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ABSTRACT. Human microsomal epoxide hydrolase (mEH; EC 3.3.2.3) is an important biotransformation
enzyme and potential risk determinant for pathologies such as cancer and teratogenesis. Currently, the effects of
chemical exposures on human mEH gene expression are largely unknown, but they may constitute a unique
modifier of disease susceptibility. To examine this issue, we exposed cultures of primary human hepatocytes
isolated from seven donors to prototypic chemical inducers [such as phenobarbital (PB), polyaromatic
hydrocarbons, dexamethasone, butylated hydroxyanisole, and ciprofibrate]. Basal levels of mEH RNA and
protein were detected readily in untreated cells. Chemical treatment of cultured hepatocytes resulted in variable
mEH RNA and protein expression, but, in general, only modest modulatory effects were detected following these
exposures. The maximum increase in mEH RNA expression observed was approximately 3.5-fold following
Arochlor 1254 exposure. Immunochemical levels of mEH protein were quantified for all treatment groups in
three cultures and demonstrated less overall variation and, in general, a lack of concordance with corresponding
mEH RNA levels. Cytochrome P450 (CYP) 1A2 and 3A mRNA levels were measured before and following
exposure to B-naphthaflavone and PB, respectively, to permit independent evaluation of hepatocyte inducer
responsiveness. Substantial increases in RNA expression levels for both the CYPIA2 and CYP3A genes
demonstrated that the hepatocyte cultures were robust and highly responsive to inducer treatment. These results
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indicate that the mEH gene in human hepatocytes is only modestly responsive to chemical exposures.
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Biotransformation of endogenous and foreign chemical
compounds is accomplished principally by enzymes en-
coded by phase I and II genes. Experiments, particularly
with animal models, have demonstrated that xenobiotic
exposures often modulate basal expression patterns of
xenobiotic-metabolizing genes. Induction of specific bio-
transformation enzymatic activities can thereby alter the
disposition and toxicologic fate of an exposed substance.
However, predicting genetic effects of chemical exposures
in humans based on extrapolation from animal experiments
can be problematic, due to the existence of species differ-
ences in biotransformation enzyme profiles [1, 2], species-
specific gene induction idiosyncrasies [3, 4], and the large
number of genetic polymorphisms present in outbred hu-
man populations [5, 6] relative to experimental organisms.

In witro methods offer a valuable surrogate to whole
animal studies. In particular, primary cultures of rodent
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hepatocytes maintained under well-defined experimental
conditions have shown great promise in reproducing gene
induction effects observed in animal studies [7, 8]. Our
laboratory has developed methods to culture primary rat
hepatocytes, which preserve a highly differentiated pheno-
type and in vivo response characteristics following exposure
to prototypical chemical inducers of xenobiotic-metaboliz-
ing genes [9—-11]. Improvements in isolation and culturing
methodologies now enable the use of primary human
hepatocytes as a viable means for predicting chemical
exposure effects in humans [12-15].

Xenobiotic-metabolizing mEHT is a member of a group of
enzymes (EC 3.3.2.3) that includes soluble EH, leukotriene
A, hydrolase, cholesterol epoxide hydrolase, and hepoxilin
hydrolase [16]. Among these enzymes, mEH is prominent
with respect to its broad capacity to hydrolyze foreign
chemical-derived epoxides. Striking structural similarities
across mammalian mEH proteins have been deduced from
cDNA sequence information [17-19], which suggest an
important endogenous role for mEH apart from xenobiotic
metabolism. Studies have indicated a role for mEH in bile
acid transport [20-22], although conflicting data have been
reported [23].

Evidence has accumulated supporting an important role
for mEH in biotransformation reactions and its potential
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involvement in several pathologic disease processes. For
example, teratogenic risk associated with mEH levels and
anticonvulsant chemical exposure has been implicated in
animal [24] and human [25] studies. The enzyme also
participates in the generation of carcinogenic metabolites
of polyaromatic hydrocarbons [26—28]. Polymorphic amino
acids in the human mEH protein have been identified [29,
30], and specific allelic variants were reported to be
over-represented in cases of hepatocellular carcinoma [31]
and ovarian cancer [32].

