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HIGHLIGHTS

� No available therapies prevent or

mitigate progression of myocardial injury

in ACM.

� ACM is a chronic inflammatory disease in

which innate immune signaling in cardiac

myocytes drives injury and arrhythmias

via the actions of CCR2-expressing

macrophages.

� Here, we report an imbalance in pro- and

anti-inflammatory eicsosonoids in a

preclinical mouse model of ACM, and

show that inhibition of sEH mitigates the

disease phenotype and limits myocardial

accumulation of CCR2D cells.

� sEH inhibitors have completed phase 1a

and 1b human safety trials with no

adverse effects. They may be an effective

therapy in patients with ACM.
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Manuscrip

ABBR EV I A T I ON S

AND ACRONYMS

AA = arachidonic acid

ACM = arrhythmogenic

cardiomyopathy

CCR2 = C-C motif chemokine

receptor 2

COX-2 = cyclooxygenase-2

CYP450 = cytochrome P450

monooxygenase enzyme

DHETs = dihydroxyeicosatrienoic

acids

DiHOME = dihydroxy-

octadecenoic acid

DMSO = dimethyl sulfoxide

EET = epoxyeicosatrienoic acid

EEZE = epoxyeicosa-5(Z)-

enoic acid

EpFA = epoxy fatty acid

EpOME = epoxyoctadecenoic

acid

ER = endoplasmic reticulum

iPSC = induced pluripotent

stem cell

LA = linoleic acid

LTB4 = leukotriene B4

HETE = hydroxyeicosatetraenoic

acid

NFkB = nuclear factor kB

PET = positron emission

tomography

PGE2 = prostaglandin E2

PTUPB = 4-(5-phenyl-3-{3-[3-

(4-trifluoromethylphenyl)-

ureido]-propyl}-pyrazol-1-yl)-

benzene-sulfonamde

PUFA = polyunsaturated fatty

acid

qPCR = quantitative

polymerase chain reaction

sEH = soluble epoxide

hydrolase

sn-RNAseq = single nucleus

RNA sequencing

SPM = specialized

pro-resolving mediator

TPPU = 1-trifluoro-methoxy-

phenyl-3-(1-propionylpiperidin-

4-yl) urea

TXB2 = thromboxane B2

WT = wild-type
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We analyzed the role of pro- and anti-inflammatory eicosanoids in the pathogenesis of arrhythmogenic car-

diomyopathy (ACM). Lipidomics revealed reduced levels of anti-inflammatory oxylipins in plasma and increased

levels of pro-inflammatory eicosanoids in hearts of Dsg2mut/mut mice, a preclinical model of ACM. Disease

features were reversed in vitro in rat ventricular myocytes expressing mutant JUP by the anti-inflammatory

epoxyeicosatrienoic acid 14-15-EET, whereas 14,15-EEZE, which antagonizes the 14,15-EET receptor, intensified

nuclear accumulation of the desmosomal protein plakoglobin. Inhibition of soluble epoxide hydrolase (sEH), an

enzyme that converts anti-inflammatory EETs into polar, less active diols, prevented progression of myocardial

injury in Dsg2mut/mut mice and promoted recovery of contractile function. This was associated with reduced

myocardial expression of genes involved in innate immune signaling and fewer injurious macrophages

expressing CCR2. These results suggest that pro-inflammatory eicosanoids contribute to the pathogenesis of

ACM. Inhibition of sEH may be an effective, mechanism-based therapy for ACM patients.

(JACC Basic Transl Sci. 2025;10:367–380) © 2025 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
A rrhythmogenic cardiomyopathy
(ACM) is a familial nonischemic
heart muscle disease characterized

by arrhythmias and progressive myocardial
injury, typically involving the right
ventricle.1,2 Most cases are caused by patho-
genic variants in genes that encode desmo-
somal proteins.1,2 We have previously
reported that activation of nuclear factor kB
(NFkB) signaling in cardiac myocytes drives
myocardial injury and arrhythmias via ac-
tions of pro-inflammatory CCR2-expressing
macrophages in a well-characterized preclin-
ical mouse model of ACM involving homozy-
gous knock-in of a variant in the gene for
the desmosomal protein, desmoglein-2
(Dsg2mut/mut mice).3 NFkB signaling is also
activated in vitro in induced pluripotent
stem cell (iPSC)-cardiac myocytes derived
from ACM patients with disease-causing vari-
ants in PKP24 or DSG2,5 and in rat ventricular
myocytes expressing a disease-causing
variant in JUP (all genes that encode desmo-
somal proteins).4 ACM iPSC-cardiac myocytes
and rat myocytes expressing mutant JUP
produce and secrete large amounts of
pro-inflammatory mediators under basal con-
ditions without prior stimulation or provoca-
tion.4-7 Taken together, these observations
suggest that the pathogenesis of ACM is
test they are in compliance with human studies committees and

Drug Administration guidelines, including patient consent wher
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driven by a persistent, cardiac myocyte-autonomous
innate immune response that fails to resolve.

