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HIGHLIGHTS

« The physiological role of the
phosphatase activity of the
bifunctional sEH is unknown.

« CRISPR/Cas9-mediated inhibition of
sEH phosphatase in rats induces a
lean phenotype.

« Potentiation of brown adipose tissue
thermogenesis drives increased
energy expenditure in sEH
phosphatase knock-in rats.

« SEH phosphatase knock-in rats have
an increased cardiac contractility and
were protected against cardiac
ischemia-reperfusion injury.

« The phosphatase activity of sEH
represents a new potential target to
fight against obesity and cardiac
ischemic complications.
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ABSTRACT

Introduction: Although the physiological role of the C-terminal hydrolase domain of the soluble epoxide
hydrolase (sEH-H) is well investigated, the function of its N-terminal phosphatase activity (SEH-P)
remains unknown.
Objectives: This study aimed to assess in vivo the physiological role of SEH-P.
Methods: CRISPR/Cas9 was used to generate a novel knock-in (KI) rat line lacking the sEH-P activity.
Results: The sEH-P KI rats has a decreased metabolism of lysophosphatidic acids to monoacyglycerols. KI
rats grew almost normally but with less weight and fat mass gain while insulin sensitivity was increased
compared to wild-type rats. This lean phenotype was more marked in males than in female KI rats and
mainly due to decreased food consumption and enhanced energy expenditure. In fact, sEH-P KI rats had
an increased lipolysis allowing to supply fatty acids as fuel to potentiate brown adipose thermogenesis
under resting condition and upon cold exposure. The potentiation of thermogenesis was abolished when
blocking PPARY, a nuclear receptor activated by intracellular lysophosphatidic acids, but also when
inhibiting simultaneously sEH-H, showing a functional interaction between the two domains.
Furthermore, sEH-P KI rats fed a high-fat diet did not gain as much weight as the wild-type rats, did
not have increased fat mass and did not develop insulin resistance or hepatic steatosis. In addition,
sEH-P KI rats exhibited enhanced basal cardiac mitochondrial activity associated with an enhanced left
ventricular contractility and were protected against cardiac ischemia-reperfusion injury.
Conclusion: Our study reveals that sEH-P is a key player in energy and fat metabolism and contributes
together with sEH-H to the regulation of cardiometabolic homeostasis. The development of pharmacolog-
ical inhibitors of sEH-P appears of crucial importance to evaluate the interest of this promising therapeu-
tic strategy in the management of obesity and cardiac ischemic complications.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

activity or promote protein dimerization, strong in vitro evidence
suggests that sEH-P primarily metabolizes intracellular lysopho-

Almost 30 years after its initial discovery [1,2], it was shown in
2003 that the mammalian soluble epoxide hydrolase (SEH),
encoded by the EPHX2 gene, is a bifunctional protein that not only
exhibits a C-terminal epoxide hydrolase activity (sEH-H) but also a
lipid phosphatase activity on its N-terminal domain (sEH-P) (Fig.
1a) [3,4].The sEH-H catabolizes biologically active epoxides gener-
ated by cytochrome P450s (CYP450s) from various polyunsatu-
rated fatty acids (PUFAs), including arachidonic acid (AA), linoleic
acid (LA), and the omega-3 eicosapentaenoic acid (EPA) and doco-
hexaenoic acid (DHA), to vicinal diols [5-7] (Fig. 1a). In particular
sEH-H converts the vasodilator and anti-inflammatory AA-
derived epoxyeicosatrienoic acids (EETs) to the less active dihy-
droxyeicosatrienoic acids (DHETs). A new pharmacological class
of inhibitors targeting sEH has been developed and some of them
recently reached clinical development to treat cardiometabolic
and pain disorders [5-7].

Contrary to sEH-H, little is known about the biological function
of sEH-P. Originally thought to only structurally stabilize the sEH-H

164

sphatidic acids (LPAs) (Fig. 1a), which are other bioactive phospho-
lipid mediators, to monoacylglycerol (MAGs) [8-11]. In addition, in
vitro cellular works suggested a complementary role of sEH-H and
SsEH-P activities in the regulation of metabolic or vascular homeos-
tasis [12-15]. While recombinant mice that do not express ephx2
have been around for some time [16,17], they do not allow to spe-
cifically studying sEH-P because both activities are eliminated.
However, the differences that have been reported between the
effects of sEH genetic knockouts, and those of sEH-H pharmacolo-
gical inhibition also suggest that sEH-P activity is physiologically
relevant [18-20].

While all these findings support the hypothesis for a biological
role of sEH-P in particular in the control of cardiometabolic home-
ostasis, it has yet to be demonstrated. In addition, so far, inhibitors
of sSEH-P are not fully operational in vivo [11]. Therefore, to inves-
tigate the biological role of sEH-P in depth, original transgenic rats
without sEH-P activity only were generated and their phenotype
was studied.
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Fig. 1. Generation of sEH-P Kl rats. a, Tertiary structure of the sEH protein with the C-terminal hydrolase domain (sEH-H) involved in the degradation of epoxyfatty acids i.e.,
epoxyeicosatrienoic acids (EETs), epoxyoctadecenoic acids (EpOMEs) and epoxydocosapentaenoic acids (EpDPAs) to vicinal diols i.e., dihydroxyeicosatrienoic acids (DHETS),
dihydroxyoctadecenoic acids (DiHOMEs) and dihydroxydocosapentaenoic acids (DiHDPAs), and the N-terminal phosphatase domain (sEH-P) involved in the degradation of
lysophosphatidic acids (LPAs) to monoacylglycerols (MAGs). b, Schematic overview of the rat Ephx2 (rEphx2) gene with WT sequence and sEH-P KI mutation. Exon 1 of
rEphx2 was targeted with a single guide RNA (sgRNA, underlined letters in WT sequence with the protospacer-adjacent motif shown in bold), co-delivered with a 100nt
single-stranded oligodeoxynucleotide (ssODNs) homologous to the sequence of rEphx2 with modified nucleotides (small letters in KI sequence) to induce a D9A aminoacid
substitution (blue aminoacid letters) and introduce a Xbal restriction site (red letters) for genotyping and destroying the sequences recognized by the sgRNA. c, left,
microcapillary electrophoresis on samples non-digested with Xba1 from animals del143 and del440 with deletion of respectively 143 and 440 base pairs in one allele and the
second allele in WT configuration at ~ 643 bp (blue arrow). KI is evidenced in the right gel (blue arrows) by the two ephx2 PCR fragments after Xbal digestion. d, Sanger
sequencing analysis of WT and sEH-P KI of rEphx2 with the amino acid substitution allowing the D9A mutation (blue rectangle). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Materials and methods
Animals and experiments

All experiments involving animals were conducted according to
the ethical policies and procedures approved by French Animal
Experimentation Ethics Committees (Permit Numbers: Apafis
#692, #11484-2017092217377574 and #11920-20171024161
13016).