The structure [33], expression [34-37], and polymorphic
amino acids [29] of human mEH have been characterized in
our laboratory to facilitate understanding the importance of
this enzyme in toxicities. An additional risk factor for
chemically induced toxicities may be the uncoordinated
regulation of genes that generate reactive metabolites,
relative to those that detoxify bioactivated agents. Primary
human hepatocytes offer an effective means to test this
hypothesis with respect to mEH.

In this investigation, we used primary human hepato-
cytes to examine the responsiveness of the mEH gene to an
array of prototypic chemical inducing agents. Although
cytochrome P450 marker genes were highly responsive to
chemical treatment in cultures established from seven
donors, human mEH expression was affected only modestly
by these agents. This work is the first characterization of
mEH gene chemical responsiveness in primary human
hepatocytes.

MATERIALS AND METHODS
Hepatocytes and Culture Conditions

The human hepatocytes used in these studies were procured
from two sources. Samples HH1-4 were obtained from the
Human Cell Culture Center, and samples HH5-7 were
acquired from the International Institute for the Advance-
ment of Medicine. Hepatocytes, isolated from whole organ
donors using a two-step collagenase procedure [38], were
plated in medium supplemented with 5-10% serum for 4—8
hr. Subsequent to isolation of single cell suspensions and
prior to arrival at our laboratory, hepatocyte samples were
processed as described below.

Hepatocytes isolated from donors HH1 and HH4 were
suspended in Euro-Collins solution as described previously
[13] and shipped on wet ice. Upon arrival, cell pellets were
obtained by centrifugation at 50 g for 10 min and plated
(Falcon T75 tissue culture flasks) in medium essentially as
described [39]. Initial plating density was approximately
1-2 X 107 cells/flask, which provided > 85% confluency.
Hepatocytes from donors HH2 and HH3 were plated on
tissue culture flasks in Williams’ E medium immediately
following isolation and shipped approximately 24 hr later at
ambient temperature. Culture conditions during the initial
24-hr time period were essentially as described by Strom
and co-workers [40].

Hepatocytes isolated from samples HH5-7 were plated to
near confluency (~2 X 107 cells/flask) in Waymouth’s
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Minimal Essential Medium on Primaria plastic (Nunc).
After cell attachment, a chemically defined medium was
applied [41], and flasks were shipped on wet ice.

Following arrival at our laboratory, flasks were vented
and incubated at 37° in 5% CO, for approximately 30 min.
Adherent cells (generally > 90% confluency) were washed
gently with serum-free Williams’ E medium, followed by
replacement with a chemically defined Williams’ E formu-
lation [39]. Approximately 4 hr later, Matrigel™ (Collab-
orative Biomedical Products), diluted to 233 wg/mL, was
added to the medium and swirled gently into solution [39].
Medium was subsequently changed every 24 hr. Culture
conditions similar to those employed in the present study
have been shown to result in optimal induction responses
in rat primary hepatocytes [10].

Chemical Treatment

Approximately 24 hr following Matrigel™ addition, cells
were exposed to prototypic chemical inducers for 24 hr
(HH1, 2, 3, 4, and 7) or 48 hr (HH5 and 6). Thus, prior to
any chemical treatment, hepatocytes adapted to the new
culture conditions for approximately 1 day. The chemicals
tested and the concentrations used were as follows: PB (0.5
mM); DEX (1.0 uM); B-NF (22 pM); BHA (25 pM);
CIPRO (0.1 mM); and ARO (2000 pg/mL). The DEX
concentration in experiments HH5, 6, and 7 was increased
to 20 uM. The ARO concentration was decreased to 2
peg/mL in HH5, and to 30 pg/mL in HH6 and HH7. All
chemicals were of the highest quality commercially avail-
able.