A subset of cytochromes P450 can metabolize
arachidonic acid to biologically active epoxides called
epoxyeicosatrienoic acids (EETs), which are inflam-
mation resolving, vasodilatory, angiogenic, and car-
dioprotective.8,9 EETs are rapidly hydrolyzed to much
less active diols by soluble epoxide hydrolase
(sEH).10,11 Inhibition or genetic disruption of sEH at-
tenuates cardiac inflammation and improves recovery
of heart function after ischemia.9,12-14 14,15-EET is the
most abundant EET regioisomer produced by P450s
and serves as a marker of P450 activity.9,12,13

14,15-EET is also the preferred substrate of sEH.
Thus, a low ratio of 14,15-EET to its corresponding
dihydroxyeicosatrienoic acid (14,15-EET:DHET) serves
as a marker of increased sEH activity in vivo.9,12,13

Cytochrome P450s also metabolize linoleic acid (LA),
the most abundant unsaturated fatty acid in the
human diet, to epoxyoctadecenoic acids (EpOMEs),
which, in turn, are metabolized by sEH to produce
pro-inflammatory dihydroxyoctadecenoic acids
(DiHOMEs).15-17

Here, we show that levels of inflammation-
resolving EETs are reduced in plasma and that
levels of pro-inflammatory eicosanoids are increased
in hearts of Dsg2mut/mut mice compared with wild-type
(WT) mice. Hearts of Dsg2mut/mut mice also show
increased expression of genes activated in endo-
plasmic reticulum (ER) stress, a hallmark of
animal welfare regulations of the authors’ institutions
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unresolved inflammation.18 In addition, ACM disease
features are reversed in rat ventricular myocytes
expressing mutant JUP by 14,15-EET, whereas 14,15-
epoxyeicosa-5(Z)-enoic acid (14,15-EEZE), a struc-
tural analog of 14,15-EET that antagonizes actions of
the putative 14,15-EET receptor, intensifies nuclear
accumulation of the desmosomal protein plakoglobin
(aka, g-catenin), which has been implicated in disease
pathogenesis in ACM patients.19 We also show that
sEH is highly expressed in cardiac myocytes in hearts
of WT and Dsg2mut/mut mice, confirming previous
studies.14 Finally, we show that inhibition of sEH
prevents progression of the disease in Dsg2mut/mut

mice and promotes significant recovery of contractile
function associated with reduced myocardial injury,
diminished expression of genes activated in
the innate immune response, and fewer pro-
inflammatory macrophages expressing CCR2. sEH
inhibitors have completed phase 1a and phase 1b
human safety trials with no adverse effects.20 Thus,
our results suggest that inhibition of sEH may be an
effective mechanism-based therapy for patients with
ACM.

METHODS

IN VIVO AND IN VITRO MODELS OF ACM. All animal
studies were in full compliance with policies of Beth
Israel Deaconess Medical Center and St. George’s
University of London, and conformed to the Guide
for the Care and Use of Laboratory Animals from the
National Institutes of Health (NIH publication no. 85-
23, revised 1996). Mice for in vivo studies were housed
in a 12-hour light/dark cycle, climate-controlled facil-
ity with ad libitum access to water and standard rodent
chow. Studies were performed in roughly equal
numbers of male and female WT mice and mice with
homozygous knock-in of a variant in Dsg2, the gene
encoding the desmosomal cadherin desmoglein-2
(Dsg2mut/mut mice) as previously described.3,4,6,7 This
variant entails loss of exons 4 and 5, which causes a
frameshift and premature termination of translation.