Detailed methods used for the generation and characterization
of sEH-P KI rats are given in the Supplemental materials.

Statistics

The genotype effect was determined by two-tailed unpaired
Student’s t-test or by Mann-Whitney U test for non-normally dis-
tributed data (P < 0.05 on Shapiro-Wilk test) and by one-way
repeated measures ANOVA with Holm-Sidak post hoc test or, for
pooled male and female data, by two-way ANOVA with gender as
the second factor. For the HFD protocols, group effect was deter-
mined by one-way ANOVA or repeated measures ANOVA with Bon-
ferroni’s post hoc test. Statistical analyses were conducted using
GraphPad Prism software 8.0.2. or SPSS Statistics version 8. Data
are presented as 1 symbol per rat with mean or mean + SEM.
Two-sided P values<0.05 were considered statistically significant.

Results

Generation of sEH-P knock-in (KI) rats

In vivo editing of EPHX2: To specifically unravel the role of sEH-
P, a targeted gene mutation of EPHX2 was performed in vivo with
the substitution of the catalytic nucleophile of sEH-P aspartic acid
9 by alanine (D9A), a mutation known to alleviate totally sEH-P
activity in vitro [21]. The sEH-P knock-in (KI) Sprague-Dawley rats
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were generated by using the clustered regularly interspaced short
palindromic repeat (CRISPR)-associated (Cas) DNA editing tech-
nology as previously described [22,23], with a specific single
guide RNA (sgRNA-rEphx2-2.3), Cas9 mRNA and a donor DNA
(single-stranded oligodeoxynucleotide; ssODN) (Fig. 1b). The
ssODN was designed to generate the D9A mutation, to introduce
a restriction Xbal site facilitating the genotyping by PCR and to
destroy the sgRNA target sequence to prevent cleavage after KI.
KI was detected by microcapillary electrophoresis and further
confirmed by Sanger analysis (Fig. 1c-d). Out of 82 pups obtained
following embryo microinjection and reimplantation, 17 pups
showed indels and 12 pups carried the desired D9A mutation
(Supplemental Table 1). Then, founders presenting the D9A muta-
tion were mated with wild-type (WT) rats to derive KI rat lines.
Male and female heterozygous rats were intercrossed to obtain
the homozygous sEH-P KI and wild-type (WT) rats used for
experiments.

Validation of sEH-P KI: In liver tissue, which is characterized by
high sEH protein expression [24], the sEH-P activity was nearly
undetectable in male and female KI rats compared to WT rats
(Table 1). Suppression of sEH phosphatase activity was also
demonstrated in interscapular brown adipose tissue (BAT) while,
to note, no sEH-P activity was observed in mesenteric white adi-
pose tissue (WAT) even in WT animals from both genders (Table
1). According with the previously suggested role of sEH-P in the
conversion of LPAs to MAGs [9-11], LC-MS/MS analysis revealed
a decrease in MAG levels and MAG-to-LPA ratios in KI rats but this
decrease concerned the most abundant MAG species in plasma i.e.,
those carrying palmitic or stearic acids (16:0 MAG and 18:0 MAG)
in males and those carrying oleic acid or LA in females (18:1 MAG
and 18:2 MAG) (Fig. 2a-c and Supplemental Figure 1a). In addition,
the plasma levels of most LPAs were slightly increased in male KI
rats compared to WT rats but were not modified or unexpectedly
reduced in female KI rats (Fig. 2a and Supplemental Figure 1b).
However, we detected and demonstrated an increase in 16:0 LPA
levels by 45% in male KI rat livers (P = 0.002 vs. male WT rats,




M. Leuillier, T. Duflot, Séverine Ménoret et al.

Table 1

Microsomal epoxide hydrolase (mEH) activity, soluble epoxide hydrolase (sEH-H) activity and soluble epoxide phosphatase activity (SEH-P) in liver, brown and white adipose

tissues (BAT, WAT).
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Specific activity (nmol/min/mg)

Tissue Group sEH-H sEH-P mEH

Liver Male WT 3.51 £ 1.11 1.96 + 0.46 0.26 + 0.09
Male KI 5.87 £ 1.28* 0.75 + 0.37* 033 +0.14
Female WT 439 + 039 2.32 +0.58 0.31 £ 0.07
Female KI 535 +0.15* 0.78 + 0.48*# 037 £0.10

BAT Male WT 1.14 + 0.46 0.16 £ 0.08 0.038 + 0.006
Male KI 1.08 + 0.25 0.003 + 0.006*# 0.041 + 0.012
Female WT 1.51 £ 0.71 0.20 £ 0.11 0.044 £ 0.011
Female KI 1.28 £ 0.42 0.001 + 0.002*# 0.040 + 0.006

WAT Male WT 0.17 £ 0.09 0.02 + 0.04# 0.027 + 0.008
Male KI 0.14 £+ 0.06 0.007 + 0.007*# 0.024 + 0.004
Female WT 0.11 £ 0.07 0.06 + 0.05# 0.027 + 0.003
Female KI 0.10 £ 0.04 0.02 + 0.02*# 0.029 + 0.006

