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BACKGROUND AND PURPOSE

We have previously shown that isoprenaline-induced cardiac hypertrophy causes significant changes in the expression of
cytochromes P450 (CYP) and soluble epoxide hydrolase (sEH) genes. Therefore, it is important to examine whether the
inhibition of sEH by 1-(1-methanesulfonyl-piperidin-4-yl)-3-(4-trifluoromethoxy-phenyl)-urea (TUPS) will protect against
isoprenaline-induced cardiac hypertrophy.

EXPERIMENTAL APPROACH

Male Sprague-Dawley rats were treated with TUPS (0.65 mg kg™ day™', p.o.), isoprenaline (5 mg kg™' day', i.p.) or the
combination of both. In vitro H9c2 cells were treated with isoprenaline (100 uM) in the presence and absence of either TUPS
(1 uM) or 11,12 EET (1 uM). The expression of hypertrophic, fibrotic markers and different CYP genes were determined by
real-time PCR.

KEY RESULTS

Isoprenaline significantly induced the hypertrophic, fibrotic markers as well as the heart to body weight ratio, which was
significantly reversed by TUPS. Isoprenaline also caused an induction of CYPTAT, CYP1B1, CYP2B1, CYP2B2, CYP4A3 and
CYP4F4 gene expression and TUPS significantly inhibited this isoprenaline-mediated effect. Moreover, isoprenaline significantly
reduced 5,6-, 8,9-, 11,12- and 14,15-EET and increased their corresponding 8,9-, 11,12- and 14,15-dihydroxyeicosatrienoic
acid (DHET) and the 20-HETE metabolites. TUPS abolished these isoprenaline-mediated changes in arachidonic acid (AA)
metabolites. In H9c2 cells, isoprenaline caused a significant induction of ANP, BNP and EPHX2 mRNA levels. Both TUPS and
11,12-EET significantly decreased this isoprenaline-mediated induction of ANP, BNP and EPHX2.

CONCLUSIONS AND IMPLICATIONS
TUPS partially protects against isoprenaline-induced cardiac hypertrophy, which confirms the role of sEH and CYP enzymes in
the development of cardiac hypertrophy.

Abbreviations

AA, arachidonic acid; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; DHET, dihydroxyeicosatrienoic
acid; EET, epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; sEH, soluble epoxide hydrolase; P450,
cytochrome P450; TUPS, 1-(1-methanesulfonyl-piperidin-4-yl)-3-(4-trifluoromethoxy-phenyl)-urea; 3-MHC, B-myosin
heavy chain
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Soluble epoxide hydrolase and cardiac hypertrophy

Introduction

Cardiac hypertrophy can be broadly defined as an increase in
heart mass in response to an increase in biomechanical stress.
The growth of heart is characterized by the growth of indi-
vidual cardiomyocytes rather than an increase in cell number
(Vakili ef al., 2001). Cardiac hypertrophy is traditionally con-
sidered as an adaptive response that balances the stress and
optimizes the cardiac pump function (Carreno et al., 2006).
However, prolonged hypertrophy has been found to be a
well-established risk factor for cardiovascular mortality
(Muiesan et al., 1995; Verdecchia etal., 1998). Moreover,
cardiac hypertrophy can lead to systolic and diastolic cardiac
dysfunction and ultimately heart failure (Levy et al., 1994).
Heart failure is a deadly cardiovascular disease that affects
more than 23 million worldwide and more than 5 million
people in North America (Bui et al., 2011). In Canada, heart
failure affects more than 400 000 Canadians and costs over
$1 billion annually for inpatient care alone (O’Connell,
2000). Despite advances made in heart research over the past
two decades, heart disease remains the leading cause of death
in North America and accounts for about 45% of all deaths
(Levy et al., 2002).

The role of cytochrome P450 (P450) enzymes in cardio-
vascular health and disease is well established (Elbekai and
El-Kadi, 2006; Zordoky and El-Kadi, 2008). P450 is a super-
family of mixed function mono-oxygenases that is involved
in the oxidative metabolism of a wide range of xenobiotics
and endogenous substances (Elbekai and El-Kadi, 2006).
Many studies have examined the expression of P450 enzymes
in the heart (Elbekai and El-Kadi, 2006). In vivo, the presence
of P450 enzymes has been reported in human hearts (Thum
and Borlak, 2000b; Delozier et al., 2007) and in the left ven-
tricle of Sprague-Dawley (SD) rats and spontaneously hyper-
tensive rats (SHRs) (Thum and Borlak, 2002; Zordoky et al.,
2008). In vitro, the gene expression and protein activity of
many P450 enzymes have been reported in cultured primary
cardiomyocytes (Thum and Borlak, 2000a) and in the rat
cardiomyoblast, H9c2 cell line (Zordoky and El-Kadi, 2007).

In the presence of NADPH and oxygen, P540 -
hydroxylases metabolize arachidonic acid (AA) to 20-
hydroxyeicosatetraenoic acid (20-HETE), whereas P450
epoxygenases metabolize AA to four regioisomers of epoxyei-
cosatrienoic acids (EETs), 5,6-, 8,9-, 11,12- and 14,15-EET
metabolites (Roman, 2002).

EETs are the major cardioprotective products of AA
metabolism by P450 enzymes. Once produced, EETs are either
incorporated into membrane phospholipid pools, secreted
into the extracellular space or efficiently hydrolysed by soluble
epoxide hydrolase (sEH) to biologically less active dihydrox-
yeicosatrienoic acids (DHETs), thus reducing their beneficial
cardiovascular effect (Zeldin et al., 1995; Imig et al., 2002;
Spector et al., 2004). The gene encoding sEH enzyme, EPHX2,
was found to be significantly induced in different models of
cardiac hypertrophy such as, 3-methylcholanthrene (3-MC)
and benzo(a)pyrene (BaP)-induced cardiac hypertrophy
(Aboutabl et al., 2009), isoprenaline-induced cardiac hypertro-
phy (Zordoky et al., 2008), SHRs with heart failure (Monti
et al., 2008) and angiotensin II-induced hypertrophy (Ai et al.,
2009). The association between the up-regulation of EPHX2

with the development of cardiac hypertrophy in different
animal models suggested its involvement in the development
of cardiac hypertrophy. Therefore, sEH inhibition is consid-
ered a new potential therapeutic target for the prevention
and/or treatment of cardiac hypertrophy. The cardioprotective
mechanisms of sEH inhibitors involve inhibiting the degrada-
tion of EETs and hence blocking the activation of of NF-«xB (Xu
et al., 2006; Imig and Hammock, 2009). Interestingly, inhibi-
tion of sEH has been reported to prevent and reverse cardiac
hypertrophy in a murine model of chronic pressure overload—
induced cardiac hypertrophy (Xu et al., 2006), prevent angi-
otensin II-induced cardiac hypertrophy in rats (Ai et al., 2009)
and attenuate BaP-induced cardiac hypertrophy (Aboutabl
etal., 2011).

