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Abstract

Stem cell replacement offers a great potential for cardiac regenerative therapy. How-

ever, one of the critical barriers to stem cell therapy is a significant loss of

transplanted stem cells from ischemia and inflammation in the host environment.

Here, we tested the hypothesis that inhibition of the soluble epoxide hydrolase (sEH)

enzyme using sEH inhibitors (sEHIs) to decrease inflammation and fibrosis in the host

myocardium may increase the survival of the transplanted human induced pluripotent

stem cell derived-cardiomyocytes (hiPSC-CMs) in a murine postmyocardial infarction

model. A specific sEHI (1-trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl)urea

[TPPU]) and CRISPR/Cas9 gene editing were used to test the hypothesis. TPPU

results in a significant increase in the retention of transplanted cells compared with

cell treatment alone. The increase in the retention of hiPSC-CMs translates into an

improvement in the fractional shortening and a decrease in adverse remodeling.

Mechanistically, we demonstrate a significant decrease in oxidative stress and apo-

ptosis not only in transplanted hiPSC-CMs but also in the host environment.

CRISPR/Cas9-mediated gene silencing of the sEH enzyme reduces cleaved caspase-

3 in hiPSC-CMs challenged with angiotensin II, suggesting that knockdown of the

sEH enzyme protects the hiPSC-CMs from undergoing apoptosis. Our findings dem-

onstrate that suppression of inflammation and fibrosis using an sEHI represents a

promising adjuvant to cardiac stem cell-based therapy. Very little is known regarding

the role of this class of compounds in stem cell-based therapy. There is consequently

an enormous opportunity to uncover a potentially powerful class of compounds,

which may be used effectively in the clinical setting.
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1 | INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of morbidity and

mortality in the United States.1-4 Myocardial infarction (MI) results in

a significant loss of more than a billion cardiomyocytes leading to a

decrease in cardiac function.5 Clinically, a delayed recovery of cardiac

function may be observed with revascularization and medical therapy.

However, a subset of patients do not recover their cardiac function

despite optimal medical therapies and develop progressive adverse

structural and electrical remodeling leading to heart failure (HF) with

lethal consequences. Despite advances in therapy and management,

HF remains a life-threatening disease with a 5-year mortality rate of

45% to 60%.6 HF affects approximately 5.7 million people in the Unit-

ed States at an annual cost of nearly $30 billion, and is estimated to

affect 9 million people at a cost of nearly $80 billion by 2030.6 Cur-

rently, cardiac transplantation and left ventricular assist device are the

only options for patients with end-stage HF. However, due to limited

donor hearts, nearly twice the number of patients are waiting for

transplantation per year compared to the number of patients receiving

cardiac transplantations.6 Therefore, there is a compelling need to

seek new options for patients suffering from HF.

Since adult cardiac myocytes are unable to proliferate sufficiently

to replace the damaged tissue, stem cell therapy represents a promis-

ing approach for the treatment of HF, since it aims at generating new

functional myocardium and inducing neoangiogenesis. To date, vari-

ous stem cells have been used in clinical trials with each cell type pre-

senting several advantages and limitations.7-9 However, therapeutic

strategies using cell-based therapy have not produced full restorative

functions.10,11 A high rate of transplanted stem-cell loss (90% within

the first few days) has been observed due to inflammation in the host

environment.12-14 Therefore, therapeutic strategies for treating the

damaged myocardium should focus on both replacing the myocardial

tissue as well as decreasing inflammation.

One of the most conserved inflammatory responses is the activa-

tion of phospholipase A2 and the release of arachidonic acid, which is

metabolized through the cyclooxygenase, lipoxygenase, and

cytochrome P450 (CYP450) pathways. The action of CYP450 on

arachidonic acid leads to the formation of epoxyeicosatrienoic acids

(EETs), which have been shown to be anti-inflammatory and pro-fibri-

nolytic with several cardioprotective effects. It has been suggested

that reduced levels of EETs contribute to CVDs.15 However, EETs are

further metabolized by the soluble epoxide hydrolase (sEH) enzyme to

form corresponding diols, dihydroxyeicosatrienoic acids (DHETs) with

diminished anti-inflammatory activities.15 Therefore, the cardi-

oprotective activity of EETs can be enhanced by preventing the catal-

ysis of EETs using inhibitors of the sEH enzyme (sEHIs).16 Indeed, we

have previously demonstrated that treatment with sEHIs results in

decreased inflammation and cardiac fibrosis.17 We have further

shown that several sEHIs reduce ventricular myocyte hypertrophy,

electrical remodeling and decrease both atrial and ventricular arrhyth-

mia inducibility in several clinically relevant animal models.17-21

We hypothesize that simultaneous reduction of inflammation in

conjunction with stem cell transplantation would enhance stem cell

survival and engraftment leading to an improvement in cardiac func-

tion. Hence in the present study, we used a two-pronged approach to
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regenerative therapy. However, there is a significant loss of

transplanted stem cells from ischemia and inflammation in
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cell-based therapy using human induced pluripotent stem

cell-derived cardiomyocytes in a preclinical model. sEHI
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in cell-based therapy. There is consequently an opportunity

to uncover a potentially powerful class of inhibitors, which

may be used in clinical settings.
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concurrently reduce inflammation and replace the lost myocardium

