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Fatty acid epoxides are important lipid signaling molecules in-
volved in the regulation of vascular tone and homeostasis. Tissue
and plasma levels of these mediators are determined by the
activity of cytochrome P450 epoxygenases and the soluble epox-
ide hydrolase (sEH), and targeting the latter is an effective way of
manipulating epoxide levels in vivo. We investigated the role of
the sEH in regulating the mobilization and proliferation of pro-
genitor cells with vasculogenic/reparative potential. Our studies
revealed that sEH down-regulation/inhibition impaired the devel-
opment of the caudal vein plexus in zebrafish, and decreased the
numbers of Imo2/cmyb-positive progenitor cells therein. In mice sEH
inactivation attenuated progenitor cell proliferation (spleen colony
formation), but the sEH products 12,13-dihydroxyoctadecenoic acid
(12,13-DiHOME) and 11,12- dihydroxyeicosatrienoic acid stimulated
canonical Wnt signaling and rescued the effects of sEH inhibition. In
murine bone marrow, the epoxide/diol content increased during G-
CSF-induced progenitor cell expansion and mobilization, and both
mobilization and spleen colony formation were reduced in sEH™/~
mice. Similarly, sEH~'~ mice showed impaired functional recovery
following hindlimb ischemia, which was rescued following either
the restoration of bone marrow sEH activity or treatment with
12,13-DIHOME. Thus, sEH activity is required for optimal progenitor
cell proliferation, whereas long-term sEH inhibition is detrimental to
progenitor cell proliferation, mobilization, and vascular repair.
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ytochrome P450 (CYP) enzymes are involved in numerous

detoxification and synthetic processes in addition to gener-
ating potent lipid mediators from endogenous substrates. Even
though many CYP isozymes can oxidize a spectrum of n-6 and
n-3 polyunsaturated fatty acids (PUFA), such as retinoic acid,
linoleic acid, eicosapentaenoic acid, and docosahexenoic acid,
they are often referred to as the third pathway of arachidonic
acid metabolism, mainly because most is known about the bi-
ological actions of these products (1).

Since the first report that CYP-derived metabolites of arach-
idonic acid can elicit vascular smooth-muscle hyperpolarization
and relaxation (2, 3), it has become clear that the arachidonic
acid epoxides or epoxyeicosatrienoic acids (EETSs) are important
lipid signaling molecules implicated in vascular remodeling and
the attenuation of inflammation (4). A role for CYP enzymes in
angiogenesis has been repeatedly demonstrated in different
in vitro models, as have corresponding effects on vascular de-
velopment in EET-impregnated Matrigel plugs in mice and in
the chick chorioallantoic membrane (for review, see ref. 5).
However, many such studies were performed in overexpressing
systems, and there are difficulties in backing up these findings in
knockout models because major differences in CYP epoxygenase
isoform expression exist between humans and rodents. This
finding is particularly true for the CYP2C family of proteins,
which have been most frequently linked to angiogenesis (5) and
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which are able to oxidize arachidonic acid as well as many other
PUFAs. Furthermore, zebrafish, a useful model for studying
vascular development, express 47 isoforms of the CYP2 genes
compared with 16 in humans (6). An alternative to modulating
epoxide production is to prevent their metabolism by inhibiting
the soluble epoxide hydrolase (sEH). The latter enzyme metab-
olizes the PUFA epoxides to their corresponding diols [e.g., EETs
to dihydroxyeicosatrienoic acids (DHETs)] and is highly con-
served between species. Therefore, the aim of the present study
was to investigate the consequences of interfering with sSEH
activity and expression on vascular development and vascular
repair processes.

Results

sEH Knockdown in Zebrafish Causes Defects in the Caudal Vein Plexus.
Zebrafish expressed a protein (Ensembl gene ID:ENSDAR-
G00000040255) with ~60% identity to the hydrolase domain of
the human sEH. Protein sequence alignment of the hydrolase
domain with other vertebrate species revealed a high level of
homology in the residues that form the catalytic triad, as well as
the tyrosine residues that are assumed to be important for the
positioning of the substrate (7). The protein was recognized by
antibodies raised against the rat SEH and, when overexpressed
in Sf9 cells, the zebrafish protein generated 14,15-DHET from
14,15-EET and was sensitive to sEH but not microsomal EH
inhibitors (Fig. S1).

