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Disruption of Ephx2 in cardiomyocytes but not endothelial
cells improves functional recovery after ischemia-reperfusion
in isolated mouse hearts
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Cytochromes P450 metabolize arachidonic acid to epox-
yeicosatrienoic acids (EETs) which have numerous effects. After
cardiac ischemia, EET-induced coronary vasodilation increases
delivery of oxygen/nutrients to the myocardium, and EET-
induced signaling protects cardiomyocytes against post-
ischemic mitochondrial damage. Soluble epoxide hydrolase 2
(EPHX2) diminishes the benefits of EETs through hydrolysis to
less active dihydroxyeicosatrienoic acids. EPHX2 inhibition or
genetic disruption improves recovery of cardiac function after
ischemia. Immunohistochemical staining revealed EPHX2
expression in cardiomyocytes and some endothelial cells but
little expression in cardiac smooth muscle cells or fibroblasts. To
determine specific roles of EPHX2 in cardiac cell types, we
generated mice with cell-specific disruption of Ephx2 in endo-
thelial cells (Ephx2fx/fx/Tek-cre) or cardiomyocytes (Ephx2fx/fx/
Myh6-cre) to compare to global Ephx2-deficient mice (global
Ephx2−/−) and WT (Ephx2fx/fx) mice in expression, EET hydro-
lase activity, and heart function studies. Most cardiac EPHX2
expression and activity is in cardiomyocytes with substantially
less activity in endothelial cells. Ephx2fx/fx/Tek-cre hearts have
similar EPHX2 expression, hydrolase activity, and postischemic
cardiac function as control Ephx2fx/fx hearts. However, Ephx2fx/
fx/Myh6-cre hearts were similar to global Ephx2−/− hearts with
significantly diminished EPHX2 expression, decreased hydrolase
activity, and enhanced postischemic cardiac function compared
to Ephx2fx/fx hearts. During reperfusion, Ephx2fx/fx/Myh6-cre
hearts displayed increased ERK activation compared to
Ephx2fx/fx hearts, which could be reversed by EEZE treatment.
EPHX2 did not regulate coronary vasodilation in this model. We
conclude that EPHX2 is primarily expressed in cardiomyocytes
where it regulates EET hydrolysis and postischemic cardiac
function, whereas endothelial EPHX2 does not play a significant
role in these processes.

Cytochromes P450 can oxidize arachidonic acid to form
epoxyeicosatrienoic acids (EETs) that have potent biological
effects, including vasodilatory, angiogenic, anti-inflammatory,
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cytoprotective, and antinociceptive properties (1). These
P450s can also generate other epoxy-fatty acids (EpFAs), such
as epoxyoctadecamonoenoic acid (EpOMEs), epoxyeicosate-
traenoic acids (EpETEs), and epoxydocosapentaenoic acids
(EpDPEs) which are derived from linoleic acid (LA), eicosa-
pentaenoic acid (EPA), or docosahexaenoic acid (DHA),
respectively (2). The effects of these EpFAs are typically short-
lived due to hydrolysis to biologically less-active diols by
epoxide hydrolases (EPHXs). Together, both microsomal
epoxide hydrolase (EPHX1/mEH) and soluble epoxide hy-
drolase (EPHX2) account for nearly all EpFA hydrolysis in vivo
(3). Pharmacological inhibition of EPHX2 potentiates the ef-
fects of endogenous EETs and shows promise for the treat-
ment of a variety of cardiovascular diseases in preclinical
models (4).

While EET treatment or EPHX2 inhibition is protective
against postischemic cardiac reperfusion injury (5, 6),
numerous questions remain. For example, heart ventricles
consist of approximately 50% cardiomyocytes, 20% pericytes
and smooth muscle cells, 15% fibroblasts, 8% endothelial cells,
and 5% immune cells (7, 8); however, few have investigated
which of these cardiac cell types express EPHX2. EPHX2 has
been detected in “human coronary artery and surrounding
tissues” (9) as well as in “blood vessels and myocardium” (10).
Vascular beds in other tissues suggest strong staining for
EPHX2 in both endothelial and smooth muscle cells (11, 12).
The extent to which various cell types contribute to overall
cardiac EET hydrolysis has not been investigated. Importantly,
it remains to be determined the extent to which cellular
EPHX2 expression, and concomitant EET hydrolysis, regulate
postischemic cardiovascular functions.

Potentiation of EpFA signaling in vascular cells may regulate
multiple biological processes to limit myocardial infarction
and/or improve postischemic cardiac functional recovery.
Myocardial infarction occurs after atherosclerotic narrowing
of coronary arteries due to plaque rupture and/or thrombus
formation. Occlusion of coronary vessels prevents blood, ox-
ygen, and nutrient flow to the myocardium which results in
tissue injury or death. EPHX2 inhibition is anti-inflammatory
and might lessen the likelihood of myocardial infarction by
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Myocardial EPHX2 regulates I/R injury
reducing atherosclerotic plaque formation or progression
(13–15). During or after myocardial infarction, EPHX2 inhi-
bition could also reduce infarction by increasing EETs, which
have antithrombolytic effects (16). Expression of EPHX2 in
either endothelial cells or smooth muscle could also regulate
EET-induced vasodilation which could increase blood flow
through narrowed or partially occluded coronary arteries to
improve delivery of oxygen and nutrients and removal of waste
products (17).

In addition to effects on blood or vascular cells, EETs pro-
tect cardiomyocytes during ischemia-reperfusion (I/R) injury.
Several multiprotein complexes, including ATP-sensitive K+

channels (KATP) and the mitochondrial permeability transition
pore (mPTP), play key roles in mitochondrial responses after
ischemia. In nonischemic conditions, the mPTP remains
closed, which maintains mitochondrial membrane potential.
mPTP opening in response to reperfusion-induced oxidative
stress results in the leakage of large molecules, loss of mem-
brane potential, uncoupling of oxidative phosphorylation, and
ultimately leads to cell death (18). Hearts with elevated EETs
have increased activation of PI3 kinase, AKT, and/or ERK
during early reperfusion (6, 19). These signaling cascades can
result in inhibitory GSK-3β phosphorylation that suppresses
mPTP opening (20). EETs also bind and increase the opening
of KATP channels (21). Although the mechanism is unclear,
KATP channel activation by EETs significantly improves car-
diac recovery from ischemia (6, 19).

Genetic ablation or inhibition of EPHX2 has also revealed
its role in other cardiovascular pathologies. Ephx2−/− mice are
protected against lipopolysaccharide-induced cardiac inflam-
mation and dysfunction (22), and EPHX2 regulates the
development of cardiomyopathy and heart failure (23–25).
Multiple studies implicate EPHX2 polymorphisms in the
incidence or recurrence of myocardial infarction (26, 27).
Interpretation of these studies is often vague or inadequate
given the poor understanding of the cellular distribution of
EPHX2 in the heart.

