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The microsomal epoxide hydrolase (mEH) and soluble
epoxide hydrolase (sEH) enzymes exist in a variety of
cells and tissues, including liver, kidney, and testis. How-
ever, very little is known about brain epoxide hydrolases.
Here we report the expression, localization, and subcel-
lular distribution of mEH and sEH in cultured neonatal
rat cortical astrocytes by immunocytochemistry, subcel-
lular fractionation, Western blotting, and radiometric
enzyme assays. Our results showed a diffuse immuno-
fluorescence pattern for mEH, which colocalized with
the astroglial cytoskeletal marker glial fibrillary acidic
protein (GFAP). The GFAP-positive cells also expressed
sEH, which was localized mainly in the cytoplasm, espe-
cially in and around the nucleus. Western blot analyses
revealed a distinct protein band with a molecular mass
of �50 kDa, the signal intensity of which increased
about 1.5-fold in the microsomal fraction over the
whole-cell lysate and other subcellular fractions. The
polyclonal anti-human sEH rabbit serum recognized a
protein band with a molecular mass similar to that of the
affinity-purified sEH protein (�62 kDa), the signal inten-
sity of which increased over 1.7-fold in the 105,000g su-
pernatant fraction over the cell lysate. Furthermore, the
corresponding enzyme activities measured by using
mEH- and sEH-selective substrates generally corrobo-
rated the immunocytochemical and Western blotting
data. These results suggest that rat brain cortical astro-
cytes differentially coexpress mEH and sEH enzymes.
The differential subcellular localization of mEH and sEH
may play a role in the cerebrovascular functions that are
known to be affected by brain-derived vasoactive epox-
ides. VVC 2008 Wiley-Liss, Inc.
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Mammals employ various enzymatic pathways to
metabolize drugs and chemical compounds. Epoxide hy-
drolases (EH; EC3.3.2.3) are among the enzymes

involved in the metabolism of epoxides (Lu and Miwa
1980; Wixtrom and Hammock, 1985; Minn et al., 1991;
Ravindranath et al., 1995; DuTeaux et al., 2004;
Enayetallah et al., 2004). Although there are several EHs
(Enayetallah et al., 2005), the two most studied EHs are
the microsomal (EPHX 1; mEH) and soluble (EPHX2;
sEH) forms, which are known to be distributed largely
in the microsomal and soluble fractions, respectively.

The mEH appears to metabolize the xenobiotic
epoxides, some of which are otherwise mutagenic, carci-
nogenic, and cytotoxic, into more water-soluble diols
(Hammock and Ota, 1983). The sEH metabolizes xeno-
biotics but also endogenous epoxides of sterols and fatty
acids (Chacos et al., 1983; Guengerich, 2003; Arand
et al., 2005). Some of these endogenous epoxides and/or
their vic-diols appear to be the substrates for further me-
tabolism by other enzymes, such as cyclooxygenases
(Ellis et al., 1990), and the products have multiple bio-
logical functions, including blood pressure regulation
(Capdevila et al., 2000; Imig et al., 2002) and inflamma-
tion (Node et al., 1999). Emerging data demonstrate that
sEH may be a potential therapeutic target site for the
treatment of certain cancer types, hypertension (Zhao
et al., 2004; Jung et al., 2005), pain, and inflammation
(Morisseau and Hammock, 2005; Schmeltzer et al.,
2005).
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The mEH and sEH enzyme activities and their
expression have been well characterized in liver and ex-
trahepatic tissues, including, kidney, pancreas, and testis
(Hammock and Ota, 1983; Moody et al., 1986; DiBiasio
et al., 1991; Draper and Hammock, 1999; Enayetallah
et al., 2005). The mEH and sEH immunoreactivities
correspond to the proteins with molecular masses of
50 kDa and 62.5 kDa, respectively (DuTeaux et al.,
2004). Immunohistological and immunocytochemical
studies have shown that the mEH is distributed mainly
in the membranes of endoplasmic reticulum and appears
diffuse in the cell cytoplasm and nuclear membrane.
However, mEH can be dislodged from the membrane
under different conditions. The sEH, on the other hand,
is shown to be localized mainly in the peroxisomes and
lysosomes and appears more ‘‘punctate’’ or granular
(Enayetallah et al., 2005, 2006).