using an anti-inflammatory drug and human induced pluripotent stem

cell-derived cardiomyocytes (hiPSC-CMs) in a preclinical model of

murine post-MI. We demonstrate that the dual treatment approach

with sEHI and hiPSC-CMs leads to a significant improvement in car-

diac function as well as a decrease in fibrosis by limiting the pathologi-

cal mitogen-activated protein kinase (MAPK) signaling cascade,

reactive oxygen species (ROS), and apoptosis in hiPSC-CMs. Further

examination of the host myocardial environment demonstrates the

positive effects of sEHIs in significantly decreasing oxidative stress

and apoptosis of cardiomyocytes and nonmyocyte cells (NMCs). Addi-

tionally, there is a restoration of the transient outward K+ current by

sEHI in hiPSC-CMs challenged with angiotensin II (ANG II), consistent

with the prevention of electrical remodeling. Moreover, CRISPR/

Cas9-mediated gene silencing of the sEH enzyme reduces cleaved

caspase-3 in hiPSC-CMs challenged with ANG II, suggesting that

knockdown of the sEH enzyme protects the hiPSC-CMs from under-

going apoptosis. Our study provides evidence that sEHI may repre-

sent an effective adjuvant therapy for cell transplantation since it

addresses an unanticipated setback from inflammation-mediated stem

cell loss and fibrosis that may impede the success of the current cell-

based therapies.

2 | METHODS

The investigation conforms to the Guide for the Care and Use of Lab-

oratory Animals published by the US National Institutes of Health

(NIH Publication No. 85-23, revised 1996) and was approved by the

University of California, Davis Institutional Animal Care and Use Com-

mittee. Detailed methods are presented in Supporting Informa-

tion Materials and Methods.

2.1 | Soluble epoxide hydrolase inhibitor

Selective and potent inhibitors (low nanomolar Ki's) for the rodent

and human soluble epoxide hydrolase enzyme (sEH) were devel-

oped based on the catalytic mechanism and the x-ray structure of

the murine sEH (PDB access #: 1CQZ and 1CR6).22-24 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)

was found to have high inhibitory potency, drug-like physico-

chemical properties, pharmacokinetics with high area under the

curve values, a relatively longer half-life and lower plasma protein

binding properties than many previous compounds.25,26 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 1000-fold higher concentration than

the effective concentration for the sEH enzyme). In addition, the

x-ray crystal structure of the sEH enzyme and the inhibitors has

been solved.27-34 There is no evidence to date of off-target bind-

ing sites.

2.2 | MI model in mice

MI was generated in 8- to 12-week-old NOD SCID gamma (NSG)

as previously described.17 Briefly, animals were anesthetized with

ketamine 50 mg/kg and xylazine 2.5 mg/kg intraperitoneally. Intu-

bation was performed perorally and mechanical ventilation was ini-

tiated. MI was performed using ligation of the left anterior

descending coronary artery for 45 minutes. The chest was closed

with 3-0 Dexon rib sutures, 5-0 Dexon II muscle sutures, and bur-

ied skin sutures. Negative plural pressure was re-established via a

temporary chest tube until spontaneous breathing occurred.

Sham-operated animals underwent the same procedure without

tying the suture.

Echocardiograms using Vevo 2100 (FUJIFILM, Toronto, Canada)

were performed 1 week after surgery after which mice were random-

ized into six different groups: Sham ± sEHI, MI ± sEHI, and MI

+ hiPSC-CM ± sEHI. Treatment with sEHI included TPPU (15 mg/L)

given in the drinking water for a period of 3 weeks.35 The animals

were followed for a period of 3 weeks at which time repeat echocar-

diograms were performed.

2.3 | Magnetic resonance imaging

Imaging was performed using a Bruker BioSpec 7T horizontal bore

system designed specifically for small animal imaging (Bruker Cor-

poration, Billerica, Massachusetts). Mice were anesthetized with

1.5% isoflurane with oxygen in an induction chamber, placed in

the magnetic resonance imaging (MRI) scanner, and were fitted

with a nose cone connected to a vaporizer. Physiological parame-

ters such as respiration and body temperature were monitored

with a physiological monitoring unit that provides feedback on a

warm air blower to keep the animal at normal body temperature

during the scan. A retrospective gating technique to produce snap-

shots of the heart cycle was used and the data were collected

using ParaVision 5.1 software (Bruker Corporation) and analyzed

using Amira 6.0 software (Thermo Fisher Scientific, Waltham,

Massachusetts).

2.4 | Hemodynamic monitoring

Mice were anesthetized by intraperitoneal injection of 80 mg/kg of

ketamine and 5 mg/kg of xylazine and maintained at 37�C. Recording

of pressure and volume was performed by using Millar Pressure-

Volume System MPVS-300 (Millar, Inc., Houston, Texas), Power Lab,

and Lab Chart 6.0 software (AD Instruments, Colorado Springs,

Colorado).