In this manuscript, we define the relative contribution of
EPHX2 expression in distinct cellular compartments to EET
hydrolysis and postischemic cardiac functional recovery. We
generated mice with selective disruption of Ephx2 in endo-
thelial cells or cardiomyocytes and compared them to WT
mice and mice with global Ephx2 disruption. We characterized
the relative contribution of endothelial cells and car-
diomyocytes to cardiac EPHX2 expression, EET hydrolase
activity, coronary artery vasodilation, and left ventricular
function in isolated-perfused (Langendorff) hearts before/after
I/R injury.
Results

Generation of mice and characterization of EPHX2 expression

Mice containing a conditional floxed (null) Ephx2 allele
(Ephx2fx/fx) with LoxP sites flanking the fourth and fifth exons
(Fig. 1A) were bred to transgenic mice with the Cre recom-
binase transgene driven by either the Tek orMyh6 promoter to
generate mice with disruption of Ephx2 in endothelial cells or
2 J. Biol. Chem. (2023) 299(4) 103049
cardiomyocytes, respectively. After Cre recombination, exon 3
to exon 6 splicing would be expected to either result in a
nonsense mutation and production of a truncated EPHX2
protein lacking the functional hydrolase domain, or alterna-
tively, the EPHX2 protein produced from aberrant splicing
would be rapidly degraded. Ephx2fx/fx Cre negative mice were
used as WT controls. These mice were compared to conven-
tional global Ephx2−/− mice that were previously generated
(28). All mice were healthy, fertile, and survived to weaning in
normal Mendelian ratios (Fig. 1B).

Cell-type selective disruption of Ephx2 was confirmed by
immunohistochemistry of heart, aorta, and kidney tissue sec-
tions. Ephx2fx/fx Cre negative (WT) mice predominately ex-
press EPHX2 in cardiomyocytes with lower level expression in
some but not all heart endothelial cells (Fig. 2). Endothelial
EPHX2 expression appeared mostly restricted to larger heart
vessels rather than smaller arterioles or capillaries. EPHX2
staining was not observed in either heart smooth muscle cells
or heart fibroblasts. EPHX2 was also expressed in endothelial
cells in the aorta and kidney and in renal tubular epithelial
cells. Importantly, Ephx2fx/fx/Tek-cre tissues displayed selective
loss of EPHX2 in endothelial cells of the heart, aorta, and
kidney. In contrast, Ephx2fx/fx/Myh6-cre hearts had selective
loss of EPHX2 only in cardiomyocytes. Global Ephx2 disrup-
tion abolished EPHX2 staining in all cell types (Fig. 2).

We quantified EPHX2 expression in hearts from each of the
four mouse lines. Ephx2 mRNA levels were not significantly
reduced in Ephx2fx/fx/Tek-cre hearts relative to Ephx2fx/fx Cre
negative (WT) hearts. In contrast, both Ephx2fx/fx/Myh6-cre
and global Ephx2−/− hearts had significantly less Ephx2
mRNA compared to both Ephx2fx/fx Cre negative and Ephx2fx/
fx/Tek-cre hearts. Ephx1 expression was not different among
the four genotypes (Fig. 3A). Based on these data, we can draw
two conclusions: (1) Cre-induced recombination of the
Ephx2fx/fx locus results in an unstable, rapidly degraded Ephx2
mRNA and (2) the 93% reduction in Ephx2 mRNA in Ephx2fx/
fx/Myh6-cre hearts suggests that the vast majority of cardiac
Ephx2 is expressed in cardiomyocytes. The mRNA data were
independently corroborated by Western blot analysis. EPHX2
protein expression was similar in Ephx2fx/fx Cre negative and
Ephx2fx/fx/Tek-cre hearts but below the limit of detection in
Ephx2fx/fx/Myh6-cre and global Ephx2−/− hearts. No truncated
or alternately spliced forms of EPHX2 were observed (Fig. 3B).
Characterization of cardiac EPHX2 activity in vitro and
ex vivo

We quantified 14,15-EET hydrolysis rates in vitro in cardiac
lysates from mice of each genotype. 14,15-EET hydrolysis was
not significantly altered in Ephx2fx/fx/Tek-cre heart lysates
relative to Ephx2fx/fx Cre negative heart lysates. In contrast,
Ephx2fx/fx/Myh6-cre and global Ephx2−/− heart lysates showed
94% and 97% reduction in 14,15-EET hydrolysis rates relative
to Ephx2fx/fx Cre negative heart lysates (Fig. 3C). Compared to
Ephx2fx/fx Cre negative heart lysates, Ephx2fx/fx/Myh6-cre heart
lysates showed similar reductions in the rates of hydrolysis of
11,12-EET (95%), 12,13-EpOME (91%), 17,18-EpETE (84%),
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Figure 1. Schematic representation of the conditional null floxed Ephx2 allele. A, Ephx2fx/fx mice contain insertions of loxP sites flanking the fourth and
fifth exons of Ephx2. Following Cre recombination, loss of exons 4 and 5 might result in an unstable transcript or a frameshifted transcript containing a stop
codon in exon 6. B, the percentage of pups genotyped at weaning for Ephx2fx/fx, Ephx2fx/fx/Tek-cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/− mouse lines.
None of the ratios were significantly different from normal Mendelian ratios. N = 304 to 503 pups per line, p > 0.05. EPHX, epoxide hydrolase.

Myocardial EPHX2 regulates I/R injury
and 19,20-EpDPE (88%) (Fig. 3C). These data suggest that �90
to 95% of cardiac EPHX2 activity is in cardiomyocytes, with a
small residual activity in endothelial cells.

Cell-type selective Ephx2 disruption had similar effects on
EET hydrolysis ex vivo in isolated-perfused hearts. Hearts were
perfused in retrograde manner using the Langendorff method
for 40 min (baseline), subjected to 20 min of global, no-flow
ischemia, and then 40 min of reperfusion. Perfusates spilling
out of the heart into the warming reservoir were collected
during the last 20 min of baseline perfusion and the first
20 min of reperfusion, and EET and dihydroxyeicosatrienoic
acid (DHET) levels were measured by LC/MS/MS. At baseline,
there were no significant differences in cardiac generation of
EETs or DHETs between the four genotypes (Fig. 4). Relative
to baseline, levels of 14,15-EET and 14,15-DHET were
increased during reperfusion in Ephx2fx/fx Cre negative and
Ephx2fx/fx/Tek-cre hearts (Fig. 4A). Hearts from both Ephx2fx/
fx/Myh6-cre and global Ephx2−/− mice also generated more
14,15-EET during reperfusion compared to baseline; however,
both Ephx2fx/fx/Myh6-cre and global Ephx2−/− hearts produced
significantly less 14,15-DHET than Ephx2fx/fx Cre negative
hearts during reperfusion. Interestingly, during reperfusion,
14,15-DHET levels from Ephx2fx/fx/Myh6-cre hearts were
slightly, albeit significantly higher than those from global
Ephx2−/− hearts, which suggests a role for endothelial EPHX2
in 14,15-EET hydrolysis in postischemic hearts. Similar results
were observed for cardiac perfusate 11,12-EET and 11,12-
DHET levels (Fig. 4B), and 8,9-EET and 8,9-DHET levels
(Fig. 4C). Since EPHX2 is most responsible for 14,15-EET
hydrolysis in vivo (3), the 14,15-EET:DHET ratio typically re-
flects EPHX2 activity, with higher epoxide:diol ratios sug-
gesting lower EPHX2 activity. During reperfusion, the 14,15-
EET:DHET ratios in Ephx2fx/fx Cre negative (0.96 ± 0.11)
and Ephx2fx/fx/Tek-cre (1.16 ± 0.26) perfusates were not
significantly changed; however, 14,15-EET:DHET ratios in
Ephx2fx/fx/Myh6-cre (1.43 ± 0.18) and global Ephx2−/− (2.4 ±
0.32) perfusates were significantly increased compared to
Ephx2fx/fx Cre negative perfusates (p < 0.05). Notably, the
14,15-EET:DHET ratio in global Ephx2−/− perfusates was
significantly higher than Ephx2fx/fx/Myh6-cre perfusates, which
suggests some contribution of nonmyocardial EPHX2 toward
overall EPHX2 activity. Other fatty acid epoxides and diols
showed a similar pattern of epoxide to diol hydrolysis ex vivo
(Table 1).
Characterization of cardiac function at baseline and after I/R

