1+/Lin−/CD45− (Human-Thypos cells) 
using flow cytometry (Figure 2E). There was a significant 
increase in percentages of human atrial fibroblasts in the 
ANG II–treated group compared with the control (Figure 
2F), and treatment with TPPU resulted in a decrease in 
percentages of human Thypos cells. We further used Ki67 
to analyze the proliferative capacity among human atrial 
fibroblasts stimulated with ANG II. There was a significant 
increase in the percentage of Ki67 in the ANG II–treated 
human atrial fibroblasts compared with control (Figure 2G 
and 2H). Treatment with TPPU in the ANG II–stimulated 
cells resulted in a significant decrease in Ki67 expression in 
human atria fibroblasts.

HiPSC-fibroblasts were defined as Thy1.1+/Lin−/CD45− 
cells (hiPSC-Thypos cells). ANG II treatment significantly 
increased the percentages (Figure 2I and 2J) and proliferative 
capacity (Figure 2K and 2L) of hiPSC-fibroblasts compared 
with the control. Treatment with TPPU in the ANG II– 
stimulated cells resulted in a significant decrease in the per-
centages and Ki67 positivity in the hiPSC-fibroblasts.

Treatment With TPPU Results in a Significant 
Reduction in the Activation of Mitogen-Activated 
Protein Kinase and Transforming Growth  
Factor-β Signaling Cascades in Atrial Fibroblasts 
and Myocytes
Inflammatory cytokines and chemokines including interferon-γ, 
TNF-α, and monocyte chemoattractant protein-1 have been 
shown to contribute to cardiac fibrosis by activating cardiac 
fibroblasts via the mitogen-activated protein kinase (MAPK) 
signaling cascade.13 Indeed, increased circulatory levels of 
TNF-α have been demonstrated in patients with heart fail-
ure.22 The Smad signaling cascade regulated by transforming 
growth factor-β (TGF-β) also contributes to cardiac fibrosis.23 
Upregulated TGF-β in cardiac fibroblasts activates Smad 

transcription factors, which translocate to the nucleus to acti-
vate the promoters of collagen I and III genes.24,25 Moreover, 
cardiac hypertrophy is also stimulated by the interplay of 
MAPK and TGF-β.25,26

To elucidate the effects of TPPU on the MAPK and TGF-β 
signaling cascades, we examined the activation of downstream 
members, the ERK1/2 and Smad2/3 in atrial fibroblasts and 
myocytes. Our data demonstrate a significant elevation in the 
levels of phosphorylated ERK1/2 (pERK1/2) in atrial fibroblasts 
(Figure 3A and 3B) and myocytes (Figure 3C and 3D) in the 
TAC mice that was significantly decreased in TPPU-treated TAC 
mice. Similarly, there was a significant elevation in the levels 
of pSmad2/3 in atrial fibroblasts (Figure 3E and 3F) and myo-
cytes (Figure 3G and 3H) in the TAC mice that was significantly 
decreased in TPPU-treated TAC mice. Taken together, our data 
suggest that TPPU decreases the production of cytokines and 
chemokines resulting in the decrease in the activation of atrial 
fibroblasts and myocyte hypertrophy, the leading contributors 
of adverse atrial structural remodeling associated with AF.

Treatment With TPPU Results in a Significant 
Reduction in Oxidative Stress in Atrial Fibroblasts 
and Myocytes
Systemic and myocardial-specific oxidative stress has been 
implicated in the pathogenesis of AF.27 Elevated systemic levels 
of reactive oxygen species (ROS) are seen with increasing age, 
heart failure, and coronary heart disease, which are known risk 
factors for AF.28 Here, flow cytometry was used to quantify the 
level of oxidative stress in atrial fibroblasts (Figure 3I and 3J) 
and atrial myocytes (Figure 3K and 3L). There was a significant 
increase in ROS levels in atrial fibroblasts and atrial myocytes 
isolated from TAC compared with the 2 groups of sham ani-
mals. Moreover, treatment with TPPU resulted in a significant 
decrease in the ROS activity compared with TAC alone.

Direct Effects of TPPU in an In Vitro Model of 
hiPSC-Derived Atrial Myocytes and Fibroblasts 
Activated by Inflammatory Cytokine TNF-α
As mentioned above, the effects of sEHI in the prevention of 
atrial remodeling may be secondary to the reduction in ventricu-
lar hypertrophy. Therefore, to specifically elucidate the effects 
of inflammatory cytokines and the direct inhibitory effects of 
TPPU on atria, we used an in vitro model of hiPSC-derived 
atrial myocytes (hiPSC-ACMs) and hiPSC-fibroblasts. HiPSC-
ACMs were selected based on the expression of MLC2a and the 
absence of MLC2v (Figure 4A and 4B).29 Differentiated-hiPSCs 
were treated with TNF-α. Analysis of hiPSC-ACMs (MLC2a+/
MLC2v−) and hiPSC-fibroblasts stimulated with TNF-α dem-
onstrated a significant increase in pERK1/2 compared with the 
control and control-TPPU–treated cells (Figure 4C through 
4E). Moreover, treatment of TNF-α stimulated hiPSC-ACMs 
and hiPSC-fibroblasts with TPPU significantly decreased the 
pERK1/2 level. The presence of the sEH enzyme in hiPSCs was 
analyzed by flow cytometry (Figure 4F).

Figure 2 Continued. Summary data from G. I, Flow cytometric analysis of Thy1.1+/CD45−/Lin− (hiPSC-Thypos) cells derived from human-
induced pluripotent stem cells (hiPSCs). J, Summary data from I. K, Flow cytometric analysis of the proliferation of hiPSC-Thypos cells 
using Ki67. L, Summary data from K. Representative results are shown. Mean±SEM. Numbers inside the graph represents n. ANG II  
indicates angiotensin II; and FL, fluorescence. *P<0.05.
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Treatment With TPPU Results in a Significant 
Reduction in the Activation of the NF-κB
NF-κB represents one of the critical players in the cytokine-
mediated inflammation and is associated with cardiac fibrosis, 
hypertrophy, and heart failure.9 NF-κB is maintained in the 

inactive form when bound to IκB. Degradation of IκB by IκB 
kinase leads to the nuclear translocation of NF-κB and gene 
activation. Epoxyeicosatrienoic acids have been shown to reg-
ulate the NF-κB cascade by inhibiting IκB kinase.9 Our data 
demonstrated an increased nuclear translocation of NF-κB 

Figure 3. Flow cytometric analysis of the activation of atrial cardiac fibroblasts and atrial myocytes in the in vivo thoracic aortic constriction 
(TAC) model. A, Flow cytometric analysis of pERK1/2+ of atrial fibroblasts. B, Summary data from A. C, Flow cytometric analysis showing the 
median fluorescence intensity of pERK1/2+ of atrial myocytes. D, Summary data from C. E, Flow cytometric analysis of pSmad2/3+ in atrial 
fibroblasts. F, Summary data from E. G, Flow cytometric analysis of pSmad2/3+ of atrial myocytes. H, Summary data from G. I, Flow cyto-
metric analysis of reactive oxygen species (ROS) of atrial fibroblasts. J, Summary data from I. K, Flow cytometric analysis of ROS of atrial 
myocytes. L, Summary data from K. Representative results are shown. Mean±SEM. Numbers inside the graph represent n. *P<0.05.
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Figure 4. Treatment with 1-trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl) urea (TPPU) results in a significant reduction in extracel-
lular signal–regulated kinase 1 and 2 (ERK1/2) in atrial myocytes and fibroblasts in vitro. A, Flow cytometric analysis of anti–myosin light 
chain-2a (MLC2a)+ anti–MLC-2v (MLC2v) − cells from human-induced pluripotent stem cells (hiPSC)–derived cardiomyocytes. x and y axes 
represent arbitrary units. B, Immunofluorescence confocal images of MLC2a+MLC2v− cells. C, Flow cytometric analysis of pERK1/2 signal 
in MLC2a+MLC2v− atrial myocytes treated with tumor necrosis factor-α (TNF-α) alone and with TPPU. D, Summary data from C. E, Flow 
cytometric summary data showing pERK1/2 signal in hiPSC-fibroblasts (Thy1.1+/CD45−/Lin−) treated with TNF-α alone and with TPPU.  
F, Presence of soluble epoxide hydrolase enzyme in hiPSCs analyzed through flow cytometry. Scale bar, 200 μmol/L. Mean±SEM.  
Numbers inside the graph represent n. *P<0.05.
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in hiPSC-CM (Figure 5A) and a significant increase in the 
pIκBα and nuclear NF-κB (nNF-κB) on TNF-α stimulation, 
which was significantly attenuated with TPPU treatment (Fig-
ure 5B through 5D).

Treatment With TPPU Results in a Significant 
Reduction in Endoplasmic Reticulum Stress
Increasing evidence suggests that endoplasmic reticulum 
(ER) stress contributes to cardiac hypertrophy, fibrosis, and 
apoptosis.30,31 Perturbations in the ER homeostasis because 
of intrinsic and extrinsic factors, such as inflammation, oxi-
dative stress, and ischemia may culminate in ER stress. This 
includes the activation of ER transmembrane protein sensors 
(PKR-like ER-regulated kinase [PERK] and inositol requir-
ing enzyme 1α [IRE1α]), the upregulation of ER chaperones, 
such as binding of immunoglobulin protein, initiation of ER-
related apoptotic proteins, such as CCAAT/enhancer-binding 
protein homologous protein, and activation of MAPKs.32–34

Chronic pressure overload in TAC animals resulted in 
the activation of PERK and IRE1α, and their downstream 
targets α-subunit of eIF2α and X-box binding protein 1 
(XBP1), respectively in atrial tissues (Figure VA in the Data 
Supplement). Treatment with TPPU significantly attenuated 
ER stress in atrial tissues as evidenced by decreased PERK 
(Thr980), eIF2α (Ser51), and IRE1α (Ser724) phosphoryla-
tion, decreased XBP1 splicing expression, and a decrease in 
binding of immunoglobulin protein and CCAAT/enhancer-
binding protein homologous protein compared with TAC mice 

(Figure VB through VG in the Data Supplement). Because the 
activation of MAPKs constitutes a component of the stress 
response in atrial hypertrophy35 and plays an important role in 
mediating signal transduction from the ER to the cell nucleus, 
we evaluated activation of MAPKs. Notably, TAC-induced 
phosphorylation of p38 (Thr180/Tyr182) and JNK (Thr183/
Tyr185) was lower in TPPU-treated TAC mice (Figure VH 
and VI in the Data Supplement). The β-tubulin levels remain 
unchanged in the 4 groups (Figure VJ in the Data Supplement).