Very little is known about the expression and cel-
lular localization of mEH and sEH in the brain (Schilter
and Omiecinski, 1993). Nonetheless, previous studies
have shown that sEH activity is responsible for the rapid
conversion of cytochrome P450-derived epoxyeicosatrie-
noic acids (EETs) in the homogenates of cultured
astrocytes from neonatal rat hippocampus or cortex
(Amruthesh et al., 1993; Shivachar et al., 1995). Here
we report the differential subcellular distribution of
mEH and sEH by immunocytochemical double labeling,
Western blotting, and enzymatic analyses in various sub-
cellular fractions of neonatal rat cortical astrocytes. Our
results show that mEH and sEH are colocalized in cells
that express the astroglial marker glial fibrillary acidic
protein (GFAP). The sEH immunoreactivity and en-
zyme activity were enriched in 105,000g supernatant,
and a minor portion was also found distributed in mito-
chondrial and nuclear fractions. However, mEH immu-
noreactivity and enzyme activities were distributed
among microsomal, mitochondrial, and nuclear fractions.
These results suggest that astrocytes coexpress both
microsomal and soluble EHs, which may play a central
role in the cerebrovascular functions. The differential
distribution of EH proteins and/or enzyme activities in
various subcellular fractions of astrocytes may be of great
significance for our understanding of the possible role of
cytochrome P450-arachidonic acid epoxides in the regu-
lation of various brain diseases, including ischemia,
stroke, Alzheimer’s disease, and cancer.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM) was
obtained from Atlanta Biological (Lawrenceville, GA); penicil-
lin/streptomycin mixture (prepared with 10,000 U/ml of pen-
icillin G sodium and 10,000 lg/ml of streptomycin sulfate in
saline) was obtained from Sigma-Aldrich (St. Louis, MO). Fe-
tal bovine serum was from Nova-Tech (Grand Island, NE).
The radioactive compounds [3H]cis-stilbene oxide (0.555–
1.11 Tbq/mmol) and [3H]trans-1,3-dipenylpropene oxide
(tDPPO) were from American Radiolabeled Chemicals, Inc.

(St. Louis, MO). The primary antibodies used were polyclonal
anti-goat IgG antibody to mEH (Oxford, MI), polyclonal
anti-rat IgG antibody to mEH, and rabbit polyclonal anti-
human IgG antibody to sEH (Enayetallah et al., 2004). The
affinity-purified sEH protein (Enayetallah et al., 2004) was
used as a positive control. Mouse anti-GFAP cocktail was
from Research Diagnostics Inc. (RDI, Flanders, NJ). Horse-
radish peroxidase-conjugated anti-goat IgG, anti-rabbit IgG,
and anti-mouse IgG; fluorescein isothiocyanate (FITC); tetra-
methylrhodamine isothiocyanate (TRITC)-conjugated sec-
ondary antibody probes; Cruz markers; anti-b-actin IgG, and
Western Blotting Luminol Reagent were from Santa Cruz
Biotechnology (Santa Cruz, CA). Auto radiographic hyperfilm
was obtained from Molecular Technologies (St. Louis, MO).
All other chemicals and reagents were obtained from BD Bio-
sciences (VWR International, West Chester, PA) and/or
Sigma-Aldrich.

Cell Culture

Primary cultures of rat cortical astrocytes were prepared
by dissecting cerebral cortices from 1–2-day-old Sprague
Dawley rat pups under aseptic conditions as previously
described (Shivachar et al., 1995; Shivachar, 2007). Purity of
the astrocytes was assayed immunocytochemically by staining
with GFAP.

Immunocytochemistry

Primary cultures of astrocytes were washed in phos-
phate-buffered saline (PBS) and lifted by trypsinization in
0.15% trypsin (Sigma-Aldrich) in PBS containing EDTA (1
mM). The cells were pelleted by centrifugation for 10 min at
200g, and the pellet was suspended in DMEM containing 10%
FBS and penicillin/streptomycin (10,000 U/10 lg/ml) for cell
counting. Approximately 10,000 cells in 400 ll of medium
were plated on round, sterile glass coverslips (12 mm diame-
ter). Cells were allowed to adhere for 2–3 hr, then flooded
with fresh medium and incubated overnight at 378C in a
humidified 5% CO2 incubator. After 24 hr, the medium was
removed, and the attached cells were washed three times with
PBS and then fixed for 10 min in cold (–108C) methanol.
Methanol was aspirated, and the coverslip was allowed to air
dry completely, wrapped in parafilm, and stored in a humid-
ity-free chamber at –208C until further use.