Results are mean # SD (n = 5-9 per group). *P < 0.01 vs. corresponding WT group (Mann-Whitney U test). #P < 0.01: not significantly different from zero. Tissues were

obtained from 22-week old male and female sEH-P KI and WT rats.
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Fig. 2. Impact of sEH-P KI rats on sEH-H and sEH-P substrates and metabolites. a, Heat map shows the differences in the levels of lysophosphatidic acids (LPAs) and
monoacylglycerols (MAGs), carrying linoleic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2), arachidonic (20:4) or docosahexaenoic (22:6) acids, quantified in the plasma of
22-week old male and female sEH-P KI and WT rats. Mean values of the male WT group have been used as reference values (see Supplemental Figure 1a-b for numerical
values). ND: not detected. b, ¢, Fold change in LPA-to-MAG ratio quantified in the plasma of 22-week old male (b) and female (c) sEH-P KI and WT rats. d, Heat map shows the
differences in the levels of epoxyeicosatrienoic acid (EET) regioisomers, 12,13-epoxyoctadecenoic acid (12,13-EpOME), 19,20-epoxydocosapentaenoic acid (19,20-EpDPA),
dihydroxyeicosatrienoic acid (DHET) regioisomers, 12,13-dihydroxyoctadecenoic acid (12,13-DiHOME) and 19,20-dihydroxydocosapentaenoic acid (19,20-DiHDPA)
quantified in the plasma of 22-week old male and female sEH-P KI and WT rats. Mean values of the male WT group have been used as reference values (see Supplemental
Figure 1c-d for numerical values). e, f, Fold change in EET-to-DHET, 19,20-DiHDPA-to-19,20-EpDPA and 12,13-DiHOME-to-12,13-EpOME ratios quantified in the plasma of
22-week old male (e) and female (f) SEH-P KI and WT rats. b, c, e, f, Mean values are shown. P values represent the genotype effect determined by two-tailed unpaired
Student’s t-test or by Mann-Whitney U test for non-normally distributed data (P < 0.05 on Shapiro-Wilk test). *P < 0.05, **P < 0.01.

n = 9/ genotype) and by 23% in female KI rat livers (P = 0.031 vs.
female WT rats, n = 9/genotype).

On the other hand, sEH-H activity remained detectable in all KI
rats and even slightly increased in the liver but not in the BAT or
WAT (Table 1). In addition, the KI did not affect the activity of
microsomal epoxide hydrolase (mEH) encoded by the EPHX1 gene
(Table 1). As expected, the ratios of DHET regioisomers to EET
regioisomers, which can be used as surrogate markers of sEH-H
activity, were not modified but a parallel increase in EETs and
DHETSs was observed in male KI rats (Fig. 2d-f and Supplemental
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Figure 1c-d). In addition, the ratios of diols to epoxides derived
from LA and DHA i.e., 12,13-dihydroxyoctadecenoic acid (12,13-
DiHOME) to 12,13-epoxyoctadecenoic acid (12,13-EpOME) and 1
9,20-dihydroxydocosapentaenoic acid (19,20-DiHDPA) to 19,20-
epoxydocosapentaenoic acid (19,20-EpDPA) respectively, were
not modified (Fig. 2d-f). However, a parallel increase in LA-
derived 12,13-EpOME and 12,13-DiHOME was found in both male
and female KI rats (Fig. 2d and Supplemental Figure 1c-d), suggest-
ing some form of physiological interaction between both activities
of sEH.
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Fig. 3. sEH-P KI promotes a lean phenotype. a-f, Representative photographs (a) of body weight (b), total body length (c), body mass index (d), fat (e) and lean (f) mass
relative to body weight, assessed in 10 and 22-week old male (blue) and female (red) sEH-P KI and WT rats. g,h, Mesenteric, gonadal and perirenal white adipose tissues
(WAT) and interscapular brown adipose tissue (iBAT) weight assessed in 10 (g) and 22-week old (h) male (blue) and female (red) sEH-P KI and WT rats. i, Representative
images of mesenteric WAT (magnification x100) and iBAT (magnification x200) obtained using standard HES staining and quantification of adipocyte number and size in 22-
week old male and female sEH-P KI and WT rats. j, Fasting plasma levels of insulin and C-peptide quantified in 22-week old male (blue) and female (red) sEH-P KI and WT rats.
k, AUC of blood glucose determined during a glucose and insulin tolerance tests (GTT and ITT respectively) performed in 10 to 20-week old male (blue) and female (red) SEH-P
KI and WT rats (see Supplemental Figure 2f-i for the evolution of blood glucose levels during GTT and ITT). I, m, Cumulative food intake assessed in dark and light phases over
a period of 5 days using an automated monitoring system in 6 to 8-week old male (1) and female (m) sEH-P KI and WT rats. Grey areas indicate dark periods. n, Fold change in
feeding efficiency determined from weight gain and caloric intake (see Supplemental Figure 2a-c) over a period of 120 days in 10-week male (blue) and female (red) sEH-P KI
and WT rats. o, p, Fecal energy content (0) and assimilation efficiency (p) determined over a period of 5 days using bomb calorimetry in 6 to 8-week old male and female sEH-
P KI and WT rats. g-s, Total horizontal activity (q), distance travelled (r) and immobility time (s) measured during a 60-min open-field test in 8 and 20-week old male (blue)
and female (red) sEH-P KI and WT rats. b-k, n-s, Mean values are shown. P values represent the genotype effect determined by two-way ANOVA with gender as the second
factor. The effect of SEH-P KI was more marked in male than in female KI rats for body weight (genotype x gender interaction: P < 0.001 at 22 weeks of age), total body length
(P=0.015 at 10 weeks and P = 0.014 at 22 weeks), and body mass index (P = 0.024 at 10 weeks and P < 0.001 at 22 weeks). I, m, Mean and SEM values are shown. P values
represent the genotype effect determined by one-way repeated measures ANOVA with Holm-Sidak post hoc test. *P < 0.05, **P < 0.01. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Loss of SEH-P generates a lean phenotype through a PPARy-mediated mesenteric, perirenal and perigonadic WAT and interscapular
increase in brown adipose tissue thermogenesis BAT was reduced in KI rats, in particular at 22 weeks of age (Fig.
3g-h), without evidence of morphological difference (Fig. 2i).