Treatment With TPPU Reduces Atrial Electric 
Remodeling
Finally, optical mapping of transmembrane potential (V

m
) was 

performed on isolated atria to determine the effects of TPPU 
on atrial electric remodeling.36 There was an increase in action 
potential duration (APD; Figure 6A through 6D) in the atria 
isolated from TAC compared with TPPU-treated TAC animals. 
Atria from TAC hearts demonstrated a significant increase in 
APD at 80% of repolarization (APD

80
) and APD dispersion 

(differences between LA and RA APD) compared with the 
TPPU-treated atria. Furthermore, atria isolated from TAC 
mice showed significantly longer effective refractory period 
in the LA versus RA (Figure 6E), indicating increased disper-
sion of repolarization and refractoriness in untreated hearts.

Consistent with the ex vivo findings, patch-clamp record-
ings from single isolated atrial myocytes demonstrated a sig-
nificant downregulation of the transient outward K+ current in 
TAC animals compared with sham or sham-treated animals. 

Figure 5. Treatment with 1-trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl) urea (TPPU) results in nuclear factor κB (NF-κB) activa-
tion in human-induced pluripotent stem cell–derived cardiomyocytes (hiPSC-CMs) in vitro. A, Prevention of translocation of NF-κB after 
treatment with TPPU in cultured hiPSC-CMs stimulated with tumor necrosis factor-α (TNF-α). B, Western blot analysis of total IκBα, 
phosphorylated IκBα (pIκBα), nuclear NF-κB (nNF-κB), and GAPDH levels. C, Quantification of nuclear NF-κB and (D) pIκBα normalized 
to GAPDH. Mean±SEM. n=3. *P<0.05.
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Treatment with TPPU prevented the downregulation of the 
transient outward K+ current (Figure 6F and 6G).

Discussion
Chronic hypertension represents one of most common 
comorbidities leading to AF.37 The main pathophysiological 

mechanisms contributing to the initiation, progression, and 
persistence of AF are structural and electric remodeling of 
the atria.37 Moreover, AF increases inflammation in the heart 
contributing to atrial remodeling substantiating the AF begets 
AF phenomenon.7 In this study, we provide a proof-of-con-
cept and the molecular mechanisms underlying the beneficial 

Figure 6. Effect of 1-trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl) urea (TPPU) on thoracic aortic constriction (TAC)–induced atrial 
electrophysiological remodeling: A, Example maps of atrial action potential duration (APD) in the untreated (left) and TPPU-treated (right) 
heart. B, Mean APD80 during pacing at a constant cycle length (S1=100 ms). C, Mean APD80 during a premature pacing stimulus (S2=60 
ms). D, Example optical AP traces during S1 (100 ms)–S2 (60 ms) pacing. E, Effective refractory period (ERP) measured from both the left 
atrial (LA) and the right atrial (RA) in untreated and TPPU-treated hearts; n=5 in TAC, n=4 in TAC+TPPU. F, Transient outward K+ current 
recordings from single isolated atrial myocytes and (G) the corresponding current-voltage (I-V) plot. Representative results are shown. H, 
Summary of the various processes involved in the prevention of atrial fibrillation with TPPU treatment. Mean±SEM, n=14. DHET indicates 
dihydroxyeicosatrienoic acids; EET, epoxyeicosatrienoic acid; and MAPK, mitogen-activated protein kinase. *P<0.05.
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effects of inhibition of sEH in the treatment of AF. We demon-
strate positive effects of sEHI in a pressure-overload–induced 
atrial remodeling model by reducing (1) inflammation, (2) 
atrial fibrosis, and (3) electric remodeling in atrial myocytes. 
Specifically, this study provides evidence to support the role 
of inhibition of sEH as a potent anti-inflammatory mechanism 
leading to a significant decrease in the systemic levels of cyto-
kines and chemokines as well as the inhibition of NF-κB acti-
vation. Moreover, treatment with sEHI results in significant 
attenuation in the phosphorylation of key signaling molecules, 
including ERK1/2 in the MAPK pathway in atrial myocytes 
and atrial fibroblasts. To further demonstrate direct inhibi-
tory effects of sEHI on atrial myocytes and atrial fibroblasts, 
we took advantage of in vitro models of hiPSC-ACMs and 
hiPSC-fibroblasts as well as human atrial fibroblasts isolated 
from atrial appendages. Taken together, our data provide com-
pelling molecular and cellular evidence for the use of sEHI as 
an anti-inflammatory therapy for AF (Figure 6H).

Roles of Inflammation in AF
Inflammation has been shown to play critical roles in the 
pathophysiology of AF.8 Evidence of inflammatory infil-
trates and increased serum levels of proinflammatory cyto-
kines were present in both animal models and patients with 
AF.6–8 Several important molecular mediators in inflammatory 
responses in AF include the stretch-activated production of 
ANG II and the recruitment of inflammatory cells that secrete 
inflammatory cytokines and chemokines that activate one of 
the critical transcription factor, NF-κB. Activated NF-κB not 
only increases the gene expression of inflammatory cytokines, 
intensifying inflammation, it also leads to electric remodeling 
and myocytes hypertrophy. Hence, inflammatory cytokines 
act via a positive feedback mechanism further exacerbating 
AF (Figure 6H).

Inflammatory cytokines such as TNF-α and interferon-γ 
also disrupt protein folding in the ER. The ER is a multifunc-
tional organelle playing an important role in protein-folding, 
calcium homeostasis, and in particularly in the heart it also 
contributes to the regulation of excitation–contraction cou-
pling.32,34 When the folding capacity of ER is exceeded, mis-
folded proteins accumulate triggering ER stress. To mitigate 
ER stress and to restore ER homeostasis, the unfolded protein 
response is initiated. However, if unfolded protein response 
mechanisms are unable to lessen ER stress, cardiomyocyte 
apoptosis occurs that contributes to the development and 
maintenance of AF.38 In addition, ER stress–induced apoptosis 
is initiated via the activation of NF-κB.34 Our data demonstrate 
a significant attenuation in the ER stress proteins with TPPU 
treatment. The in vitro data also demonstrate a decrease in the 
activation of NF-κB with TPPU treatment. Taken together, our 
data suggest that treatment with TPPU decreases ER stress at 
least, in part, through the inhibition of NF-κB activation.

Atrial Structural Remodeling and AF
AF-induced structural remodeling is a gradual process that 
intensifies progressively. Excessive oxidative stress has 
been associated with AF leading to atrial structural remod-
eling, including atrial myocyte hypertrophy and fibrosis.27,28 

Experimental animal models and clinical studies have impli-
cated multifactorial processes including atrial dilatation, cel-
lular hypertrophy, apoptosis, ER stress, fibrosis, and oxidative 
stress as contributing to structural remodeling.27,30 Increased 
fibrosis initiated by profibrotic cytokines such as TGF-β1 has 
been observed in patients with AF.1,4,21 Atrial fibrosis has been 
shown to involve a complex interplay of profibrotic molecules, 
including ANG II and its downstream mediators, the multi-
functional MAPKs, and TGF-β.13,24,25 Upregulated TGF-β  
in cardiac fibroblasts induces cardiac fibrosis by activating 
Smad transcription factors, which activate the promoters of 
collagen I and III genes.24,25 TGF-β also promotes persistent 
perivascular and interstitial fibrosis by suppressing the activity 
of matrix metalloproteinases and protease inhibitors.13,25

Atrial myocyte hypertrophy further increases ROS pro-
duction in the atrial myocytes resulting in the activation of 
programmed cell death and apoptosis. Increased ROS produc-
tion in cardiomyocytes causes the activation of members of 
the MAPK pathway, ERK1/2 and JNKs, both of which have 
been implicated in cardiac hypertrophy.39 Similarly, members 
of the pleiotropic TGF-β superfamily have been shown to pro-
mote myocardial hypertrophy.25,26

Here, we demonstrate an increase in both atrial fibrosis 
and atrial myocyte hypertrophy in the chronic pressure-over-
load model, which is significantly mitigated by treatment with 
sEHIs. Treatment with sEHI significantly decreases the acti-
vation of ERK1/2 and Smad2/3 in atrial fibroblasts and myo-
cytes. Inhibition of sEH attenuates ROS in atrial myocytes and 
fibroblasts by preventing the activation of the MAPK pathway, 
ERK1/2 and JNK. Moreover, sEHI decreases ER stress con-
sistent with previous findings of the reduction of ER stress 
response in various disease models by sEH inhibition.32,33 
Finally, direct effects of sEHI on atrial myocytes and fibro-
blasts are further substantiated using in vitro model of hiPSC-
fibroblasts and hiPSC-ACMs.