1572 SIRISH ET AL.



F IGURE 1 TPPU improves hiPSC-CMs retention in a murine MI model: A, FACS for hiPSCs transduced with firefly luciferase (Fluc) and GFP.
B, Confocal images of cultured FAC sorted GFP+ hiPSCs. Scale bar = 50 μM. C, Representative myosin heavy chain expression of hiPSC-CMs at
day 25 after differentiation assessed by flow cytometry. D, Confocal images showing expression of MLC2v (green) and MLC2a (red) in hiPSC-
CMs with cell nuclei stained with 40 ,6-diamidino-2-phenylindole (DAPI, blue). Scale bar = 20 μM. E, Schematic representation of the experimental
protocol. F, Structure of the sEHI, TPPU used in our studies. Mice were randomized 1 week after MI to TPPU (15 mg/L) orally in drinking water
or vehicle alone. Treatment was continued for 3 weeks. G, Photomicrographs of whole hearts from sham-operated, MI, MI + TPPU, MI + Cell, and
MI + Cell + TPPU mice. H, Summary data for heart weight/body weight (HW/BW) from the five groups of mice. I, Longitudinal in vivo BLI of
hiPSC-CMs transplanted into NSG mice at week 1, 2, 3, and 4 with (bottom panel) and without (top panel) sEHI treatment. J, Quantification of
BLI signals from (E). K, Flow cytometric analyses of percentages of GFP+ hiPSC-CMs after 4 weeks from mice receiving transplanted stem cells
alone compared to transplanted cells plus sEHI treatment. Individual data points are shown together with the bar graphs in panels (H) and (K),
with numbers shown within the bar graphs representing the numbers of animals for each group. Cells = hiPSC-CMs. Data presented are
Mean ± SEM, *P < .05 by ANOVA. BFL, background fluorescence; BLI, bioluminescence imaging; FACS, florescent-activated cell sorting; GFP,
green fluorescent protein; hiPSC-CMs, human induced pluripotent stem cell derived-cardiomyocytes; MI, myocardial infarction; sEHI, soluble
epoxide hydrolase inhibitor; TPPU, 1-trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl)urea; Wk, week
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2.5 | Bioluminescence imaging

Serial bioluminescence imaging (BLI) was performed on hiPSC-CMs

transplanted and TPPU treated mice on week 1, 2, 3, and 4 post-MI

with the use of the IVIS Spectrum (Perkin Elmer, Waltham, Massachu-

setts) imaging system using a thermoeletrically cooled back-thinned,

back-illuminated CCD camera, with a 2048 × 2048 array of 13.5

micropixels and a 16-bit digitizer. Mice were anesthetized with iso-

flurane and were injected intraperitoneally with D-Luciferin (375 mg/

kg body weight). Peak signals from a fixed region of interest were

obtained and signals were quantified (photons.s-1.cm-2.sr-1).36

2.6 | Human-induced pluripotent stem cell-derived
cardiomyocytes

hiPSCs (19-9-7 T,WiCell, Madison, Wisconsin) were transduced with the

puromycin gene under the α-myosin heavy chain (MHC) promoter to

enable enrichment of cardiomyocytes postdifferentiation and a double

fusion construct of reporter genes; firefly luciferase (Fluc) for BLI and

enhanced green fluorescent protein (GFP) to enable in vivo tracking of cell

engraftment longitudinally.36 hiPSCs were plated and differentiated for

30 days using a directed differentiation protocol.37 hiPSC-CMs enriched

with puromycin and treated with tumor necrosis factor-α (TNF-α; 20 ng/

mL for 20 minutes) or angiotensin II (ANG II, Sigma-Aldrich; 1 μM for

24 hours) with or without TPPU (1 μM) were fixed and stained with

antimyosin light chain-2a (MLC2a), anti-myosin light chain-2v (MLC2v),

and anti-pERK1/2 antibodies (Cell Signaling Technology, Danvers, Massa-

chusetts) before flow cytometric analyses as described above.

2.7 | Measurement of plasma cytokine levels

Plasma cytokine levels from samples collected 3 weeks after sham or

MI operation were analyzed using a Cytometric Bead Array kit and

Cytometric Bead Array Analysis software following the manufac-

turer's protocol.17

2.8 | Statistical analysis

Data are presented as mean ± SEM. Statistical comparisons were analyzed

by one-way analysis of variance (ANOVA) followed by Bonferroni tests and

Tukey's-Kramer honest significant difference analyses for post hoc compar-

ison. Statistical significancewas considered to be achievedwhen P < .05.

3 | RESULTS

3.1 | Generation and characterization of hiPSC-
CMs for cell transplantation

hiPSCs were transduced with the puromycin gene under the α-MHC

promoter, to enable enrichment of cardiomyocytes postdifferentiation,

as well as a double fusion construct of reporter genes (a kind gift

from Dr Joseph Wu, Stanford University), containing firefly lucifer-

ase (Fluc) for BLI and enhanced GFP to enable in vivo tracking of cell

engraftment longitudinally.36 Transduced hiPSCs revealed high pro-

tein expression levels of pluripotency markers, including Oct3/4,

SSEA4, TRA-1-60, and TRA-1-81 as assessed by flow cytometry

(Figure S1A,B) and stained positive for pluripotency marker Oct3/4

when assessed by confocal immunofluorescence microscopy (Fig-

ure S1C). Positive selection of GFP+ hiPSCs was achieved by sorting

the cells using florescent-activated cell sorting (FACS; Figure 1A,B).

Next, GFP+ hiPSCs were differentiated into beating clusters of

hiPSC-CMs (Movie S1) using the small-molecule based protocol and

enriched with puromycin treatment with �76% MHC positive cells

as assessed by flow cytometry (Figure 1C).38 Immunostaining of

hiPSC-CMs revealed the expression of MLC2v and MLC2a (Fig-

ure 1D). The use of these cells for transplantation and in vivo imag-

ing was validated in vitro by the stable Fluc activity with a strong

correlation between Fluc activity and cell number (R2 = 0.985; Fig-

ure S2A,B).

MI was generated in 8- to 12-week-old NOD-scid gamma-irra-

diated (NSG, Institute of Regenerative Cures, UC Davis) male and

female mice using previously described techniques (Figure 1E).17

One week after the surgery, mice were randomized into six

experimental groups: Sham ± sEHI, MI ± sEHI, and MI + hiPSC-

CM ± sEHI. Transplantation of 1.5 × 106 hiPSC-CMs into the bor-

der zones was performed using ultrasound-guided (VisualSonics

Vevo 2100, FUJIFILM, Toronto, Canada) injection (Figure S2C).