A striking physical trait of female and male sEH-P KI rats was Although plasma glucose levels under fasted and fed conditions
that their markedly lower body weight, measured at 10 and 22- were similar between group as was the fructosamine level (Supple-
week old, compared with WT rats of the same age (Fig. 3a-b). In mental Figure 2d-e), sEH-P deficient rats had lesser fasting plasma
addition, total body length (Fig. 3c) and naso-anal length were insulin and C-peptide levels (Fig. 3j), a higher insulin sensitivity

modestly decreased in KI rats, while tibia length was not signifi- and a higher ability to clear glucose from the blood circulation
cantly affected at 22 weeks (Supplemental Figure 2a-b), suggesting compared to WT rats (Fig. 3k and Supplemental Figure 2f-i). Of
a minor growth defect. Thus, the body mass index (Fig. 3d) and the note, no difference was found between groups for total cholesterol
Lee obesity index (Supplemental Figure 2¢) were reduced in KI rats. and triglyceride plasma levels but sEH-P KI induced a decrease in
These effects of SEH-P KI were more marked in male rats (Fig. 3b- liver weight, in particular in male rats, as well as a reduction in cir-

d). Moreover, whole-body composition analysis revealed that fat culating ASAT and ALAT levels and in hepatic lipid content (Supple-
mass was not modified in 10-week-old sEH-P KI rats but was mental Figure 3a-f).

reduced in 22-week-old animals, and this was associated with an To decipher the mechanisms underlying the lean phenotype in
increased lean mass (Fig. 3e-f). Accordingly, the weight of the SsEH-P KI rats, food intake was followed up using an automated
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monitoring system. A decrease in total food intake was noted in
sEH-P Kl rats (Fig. 31-m). The plasma level of the anorexigenic hor-
mone leptin was reduced in sEH-P KI rats (Supplemental Figure
4a), probably due to their lower fat mass, and thus cannot contri-
bute to the decreased rat appetite. In contrast, compared to WT
rats, we observed more than a two-fold decrease in the conversion
of 20:4 LPA to 20:4 MAG, an endocannabinoid known to stimulate
appetite [25], in brain tissue of male sEH-P KI rats (1.0 £ 0.4 vs.
0.46 = 0.19, n = 6/genotype; P = 0.015). Furthermore, when
expressed relative to body weight, the food intake was found to
be similar in female WT and sEH-P KI rats and was even greater
in male sEH-P KI rats compared to male WT rats (Supplemental
Figure 4b-c). The reduction in feeding efficiency in sEH-P KI rats
was confirmed within both genders fed a standard chow diet over
a period of 120 days (Fig. 3n and Supplemental Figure 4d-f).
Neither a change in assimilation efficiency, assessed by quantifying
fecal energy content (Fig. 30-p), nor a modification in spontaneous
locomotor activity (Fig. 3q-s) appeared to contribute to the
decreased feeding efficiency in sEH-P KI rats.

Next, indirect calorimetry experiments were thus performed in
male rats, which exhibit the more pronounced phenotype induced
by sEH-P KI. KI rats displayed an increased O, consumption and
CO, production (Supplemental Figure 5a-b), leading to an
enhanced overall energy expenditure (Fig. 4a) and a lesser positive
energy balance (Supplemental Figure 5c-e). Moreover, the esti-
mated basal metabolic rate was higher (Supplemental Figure 5f)
and the respiratory exchange ratio was lower in KI rats (Fig. 4b)
especially during the inactive light period, showing a shift in
whole-body fuel utilization towards increased fat oxidation (Sup-
plemental Figure 5 g). To assess whether an increased non-
shivering thermogenesis may contribute to the increased energy
expenditure, core body temperature was continuously measured
for 48 h using a telemetry-catheter inserted into the aorta under
resting condition. Male KI rats displayed an increased body tem-
perature during both the light and dark periods compared to WT
rats (Fig. 4c). Moreover, when submitted to a cold challenge, KI rats
had a higher ability to produce heat (Fig. 4d), evaluated by
temperature-sensitive transmitters implanted underneath the
interscapular BAT, associated with a higher increase in estimated
fat oxidation compared to WT rats (Fig. 4e), the main fuel used
by BAT to produce heat. In accordance with these results, a tran-
scriptomic analysis of BAT showed a major impact of sEH-P KI on
gene expression (Supplemental Figure 6a), with especially an
increased expression of the genes coding for proteins involved in
thermogenesis and other major linked catabolic pathways includ-
ing oxidative phosphorylation, tricarboxylic acid (TCA) cycle, fatty
acid and glucose metabolism (Fig. 4f-g and Supplemental Figure
6a-c, 7a-c). In addition, an increased expression of the final mito-
chondrial protein involved in heat generation ie., uncoupling
protein-1 (UCP-1) was confirmed in the BAT of male KI rats (Fig.
4h). To note, core body temperature was also increased in female
KI rats compared to WT rats but no change was observed for the
cold tolerance test (Supplemental Figure 8a-b), suggesting again
a less pronounced phenotype induced by sEH-P KI.

As suggested from blood and urine measurements, the thermo-
genesis activators catecholamines and thyroid hormones appeared
to not contribute to the potentiation of thermogenesis in KI rats
and even, triiodothyronine was decreased in sEH-P KI rats (Supple-
mental Figure 9a-b), suggesting a negative feedback loop to pre-
vent excessive thermogenesis. As previously stressed, leptin that
positively regulates thermogenesis was also decreased in sEH-P
KI rats (Supplemental Figure 4a). To go further, we next focus on
the role of peroxisome proliferator-activated receptors gamma
(PPARY) in sEH Kl-induced potentiation of thermogenesis since
the increase in intracellular LPAs may promote its activation and
because they are known to regulate BAT function [26,27]. Strik-
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ingly, 2-week administration of the PPARy antagonist T0O070907
using osmotic minipumps (5 mg/kg/day) totally suppressed the
ability of sEH-P KI rats to maintain BAT temperature during a cold
tolerance test (Fig. 4, I). In addition, the animals receiving
T0070907 for 2 weeks gained more weight compared to non-
treated KI animals (31 + 17 vs. 14 £ 12 g, n = 9/group; P = 0.029).