Atrial Electric Remodeling and AF
Electric remodeling is induced by rapid atrial rates, which 
develops immediately after AF and contributes to the stabil-
ity of a longer lasting form of AF. Abnormalities in electric 
impulse formation or impulse conduction can initiate and 
maintain AF. Excessive prolongation of APD causes Ca2+ 
currents to recover from inactivation, leading to early after 
depolarization and maintenance of AF.40 Our study demon-
strates a slowing of activation, a prolonged APD in LA, and 
importantly an increased dispersion of APD and effective 
refractory period, a known proarrhythmic factor. At the cel-
lular basis, electric remodeling involves changes to the ion 
channels governing the AP characteristics. Downregulation 
of I

to
 in atrial cells can significantly alter AP shape and dura-

tion contributing to electric remodeling. A marked decrease 
in I

to
 was previously documented in both animal models and 

patients with chronic AF.41 The reduction in I
to
 has been shown 

to be because of the decrease in the auxiliary subunit of the 
K+ channel, thereby impairing the channel assembly via the 
activation of NF-κB signaling cascade.42

SEH inhibition increases epoxyeicosatrienoic acids, 
which has previously been shown to regulate gene expression 
via the inhibition of NF-κB signaling.9,14 Of considerable 
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relevance are our findings that there is a significant upregu-
lation of I

to
 from single isolated atrial myocytes and an inhi-

bition of NF-κB activation in cultured cells by treatment 
with sEHI. Taken together, our data support the notion that 
treatment with sEHI may reduce the electric remodeling in 
the atrial myocytes by the upregulation of outward transient 
K+ current, possibly through the inhibition of the NF-κB 
activation.

Translational Implications
The emergence of hiPSC technology has created a unique 
tool to study the effects of various drugs in both monoge-
netic diseases and in diseases with multiple pathogeneses, 
such as AF. Advantages of using hiPSC for drug screening 
include the ability to circumvent the problem of maintain-
ing primary human cardiomyocytes in culture, the ability 
to obtain patient-specific cell lines and the ability to avoid 
adverse side effects of drugs.43 In our study, we took advan-
tage of hiPSC-CMs as a model system to study the effects 
of novel sEHI on the molecular mechanisms underlying the 
structural and electric remodeling in AF. Indeed, hiPSC-
ACMs may be used as an in vitro drug-screening tool to 
study atrial arrhythmias. Finally, our study provides a proof-
of-concept study for an upstream therapeutic target for the 
treatment of AF.
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DATA SUPPLEMENT 

 

 
Supplemental Materials and Methods 

 

Soluble epoxide hydrolase inhibitor (sEHI): 

Selective and potent inhibitors (low nanomolar Ki’s) for rodent and human sEH were developed 

based on the catalytic mechanism and the X-ray structure of the murine sEH (PDB access #: 1CQZ & 

1CR6).1-3 The potency, pharmacokinetics, and physiochemical properties of 11 different sEHIs were 

conducted. 1-Trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl)urea (TPPU, containing a piperidine 

ring, Figure 1A) was found to have high inhibitory potency, drug-like physicochemical properties, 

pharmacokinetics with high area under the curve values, a relatively longer half-life and lower plasma 

protein binding properties than many previous compounds.4 For these pharmacokinetic favorable 

characteristics, TPPU was chosen for this study. TPPU was found to be a low nanomolar inhibitor of the 

sEH enzyme and was previously tested against commercial drug targets and the NIH screen of drug 

targets, there were no hits at 10 micromolar (over 1,000 fold higher concentration than the effective 

concentration for the sEH enzyme).  In addition, the X- ray crystal structure of the soluble epoxide 

enzyme and the inhibitors has been solved.5-12  There is no evidence to date of off-target binding sites.  

 

Thoracic Aortic Constriction (TAC) model in mice: 

TACs were performed in 8- to 12-week-old male C57BL/6J mice (Charles River, Wilmington, 

MA) as previously described.13 Mice from the same litters were used for sham, sham-TPPU treatment, 

TAC and TAC-TPPU treatment. Briefly, animals were anesthetized with i.p. ketamine 50 mg/kg and 

xylazine 2.5 mg/kg. Intubation was performed perorally and mechanical ventilation was initiated. Aortic 

constriction was created via a left thoracotomy by placing a ligature securely around the ascending aorta 

and a 26-gauge needle and then removing the needle. The chest was closed with 3-0 dexon rib sutures, 5-

0 dexon II muscle sutures and buried skin sutures. Negative plural pressure was re-established via a 
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temporary chest tube until spontaneous breathing occurs. Sham-operated animals underwent the same 

procedure without tying the suture. Echocardiograms were performed 1 week after surgery after which 

mice were randomized to receive TPPU (15 mg/L)14 in the drinking water or water alone for a period of 3 

weeks. Four groups of animals including sham, sham treated with TPPU, TAC, and TAC treated with 

TPPU were followed for a period of three weeks at which time repeat echocardiograms were performed.  

 

Analysis of cardiac function by echocardiography: 

Echocardiograms to assess systolic function were performed by using M-mode and two-

dimensional measurements as described previously.15 The measurements represented the average of six 

selected cardiac cycles from at least two separate scans performed in a blinded fashion with papillary 

muscles used as a point of reference for consistency in the level of scan. Fractional shortening (FS), a 

surrogate of systolic function, was calculated from left ventricle dimensions as follows: %FS = ((EDD-

ESD)/EDD) x100, where EDD and ESD represent end-diastolic and end-systolic dimensions, 

respectively.  

 

Histological analyses: 

Hearts were excised and retrogradely perfused with phosphate-buffered solution to wash out 

blood and fixed in 10% formalin overnight. Hearts were then embedded in paraffin, serial left atrial (LA) 

and right atrial (RA) cardiac sections of 5 m in thickness were taken along the longitudinal axis and 

stained with Picrosirius Red to assess for collagen content. 

 

Immunofluorescence confocal laser scanning microscopy: 

Additional cardiac sections were stained with wheat germ agglutinin (WGA). The cardiac 

sections were deparaffinized with Xylene before rehydrating with serial dilution of ethanol. The sections 

were blocked with donkey serum and stained with WGA-conjugated to Alexafluor-488 (10 g ml−1, 
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Molecular Probes). Cardiac sections from corresponding area from the four groups were scanned. 

Identical settings were used for all the specimens. Immunofluorescence-labeled images were obtained 

using a Zeiss LSM700 confocal laser-scanning microscope. 

 

Flow cytometric analysis of cardiac cells: 

Single cell suspension was obtained from 8- to 12-week-old male C57BL/6 mice as previously 

described.16 The procedure was performed according to the approved UC Davis Animal Care and Use 

protocol. Briefly, mice were injected with 0.1 ml heparin (1,000 units ml−1) 10 min prior to heart excision, 

then anesthetized with pentobarbital intraperitoneally (80 mg kg−1). Hearts were removed and placed in 

Tyrode’s solution (mmol l−1: NaCl 140, KCl 5.4, MgCl2 1.2, N-2-hydroxyethylpiperazine-N′-2-

ethanesulphonic acid (HEPES) 5 and glucose 5, pH 7.4). All chemicals were obtained from Sigma 

Chemicals (St. Louis, MO) unless stated otherwise. The aorta was cannulated under a dissecting 

microscope and mounted on the Langendorff apparatus. The coronary arteries were retrogradely perfused 

with Tyrode’s solution gassed with O2 at 37 °C for 3 min at a flow rate of ~3 ml min−1. The solution was 

switched to Tyrode’s solution containing collagenase type 2 (1 mg ml−1, 330 units mg−1, Worthington 

Biochemical Corporation). After ~12 min of enzyme perfusion, hearts were removed from the perfusion 

apparatus and gently teased in high-K+ solution (mmol l−1: potassium glutamate 120, KCl 20, MgCl2 1, 

EGTA 0.3, glucose 10 and HEPES 10, pH 7.4 with KOH). Cells were filtered through 200 µm cell 

strainer, re-suspended in Ca2+ and Mg2+ free phosphate buffered saline (PBS), fixed with 0.4% 

paraformaldehyde (PFA), treated with methanol before treating with phytoerythrin-conjugated anti-

Thy1.2 (BD Bioscience, San Diego, CA), lineage antibody cocktail (CD3e, CD11b, Cd45R, Ly-6C, Ly-

6G and TER-119, 1:100 dilution, BD Bioscience), anti-CD45 (BD Bioscience, San Diego, CA), anti-

troponin T antibody (Thermo Scientific), anti-CD31 (BD Bioscience), Alexa fluor 488 or 647-conjugated 

anti-pERK1/2 (Cell Signaling), Alexa fluor 647-conjugated anti-pSMAD2/3 (BD Bioscience), and 

proliferation-specific Ki67 antibody (15 g ml−1, BD Bioscience) in PBS with 5% donkey serum and 20 

µg ml-1 DNAse-free RNAse (Sigma) overnight at 4C. Cells were also stained with 40 µg ml-1 7‐amino‐
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actinomycin D (7AAD, BD Bioscience, San Jose, CA) to measure the DNA content. Equal number of 

atrial myocytes (left and right together) were isolated from sham, sham-TPPU treated, TAC and TAC-

TPPU treated hearts and 10,000 to 20,000 cells were analyzed in each run. Data were collected using a 

standard FACScan cytometer (BD Biosciences, San Jose, CA) upgraded to a dual laser system with the 

addition of a blue laser (15 mW at 488 nm) and a red laser (25 mW at 637 nm Cytek Development, Inc, 

Fremont, CA). Data were acquired using CellQuest software (BD Bioscience) and analyzed using FlowJo 

software (ver9.4 Treestar Inc., San Carlos). Cells stained with isotype-matched IgG antibodies were used 

as controls to determine the positive cell population. 