Following chemical treatment, cells were washed briefly
with sterile PBS, and collected by scraping with a rubber
policeman. Cell pellets, obtained by centrifugation at 50 g,
were resuspended in a nominal volume of PBS. For protein
analysis, a small volume of the cell suspension (~20%) was
snap frozen in liquid nitrogen and stored at —80° until
further processing.

RNA Analyses

RNA was isolated [42] and processed as described [34].
Cellular RNA expression levels were determined using 5 g
of total RNA applied to a Minifold II slot blot manifold
(Schleicher & Schuell), as reported previously [34]. Using
oligonucleotide probes, mEH RNA expression was normal-
ized to 18S rRNA levels, after being quantified densito-
metrically as described [34].

CYP3A mRNA levels were assessed in hybridization
assays using a combination of two oligonucleotides that
were reported previously [43]. The HP oligomer is comple-
mentary to CYP3A3 and 3A4 transcripts, whereas the RP
oligomer also hybridizes to CYP3A7 mRNA. To reflect this
specificity, mRNA species detected with these probes are
collectively referred to as CYP3A.

CYP1A2 mRNA expression was assessed by hybridiza-
tion to the following probes:
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TABLE 1. Hepatocyte donor information
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Age

Liver sample (years) Sex Race Cause of death Drug history*
HH1 19 Male Caucasian Gunshot wound Smoker (2 years)
HH2 72 Male Caucasian Cerebral vascular accident Coumadin, atenolol,

digoxin, captopril
HH3 63 Female Caucasian Intracerebral bleeding secondary Coumadin

to motor vehicle accident

HH4 5 Female Black Head trauma None
HH5 37 Female Caucasian Gunshot wound Prozac, smoker (20 years)
HH6 59 Male Caucasian Cerebral vascular accident Smoker
HH7 1.67 Male Hispanic Head trauma None

*Drug history refers to pre-hospitalization.

CYP1A2 HP, 5’-
AAC/AAG/GGCI/TGA/GTC/CCC/GT-3’

CYP1A2 RP, 5'-
GAG/GTT/GCC/GCT/GGC/TCT/AG-3’

These oligomers do not have significant sequence similarity
to other reported CYP genes, especially CYPIAI (= 14/20
matches). The specificity of oligomer probes was confirmed
by northern blot analyses, where the appropriate molecular
size for each mRNA species was observed (data not shown).

Immunoreactive mEH Protein Analysis

S-9 protein was isolated as previously described [34]. Ten
micrograms of S-9 protein from each sample was size-
fractionated in a 10% polyacrylamide gel, transferred to an

Immobilon-P membrane (Millipore Corp.), and reacted
with mEH antibody [34].

Quantitative Densitometry and Data Analysis

Autoradiograms obtained from slot-blotted RNA, and
western-blotted proteins were exposed within the linear
range of the X-ray film. Images were quantified as described
previously [34], and results are presented either as relative
densitometric units, or as normalized values derived from
chemically treated cells, relative to control levels. Histo-

grams were generated using Origin software, version 4.10
(Microcal).

RESULTS

Hepatocyte donor information is presented in Table 1. The
seven donors include three ethnic groups, both genders,
and a broad range of ages (less than 2 years old to 72 years
old). In each case, head injury was the primary cause of
death. The livers from which hepatocytes were isolated had
no reported pathology. Livers were harvested initially with
the intent to transplant, but could not be utilized for this
purpose.

Cells shipped to our laboratory overnight in suspension
(HH1 and HH4) were evaluated for viability by trypan blue
exclusion, before plating. Viability was estimated to be
> 90%, and the majority of cells adhered to tissue culture
flasks within 4 hr of plating. Under phase contrast light
microscopy, hepatocytes from each of the seven prepara-
tions were morphologically cuboidal and epithelial in
appearance. Cell density was sufficiently high in all exper-
iments to permit many areas of cell-cell contact and
apparent junction formation. During the experimental
duration, there was no obvious indication of cellular tox-
icity following any chemical treatment, although the ap-
pearance of granules within cells was noted in some
instances.