Fixed cells were rehydrated with PBS and blocked for
1 hr with 5% bovine serum albumin (BSA) in PBS. Subse-
quently, cells were incubated with polyclonal rabbit anti-goat
mEH IgG (dilution 1:200) or polyclonal anti-human sEH rab-
bit serum (dilution 1:250) in 2.5% BSA in PBS. After the
incubation, cells were gently washed three times with PBS
and incubated with anti-mouse GFAP IgG cocktail (dilution
1:500) in 2.5% BSA-PBS for 1 hr at room temperature. The
cells were washed and then incubated for 1 hr simultaneously
with the appropriate secondary antibodies (dilution 1:500)
conjugated with TRITC or FITC. After the incubation
(1 hr), cells were washed and stained the nuclei with DAPI-
10 lg/ml (4,6-diamidino-2-phenylindole). To rule out any
nonspecific staining, controls were simultaneously incubated
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by omitting the primary antibody and then with only the sec-
ondary antibodies.

The fluorescence was viewed using a Nikon Inverted
Fluorescence Microscope Eclipse TS100 equipped with CCD
camera. Images were captured in MetaVue software (Meta
Imaging Software; Molecular Devices Corporation, Sunnyvale,
CA). The numbers of cells showing colocalization of GFAP
and EH were counted at least in three different fields for per-
centage calculations after merging the images.

Subcellular Fractionation

The whole-cell lysate was prepared from astrocytes by
homogenizing in 3 volumes of ice-cold 0.25 M sucrose solu-
tion containing 3 mM MgCl2 and protease inhibitors (pep-
statin 1 lg/ml, aprotinin 1 lg/ml, leupeptin 1 lg/ml, and
PMSF 1 mM) and dithiothreitol (10 mM). This cell lysate was
then centrifuged for 10 min at 600g. The pellet (P1) and the
supernatant (S1) fractions were subjected to prepare relatively
enriched nuclear, mitochondrial, microsomal, and soluble frac-
tions by the method of Pacifici et al. (1988). Briefly, the P1
fraction was used for isolating nuclei by suspending in the
original volume 0.25 M sucrose solution and centrifuged for
10 min at 600g. This step was repeated twice, and the result-
ing pellet was then suspended in 2.3 M sucrose containing
3 mM MgCl2 and centrifuged at 50,000g for 60 min at 48C
in an ultracentrifuge (Kendro Laboratory Products). The pellet
was suspended in 1 M sucrose containing 1 mM MgCl2 and
centrifuged at 3,000g for 10 min, and this step was repeated
four times. The final pellet was suspended in 0.25 M sucrose
solution containing 3 mM MgCl2 to constitute the nuclear
fraction.

Next, the S1 fraction was centrifuged for 15 min at
9,000g to sediment mitochondria. The supernatant was further
centrifuged at 105,000g for 60 min at 48C in an ultracentri-
fuge to separate the microsomal (pellet) from the soluble (su-
pernatant) fractions. The mitochondrial and microsomal pellets
were suspended in 0.25 M sucrose solution containing 3 mM
MgCl2. Aliquots of 105,000g supernatant, microsomal, mito-
chondrial, and nuclear fractions thus obtained were stored at
–808C for up to 1 week for Western blotting and/or enzy-
matic assay.

Western Blotting

Aliquots of whole-cell lysate, nuclear, mitochondrial,
and microsomal or soluble fractions (10 lg protein each), dis-
solved in 53 Laemmeli’s gel loading buffer, were separated by
10% SDS-PAGE. Affinity-purified sEH protein (2 ng) was
used as positive control. The separated proteins were trans-
ferred to a 0.45 lm polyvinylidene fluoride (PVDF) mem-
branes (Pall Corporation), blocked with 10% nonfat dry milk
(w/v) in Tris-buffered saline with 0.05% Tween-20 (v/v),
and incubated overnight with goat polyclonal anti-rabbit
mEH IgG (dilution 1:1,000), rabbit polyclonal anti-rat mEH
IgG (1:500), or rabbit polyclonal anti-human sEH serum
(dilution 1:1,000) for microsomal and cytosolic epoxide hy-
drolases. Blots were subsequently washed and incubated for
1 hr at room temperature with anti-goat or anti-rabbit sec-

ondary antibodies conjugated to horseradish peroxidase (dilu-
tion 1:2,500) in 5% blocking buffer. Immunoreactive proteins
were visualized with Western Blotting Luminol Reagent.

Blots were then stripped for 30 min at 508C in stripping
buffer, pH 6.8 (62.5 mM Tris-HCl, 2% SDS, and 100 mM 2-
b-mercaptoethanol), washed three times with PBS, and
probed overnight with goat polyclonal b-actin IgG (dilution
1:1,000) as a further measure of protein loaded. The washed
blots were incubated overnight with anti-goat IgG HRP-con-
jugated antibody and immunoreactive proteins were visualized
using the Western Blotting Luminol Reagent.