In vitro studies were performed in primary cultures of
ventricular myocytes prepared from disaggregated
ventricles of 1-day-old Wistar rat pups as previously
described.4,6,7 Cells were plated on collagen-coated
plastic chamber slides at a density of 2.4 � 105 cells/cm2.
Two days after plating, monolayers were transfected
in serum-free medium for 1 hour with a recombinant
adenoviral construct (pAd/CMV/V5-DEST vector) con-
taining JUP2157del2, after which the viral solution was
replaced with complete medium. This protocol leads
to expression of mutant JUP at a level roughly
equivalent to that of the endogenous normal JUP gene
product.21 Then, 24 hours after transfection, cultures
were incubated with 10 mM 14,15-EET or 10 mM 14,15-EEZE
for an additional 24 hours. Other cultures were incubated
for 24 hours with 1 mMTPPU (1-trifluoro-methoxy-phenyl-
3-(1-propionylpiperidin-4-yl) urea), a small-molecule
inhibitor of sEH,22 or 500 nM PTUPB (4-(5-phenyl-3-{3-
[3-(4-trifluoromethyl-phenyl)-ureido]-propyl}-pyrazol-
1-yl)-benzenesulfonamide), a dual eicosanoid pathway
(COX-2/sEH) inhibitor.23 Transfected cultures treated
with vehicle only and nontransfected cultures were used
as controls. Thereafter, the cultures were rinsed in serum-
free medium and fixed in 4% paraformaldehyde at 25 �C
for 5 minutes in preparation for immunofluorescence
microscopy as previously described.4,6,7 Fixed cells were
incubated with mouse monoclonal anti-plakoglobin
(Sigma), anti-Cx43 (Millipore), and anti-RelA/p65 (LSBio)
antibodies. Secondary antibodies included Cy3-
conjugated goat anti-mouse or anti-rabbit IgGs (HþL;
Jackson Immunoresearch). The cells were counter-
stained with DAPI and examined by laser scanning
confocal microscopy (Nikon A1). The distribution of
immunosignals was determined by inspection to be at or
near the cell surface, within the cell or within the cell
nucleus.

ANALYSIS OF PLASMAANDHEART EICOSANOIDS. Hearts
and plasma were collected from 8- or 16-week-old WT
or Dsg2mut/mut mice. Whole hearts were homogenized
(100 mg tissue/mL) in Hanks’ balanced salt solution
(Sigma) containing 10 mM TPPU and 1 mm zirconia/
silica beads (BioSpec Products) using a Tissuelyzer 2
(Qiagen) at 30 Hz for 10 minutes at 4 �C. Heart ho-
mogenate (100 mL containing 10 mg tissue) or 150 mL
plasma were mixed with internal standards (PGE2-d9,
3 ng; LTB4-d4, 3 ng; 11,12-DHET-d11, 1.5 ng; 11,12-EET-
d11, 3 ng; 15-HETE-d8, 3 ng; and AA-d11, 7.5 ng, all from
Cayman Chemical), and lipids were extracted by liq-
uid:liquid extraction with 600 mL ethyl acetate. The
organic phase from plasma samples underwent an
additional step by being passed through Maestro A
phospholipid removal columns (Tecan) and washed
with 1 mL acetonitrile. Plasma and heart extracts were
dried under vacuum centrifugation and reconstituted
in 50 mL 30% ethanol. Oxylipins were assayed on an
Ultimate 3000 UHPLC equipped with an Xselect CSH
C18, 2.1 � 50 mm, 3.5 mm particle column (Waters) and
a TSQ Quantiva tandem mass spectrometer (Thermo
Fisher Scientific) using multiple reaction monitoring
as previously described.24 Absolute oxylipin quantifi-
cation was determined by calculating sample relative
response ratios to curves generated with oxylipins
standards purchased from Cayman Chemical.
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INHIBITION OF sEH AND CHARACTERIZATION OF

DISEASE PHENOTYPES IN Dsg2mut/mut MICE. The
effects of the small-molecule sEH inhibitor TPPU
were studied in age-matched male and female WT
and Dsg2mut/mut mice. The 9-week-old animals un-
derwent echocardiography before being implanted
with intraperitoneal osmotic minipumps (Alzet,
Model 1004) as previously described.3,4,25 They
received either vehicle or drug (TPPU dissolved in
DMSO/polyethylene glycol). Drug-treated mice
received 5 mg/kg/day TPPU via continuous infusion
(1 mL/h for 28 days). Previous studies in rats have shown
that at 1 mg/kg/day, TPPU achieves steady-state levels
within blood and tissue by 8 days at a concentraton
well above the IC50 required for inhibition of sEH.26

Vehicle-treated mice received an equivalent volume
of vehicle for 28 days. Final echocardiograms were
obtained in both groups at 13 weeks of age. Thereafter,
animals were sacrificed, and hearts and plasma were
collected for additional studies, including tandem mass
spectrometry to measure oxylipins (as detailed above),
histology to measure the amount of ventricular
fibrosis,3,4 immunohistochemistry to measure the
number of CCR2þ cells,3 and qPCR to measure expres-
sion of genes related to the ER stress response and
innate immune signaling as described in previ-
ous studies.25,27

STATISTICAL ANALYSIS. All data are presented us-
ing actual data points and the mean � SEM; the
sample size (n), and the statistical analyses per-
formed for each experiment are indicated in the
figure legends. Analysis of variance with Tukey
post-hoc multiple comparisons was used as para-
metric statistical methods to compare the groups,
as the Shapiro-Wilk significant departures from
normality for the continuous variables of interest.
P < 0.05 was considered statistically significant. All
statistical analyses were analyzed using GraphPad
Prism version 9.2, v10.0, or v10.4.1 for Mac,
GraphPad Software).