 

In vitro human cardiac fibroblast culture: 

Human right atrial appendage specimens from informed consented patients undergoing cardiac 

bypass surgery were obtained from UC Davis Medical Center in accordance with the approved UC Davis 

Institutional Review Board (IRB) protocol. The tissue was stored in cardioplegic solution at 4°C and 

processed within 2 hours. The cardiac tissue was washed and minced in filter-sterilized (0.2 μm) Ca2+-and 

bicarbonate-free Hanks' buffer with HEPES (CBFHH) solution (mmol l-1: NaCl 137, KCl 5.36, MgSO4 

0.81, HEPES 20.06, K2PO4 0.44, and Na2HPO4 0.34, pH 7.4) at room temperature. The tissue pieces were 

digested with CBFHH solution containing 2% bovine serum albumin, 0.1% collagenase type 2 and 0.2% 

trypsin with continuous stirring at 37°C for 3 min. The supernatant was discarded and the enzyme 

solution replaced for 10 min and repeated for 3 min. The partially dissociated pieces were washed with 

medium before plating on cell culture dishes and maintained in DMEM/F12 medium (10% fetal bovine 

serum and 1% penicillin/streptomycin) until the appearance of fibroblasts from the explants. The cells 

were trypsinized and plated on 12 well plates until confluency and treated with angiotensin II (Sigma and 

1 μM for 24 hours) and TPPU (1 μM) before flow cytometric analysis with phytoerythrin-conjugated anti-

Thy1.1 (BD Bioscience, San Diego, CA), FITC conjugated lineage antibody cocktail (CD3, CD14, CD19, 

CD20 and CD56 BD Bioscience), APC-Cy7-congugated anti-CD45 (BD Bioscience, San Diego, CA) and 

proliferation-specific Ki67 antibody (15 g ml−1, BD Bioscience). 
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Human-induced pluripotent stem cell-derived cardiomyocytes  (hiPSC-CM) and hiPSC-derived cardiac 

fibroblasts: 

HiPSC were plated and differentiated for 20 days using a directed differentiation protocol.17 

HiPSC-CMs enriched with puromycin and treated with Tumor Necrosis Factor-α (TNF-α) or angiotensin 

II (ANG II) and TPPU were fixed and stained with anti-α-actinin, anti-NF-B, anti-myosin light chain-2a 

(MLC2a), anti- myosin light chain-2v (MLC2v) and fibroblast-specific antibodies. HiPSC-derived cardiac 

fibroblasts were defined as Thy1.1+/Lin−/CD45− cells (hiPSC-Thypos cells). Differentiated hiPSCs at day 

20 were treated with angiotensin II (Sigma and 1 μM for 24 hours) or TNF- (20 ng/ml for 20 minutes) 

and TPPU (1 μM) before flow cytometric analyses as described above. 

 

Western Blot Analysis: 

Immunoblots were performed as previously described16 using anti-IB (1:1000, Cell Signaling), 

anti-phospho-IB (1:1000, Cell Signaling), anti-NF-B (1:1000, Cell Signaling) and anti-GAPDH 

(1:10000, Fitzgerald) antibodies. 

 

Measurement of Plasma Cytokine Levels: 

Plasma samples were collected 3 weeks after sham or TAC operation and stored at -80 °C until 

assayed. Plasma cytokine levels were analyzed using a Cytometric Bead Array kit (CBA mouse 

inflammation kit, BD Biosciences). Briefly, thawed plasma samples were mixed for 2 hours at room 

temperature with florescence-labeled capture beads with the PE detection reagents to measure the 

concentrations of Interleukin-6 (IL-6), Interleukin-10 (IL-10), Monocyte Chemoattractant Protein-1 

(MCP-1), Interferon-γ (INF-γ), Tumor necrosis factor- α  (TNF-α), and Interleukin-12p70 (IL-12 p70). 

Samples were then washed with washing buffer and analyzed on a FACScan flow cytometer (BD 

Immunocytometry Systems). Data were analyzed using BD Cytometric Bead Array Analysis software 

(BD Immunocytometry Systems). 
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Metabolomic Profiling of Oxylipins: 

Plasma samples stored at -80 ºC were thawed at room temperature. Aliquots of plasma (200 µL) 

were spiked with a set of odd chain length analogs and deuterated isomers of several target analytes 

including hydroxyeicosatetraenoic acids (HETEs), prostaglandins, thromboxanes, epoxides (EpOMEs and 

EETs), and diols (DHOMEs and DHETs) contained in 10 µL of methanol, and then were extracted by 

solid phase extraction using Oasis HLB cartridges (Waters, Milford, MA).  The HLB columns (1 cc, 60 

mg) were washed with 2 mL methanol and pre-conditioned with 2 mL water/methanol/acetic acid 

(95/5/0.1, v/v).  Samples were then mixed with 200 µL of the pre-conditioning solution and loaded onto 

the column. The loaded column was then washed with 2 mL of the pre-conditioning solution and then 

dried for 5 min in vacuo. Target analytes were then eluted with 2 mL of ethyl acetate. The collected 

eluents were evaporated to dryness using a centrifugal vacuum concentrator and re-dissolved in 40 µL of 

methanol.  The spiked samples were vortexed for 1 min, centrifuged at 14,000 r.p.m. for 5 min, and then 

transferred to analytical vials containing 150 µL inserts for analysis. 

The oxylipin profiling was performed using a previously published method.13 The separation of 

plasma oxylipins was conducted in a Shimadzu LC-10ADVP instrument (Shimadzu Corp., Kyoto, Japan) 

equipped with a 2.1 mm X 150 mm Pursuit XRs-C18 5 μm column (Varian Inc, Palo Alto, CA) held at 40 

ºC. A gradient of water containing 0.1% acetic acid (v/v, solvent A) and acetonitrile/methanol/acetic acid 

(800/150/1, v/v; solvent B) was used to elute the column with the flow rate of 0.4 mL min-1 (SI Table 1). 

The injection volume was 10 μL and the samples were kept at 10 ºC in the auto sampler. Analytes were 

detected on a 4000 QTRAP (Applied Biosystems, Foster City, CA) hybrid, triple-quadrupole, and linear 

ion trap mass spectrometer equipped with a Turbo V ion source and operated in negative MRM mode.  

The source was operated in negative electrospray mode and the QTRAP was set as follows: CUR=20 psi, 

GS1=50 psi, GS2=30 psi, IS=-4500 V, CAD= HIGH, TEM=400°C, ihe=ON, DP=-60 V. The collision 

energies used for CAD ranged from -18 to -38 eV. 
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Evaluation of Endoplasmic Reticulum (ER) Stress markers: 

Atrial tissues were homogenized in RIPA buffer supplemented with protease inhibitors and 

phosphatase inhibitors (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% 

TritonX-100, 1% sodium deoxycholate, 5 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate and 

protease inhibitors). Lysates were clarified by centrifugation at 13,000 rpm for 10 min and protein 

concentrations were determined using bicinchoninic acid protein assay kit (Pierce Chemical). Proteins 

were resolved by SDS-PAGE and transferred to PVDF membranes. Immunoblotting of lysates was 

performed with antibodies for pp38 (Thr180/Tyr182), p38, pJNK (Thr183/Tyr185), JNK, (Cell Signaling 

Technology; Danvers, MA), pPERK (Thr980), PERK, peIF2α (Ser51), eIF2α, sXBP1, IRE1α and 

Tubulin (all from Santa Cruz Biotechnology; Santa Cruz, CA). Antibody for pIRE1α (Ser724) was 

obtained from Abcam, Cambridge, MA. After incubation with the appropriate secondary antibodies, 

proteins were visualized using enhanced chemiluminescence (ECL, Amersham Biosciences). Pixel 

intensities of immunoreactive bands were quantified using ImageQuant 5.0 software (Molecular 

Dynamics). Data for phosphorylated proteins are presented as phosphorylation level normalized to total 

protein expression and for non-phosphorylated proteins as total protein expression normalized to β-

tubulin, which remains unchanged in the four groups. Fig S5j). 

 

Ex vivo Optical Mapping of transmembrane potential (Vm): 

Langendorff perfusion and optical mapping of Vm were carried out as described previously.18 

Briefly, mice were anesthetized with pentobarbital sodium (150 mg/kg, I.P.) containing 120 IU of 

heparin.  Following a mid-sternal incision, hearts were rapidly removed and perfused in a 37±0.5C 

Tyrode’s solution of the following composition (in mmol/L): NaCl 128.2, CaCl2 1.3, KCl 4.7, MgCl2 

1.05, NaH2PO4 1.19, NaHCO3 20 and glucose 11.1 (pH 7.4±0.05).  Flow rate (1.5-3.5 mL/min) was 

adjusted to maintain a perfusion pressure of 60-80 mmHg. The hearts were placed in a perfusion dish with 

the posterior surface of the heart facing the optical mapping camera. In addition to coronary perfusion, the 

hearts were submerged in the solution and superfused in the dish to keep the temperature at 37±0.5 C.  
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The atrial appendages were pinned in the dish with fine insect pins to elevate the posterior epicardium of 

the atrial appendages into the focal plane for imaging. A bipolar pacing electrode was positioned on the 

epicardium of left or right atrial appendage for pacing using a 2 ms pulse at twice the diastolic threshold. 

Blebbistatin (10-20 μM, Tocris Bioscience, Ellisville, MO) was added to the perfusate to reduce motion 

artifacts during optical recordings (Fedorov VV et al., Heart Rhythm, 2007). The heart was stained with 

the voltage-sensitive dye (RH237, 5 μL of 1 mg/mL in DMSO, Molecular Probes) via the coronary 

perfusion.  Excitation light was produced with two continuous-wave LED sources centered at 531 nm and 

bandpass filtered from 511-551 nm (LEX-2, SciMedia, Costa Mesa, CA). The emitted fluorescence was 

collected through an objective (Leica, 1x) and the fluorescence signal longpass filtered at 700 nm. Optical 

action potentials were recorded using a16-bit complementary metal oxide camera (CMOS, MiCam 

Ultima-L, SciMedia, Costa Mesa, CA).  Images were acquired at 1 kHz and 100x100 pixels with a 10x10 

mm field of view.  