We then assessed whether an increased turnover and bioavail-
ability of fatty acids that fuel the mitochondria and regulate its
functions may contribute to potentiate thermogenesis in sEH-P
KI rats. First, an enhanced lipolysis was suggested from the
increase in glycerol and fatty acid levels in the plasma of male
and female KI rats (Supplemental Figure 9c-d). Lipolysis mostly
concerned LA and AA, the latter being in particular elevated in male
sEH-P KI rats (Supplemental Figure 9e). According with these
results, untargeted lipidomic analyses revealed that the levels of
circulating phosphatidylcholine and lysophosphatidylcholine acids
were increased in male and female sEH-P KI, especially those con-
taining LA and AA (Supplemental Figure 9f-g), as well as previously
shown, some of their metabolites, EETs, DHETs, EpOME and
DiHOME (Fig. 2d and Supplemental Figure 1c-d). Because 12,13-
DiHOME was shown to potentiate BAT thermogenesis [28], addi-
tional cold tolerance tests were performed in male KI rats, which
were orally treated 2 weeks with the inhibitor of sSEH-H 1-trifluor
omethoxyphenyl-3-(1-propionylpiperidine-4-yl) urea (TPPU) to
block the formation of this diol. TPPU not only abolished the
impact of sEH-P deficiency but even markedly reduced the ability
of maintaining interscapular BAT temperature during cold expo-
sure in sEH-P KI rats while it had no effect in WT rats (Supplemen-
tal Figure 9 h).

Furthermore, although mean glucose levels appeared similar
(Supplemental Figure 2d), glucose telemetry monitoring revealed
that glucose levels decreased during the inactive period and
increased during the active period to a larger extent in KI rats com-
pared to WT rats (Supplemental Figure 10). This suggests an
increased turnover of glucose that may also contribute to thermo-
genesis as a carbon source for synthesis and rapid oxidation of fatty
acids [29,30], which is consistent with the increase in the expres-
sion of genes involved in glycolysis and neoglucogenesis (Supple-
mental Figure 7C). Finally, a NMR-based metabolomic profiling
approach performed on the serum of fasted rats showed a decrease
in both glycine and betaine levels, suggesting an alteration of the
1-carbon metabolism pathway that could explain the slight growth
defect in KI rats, but also decreased citrate levels illustrating altera-
tions in TCA, and TCA-linked lipogenesis (Supplemental Table 2).
The variation of acetoacetate levels was expected as it is typical
of a change in the ketosis state. As those metabolic pathways are
primarily located in the mitochondria, these data support the
hypothesis that sEH-P KI profoundly affects mitochondrial metabo-
lism, potentiating catabolic processes while reducing anabolic
pathways.

SEH-P KI rats are protected against Diet-Induced obesity and insulin
resistance

To determine whether sEH-P may represent a relevant target
in insulin resistance, male WT and KI rats were fed with a 60%-
containing fat diet (high-fat diet, HFD) during 16 weeks. A control
group of WT rats fed with a normal fat diet (NFD) served as con-
trols. The body weight gain of sEH-P deficient rats was reduced
compared to WT rats fed a HFD but also unexpectedly, compared
to WT rats fed a NFD (Fig. 5a-b). This was due to a decrease in
food intake but again feeding efficiency was also lower in sEH-P
KI rats compared to WT rats fed a HFD (Fig. 5c-d). In addition,
despite the high amount of energy provided by lipid intake,
sEH-P deficiency fully prevented the increase in fat mass and
decrease in lean mass induced by the HFD (Fig. 5e-g). Quantitative
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Fig. 4. sEH-P KI increases energy expenditure due to the potentiation of brown adipose tissue thermogenesis. a, b, Absolute and averaged whole-body energy
expenditure normalized to lean body mass (a) and respiratory exchange ratio (b) assessed hourly in dark and light phases over a period of 5 days by indirect calorimetry in
12-week old male sEH-P and WT rat. Grey areas indicate dark periods. ¢, Absolute and averaged core body temperature measured every 15 min in dark and light phases over a
period of 48 h using a telemetry-catheter inserted into the aorta of 12-week old male sEH-P KI and WT rats. d, Evolution of interscapular brown adipose tissue (BAT)
temperature during a cold tolerance test (6 °C, blue line) performed in 12-week old male sEH-P KI and WT rats. e, Evolution of fat oxidation assessed every 15 min for 12 h by
indirect calorimetry before and after switching the room temperature from 24 to 7 °C (blue line) in 12-week old male sEH-P KI and WT rats. f, Barplot of the most significant
altered KEGG pathways by sEH-P KI with a Q-value < 0.0001, corresponding to FDR adjustment of the global P-value using the Benjamini & Hochberg procedure from gage
package for R software v3.6.1. Red and blue bars correspond to increased and decreased pathway activity respectively. (g) Gene-concept network depicting the linkage of
genes with significantly altered KEGG pathways using enrichplot package for R software v3.6.1. Fold changes are log2 transformed (see Supplemental Figure 6a-d for heat
maps of gene expressions significantly altered by sEH-P KI). h, Representative stain-free SDS-TGX-gel (left) and Western blot (middle) of uncoupling protein-1 (UCP1)
expression quantified (right) in the interscapular BAT of 22-week old male sEH-P and WT rat. i, Evolution of intercaspular BAT temperature during a cold tolerance test (6 °C,
blue line) performed in 16-week old male sEH-P KI rats receiving or not the PPARY antagonist T0070907 during 14 days using osmotic minipumps (5 mg/kg/day). a-c, h, Mean
and SEM values are shown. P values represent the genotype effect determined by two-tailed unpaired Student’s t-test or by Mann-Whitney U test for non-normally
distributed data (P < 0.05 on Shapiro-Wilk test). d, i, Mean and SEM values are shown. The P value represents the genotype-time interaction effect determined by one-way
repeated measures ANOVA. e, Mean and SEM values are shown. P values represent the genotype effect determined by one-way repeated measures ANOVA with Holm-Sidak
post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fecal fat analysis showed a similar increase in the lipid content of
WT and sEH-P KI rats fed a HFD compared to WT fed a NFD, sug-
gesting again no change in lipid absorption (Fig. 5h). Fasting
plasma levels of total cholesterol, glucose and fructosamine
remained similar between groups but there was a trend for a
decreased triglyceride levels in KI rats compared to WT fed a
HFD (Supplemental Figure 11a-d). Moreover, sEH-P KI prevented
the increase in fasting insulin and C-peptide levels induced by
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the HFD as well as normalized the insulin tolerance test and liver
weight (Fig. 5i-1). A similar protocol of high-fat feeding was then
performed to investigate the effects of inhibiting sEH-P in female
rats. Although the impact of the HFD was less marked than in
male rats, sEH-P deficiency also prevented in female rats the
metabolic hallmarks induced by the HFD, including weight and
fat mass gain, insulin resistance and hepatic steatosis (Supple-
mental Figure 12a-j).