Mice were randomized to receive either TPPU (15 mg/L; Figure 1F)

orally in drinking water or vehicle alone for 3 weeks.39 TPPU was

selected as the sEHI of choice after evaluating the pharmacoki-

netic and physiological properties of 11 different sEHIs based on

our prior publication.17,25,26 Sham-operated mice were also ran-

domized to receive either TPPU or vehicle alone at week 1 for

3 weeks.

Whole heart images from the MI mice after 3-week follow-up

exhibited cardiac dilatation (Figure 1G). As expected, hearts from

the sham-operated group showed no significant hypertrophy or

dilatation. Summary data in Figure 1H illustrate a significant

increase in the ratios of heart weight/body weight in the MI group

compared with sham-operated hearts. Treatment with TPPU,

hiPSC-CMs and both hiPSC-CMs + TPPU resulted in a significant

decrease in the heart weight and the heart weight/body weight

ratios in the MI animals. The investigators were blinded to the treat-

ment groups. A total of 98 NSG male and female animals were used.

Eight animals died in the perioperative period, leaving a total of 90

mice in the study.

3.2 | TPPU enhances the survival of hiPSC-CMs

We next investigated the therapeutic potential of TPPU on the sur-

vival of hiPSC-CMs after transplantation into the border zone in the

post MI model. To test the engraftment of transplanted hiPSC-CMs

1574 SIRISH ET AL.



F IGURE 2 TPPU improves cardiac function and decreases fibrosis as assessed by echocardiography and immunohistochemistry: A, Cardiac

sections stained with Masson's trichrome to demonstrate the amount of collagen deposition in the six groups of animals, Sham ± TPPU,
MI ± TPPU, MI + Cells (hiPSC-CM) ± TPPU. Scale bar = 200 μm. B, Quantification of the % infarct zone. n = 3 per group, *P < .05. C, FS data from
M-mode echocardiography pre- and post-treatment in the six groups of mice. n = 6 to 15 per group. §P < .05 comparing Sham groups with MI
groups before randomization to different treatment arms, **P < .05 comparing MI with MI + Cells + TPPU at week 4, #P < .05 comparing MI
+ Cells or MI + TPPU with Sham at week 4 and ***P < .05 comparing MI with Sham and Sham-TPPU treated groups at week 4 by analysis of
variance (ANOVA). D, Confocal immunofluorescence images of GFP+ hiPSC-CMs expressing both GFP and cardiac troponin T from hearts treated
with hiPSC-CMs alone (top panel) or hiPSC-CMs plus TPPU (bottom panel). Scale bar = 10 μM. E, Flow cytometric analyses showing the presence
of GFP+ hiPSC-CMs in hearts treated with or without TPPU. F, Serum concentration of cytokine, IL-6. *P < .05 comparing MI with MI + Cells
+ TPPU at week 4 by ANOVA. n = 6 to 15 per group. Cells = hiPSC-CMs. Mean ± SEM. FS, fractional shortening; GFP, green fluorescent protein;
hiPSC-CMs, human induced pluripotent stem cell derived-cardiomyocytes; MI, myocardial infarction; TPPU, 1-trifluoromethoxyphenyl-3-(1-
propionylpiperidine-4-yl)urea
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longitudinally, in vivo BLI (IVIS Xenogen Corp, Alameda, California)

was performed.36 BLI at 3 and 4 weeks demonstrated a significant

increase in the survival of GFP+ cells in mice with TPPU treatment

compared to the mice with cells only (Figure 1I,J; 2.3 × 106 ± 1 × 106

and 1.3 × 104 ± 5 × 104 photons/(s cm2 sr), respectively, at week 4).

Interestingly, there was an increase in the BLI signal at week 2 and 3

post-transplantation in the TPPU-treated group attributing to the pro-

liferation of transplanted cells. Quantification by flow cytometry

showed significantly higher percentages of GFP+ hiPSC-CMs in the

TPPU treated mice (9.9% ± 0.5%) compared to the nontreated mice

with hiPSC-CMs (4.19% ± 0.4%; Figure 1K).

3.3 | TPPU attenuates cardiac fibrosis post-MI

We hypothesize that tissue injury from MI results in robust inflam-

matory responses leading to recruitment of fibroblasts that may

inhibit cell engraftment. Hence, to examine the possible beneficial

effect of sEHI in preventing cardiac fibrosis in hiPSC-CMs trans-

plantation, we quantified interstitial fibrosis in cardiac sections

(5 μM) from corresponding areas in six groups of animals using Mas-

son's Trichrome stain (Figure 2A) as we have previously

described.17,21 Analyses of the infarcted area at 4 weeks post-MI

were performed in a blinded fashion and demonstrated a significant

decrease in the infarct size post-MI after hiPSC-CM transplantation,

TPPU treatment, or the combination of hiPSC-CM and TPPU, com-

pared to MI alone (Figure 2A,B). There were no significant differ-

ences between the two sham-operated groups as expected. The

data suggest that treatment with TPPU and cells transplantation

post-MI prevents adverse cardiac remodeling in part by reducing

infarct size and cardiac fibrosis.

3.4 | Dual treatment significantly improves cardiac
function

To assess the potential therapeutic benefits of TPPU treatment in

cell-based therapy after MI, we compared the functional recovery

from six groups of animals. Functional analyses using echocardiog-

raphy (Figure 2C) and MRI (Figure S3) were performed to evaluate

the effect of TPPU in cell transplantation on chamber size and sys-

tolic function. Two-dimensional and M-mode echocardiography

showed a significant improvement in left ventricular fractional

shortening (FS) in the MI + hiPSC-CM + TPPU group after 3 weeks

of treatment (57% ± 3%) compared to before treatment (44% ± 2%,

P < .05). As expected, there was a significant decrease in the FS in

the MI alone group from week 1 (45% ± 3%) compared to week 4

(36% ± 4%), suggesting adverse remodeling. Moreover, all MI mice

in the four different groups before randomization showed similar

FS that was not significantly different among the four groups

(P = NS), but significantly different from the two sham groups.