We have previously demonstrated that isoprenaline-
induced cardiac hypertrophy causes significant changes in
several P450 along with the changes in EPHX2 gene expres-
sion. The overall balance of these changes leads to a higher
production of 20-HETE and lower production of EETs in the
hypertrophied hearts (Zordoky et al., 2008). Several studies
have demonstrated the association and the potential contri-
bution of higher levels of the cardiotoxic metabolite 20-HETE
and lower levels of the cardioprotective EETs in the develop-
ment of cardiac hypertrophy (Chabova et al., 2007; Aboutabl
et al., 2009). In the present study, we investigated whether
inhibition of sEH by 1-(1-methanesulfonyl-piperidin-4-yl)-3-
(4-trifluoromethoxy-phenyl)-urea (TUPS) protects against
isoprenaline-induced cardiac hypertrophy. Furthermore, we
examined the effect of TUPS treatment on P450 enzymes and
the formation of P450-mediated AA lipid mediators. Our
findings provide the first evidence for cardiac-specific
changes in P450, sEH enzymes and AA metabolism during
sEH inhibition in this isoprenaline-induced cardiac hypertro-
phy model.

Methods

Animals

All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). The
investigation follows the Guide for the Care and Use of Labo-
ratory Animals published by the U.S. National Institutes of
Health (Publication no. 85-23, revised 1996). All experimen-
tal animal procedures were approved by the University of
Alberta Health Sciences Animal Policy and Welfare Commit-
tee. Male Sprague-Dawley rats weighing 200-250 g were
obtained from Charles River Canada (St. Constant, QC,
Canada). All animals were maintained on a 12 h light/dark
cycle with food and water available ad libitum.

Cell culture and treatments

HO9c2 cells (American Type Culture Collection, Manassas, VA)
were maintained in DMEM, without phenol red, supple-
mented with 0.45% glucose, 0.15% sodium bicarbonate,
0.11% sodium pyruvate, 10% FBS, 20 uM r-glutamine, 100
IU mL™ penicillin, 10 pg mL™ streptomycin and 25 ng mL™
amphotericin B. Cells were grown in 75 cm? tissue culture
flasks at 37°C in a 5% CO, humidified incubator. For analysis
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of mRNA, cells were grown at a density of 1-1.5 x 10° cells per
well in a six-well tissue culture plate. On 60-80% confluence
(2-3 days), an appropriate stock solution of isoprenaline at a
concentration of 100 uM was added to the culture medium in
the presence or absence of 11,12-EET, which was added every
8 h for 24 h at a final concentration of 1 uM. An appropriate
stock solution of TUPS was added to the culture medium to
reach a final concentration of 1 uM for 24 h.

Chemicals and reagents

AA, isoprenaline, 4-hydroxybenzophenone, DMEM base and
anti-goat IgG with HRP secondary antibody were purchased
from Sigma-Aldrich Chemical Co (St Louis, MO). Amphoter-
icin B was purchased from ICN Biomedicals Canada (Montreal,
QC, Canada). Penicillin-streptomycin, L-glutamine, FBS and
TRIzol reagent was purchased from Invitrogen (Carlsbad, CA).
High-capacity cDNA Reverse Transcription Kit, SYBR Green
SuperMix and 96-well optical reaction plates with optical
adhesive films were purchased from Applied Biosystems
(Foster City, CA). Real-time PCR primers were synthesized by
Integrated DNA Technologies Incorporation (San Diego, CA)
according to previously published sequences. AA metabolite
standards 5,6-EET, 8,9-EET, 11,12-EET, 14,15-EET, 5,6-DHET,
8,9-DHET, 11,12-DHET, 14,15-DHET and 20-HETE were
obtained from Cayman Chemical (Ann Arbor, MI). TUPS was
synthesized by Dr Paul Jones (University of California, Davis)
as described previously (Tsai et al., 2010). Acrylamide, N'N’-bis-
methylene-acrylamide, B-mercaptoethanol, ammonium per-
sulfate, glycine, pure nitrocellulose membrane (0.45 mm) and
N,N,N’,N’-tetramethylethylenediamine (TEMED) were pur-
chased from Bio-Rad Laboratories (Hercules, CA). Chemilumi-
nescent Western blotting detection reagents were purchased
from GE Healthcare Life Sciences (Piscataway, NJ). CYP1B1
rabbit anti-rat polyclonal primary antibody was purchased
from BD Gentest (Woburn, MA). sEH rabbit anti-mouse
primary antibodies were obtained as generous gifts from Dr
Darryl Zeldin (National Institute of Environmental Health
Sciences, National Institutes of Health, Research Triangle Park,
NC). CYP1A1 gout anti-rat, mouse anti-rat CYP2B1/2, mouse
anti-rat CYP4A and rabbit anti-rat actin polyclonal primary
antibodies with secondary antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). All other
chemicals were purchased from Fisher Scientific Co (Toronto,
ON, Canada).

Experimental design

Male Sprague-Dawley rats (200-250 g) were injected i.p. with
isoprenaline (dissolved in saline; final volume = 0.25 mL
per rat) at 5mgkg'day’ for 7 days, with or without
0.65 mg kg' day' TUPS (TUPS was dissolved in PEG400, fol-
lowed by further dilution in saline to 1:3 ratio; final volume
=1 mL per rat). The rats were randomly segregated into four
groups. The first group (n = 6) consisted of control rats that
received saline (i.p.) plus 25% PEG400 (oral gavage). The
second group (n = 6) consisted of TUPS-treated rats that
received TUPS dissolved in 25% PEG (oral gavage) and saline
(i.p.) The third group (n = 6) consisted of isoprenaline-treated
rats that received isoprenaline dissolved in saline (i.p.) plus
25% PEG400 (oral gavage). The fourth group (n = 6) consisted
of isoprenaline and TUPS-treated rats that received isoprena-
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line dissolved in saline (i.p.) plus TUPS dissolved in 25%PEG
(oral gavage). Thereafter, animals were killed by an overdose
of isoflurane anaesthesia 24 h after their last injection. Heart,
kidney and liver were excised, immediately frozen in liquid
nitrogen and stored at —80°C until analysis.