Blocking the translation (ATG morpholino) or the correct
splicing of the sEH (morpholinos directed against exon 13 or
exon 17) in zebrafish embryos almost abrogated sEH protein ex-
pression and activity (Fig. 14). In transgenic kdrl:EGFP zebrafish
embryos in which the developing vasculature/endothelial cells are
labeled green, sEH down-regulation induced only minor changes
in the arterial vasculature of the embryo trunk, because the pri-
mary vessel, intersegmental vessels, and the dorsal anastomotic
vessels all appeared normal. However, parachordal vessels were
consistently (10 of 10 morphants) either disorganized/misguided
(Fig. 1B, arrows) or missing completely (Fig. 1B, arrowheads).
sEH down-regulation, however, did consistently result in smaller
eyes and the remodeling of the caudal vein plexus (CVP) into
a single venous vessel in 32 of 32 sEH ATG and exon 13 mor-
phants (Fig. 1B and Fig. S24).
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Fig. 1. Role of the sEH in the differentiation of the CVP and the caudal he-
matopoietic tissue in zebrafish. (A) sEH protein expression and activity in 4-d-
old zebrafish embryos treated with control (CTL), sEH-ATG or sEH-Mo13
morpholinos. (B) Confocal images of the CVP in Tg(kdrl:EGFP) zebrafish
(48 hpf) treated with control or sEH morpholinos. The anterior part of the
embryos is on the left; ca, caudal artery; dlav, dorsal longitudinal anastomotic
vessel; se, intersegmental vessel; pav, parachordal vessel. Arrows indicate the
delayed secondary sprouting of the parachordal vessels, whereas arrowheads
mark missing vessels. (C) Effect of control versus sEH (ATG) morpholinos on the
number of cmyb*GFP/Imo2*dsRED cells in the CVP in a 40x field z-stack pro-
jection located posterior of the yolk sac extension. (D) 11,12-, 14,15-EET/DHET
and 12,13-EpOME/DiHOME levels in extracts from 4-d-old zebrafish treated
with solvent (Sol) or the sEH inhibitor t-AUCB (sEH-I). (E) Effect of t-ACUB, 12,13-
EpOME, or 12,13-DiHOME on the number of cmyb*GFP/Imo2*dsRED cells in
the CVP (four-somite stage until 36 hpf). The graphs summarize data obtained
with 5-17 zebrafish per group; **P <0.01, ***P <0.001 vs. Sol or CTL, 3P <0.01
vs. sEH-I alone. (Magnification: B, 100x; E, 400x.)

The CVP is a complex vessel network that originates from the
single channeled caudal vein 24-48 hours postfertilization (hpf)
and serves as a transient hematopoietic tissue where hemato-
poiesis and angiogenesis occur in a close physical proximity (8).
We therefore studied a subpopulation of hematopoietic cells in
bigenic c¢cmyb:GFP/lmo2:DsRed zebrafish embryos (i.e., green-
labeled hematopoietic stem cells and progenitors; red-labeled
hematopoietic stem cells and endothelium) (9). Fewer cmyb/
Imo2 double-positive cells were detected within the CVP in sEH
(ATG) morphants than in the zebrafish injected with a control
morpholino 36 hpf (Fig. 1C) and 55 hpf (Fig. S3A4). Similar
results were obtained using morpholinos directed against exon
17. In addition, histone 3 phosphorylation in cmyb:GFP cells was
significantly (64 + 16%, P < 0.05, n = 7) attenuated by sEH
knockdown. We also detected fewer CD41:GFP cells [i.e., de-
finitive hematopoietic stem cells in morpholino (ATG)-treated
zebrafish after 55 and 72 hpf] (Fig. S3B).