Vehicle injection along with MI + TPPU (51% ± 3%) showed a com-

parable improvement in FS to the MI + TPPU group (47% ± 2%)

suggesting no adverse effect from the vehicle injection (Figure S4A,

B). Indeed, treatment with both sEHI and cells resulted in a signifi-

cant improvement in FS compared to MI alone group (TPPU

+ Cells = 57% ± 2% compared to MI alone = 36% ± 4%) after

3 weeks of follow-up. In addition, the MI + Cells + TPPU group was

not statistically different from the Sham or Sham + TPPU groups

(P = NS). In contrast, the MI only, MI + Cells, or MI + TPPU groups

were significantly different from the Sham or Sham + TPPU

groups (Figure 2C).

To better understand the mechanistic underpinning for the pre-

served left ventricular function postcell transplantation in the ischemic

mice treated with and without TPPU treatment, we performed flow

cytometric and histological analyses. Histologic analyses of cardiac

sections via confocal immunofluorescence microscopic examination at

week 4 post-TPPU treatment demonstrated the presence of GFP+

hiPSC-CMs expressing both GFP and cardiac troponin T (Figure 2D).

However, the presence of GFP+ hiPSC-CMs was not detected in sec-

tions without TPPU treatment, which is consistent with the decrease

in BLI signals measure over the same period of time. The presence of

GFP+ hiPSC-CMs was further quantified by flow cytometry (Figure

2E) using antibodies directed against troponin T and GFP, demonstrat-

ing a significantly higher percentages of GFP+ hiPSC-CMs in mice

treated with dual therapy.

3.5 | Treatment with TPPU results in a significant
reduction in inflammatory cytokines

Following MI, a network of profibrotic factors including pro-inflamma-

tory cytokines are activated and are known to contribute toward

inflammation in the clinical setting.40 Our previous studies have docu-

mented the strong anti-inflammatory activities of several sEHIs in pre-

clinical models.17-21 Here, our data demonstrated a significant

increase in proinflammatory cytokine, interleukin 6 (IL-6), in the MI

mice (Figure 2F). Importantly, dual treatment with TPPU and hiPSC-

CMs significantly decreased the cytokine levels. An unbiased

approach of metabolic profiling of oxylipids was also performed to

document the target engagement by TPPU, demonstrating significant

increases in EETs/DHETs ratios from arachidonic acid, EpODE/

DiHODE ratios from α-linolenic acid, and EpOME/DiHOME ratios

from linoleic acid in the TPPU + Cell-treated group compared with

TPPU only and cell-only groups (Figure S5).

3.6 | Dual treatment improves cardiac contractility

Since FS is load-dependent, we further performed hemodynamic

monitoring comparing the five groups of animals to obtain the load-

independent indicator of cardiac contractility. Figure 3 shows repre-

sentative recordings of left ventricular pressure (Figure 3A), volume

(Figure 3B), and developed pressure (dP/dt; Figure 3C) in sham, MI,

MI + TPPU, MI + hiPSC-CMs, and MI + hiPSC-CM + TPPU mice. To

determine the end-systolic P-V relationship, we obtained a series of
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P-V loops by altering the preload and derived the slope of the end

systolic P-V relationship (Ees), a load-independent measure of cardiac

contractility. The right and downward shift of the pressure-volume (P-

V) loops in the MI mice indicates reduced end-systolic pressure (ESP)

and relatively larger end-systolic and end-diastolic volumes (Figure 3D)

compared to the sham-operated mice. The ESP (Figure 3E), maximum

dP/dt (Figure 3G), and Ees (Figure 3H) were significantly reduced

while the end-systolic volume (Figure 3F) was significantly increased

in the MI mice compared to sham-operated mice. Importantly, Ees

from the MI + TPPU + Cells significantly improved from to the MI

alone group. In contrast, there were no significant differences among

MI alone, MI + TPPU, or MI + hiPSC-CMs groups (Figure 3H). We also

demonstrate a significant improvement in the rate of relaxation of

developed pressure (dP/dtmin), an indicator of cardiac diastolic

F IGURE 3 Hemodynamic monitoring demonstrates an improvement in contractility with hiPSC-CMs and TPPU treatment: Recording traces

of left ventricular (A) pressure, (B) volume, and (C) derivative of pressure with respect to time (dP/dt) from Sham-operated, MI ± TPPU, and MI
+ hiPSC-CMs ± TPPU mice. D, Pressure-volume (P-V) loop analyses. Pressure and volume have been calibrated. The volume calibration was
performed using cuvette (P/N 910-1049, Millar, Inc.) filled with fresh heparinized 37�C mouse blood. Summary data for (E) ESP, (F) ESV, (G)
maximum dP/dt, and (H) slope for the end-systolic P-V relationship (Ees). Individual data points are presented together with bar graphs
representing mean ± SEM. Number shown within the bar graphs represent the number of animals used. *P < .05 by analysis of variance (ANOVA).
Cells = hiPSC-CMs. ESP, end-systolic pressure; ESV, end-systolic volume; hiPSC-CMs, human induced pluripotent stem cell derived-
cardiomyocytes; MI, myocardial infarction; TPPU, 1-trifluoromethoxyphenyl-3-(1-propionylpiperidine-4-yl)urea
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function, with TPPU-, hiPSC-CMs-, or TPPU + hiPSC-CMs-treated

groups compared to MI alone group (Figure S4C).