RNA extraction and relative gene expression
analysis by real-time PCR

Total RNA from the frozen heart, kidney and liver tissues was
isolated using TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol and quantified by measuring the
absorbance at 260 nm.

The relative gene expression was determined by real-time
PCR using the ABI Prism 7500 System (Applied Biosystems)
according to the manufacturer’s protocol. The primers used
in the current study were as previously published (Bleicher
etal.,, 2001; Kalsotra etal., 2002; Kuwahara etal.,, 2002;
Grygielko et al., 2005; Hirasawa etal., 2005; Rollin et al.,
2005; Sellers et al., 2005; Baldwin et al., 2006; Soppa et al.,
2008; Zordoky et al., 2011) and are listed in Table 1. A melting
curve was determined at the end of each cycle to confirm the
specificity of the primers and the purity of the PCR product.
Thereafter, real-time PCR data were analysed using the rela-
tive gene expression method as described previously (Livak
and Schmittgen, 2001). B-actin was used as the endogenous
control, and the untreated control was used as the calibrator
when any changes in gene expression induced by TUPS, iso-
prenaline and isoprenaline + TUPS were being studied.

Microsomal preparation and western

blot analysis

Preparation of heart microsomal protein was performed as
described previously (Barakat et al., 2001). Briefly, all tissues
were washed in ice-cold KCI (1.15%, KCl w v!), cut into
pieces and homogenized separately in ice-cold sucrose solu-
tion (1 g of tissue in 25 mL of 0.25M sucrose). Tissue
homogenates were centrifuged at 600x g for 8 min. The super-
natant was then centrifuged at 12 000x g for 10 min. There-
after, supernatants resulting from the previous step were
mixed with 8 mM CaCl, and centrifuged at 27 000x g for
15 min. The resulting pellets were suspended in 0.15 M KCl
and re-centrifuged at 27 000x g for 15 min. Final pellets were
re-suspended in cold sucrose and supernatant, cytosol, were
stored at —80°C. Thereafter, the Lowry method was used for
measuring heart microsomal protein concentration using
BSA as a standard (Lowry et al., 1951). Western blot analysis
was carried out using a previously described method (Gharavi
and El-Kadi, 2005).

Microsomal incubation and separation of
different arachidonic acid metabolites

by LC-ESI-MS

Heart microsomes (1 mg protein mL™) were incubated in the
incubation buffer (5 mM magnesium chloride hexahydrate
dissolved in 0.5 M potassium phosphate buffer, pH 7.4) at
37°C in a shaking water bath (50 r.p.m.). A pre-equilibration
period of 5 min was performed. The reaction was initiated by
the addition of 1 mM NADPH. AA was added to a final con-
centration of 50 uM and incubated for 30 min. The reaction
was terminated by the addition of 600 uL of ice-cold



Table 1
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Primers sequences used for real-time PCR reactions

Gene Forward primer Reverse primer

ANP GGAGCCTGCGAAGGTCAA TATCTTCGGTACCGGAAGCTGT
BNP CAGAAGCTGCTGGAGCTGATAAG TGTAGGGCCTTGGTCCTTTG
B-MHC AGC TCC TAA GTA ATC TGT TTG CCAA AAA GGATGAGCCTTTCTTTGCT
PROCOLLAGEN | TATGCTTGATCTGTATCTGCCACAAT TCGCCCTCCCGTTTTTG
PROCOLLAGEN Il CAGCTGGCCTTCCTCAGACT TGCTGTTTTTGCAGTGGTATGTAA
TGF-1 ACCTGCAAGACCATCGACATG CGAGCCTTAGTTTGGACAGGAT
CYP1A1 CCAAACGAGTTCCGGCCT TGCCCAAACCAAAGAGAATGA
CYP1B1 GCTTTACTGTGCAAGGGAGACA GGAAGGAGGATTCAAGTCAGGA
CYP2B1 AACCCTTGATGACCGCAGTAAA TGTGGTACTCCAATAGGGACAAGATC
CYP2B2 CCATCCCTTGATGATCGTACCA AATTGGGGCAAGATCTGCAAA
CYP4A3 CTCGCCATAGCCATGCTTATC CCTTCAGCTCATTCATGGCAATC
CYP4F4 CAGGTCTGAAGCAGGTAACTAAGC CCGTCAGGGTGGCACAGAGT
EPHX2 GATTCTCATCAAGTGGCTGAAGAC GGACACGCCACTGGCTAAAT
B-actin CCAGATCATGTTTGAGACCTTCAA GTGGTACGACCAGAGGCATACA

acetonitrile followed by the internal standard, 4-
hydroxybenzophenone. AA metabolites were extracted twice
by 1 mL of ethyl acetate and dried using a speed vacuum
(Thermo Fisher Scientific, Ottawa, ON, Canada). The concen-
trations of these eicosanoids in the samples were calculated
by comparing the ratios of peak heights with their corre-
sponding standards. Extracted AA metabolites were analysed
using the LC-ESI-MS (Waters Micromass ZQ 4000 spectrom-
eter; Waters, Milford, MA) method as described previously
(Nithipatikom et al., 2001). The mass spectrometer was oper-
ated in negative ionization mode with single-ion recorder
acquisition. The nebulizer gas was obtained from an in-house
high-purity nitrogen source. The temperature of the source
was set at 150°C, and the voltages of the capillary and the
cone were 3.51 kV and 25 V respectively. The samples (10 uL)
were separated on a reverse-phase C18 column (Kromasil, 250
x 3.2 mm) using a linear gradient mobile phase system water/
acetonitrile with 0.005% acetic acid as mobile phase at a flow
rate of 0.2 mL min'. The mobile phase system was started at
60% acetonitrile, linearly increased to 80% acetonitrile in
30 min, increased to 100% acetonitrile in 5 min and held for
S min.