RESULTS

Dsg2mut/mut MICE HAVE REDUCED LEVELS OF EETs

AND EXPRESS MARKERS OF ER STRESS. Tandem
mass spectrometry measurements of oxylipins in
Dsg2mut/mut mice showed changes consistent with
chronic progressive inflammation. Major findings are
described here, and the full data set is included in
Supplemental Tables 1 and 2. Plasma from 8-week
Dsg2mut/mut mice, analyzed at a time when myocar-
dial injury and arrhythmias were first becoming
manifest,3,4,6,7 showed reduced levels of
inflammation-resolving 14,15-EET, which suggests
systemic suppression of P450 activity (Figure 1A).
Plasma from 16-week Dsg2mut/mut mice, analyzed at a
time when these mice exhibited extensive myocardial
injury, marked contractile dysfunction, and
numerous arrhythmias,3,4,6,7 also showed reduced
14,15-EET levels and significantly reduced 14,15-
EET:DHET ratios, consistent with increased sEH-
mediated hydrolysis of 14,15-EET to its less anti-
inflammatory diol. Hearts of 8-week Dsg2mut/mut

mice contained greatly increased levels of oxylipins
derived from cyclooxygenase, lipoxygenase, and cy-
tochrome P450 pathways compared with WT mice
(Figure 1A). Such a broad, pathway-independent
“eicosanoid storm” suggests inflammatory activation
at the level of phospholipase A2.24 Hearts from 16-
week Dsg2mut/mut mice also showed increased
markers of cyclooxygenase and lipoxygenase activity
(eg, TXB2 and 12-HETE) but decreased markers of
P450-derived oxylipins (Figure 1A), consistent with
effects of chronic persistent inflammation.28,29 Taken
together, these results suggest that persistent
inflammation in Dsg2mut/mut mice reduces production
of inflammation-resolving EETs and/or increases
their inactivation by sEH.

ER stress is a hallmark of unresolved innate im-
mune signaling.18 As shown in Figure 1B, expression
of the ER stress response genes for immunoglobulin
binding protein (BiP), which acts as an ER chaperone,
and protein disulfide isomerase (Pdi), involved in
protein folding, was increased in hearts of Dsg2mut/mut

mice compared with WT mice. These results provide
additional independent evidence of ER stress and
chronic progressive inflammation in ACM.

14,15-EET BLOCKS NFkB SIGNALING AND RESCUES

ACM DISEASE FEATURES IN VITRO. We have pre-
viously reported that NFkB signaling is activated in a
well-characterized in vitro model of ACM involving
neonatal rat ventricular myocytes that express a
variant in JUP, the gene for the desmosomal protein
plakoglobin.4 These cells exhibit characteristic fea-
tures seen in ACM patients, including redistribution
of junctional plakoglobin to intracellular and nuclear
sites and loss of cell surface signal for Cx43, the
major ventricular gap junction protein.4,6,7 They also
exhibit activation of NFkB signaling under basal
conditions in vitro.4 As shown in Figure 2, localiza-
tion of plakoglobin and Cx43 signals at or near the
cell surface was normalized when cells were incu-
bated with the inflammation-resolving epoxy fatty
acid (EpFA) 14,15-EET. In addition, NFkB signaling,
indicated by the presence of nuclear signal for
phospho-RelA/p65, was turned off in cells exposed
to 14,15-EET. By contrast, nuclear accumulation of

https://doi.org/10.1016/j.jacbts.2024.12.010
https://doi.org/10.1016/j.jacbts.2024.12.010


FIGURE 1 Lipidomics Assays and Expression of Endoplasmic Reticulum Stress Genes in Dsg2mut/mut Mice