The sEH was named on the basis of its ability to metabolize
epoxides but the enzyme possesses two functional domains:
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a C-terminal epoxide hydrolase and an N-terminal lipid phos-
phatase (10, 11). To ensure that the defects observed could be
attributed to the loss of epoxide hydrolase activity, we assessed
the consequences of treating embryos with the sEH inhibitor,
trans-4-[4-(3-adamantan-1-ylureido)cyclohexyloxy]-benzoic acid
(--AUCB) (12). A similar caudal vein phenotype (including the
formation of a single venous vessel) was detected in SEH in-
hibitor-treated embryos but there was no effect of the sEH in-
hibitor on the size of the zebrafish eye (Fig. S4). The next step
was to analyze the epoxides/diols generated by zebrafish treated
with solvent or +~AUCB (Fig. S5). Of the epoxide/diol pairs
studied, the most pronounced sEH inhibitor-related changes
were observed for the arachidonic acid-derived 11,12-EET/
DHET and 14,15-EET/DHET, and the linoleic acid-derived
12,13-epoxyoctadecenoic acid (12,13-EpOME)/12,13-dihydrox-
yoctadecenoic acid (12,13-DiIHOME) (Fig. 1D). To determine
which of the lipid mediators contributes to the recruitment of
cmyb/lmo2 double-positive cells to the CVP, we performed
rescue experiments by administering the epoxides and diols to
embryos treated with the sEH inhibitor which, similar to the
morpholino-mediated down-regulation of the sEH, also de-
creased numbers of cmyb/Imo2 double-positive cells within the
CVP 36 hpf (Fig. 1E). We found that although 11,12-EET in-
creased the numbers of cmyb/lmo2 double-positive cells in sol-
vent-treated zebrafish embryos, it was unable to rescue the effect
of the sEH inhibitor (Fig. 1E). On the other hand, 11,12-DHET
increased cmyb/lmo2 double-positive cells in embryos treated
with +-AUCB to levels seen in solvent treated embryos. 14,15-
EET and 14,15-DHET were without effect. Interestingly, 12,13-
EpOME was just as effective as the sEH inhibitor in attenuating
cmyb/lmo2 cell numbers, and 12,13-DiIHOME reversed the
effects of sEH inhibition (Fig. 1E). Because the 12,13-EpOME/
DiHOME levels in zebrafish were consistently higher than those
of 11,12-EET/DHET and the EpOME decreased as DIHOME
increased cell numbers, these data indicated that the epoxides
and diols of linoleic acid potentially make a greater contribution
to the phenotype observed.

sEH Inhibition Decreases Bone Marrow Cell Colony Formation. We
next determined whether the effects observed in zebrafish could
be applicable to progenitor cell expansion and differentiation in
mammals. Murine bone marrow contained sEH protein (Fig. 24)
and bone marrow-derived hematopoietic progenitor cells (HPC)
[i.c., lineage-negative (Lin~) cKit-positive (cKit™) cells], showed
robust sEH activity (Fig. 2B). Bone marrow cells also generated
9,10- and 11,12-EpOME/DiHOME, as well as 11,12- and 14,15-
EET/DHET. As with the zebrafish, levels of the EpOMEs/
DiHOME:s were higher than those of the EETs/DHETS (Fig. 2C).
To parallel the studies in zebrafish, we assessed the ability of the
sEH to influence the formation of short-term repopulating HPC
colonies in spleens from irradiated WT animals (CFU-S12 assay).
Solvent-treated bone marrow cells from sEH™~ mice formed
significantly fewer colonies than cells from WT mice (Fig. 2D), an
effect reproduced by pretreating WT cells with the sEH in-
hibitor, -AUCB, before transplantation (Fig. 2G). Incubation of
WT bone marrow cells with 11,12-EET, 11,12-DHET, 12,13-
EpOME, or 12,13-DiHOME before transplantation increased
subsequent colony formation. However, only 11,12-DHET and
12,13-DiHOME increased the ability of cells from sEH ™~ mice
to form colonies, with the latter being more effective. Similar
results were obtained when BrdU incorporation and histone 3
phosphorylation were assessed as indices of HPC proliferation
(Fig. S6). As cells from WT mice were able to generate diols
from the exogenously applied epoxides, these data suggested that
the lack of diol production rather than accumulation of epoxide
was responsible for the effects observed in SEH™~ mice.
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Fig. 2. Effect of EET/DHET and EpOME/DIHOME on HPCs and p-catenin
activation in mice. (A) sEH expression in the murine femur (alkaline phos-
phatase). (B) sEH activity (LC-MS/MS) in Lin* and Lin~cKit" cells in the absence
and presence of the sEH inhibitor t-AUCB (sEH-I). (C) Comparison of bone
marrow cell EET/DHET and EpOME/DiHOME levels in WT mice following
treatment with saline (CTL) or G-CSF (3 d). (D) Ability of bone marrow cells
from WT and sEH™"~ mice to form colonies in the spleens of irradiated WT
mice. Cells were treated with either solvent (Sol), 11,12-EET/DHET or 12,13-
EpOME/DiHOME for 4 h before transplantation and spleen colony formation
was assessed after 12 d. (E) Effect of solvent, the sEH inhibitor t-AUCB (sEH-),
the GSK inhibitor (GSK-1) 6-bromoindirubin-3’-oxime, 11,12-EET/DHET, and
12,13-EpOME/DIHOME on B-catenin levels (red) in bone marrow cells
from WT mice. (Insets) p-Catenin levels in Lin~ cells; green, DAPI. (Scale bar,
10 um.) (F) Effect of 11,12-EET/DHET and 12,13-EpOME/DiHOME on f-ga-
lactosidase activity in spleen cells isolated from irradiated mice 12 d after
transplantation with bone marrow from TOP-Gal mice. (G) Spleen colony
formation 12 d after transplantation of Lin™ cells from WT mice treated ex vivo
with either solvent, t-ACUB (sEH-I) alone or in combination with 11,12- EET/
DHET and 12,13-EpOME/DiIHOME, or GSK inhibitor (GSK-I) LiCl. The graphs
summarize data obtained with four to seven animals per group; *P < 0.05,
**P < 0.01, ***P < 0.001 vs. CTL, 5P < 0.01, 55°P < 0.001 vs. Solvent-treated
SEH™" mice and $$ vs. the corresponding epoxide.