Baseline electrophysiological parameters were determined during atrial epicardial pacing at a 

pacing cycle length (PCL) of 100 ms. Effective refractory period (ERP) was determined using a standard 

S1-S2 pacing protocol (18 S1s at 100ms followed by a premature S2 stimulus decreasing by 5-10 ms until 

the ERP was reached).  ERP was measured from both the left and right atrium. Data analysis was 

performed using a commercially available analysis program (Optiq, Cairn, UK). The Vm signals were 

post-processed using a spatial Guassian filter (3x3 pixels).  Action potential (AP) characteristics were 

analyzed from data collected during pacing at a PCL of 100 ms from the left appendage.  AP activation 

time was determined as the time at 50% between peak and baseline amplitude.  Action potential duration 

at 80% repolarization (APD80) was calculated as repolarization time – activation time from data collected 

during pacing at 100 ms (S1) or 60 ms (S2) on the left or right atrial appendage.  Pseudo-color AP 

activation and APD maps were generated from measurements of activation time and APD80 at individual 

pixels. The sizes and shapes of the maps were selected based on the signal-to-noise ratio levels of the 

mapping area that allow for proper analysis. 
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Electrophysiological studies of single isolated atrial myocytes: 

Atrial myocytes were isolated from hearts using previously described protocol.15 Briefly, hearts 

were removed, and retrogradely perfused with collagenase B (Boehringer Mannheim) and 3 mg protease 

(type XIV, 4.5 units/mg, Sigma). Experiments were performed using the conventional whole-cell patch-

clamp technique at room temperature.15 For K+ current recording, the external solution contained (mM) 

NMG 130, KCl 5, CaCl21, MgCl2 1, Nimodipine 1 M, glucose 10, HEPES 10, pH 7.4 with HCl. The 

pipette solution contained (mM) KCl 140, Mg-ATP 4, MgCl2 1, EGTA 10, HEPES 10, pH 7.4 with KOH. 

All experiments were performed using 3 M KCl agar bridges. Cell capacitance was calculated as the ratio 

of total charge (the integrated area under the current transient) to the magnitude of the pulse (20 mV). 

Currents were normalized to cell capacity to obtain the current density. The series resistance was 

compensated electronically. In all experiments, a series resistance compensation of 90% was obtained. 

Currents were recorded using Axopatch 200B amplifier (Axon 7 Instrument), filtered at 10 kHz using a 4-

pole Bessel filter and digitized at sampling frequency of 50 kHz. Data analysis was carried out using 

custom-written software and commercially available PC-based spreadsheet and graphics software 

(MicroCal Origin version 6.0). 

 

Statistical Analysis: 

Data are presented as mean ± S.E.M. Statistical comparisons were analyzed by one-way ANOVA 

followed by Bonferroni tests and Tukey’s-Kramer honest significant difference analyses for post hoc 

comparison. Statistical significance was considered to be achieved when p<0.05 and p<0.01 (for ER 

Stress assay). 
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Supplemental Figures 

 

 

Figure I. Assessment of the effect of TPPU on cardiac dilatation: (a) Summary data of atrial area in 

sham-operated (pink), TPPU-treated sham-operated (blue), TAC (green), and TAC treated with TPPU 

(orange) after three weeks of TPPU treatment showing evidence of chamber dilatation in TAC mice. 

TPPU prevented the development of chamber dilatation in TAC mice. (b) Example maps of atria from 

TAC (left) and TPPU-treated-TAC (right) hearts. (c) Presence of sEH in atrial myocytes (blue) analyzed 

through flow cytometry. Mean±SEM. n=3, *P<0.05  
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Figure II. Noninvasive echocardiographic assessment of the effect of TPPU on cardiac function: (a) 

Examples of two-dimensional and M-mode echocardiography in sham-operated (pink), TPPU-treated 

sham-operated (blue), TAC (green) and TAC treated with TPPU (orange) after three weeks of TPPU 

treatment showing evidence of chamber dilatation in TAC mice. TPPU prevented the development of 

chamber dilatation in TAC mice. (b) Summary data for left ventricular end diastolic dimension (mm) 

from the four groups of animals. Error bars represent standard error, numbers inside the graph represents 

n and *P<0.05. **P<0.05 vs Sham and Sham+TPPU.  
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Figure III. Oxylipin Profiling: (a) Oxylipin profiling of arachidonic acid metabolites from COX-2 

enzyme from sham-operated (pink), TPPU-treated sham-operated (blue), TAC (green) and TAC treated 

with TPPU (orange) after three weeks of TPPU treatment. (b) Oxylipin profiling of arachidonic acid 

metabolites from LOX enzyme. Error bars represent standard error and *P<0.05.  
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Figure IV. TPPU reduces atrial fibrosis: (a) Cardiac sections from right atria stained with Sirius Red 

demonstrate the amount of collagen deposition. Scale bars, 500 μm. (b) Confocal images of wheat germ 

agglutinin stain showing a significant decrease in collagen deposition in the TPPU-treated TAC mice 

compared to TAC alone in the right atria. Scale bars, 200 μm.  
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Figure V. ER Stress Assay from TAC and TPPU-treated TAC mice: (a) Total protein lysates were 

immunoblotted for pPERK, peIF2, pIRE1pp38, pJNK1/2 and their respective unphosphorylated 

proteins, sXBP1, BiP, CHOP and Tubulin as a loading control. Bar graphs represent normalized data. (b) 

pPERK/PERK, (c) peIF2/ eIF2 (d) pIRE1/IRE1 (e) sXBP1 normalized to Tubulin (f) BiP 

normalized to β-Tubulin (g) CHOP normalized to Tubulin  (h) pp38/p38, and (i) pJNK/JNK. (j) Levels 

of β-tubulin in the four groups of animals. AU: arbitrary units. Error bars represent standard error, and 

*P<0.05. Sham-operated (pink bars), TPPU-treated-sham-operated (blue bars), TAC (green bars) and 

TPPU-treated-TAC mice (orange bars); n=3-5 animals. 
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Supplemental Tables 

 

 

Table I: Oxylipin Profiling Data: Plasma levels of oxylipin mediators (nmol/L) and the ratios of 

epoxides to diols. Data Average ± Standard Error.  

 

 

 

Oxylipins 

Treatment Groups 

Sham Sham+ 

TPPU 

TAC TAC+ 

TPPU 

5(6)-EET  36.73±6.4 38.54±8.1 36.06±8.3 58.77±5.7 

5(6)-DHET  2.39±0.4 0.91±0.2 2.03±0.1 0.93±0.1 

8(9)-EET  4.19±0.6 5.02±1.2 3.91±0.78 7.41±0.6 

8(9)-DHET  1.20±0.1 1.06±0.2 2.02±0.2 1±0.04 

11(12)-EET  4.52±0.2 6.31±1.2 5.7±0.6 6.62±0.6 

11(12)-DHET  0.43±0.05 0.30±0.03 0.61±0.1 0.36±0.04 

14(15)-EET  2.06±0.3 5.5±1.7 2.67±0.2 6.10±1.6 

14(15)-DHET  0.91±0.1 0.96±0.05 1.58±0.3 1.01±0.09 

Sum EETs  47.50±7.3 55.37±11.5 48.34±9.4 78.92±7.13 

Sum DHETs  2.54±0.3 2.32±0.2 4.22±0.5 2.37±0.1 

Sum-EpOMEs  50.09±9.3 216±58 124±53 138±19 

Sum-DiHOMEs  19.83±3.9 18±3 42±12 27±3.4 

Sum-EpODEs  13.54±3.5 54.65±20 16.9±2.9 29.47±6.3 

Sum-DiHODEs  7.59±1.1 3.73±1.1 10.81±1.5 2.92±0.3 

Sum-EpDPEs  28.1±16 62.38±58 26.89±10 79.19±34 

Sum-DiHDPEs  3.2±0.5 2.81±0.6 7.93±2.4 2.98±0.9 

5(6)-EET/5(6)-DHET  16.15±2.4 61.28±22.2 17.17±3 64.9±7.8 

8(9)-EET/8(9)-DHET  3.53±0.5 4.85±0.8 1.96±0.3 7.38±0.4 

11(12)-EET/11(12)-DHET  11.23±1.6 21±2.9 11.49±3.2 19.18±3.07 

14(15)-EET/14(15)-DHET  2.5±0.5 5.79±1.8 1.89±0.3 5.91±1.4 

Sum(EETs)/Sum(DHETs)  19.28±3.2 24.13±4.4 13.43±5.9 33.42±2.7 

Sum(EpOMEs)/Sum(DiHOMEs)  2.62±0.3 11.15±1.5 2.71±0.3 5.2±0.7 

Sum(EpODEs)/Sum(DiHODEs)  11.69±1.5 33.9±8.7 5.87±1.3 15.08±1.45 

Sum(EpDPEs)/Sum(DiHDPEs)  21.33±6.9 46.57±39 13.96±5.3 71.15±29 

 

EET, epoxyeicosatrienoic acid; DHET, dihydroxyeicosatrienoic acid, EpOME, epoxyoctadecenoic acid; 

DiHOME, dihydroxyoctadecenoic acids; EpODE, epoxy-octadecadienoic acid; DiHODE, dihydroxy-

octadecadienoic acid; EpDPE, epoxy-docosapentaenoic acid; DiHDPE, dihydroxy- docosapentaenoic acid 
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COX-2 

Treatment Groups 

Sham Sham+ 

TPPU 

TAC TAC+ 

TPPU 

TXB2  0.57±0.09 0.80±0.1 3.5±0.9 0.82±0.2 

PGF2  0.36±0.07 0.55±0.1 1.24±0.5 0.6±0.1 

 