M. Leuillier, T. Duflot, Séverine Ménoret et al.

Journal of Advanced Research 43 (2023) 163-174

a ~o- WT NFD (n=9) b ~o- WT NFD (n=9) c ~o- WT NFD (n=9) d
-0~ WT HFD (n=10) -0~ WT HFD (n=10) -G~ WT HFD (n=10)
10009 o SEM.P KI HFD (n=10) S5 009 - SEH-P KIHFD (n=10) 2 200009 o SEM-P KI HFD (n=10) 0.04+
-~ o *
£ < 8
800 -1 2 15000 2 0.03
© c o
= = s g~ "
3 5 £ 23 og 08B0 M
B s ° £ S 0024 5%0o oo
£ 600+ : 8 10000+ 6% g o L0a
s $ s T o
3 2 2 0011
400+ 2 5 5000
E E °
3 E s 0.004— T r
200—T—F—T—T—T—T— Fr—T—T—T—T—TT © -H——T—T—T—T ;‘T P\‘NT KI
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 Fo FO: — (HFD
Time (week) Time (week) Time (week)
€ o~ WT NFD (n=9) f g h
2 -0~ WTHFD (n=10) 7 weeks 14 weeks 7 weeks 14 weeks 10
= 1997 5 EH-P KIHFD (n=10) “ b =
K = il = tH i £ 84 ™ vl
=4 o £ 90 T - o o
e o 30 =) 09 O € o
s P o ° ] 8% of % ooo {;ﬁ 2 6 o
]
c a3 % S 3 80 g o | % g ‘o & o of o O
s EZ2 0,3 oo Hf E 2 Ogo ! oo O °
2 = 0 R g ° So | Epe £ 4 —
2 o 2 U8 o © O g $a 70 o = o ©
= W o oo 00 © g % o o 8
s St & 0 g g H e 21
Z § 50 b 0¢ o § 60 o [
g P E— — o) E— — 0
3 WT WT KI WT WT Kl WT WT Kl WT WT Kl WT Wr Kl
05 T NFD HFD HFD  NFD HFD HFD NFD HFD HFD  NFD HFD HFD NFD  HFD  HFD
0 2 4 6 8 10 12 14 16
Time (week)
| J k |
-0~ WT NFD (n=8)
Insulin C-peptide 61 5001 40
4000 ! -o- WT HFD (n=10)
! “ = e P=0.064
: o d <o SEH-P KIHFD (n=7) 2 400 — B 304 ,
' e o S~ 8o0 . o € o
3000 ' 5, £ 4 33 29° 0% £
- )} 2 o £ 9 E 300{ g 088 TUF £
-l ' ) 0,0 - § £ o 00 o )
£ 2000 i 0% o 2 2% o °g8 3 o1
2 : § £ 5 2 2004 z oo FoBB 0gB0
£ o o : S 21 33 0 Ersad 7 Bo
o0 ' 3> o~ 2 104 ]
10004 = ot = A S5 1004 -
8 B ) o LU S <
:
SR n B T % & s % 1o W w R R T S 3
WT WT Kl WT WT KI
NFD HFD HFD  NFD HFD HFD Time (min) NFD  HFD  HFD NFD  HFD  HFD

Fig. 5. sEH-P KI male rats are protected against the development of obesity and insulin resistance. a-e, Evolution of body weight (a), cumulative body weight gain (b),
cumulative food intake (c), feeding efficiency (d) and cumulative lipid intake (e) assessed in male WT rats fed for 16 weeks a normal food diet (NFD) or a high-fat diet (HFD)
and in male sEH-P Kl rats fed a HFD. f, g, Fat (f) and lean mass (g) as a percentage of body weight determined 7 and 14 weeks after starting a NFD or a HFD in male WT rats and
after starting a HFD in male sEH-P KI rats. h, Lipid fecal content determined over a period of 48 h, 7 weeks after starting a NFD or a HFD in male WT rats and after starting a
HFD in male sEH-P KI rats. i-1, Fasting plasma levels of insulin and C-peptide (i), glycemia (j) and AUC (k) of blood glucose determined during an insulin tolerance tests and
liver weight (1) assessed 16 weeks after starting a NFD or a HFD in male WT rats and after starting a HFD in male sEH-P Kl rats. a-c, e, j, Mean and SEM values are shown and
group effect was determined by one-way repeated measures ANOVA followed by Bonferroni’s post hoc test. d, f-i, k, 1, Mean values are shown and group effect was determined
by one-way ANOVA with Bonferroni’s post hoc test. a-k, */'P < 0.05, **/''P < 0.01, ***/!"'P < 0.001 compared to NFD and HFD WT rats, respectively.

Loss of sEH-P in rats modifies cardiac mitochondrial architecture and
function and protects the heart against Ischemia-Reperfusion injury

Since epoxyfatty acids and sEH play central roles in cardiovas-
cular physiology (5-7), cardiac function and architecture were next
examined. Telemetric cardiovascular monitoring showed no
change in blood pressure but a trend for an increased heart rate
during the active dark period in sEH-P KI rats compared to WT rats
(Supplemental Figure 13a-i). Echocardiography showed that left
ventricular (LV) posterior and anterior wall thicknesses were not
significantly different between groups but LV end-diastolic dia-
meter and mostly LV end-systolic diameter were reduced in male
and female KI rats compared to WT, leading to an increase in frac-
tional shortening (Fig. 6a-c). Cardiac MRI confirmed that the reduc-
tion in LV volumes was associated with an increase in ejection
fraction and actually led to maintain stroke volume (Fig. 6d-f).
Similar results were observed at the level of the right ventricle
(Supplemental Figure 14a-c). The estimation of myocardial mass
by cardiac MRI but mostly the weighting of the different heart cav-
ities showed the decreased cardiac mass in KI rats (Fig. 6g-h and
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Supplemental Figure 14d). Moreover, the higher cardiac contracti-
lity was confirmed by the increase in LV developed pressure in iso-
lated perfused heart from KI rats at baseline but not during beta-
adrenergic stimulation with isoproterenol (Fig. 6i).