DIHOME and g-Catenin. Given that genetic deletion, as well as
inhibition of the sEH, attenuated HPC proliferation—a process
known to be linked to canonical Wnt signaling (13)—we de-
termined whether the epoxides or diols studied could affect
B-catenin activity. The 12,13-DiHOME and 11,12-DHET, but
not 11,12-EET or 12,13-EpOME, were able to induce the nuclear
translocation of p-catenin in Lin~ bone marrow cells (Fig. 2F).
When TOP-Gal mice, a reporter strain that express p-galac-
tosidase in the presence of activated p-catenin (14), were used
as donors for the CFU-S12 assay, we found that sEH inhibition
attenuated p-galactosidase activity; DHET and DiHOME re-
versed this effect and the EET and EpOME were without effect
(Fig. 2F). This link between the CYP/sEH axis and the Wnt
signaling cascade was substantiated by the fact that the inhibition
of GSK3 partly reversed the attenuated colony forming activity
of sEH inhibitor-treated bone marrow cells (Fig. 2G).

Fromel et al.

We next determined whether or not the sEH affects mobili-
zation in addition to proliferation. The activation of HPCs with
G-CSF (2 d) resulted in altered bone marrow 11,12-EET/DHET,
14,15-DHET, as well as 9,10-EpOME and 12,13-EpOME/
DiHOME levels (Fig. 2C), without affecting sEH expression.
These changes in bone marrow lipid productlon were also reflected
in plasma from WT but not sSEH™~ mice after 5-d treatment with
G-CSF when cell egress reached its maximum (Fig. S7). To link
the latter phenomena to the HPC pool size in the bone marrow,
peripheral blood mononuclear cells (PBMC) were collected after
5-d treatment with G-CSF and either quantified by colony gen-
eration in vitro (CFU-C assay), or transplanted into irradiated
WT mice and colony formation monitored in the spleen over
12 d (CFU-S12 assay). A slight but n0n51gn1ﬁcant decrease in
CFU-C generation by cells from sEH™~ was apparent under
basal conditions. The administration of G-CSF increased CFU-C
formation by WT cells but significantly fewer colonies formed
when cells were isolated from SEH ™~ mice (Fig. 34). Although
significant differences were detected in the formation of gran-
ulocytes, erythrocytes, macrophages, and megakaryocytes (GEMM)
and granulocytes and macrophages (GM) colonies, no difference
could be detected in the G or M colonies (Fig. S84). These
findings fit well with the fact that fewer Lin~Sca-1*cKit™ cells
were recovered from the blood of SEH ™~ than WT mice after
5-d G-CSF treatment (Fig. 3B). Moreover, in the CFU-S12
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Fig. 3. Consequences of sEH deletion/inhibition on progenitor cell mobili-
zation. (A) CFU-C colony formation by PBMCs from WT and sEH™~ mice
under basal conditions and following treatment with G-CSF (5 d). (B) Per-
centage of Lin~Sca-1*c-Kit* cells derived from peripheral blood following
treatment with G-CSF (5 d). (C) Spleen colony formation 12 d after trans-
plantation of WT mice with PBMCs from G-CSF-treated WT or sSEH™'~ animals.
(D) CFU-C colony formation by PBMCs from WT mice treated with vehicle
(Veh) or the sEH inhibitor (sEH-I) t-AUCB under basal conditions and after
treatment with G-CSF. (E) Cell invasion into Matrigel plugs impregnated
with either solvent (PBS) or SDF-1. Animals were treated with either vehicle
or G-CSF (5 d). Images were taken after sectioning and immunostaining of
Matrigel plugs for CD31 (red) and a-actin (green) 9 d after implantation. The
graphs summarize data obtained with 5-10 animals per group; *P < 0.05,
**P < 0.01, ***P < 0.001.
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assay fewer colonies were formed in the spleens of SEH ™/~
mice (Fig. 3C). Similar observations were made when cells
were recovered from spleens after 4-d treatment with saline or
G-CSF and maintained in endothelial basal medium to gen-
erate cells previously referred to as “early endothelial pro-
genitor cells” (Fig. S8B). sEH inhibition significantly increased
circulating epoxide levels in WT mice (the EET/DHET ratio
increased from 1.0 + 0.3-2.1 + 0.26 for 11,12-EET/DHET;
n = 4, P = 0.03), and reproduced the phenotype recorded in
the sSEH™~ mice (i.e., resulted in the decreased mobilization
of progenitor cells) (Fig. 3D).