3.7 | Attenuated cardiac remodeling may be
attributed to reduced oxidative stress and apoptosis

Mechanistically, we hypothesize that the increased cell survival and

engraftment of transplanted hiPSC-CMs with TPPU treatment,

resulting in an improvement in cardiac function, may be due to a

decrease in oxidative stress and apoptosis in the transplanted hiPSC-

CMs. Flow cytometric analyses were used to quantify the level of oxi-

dative stress (production of ROS) in cardiomyocytes and NMCs as we

have previously described.21 Indeed, there was a significant decrease

in ROS levels in hiPSC-CMs isolated from the MI + hiPSC-CM + TPPU

group compared to the MI + hiPSC-CM group without sEHI treatment

(Figure 4A,B). Similarly, apoptosis quantified using single-cell based

flow cytometry in the transplanted hiPSC-CM was significantly

decreased with TPPU treatment (Figure 4C,D).

Additionally, the increased cell survival and engraftment of

transplanted hiPSC-CMs with TPPU treatment, resulting in an

improvement in cardiac function, may be attributed to the cardi-

oprotective mechanisms of TPPU on the host-microenvironment. To

test this, we measured ROS and apoptosis of host-CMs as well as

NMCs. There was a significant decrease in the levels of ROS and apo-

ptosis of the host-CMs (Figure 4E-G) isolated from the hiPSC-CM

transplanted-TPPU treated group compared to the MI, MI + hiPSC-

CMs, and MI + TPPU groups. Similarly, host NMCs isolated from the

hiPSC-CM transplanted-TPPU treated group demonstrated a signifi-

cant decrease in ROS and apoptosis compared to those isolated from

MI, MI + hiPSC-CM, and MI + TPPU groups (Figure 4H,I).

3.8 | TPPU-treatment decreases apoptosis and
electrical remodeling in hiPSC-CMs

To decipher the mechanisms of TPPU on hiPSC-CMs, several types

of in vitro analyses were performed. One of the robust responses to

cardiac injury-activated inflammation is the production of inflamma-

tory cytokines, which activate multiple signaling pathways including

MAPKs leading to oxidative stress and apoptosis. Therefore, we

examined the members of the MAPK signaling cascade, extracellular

signal-regulated kinases (ERK1/2).17 Differentiated hiPSC-CMs

(MLC2a+/MLC2v+) were stimulated using inflammatory cytokine

TNF-α (20 ng/mL for 20 minutes) with or without TPPU (1 μM).

Analysis of stimulated hiPSC-CMs demonstrated a significant

increase in phosphorylated ERK1/2 (pERK1/2) compared with the

control and control-TPPU-treated cells (Figure 5A,B). Treatment of

TNF-α stimulated hiPSC-CMs with TPPU significantly decreased the

pERK1/2 level (Figure 5A,B). Flow cytometric analyses enabled us

to analyze the activity of pERK1/2 on a per-cell basis by utilizing

several markers to separate the hiPSC-CMs from other cell types.

Moreover, we have previously verified the flow cytometric analyses

of pERK1/2 using Western blot analyses of FACS of specific cell

population.17

3.9 | CRISPR/Cas9-mediated gene silencing of the
sEH enzyme reduces cleaved caspase-3 in hiPSC-CMs
challenged with ANG II

Next, in order to demonstrate that the improvement in stem cell

transplantation is directly due to the inhibition of the sEH enzyme

and not secondary to the off-target effects, we performed genome

editing to silence the sEH enzyme in hiPSC-CMs using CRISPR/

Cas9. Apoptosis was assessed using cleaved caspase-3, a critical

process during apoptosis. We first demonstrated the expression of

the sEH enzyme in hiPSC-CMs using flow cytometry (Figure S5).

Flow cytometry and immunofluorescence microscopy showed a sig-

nificant increase in cleaved caspase-3 in ANG II (1 μM for 24 hours)-

treated hiPSC-CMs compared to hiPSC-CMs with gene silencing of

the sEH enzyme treated with ANG II. Two different control groups

(hiPSC-CMs treated with scramble sequences or hiPSC-CMs with

gene silencing of the sEH enzyme without ANG II treatment) were

used (Figure 5C-E).

3.10 | Reduction in electrical remodeling by
TPPU treatment in hiPSC-CMs challenged with
ANG II

Finally, to evaluate the effect of TPPU on electrical remodeling of

hiPSC-CMs, we challenged the hiPSC-CMs with ANG II to assess

the change in electrophysiological properties using optical and

patch-clamp recordings. Action potentials of hiPSC-CMs stimulated

with ANG II were recorded optically. Treatment with TPPU

prevented the increase of the action potential duration at 50%

repolarization (APD50) in hiPSC-CMs challenged with ANG II.

APD50 in the TPPU-treated group were similar to control group

(Figure 5F,G). Consistently, hiPSC-CMs activated with ANG II dem-

onstrated a significant downregulation of the transient outward K+

current assayed using patch-clamp recordings from single hiPSC-

CMs. Treatment with TPPU prevented the downregulation of the

transient outward K+ current (Figure 5H,I). Collectively, the results

support that treatment with TPPU leads to an improvement in

hiPSC-CMs including a decrease in oxidative stress, apoptosis, and

electrical remodeling.