Radiometric Assay of mEH and sEH Activity

The enzyme activities of mEH and sEH were quantita-
tively estimated in the whole-cell lysate and in nuclear, mito-
chondrial, microsomal, and soluble fractions by using mEH-
and sEH-selective radioactive substrates as previously described
(Gill et al., 1983; Borhan et al., 1995). The sEH activities in
the 20-fold-diluted samples were measured in sodium phos-
phate buffer (0.1 M, pH 7–4) containing 0.1 mg/ml of BSA
in glass tubes. The assay was initiated by mixing 100 ll of the
samples with 1 ml of sEH-selective substrate [3H]trans-1,3-
diphenylpropene oxide (tDPPO) dissolved in DMF at 5 mM
([S]final 5 50 lM). The reaction mixture was immediately
incubated for 50 min at 308C. The reaction was stopped by
the addition of 60 ll methanol and extracted with 200 ll iso-
octane, which extracts the remaining epoxide from the aque-
ous phase. The mEH activities in the 20-fold-diluted samples
were measured in Tris/HCl buffer (0.1 M, pH 9.0) containing
0.1mg/ml of BSA in glass tubes. The assay was initiated by
mixing 100 ll of the cell samples with 1 ll of [3H]cis-stilbene
oxide (cSO) dissolved in ethanol at 5 mM ([S]final 5
50 lM). The reaction mixture was immediately incubated for
120 min at 308C. The reaction was stopped by adding 250 ll
of isooctane, which also extracts the remaining epoxide from
the aqueous phase. For both assays, control reactions for gluta-
thione-transferase activities were extracted with hexanol in
place of isooctane. The activities were followed by measuring
the quantity of radioactive diol in the aqueous phase using a
liquid scintillation counter (model 1409; Wallac, Gaithersburg,
MD).

Protein Analysis

The protein concentrations in the total-cell lysate and in
the subcellular fractions were measured by the dye binding
method (Bradford, 1976) according to the procedure
described by the manufacturer (Bio-Rad, Hercules, CA).

Data Analysis

The immunoblots were scanned with an External Laser
Bio-Rad Molecular Imager FX (Bio-Rad). Quantity One 1-
D analysis software (Bio-Rad) was used to analyze the inten-
sities of the immunoreactive protein bands in the immuno-
blots.
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RESULTS

Colocalization of mEH and sEH in Rat
Cortical Astrocytes

The phase-contrast microscopic examination of
methanol-fixed cell monolayer revealed that our culture
conditions yielded a uniform, flat monolayer of polygo-
nal cells (Fig. 1A). Nuclear staining with DAPI showed
that each cell contained a conspicuous nucleus homoge-
nous in size and shape depicting the normal cell growth
(Fig. 1B). Immunocytochemical staining for GFAP, a
cytoskeletal protein marker for astrocytes, revealed that
more than 95% cells in culture were GFAP positive
(Fig. 1C) and closely resembled the morphology of type
1 astrocytes, as previously reported (Amruthesh et al.,
1993). We next performed immunocytochemical double
staining to determine whether any of these cells that
express GFAP also express EH protein. Immunocyto-

chemical double staining of astrocytes for mEH using
TRITC-conjugated secondary antibody (Fig. 1D; red
fluorescence) showed diffused staining patterns compared
with the high abundance of GFAP (Fig. 1C; green fluo-
rescence). We also noted a very dense mEH staining,
especially outside of the nuclear membrane correspond-
ing to the microsomes on the endoplasmic reticular
membrane. Merging of images (Fig. 1C,D) showed that
the cells that were positive for GFAP were also positive
for mEH, and the cells appeared yellowish red (see Fig.
3E,F), indicating 100% colocalization. The controls that
were incubated with only secondary antibodies showed
no detectable immunofluorescence, indicating specificity.

We next performed immunocytochemical double
staining to determine whether any of these cells that
express GFAP also express sEH protein (Fig. 2A, phase-
contrast images; Fig. 2B, DAPI staining of nuclei). A
high abundance of GFAP was apparent in the cell cyto-

Fig. 1. Immunofluorescence colocalization of GFAP and mEH in
cultured astrocytes. The secondary cultures of neonatal rat cortical
astrocytes (10,000 cells; A–F), grown on coverslips, were methanol
fixed, double stained with immunofluorescent probes for GFAP and
mEH proteins, and then visualized by immunofluorescence micros-
copy. A: Typical phase-contrast view of the total number of flat
monolayer of polygonal cells in a given field. B: Nuclear staining
with DAPI showing the nuclei (blue fluorescence) in the correspond-
ing field. C: GFAP-positive cells in the same field, stained green