Because Lin~Sca-1"cKit" cells give rise to neutrophils and
monocytes, which contribute to angiogenesis and 11,12-EET
increases the vascularization of acellular matrices, we compared
the vascularization of Matrigel plugs in WT and sEH ™~ mice.
The matrix material was impregnated with solvent or the homing
factor, stromal cell-derived factor-1 (SDF-1) and implanted into
animals that were then treated with saline or G-CSF (5 d). After
an additional 4 d the plugs were removed and endothelial cells
(CD31) and pericytes/smooth-muscle cells (a-actin) in plugs
were quantified. CD31 and a-actin—positive cells were detected
in Matrigel plugs from WT animals treated with saline and
vascularization increased when animals were treated with
G-CSF. However, although the numbers of invading CD31- and
a-actin—positive cells were comparable in both strains when
treated with saline, the response to G-CSF was markedly di-
minished in SEH™~ mice (Fig. 3E).

To determine whether the defects observed in G-CSF-induced
progenitor cell mobilization could be reproduced by a physio-
logical stimulus such as hypoxia, the recovery of blood flow after
hindlimb ischemia was compared in the WT and sEH™~ mice.
Consistent with the attenuated mobilization of circulating pro-
genitor cells, blood flow (Fig. 44) and vascularization (Fig. 4B)
in the ischemic limb recovered more slowly in sEH™~ than in
WT animals. As EETs regulate blood flow in different tissues, it
was conceivable that the consequences of sEH deletion/in-
hibition might be because of altered blood flow through the
progenitor cell niche. To ensure that the effects observed could
be attributed to a defect in progenitor cell function, we gener-
ated chimeric WT**"' and sEH™ " mice in which bone marrow
from SEH ™'~ mice was transplanted into WT mice and vice versa.
This “}grrocedure restored sEH activity to bone marrow from
sEH"™" mice (Fig. S94) as well as the basal plasma epoxide/diol
levels and G-CSF-induced changes when assessed 16 wk after
transplantation (Fig. S9B). The attenuated recovery of colony-
forming cells after G-CSF was maintained in sEH**"" mice vs.
WTWT animals but mobilization of colony-forming cells was in-
creased in SEH™T mice and significantly decreased in WT*EH
mice (Fig. 4C). This procedure also partially reversed the phe-
notype of the animals and the extent of recovery from hindlimb
ischemia, so that blood flow and vascularization in sEHY T mice
recovered more quickly than in WT**" animals (Fig. 4 D and E).
To parallel the rescue experiments performed with the zebrafish,
we determined the ability of EpPOME vs. DIHOME to accelerate
the recovery of blood flow in WT and sEH™~ mice. We found
that the treatment of WT mice with 12,13-EpOME or 12,13-
DiHOME failed to increase blood flow to the ischemic limb but
12,13-DiHOME—though not 12,13-EpOME—restored recovery
in SEH™~ mice (Fig. 4F).