To determine the effect of cell-selective Ephx2 disruption on
cardiac function and coronary flow, each of the four genotypes
was evaluated in Langendorff isolated-perfused hearts. Heart
J. Biol. Chem. (2023) 299(4) 103049 3
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Figure 2. Immunohistochemical staining of EPHX2 in tissues from Ephx2fx/fx and Ephx2-deficient mice. Expression of EPHX2 in heart, aorta, and kidney
from Ephx2fx/fx Cre negative, Ephx2fx/fx/Tek-cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/− mice was detected by immunohistochemistry using a selective
EPHX2 antibody (sc-22344). Data are representative of at least three mice per genotype group. EPHX, epoxide hydrolase.

Myocardial EPHX2 regulates I/R injury
function was assessed during 40 min of baseline perfusion,
20 min of global, no-flow ischemia, and 40 min of reperfusion.
Baseline characteristics, including heart rate, left ventricular
developed pressure (LVDP), rate pressure product (RPP), dP/
dtmax, dP/dtmin, time to ischemic contracture, and maximal
ischemic contracture (Cmax), are shown in Table 2. No sig-
nificant changes were found in any of the baseline parameters
between Ephxfx/fx Cre negative hearts and those of any of the
three Ephx2-disrupted lines. Ephxfx/fx Cre negative hearts
displayed similar functional recovery as WT hearts in previous
experiments in our laboratory (24% ± 4% recovery of LVDP
and 24% ± 6% recovery of RPP at R40) (3, 6, 29, 30). Functional
recovery in Ephx2fx/fx/Tek-cre hearts was not significantly
different from Ephxfx/fx Cre negative hearts after I/R (22% ± 8%
recovery of LVDP, 22% ± 9% recovery of RPP) (Fig. 5A).
Similar to previous experiments (3, 6), global Ephx2−/− hearts
had significantly increased recovery of LVDP and RPP after I/R
compared to Ephxfx/fx Cre negative hearts (48% ± 4% recovery
of LVDP, 45% ± 5% recovery of RPP, p < 0.05 versus Ephxfx/fx).
Interestingly, Ephx2fx/fx/Myh6-cre cardiac functional recovery
after I/R was significantly increased compared to Ephxfx/fx Cre
negative hearts (42% ± 5% recovery of LVDP, 41% ± 5% re-
covery of RPP, p < 0.05 versus Ephxfx/fx) (Fig. 5A). Thus,
postischemic functional recovery in Ephx2fx/fx/Myh6-cre
hearts was comparable to that in global Ephx2−/− hearts.

The improvement in postischemic functional recovery in
mice with global or myocardial disruption of Ephx2 correlates
with reduction in the hydrolysis of several EpFAs. The
4 J. Biol. Chem. (2023) 299(4) 103049
improvement could be due to reduced hydrolysis of beneficial
EETs, or reduced formation of deleterious DiHOMEs, which
have vasoconstrictive and cardiodepressive effects (29). To
date, there are no known inhibitors of DiHOME function;
however, 14,15-epoxyeicosa-5(Z)-enoic acid (EEZE) acts as a
selective EET antagonist (31). To distinguish between these
two possibilities, we treated hearts with either EEZE or vehicle
and examined LVDP and RPP recovery after ischemia.
Vehicle-treated Ephx2fx/fx/Myh6-cre hearts again showed
significantly improved recovery of function compared to
vehicle-treated Ephxfx/fx Cre negative hearts (61% ± 7% versus
29% ± 1% recovery of LVDP, 55% ± 5% versus 30% ± 10%
recovery of RPP, respectively p < 0.05). Treatment of hearts
with EEZE significantly reduced the recovery of LVDP in both
Ephx2fx/fx/Myh6-cre and Ephxfx/fx Cre negative hearts (16% ±
2% and 12% ± 2% recovery of LVDP, 17% ± 3% and 11% ± 2%
recovery of RPP, respectively, p < 0.05 versus vehicle for both
genotypes). These data strongly suggest that the improved
recovery of myocardial function in Ephx2fx/fx/Myh6-cre hearts
is due to the reduced hydrolysis of beneficial EETs, rather than
a reduction in cardiodepressive DiHOMEs.

Hearts with myocardial-selective disruption of Ephx2
exhibited increased activation of ERK signaling during post-
ischemic reperfusion and this effect was EET-dependent. ERK
phosphorylation/activation was low in basal functioning hearts
independent of genotype (Fig. 6, A and B, unpublished obser-
vations). ERK was activated in Ephx2fx/fx Cre negative hearts
10 min after the onset of reperfusion. Remarkably, ERK
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Figure 3. EPHX2 expression in hearts from Ephx2fx/fx and Ephx2-deficient mice. A, mRNA levels as determined by real-time, quantitative RT-PCR analysis
in hearts from Ephx2fx/fx Cre negative, Ephx2fx/fx/Tek-cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/− mice. Data are expressed as arbitrary units. N = 4 to 6 mice/
group, *p < 0.05 versus Ephx2fx/fx. B, representative Western blot of Ephx2fx/fx Cre negative, Ephx2fx/fx/Tek-cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/− heart
lysates sequentially probed with EPHX2 and β-actin antibodies. C, rate of hydrolysis of 14,15-EET, 11,12-EET, 12,13-EpOME, 19,20-EpDPE, and 17,18-EpETE in
Ephx2fx/fx Cre negative, Ephx2fx/fx/Tek-cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/− heart lysates expressed in pg/mg protein/min. N = 4 mice per group, *p <
0.05 versus Ephx2fx/fx. EET, epoxyeicosatrienoic acid; EPHX, epoxide hydrolase; EpDPE, epoxydocosapentaenoic acid; EpETE, epoxyeicosatetraenoic acid.