with FITC-conjugated secondary antibody. D: Cells in the corre-
sponding field showing the expression of mEH protein, stained red
with TRITC-conjugated secondary antibody. E,F: Colocalization of
GFAP and mEH proteins by merging the images (B–D), showing
obvious cytosolic colocalization appearing as yellowish-red immuno-
fluorescence. The photomicrographs (A–F) at magnification 320
represent a typical field from one of three preparations from three
different experiments.
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plasm (Fig. 2C; green fluorescence), implying that they
were astroglial cells. Overnight exposure of astrocytes to
polyclonal anti-human sEH rabbit serum (1:250 dilu-
tions) showed more prominent fluorescence. Dense
staining was seen in and around the nucleus (Fig. 2D,
red fluorescence). Merging of sEH and GFAP-stained
cells resulted in colocalization in the cytosolic region,
leaving bright nonmerged reddish nuclei (Fig. 2E).
Merging with the DAPI-stained nuclei resulted in purple
nuclei (Fig. 2F), implying colocalization. These results
indicate a compartment-specific distribution of sEH in
the nucleus and in the cytosol.

We next performed the immunocytochemical dou-
ble staining for sEH and mEH using the polyclonal anti-
bodies (Fig. 3A–F). The mEH immunoreactivity (Fig.
3C; red fluorescence) was more conspicuous in the cyto-
sol, whereas the sEH immunoreactivity (Fig. 3D; green

fluorescence) appeared in some cytosolic regions and
heavily concentrated in the nucleus. An overlay with
mEH appeared greenish yellow only in the cytosol,
showing colocalization of mEH and sEH in the cytosol,
but sEH remained green in the nucleus (E), indicating
that only sEH is in the nucleus. Furthermore, merging
with DAPI (B) yielded purple nuclei (F), indicating
colocalization of sEH with nuclear-specific stain DAPI.
These results clearly indicate that, in astrocytes, sEH
immunoreactivity appeared to be in both cytosol and
nucleus, whereas mEH is restricted mostly to the cyto-
sol, especially around the nucleus.

Immunodetection of EHs in Astrocyte
Subcellular Fractions

To confirm the immunocytochemical results fur-
ther, we next performed Western blot analyses in the

Fig. 2. Immunofluorescence colocalization of GFAP and sEH in cul-
tured astrocytes. The secondary cultures of neonatal rat cortical astro-
cytes (10,000 cells; A–F), grown on coverslips, were methanol fixed,
double stained with immunofluorescent probes for GFAP and sEH
proteins, and then visualized by immunofluorescence microscopy. A:
Typical phase-contrast view of the total number of flat monolayer of
polygonal cells in a given field. B: Nuclear staining with DAPI
showing the nuclei (blue fluorescence) in the corresponding field. C:
GFAP-positive cells in the same field, stained green with FITC-con-
jugated secondary antibody. D: Cells in the corresponding field

showing the expression of sEH protein, stained the cytosol as well as
the nucleus red with TRITC-conjugated secondary antibody. E:
Colocalization of GFAP and sEH proteins in the cytosol, after merg-
ing the images (B,C), appearing yellowish-red immunofluorescence,
whereas the nonmerged nucleus appeared bright red. F: Colocaliza-
tion of nuclear stain DAPI with GFAP and sEH (B–D), appearing as
yellowish red cytosol and magenta-colored nucleus. The photomi-
crographs (A–F) at magnification 320 represent a typical field from
one of three preparations from three different experiments. Scale bar
5 lM.
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various subcellular fractions after separation by SDS-
PAGE. Our results show that the goat polyclonal anti-
rabbit mEH IgG (Fig. 4A) detected an immunoreactive
protein band with a molecular mass of about 50 kDa in
the cortical astroglial cell lysate (lane 1) and mitochon-
drial (lane 2), microsomal (lane 3), and nuclear (lane 4)
fractions. However, no immunoreactivity was detected
in the 105,000g supernatant fractions (lane 5). When the
immunoreactive bands were normalized by reprobing
with antibodies for b-actin (Fig. 4B), the ratio of immu-
noreactive band intensities was increased about 1.5-fold
in the microsomal fraction (Fig. 4B) over that in the
whole-cell lysate.

We next probed the immunoblot with rabbit poly-
clonal anti-human sEH rabbit serum. Our results showed
an immunoreactive band corresponding to �62 kDa in
the whole-cell lysate and in mitochondrial, nuclear, and
105,000g supernatant fractions (Fig. 4C, lanes 1, 2, 4,
and 5), and the molecular weight was comparable to

that of the purified sEH protein loaded as a positive
control (Fig. 4C, lane 6), indicating the expression of
sEH protein in cortical astrocytes. The ratio of sEH/b-
actin was enriched mainly in the nuclear and 105,000g
supernatant fractions about 1.3- and 1.7-fold, respec-
tively, over that of the cell lysate. There was no cross-
reactivity between polyclonal anti-human sEH IgG and
polyclonal anti-rat mEH IgG; the latter failed to recog-
nize the microsomal fraction (Fig. 4C, lane 3).