Discussion

The results of our study reveal a previously uncharacterized in-
teraction between the CYP/sEH pathway and HPC proliferation,
mobilization, and a subsequent role in vascularization. Loss of
sEH activity resulted in a marked reduction in cmyb/lmo2 dou-
ble-positive cells in the zebrafish CVP and malformation of this
tissue. In mice the lack of sEH expression and activity led to
a diminished proliferation of short-term repopulating HPCs in
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Fig. 4. Consequences of sEH deletion and bone marrow repletion on pro-
genitor cell mobilization and vascular repair in the ischemic hindlimb. (A)
Hindlimb perfusion in WT and sEH™~ mice immediately before and up to 14 d
after ischemia. Perfusion was quantified as a ratio of ischemic to nonischemic
limb. (B) Capillary and arteriole density assessed by quantification of isolectin
B4 (green) and a-actin (red) staining. (C) CFU-C colony formation by PBMCs
derived from WT and sEH™~ mice 16 wk after transplantation with either WT
or sEH™"~ bone marrow. Colony-forming ability was determined under basal
conditions and following treatment with G-CSF (5 d). (D) Effect of bone mar-
row transplantation on the recovery of blood flow following ischemia. (E)
Capillary and arteriole density 9 d postsurgery, quantified with isolectin B4
(green) and o-actin (red) staining. (F) Effect of 12,13-EpOME and 12,13-
DiHOME (minipumps) on the recovery of blood flow following ischemia in WT
and sEH™~ mice. The graphs summarize data obtained in five to six animals per
group; *P < 0.05, **P < 0.01, ***P < 0.001. (Magnification: B, 200x; E, 200x.)

the spleen, attenuated G-CSF-induced mobilization of progenitor
cells, and attenuated vascular repair capacity. Mechanistically,
these effects were associated with decreased p-catenin and could
be rescued by supplementation with the diols 12,13-DiHOME or
11,12-DHET but not the corresponding epoxides.

Given the published reports linking EETs with increased an-
giogenesis, it was initially surprising to note that zebrafish lacking
the sEH demonstrate an almost normal arterial vasculature but
defects in the zebrafish trunk venous network; the most prominent
alteration being the development of an enlarged single-channeled
caudal vein and lack of the CVP. As the CVP is a complex vas-
cular network generated from the caudal vein, these data imply
that the CYP/sEH axis may be more important for venous than
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arterial angiogenesis. Certainly, distinct signals are thought to
dictate angiogenesis in the dorsal aorta and axial vein, with the
former being dependent on VEGF-A signaling and the latter
linked to bone morphogenic protein (15). Although we have no
information about whether or not bone morphogenic protein
signaling is affected by the deletion/inhibition of the sEH, it is
important to note that EET-induced angiogenesis is dependent
on the expression of the “venous marker” EphB4 (even in ar-
terial endothelial cells). Indeed, endothelial cell sprouting and
the formation of vessels in EET-containing Matrigel in vivo can
be prevented by the down-regulation of EphB4 (16).

There is a clear link between the formation of the CVP and
the development of the caudal hematopoietic tissue formed by
the hematopoietic stem cells that emerge from the aortic endo-
thelium and migrate to the plexus (17-19). This tissue transiently
supports the expansion of blood progenitors before this function
is overtaken by the thymus and kidney (20). Given the defects in
the CVP related to alteration of SEH activity and expression, we
focused on establishing a link between sEH activity and hema-
topoietic stem and progenitor cells by counting cmyb/lmo2, as
well as CD41% cells. We found a reduced number of double-
positive cells in the SEH morphants, as well as in normal embryos
treated with a sEH inhibitor, a phenomenon associated with
pronounced alterations in the epoxide/diol ratios of EET/DHET
and EpOME/DiHOME. As the effects of sEH inhibition could
either represent an inhibitory effect of an epoxide or the lack
of a stimulatory effect of a diol, we assessed the ability of 11,12-
EET/DHET and 12,13-EpOME/DiHOME to rescue c-myb/
Imo2-positive cell numbers. Although 11,12-EET was without
effect, 11,12-EpOME was just as effective as the sEH inhibitor
in decreasing cell numbers, and both 11,12-DHET and 12,13-
DiHOME were able to rescue the phenotype. This finding is
the first indication that the effects of abrogating sEH activity/
expression cannot simply be explained by the accumulation of
one substrate (i.e., the EETSs) but result from the loss of diols
generated by sEH from the EETSs, as well as other substrates,
such as linoleic acid. At first sight, attributing a beneficial effect
to 12,13-DiHOME seems to conflict with reports that it may
mediate the toxicity of linoleic acid epoxides (e.g., in the acute
respiratory distress syndrome) (21). However, it is important to
emphasize that the latter studies addressed the effects of very
high concentrations of the diol in critically ill patients. More
recent studies indicate that 12,13-DiHOME inhibits rather than
potentiates the respiratory burst in neutrophils (22). One addi-
tional consequence of sEH down-regulation in zebrafish was the
development of a smaller eye. Exactly why eye development was
affected is unclear but the sEH is expressed in the Miiller glia
cells that act as a pool of retinal progenitor cells and are regu-
lated by canonical Wnt signaling/B-catenin (23).