SEH activity assay

sEH activity was measured using the method of Morisseau
and Hammock with modifications; 14,15-EET was used
as the natural substrate (Morisseau and Hammock, 2007).
Briefly, the cytosolic fraction was diluted with sodium phos-
phate buffer (0.076 M, pH 7.4) supplemented with BSA
(2.5 mg mL™") to 0.4 mg mL™". The assay was initiated by the
addition of 14,15-EET (final concentration of 14,15-EET is
2 ug mL™) final volume of incubates was 200 uL. The mixture
was incubated at 37°C for 10 min. The reaction was termi-
nated by the addition of 600 pL ice-cold acetonitrile followed
by the internal standard, 4-hydroxybenzophenone. 14,15-

EET and its corresponding 14,15-DHET were extracted by
1 mL ethyl acetate twice and dried using a speed vacuum
(Savant, Farmingdale, NY). Extracted 14,15-EET and its
metabolite were analysed using the LC-ESI-MS (Waters Micro-
mass ZQ 4000 spectrometer) method, as described previously
(Anwar-Mohamed et al., 2012).

Statistical analysis

Data are presented as mean * SEM. The expression of genes
was compared among tissues by using Kruskal-Wallis one-
way ANOVA on ranks. A result was considered statistically
significant when P < 0.0S.

Results

Effect of the sEH Inhibitor, TUPS, on the
cardiac hypertrophy induced by isoprenaline
To investigate whether the inhibition of sEH confers cardio-
protection in isoprenaline-treated rats, we measured the
cardiac gene expression of the hypertrophic markers, atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP)
and B-myosin heavy chain (B-MHC) relative to those in
isoprenaline-treated rats. Isoprenaline caused a significant
induction in the hypertrophic markers ANP, BNP and 3-MHC
by 500%, 50% and 265%, respectively (Figure 1A). On the
other hand, TUPS treatment significantly decreased the
isoprenaline-mediated induction of ANP, BNP and 3-MHC by
47%, 71%, and 72% respectively (Figure 1A). In addition,
TUPS treatment alone did not alter the gene expression of
ANP, BNP and B-MHC. Moreover, isoprenaline significantly
increased the heart weight to body weight ratio by 22%,
whereas treatment with TUPS significantly decreased this
isoprenaline-mediated increase in the heart weight to body
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Figure 1

Effect of the sEH inhibitor, TUPS, on the cardiac hypertrophy induced
by isoprenaline. Sprague-Dawley rats received daily injections of
vehicles, TUPS (0.65 mg kg™, p.o.), isoprenaline (5 mg kg™, i.p.) or
isoprenaline (5 mg kg™'., i.p.) plus TUPS (0.65 mg kg™, oral) for 7
days; while weight-matched controls received the same volume of
25% PEG400 and saline. (A) The expression of the hypertrophic
genes, ANP, BNP and 3-MHC were determined in the heart. (B) Heart
to body weight ratio (in mg g™') was determined for each animal
after 7 days of treatment with vehicles, TUPS, isoprenaline or the
combination of these reagents. Duplicate reactions were performed
for each experiment, and the results are presented as the means of
six independent experiments + SEM (n = 6). *P < 0.05 compared
with control, *P < 0.05 compared with isoprenaline-treated rats.

weight ratio by 35%, compared with isoprenaline alone. Fur-
thermore, no significant difference was observed between the
control and the TUPS treatment alone (Figure 1B).

Effect of the sEH inhibitor, TUPS, on fibrotic

markers associated with cardiac hypertrophy

To investigate whether the inhibition of sEH has an effect on
the fibrosis associated with isoprenaline-induced cardiac
hypertrophy, we measured the cardiac gene expression of the
fibrotic markers, procollagen I, procollagen III and TGF-1
relative to isoprenaline-treated rats. Isoprenaline treatment
caused a significant induction in the fibrotic markers,
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Figure 2

Effect of the sEH inhibitor, TUPS, on fibrotic markers associated with
cardiac hypertrophy. Sprague-Dawley rats received daily injections
of vehicles, TUPS (0.65 mg kg™, p.o.), isoprenaline (5 mg kg™, i.p.)
or isoprenaline (5 mg kg™, i.p.) plus TUPS (0.65 mg kg™, p.o.) for 7
days; while weight-matched controls received the same volume of
25% PEG400 and saline. Total RNA was isolated from heart of
control, TUPS, isoprenaline and isoprenaline+TUPS-treated rats.
Gene expressions were determined by real-time PCR. Duplicate reac-
tions were performed for each experiment, and the results are pre-
sented as the means of six independent experiments = SEM (n = 6).
#P < 0.05 compared with control, *P < 0.05 compared with isopre-
naline.

procollagen I, procollagen III and TGF-1 by 456%, 443% and
123% respectively (Figure 2). On the other hand, TUPS treat-
ment significantly decreased the isoprenaline-mediated
induction of procollagen I, procollagen III and TGF-1 by 40%,
45% and 40%, respectively, compared with isoprenaline
alone (Figure 2). Furthermore, no significant difference was
observed between the control and the TUPS treatment alone
(Figure 2).

Effect of the sEH inhibitor, TUPS, on the
changes in CYP450 gene expression mediated
by isoprenaline

To examine the effect of TUPS on isoprenaline-mediated
alterations in P450 gene expressions, total RNA was extracted
from the heart, kidney and liver of control, TUPS, isoprena-
line and isoprenaline + TUPS-treated rats. Thereafter, the
expression of the different P450 genes was measured using
reverse transcription followed by real-time PCR.

Figure 3A shows the effect of TUPS treatment on cardiac
hypertrophy-induced CYP1A1 gene expression; isoprenaline
treatment caused a significant increase in CYP1Al gene
expression in heart and kidney by about 110% and 94%
respectively (Figure 3A). On the other hand, TUPS treatment
caused significant inhibition of isoprenaline-induced
CYP1A1 gene expression by 83% in the heart compared with
isoprenaline alone treatment. In kidney, TUPS alone caused a
significant induction of CYP1A1l gene expression by 260%
and isoprenaline+TUPS treatment was similar to TUPS alone.
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Figure 3

Effect of the sEH inhibitor, TUPS, on the changes in the CYP1 family
gene expression mediated by isoprenaline. Sprague-Dawley rats
received daily injections of vehicles, TUPS (0.65 mg kg™, p.o.), iso-
prenaline (5 mg kg™, i.p.) or isoprenaline (5 mg kg™, i.p.) plus TUPS
(0.65 mg kg™, p.o.) for 7 days; while weight-matched controls
received the same volume of 25% PEG400 and saline. Total RNA was
isolated from heart, kidney and liver of control, TUPS, isoprenaline
and isoprenaline+TUPS-treated rats; and the relative gene expression
of (A) CYPTA1 and (B) CYP1B1 was determined by real-time PCR.
Duplicate reactions were performed for each experiment, and the
results are presented as the means of six independent experiments +
SEM (n = 6). *P < 0.05 compared with control, *P < 0.05 compared
with isoprenaline.