(A) Free oxlipin levels in plasma and hearts from wild-type (WT) and Dsg2mut/mut mice at ages 8 or 16 weeks quantified by liquid chromatography/tandem mass

spectrometry; n ¼ 5-9, *P < 0.05 vs WT. Heart oxylipins are displayed in a volcano plot of Log2 fold relative concentration. Oxylipins above the dashed line represent

significant differences between WT and Dsg2mut/mut mice. (B) quantitative polymerase chain reaction showing increased expression of the endoplasmic reticulum

chaperone gene BiP and the protein folding protein disulfide isomerase gene Pdi, both markers of endoplasmic reticulum stress. Gene expression values in WT samples

were normalized to 1; values in Dsg2mut/mut samples are shown as relative levels; *P < 0.05 vs WT by t-test.
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plakoglobin (aka g-catenin) was greatly increased
in cells incubated with 10mM 14,15-EEZE, which
antagonizes actions of 14,15-EET (Figure 2). This
is of particular interest, inasmuch as nuclear
translocation of plakoglobin in cardiac myocytes is
typically seen in patients with ACM30 and has been
implicated in altered Wnt signaling in the patho-
genesis of ACM.19



FIGURE 2 Effects of 14,15-EET and its Antagonist on ACM Features In Vitro

Effects of 14,15-eicosatrienoic acid (14,15-EET) and 14,15-eicosa-5(Z)-enoic acid (14,15-EEZE) on the distribution of immunoreactive signals

for plakoglobin, connexin43 (Cx43), and RelA/p65 in primary cultures of wild-type (WT) neonatal rat ventricular myocytes and myocytes

transfected to express the arrhythmogenic cardiomyopathy disease allele JUP2157del2.
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sEH IS EXPRESSED MAINLY IN CARDIAC MYOCYTES

IN HEARTS OF Dsg2mut/mut MICE. We previously
performed single-nucleus RNA sequencing (sn-RNA-
seq) in cells isolated from hearts of 16-week-old
Dsg2mut/mut and WT mice.3 Here, we analyzed the sn-
RNAseq data to identify the specific cell types that
expressed Ephx2, the major sEH gene in mice. In both
WT and Dsg2mut/mut mouse hearts, sEH is expressed
mainly in cardiac myocytes and, to a lesser extent, in
endothelial and myeloid cells (Figure 3). These ob-
servations are in accordance with and confirm a recent
report showing that sEH is expressed primarily by
cardiac myocytes, less so in endothelial cells in mouse
hearts and, furthermore, that selective disruption of
sEH in cardiac myocytes (but not endothelial cells)
improves recovery after ischemia/reperfusion injury
in mouse hearts.14 Of note, there was no apparent
upregulation of sEH expression in cardiac myocytes of
Dsg2mut/mut compared with WT mice. This suggests
that metabolic changes in oxylipins (Figure 1A) are due
to increased sEH activity rather than to increased
expression in Dsg2mut/mut mice.

INHIBITION OF sEH NORMALIZES ACM DISEASE

FEATURES IN VITRO AND PREVENTS MYOCARDIAL

INJURY IN Dsg2mut/mut MICE IN VIVO. We have pre-
viously reported that inhibition of NFkB corrects ACM
disease features in cultured rat myocytes expressing
mutant JUP.4 It also rescues the disease phenotype in
Dsg2mut/mut mice.3,4 To determine whether inhibition
of sEH also mitigates the ACM disease phenotype and
turns off NFkB signaling in vitro, we incubated cul-
tures of rat myocytes expressing JUP2157del2 with the
sEH inhibitor TPPU or the dual COX-2/sEH inhibitor
PTUPB. As shown in Figure 4, TPPU and PTUPB both
restored the normal cell surface distribution of pla-
koglobin and Cx43 in rat myocytes expressing mutant
JUP and eliminated nuclear signal for RelA/p65,
indicating that NFkB signaling was reduced. Thus,
inhibition of sEH in primary cultures of cardiac



FIGURE 3 Uniform Manifold Approximation and Projection Plots Showing Populations of Cells Isolated From Hearts of 16-Week-Old

Dsg2mut/mut Mice and Relative Density of Ephx2 Expression in Each Population

sEH (Ephx2) is expressed mainly in cardiac myocytes in the heart with lower levels of expression in endothelial cells.
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myocytes in vitro reverses characteristic features of
the ACM disease phenotype seen in patients. When
considered in the context of the eicosanoid storm
seen in hearts of 8-week old Dsg2mut/mut mice
(Figure 1A), these data suggest that cyclooxygenase
inhibitors might synergize with sEH inhibitors in
reversing disease features in ACM. However, this
conclusion cannot be definitively established solely
from data in Figure 4. To determine whether inhibi-
tion of sEH can reduce inflammation and limit
myocardial injury in vivo, we treated 9-week-old
Dsg2mut/mut mice for 4 weeks with TPPU and moni-
tored effects on left ventricular contractile function
and immune signaling. As shown in Figure 5, disease
progressed during the 4-week treatment interval in
Dsg2mut/mut mice that received only vehicle. These
mice exhibited significant deterioration of LV ejection
fraction and reduced LV fractional shortening. By
contrast, Dsg2mut/mut mice treated with TPPU showed
significant improvement in left ventricular ejection
fraction and fractional shortening to levels roughly
equivalent to those seen in age-matched WT mice.
Every treated Dsg2mut/mut mouse showed enhanced
contractile performance, whereas untreated Dsg2mut/