Due to the limiting number of hepatocytes available for
these analyses, coupled with the objective to evaluate as
many potential inducers as possible, it was not feasible to
conduct detailed concentration—response optimization ex-
periments. Instead, generally saturating levels of each
chemical were selected, based on previous reports of xeno-
biotic gene modulatory effects observed for PB [11], DEX [9,
44], B-NF [11], ARO [43], CIPRO [45], or BHA (Raaka S
and Omiecinski CJ], unpublished observations) in cell
culture experiments. Among the seven experiments, how-
ever, ARO and DEX were applied at more than one
concentration, which permitted effects of concentration to
be considered for these chemicals.

The quality of RNA isolated from control and chemi-
cally treated hepatocytes was evaluated on 1.25% agarose/
2.2 M formaldehyde denaturing gels. Based on the presence
of intact 18S and 28S rRNA, degradation was judged to be
minimal (data not shown). To maximize quantitation
efficiency, RNA expression levels in control and treated
cells were determined from five pg of total RNA applied to
slot blots and hybridized to gene-specific oligomer probes.

A representative slot blot of mEH and 18S rRNA
gene-specific expression, obtained from HHG, is presented
in Fig. 1, panel A. RNA expression for mEH was apparent
in both uninduced and chemically treated cells, but auto-
radiographic signal intensity did not vary greatly between
treatments. Normalization of mEH RNA expression to the
corresponding 18S rRNA level (right column) revealed



1062 C. Hassett et al.

[>]
(@]
&

HH1
Treatment mEH rRNA 3004
Control — — § 250
PB - p— g 200
BHA —_— — @ 150 -
B-NF -— | - =§ 100
DEX - — g sl
Ciprofibrate | — .
Control  PB BHA  B-NF  DEX CIPRO  ARO
Arochlor 1254| e -— Treatment
Cc
: IE 5 HH3
350 HH2
3004 300
§ 2504 § 250 -
: -
T T
: i
2 2 1w
ko ki
& & s
Control PE BHA - DEX ClPR ARO 0- Caontrol PB BHA B-NF DEX CIPRO ARD
Treatment Treatment

(m|
[

350 = 350
HH4 HH5
300 4 300~
3 T ]
4= 3
<
g 2004 E 200+
E 150 < E 150 =
E E
2 1001 H 1004
g k]
& & sod
1B ; . od - o
" Control p-NF DEX CIPRO ARO Contrel PB p-NF DEX CIPRO ARO
Treatment Treatment
@ 350 HH6 lE 350 HH7
3004 300 -
% 250+ % 250 ~
< <
E =
g™ &
I I
w B w
E 150 £
2 100- 2
g’ %
& s &
h Controi BHA |ijF DEX CIPRD ARO Contral PB BHA DEX CIPRO ARD
Treatment Treatment

FIG. 1. Primary human hepatocyte expression of mEH RNA. Total RNA from control and chemically treated cells was applied to slot
blots, probed with gene-specific oligomers, and quantified densitometrically. Panel A: Representative autoradiograms for mEH RNA
and 18S rRNA expression obtained from experiment HH6. Panels B-H: mEH RNA expression after chemical treatments, relative to
corresponding untreated cells, for each hepatocyte experiment. mEH RNA expression levels were normalized to 18S rRNA levels for
each treatment. ND, not determined.
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FIG. 2. Expression of mEH protein in primary human hepatocytes. S-9 protein from control and treated cells was size-fractionated,
transferred to membranes, and visualized with mEH anti-peptide antibody. Panel A: Representative western immunoblot of mEH
protein expression obtained from experiment HH5 demonstrating specificity of mEH antibody. Panels B-D: mEH protein expression
in experiments HH5-HH7. Expression levels, measured as integrated optical density (IOD) units, were standardized at 12 for all

experiments. ND, not determined.