In liver, CYP1A1 mRNA levels were not altered in response to
either TUPS or isoprenaline treatment when compared with
the control group (Figure 3A). Isoprenaline treatment also
significantly induced CYP1B1 gene expression in the heart by
320%. In contrast, the CYP1B1 mRNA level was significantly
decreased in hearts after treatment with TUPS, by 88% com-
pared with the isoprenaline alone treated group. In the
kidney, CYP1B1 mRNA levels were significantly induced in
the TUPS- and isoprenaline+TUPS- but not in isoprenaline
alone-treated groups by 151% and 82%, respectively, com-
pared with the control group. However, no significant
changes were observed in the liver (Figure 3B).
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Figure 4
Effect of the sEH inhibitor, TUPS, on the changes in the CYP2 family
gene expression mediated by isoprenaline. Sprague-Dawley rats
received daily injections of vehicles, TUPS (0.65 mg kg™, p.o.), iso-
prenaline (5 mg kg™, i.p.) or isoprenaline (5 mg kg™, i.p.) plus TUPS
(0.65 mg kg™, p.o.) for 7 days; while weight-matched controls
received the same volume of 25% PEG400 and saline. Total RNA was
isolated from the heart, kidney and liver of control, TUPS, isoprena-
line and isoprenaline+TUPS-treated rats; and the relative gene
expression of (A) CYP2B1 and (B) CYP2B2 was determined by real-
time PCR. Duplicate reactions were performed for each experiment,
and the results are presented as the means of six independent

experiments = SEM (n = 6). *P < 0.05 compared with control,
*P < 0.05 compared with isoprenaline.

With respect to the CYP2 family, isoprenaline treatment
caused a significant induction in CYP2B1 and CYP2B2 mRNA
levels in the heart by 324% and 407% respectively. In con-
trast, TUPS treatment significantly inhibited the isoprenaline-
mediated induction of CYP2B1 and CYP2B2 mRNA by 48%
and 64%, respectively, compared with isoprenaline alone.
However, no significant changes were observed in either the
kidney or the liver (Figure 4A and B).

With regard to the CYP4 family, CYP4A3 gene expression
was significantly increased by 1169%, 46% and 103% in the
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Figure 5

Effect of the sEH inhibitor, TUPS, on the changes in the CYP4 family
gene expression mediated by isoprenaline. Sprague-Dawley rats
received daily injections of vehicles, TUPS (0.65 mg kg™, p.o.), iso-
prenaline (5 mg kg™, i.p.) or isoprenaline (5 mg kg™, i.p.) plus TUPS
(0.65 mg kg™', p.o.) for 7 days; while weight-matched controls
received the same volume of 25% PEG400 and saline. Total RNA was
isolated from heart, kidney and liver of control, TUPS, isoprenaline
and isoprenaline+TUPS-treated rats; and the relative gene expression
of (A) CYP4A3 and (B) CYP4F4 was determined by real-time PCR.
Duplicate reactions were performed for each experiment, and the
results are presented as the means of six independent experiments *
SEM (n = 6). *P < 0.05 compared with control, *P < 0.05 compared
with isoprenaline.

heart, kidney and liver of isoprenaline-treated rats. On the
other hand, the gene expression of CYP4A3 was significantly
reduced by 82%, 100% and 89% in the heart, kidney and liver
of rats treated with isoprenaline+TUPS, respectively, com-
pared with the isoprenaline alone group (Figure 5A). In addi-
tion, CYP4F4 gene expression was induced in the heart by
343% but not in the kidney or the liver of isoprenaline-
treated rats. Moreover, TUPS treatment significantly reduced
the isoprenaline-mediated induction of CYP4F4 mRNA in the
heart by 46% (Figure 5B).
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Figure 6

Effect of the sEH inhibitor, TUPS on the on P450 protein expression.
Sprague-Dawley rats received daily injections of vehicles, isoprena-
line (5 mg kg™, i.p.) or isoprenaline (5 mgkg™., i.p.) plus TUPS
(0.65 mg kg™', p.o.) for 7 days; while weight-matched controls
received the same volume of 25% PEG400 and saline. Microsomal
protein was isolated from the hearts of control, isoprenaline-treated,
isoprenaline+TUPS-treated rats. Thereafter, 25 mg of microsomal
protein was separated on a 10% SDS-PAGE. CYP1A1, CYP1BI1,
CYP2B1/2 and CYP4A proteins were detected using the enhanced
chemiluminescence method. The graph represents the relative
amount of protein normalized to B-actin signals (mean = SEM, n =
4), and the results are expressed as percentage of the control values
taken as 100%. *P < 0.05 compared with control, *P < 0.05 com-
pared with isoprenaline-treated rats.

Effect of the sEH inhibitor, TUPS on P450
protein expression

To investigate whether the changes in P450 were further
translated into protein, microsomal protein was pre-
pared from the hearts of control, isoprenaline and
isoprenaline+TUPS-treated rats. Similar to mRNA levels, iso-
prenaline treatment significantly increased the protein levels
of CYP1A1, CYP1B1, CYP2B1/2 and CYP4A by 480%, 272%,
70% and 96% respectively (Figure 6). In contrast, TUPS treat-
ment caused a significant inhibition of isoprenaline-mediated
induction of CYP1A1, CYP1B1, CYP2B1/2 and CYP4A protein
expression by 76%, 60%, 150% and 160% relative to the
isoprenaline alone group, respectively (Figure 6). Unfortu-
nately, we were unable to measure the protein level of the
CYP4F enzyme because the antibodies for rat CYP4F were not
commercially available.