Our next step was to transfer the observations made in
zebrafish to mice. We found that the sEH was expressed in bone
marrow cells, that SEH activity was substantially higher in Lin-
cKit™ cells than in Lin™ cells, and that bone marrow cells gen-
erated the EET/DHET and EpOME/DiHOME pairs detected in
the zebrafish extracts. To determine the mechanism underlying
the effects observed, we focused on the Wnt signaling pathway
because it controls hematopoietic stem cell self-renewal in the
zebrafish and mouse, as well as bone marrow repopulation (13).
Neither 11,12-EET not 12,13-EpOME had any effect on p-cat-
enin in Lin~ cells (in contrast to the zebrafish, where EpOME
was just as effective as the inhibitor in decreasing the number
of cmyb™Imo2* cells). However, similar to the effects reported
for prostaglandin E, (PGE;) (9, 24) and lipoxygenase products
(25, 26), 11,12-DHET and 12,13-DiHOME stabilized p-catenin
in vitro and increased f-galactosidase activity in vivo in a re-
porter mouse. Both lipids also increased murine stem and short-
term repopulating progenitor populations in vivo following
transplantation and were able to restore spleen colony-forming
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ability to cells isolated from sEH™~ mice. In addition, the in-
hibition of GSK3, which targets f-catenin for degradation
through the proteasome, increased progenitor cell colony for-
mation in the spleen assay and partly reversed the effects of sSEH
inhibition. Such a link fits well with previous observations
reporting enhanced GSK3 phosphorylation (and inhibition) in
ischemic hearts from sEH™~ compared with WT mice after
acute ischemia and reperfusion (27). PKA could also represent a
point of crosstalk between lipid signaling and the Wnt pathway, as
it does after PGE, stimulation (24). However, although the kinase
can be activated by EETs (5), definitive proof of its activation by
11,12-DHET and 12,13-DiHOME is currently lacking.

In addition to the effects on progenitor cell proliferation, we
found that CYP and sEH activity was acutely altered (after 48 h)
when mice were treated with G-CSF. Indeed, in WT mice the
levels of both EET/DHET and EpOME/DiHOME increased in
bone marrow cells following the administration of the cytokine.
This unexpected finding hinted that in addition to their effects on
proliferation, sEH substrates/metabolites may play a potentially
important role in processes involved in progenitor cell mobili-
zation and subsequent physiological repair processes. Certainly,
the G-CSF-induced mobilization of progenitor cells was at-
tenuated in SEH™'~ mice, as well as in WT mice treated with
t-AUCB. Moreover the potential to influence vascularization
and vascular repair was reduced, as highlighted by the fact that
the number of CD31 and a-actin—positive cells recovered from
SDF-1-impregnated matrices was reduced by sEH knockout.
Exogenous G-CSF administration is, however, not a physiologi-
cal mobilization signal, which is why we determined the ability of
WT and sSEH™~ to recover from hindlimb ischemia. This model
was felt to be particularly suitable because numerous pub-
lications have documented the role of bone marrow-derived cells
in this form of vascular repair (for review, see ref. 28). The re-
covery of blood flow was attenuated in sSEH ™~ vs. WT mice and,
just as it was possible to restore c-myb/lmo2 double cells in the
zebrafish with 12,13-DiHOME, treating mice with this diol (but
not the corresponding epoxide) accelerated the restoration
of blood flow in sSEH™~ animals to levels seen in WT mice. At
first sight these data seem to contradict a report that the over-
expression of CYP epoxygenases promotes angiogenesis in the
ischemic rat hindlimb (29). However, it is necessary to point out
that the latter studies were performed in animals with normal
sEH activity and thus able to generate the PUFA diols we found
to be essential for full repair in this study. Moreover, although
the authors focused on generating parallels between the con-
sequences of CYP overexpression and the in vitro actions of the
EETs, no direct comparison of the biological actions of the
epoxides and diols was made, and the eventual role of a bone
marrow-derived cell population in the phenomena described was
not addressed. It is also important to note the fact that trans-
plantation of SEH”~ mice with bone marrow cells from WT
animals restored bone marrow epoxide hydrolase activity in the
present study; largely normalized progenitor cell mobilization
and improved revascularization following hindlimb ischemia in-
dicating that the effects observed were related to altered HPC
function rather than an effect of the CYP/sEH axis on the bone
marrow niche.