We next determined whether the EH protein dis-
tribution in the subcellular fractions corresponds to EH
enzyme activities in the mitochondrial, microsomal, nu-
clear, and soluble fractions relative to the total-cell lysate.
Table I shows the specific activities of sEH and mEH
enzymes in various subcellular fractions of astroglial cell
lysate. The crude cell lysate of astroglial cells showed
sEH and mEH activity corroborating in some subcellular
fractions the results of Western blotting and immunocy-
tochemical studies. The soluble fraction showed signifi-

Fig. 3. Immunofluorescence colocalization of mEH and sEH in cul-
tured astrocytes. The secondary cultures of neonatal rat cortical astro-
cytes (10,000 cells; A–F), grown on coverslips, were methanol fixed,
double stained with immunofluorescent probes for mEH and sEH
proteins, and then visualized by immunofluorescence microscopy. A:
Typical phase-contrast view of the total number of flat monolayer of
polygonal cells in a given field. B: Nuclear staining with DAPI
showing the nuclei (blue fluorescence) in the corresponding field. C:
mEH-positive cells in the same field, stained red with TRITC-con-
jugated secondary antibody. D: Cells in the corresponding field

showing the expression of sEH protein in the cytosol as well as the
nucleus green with FITC-conjugated secondary antibody. E,F:
Colocalization of mEH and sEH proteins in the cytosol, after merg-
ing the images (B,C), which appeared as yellowish-red immunofluo-
rescence, whereas the nonmerged nucleus appeared bright green. F:
Colocalization of nuclear stain DAPI with GFAP and sEH (B–D),
appearing as yellowish red cytosol and blue-green nucleus. The pho-
tomicrographs (A–F) at magnification 340 represent a typical field
from one of three preparations from three different experiments.
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cantly higher levels of sEH activity (�3.6-fold) com-
pared with rest of the fractions. In contrast, a low level
of mEH activity was distributed among the subcellular
fractions that were used in the radiometric assay.

DISCUSSION

Our results demonstrate that mEH and sEH are
colocalized in neonatal rat brain cells that express the
astroglial marker GFAP. By immunocytochemistry,
Western blotting, and enzymatic assays with selective
substrates, we show that sEH is distributed mainly in the
105,000g supernatant, and a minor portion is also distrib-
uted in mitochondrial and nuclear fractions. On the
contrary, mEH immunoreactivity was enriched mainly
in microsomal and mitochondrial fractions, with no clear
enrichment in the enzyme activities in any one of the
specific compartments. These results clearly suggest that
neonatal rat cortical astrocytes coexpress both mEH and

sEH. The latter was also distributed in the nuclear frac-
tions, although the function of sEH in the nucleus is
unclear.

The results of the present study are consistent with
our previous reports showing a rapid metabolic conver-
sion of 14,15-EET to its vic-diol by rat hippocampal
astrocytes and rat cortical astrocytes (Amruthesh et al.,
1993; Shivachar et al., 1995). Our present results regard-
ing distribution of sEH in more than one subcellular
fractions are in agreement with a previous study demon-
strating that sEH is both cytosolic and peroxisomal in
human hepatocytes and in renal proximal tubules but
exclusively cytosolic in cells from various other tissues
(Enayetallah et al., 2006). However, the authors did not
include the brain tissue in their study. To our knowl-
edge, this is the first study demonstrating the colocaliza-
tion of both sEH and mEH and their relative distribu-
tions in various subcellular compartments of cultured
astrocytes. The immunocytochemical detection of sEH

Fig. 4. Representative immunoblots showing mEH (A) and sEH (C)
immunoreactivity. Cell lysate, from the secondary cultures of neona-
tal rat cortical astrocytes, was subjected to subcellular fractionation as
described previously (Pacifici et al., 1988), and the proteins (10 lg
each) from various fractions were separated by 10% SDS-PAGE and
transferred to PVDF membranes for visualizing specific immunoreac-
tivity after incubating with primary and HRP-conjugated secondary
mEH and sEH antibodies. A: Immunoblot showing mEH-immuno-
reactive protein bands in the cell lysate (lane 1), mitochondrial frac-
tion (lane 2), microsomal fraction (lanes 3), nuclear fraction (lane 4),
105,000g supernatant (soluble) fraction (lane 5), and affinity-purified
soluble epoxide hydrolase protein (lane 6; 2 ng protein). The mEH
protein immunoreactivity was distinct at 50 kDa. The immunoreac-
tivity of b-actin protein was used as loading control after stripping
and reprobing the above-described blot with polyclonal anti-b-actin
IgG (1:1,000 dilutions) to check the amount of the protein loaded in
all the wells as described in Materials and Methods. B: Bar graphs