that cells treated with B-NF and ARO expressed the
highest levels of mEH RNA, which were approximately 2-
and 3-fold greater, respectively, than those observed in the
corresponding untreated cells. Normalization of mEH RNA
expression levels relative to the corresponding control
values for each of the seven experiments is graphically
presented in Fig. 1, panels B-H. In each graph, the ordinate
was standardized at 350 (3.5 X control value) to facilitate
inter-experimental comparison. As apparent from the fig-
ure, effects on mEH steady-state RNA expression were
variable for each of the chemical treatments among the
different donor hepatocytes. In most cultures, exposure of
cells to B-NF and ARO resulted in the greatest accumula-
tion of mEH RNA. In the case of HH5, no increase in mEH
RNA level was observed following exposure to either 3-NF
or ARO; the lack of an ARO-induced response may be due
to the lower concentration of chemical applied in this
experiment (2 pg/mL).

mEH RNA expression levels following exposure to the
other chemicals tested was typically more variable than
observed with B-NF and ARO treatment. For instance, PB
exposure resulted in 1.5- to 2-fold increases in steady-state
mEH RNA expression in experiments HH1, 2, 3, and 7, but
had little or no effect on hepatocytes isolated from the
other donors. Treatment with BHA also resulted in a highly

variable response with 2- to 3-fold increases noted in HH1,
3, and 7 but less effect seen in the other samples. In
contrast, there were very modest changes observed in mEH
RNA expression following exposure to either DEX or
CIPRO.

Cellular S-9 protein was prepared from each of the
treatment groups in experiments HHS5, 6, and 7, permitting
assessment of mEH immunoreactive protein content. West-
ern blotted protein obtained from HH5 (Fig. 2, panel A),
characteristic of other experiments, demonstrates the spec-
ificity of the anti-mEH antibody. The absence of notable
mEH protein variation following chemical exposure was
reminiscent of mEH RNA expression observed in HH5
(Fig. 1, panel F). Figure 2, panels B-D, graphically presents
mEH immunoreactive protein levels determined in exper-
iments HH5-7. In all cases, mEH protein expression varied
moderately in chemically treated cells, relative to controls
(< 2-fold maximal change), and no uniform relationship
between mEH protein content and steady-state RNA level
was apparent. For example, in HH6, ARO treatment did
not alter mEH protein content, whereas exposure to this
agent resulted in a > 3-fold increase in steady-state mEH
RNA. Also in HH6, exposure to CIPRO produced a modest
accumulation in mEH RNA (approximately 25% greater
than untreated cells), whereas immunoreactive protein



1064

] Uninduced mEH RNA
24— B Uninduced mEH Protein

Relative Densitometric Value

HH4 HH5 HH6 HH7
Hepatocyte Experiment

B-NF mEH RNA

a0 [ p-NF mEH Protein

Relative Densitometric Value

H‘H4 HHS HHE HH7
Hepatocyte Experiment

FIG. 3. Comparison of interindividual variation in mEH RNA
and protein expression. Panel A: RNA and S-9 protein were
isolated from untreated hepatocytes in experiments HH4-HH7,
and mEH expression was measured by reactivity with gene-
specific oligomer probes and antibody, respectively. Panel B:
Relative expression of human mEH RNA and protein in
B-NF-treated primary hepatocytes.

content was increased to the maximal amount observed in
this experiment.

The relationship between mEH RNA and protein ex-
pression was determined more explicitly in experiments
HH4-7. RNA and S-9 protein isolated from control and
B-NF-treated cells were prepared in parallel and directly
compared. Figure 3, panel A, depicts a histogram of
densitometrically scanned control RNA and protein blots
obtained from autoradiographic signals. Although unin-
duced RNA and protein levels showed a disproportionate
positive correlation in HH4, 5, and 6, they were inversely
related in HH7. The mEH RNA/protein relationship ob-
tained following treatment with 3-NF is presented in panel
B. Relative mEH RNA expression was less predictive of
immunoreactive protein content compared with the unin-
duced state. Similar to the untreated hepatocyte prepara-
tion, donor HH7 mEH RNA levels were inversely associ-
ated with mEH protein following 3-NF exposure.