Effect of the sEH inhibitor, TUPS, on sEH at

the gene expression, protein and activity levels
The enzyme sEH is a major determinant of the levels of EETS;
therefore, we determined the effect of TUPS treatment on the
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expression of EPHX2 gene, which encodes for the sEH
enzyme. [soprenaline treatment did not cause any changes in
EPHX2 gene expression in the heart, kidney or liver. Likewise,
treatment with TUPS did not alter EPHX2 gene expression in
any of the tissues tested (Figure 7A). To investigate whether
changes in EPHX2 gene expression were translated to pro-
tein level, we determined sEH protein levels. Isoprenaline
treatment significantly increased the protein level of sEH
by 1300% relative to the control group. On the other
hand, TUPS treatment caused a significant inhibition of
isoprenaline-mediated induction of sEH protein expression
by 90% (Figure 7B). In accordance with this induction in sEH
protein expression, isoprenaline treatment caused a signifi-
cant induction of sEH activity by 86% (Figure 7C). On the
other hand, TUPS significantly decreased sEH activity by 61%
compared with isoprenaline only-treated rats (Figure 7C).

Effect of the sEH inhibitor, TUPS, on
P450-mediated AA metabolism

To investigate the effect of TUPS treatment on P450-derived
AA metabolites, heart microsomes of control, isoprenaline
and isoprenaline+TUPS-treated rats were incubated with
50 uM AA for 30 min. Thereafter, AA metabolites were deter-
mined using LC-ESI-MS. The net rate of 5,6-, 8,9-, 11,12- and
14,15-EET formation were significantly lower by 16%, 34%,
50% and 35%%, respectively, in hypertrophied heart micro-
somes compared with control microsomes (Figure 8A). In
contrast, the net formation rates of 8,9- and 14,15-DHET were
significantly higher by 120% and 75%, respectively, in
hypertrophied hearts microsomes compared with control
microsomes. However, the net formation rates of 5,6-and
11,12-DHET were not significantly altered (Figure 8B). TUPS
treatment reversed significantly the isoprenaline-induced
inhibitory effects on 8,9-, 11,12- and 14,15-EET by 53%,
154% and 151%, respectively, but not that on 5,6-EET levels
(Figure 8A). Furthermore, TUPS treatment caused a signifi-
cant reduction in the net formation rate of 8,9-, 11,12- and
14,15-DHET by 87%, 70% and 61%, respectively, but not of
5,6-DHET levels (Figure 8B).

To determine the effect of TUPS treatment on P450
w-hydroxylase activity, we measured the net formation rate of
20-HETE in microsomes from control, isoprenaline and
isoprenaline+TUPS-treated rats. Isoprenaline treatment sig-
nificantly increased the 20-HETE net formation by 84% in

Figure 7

Effect of the sEH inhibitor, TUPS, on sEH at gene expression, protein
and activity levels. Sprague-Dawley rats received daily injections of
vehicles, TUPS (0.65 mg kg™, p.o.), isoprenaline (5 mg kg™, i.p.) or
isoprenaline (5 mg kg™'., i.p.) plus TUPS (0.65 mg kg™', p.o.) for 7
days; while weight-matched controls received the same volume of
25% PEG400 and saline. Total RNA was isolated from heart, kidney
and liver of control, TUPS, isoprenaline and isoprenaline+TUPS-
treated rats; and the relative gene expression of EPHX2 was deter-
mined by real-time PCR (A). sEH protein level was determined by
Western blot analysis (B). sEH activity was calculated using sEH assay
(C). Duplicate reactions were performed for each experiment, and
the results are presented as the means of six independent experi-
ments = SEM (n = 6). *P < 0.05 compared with isoprenaline,
#P < 0.05 compared with control.
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Figure 8

Effect of the sEH inhibitor, TUPS, on P450-mediated arachidonic acid
metabolism. Sprague-Dawley rats received daily injections of vehi-
cles, isoprenaline (5 mg kg™, i.p.) or isoprenaline (5 mg kg™, i.p.)
plus TUPS (0.65 mg kg™, p.o.) for 7 days; while weight-matched
controls received the same volume of 25% PEG400 and saline. Heart
microsomes of control, isoprenaline or isoprenaline +TUPS-treated
rats were incubated with 50 uM arachidonic acid. The reaction was
started by the addition of T mM NADPH and lasted for 30 min. The
reaction was terminated by the addition of ice-cold acetonitrile.
(A) EETs, (B) DHETs and (C) 20-HETE were extracted twice by 1T mL of
ethyl acetate and dried using speed vacuum. Reconstituted metabo-
lites were injected into LC-ESI-MS for metabolite determination.
Duplicate reactions were performed for each experiment, and the
results are presented as the means of six independent experiments *
SEM (n = 6). *P < 0.05 compared with isoprenaline, *P < 0.05
compared with control.
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comparison with the control microsomes. On the other
hand, TUPS treatment caused a significant reduction in
20-HETE net formation by 74% compared with the isoprena-
line alone group (Figure 8C).

Effect of 11,12 EET and the sEH inhibitor,
TUPS, on the hypertrophic markers and
EPHX2 mRNA in H9c2 cells

To confirm the role of EETs in the cardioprotective effect
against isoprenaline-induced cardiac hypertrophy, the
cardiac-derived H9c2 cells were treated with isoprenaline
(100 uM) in the presence and absence of either TUPS (1 uM)
or 11,12 EET (1 uM). Thereafter, the expression of ANP, BNP
and EPHX2 was measured using real-time PCR. Isoprenaline
treatment caused a significant induction of hypertrophic
markers, ANP and BNP, by 169% and 65%, respectively, com-
pared with control (Figure 9A). Moreover, isoprenaline
caused a significant induction in EPHX2 mRNA level by 62%
compared with control (Figure 9B). On the other hand, TUPS
treatment significantly decreased the isoprenaline-mediated
induction of ANP, BNP and EPHX2 by 46%, 57% and 56%
respectively (Figure 9). Interestingly, 11,12 EET was able to
replicate the protective effects of TUPS and caused a signifi-
cant decrease in ANP, BNP and EPHX2 mRNA levels by 58%,
43% and 36%, respectively, compared with the isoprenaline
alone group (Figure 10).

Discussion

The cardioprotective effect of sEH inhibitors appears to be
due to their ability to inhibit the degradation of EETs and
epoxy fatty acids and hence enhance the cardioprotective
effect of EETs. In this context, several sEH inhibitors have
been synthesized, among which the newly discovered,
1,3-disubstituted ureas, carbamates and amides are consid-
ered cutting-edge sEH inhibitors. They are potent and stable
transition-state inhibitors of sEH that act through inhibition
of the carboxy-terminal domain that possess the epoxide
hydrolase activity of the sEH enzyme (Morisseau and
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Figure 9

Effect of the sEH inhibitor, TUPS, on the cardiac hypertrophic markers
and EPHX2 induced by isoprenaline in H9c2 cells. Total RNA was
isolated from H9c2 treated with vehicle, TUPS (1 uM), isoprenaline
(100 uM) or isoprenaline (100 uM) + TUPS (1 uM). Gene expressions
of (A) hypertrophic markers, ANP and BNP, and (B) EPHX2 were
determined by real-time PCR. Duplicate reactions were performed
for each experiment, and the results are presented as the means of
six independent experiments = SEM (n = 6). *P < 0.05 compared
with isoprenaline, #*P < 0.05 compared with control.