mut mice showed no improvement or exhibited func-
tional deterioration (Figure 5). TPPU had no effect on
left ventricular contractile function in WT mice. As
previously reported, Dsg2mut/mut mice show little if
any fibrosis at w8 weeks of age.3,4,6,7 However,
marked ventricular fibrosis was seen in 13-week
vehicle-treated Dsg2mut/mut mice, whereas
significantly less fibrosis was present in hearts of
Dsg2mut/mut mice treated with TPPU (Figure 6A).
Similarly, as previously reported,3 the number of
cells expressing CCR2 was increased by w5-fold in
hearts of untreated Dsg2mut/mut mice, but they were
significantly reduced in number in hearts of treated
Dsg2mut/mut mice (Figure 6B). These observations are of
particular interest because we have shown that pro-
inflammatory myeloid cells expressing CCR2 are
highly injurious to the heart in ACM.3 Last, we have
previously reported increased expression of key genes
involved in the innate immune response in hearts of
Dsg2mut/mut mice, including Tnfa (the gene for the pro-
inflammatory cytokine tumor necrosis factor-a), Tlr4
(which encodes Toll-like receptor 4, the major pattern
recognition receptor on cardiac myocytes), and Ccr2,
which is expressed by pro-inflammatory macro-
phages.3,4 These findings reflect a state of persistent
innate immune signaling in hearts of Dsg2mut/mut mice.
As shown in Figure 7, we confirmed upregulation of
these genes in Dsg2mut/mut mice and furthermore that
inhibition of sEH reduced myocardial expression of
these genes. Taken together with data in Figure 6,
these results show that inhibition of sEH reduces
inflammation, leading to significant functional
recovery and cessation of ACM disease progression.

DISCUSSION

Inflammation is usually a self-limited process,
designed to eliminate the cause of injury and restore



FIGURE 4 Effects of sEH Inhibition on ACM Features In Vitro

Effects of 1mM TPPU (1-trifluoro-methoxy-phenyl-3-(1-propionylpiperidin-4-yl) urea) and 500 nM PTUPB (4-(5-phenyl-3-{3-[3-(4-

trifluoromethylphenyl)-ureido]-propyl}-pyrazol-1-yl)-benzenesulfonamide) on the distribution of immunoreactive signals for plakoglobin,

connexin43 (Cx43), and RelA/p65 in primary cultures of wild-type (WT) neonatal rat ventricular myocytes and myocytes transfected to ex-

press the arrhythmogenic cardiomyopathy disease allele JUP2157del2.
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homeostasis.31,32 If left uncontrolled, however,
inflammation can cause progressive tissue damage.
Indeed, diverse diseases such as sepsis, acute respi-
ratory distress syndrome, cancer, and COVID-19 are
driven by unresolved inflammation.33,34 Resolution of
inflammation is an active regulated process, orches-
trated in part by various endogenous specialized
proresolving mediators (SPMs) synthesized from n-3
polyunsaturated fatty acids (PUFAs) by lipoxygenase,
cyclooxygenase and/or cytochrome P450 mono-
oxygenase enzymes.8 EpFAs not only increase SPM
production but also are direct pro-resolving media-
tors.24,35-37 However, most anti-inflammatory EpFAs
are short lived. For example, EETs are rapidly
metabolized by sEH to their corresponding, less
active diols.8,10,11 sEH also metabolizes linoleic acid–
derived EpFAs to dihydroxyoctadecamonoenoic
acids (DiHOMES), which may exert pro-inflammatory
effects.8,10,11 Small-molecule inhibitors of sEH stabi-
lize levels of anti-inflammatory EpFAs and reduce
tissue injury in diverse animal models or disease.36-39

sEH inhibitors also shift arachidonic acid metabolic
cascades from a pattern of initiation of inflammation
to a pattern of resolution.40 Importantly, both SPMs
and EpFAs, synergized by inhibition of sEH, potently
down-regulate NFkB pathways,40,41 which are
persistently activated in cardiac myocytes in a cell-
autonomous fashion in ACM.3-7