4 | DISCUSSION

Adult cardiac myocytes are unable to proliferate sufficiently to

replace the damaged tissue; therefore, stem cell therapy represents

a promising approach for the treatment of HF, since it is centered

on the premise of regenerating new functional myocardium and

inducing neoangiogenesis. In the current study, we demonstrate
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F IGURE 4 Flow cytometric analyses demonstrate a significant decrease in ROS and apoptosis in transplanted hiPSC-CMs, host
cardiomyocytes, and host nonmyocyte cells isolated from MI mice treated with both hiPSC-CMs and TPPU: A, Flow cytometric analyses showing
the median fluorescence intensity of ROS from transplanted hiPSC-CMs. B, Summary data from (A) comparing cells isolated from mice receiving
hiPSC-CMs alone or hiPSC-CMs and TPPU. C, Flow cytometric analyses showing the median fluorescence intensity of Annexin V indicating the
degree of apoptosis in transplanted hiPSC-CMs. D, Summary data from (C) comparing cells isolated from mice receiving hiPSC-CMs alone or
hiPSC-CMs and TPPU. E, Flow cytometric analyses of ROS from host cardiomyocytes. x and y-axes represent arbitrary units. F, Summary data
from (E) comparing percentages of ROS in host cardiomyocytes isolated from six groups of mice. G, Summary data from flow cytometric analyses

of Annexin V from host cardiomyocytes. H,I, Summary data from flow cytometric analyses of ROS and Annexin V from host NMCs, respectively.
Mean ± SEM. n = 3 to 6 per group. *P < .05 by analysis of variance (ANOVA). Cells = hiPSC-CMs. hiPSC-CMs, human induced pluripotent stem
cell derived-cardiomyocytes; NMCs, nonmyocyte cells; ROS, reactive oxygen species; TPPU, 1-trifluoromethoxyphenyl-3-(1-propionylpiperidine-
4-yl)urea
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the therapeutic efficacy of sEHI in hiPSC-CM cell transplantation

in a preclinical model. Treatment with sEHI results in a significant

decrease in apoptosis and oxidative stress in transplanted stem

cells, leading to a significant increase in the retention of hiPSC-

CMs. In addition, there is an improvement in the host cardiac

milieu with sEHI treatment as demonstrated by a significant

F IGURE 5 Treatment with TPPU results in a significant reduction in pERK1/2 and recovery of Ito and APD50 in hiPSC-CMs in vitro: A, Flow
cytometric analyses of pERK1/2 signal from four different groups of hiPSC-CMs (no treatment, treated with TPPU, treated with TNF-α, or
treated with TNF-α and TPPU). x and y-axes represent arbitrary units. B, Summary data from (A). C, Flow cytometric analysis of hiPSC-CMs
treated with Scramble, CRISPR-sEH, ANG II, and ANGII+CRISPR-sEH. D, Summary data from (C). E, Immunofluorescence images showing an
increase in cleaved caspase-3 in angiotensin II (ANG II, 1 μM for 24 hours) treated hiPSC-CMs, compared with the scramble, sEH-CRISPR, and
sEH-CRISPR-ANG II-treated cells. F, Representative optical recordings of action potential from hiPSC-CMs. G, APD50 from control, hiPSC-CMs
treated with ANG II alone or ANG II and TPPU. n = 30 to 100 cells per group of biological repeats from three experiments. H, Transient outward
K+ current recordings from hiPSC-CMs and (I) the corresponding current-voltage (I-V) relationship. Representative results are shown.
Mean ± SEM. *P < .05 by analysis of variance (ANOVA), **P < .05 by t test. APD50, action potential duration at 50% repolarization; hiPSC-CMs,
human induced pluripotent stem cell derived-cardiomyocytes; TNF-α, tumor necrosis factor-α; TPPU, 1-trifluoromethoxyphenyl-3-(1-
propionylpiperidine-4-yl)urea
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decrease in ROS and apoptosis in the host cardiomyocytes and

nonmyocytes, making it more conducive to the survival of

transplanted hiPSC-CMs. Finally, the dual therapy with sEHI and

cardiac stem cell transplantation results in a concomitant decrease

in fibrosis and a significant improvement in cardiac function,

assayed using both noninvasive and invasive in vivo analyses.

Mechanistically, treatment with sEHI results in a decrease in

ERK1/2 activation and electrical remodeling in hiPSC-CMs. Our

data provide evidence that reduction of inflammation by increasing

the biological activities of EETs can improve stem cell engraftment

by optimizing the host microenvironment and the transplanted

cells. Mitigation of inflammation using sEHI in cardiac stem cell

transplantation may represent an effective therapy post-MI since it

addresses the effects of oxidative stress and the associated inflam-

mation-mediated fibrosis that may impede the success of the cur-

rent cell-based therapies.

4.1 | Current challenges in cardiac cell-based
therapy

Stem cells possess the capacity for sustained proliferation, cardiac dif-

ferentiation as well as trophic functions which enables myocardial

repair. To date, various stem cells have been used in clinical trials with

each cell type presenting several advantages and limitations.7,8

Since the original description of iPSCs, the field has greatly

expanded. Importantly, a large numbers of studies have refined the

techniques for efficient directed-differentiation of iPSCs into

cardiomyocytes.38,41 In addition, multiple studies have provided evi-

dence for the utilities of iPSC-CMs in cardiac transplantation in animal

models.7 However, therapeutic strategies using cell-based therapy to

combat ischemic cardiomyopathy have not produced full restorative

functions.10,11 One of the main challenges of cardiac stem cell therapy

is the survival and retention of transplanted cells in the hostile milieu.