Myocardial EPHX2 regulates I/R injury
activation was significantly higher in Ephx2fx/fx/Myh6-cre
hearts than in Ephx2fx/fx Cre negative hearts (Fig. 6, A and B,
p < 0.05). The strong activation of ERK in Ephx2fx/fx/Myh6-cre
hearts was significantly attenuated by pretreatment with EEZE
(Fig. 6, A and B, p < 0.05), suggesting that the genotype dif-
ferences in ERK activation were mediated by EETs. GSK3β
phosphorylation followed a similar pattern as that observed for
ERK phosphorylation although the differences were not sta-
tistically significant (Fig. 6, C and D). Together, these data
suggest that disruption of Ephx2 in cardiomyocytes is sufficient
to change global activation of signaling pathways in the heart.
Dysregulation of EpFA metabolism can significantly regu-
late vascular flow in isolated-perfused hearts (29). To deter-
mine if selective Ephx2 disruption regulates vascular perfusion
in isolated hearts, coronary flow rates were measured at
baseline and throughout the first 20 min of postischemic
reperfusion in noninstrumented hearts. None of the three
Ephx2-disrupted genotypes were significantly different from
Ephxfx/fx Cre negative hearts at baseline or throughout the
20 min of recovery after ischemia (Fig. 7). Thus, EPHX2-
mediated EpFA hydrolysis does not significantly regulate
coronary flow at baseline or after 20 min of global, no-flow
J. Biol. Chem. (2023) 299(4) 103049 5
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Figure 4. Levels of EETs and DHETs in Langendorff heart perfusates before and after ischemia. Cardiac perfusates were collected during the last
20 min of baseline and the first 20 min of reperfusion; EET and DHET levels were measured by LC/MS/MS. Levels of (A) 14,15-EET and DHET, (B) 11,12-EET
and DHET, or (C) 8,9-EET and DHET released from Ephx2fx/fx Cre negative, Ephx2fx/fx/Tek-cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/− hearts before and after
ischemia are displayed as pg/gram of heart tissue/min. N = 5 to 10 mice per group, *p < 0.05 versus baseline of same genotype, ^p < 0.05 versus Ephx2−/−,
#p < 0.05 versus Ephx2fx/fx. DHET, dihydroxyeicosatrienoic acid; EET, epoxyeicosatrienoic acid; EPHX, epoxide hydrolase.

Myocardial EPHX2 regulates I/R injury
ischemia. Taken together, these data suggest that EPHX2
expression in cardiomyocytes, but not endothelial cells, regu-
lates postischemic recovery of heart function, but not coronary
flow.
Discussion

The potent cardioprotective effects of EETs are diminished
after hydrolysis by EPHXs such as EPHX2. Genetic disruption
or pharmacological inhibition of EPHX2 improves post-
ischemic recovery of heart function and suggests a promising
role for EPHX2 inhibitors for the treatment of myocardial
infarction (5, 6). Herein, we describe the development and
characterization of two novel mouse models with cell-selective
6 J. Biol. Chem. (2023) 299(4) 103049
Ephx2 genetic disruption and provide evidence for cell-specific
physiological roles of EPHX2-mediated EET hydrolysis in the
heart. Our major findings include the following: (1) immu-
nohistochemical staining revealed that cardiac EPHX2 is
expressed abundantly in cardiomyocytes with some EPHX2
expression in endothelial cells surrounding large vessels; no
EPHX2 staining was observed in cardiac smooth muscle cells
or fibroblasts; (2) quantitative PCR and Western blot experi-
ments indicate that �95% of cardiac EPHX2 is expressed in
cardiomyocytes; (3) EPHX2 in cardiomyocytes, but not endo-
thelial cells, is primarily responsible for hydrolysis of EETs in
the heart in vitro and ex vivo; (4) EPHX2 in cardiomyocytes,
but not endothelial cells, is responsible for improved post-
ischemic functional recovery in the heart; (5) disruption of



Table 1
Fatty acid levels in Langendorff heart perfusates before and after ischemia

Oxylipins

Baseline Reperfusion

Ephx2fx/fx
Ephx2fx/fx/
Tek-Cre

Ephx2fx/fx/
Myh6-Cre Ephx2−/− Ephx2fx/fx

Ephx2fx/fx/
Tek-Cre

Ephx2fx/fx/
Myh6-Cre Ephx2−/−

n 10 7 7 5 10 7 7 5
6-keto-PGF1α 47.7 ± 9 49.3 ± 11.2 43.7 ± 10.3 51.4 ± 10.7 73.7 ± 10.7a 96.8 ± 13.5a 76.2 ± 8.6a 57.4 ± 18.3a

TXB2 3.1 ± 0.5 3.6 ± 0.4 4.8 ± 2.5 3.4 ± 0.2 11.4 ± 1.8a 13 ± 1.8a 8.4 ± 0.8a 6.6 ± 2.3a

PGF2α 3.2 ± 0.4 3 ± 0.4 3.4 ± 0.8 3.6 ± 0.5 6 ± 0.7a 5.9 ± 0.4a 5.8 ± 0.4a 4.9 ± 2a

PGD2 26.9 ± 5.1 26.6 ± 3.5 21.2 ± 5.4 26.9 ± 3.5 86.6 ± 9a 93 ± 5.6a 55.2 ± 5.6a 54.3 ± 18.7a

PGE2 4.2 ± 0.7 5.1 ± 1.1 4.6 ± 1.3 3.2 ± 0.7 7.8 ± 1a 8.9 ± 1.2a 9.6 ± 1.9a 4.8 ± 1.9a

8-iso-PGF2α 0.26 ± 0.04 0.27 ± 0.02 0.22 ± 0.06 0.23 ± 0.02 0.52 ± 0.07a 0.56 ± 0.08a 0.42 ± 0.03a 0.39 ± 0.14a

14,15-EET 0.86 ± 0.11 1.18 ± 0.27 0.91 ± 0.11 0.97 ± 0.23 1.98 ± 0.14a 2.16 ± 0.3a 1.91 ± 0.3a 1.72 ± 0.26a

11,12-EET 0.52 ± 0.06 0.45 ± 0.1 0.82 ± 0.28 0.7 ± 0.18 1.18 ± 0.14a 1.23 ± 0.33a 1.15 ± 0.23a 0.98 ± 0.17a

8,9-EET 0.39 ± 0.05 0.32 ± 0.05 0.53 ± 0.09 0.35 ± 0.1 0.93 ± 0.1a 0.91 ± 0.17a 0.66 ± 0.15a 0.78 ± 0.16a

5,6-EET ND ND ND ND ND ND ND ND
14,15-DHET 0.94 ± 0.23 0.98 ± 0.17 0.84 ± 0.14 0.75 ± 0.15 2.38 ± 0.37a 2.55 ± 0.63a 1.37 ± 0.18abc 0.77 ± 0.18ac

11,12-DHET 0.47 ± 0.1 0.55 ± 0.11 0.58 ± 0.09 0.64 ± 0.21 1.3 ± 0.21a 1.43 ± 0.39a 0.81 ± 0.09a 0.61 ± 0.13c

8,9-DHET 0.81 ± 0.11 0.74 ± 0.11 0.75 ± 0.11 0.92 ± 0.19 1.94 ± 0.41a 1.63 ± 0.41a 1.35 ± 0.18a 0.86 ± 0.25c

5,6-DHET 1.6 ± 0.13 1.7 ± 0.26 3.4 ± 1.1 1.25 ± 0.51 4.29 ± 0.51a 3.14 ± 0.8a 3.71 ± 0.86a 2.1 ± 0.44ac

12,13-EpOME 18.9 ± 3.1 11 ± 3.4 22.7 ± 6.7 12.4 ± 2.2 19.7 ± 4.1 16.3 ± 4.1 26.4 ± 8 20.8 ± 3.7a