LOX 

Treatment Groups 

Sham Sham+ 

TPPU 

TAC TAC+ 

TPPU 

5-HETE  11.2±2.2 8.2±0.5 15.5±1.3 8.4±2 

8-HETE  3.4±0.6 1.2±0.6 5.0±1.9 2.1±0.7 

11-HETE  2.3±0.3 0.7±0.2 3.8±1.0 2.6±0.5 

12-HETE  53.4±10 53.8±2.4 472±161 34.3±12 

15-HETE  11.0±1.6 6.7±0.7 12.1±2.3 9.93±1.7 

 

TXB2; Thromboxane 2, PGF2Prostaglandin F2COX-2; Cyclooxygenase -2, LOX; Lipoxygenase, 

HETE; Hydroxyeicosatetraenoic acid 

Table II: Plasma levels of Arachidonic Acid (ARA) metabolites (nmol/L) generated from COX-2 and 

LOX enzymes.  
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DATA SUPPLEMENT 

 

 
Supplemental Materials and Methods 

 

Soluble epoxide hydrolase inhibitor (sEHI): 

Selective and potent inhibitors (low nanomolar Ki’s) for rodent and human sEH were developed 

based on the catalytic mechanism and the X-ray structure of the murine sEH (PDB access #: 1CQZ & 

1CR6).1-3 The potency, pharmacokinetics, and physiochemical properties of 11 different sEHIs were 

conducted. 1-Trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl)urea (TPPU, containing a piperidine 

ring, Figure 1A) was found to have high inhibitory potency, drug-like physicochemical properties, 

pharmacokinetics with high area under the curve values, a relatively longer half-life and lower plasma 

protein binding properties than many previous compounds.4 For these pharmacokinetic favorable 

characteristics, TPPU was chosen for this study. TPPU was found to be a low nanomolar inhibitor of the 

sEH enzyme and was previously tested against commercial drug targets and the NIH screen of drug 

targets, there were no hits at 10 micromolar (over 1,000 fold higher concentration than the effective 

concentration for the sEH enzyme).  In addition, the X- ray crystal structure of the soluble epoxide 

enzyme and the inhibitors has been solved.5-12  There is no evidence to date of off-target binding sites.  

 

Thoracic Aortic Constriction (TAC) model in mice: 

TACs were performed in 8- to 12-week-old male C57BL/6J mice (Charles River, Wilmington, 

MA) as previously described.13 Mice from the same litters were used for sham, sham-TPPU treatment, 

TAC and TAC-TPPU treatment. Briefly, animals were anesthetized with i.p. ketamine 50 mg/kg and 

xylazine 2.5 mg/kg. Intubation was performed perorally and mechanical ventilation was initiated. Aortic 

constriction was created via a left thoracotomy by placing a ligature securely around the ascending aorta 

and a 26-gauge needle and then removing the needle. The chest was closed with 3-0 dexon rib sutures, 5-

0 dexon II muscle sutures and buried skin sutures. Negative plural pressure was re-established via a 



2 
 

temporary chest tube until spontaneous breathing occurs. Sham-operated animals underwent the same 

procedure without tying the suture. Echocardiograms were performed 1 week after surgery after which 

mice were randomized to receive TPPU (15 mg/L)14 in the drinking water or water alone for a period of 3 

weeks. Four groups of animals including sham, sham treated with TPPU, TAC, and TAC treated with 

TPPU were followed for a period of three weeks at which time repeat echocardiograms were performed.  

 

Analysis of cardiac function by echocardiography: 

Echocardiograms to assess systolic function were performed by using M-mode and two-

dimensional measurements as described previously.15 The measurements represented the average of six 

selected cardiac cycles from at least two separate scans performed in a blinded fashion with papillary 

muscles used as a point of reference for consistency in the level of scan. Fractional shortening (FS), a 

surrogate of systolic function, was calculated from left ventricle dimensions as follows: %FS = ((EDD-

ESD)/EDD) x100, where EDD and ESD represent end-diastolic and end-systolic dimensions, 

respectively.  

 

Histological analyses: 

Hearts were excised and retrogradely perfused with phosphate-buffered solution to wash out 

blood and fixed in 10% formalin overnight. Hearts were then embedded in paraffin, serial left atrial (LA) 

and right atrial (RA) cardiac sections of 5 m in thickness were taken along the longitudinal axis and 

stained with Picrosirius Red to assess for collagen content. 

 

Immunofluorescence confocal laser scanning microscopy: 

Additional cardiac sections were stained with wheat germ agglutinin (WGA). The cardiac 

sections were deparaffinized with Xylene before rehydrating with serial dilution of ethanol. The sections 

were blocked with donkey serum and stained with WGA-conjugated to Alexafluor-488 (10 g ml−1, 
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Molecular Probes). Cardiac sections from corresponding area from the four groups were scanned. 

Identical settings were used for all the specimens. Immunofluorescence-labeled images were obtained 

using a Zeiss LSM700 confocal laser-scanning microscope. 

 

Flow cytometric analysis of cardiac cells: 

Single cell suspension was obtained from 8- to 12-week-old male C57BL/6 mice as previously 

described.16 The procedure was performed according to the approved UC Davis Animal Care and Use 

protocol. Briefly, mice were injected with 0.1 ml heparin (1,000 units ml−1) 10 min prior to heart excision, 

then anesthetized with pentobarbital intraperitoneally (80 mg kg−1). Hearts were removed and placed in 

Tyrode’s solution (mmol l−1: NaCl 140, KCl 5.4, MgCl2 1.2, N-2-hydroxyethylpiperazine-N′-2-

ethanesulphonic acid (HEPES) 5 and glucose 5, pH 7.4). All chemicals were obtained from Sigma 

Chemicals (St. Louis, MO) unless stated otherwise. The aorta was cannulated under a dissecting 

microscope and mounted on the Langendorff apparatus. The coronary arteries were retrogradely perfused 

with Tyrode’s solution gassed with O2 at 37 °C for 3 min at a flow rate of ~3 ml min−1. The solution was 

switched to Tyrode’s solution containing collagenase type 2 (1 mg ml−1, 330 units mg−1, Worthington 

Biochemical Corporation). After ~12 min of enzyme perfusion, hearts were removed from the perfusion 

apparatus and gently teased in high-K+ solution (mmol l−1: potassium glutamate 120, KCl 20, MgCl2 1, 

EGTA 0.3, glucose 10 and HEPES 10, pH 7.4 with KOH). Cells were filtered through 200 µm cell 

strainer, re-suspended in Ca2+ and Mg2+ free phosphate buffered saline (PBS), fixed with 0.4% 

paraformaldehyde (PFA), treated with methanol before treating with phytoerythrin-conjugated anti-

Thy1.2 (BD Bioscience, San Diego, CA), lineage antibody cocktail (CD3e, CD11b, Cd45R, Ly-6C, Ly-

6G and TER-119, 1:100 dilution, BD Bioscience), anti-CD45 (BD Bioscience, San Diego, CA), anti-

troponin T antibody (Thermo Scientific), anti-CD31 (BD Bioscience), Alexa fluor 488 or 647-conjugated 

anti-pERK1/2 (Cell Signaling), Alexa fluor 647-conjugated anti-pSMAD2/3 (BD Bioscience), and 

proliferation-specific Ki67 antibody (15 g ml−1, BD Bioscience) in PBS with 5% donkey serum and 20 

µg ml-1 DNAse-free RNAse (Sigma) overnight at 4C. Cells were also stained with 40 µg ml-1 7‐amino‐
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actinomycin D (7AAD, BD Bioscience, San Jose, CA) to measure the DNA content. Equal number of 

atrial myocytes (left and right together) were isolated from sham, sham-TPPU treated, TAC and TAC-

TPPU treated hearts and 10,000 to 20,000 cells were analyzed in each run. Data were collected using a 

standard FACScan cytometer (BD Biosciences, San Jose, CA) upgraded to a dual laser system with the 

addition of a blue laser (15 mW at 488 nm) and a red laser (25 mW at 637 nm Cytek Development, Inc, 

Fremont, CA). Data were acquired using CellQuest software (BD Bioscience) and analyzed using FlowJo 

software (ver9.4 Treestar Inc., San Carlos). Cells stained with isotype-matched IgG antibodies were used 

as controls to determine the positive cell population. 