Hammock, 2005). Among the different sSEH pharmacophores,
the urea pharmacophore seems to produce the most potent,
competitive and tight-binding inhibitors of sEH (Morisseau
etal.,, 1999). The sEH inhibitor of choice in this study is
TUPS, which comprises a highly potent urea pharmacophore
(Chiamvimonvat et al., 2007).

In the current study, we investigated the cardioprotective
effect of TUPS treatment on isoprenaline-induced cardiac
hypertrophy. Our results demonstrated that TUPS signifi-
cantly decreased the isoprenaline-mediated induction of the
hypertrophic markers ANP, BNP and B-MHC and the increase
in the heart to body weight ratio. Likewise, TUPS significantly
decreased the isoprenaline-mediated induction of ANP and
BNP mRNA level in H9¢2 cells, which further confirms the
direct effect of both isoprenaline and TUPS at the cardiomyo-
cyte level. In addition to sEH inhibition, we examined other
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Figure 10

Effect of 11,12 EET on the cardiac hypertrophic markers and EPHX2
induced by isoprenaline in H9c2 cells. Total RNA was isolated from
H9c2 treated with vehicle, 11,12 EET (1 uM), isoprenaline (100 pM)
or isoprenaline (100 uM) +11,12 EET (1 uM). Gene expressions of (A)
hypertrophic markers, ANP and BNP, and (B) EPHX2 were deter-
mined by real-time PCR. Duplicate reactions were performed for
each experiment, and the results are presented as the means of six
independent experiments = SEM (n = 6). *P < 0.05 compared with
isoprenaline, *P < 0.05 compared with control.

means of increasing the level of EETs by direct addition of
EET and investigating whether such treatment would repli-
cate the sEH inhibitor-mediated cardioprotective effect. Inter-
estingly, we showed that direct addition of 11,12-EET
replicated the cardioprotective effect of sEH inhibitor. In
agreement with our results, it has been previously demon-
strated that TUPS decreases the left ventricular hypertrophy,
heart to body weight ratio and the hypertrophic markers in
angiotensin [I-induced cardiac hypertrophy and BaP-induced
cardiac hypertrophy, reflecting its cardioprotective effect (Ai
et al., 2009; Aboutabl et al., 2011). Furthermore, sEH inhibi-
tors were reported to prevent the development of cardiac
hypertrophy in a murine model of thoracic aortic constric-
tion (Xu et al., 2006). In addition to its effect on cardiac
hypertrophy, TUPS treatment significantly decreased the
isoprenaline-mediated increase in fibrotic markers procolla-
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gen I, procollagen III and TGF-1, which interestingly seems to
be another protective effect of TUPS that extends beyond
cardiac hypertrophy. Therefore, our study provides a new
model in which TUPS is shown to protect against cardiac
hypertrophy and fibrosis.

We have previously demonstrated that the induction of
cardiac hypertrophy in isoprenaline-treated rats causes sig-
nificant changes in the expression of several P450 and sEH
genes, which is mostly specific to the heart. The overall
balance of these changes has led to a higher production of the
cardiotoxic metabolite, 20-HETE and a lower production of
cardioprotective metabolites, EETs in the hypertrophied
hearts (Zordoky etal., 2008). 20-HETE is known to be
involved in many cardiovascular diseases. Interestingly, we
have recently demonstrated that the CYP w-hydroxylase
inhibitor, HET0016, partially reverses the BaP-induced
cardiac hypertrophy through inhibition of 20-HETE forma-
tion, suggesting the involvement of CYP w-hydroxylases
and 20-HETE in the development of cardiac hypertrophy
(Aboutabl et al., 2009). On the other hand, EETs play an
important role in the inhibition of NF-xB, which is a down-
stream target of several signalling pathways implicated in
cardiac hypertrophy such as angiotensin II, o-adrenoceptor
stimulation, PI3K/Akt, ras, P38, MEKK1/4, PKC and gp130
pathways. In addition to NF-xB inhibition, EETs have several
other downstream targets that may explain their cardiopro-
tective effect; EETs activate the p42/p44 MAPK pathway, ATP-
sensitive potassium channels and PKA-dependent signalling
pathway (Seubert ef al., 2004; Lu et al., 2006; Batchu et al.,
2009; Zordoky and El-Kadi, 2010).

Due to the importance of CYP450 in the pathogenesis of
cardiac hypertrophy, in the current study we investigated
the effect of sEH inhibition on the expression of different
CYP genes involved in isoprenaline-induced cardiac hyper-
trophy. Our results demonstrated that isoprenaline signifi-
cantly induces the gene expression of CYP1A1 in the heart
and kidney but not in the liver, whereas CYP1B1 gene
expression was induced only in the hypertrophied heart. We
previously demonstrated the induction of these enzymes in
the heart tissue in an isoprenaline-induced cardiac hypertro-
phy model (Zordoky et al., 2008). In agreement with our
results, the expression of CYP1A1 and CYP1B1 were signifi-
cantly increased in left ventricular tissues of SHRs as
compared with normotensive SD rats (Thum and Borlak,
2002). CYP1A1 has been shown to be involved in o-terminal
HETE synthesis, whereas CYP1B1 can metabolize AA to both
mid-chain HETEs and EETs (Choudhary et al., 2004). Moreo-
ver, it has been recently demonstrated that CYP1B1 contrib-
utes to angiotensin Il-induced hypertension and cardiac
hypertrophy (Jennings et al., 2010). In the present study,
treatment with TUPS significantly reduced the isoprenaline-
induced CYP w-hydroxylase enzymes CYP1A1l, CYP1B1 in
the heart tissue. However, treatment with TUPS alone caused
significant induction of CYP1A1 and CYP1B1 in the kidney
and further potentiated the isoprenaline induction of
CYP1ALl. In contrast to this finding, it has been shown that
TUPS alone does not induce any significant changes in the
gene expression of CYP1A1l or CYP1B1 in the kidney
(Aboutabl et al., 2011). This discrepancy is probably due to
differences in the route of administration and sample
size.