9,10-EpOME 16.8 ± 3.8 13.3 ± 3 15.1 ± 11.6 15 ± 4.3 22.5 ± 2.2a 18.8 ± 4.8 27.8 ± 5.4a 23.2 ± 5.4a

12,13-DiHOME 11.1 ± 2 11.6 ± 1.6 11.5 ± 0.6 8.9 ± 1.9 35.9 ± 5.1a 33.1 ± 5.1a 25.8 ± 4.5abc 10.5 ± 2.2c

9,10-DiHOME 11 ± 2.9 5.2 ± 0.9 10 ± 3.4 7.3 ± 1.8 18.6 ± 2.8a 13.4 ± 3.6a 12 ± 3.6ab 5.1 ± 1.4ac

19,20-EpDPE 2.8 ± 0.6 2.6 ± 0.6 2.7 ± 0.5 2 ± 1.1 7 ± 1.1a 5.7 ± 1.1a 5.6 ± 1.1a 5.9 ± 1.2a

19,20-DiHDPA 9.2 ± 4.4 7.5 ± 1.8 6.5 ± 1.3 7 ± 1.4 17.2 ± 2.5a 17.2 ± 4.6a 10.3 ± 1.4ac 6.7 ± 2.3c

17,18-EpETE BD BD BD BD BD BD BD BD
17,18-DiHETE 2.9 ± 0.52 3.4 ± 0.6 3.0 ± 0.8 3.4 ± 1.4 9.4 ± 1.4a 9.2 ± 1.3a 5.3 ± 0.9ac 3.2 ± 0.6ac

20-HETE BD BD BD BD BD BD BD BD
19-HETE BD BD BD BD BD BD BD BD
15-HETE 6 ± 0.6 5.1 ± 1 5 ± 1.6 5.6 ± 1.1 11.8 ± 1.1a 12.4 ± 1.2a 14.8 ± 2.8a 11.5 ± 2.8a

12-HETE 78 ± 14 76 ± 16 76 ± 14 91 ± 30 134 ± 27a 113 ± 27a 135 ± 16a 127 ± 14a

11-HETE 3.7 ± 0.5 3.3 ± 0.6 5.6 ± 1.3 3.3 ± 1 8.4 ± 1a 6.5 ± 0.8a 10.4 ± 3a 6.2 ± 1.8a

8-HETE 37 ± 5 31 ± 6 38 ± 5 39 ± 11 103 ± 11a 97 ± 6a 131 ± 36a 90 ± 8a

5-HETE 2.5 ± 0.3 2.5 ± 0.6 3.4 ± 0.6 2.4 ± 0.4 9.7 ± 1a 9.1 ± 1.3a 9.7 ± 2.1a 6.7 ± 2a

13-HODE 96 ± 23 97 ± 16 92 ± 13 80 ± 12 169 ± 14a 205 ± 24a 209 ± 16a 165 ± 28a

9-HODE 55 ± 9 59 ± 12 104 ± 36 63 ± 14 123 ± 24a 122 ± 18a 108 ± 18a 105 ± 17a

14,15-EET:DHET 1.12 ± 0.16 1.29 ± 0.19 1.33 ± 0.34 1.37 ± 0.11 0.96 ± 0.11 1.16 ± 0.26 1.43 ± 0.18bc 2.4 ± 0.32ac

11,12-EET:DHET 1.42 ± 0.25 0.88 ± 0.15 1.59 ± 0.46 1.06 ± 0.22 1.05 ± 0.17 1.01 ± 0.17 1.42 ± 0.23 1.8 ± 0.35c

8,9-EET:DHET 0.48 ± 0.04 0.43 ± 0.05 0.71 ± 0.12a 0.38 ± 0.09 0.48 ± 0.06 0.56 ± 0.08 0.49 ± 0.09 0.91 ± 0.10c

12,13-EpOME:DiHOME 1.11 ± 0.17 0.94 ± 0.15 1.31 ± 0.28 0.94 ± 0.18 0.63 ± 0.09a 0.84 ± 0.22 1.58 ± 0.3c 2.2 ± 0.48ac

9,10-EpOME:DiHOME 2.58 ± 0.33 2.69 ± 0.5 5.06 ± 1.44 2.26 ± 0.49 1.43 ± 0.16a 1.74 ± 0.44 3.71 ± 0.62c 6.51 ± 2.90ac

19,20-EpDPE:DiHDPA 0.45 ± 0.06 0.39 ± 0.07 0.48 ± 0.14 0.31 ± 0.06 0.45 ± 0.07 0.46 ± 0.12 0.49 ± 0.08 0.63 ± 0.13

Cardiac perfusates were collected during the last 20 min of baseline and the first 20 min of reperfusion and assayed for oxylipins by LC/MS/MS. Levels of oxylipins are shown in
ng/g/min (mean ± SEM). 11,12- and 14,15-EET:DHET ratios are mean ± SEM of individual values. N = 5 to 10 mice/group as indicated.
Abbreviations: BD, below detection; ND, not determined.
a p < 0.05 versus baseline of same genotype.
b p < 0.05 versus global Ephx2−/−.
c p < 0.05 versus Ephx2fx/fx Cre negative.

Myocardial EPHX2 regulates I/R injury
Ephx2 in cardiomyocytes increase ERK activation after
ischemia; (6) Ephx2 disruption improves cardiac functional
recovery through reduction of EET hydrolysis; and (7) neither
EPHX2 in cardiomyocytes nor EPHX2 in endothelial cells
regulates coronary flow before or after I/R.

Immunohistochemical staining revealed that EPHX2 is
abundantly expressed in cardiomyocytes in the heart. This
confirms previous reports that EPHX2 is expressed in the
Table 2
Baseline cardiac parameters in Langendorff ischemia/reperfusion studi

Parameter Ephx2fx/fx Ephx2fx/fx

n 9 6
Heart rate (beats/min) 347 ± 16 360 ±
LVDP (cmH2O) 114 ± 6 109 ±
RPP (cmH2O/min) 39900 ± 3600 39500 ±
dP/dtmax (cmH2O/s) 5780 ± 230 6050 ±
dP/dtmin (cmH2O/s) −3420 ± 170 −3850 ±
TIC (min) 5.9 ± 0.3 5.6 ±
Cmax (cmH2O) 110 ± 7 108 ±

All values mean ± SEM.
Abbreviations: Cmax, Maximum contracture; dP/dtmax, rate of maximal contraction; dP/dtm
Pressure Product; TIC, Time to Ischemic Contracture.
heart (6) and in “myocardium” and “blood vessels” of the
cardiovascular system (10). Interestingly, our immunohisto-
chemical staining suggests that endothelial expression was
mostly restricted to larger blood vessels rather than endo-
thelial cells of smaller vessels/arterioles or capillaries. We did,
however, consistently observe endothelial expression of
EPHX2 in aorta and renal arterioles. Our data is insufficient
to determine the relative expression of EPHX2 in
es