Taken together, our data indicate that fatty acid diols, in
particular 12,13-DiHOME and 11,12-DHET, are critical modu-
lators of progenitor cell proliferation and mobilization by acti-
vation of the canonical Wnt signaling cascade. Thus, it appears
that the fatty acid diols affect hematopoietic stem cells by
a mechanism similar to that of eicosanoids, such as PGE, and
15-hydroxyeicosatetraenoic acid (i.e., via the stabilization of
B-catenin) (9, 24-26). There is currently great interest in the
biology of the CYP/sEH axis because sSEH™~ mice and sEH
inhibitor-treated mice are protected against the development of
some forms of hypertension and inflammation (for review, see
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ref. 30). Several experimental studies have, however, provided
circumstantial evidence for a role for the sEH in bone marrow
cell mobilization, because although there are no obvious differ-
ences in the blood profiles of WT and sEH™~ animals under
resting conditions, inflammation-induced tissue infiltration with
potentially proangiogenic cells, such as lymphocytes, neutrophils,
and macrophages, has been reduced (4, 31-34). These findings
and the results of the present investigation indicate that the long-
term inhibition of the sEH may prove detrimental to the res-
olution of infection as well as to homeostatic functions, in-
cluding hematopoeitic stem cell proliferation, mobilization, and
vascular repair.

Methods

Animals. C57BL/6 mice (6-8 wk old) were purchased from Charles River. SEH™~
mice (35) were kindly provided by Frank Gonzalez (National Institutes of
Health, Bethesda, MD) and crossbred for 10 generations onto the C57BL/6
background in the animal house facility at Frankfurt University. TOP-Gal/
C57BI6 transgenic mice (14) were from the Jackson Laboratory.

Mice were housed in conditions that conform to the Guide for the Care
and Use of Laboratory Animals published by the National Institutes of
Health (NIH publication no. 85-23). All experiments were approved by the
governmental authorities (Regierungsprasidium Giessen: F28/11, F28/10) and
in all experiments, age-, sex-, and strain-matched animals were used. In some
experiments animals were given the sEH inhibitor, t-AUCB (4 mg/L) in the
drinking water, as previously described (36).
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Transgenic Tg(cmyb:EGFP)zf169 (9) and Tg(Imo2:dsRed)zf73 (37) zebra-
fish, kindly provided by Leonard I. Zon (Children’s Hospital, Boston, MA), and
Tg(kdrl-EGFP)s843 (38) were used. Embryos were raised at 28 °C in embryo
buffer containing 0.003% 1-phenyl-2-thiourea to prevent pigmentation. For
microscopy, embryos were anesthetized in 0.02% tricaine and mounted in
1.5% low melting-point agarose and stacks of optical sections were captured
with a confocal microscope or an inverted fluorescence microscope. Projec-
tions of stacks of confocal images were generated with LSM image browser
(Zeiss) and processed in Adobe Photoshop. In some studies t-AUCB, 14,15-
EET/DHET, and 12,13-EpOME/DiIHOME (all 10 umol/L) were added to the
embryo medium, as indicated in Results.

Statistical Analysis. Data are expressed as mean + SEM and statistical eval-
uation was performed using Student t test for unpaired data or one-way
ANOVA followed by a Bonferroni t test when appropriate. Values of P < 0.05
were considered statistically significant.

A detailed description of all of the materials, antibodies, and standard
methods used appear in S/ Methods.
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