 

In vitro human cardiac fibroblast culture: 

Human right atrial appendage specimens from informed consented patients undergoing cardiac 

bypass surgery were obtained from UC Davis Medical Center in accordance with the approved UC Davis 

Institutional Review Board (IRB) protocol. The tissue was stored in cardioplegic solution at 4°C and 

processed within 2 hours. The cardiac tissue was washed and minced in filter-sterilized (0.2 μm) Ca2+-and 

bicarbonate-free Hanks' buffer with HEPES (CBFHH) solution (mmol l-1: NaCl 137, KCl 5.36, MgSO4 

0.81, HEPES 20.06, K2PO4 0.44, and Na2HPO4 0.34, pH 7.4) at room temperature. The tissue pieces were 

digested with CBFHH solution containing 2% bovine serum albumin, 0.1% collagenase type 2 and 0.2% 

trypsin with continuous stirring at 37°C for 3 min. The supernatant was discarded and the enzyme 

solution replaced for 10 min and repeated for 3 min. The partially dissociated pieces were washed with 

medium before plating on cell culture dishes and maintained in DMEM/F12 medium (10% fetal bovine 

serum and 1% penicillin/streptomycin) until the appearance of fibroblasts from the explants. The cells 

were trypsinized and plated on 12 well plates until confluency and treated with angiotensin II (Sigma and 

1 μM for 24 hours) and TPPU (1 μM) before flow cytometric analysis with phytoerythrin-conjugated anti-

Thy1.1 (BD Bioscience, San Diego, CA), FITC conjugated lineage antibody cocktail (CD3, CD14, CD19, 

CD20 and CD56 BD Bioscience), APC-Cy7-congugated anti-CD45 (BD Bioscience, San Diego, CA) and 

proliferation-specific Ki67 antibody (15 g ml−1, BD Bioscience). 
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Human-induced pluripotent stem cell-derived cardiomyocytes  (hiPSC-CM) and hiPSC-derived cardiac 

fibroblasts: 

HiPSC were plated and differentiated for 20 days using a directed differentiation protocol.17 

HiPSC-CMs enriched with puromycin and treated with Tumor Necrosis Factor-α (TNF-α) or angiotensin 

II (ANG II) and TPPU were fixed and stained with anti-α-actinin, anti-NF-B, anti-myosin light chain-2a 

(MLC2a), anti- myosin light chain-2v (MLC2v) and fibroblast-specific antibodies. HiPSC-derived cardiac 

fibroblasts were defined as Thy1.1+/Lin−/CD45− cells (hiPSC-Thypos cells). Differentiated hiPSCs at day 

20 were treated with angiotensin II (Sigma and 1 μM for 24 hours) or TNF- (20 ng/ml for 20 minutes) 

and TPPU (1 μM) before flow cytometric analyses as described above. 

 

Western Blot Analysis: 

Immunoblots were performed as previously described16 using anti-IB (1:1000, Cell Signaling), 

anti-phospho-IB (1:1000, Cell Signaling), anti-NF-B (1:1000, Cell Signaling) and anti-GAPDH 

(1:10000, Fitzgerald) antibodies. 

 

Measurement of Plasma Cytokine Levels: 

Plasma samples were collected 3 weeks after sham or TAC operation and stored at -80 °C until 

assayed. Plasma cytokine levels were analyzed using a Cytometric Bead Array kit (CBA mouse 

inflammation kit, BD Biosciences). Briefly, thawed plasma samples were mixed for 2 hours at room 

temperature with florescence-labeled capture beads with the PE detection reagents to measure the 

concentrations of Interleukin-6 (IL-6), Interleukin-10 (IL-10), Monocyte Chemoattractant Protein-1 

(MCP-1), Interferon-γ (INF-γ), Tumor necrosis factor- α  (TNF-α), and Interleukin-12p70 (IL-12 p70). 

Samples were then washed with washing buffer and analyzed on a FACScan flow cytometer (BD 

Immunocytometry Systems). Data were analyzed using BD Cytometric Bead Array Analysis software 

(BD Immunocytometry Systems). 



6 
 

Metabolomic Profiling of Oxylipins: 

Plasma samples stored at -80 ºC were thawed at room temperature. Aliquots of plasma (200 µL) 

were spiked with a set of odd chain length analogs and deuterated isomers of several target analytes 

including hydroxyeicosatetraenoic acids (HETEs), prostaglandins, thromboxanes, epoxides (EpOMEs and 

EETs), and diols (DHOMEs and DHETs) contained in 10 µL of methanol, and then were extracted by 

solid phase extraction using Oasis HLB cartridges (Waters, Milford, MA).  The HLB columns (1 cc, 60 

mg) were washed with 2 mL methanol and pre-conditioned with 2 mL water/methanol/acetic acid 

(95/5/0.1, v/v).  Samples were then mixed with 200 µL of the pre-conditioning solution and loaded onto 

the column. The loaded column was then washed with 2 mL of the pre-conditioning solution and then 

dried for 5 min in vacuo. Target analytes were then eluted with 2 mL of ethyl acetate. The collected 

eluents were evaporated to dryness using a centrifugal vacuum concentrator and re-dissolved in 40 µL of 

methanol.  The spiked samples were vortexed for 1 min, centrifuged at 14,000 r.p.m. for 5 min, and then 

transferred to analytical vials containing 150 µL inserts for analysis. 

The oxylipin profiling was performed using a previously published method.13 The separation of 

plasma oxylipins was conducted in a Shimadzu LC-10ADVP instrument (Shimadzu Corp., Kyoto, Japan) 

equipped with a 2.1 mm X 150 mm Pursuit XRs-C18 5 μm column (Varian Inc, Palo Alto, CA) held at 40 

ºC. A gradient of water containing 0.1% acetic acid (v/v, solvent A) and acetonitrile/methanol/acetic acid 

(800/150/1, v/v; solvent B) was used to elute the column with the flow rate of 0.4 mL min-1 (SI Table 1). 

The injection volume was 10 μL and the samples were kept at 10 ºC in the auto sampler. Analytes were 

detected on a 4000 QTRAP (Applied Biosystems, Foster City, CA) hybrid, triple-quadrupole, and linear 

ion trap mass spectrometer equipped with a Turbo V ion source and operated in negative MRM mode.  

The source was operated in negative electrospray mode and the QTRAP was set as follows: CUR=20 psi, 

GS1=50 psi, GS2=30 psi, IS=-4500 V, CAD= HIGH, TEM=400°C, ihe=ON, DP=-60 V. The collision 

energies used for CAD ranged from -18 to -38 eV. 
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Evaluation of Endoplasmic Reticulum (ER) Stress markers: 

Atrial tissues were homogenized in RIPA buffer supplemented with protease inhibitors and 

phosphatase inhibitors (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% 

TritonX-100, 1% sodium deoxycholate, 5 mM EDTA, 1 mM NaF, 1 mM sodium orthovanadate and 

protease inhibitors). Lysates were clarified by centrifugation at 13,000 rpm for 10 min and protein 

concentrations were determined using bicinchoninic acid protein assay kit (Pierce Chemical). Proteins 

were resolved by SDS-PAGE and transferred to PVDF membranes. Immunoblotting of lysates was 

performed with antibodies for pp38 (Thr180/Tyr182), p38, pJNK (Thr183/Tyr185), JNK, (Cell Signaling 

Technology; Danvers, MA), pPERK (Thr980), PERK, peIF2α (Ser51), eIF2α, sXBP1, IRE1α and 

Tubulin (all from Santa Cruz Biotechnology; Santa Cruz, CA). Antibody for pIRE1α (Ser724) was 

obtained from Abcam, Cambridge, MA. After incubation with the appropriate secondary antibodies, 

proteins were visualized using enhanced chemiluminescence (ECL, Amersham Biosciences). Pixel 

intensities of immunoreactive bands were quantified using ImageQuant 5.0 software (Molecular 

Dynamics). Data for phosphorylated proteins are presented as phosphorylation level normalized to total 

protein expression and for non-phosphorylated proteins as total protein expression normalized to β-

tubulin, which remains unchanged in the four groups. Fig S5j). 

 

Ex vivo Optical Mapping of transmembrane potential (Vm): 

Langendorff perfusion and optical mapping of Vm were carried out as described previously.18 

Briefly, mice were anesthetized with pentobarbital sodium (150 mg/kg, I.P.) containing 120 IU of 

heparin.  Following a mid-sternal incision, hearts were rapidly removed and perfused in a 37±0.5C 

Tyrode’s solution of the following composition (in mmol/L): NaCl 128.2, CaCl2 1.3, KCl 4.7, MgCl2 

1.05, NaH2PO4 1.19, NaHCO3 20 and glucose 11.1 (pH 7.4±0.05).  Flow rate (1.5-3.5 mL/min) was 

adjusted to maintain a perfusion pressure of 60-80 mmHg. The hearts were placed in a perfusion dish with 

the posterior surface of the heart facing the optical mapping camera. In addition to coronary perfusion, the 

hearts were submerged in the solution and superfused in the dish to keep the temperature at 37±0.5 C.  
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The atrial appendages were pinned in the dish with fine insect pins to elevate the posterior epicardium of 

the atrial appendages into the focal plane for imaging. A bipolar pacing electrode was positioned on the 

epicardium of left or right atrial appendage for pacing using a 2 ms pulse at twice the diastolic threshold. 

Blebbistatin (10-20 μM, Tocris Bioscience, Ellisville, MO) was added to the perfusate to reduce motion 

artifacts during optical recordings (Fedorov VV et al., Heart Rhythm, 2007). The heart was stained with 

the voltage-sensitive dye (RH237, 5 μL of 1 mg/mL in DMSO, Molecular Probes) via the coronary 

perfusion.  Excitation light was produced with two continuous-wave LED sources centered at 531 nm and 

bandpass filtered from 511-551 nm (LEX-2, SciMedia, Costa Mesa, CA). The emitted fluorescence was 

collected through an objective (Leica, 1x) and the fluorescence signal longpass filtered at 700 nm. Optical 

action potentials were recorded using a16-bit complementary metal oxide camera (CMOS, MiCam 

Ultima-L, SciMedia, Costa Mesa, CA).  Images were acquired at 1 kHz and 100x100 pixels with a 10x10 

mm field of view.  