1804 British Journal of Pharmacology (2013) 168 1794-1807

Previously, we found that treatment with isoprenaline did
not cause any significant changes in the expression of
CYP2B1 or CYP2B2 genes. However, in the present study,
isoprenaline significantly induced the gene expression of
both CYP2B1 and CYP2B2 in the heart tissue but not in the
kidney or liver. This discrepancy might be attributed to dif-
ferences in the age and weight of animals used in this study
as it has been reported that the effect of isoprenaline differs in
older rats than in younger ones, so the degree of cardiac
hypertrophy achieved in this study is not the same as before
(Kunos et al., 1978). Moreover, P450 gene expressions have
been found to vary with age at both the transcriptional and
post-translational level, which provides another possible
reason for this discrepancy (Wauthier et al., 2007). In line
with our current findings, it has been demonstrated that the
gene expression of CYP2B1 and CYP2B2 are increased in SHR
as compared with normotensive SD rats (Thum and Borlak,
2002). Interestingly, treatment with TUPS significantly
reduced the isoprenaline-mediated induction of both
CYP2B1 and CYP2B1.

With regard to the CYP4 family, our results demonstrated
that CYP4A3 gene expression was significantly induced in the
heart, liver and kidney of isoprenaline-treated rats as com-
pared with the control. In addition, isoprenaline caused a
significant induction of CYP4F4 in the heart alone. Interest-
ingly, treatment with TUPS reduced the increased expression
of the CYP4A3 gene in all the tissues examined. Moreover,
TUPS significantly reduced the isoprenaline-mediated induc-
tion of CYP4F4 gene expression in the heart. The premise of
this observation emerges from the fact that the CYP4A and 4F
subfamilies are important enzymes involved in AA metabo-
lism to 20-HETE (Wang et al., 1996; 1999; Roman, 2002).

To investigate whether the alterations in CYP450 gene
expression are further translated into protein levels, we deter-
mined the protein expression of CYP1A1, CYP1B1, CYP2B1/2
and CYP4A. Our results show that the protein levels of
CYP1A1, CYP1B1, CYP2B1/2 and CYP4A were significantly
increased in the heart of isoprenaline-treated rats; whereas
TUPS treatment significantly decreased the isoprenaline-
mediated induction of protein expressions of these enzymes.

The sEH enzyme is a crucial determinant of EETs levels
because it catalyses the conversion of EETs to DHETs, thus
abolishing their biological activity (Imig et al., 2002). There-
fore, any change in AA metabolism caused by modification of
P450 can be augmented or opposed by an altered level of SEH.
Moreover, the gene encoding sEH was found to be a vulner-
ability factor for heart failure in SHHF rats (Monti et al.,
2008). Therefore, it seems essential to investigate the effect of
cardiac hypertrophy on EPHX2 expression. Although isopre-
naline treatment did not induce any changes in EPHX2 gene
expression in heart tissue, as reported previously, it caused a
significant induction of EPHX2 in H9c2 cells, which confirms
that isoprenaline causes an induction of EPHX2 gene expres-
sion in the heart. It is probable that this effect was not
apparent in the present study because of the time that the
heart was harvested occurred beyond the time of its induc-
tion. Furthermore, isoprenaline caused a significant induc-
tion of sEH at both the protein and activity level in the heart.
Our results accord with those obtained previously where it
was shown that sEH activity is higher in SHHF rats (Monti
et al., 2008).
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To investigate the effect TUPS treatment on P450 gene
expression and AA metabolism, we incubated heart micro-
somes with AA in vitro. We confirmed our previous findings as
we showed that the formations of 5,6-, 8,9-, 11,12- and 14,15-
EET were significantly decreased in microsomes of hypertro-
phied hearts in comparison with those from control. The
decrease in the formation of EETs was accompanied by a
significant increase in 8,9- and 14,15-DHET formation,
whereas 5,6- and 11,12-DHET were not significantly altered.
The decreased formation of EETs during isoprenaline-induced
cardiac hypertrophy may be attributed to a higher activity of
sEH. The significantly higher formation of 8,9- and 14,15-
DHET is consistent with the higher expression of sEH because
14,15-EET is the optimum substrate for sEH followed by 8,9-
EET (Karara et al., 1991). On the other hand, treatment with
TUPS abolished the isoprenaline-mediated reduction in 8,9-
and 11,12-EETs and further significantly increased the forma-
tion of 14,15-EET as compared with the control group.
However, TUPS treatment did not affect the isoprenaline
reduction of 5,6-EETs. Moreover, TUPS treatment signifi-
cantly reduced the increase in 8,9- and 14,15-DHET forma-
tion caused by isoprenaline and further reduced the
formation of 11,12-DHET significantly in comparison with
the control microsomes. In the present study we demon-
strated that 20-HETE formation is significantly higher in
hypertrophied hearts. The increased formation of 20-HETE is
suggestive of its role in cardiac hypertrophy. 20-HETE forma-
tion is mainly catalysed by P450 w-hydroxylases (Kroetz and
Xu, 2005). The P450 w-hydroxylases involved in the forma-
tion of HETEs are CYP1A, CYP1B1, CYP4A and CYP4F (Wang
etal.,, 1996; Wang etal., 1999; Roman, 2002; Choudhary
etal.,, 2004; Elbekai and El-Kadi, 2006). Therefore, the
increase in 20-HETE formation in the present work could be
attributed to the increased expression of CYP1A1, CYP1B1,
CYP4A3 and CYP4F4. Interestingly, in heart microsomes
treated with TUPS, the isoprenaline mediated increase in
20-HETE formation was abolished.

In conclusion, in the present study, we demonstrated for
the first time that treatment with the sEH inhibitor TUPS
significantly attenuated the isoprenaline-induced cardiac
hypertrophy both in vivo and in vitro. In addition, the effects
of TUPS on isoprenaline-induced CYP450 enzymes showed
some degree of cardioselectivity, which is thought to be sec-
ondary to its cardioprotective effect. From accumulating evi-
dence that sEH has a role in the pathogenesis of cardiac
hypertrophy, sEH inhibition will provide a new therapeutic
tool to protect against cardiac hypertrophy. However, more
studies are needed to explore the mechanisms by which inhi-
bition of sEH protects against cardiac hypertrophy.
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