depicting the ratio of mEH to b-actin in cell lysate and mitochon-
drial, microsomal, nuclear, and soluble fractions, corresponding to
lanes 1–5, respectively, and expressed as arbitrary units of signal in-
tensity. C: Immunoblot showing sEH-immunoreactive protein bands
in the cell lysate (lane 1) and mitochondrial fraction (lane 2), micro-
somal fraction (lanes 3), nuclear fraction (lane 4), 105,000g superna-
tant (soluble) fraction (lane 5), and affinity-purified soluble epoxide
hydrolase protein (lane 6; 2 ng protein). The molecular mass of affin-
ity-purified sEH protein corresponded to �62 kDa. The immunor-
eactivity of b-actin protein was used as loading control after stripping
and reprobing the above-described blot with polyclonal anti-b-actin
IgG (1:1,000 dilutions) to check the amount of the protein loaded in
all the wells as described in Materials and Methods. D: Bar graphs
depicting the ratio of sEH to b-actin in cell lysate and mitochondrial,
microsomal, nuclear, and soluble fractions corresponding to lanes 1–
5, respectively, and expressed as arbitrary units of signal intensity.
The blots shown are representatives of four repetitions.
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inside and around the nucleus corroborated our Western
blot and enzymatic analyses, suggesting that sEH is
indeed distributed in soluble and nuclear fractions.

The immunocytochemical and Western blotting
data regarding mEH distribution revealed that mEH was
enriched in the microsomal fraction. Whereas immuno-
cytochemical data revealed that mEH is more diffuse
throughout the cytosol, sEH appeared more granular and
highly localized, specifically around the nuclear mem-
brane and inside the nucleus.

The presence of sEH protein in astrocyte cell lysate
corroborated previous studies documenting the presence of
a robust EH activity, hydrolyzing the epoxides from cyto-
chrome P450 epoxygenase metabolism of arachidonic acid
to their vic-diols in astrocytes from rat hippocampus
(Amruthesh et al., 1993) and cortex (Shivachar et al.,
1995). The immunoreactivity of a polyclonal serum against
human sEH with a protein band corresponding to �62
kDa molecular mass and mobility similar to that of the puri-
fied human sEH positive control suggests that astrocytes do
express the sEH protein. Enrichment in the density of the
62-kDa proteins and a �3.6-fold increase in the enzyme
activity in the 105,000g supernatant (soluble fraction) over
the cell lysate suggest its cytosolic localization in astrocytes.
These findings are consistent with the previous studies
showing expression of sEH in rat epididymus (DuTeaux
et al., 2004) and in an array of human tissues (Enayetallah
et al., 2005).

In addition to the cytosolic location of sEH, merg-
ing of GFAP and sEH images shows a nonmerged loca-
tion for sEH, specifically in the nucleus, suggesting nu-
clear localization, in addition to the cyctoplasm. Further-
more, merging of sEH stained cells with DAPI, which
specifically stains nuclei blue, produced a bright purple
color, suggesting the nuclear colocalization. This was
further supported by the double-labeling mEH and sEH
studies, which clearly showed nuclear localization of
sEH. These results suggest that astrocytes coexpress both
mEH and sEHs and therefore may play a central role in
cerebrovascular functions. The distribution of EHs in
various subcellular compartments may be a local defense
mechanism naturally designed to protect the compart-

ment-specific macromolecules from the action of reac-
tive epoxides.

Our immunocytochemical double-staining data
suggest that mEH was coexpressed along with GFAP, a
cytoskeletal protein marker specific for astrocytes. Our
Western blot results suggest that the mEH protein band,
with molecular mass corresponding to �49–50 kDa, is
consistent with a protein identified as mEH in glioma
cells (Kessler et al., 2000). Merging of fluorescence
images showed a diffuse staining pattern, characteristic of
its cytoplasmic presence in astrocytes. This is in close
agreement with the immunohistological and immunocy-
tochemical studies of Enayetallah et al. (2005), who have
shown a diffuse distribution of mEH in the cell cyto-
plasm mainly in the membranes of endoplasmic reticu-
lum and to some extent in the plasma membrane. Con-
sistently with this, our immunocytochemical staining
data show that expression of mEH was more concen-
trated around the outer surface of the nucleus and was
more diffused toward the margins of the cell cytoplasm.
However, there was a slight enrichment in the enzyme
activity in the microsomal fraction in contrast to the
3.6-fold enrichment in sEH activity in the soluble frac-
tion. Because the mEH activity was assayed using the
mEH-selective substrate cSO at pH 9.0, we believe the
activity is selective for mEH. Furthermore, in our prepa-
ration, the microsomal fraction represents the 105,000g
pellet containing the membrane; it is possible that the
mEH dislodged from the membrane during subcellular
fractionation steps and extensive washing procedure,
resulting in a loss of protein and activity. The sEH, on
the other hand, is shown to be localized mainly in the
peroxisomes and lysosomes and appears more ‘‘punctate’’
or granular in form (Enayetallah et al., 2005, 2006).