Previous studies have shown that SPMs promote
resolution of pathologic ER stress, a hallmark of un-
resolved inflammation.18 Additional evidence impli-
cates chronic ER stress in ACM. For example,
prolonged ER stress promotes apoptosis,42-44 a major
type of myocyte death in ACM.45,46 The unfolded
protein response (UPR) is activated in human iPSC-
cardiac myocytes expressing a variant in PLN (the
gene for phospholamban), which has been linked to a
complex overlap phenotype of DCM and ACM.47

Expression of BiP (binding immunoglobulin protein),
an essential regulator of the UPR, is increased in hearts



FIGURE 5 Effects of sEH Inhibition on Contractile Function in Dsg2mut/mut Mice

Effects of TPPU (1-trifluoro-methoxy-phenyl-3-(1-propionylpiperidin-4-yl) urea) on left ventricular ejection fraction (A) and fractional

shortening (B) in wild-type (WT) and Dsg2mut/mut mice. (C) Representative echocardiograms at the follow-up time point after treatment.

Baseline echocardiography was performed in 9-week-old mice and then repeated after treatment for 4 weeks with TPPU or vehicle (Veh).

Data are shown for each group (left) and each individual animal (right). The Shapiro-Wilk test was used to assess normality within each of

the 4 groups. No significant deviations from normality were found, indicating an approximate normal distribution. Then, Tukey’s 1-way

analysis of variance was used. ****P < 0.0001 Dsg2mut/mut þ Vehicle follow-up vs Dsg2mut/mut þ TPPU follow-up. Data are shown as

mean with SEM.
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of ACM patients, reflecting a marked increase in
unfolded proteins in the ER lumen.47 The UPR has also
been implicated in down-regulation of ion channel
protein expression, leading to reduced INa and pro-
longed action potential duration,48 thus further link-
ing ER stress to key clinical features of ACM. Given the
role of persistent ER stress in promoting cell injury and
apoptosis and previous studies implicating the UPR in
ACM, it is perhaps not surprising that ER stressmarkers
are increased in hearts of Dsg2mut/mut mice and are
normalized after sEH inhibition.

Increasing evidence suggests that chronic inflam-
mation in ACM is the result of deficient resolution. The
consistent presence of inflammatory infiltrates in the



FIGURE 6 Effects of sEH Inhibition on Fibrosis and CCR2þ Cells in Heart of Dsg2mut/mut Mice
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sections). Hearts were excised from animals after treatment for 4 weeks with TPPU or vehicle (Veh) and analyzed by histology in trichrome

stained sections or by immunohistochemistry in sections stained with an anti-CCR2 antibody. The Shapiro-Wilk test was used to assess

normality within each of the 4 groups. No significant deviations from normality were found, indicating an approximate normal distribution.

Then, Tukey’s 1-way analysis of variance was used. *P < 0.05 WT vs vehicle-treated Dsg2mut/mut; *P < 0.05 vehicle-treated Dsg2mut/mut

vehicle-treated vs 1770-treated Dsg2mut/mut mice. Data are shown as mean with SEM.
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hearts of ACM patients obviously implicates immune
mechanisms.1,2 Moreover, ACM patients have elevated
circulating levels of cytokines, and their cardiac myo-
cytes express multiple pro-inflammatory mediators.49

Recurrent bouts of inflammation (rigorously defined
as troponin elevation with normal coronary arteries,
and typical 18F-fluoro-deoxyglucose PET findings)
occur in ACM patients with variants in DSP, the gene
for the desmosomal protein desmoplakin.50

CONCLUSIONS

Here, we provide new evidence that 1) ACM is driven
by a persistent innate immune response associated



FIGURE 7 Effects of sEH Inhibition on Expression of Innate Immune Signaling Genes

Effects of TPPU (1-trifluoro-methoxy-phenyl-3-(1-propionylpiperidin-4-yl) urea) on expression of Tnfa, Tlr4, and Ccr2 in hearts of wildtype