/Tek-Cre Ephx2fx/fx/Myh6-Cre Ephx2−/−

9 6
27 357 ± 8 366 ± 4
11 120 ± 4 117 ± 6
5500 42700 ± 1900 42900 ± 2200
540 6160 ± 250 5290 ± 210
560 −3510 ± 160 −3060 ± 180
0.2 5.5 ± 0.3 5.8 ± 0.3
3 104 ± 4 104 ± 6

in, rate of minimal contraction; LVDP, Left Ventricular Developed Pressure; RPP, Rate-
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Figure 5. Recovery of cardiac contractile function during reperfusion after ischemia in Ephx2fx/fx and Ephx2-deficient hearts. Recovery of (A) left
ventricular developed pressure (LVDP) or Rate Pressure Product (RPP) by Ephx2fx/fx Cre negative, Ephx2fx/fx/Tek-cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/−

hearts is expressed as a percentage of baseline values. N = 6 to 9 mice per group, *p < 0.05 versus Ephx2fx/fx. B, recovery of LVDP or RPP by Ephx2fx/fx Cre
negative or Ephx2fx/fx/Myh6-cre hearts after treatment with ethanol vehicle (Veh) or 1 μM EEZE. N = 4 mice per group, *p < 0.05 versus Ephx2fx/fx, #p < 0.05
versus Vehicle. EEZE, 14,15-epoxyeicosa-5(Z)-enoic acid; EPHX, epoxide hydrolase.

Myocardial EPHX2 regulates I/R injury
cardiomyocytes or endothelial cells; the larger car-
diomyocytes exhibited broad diffuse staining, while the
smaller endothelial cells that expressed EPHX2 exhibited
more intense cytoplasmic staining. Our data appears consis-
tent with Human Protein Atlas single cell RNA data which
suggests that cardiomyocytes express approximately three
8 J. Biol. Chem. (2023) 299(4) 103049
times as much EPHX2 mRNA as endothelial cells (https://
www.proteinatlas.org/ENSG00000120915-EPHX2).

Contrary to a previous report (12), which observed strong
EPHX2 staining in human vascular smooth muscle cells, we
did not observe murine EPHX2 expression in smooth muscle
cells in any organs analyzed. It is possible that humans express

https://www.proteinatlas.org/ENSG00000120915-EPHX2
https://www.proteinatlas.org/ENSG00000120915-EPHX2
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Figure 6. Regulation of ERK and GSK3β phosphorylation during reperfusion after ischemia in Ephx2fx/fx and Ephx2fx/fx/Myh6-cre hearts treated with
vehicle or EEZE. Detection and densitometric quantification of pERK and total ERK (A and B) or pGSK3β and total GSK3β (C and D) in Ephx2fx/fx Cre negative
and Ephx2fx/fx/Myh6-cre heart lysates obtained under basal (nonischemic) conditions or after ischemia and 10 min of reperfusion, with or without ethanol
vehicle or 1 μM EEZE pretreatment as indicated. N = 1 (non-ischemic) or N = 4 to 5 (I/R) as indicated, *p < 0.05 versus Ephx2fx/fx or vehicle. EEZE, 14,15-
epoxyeicosa-5(Z)-enoic acid; EPHX, epoxide hydrolase; I/R, ischemia/reperfusion.

Myocardial EPHX2 regulates I/R injury
EPHX2 in vascular smooth muscle or that factors such as age
and/or inflammatory status of samples may induce EPHX2
expression in these cells. Coronary fibroblasts, which comprise
approximately 15% of cardiac cells (7, 8), also did not appear to
express appreciable EPHX2. The absence of staining in global
Ephx2−/− tissues leads us to conclude with high confidence
that our immunohistochemistry results accurately reflect the
cellular distribution of murine EPHX2 expression. Impor-
tantly, our immunohistochemical analysis was independently
confirmed by both qPCR, Western blot, and kinetic analysis;
J. Biol. Chem. (2023) 299(4) 103049 9
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Figure 7. Coronary flow at baseline and during reperfusion after
ischemia in Ephx2fx/fx and Ephx2-deficient hearts. Coronary perfusate
flow was measured for each minute of perfusion at the end of baseline and
for the first 20 min of reperfusion in Ephx2fx/fx Cre negative, Ephx2fx/fx/Tek-
cre, Ephx2fx/fx/Myh6-cre, and global Ephx2−/− hearts. N = 4 to 9 mice per
group. EPHX, epoxide hydrolase.

Myocardial EPHX2 regulates I/R injury
EPHX2 expression in Ephx2fx/fx/Tek-cre hearts was largely
unchanged relative to WT, whereas cardiomyocyte Ephx2
disruption greatly reduced EPHX2 expression and activity to
levels that were comparable to those in the global Ephx2-
deficient mice.

Ischemia increased the production or release of all COX-,
LOX- and P450-derived eicosanoids by 2- to 3-fold.
Eicosanoid-synthetic enzymes such as COX2 and ALOX12 are
not induced by short periods of cardiac ischemia and reper-
fusion (32, 33). Consistent, pathway-independent increases
suggest that common, upstream activation of iPLA2 and/or
cPLA2 isoforms released arachidonic acid to induce de novo
formation of fatty acid epoxides, hydroxyls, and prostaglandins
(34–36). Alternatively, some eicosanoids, including EETs, are
stored esterified in membrane phospholipids and may be
directly released by ischemia-activated PLA2 (37, 38). Inter-
estingly, hearts from all four genotype groups showed com-
parable levels of EETs and DHETs at baseline. These data
suggest a substantial role for EPHX1 in EET hydrolysis at low
basal rates of EET formation (3). Both global and
cardiomyocyte-selective disruption of Ephx2 reduced EET
hydrolysis in vitro and ex vivo in working hearts. After
ischemia, production of EETs and DHETs from hearts
increased several-fold in WT control and endothelial-selective
Ephx2 null hearts; however, in cardiomyocyte-selective and
global Ephx2 null hearts, postischemic DHET production was
significantly lower than in WT hearts. Importantly, in global
Ephx2 null hearts, postischemic DHET formation was similar
to pre-ischemia baseline, which is consistent with the recently
proposed concept that basal EET hydrolysis is mediated pri-
marily by EPHX1, not EPHX2 (3, 39). EET levels increased in
cardiomyocyte-selective and global Ephx2 null hearts after
ischemia to levels that were comparable to those in post-
ischemic WT hearts. This seemingly enigmatic lack of
increased EET levels in Ephx2-disrupted hearts is consistent
with our previous findings (3) and suggests shunting to other
pathways for EET metabolism that are reported to occur upon
loss of EPHX2-mediated hydrolysis (1, 40, 41). In particular,
increased reesterification of EETs is known to occur in cells
when EET hydrolysis is inhibited (1, 40). Alternate pathways
may include conversion of EETs to chain-shortened fatty acid
epoxides that maintain at least some biological activity (42).
10 J. Biol. Chem. (2023) 299(4) 103049
Cardiomyocyte-selective Ephx2 disruption enhanced the acti-
vation of cardioprotective ERK signaling after ischemia.
Importantly, the improved ERK activation and recovery of
function in hearts with myocardial Ephx2 disruption was
reversed with the selective EET antagonist EEZE, which sug-
gests that reduced EPHX2-mediated EET hydrolysis was crit-
ical to recovery of function in these hearts.