Interestingly, nuclear localization of other drug-
metabolizing enzymes, such as GST, has recently been
reported (Stella et al., 2007); although a significant
amount of alpha GST was found to be electrostatistically
associated with the nuclear membrane, our immunocy-
tochemical detection of sEH in the nucleus may not be
mere electrostatic association, because the subcellular
fractions were extensively washed with 0.32 M sucrose

TABLE I. Distribution of mEH and sEH Enzyme Activities in Various Subcellular Fractions of

Astrocytes*

Cellular fractions

[3H]cSO hydrolysis

nmol/min/mg cell

protein (% specific activity)

[3H]tDPPO hydrolysis

nmol/min/mg cell

protein (% specific activity)

Whole-cell lysate 0.12 6 0.03 0.3 6 0.1

3,000g pellet (nuclear) 0.14 6 0.04 <0.3 6 0.1

9,000g pellet (mitochondrial) 0.13 6 0.07 ND

105,000g pellet (microsomal) 0.17 6 0.06 ND

105,000g supernatant (soluble) 0.25 6 0.08 0.5 6 0.7

*The enzyme activities are measured by radiometric assays using mEH- and sEH-selective radioactive cSO or

tDPPO substrates, respectively, as described in Materials and Methods. Results are expressed as specific activity

per nmol � min–1 � mg–1 of cell protein. Values in parentheses represent % specific activity normalized to 100%

in total cell lysate for comparison among various subcellular fractions. Values are average specific activity 6 SD

from three independent experiments from three different cell preparations done in replicates of samples assessed

for enzyme activity. ND, not detectable under the experimental conditions used in this study.
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buffer as previously described (Pacifici et al., 1988).
Although the role of sEH in the nucleus remains
unclear, it is conceivable that sEH may protect the
DNA from the destructive action of reactive epoxides of
drugs and endogenous epoxides originated as a result
of cytochrome P450 metabolism of arachidonic acid
(Shivachar et al., 1995). The presence of sEH in the nu-
cleus is particularly important insofar as astrocytes and
neurons are vulnerable to damage by toxic epoxides or
their precursor xenobiotics that may pass the blood–
brain barrier. Furthermore, pathological oxidative metab-
olism can generate endogenous epoxides, which are typ-
ically unstable and chemically reactive. In the human
brain, EH activity has been shown to be six to ten times
higher than in the rat brain (Ghersi-Egea et al., 1994).
The interception of potentially noxious compounds to
prevent DNA damage is a possible physiological role of
the perinuclear and intranuclear localization of EHs.

Another possible site for EH distribution around
the nucleus is the endoplasmic reticulum (ER). Various
studies have reported impairment of ER function in
brain diseases, including cerebral ischemia, Alzheimer’s,
and other neurodegenerative diseases (Paschen and
Frandsen, 2001). These findings raise the possibility of
sEH and mEH presence in ER, in ER-related brain dis-
orders. Consistently with this, changes in the expression
of EHs in astrocytes are seen in case of brain tumors
(Kessler et al., 2000) and in the pathologic process of the
Alzheimer’s disease (Liu et al., 2006). The expression of
EHs in normal rat brain cortical astrocytes might play an
important role in brain disorders involving trauma,
genetic disorders, chemical insults, and infection/inflam-
mation or epileptic seizures. Involvement of sEH in neu-
ronal survival is evident from a recent study linking the
human sEH gene EPHX2 to neuronal survival after is-
chemic injury (Koerner et al., 2007). However, further
studies are needed to provide insight into any compart-
ment-specific role for sEH in brain diseases. Our study
points to the need for a careful investigation and charac-
terization of endogenous expression of mEH/sEH in
other brain cell types, including neurons in various brain
areas, and holds promise for furthering our understand-
ing of interindividual variability of EHs in response to
centrally acting drugs as well as for neurological diseases
and pathologies.
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