(WT) and Dsg2mut/mut mice treated with TPPU or vehicle (Veh). Gene expression values in wildtype samples treated with vehicle were

normalized to 1; values in all other groups are shown as relative levels. The Shapiro-Wilk test was used to assess normality within each of the 4

groups. No significant deviations from normality were found, indicating an approximate normal distribution. All tests were 1-way analysis of

variance. *P < 0.05 Dsg2mut/mut vs WT Veh; *P < 0.05 Dsg2mut/mut vs Dsg2mut/mut þ TPPU. Data are shown as mean with SEM.
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with increased sEH activity and reduced levels of
anti-inflammatory bioactive lipid mediators, 2) the
anti-inflammatory EpFA 14,15-EET can reverse dis-
ease features in an in vitro model of ACM, and 3) in-
hibition of the sEH enzyme in vivo mitigates the
disease phenotype in a well-characterized animal
model of ACM. sEH inhibitors are currently being
evaluated in phase 1 clinical trials.20 sEH inhibitors
are in clinical development for hypertension,51

chronic obstructive pulmonary disease,52 chronic
pain, and other conditions.20,53 Dual COX-2/sEH in-
hibitors are also currently in clinical development for
multiple inflammatory diseases.54,55 Should these
small-molecule drug candidates be found to be safe
and free of toxic side effects, our observations indi-
cate that they may be effective mechanism-based
therapies in patients with ACM.
STUDY LIMITATIONS AND FUTURE DIRECTIONS.

Expression of mutant JUP by neonatal rat ventricular
myocytes results in highly reproducible and charac-
teristic redistribution of plakoglobin and Cx43 from
junctional sites to intracellular and intranuclear sites,
similar to changes seen in the hearts of patients with
ACM. These changes were normalized in transfected
myocytes treated with the anti-inflammatory EpFA
14,15-EET. We acknowledge that the distribution of
plakoglobin and Cx43 in the present study was
assessed qualitatively (by inspection) rather than
quantitatively. Nevertheless, we have reported a
close correlation between the amount of Cx43 signal
visualized at or near the cell surface and precise
measurements of gap junctional conductance.56 This
provides reassurance that immunosignal for Cx43
seen at or near the cell surface resides in functional
gap junctions and, similarly, that signal for plako-
globin at or near the cell surface is located within
desmosomes. We have previously shown that CCR2þ
cells, mobilized to the heart by signal from cardiac
myocytes, mediate tissue damage in hearts of
Dsg2mut/mut mice.3 We also showed that virtually all
cells expressing CCR2 in hearts of Dsg2mut/mut mice
also expressed the pan-macrophage marker CD68.3

Thus, although we did not repeat double labeling, it
is likely that CCR2þ cells identified in the present
study were macrophages. This conclusion was further
supported by their characteristic size and shape and
their interstitial and perivascular location. The main
finding in the present study is that inhibition of sEH
mitigates the disease phenotype in Dsg2mut/mut mice,
a robust preclinical model of ACM. We also show a
reduction in anti-inflammatory oxylipins in plasma
and an increase in pro-inflammatory eicosanoids in



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

The only treatment proved to reduce risk of

sudden death in ACM is an ICD. Although they

are lifesaving, ICDs do not treat the underlying pro-

gressive muscle disease. Here, we report an imbalance

in pro- and anti-inflammatory oxylipins in a preclinical

mouse model of ACM and show that inhibition of sEH

significantly mitigates the disease phenotype.

TRANSLATIONAL OUTLOOK: Small-molecule in-

hibitors of sEH are currently in phase 1b clinical trials.

They could be a new mechanism-based therapy in

patients with ACM.
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hearts of Dsg2mut/mut mice. However, these observa-
tion do not prove that pro-inflammatory oxylipins
play a causal role in the pathogenesis of ACM nor that
inhibition of sEH reduces myocardial injury by
limiting production of pro-inflammatory eicosanoids.
Additional studies to define these mechanisms are
required. For example, studies in Dsg2mut/mut mice
crossed with lines with either germline or cardiac
myocyte-specific deletion of sEH will determine
whether actions of sEH in cardiac myocytes are the
major driver of disease. Lipidomics assays in mice
after pharmacologic or genetic blockade of sEH may
provide insights into the pathogenic roles of specific
pro-inflammatory oxylipins. The fact that hearts of 8-
week Dsg2mut/mut mice contained greatly increased
levels of oxylipins derived from cyclooxygenase, lip-
oxygenase, and cytochrome P450 pathways
compared with WT mice suggests that combined in-
hibition of sEH and COX-2 with PTUPB may be more
effective than inhibition of sEH alone in mitigating
myocardial injury in ACM. Finally, diets rich in n-3
PUFAs increase production of anti-inflammatory
lipids and synergize with sEH inhibitors to suppress
inflammatory pathways in various experimental
models, whereas diets high in n-6 PUFA increase
production of pro-inflammatory eicosanoids via
cyclooxygenase and lipoxygenase pathways.57,58

Thus, dietary interventions that increase the avail-
ability of n-3 PUFA substrates may be beneficial in
patients with ACM.
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