Reduced hydrolysis of LA-, EPA-, and DHA-derived epox-
ides in hearts from mice with global or myocardial disruption
of Ephx2 may also improve cardiac function after ischemia.
Hydrolysis of LA-derived EpOMEs (also called leukotoxins)
activates them to more toxic DiHOMEs that induce vaso-
constriction and impair ventricular contraction (29, 43, 44).
The EPA- and DHA-derived epoxides are potently vaso-
dilatory, anti-inflammatory, and anti-arrhythmic (45). While
these mice are on an NIH31 diet that has a low omega-
3:omega-6 ratio of 1:9.5 (Table S1), mouse hearts produce 5
to 10 times as much omega-3 EpFAs as EETs (Table 1).
Nonetheless, the improvement in myocardial function after
I/R in hearts with myocardial Ephx2 disruption was completely
reversed by the EET antagonist, 14,15-EEZE. Since EEZE does
not block signaling by LA-, EPA-, or DHA-derived EpFAs (46),
it appears that EETs are the main EPHX2-regulated EpFA
involved in recovery of heart function on this diet in our
model. We cannot not rule out that EPHX2 regulation of other
EpFAs does not contribute, at least in part, to the development
of cardiovascular disease or the postischemic recovery of heart
function in vivo. The combination of omega-3 supplementa-
tion and EPHX2 inhibition may synergistically improve I/R
recovery, as it does for other cardiovascular outcomes (47).

In this study, hearts with cardiomyocyte-specific disruption
of Ephx2 recapitulated nearly every phenotype of the global
Ephx2 null hearts. In particular, Ephx2fx/fx/Myh6-cre hearts
had similar recovery of function after ischemia as global
Ephx2−/− hearts. Previous studies revealed that global Ephx2−/−

hearts have increased PI3K activation and elevated GSK-3β
phosphorylation that maintains mitochondrial integrity after
ischemia (6). The fact that Ephx2fx/fx/Myh6-cre hearts had
similar postischemic functional recovery as global Ephx2−/−

hearts suggests that the role of EPHX2 in EET hydrolysis and
suppression of cardiac recovery largely occurs within car-
diomyocytes, not other cardiac cell types. This result is
consistent with previous data from our group which showed
improved postischemic recovery of function in hearts with
cardiomyocyte-specific transgenic overexpression of CYP2J2
but not in hearts with transgenic endothelial CYP2J2 over-
expression (29). Together, these studies suggest the impor-
tance of cellular compartmentalization of EET formation and
hydrolysis in the heart.

Somewhat surprisingly, we did not observe the regulation of
coronary vascular tone by EPHX2 ex vivo at baseline or during
I/R. Inhibition or genetic disruption of EPHX2 would be ex-
pected to increase the local production of EETs and promote
vasodilation (9, 48). We did not observe increased coronary
vasodilation in any of the Ephx2-disrupted models relative to
Ephx2fx/fx Cre negative (WT) hearts. These data are in apparent
contrast to previous reports which show that EPHX2 ablation
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increases coronary flow (49, 50), while transgenic EPHX2
overexpression reduces coronary flow (51); however, there are
several substantive differences between those prior experiments
and the current work. For example, previous data examined
reactive hyperemia, which is the vascular response to brief
(seconds) treatments of ischemia, while our experiment
examined coronary flow after 20 min of global, no-flow
ischemia. In our previous studies, the 20-min no-flow
ischemia model has revealed differences in postischemic
vasodilation in genetically modified mouse models or after
pharmacological treatments (29). Although the postischemic
increase in EETs may play a role in coronary vasodilation, this
effect may be secondary to the more pronounced effects of
nitric oxide and prostaglandins (52). Additionally, the retro-
grade perfusion method in the Langendorff system is signifi-
cantly faster than normal coronary blood flow, which might
attenuate any paracrine effects of EETs or obscure minor dif-
ferences in coronary flow. While disruption of EPHX2 did not
alter coronary flow in our experiments, it should be noted that
EPHX2 may play a significant role in the development of car-
diovascular disease or an acute response to myocardial infarc-
tion in vivo. Indeed, EPHX2 inhibition has been shown to
reduce atherosclerosis in mice (15) and EPHX2 polymorphisms
are associated with cardiovascular disease in humans (27).
During a myocardial infarction, EPHX2 inhibition could elevate
local EET levels in the coronary arteries which could subse-
quently promote thrombus disruption and/or vasodilation (1).
Both effects would serve to promote rapid reperfusion of
occluded arteries and improve postischemic outcomes.

In summary, our data from mice with cell-specific genetic
disruption of Ephx2 reveal that cardiac EPHX2 is primarily
responsible for the majority of EPHX2-mediated EET hydrolysis
in the heart and for regulating the recovery of function after I/R.
Expression of EPHX2 in endothelial cells had little or no impact
on vascular function or cardiac recovery after ischemia ex vivo.
It is possible, however, that endothelial EPHX2 serves an
important role in the progression of atherosclerosis and/or in
acute vascular events during myocardial infarction. Our data
suggest that the improved signaling and cardiac recovery after I/
R observed following EPHX2 pharmacological inhibition is
likely due to the suppression of EPHX2-mediated EET hydro-
lysis within cardiomyocytes.
Experimental procedures

Animals

C57BL/6 mice with an allele for conditional disruption of
the Ephx2 gene (Ephx2tm1.1Arte) were generated by Artemis
Pharmaceuticals. The recombinant Ephx2 locus contains LoxP
sites flanking the fourth and fifth exons (Fig. 1). Mice homo-
zygous for the floxed allele without Cre expression were used
as controls (Ephx2fx/fx). Mice with endothelial-specific
(Ephx2fx/fx/Tek-cre) or cardiomyocyte-specific (Ephx2fx/fx/
Myh6-cre) disruption of Ephx2 were bred by crossing Ephx2fx/
fx mice with transgenic mice in which the Cre recombinase
transgene was driven by either the Tek (B6.Cg-Tg(Tek-Cre)
12Flv/J) or Myh6 (B6.FVB-Tg(Myh6-cre)2182Mds/J)
promoter, respectively (Jackson Laboratory). Mice with con-
ventional (global) disruption of Ephx2 (global Ephx2−/−) have
been previously described (28). Approximately, equal numbers
of male and female mice, aged 10 to 16 weeks, were used in
each study. Mice were maintained in cages with a 12:12 h light-
dark cycle and free access to standard chow (NIH31, Envigo)
and water. All procedures were in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and were
approved by the NIEHS Animal Care and Use Committee.

Immunohistochemistry

Tissues from mice were fixed in 10% neutral buffered
formalin and embedded in paraffin. Sections (5 μm) were
stained with anti-EPHX2 Ab (sc-22334, 1:100) from Santa
Cruz Biotechnology and detected using biotinylated donkey-
anti-goat secondary antibody (1:500) and diaminobenzidine
detection as previously described (48).