To address the mechanisms mediating the increased cardiac
contractility, transcriptomic and phosphoproteomic analyses were
performed on LV tissues from male sEH-P KI and WT rats. In con-
trast to BAT, the transcriptomic analysis revealed a much less pro-
nounced impact of sEH-P KI at the cardiac level (Supplemental
Figure 15). However, there was a lower level of phosphoproteins
in LV of sEH-P KI rats compared to WT rats (Supplemental Figure
16a-b). Phosphoproteomic analysis revealed in fact that 4 spots
were less phosphorylated in sEH-P KI rats (Fig. 6j-k). Three spots
were identified by mass spectrometry and among them 2 mito-
chondrial proteins of the respiratory chain i.e., ATP synthase subu-
nit beta (ATP5B) and cytochrome b-c1 complex subunit 1 (UQRC1)
(Fig. 61). Phos-tag™ gels highlighted differential phospho-species
for ATP5B and UQRC1 between WT and sEH-P KI rats, without
change in total protein expressions (Fig. 6m-o). Because the impact
of the decreased phosphorylation of UQRC1 and ATP5B remains
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Fig. 6. sEH-P KI increases cardiac contractility and protects the heart against ischemia-reperfusion injury. a-c, Left ventricular (LV) end-diastolic anterior and posterior
wall thicknesses (a), LV diastolic and systolic diameters (b) and LV fractional shortening (c) determined by echocardiography in 10-week old male (blue) and female (red)
sEH-P KI and WT rats. d-g, LV end-diastolic and end-systolic volumes (d), ejection fraction (e), stroke volume (f) and estimated myocardial mass (g) determined by cardiac
MRI in 10-week old male (blue) and female (red) sEH-P KI and WT rats. h, Weight of left and right ventricles and atria assessed in 22-week old male (blue) and female (red)
sEH-P KI and WT rats. i, LV developed pressure (LVDP) measured at baseline and during 5-min administration of increasing doses of the beta-adrenergic agonist isoproterenol
(from 107! to 10 M, black arrows) in perfused hearts isolated from 10-week old male sEH-P KI and WT rats. j, Phosphoproteomic analysis of LV tissues from 10-week old
male sEH-P KI (n = 5) and WT (n = 5) rats with an average image of 2D gels established for LV phosphoproteome (left panel) and LV proteome (right panel) using staining by
Pro-Q®Diamond and Sypro®Ruby respectively. Phosphorylated polypeptidic spots modulated by sEH-P KI are indicated by a number. k, I, Quantification (k) and identification
by mass spectrometry and bioinformatic analysis (1) of spots surrounded with normalized values in 2D gels. ND: not determined. m-o Western blots of phosphorylated ATP
synthase subunit beta (ATP5B) and cytochrome b-c1 complex subunit 1 (UQRC1) analyzed using Phos-tag™ gels (top panels) and SDS-PAGE gels (bottom panels) with the
quantification of total ATP5B and UQRC1 protein expressions normalized to GAPDH expression (o). Each band in Phos-tag™ gels represents a phosphorylated form of the
protein, the upper band being the most phosphorylated and the lower band the less or no phosphorylated form of the protein. p-r, Representative micrographs (p) and
quantitative analysis of mitochondria numerical density (q), mitochondrial form factor and aspect ratio ® assessed by transmission electronic microscopy in LV tissues
obtained from 10-week old male sEH-P KI and WT rats (number of image sections analyzed: n = 46 for KI and n = 51 for WT). Mito: mitochondria; Myo: myofibrils. s,
Mitochondrial oxygen respiratory capacity (OCR) assessed by measuring the oxygen consumption rate of skinned LV fibers isolated from 10-week old male sEH-P KI and WT
rats in the absence (V) or presence of 2 mM ADP with 10 mM glutamate and 4 mM malate (complex I, Vcy), 10 mM succinate and 2 mM amytal, a complex I inhibitor (Vcyy),
and in the presence of 0.5 mM tetramethyl-p-phenylenediamine (TMPD) and 0.5 mM ascorbate (Vcxy). t, Relative variations of adenosine pool in LV tissues isolated from 22-
week old male sEH-P KI and WT rats. u, Representative photomicrographs and quantification of the necrosis area in perfused hearts isolated from 10-week old male SEH-P KI
rats and submitted to a 35-min ischemia 60-min reperfusion protocol. a-h, Mean values are shown. P values represent the genotype effect determined by two-way ANOVA
with gender as the second factor. i, Mean and SEM values are shown. P value represents the genotype effect determined at baseline before isoproterenol administration by
one-way repeated measures ANOVA. k, o, g-u, Mean and SEM values are shown. P values represent the genotype effect determined by two-tailed unpaired Student’s ¢t-test or
by Mann-Whitney U test for non-normally distributed data (P < 0.05 on Shapiro-Wilk test). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

elusive [31], additional experiments were performed to explore swelling (Supplemental Figure17b). In accordance with these
mitochondrial structure and function. Transmission electronic changes, there was an increased mitochondrial respiration in iso-
microscopy analysis revealed discrete LV ultrastructural changes lated skinned LV fibers of sEH-P KI rats compared to WT, but this

with notably a more regular and parallel arrangement of myofibrils was observed at baseline without difference in stimulated respira-
and mitochondria and denser packed cristae in KI rats (Fig. 6p and tory capacity (Fig. 6s). These results are in accordance with the
Extended Table 4). Moreover, quantitative analysis revealed an enhanced basal but not stimulated cardiac contractility and, as
increase in mitochondria number (Fig. 6q) and in cristae and outer already suggested for BAT, support the hypothesis that the
membrane surfaces (Supplemental Figure 17a), as well as mito- increased mitochondrial activity is related to higher substrate
chondrial remodeling with a more ellipsoidal feature in KI rats, availability. Accordingly, the LV adenine nucleotide pool related
characterized by the increase in Form factor and in aspect ratio to ATP production was increased in sEH-P KI rats (Fig. 6t). Further
(Fig. 6r). This was observed without change in the surface to experiments performed on isolated perfused hearts demonstrated

volume ratio of mitochondria, used as indicator of mitochondrial that the cardiac necrosis area, representing infarct size, following
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ischemia-reperfusion was decreased in sEH-P KI rats (Fig. 6u). This
was observed despite a slight reduction in the recovery of cardiac
contractility during reperfusion (Supplemental Figure 18-b).