Baseline electrophysiological parameters were determined during atrial epicardial pacing at a 

pacing cycle length (PCL) of 100 ms. Effective refractory period (ERP) was determined using a standard 

S1-S2 pacing protocol (18 S1s at 100ms followed by a premature S2 stimulus decreasing by 5-10 ms until 

the ERP was reached).  ERP was measured from both the left and right atrium. Data analysis was 

performed using a commercially available analysis program (Optiq, Cairn, UK). The Vm signals were 

post-processed using a spatial Guassian filter (3x3 pixels).  Action potential (AP) characteristics were 

analyzed from data collected during pacing at a PCL of 100 ms from the left appendage.  AP activation 

time was determined as the time at 50% between peak and baseline amplitude.  Action potential duration 

at 80% repolarization (APD80) was calculated as repolarization time – activation time from data collected 

during pacing at 100 ms (S1) or 60 ms (S2) on the left or right atrial appendage.  Pseudo-color AP 

activation and APD maps were generated from measurements of activation time and APD80 at individual 

pixels. The sizes and shapes of the maps were selected based on the signal-to-noise ratio levels of the 

mapping area that allow for proper analysis. 
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Electrophysiological studies of single isolated atrial myocytes: 

Atrial myocytes were isolated from hearts using previously described protocol.15 Briefly, hearts 

were removed, and retrogradely perfused with collagenase B (Boehringer Mannheim) and 3 mg protease 

(type XIV, 4.5 units/mg, Sigma). Experiments were performed using the conventional whole-cell patch-

clamp technique at room temperature.15 For K+ current recording, the external solution contained (mM) 

NMG 130, KCl 5, CaCl21, MgCl2 1, Nimodipine 1 M, glucose 10, HEPES 10, pH 7.4 with HCl. The 

pipette solution contained (mM) KCl 140, Mg-ATP 4, MgCl2 1, EGTA 10, HEPES 10, pH 7.4 with KOH. 

All experiments were performed using 3 M KCl agar bridges. Cell capacitance was calculated as the ratio 

of total charge (the integrated area under the current transient) to the magnitude of the pulse (20 mV). 

Currents were normalized to cell capacity to obtain the current density. The series resistance was 

compensated electronically. In all experiments, a series resistance compensation of 90% was obtained. 

Currents were recorded using Axopatch 200B amplifier (Axon 7 Instrument), filtered at 10 kHz using a 4-

pole Bessel filter and digitized at sampling frequency of 50 kHz. Data analysis was carried out using 

custom-written software and commercially available PC-based spreadsheet and graphics software 

(MicroCal Origin version 6.0). 

 

Statistical Analysis: 

Data are presented as mean ± S.E.M. Statistical comparisons were analyzed by one-way ANOVA 

followed by Bonferroni tests and Tukey’s-Kramer honest significant difference analyses for post hoc 

comparison. Statistical significance was considered to be achieved when p<0.05 and p<0.01 (for ER 

Stress assay). 
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Supplemental Figures 

 

 

Figure I. Assessment of the effect of TPPU on cardiac dilatation: (a) Summary data of atrial area in 

sham-operated (pink), TPPU-treated sham-operated (blue), TAC (green), and TAC treated with TPPU 

(orange) after three weeks of TPPU treatment showing evidence of chamber dilatation in TAC mice. 

TPPU prevented the development of chamber dilatation in TAC mice. (b) Example maps of atria from 

TAC (left) and TPPU-treated-TAC (right) hearts. (c) Presence of sEH in atrial myocytes (blue) analyzed 

through flow cytometry. Mean±SEM. n=3, *P<0.05  
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Figure II. Noninvasive echocardiographic assessment of the effect of TPPU on cardiac function: (a) 

Examples of two-dimensional and M-mode echocardiography in sham-operated (pink), TPPU-treated 

sham-operated (blue), TAC (green) and TAC treated with TPPU (orange) after three weeks of TPPU 

treatment showing evidence of chamber dilatation in TAC mice. TPPU prevented the development of 

chamber dilatation in TAC mice. (b) Summary data for left ventricular end diastolic dimension (mm) 

from the four groups of animals. Error bars represent standard error, numbers inside the graph represents 

n and *P<0.05. **P<0.05 vs Sham and Sham+TPPU.  
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Figure III. Oxylipin Profiling: (a) Oxylipin profiling of arachidonic acid metabolites from COX-2 

enzyme from sham-operated (pink), TPPU-treated sham-operated (blue), TAC (green) and TAC treated 

with TPPU (orange) after three weeks of TPPU treatment. (b) Oxylipin profiling of arachidonic acid 

metabolites from LOX enzyme. Error bars represent standard error and *P<0.05.  
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Figure IV. TPPU reduces atrial fibrosis: (a) Cardiac sections from right atria stained with Sirius Red 

demonstrate the amount of collagen deposition. Scale bars, 500 μm. (b) Confocal images of wheat germ 

agglutinin stain showing a significant decrease in collagen deposition in the TPPU-treated TAC mice 

compared to TAC alone in the right atria. Scale bars, 200 μm.  
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Figure V. ER Stress Assay from TAC and TPPU-treated TAC mice: (a) Total protein lysates were 

immunoblotted for pPERK, peIF2, pIRE1pp38, pJNK1/2 and their respective unphosphorylated 

proteins, sXBP1, BiP, CHOP and Tubulin as a loading control. Bar graphs represent normalized data. (b) 

pPERK/PERK, (c) peIF2/ eIF2 (d) pIRE1/IRE1 (e) sXBP1 normalized to Tubulin (f) BiP 

normalized to β-Tubulin (g) CHOP normalized to Tubulin  (h) pp38/p38, and (i) pJNK/JNK. (j) Levels 

of β-tubulin in the four groups of animals. AU: arbitrary units. Error bars represent standard error, and 

*P<0.05. Sham-operated (pink bars), TPPU-treated-sham-operated (blue bars), TAC (green bars) and 

TPPU-treated-TAC mice (orange bars); n=3-5 animals. 
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Supplemental Tables 

 

 

Table I: Oxylipin Profiling Data: Plasma levels of oxylipin mediators (nmol/L) and the ratios of 

epoxides to diols. Data Average ± Standard Error.  

 

 

 

Oxylipins 

Treatment Groups 

Sham Sham+ 

TPPU 

TAC TAC+ 

TPPU 

5(6)-EET  36.73±6.4 38.54±8.1 36.06±8.3 58.77±5.7 

5(6)-DHET  2.39±0.4 0.91±0.2 2.03±0.1 0.93±0.1 

8(9)-EET  4.19±0.6 5.02±1.2 3.91±0.78 7.41±0.6 

8(9)-DHET  1.20±0.1 1.06±0.2 2.02±0.2 1±0.04 

11(12)-EET  4.52±0.2 6.31±1.2 5.7±0.6 6.62±0.6 

11(12)-DHET  0.43±0.05 0.30±0.03 0.61±0.1 0.36±0.04 

14(15)-EET  2.06±0.3 5.5±1.7 2.67±0.2 6.10±1.6 

14(15)-DHET  0.91±0.1 0.96±0.05 1.58±0.3 1.01±0.09 

Sum EETs  47.50±7.3 55.37±11.5 48.34±9.4 78.92±7.13 

Sum DHETs  2.54±0.3 2.32±0.2 4.22±0.5 2.37±0.1 

Sum-EpOMEs  50.09±9.3 216±58 124±53 138±19 

Sum-DiHOMEs  19.83±3.9 18±3 42±12 27±3.4 

Sum-EpODEs  13.54±3.5 54.65±20 16.9±2.9 29.47±6.3 

Sum-DiHODEs  7.59±1.1 3.73±1.1 10.81±1.5 2.92±0.3 

Sum-EpDPEs  28.1±16 62.38±58 26.89±10 79.19±34 

Sum-DiHDPEs  3.2±0.5 2.81±0.6 7.93±2.4 2.98±0.9 

5(6)-EET/5(6)-DHET  16.15±2.4 61.28±22.2 17.17±3 64.9±7.8 

8(9)-EET/8(9)-DHET  3.53±0.5 4.85±0.8 1.96±0.3 7.38±0.4 

11(12)-EET/11(12)-DHET  11.23±1.6 21±2.9 11.49±3.2 19.18±3.07 

14(15)-EET/14(15)-DHET  2.5±0.5 5.79±1.8 1.89±0.3 5.91±1.4 

Sum(EETs)/Sum(DHETs)  19.28±3.2 24.13±4.4 13.43±5.9 33.42±2.7 

Sum(EpOMEs)/Sum(DiHOMEs)  2.62±0.3 11.15±1.5 2.71±0.3 5.2±0.7 

Sum(EpODEs)/Sum(DiHODEs)  11.69±1.5 33.9±8.7 5.87±1.3 15.08±1.45 

Sum(EpDPEs)/Sum(DiHDPEs)  21.33±6.9 46.57±39 13.96±5.3 71.15±29 

 

EET, epoxyeicosatrienoic acid; DHET, dihydroxyeicosatrienoic acid, EpOME, epoxyoctadecenoic acid; 

DiHOME, dihydroxyoctadecenoic acids; EpODE, epoxy-octadecadienoic acid; DiHODE, dihydroxy-

octadecadienoic acid; EpDPE, epoxy-docosapentaenoic acid; DiHDPE, dihydroxy- docosapentaenoic acid 
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COX-2 

Treatment Groups 

Sham Sham+ 

TPPU 

TAC TAC+ 

TPPU 

TXB2  0.57±0.09 0.80±0.1 3.5±0.9 0.82±0.2 

PGF2  0.36±0.07 0.55±0.1 1.24±0.5 0.6±0.1 

 

LOX 

Treatment Groups 

Sham Sham+ 

TPPU 

TAC TAC+ 

TPPU 

5-HETE  11.2±2.2 8.2±0.5 15.5±1.3 8.4±2 

8-HETE  3.4±0.6 1.2±0.6 5.0±1.9 2.1±0.7 

11-HETE  2.3±0.3 0.7±0.2 3.8±1.0 2.6±0.5 

12-HETE  53.4±10 53.8±2.4 472±161 34.3±12 

15-HETE  11.0±1.6 6.7±0.7 12.1±2.3 9.93±1.7 

 

TXB2; Thromboxane 2, PGF2Prostaglandin F2COX-2; Cyclooxygenase -2, LOX; Lipoxygenase, 

HETE; Hydroxyeicosatetraenoic acid 

Table II: Plasma levels of Arachidonic Acid (ARA) metabolites (nmol/L) generated from COX-2 and 

LOX enzymes.  