A high rate of transplanted stem-cell loss, �90% within the first few

days has been observed due to ischemic environment and inflamma-

tion.42,43 For transplanted cells to mechanical and electrically couple

with native cardiomyocytes to ultimately contract synchronously, they

would first need to survive the initial robust inflammatory response

associated with cardiac tissue injury.

4.2 | Detrimental effects of inflammatory
mediators and oxidative stress

Robust inflammatory mediators are one of the prime causes of cell

death.42-44 The recruitment of inflammatory cells such as neutrophils

and monocytes into the infarcted heart tissue causes the production

of inflammatory cytokines such as TNF-α, IL-6, IL-1, and chemokines,

which further secrete proteolytic enzymes and ROS.43-45 These medi-

ators are severely cytotoxic and compromise survival of transplanted

cells.42 IL-1 is elevated in infarcted myocardium and facilitates apo-

ptosis of cardiomyocytes and adverse remodeling.46 Cell death further

increases inflammatory responses leading to attenuation of cardiac

function. In response to inflammation, stem cells produce ROS and

also activate mitochondrial and endoplasmic reticulum stress and

death receptor pathways eliciting apoptosis.47 Inflammation activates

ERK1/2 leading to fibrosis and apoptosis, thereby reduces cell

engraftment. ERK1/2 members of the MAPK superfamily are known

to regulate several critical processes including stem cell differentia-

tion, proliferation, and survival. Therefore, it is critical that the

transplanted stem cells can overcome the harsh inflammatory micro-

environment and survive in the injured myocardium for significant

repairs to occur.

Infarction associated hypoxia increases oxidative stress in the

injured myocardium. ROS is known to influence critical cellular pro-

cesses including gene expression of inflammatory cytokines and

growth factors, metabolic alterations, calcium handling, ionic fluxes,

and apoptosis.48 ROS-induced apoptotic factors from transplanted

cells further increase oxidative stress in the myocardium. Apoptosis is

induced by both intrinsic and extrinsic factors including inflammatory

cytokines. Indeed, we demonstrate a significant decrease in ROS and

apoptosis not only in transplanted hiPSC-CMs but also in the host

environment including cardiomyocytes and NMCs with sEHI

treatment.

Another critical barrier for stem cell engraftment is the recruit-

ment of fibroblasts, which form physical barriers at the site of injury

and inhibit cell engraftment. Here, we directly demonstrate the bene-

ficial effect of sEHI on the reduction of cardiac fibrosis and adverse

remodeling consistent with our previous study.17

4.3 | Current strategies to improve cardiac cell-
based therapy

To combat the challenge of stem cell death in the injured myocardium

immediately after transplantation, several pro-survival strategies,

which either activate endogenous cellular survival mechanisms or

inhibit major cell death pathways have been used.12,49,50 Indeed, stud-

ies have shown that inhibitors of inflammation increase cell survival

by many fold.43 Specifically, various strategies have been used to

improve transplanted cell survival including expression of IL-1 inhibi-

tor and treatment with superoxide dismutase to reduce inflamma-

tion.43 Our previous data demonstrate that sEHIs are potent anti-

inflammatory agents that significantly decrease the systemic levels of

cytokines and chemokines.17-19,51-57 In the present study, we demon-

strate for the first time the broader use sEHIs in reducing inflamma-

tion to promote transplanted hiPSC-CMs survival for cardiac

regenerative therapy post-MI. Moreover, the beneficial effects of

sEHIs is relevant since we have previously demonstrated the presence

of sEH enzyme in cardiomyocytes as well as hiPSC-CMs.21

Finally, we show that treatment of ANG II- and TNF-α-activated

hiPSC-CMs with sEHI leads to a decrease in the activation of ERK1/2

and electrical remodeling. Taken together, our data suggest that con-

ditioning the hiPSC-CMs with sEHI may help the cells to better sur-

vive the harsh conditions in the ischemic myocardium.
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4.4 | Perspectives and future directions

It is well documented that paracrine factors secreted or induced by

transplanted stem cells contribute significantly to the improvement

in cardiac function. Our findings (Figures 1 and 2) are consistent

with previous studies which demonstrate that despite the scarcity

of survival stem cells 3 to 4 weeks after transplantation, there are

still significant benefit in the improvements in cardiac function, pos-

sibly from the paracrine signals such as growth factors, chemokines,

and exosomes.58 These paracrine signals may activate multiple tar-

gets including attenuation of inflammation, fibrosis, and apoptosis,

which act synergistically to prevent structural and electrical

remodeling.

There are other mechanisms apart from the generation of new

myocardium and paracrine factors that may contribute to the benefi-

cial impact, including mechanical stabilization, stimulation of

neovascularization, and cell fusion, which remain be investigated.

Future studies using RNA sequencing analyses to determine the gene

pathways altered by sEHI treatment would be of great interest.

The selective and potent inhibitor for the sEH enzymes were

developed based on the catalytic mechanism and the x-ray structure

of the murine sEH (PDB access #: 1CQZ and 1CR6). In addition, the x-

ray crystal structure of the sEH enzyme and the inhibitors has been

solved.27,30-34 There is no evidence to date of off-target binding

sites.22-24 Furthermore, we have taken advantage of CRISPR/Cas9-

mediated gene silencing of the sEH enzyme to test our hypothesis.

Finally, very little is known regarding the role of this class of com-

pounds in cell-based therapy. There is consequently an enormous

opportunity to uncover a potentially powerful class of inhibitors,

which may be used effectively in the clinical setting. Our study tran-

scends the suppression of inflammation and scar formation in cardiac

cell-based therapy. Since the CYP450 pathway is evolutionarily pre-

served, the inhibitors have the potential to be utilized in other inflam-

matory-related diseases.
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