Discussion

In the current study, we provide for the first time definitive evi-
dence that the sEH-P activity plays a physiological role contribut-
ing to energy and fat metabolism in the body to regulate
cardiometabolic homeostasis.

First, we developed and phenotyped unique genetically-
modified sEH-P KI rats to demonstrate that the abolition of SEH-P
activity promotes a lean phenotype under physiological conditions
and prevents the development of insulin resistance and fat accu-
mulation induced by a HFD. A similar lean phenotype was
observed in sEH knockout mice in some studies [32] but not all
[16,17], but the respective role of sEH-H and sEH-P activities could
not be determined. In the present work, sEH-P KI induced a reduc-
tion in food intake that could be related to the decrease in the
orexigenic sEH-P metabolite 20:4 MAG in brain [25]. However,
the lean phenotype of the KI rats appears mainly related to
increased basal energy expenditure notably due to the potentiation
of non-shivering thermogenesis in BAT. PPARy activation was
demonstrated to be the triggering event and the associated
increase in the bioavailability of fatty acids due to enhanced lipo-
lysis not only fuel the mitochondria but also delivers positive reg-
ulators of the heat dissipating machinery. This includes EETs that
are also known activators of PPARY [33] and the cold-induced lipo-
kine 12,13-DiHOME [28]. The demonstration of the suppressing
effect of sEH-H inhibition on the potentiation of thermogenesis
in sEH-P KI rats supports a role for 12,13-DiIHOME but mostly
shows that an interaction between the sEH-H and sEH-P activities
exists in vivo. In fact, previous in vitro results suggested that the
D9A mutation did not change enzyme structure and sEH-H activity
[3,21] and we can hypothesize that the increased sEH-H activity
detected at the major site of epoxide hydrolysis, the liver, occur
as a functional adaptation to the increase in the availability of its
substrates (EETs, EpOMEs), explaining the parallel increase in diols
and allowing to maintain a stable epoxide-to-diol ratio. To note,
sEH-P appeared to play a minor role in the WAT but BAT activation
alone is known to promote WAT fatty acid mobilization and release
[34].

Thermogenesis is a fundamental mechanism that helps animals
to maintain body temperature in endothermic organisms, i.e. in
mammals and birds. Interestingly, ectothermic organisms that
depend primarily upon external heat sources and behavioral and
physiological adjustments to thermoregulate i.e., fish, amphibian
and reptile, lack the sEH-P domain, which has been found only in
mammals [35]. This suggests that the evolutionary event leading
to a bifunctional sEH may be natural selection step contributing
to the development of thermogenesis regulation in mammals
[36]. Furthermore, it remains to be determined whether the less
marked metabolic phenotype of female KI is due to the estrogen-
dependent downregulation of sEH expression [37]. This could con-
tribute to the recently demonstrated gender-specific response to
cold [38].

Importantly, sEH-P KI also allowed to fully prevent weight gain
and all the metabolic abnormalities induced by a HFD and this ben-
eficial impact was observed in both male and female rats. These
astonishing results appeared again to rely on the decrease in food
intake and efficiency but may also be partly explained by the
increase in epoxyfatty acids, in particular EETs. Indeed, EETs were
shown to prevent glucose homeostasis abnormalities by prevent-
ing insulin resistance and inducing insulin release [39,40]. In this
respect, SEH-H inhibition was also shown to improve insulin resis-
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tance markers in similar feeding conditions than in the present
work [18]. However, compared to sEH-P KI, the improvements
with the sEH-H inhibitors appeared only partial and no change in
weight gain was usually reported [18,41].

Second, at the cardiac level, a modification in mitochondrial
ultrastructure and a similar potentiation of mitochondrial activity
seems to drive an increased basal contractility associated with
SsEH-P KI. Although positive inotropism may worsen energetic
imbalance of the myocardium during ischemia and reperfusion
situations, SEH-P KI was associated with a preventive effect against
ischemia-reperfusion lesions. The reduced post-ischemic recovery
of cardiac contractility suggests in fact that sEH-P may improve the
matching metabolic capacity of the tissue with cardiac work after
ischemia, preventing overstimulation and contributing to the
reduction in infarct size [42].

Although we cannot definitely extrapolate our results to
human, the role of sEH-P is also suggested by genetic studies show-
ing that the presence of the EPHX2 R287Q polymorphism, known
to reduce sEH-H activity but also sEH-P activity toward LPAs
[24,43], is associated with higher insulin sensitivity and a reduced
risk of developing diabetic nephropathy [44,45]. Moreover, the
EPHX2 K55R polymorphism that increases both activities may pre-
cipitate cardiovascular thrombotic events and aggravate patient
prognosis [46,47].

Altogether, the results of the present work highlight the pivotal
role played by sEH-P in energy and fat metabolism, contributing
together with sEH-H to the regulation of cardiometabolic homeos-
tasis. The development of pharmacological inhibitors of sEH-P
appears thus of crucial importance to evaluate the interest of this
promising therapeutic strategy in the management of obesity
and insulin resistance and to prevent cardiac ischemic complica-
tions. In fact, improvements in pharmacokinetic properties of
recently-developed inhibitors of sEH-P are needed to reduce oral
doses and off-target effects, including sEH-H inhibitory activity,
before being tested in animal models.
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