Langendorff isolated-perfused hearts

Mice were anesthetized with pentobarbital, hearts were
removed, cannulated by the aorta, and perfused in retrograde
fashion in the Langendorff mode as previously described (3, 6,
29). Hearts were perfused with modified Krebs–Henseleit
buffer, containing 120 mM NaCl, 25 mM NaHCO3, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.20 mM MgSO4, 11 mM glucose, and
1.8 mM CaCl2, that was aerated with 95% air and 5% CO2.
Water-filled balloon pressure transducers were inserted into the
left ventricle to monitor cardiac function. Forty minutes after
cannulation, hearts were subjected to 20 min of global, no-flow
ischemia, followed by up to 40 min of reperfusion. LVDP
measured at the end of reperfusion was expressed as a per-
centage of pre-ischemic LVDP. RPP was calculated as LVDP ×
heart rate. In some experiments, 1 μM EEZE or vehicle (0.1%
ethanol) were added to the perfusate starting 10 min prior to
ischemia and throughout reperfusion. For signaling experi-
ments, heart ventricles were cut from the cannula after 10 min
of reperfusion. In separate experiments to collect heart per-
fusates for LC-MS/MS analysis, hearts were cannulated and
perfused as above but without balloon insertion. All of the heart
perfusate produced during the last 20 min of equilibration
(baseline) and during the first 20 min of reperfusion were
pooled and collected into 50 ml conical tubes with 5 μl of
10 mM trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-
benzoic acid (kindly provided by Bruce Hammock, UC Davis).
Perfusates were collected into tubes sitting in dry ice and stored
at −80 �C prior to extraction and analysis.

mRNA analysis by quantitative RT-PCR

mRNA was isolated from heart tissues using RNeasy Mini
Kits from Qiagen. mRNA was converted to complementary
DNA using High-Capacity cDNA Reverse Transcription Kit
from Life Technologies. Ephx2 (#Mm00514706_m1) and
Gapdh (Mm99999915_g1) were detected using TaqMan
probes according to manufacturer’s instructions. Ephx2
expression was calculated relative to Gapdh using the 2−ΔΔCT

method.
J. Biol. Chem. (2023) 299(4) 103049 11



Myocardial EPHX2 regulates I/R injury
Protein immunoblotting

Hundred milligrams of heart tissue were added to 400 μl ice
cold lysis buffer [1% Triton X-100, 0.25% deoxycholate,150 mM
NaCl, 50 mM Tris (pH 7.4), plus EDTA/protease inhibitor
cocktail (Roche)] and homogenized using a Tissuelyzer II with a
single stainless-steel bead at 4 �C for 10 min at 30 Hz. The
homogenate was centrifuged at 10,000g for 10 min. Supernatant
was collected, and protein concentrations were determined by
BCA Assay (Biorad). Twenty micrograms of protein was sepa-
rated by 10% SDS-PAGE and transferred to nitrocellulose.
Membranes were blocked with PBS containing 0.1% Tween 20
and 5% nonfat milk. Membranes were probed with antibodies
to EPHX2 (sc-25797, 1:1000) and ERK1 (sc-93, 1:2000) from
Santa Cruz Biotechnology, β-actin (AC-74, 1:5000) and pERK1/
2 (M8159, 1:1000) from Sigma, and phospho-S21/9-GSK3β
(9331) and GSK3β (9315) (1:1000 each) from Cell Signaling.
Primary antibodies were detected using horseradish peroxidase-
conjugated secondary antibodies from Calbiochem (#401215
and #401315, 1:5000 dilution) and enhanced chem-
iluminescence (Amersham). Densitometry was obtained and
quantified on an Amersham Typhoon using ImageQuantTL
v8.1.0 software (https://us.vwr.com/store/product/25990402/
imagequant-tl-8-1-cytiva).

EET hydrolysis assay

Five hundred micrograms of heart lysate (lysed as above but
in ice-cold PBS) were mixed with ice-cold solutions containing
50 ng of 14,15-EET, 11,12-EET, 12,13-EpOME, 19,20-EpDPE,
or 17,18-EpETE (Cayman Chemical) in a total of 100 μl PBS
containing 0.1% BSA. Samples were incubated at 37 �C for
10 min before reactions were stopped by the addition of 0.9 ml
ethyl acetate. Ten microliters of internal standard [30 ng each
of PGE2-d9, 11,12-EET-d11, and 11,12-DHET-d11 (Cayman)]
was added to each sample. Samples were mixed, centrifuged at
1000g, and ethyl acetate was removed to tubes containing 6 μl
of 30% glycerol in methanol. Samples were dried under vac-
uum centrifugation, covered with argon gas, and stored at −80
�C. Rates of hydrolysis were determined by the formation of
corresponding diols (14,15-DHET, 11,12-DHET, 12,13-
DiHOME, 19,20-DiHDPE, or 17,18-DiHETE).

Cardiac perfusates

Samples were spiked with internal standards, mixed with
0.05 volume of 1% acetic acid in 50% methanol, and extracted
by serial passage through HyperSep Retain C18 3 ml columns
(Thermo Fisher Scientific). Columns were washed twice with
3 ml 0.05% acetic acid in 2.5% methanol. Analytes were eluted
with 1 ml of methanol into glass tubes containing 6 μl of 30%
glycerol in methanol. Samples were dried and stored at −80 �C
as described above.

Liquid chromatography tandem mass spectroscopy

Samples were reconstituted in 50 μl of 30% ethanol. Liquid
chromatography was performed with an Agilent 1200 Series
capillary HPLC (Agilent Technologies). Separations were
achieved using a Halo C18 column (2.7 μm, 100 × 2.1 mm;
12 J. Biol. Chem. (2023) 299(4) 103049
MAC-MOD Analytical) held at 50 �C. Mobile phase A
(85:15:0.1 water:acetonitrile:acetic acid) and Mobile phase B
(70:30:0.1 acetonitrile:methanol:acetic acid) were freshly pre-
pared. Samples were injected at a flow rate of 400 μl/min with
gradient elution. Mobile phase flow rates and percentages were
varied as follows: the gradient ramped from 20% B at 0 min to
40% B at 5 min. Flow ramped from 40% B at 5 min to 55% B at
7 min and 64% B at 13 min. At 13 min, the column was flushed
for 6 min with 100% B at a flow rate of 550 μl/min. Samples
were reconstituted in 50 μl of 30% ethanol and triplicate
samples were injected in a volume of 10 μl. Analytes were
detected on an MDS Sciex API 3000 equipped with a Tur-
boIonSpray source (Applied Biosystems) heated to 425 �C at a
flow rate of 6 l/min. Detection was performed using negative
ion electrospray ionization tandem mass spectrometry with
multiple reaction monitoring as previously described (29).
Oxylipin quantification was calculated using Analyst 1.5.1
software (AB Sciex; https://sciex.com/products/software/
analyst-software). Relative response ratios of analytes to cor-
responding internal standards were compared to a standard
curve of response ratios for each analyte. Lipid standards were
purchased from Cayman Chemical, stored in 100% ethanol
under argon, and used within 1 year.

Statistical analyses

Analysis of significance among the four genotypes was
determined by one-way ANOVA followed by post hoc t-tests
using GraphPad Prism (https://www.graphpad.com/features)
and Microsoft Excel (https://www.microsoft.com/en-us/
microsoft-365/excel) software. For cardiac perfusates, in
addition to these comparisons, we conducted paired Student’s
t-tests to assess changes between baseline and postischemic
analyte levels. Coronary flow rates were compared using
repeated measure ANOVA. Mendelian analysis was performed
using a Chi squared test of proportions. p-values less than 0.05
were considered significant.

Data availability

All data are contained within the article. The data that
support the findings of this study are available from the cor-
responding author, D. C. Z. upon reasonable request.
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