To confirm that the hepatocyte culture conditions were
permissive for xenobiotic-metabolizing gene responsiveness

C. Hassett et al.
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FIG. 4. CYP1A2 mRNA expression in primary human hepato-
cytes. Panel A: Representative slot blots of CYP1A2 and 18S
rRNA expression obtained from HH2. Panel B: Steady-state
CYP1A2 RNA expression detected in untreated and B-NF-
exposed cells in experiments HH1-HH7. Control levels were
arbitrarily assigned a value of 100 to permit inter-experimental
comparison.

following chemical treatment, RNA was isolated from each
experiment and analyzed with hybridization probes comple-
mentary to two human CYP genes that are regulated by
prototypic inducers. The human CYPIA2 gene is respon-
sive to PAH compounds [46-48], and exposure to PB
increases CYP3A mRNA expression [44].

Figure 4, panel A, presents an RNA slot blot derived
from HH2 hepatocytes and hybridized to CYP1A2 (left
column) or 18S rRNA (right column) probes. Striking
increases in levels of CYPIA2 mRNA expression resulted
from B-NF or ARQO treatment, whereas exposure to the
other chemicals tested resulted in minimal change relative
to the uninduced state. The CYP1A2 responsiveness to
B-NF in each of the seven hepatocyte preparations is shown
graphically in Fig. 4, panel B. The expression levels
observed in control cultures was arbitrarily assigned a value
of 100 to permit interindividual comparison. Hepatocytes
from each of the seven experiments displayed pronounced,
but varied, B-NF responsiveness. Donor HH3 demonstrated
14-fold induction of CYP1A2 steady-state RNA following
B-NF treatment, whereas HH5 exhibited an ~7-fold in-
crease above corresponding control cells.

Figure 5, panel A, presents a slot blot of RNA isolated
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FIG. 5. CYP3A RNA expression in primary human hepato-
cytes. Panel A: Representative slot blot analyses of CYP3A and
18S rRNA expression obtained from HH7. Panel B: Steady-
state CYP3A expression levels in untreated and PB-exposed
hepatocytes in experiments HH1-HH7. Control levels were
assigned the value of 100 to permit inter-experimental compar-
ison.

from HH7 that was probed with oligomers complementary
to CYP3A (left column) or 18S rRNA (right column)
genes. Cells treated with PB, ARO, and, to a lesser extent,
BHA displayed increased CYP3A RNA expression relative
to control cells. Figure 5, panel B, depicts a histogram of the
densitometrically scanned levels of CYP3A mRNA isolated
from control and PB-treated cells in the seven hepatocyte
experiments. Again, control values for each experiment
were fixed at 100% to permit comparison. Exposure to PB
resulted in remarkably varied CYP3A RNA expression
compared with uninduced cells, ranging from approxi-
mately 4- to 30-fold (HH6 and HH2, respectively).
Relative variations in mEH, CYP1A2, and CYP3A RNA
expression profiles following chemical treatment are, in
part, a function of the constitutive expression levels for
each of these genes. The interindividual constitutive ex-
pression patterns for the respective genes in the different
hepatocyte preparations were compared by applying 3 g of
total RNA isolated from each experiment to a single
slot-blot membrane that was hybridized to the gene-specific
probes, and normalized to 18S rRNA levels. The results of
this analysis are summarized as a histogram in Fig. 6.
Constitutive RNA expression levels varied approximately
3.9- and 2.6-fold for mEH and CYP1A2, respectively. A
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remarkable 9.6-fold variation was observed for uninduced
CYP3A expression in the seven donor hepatocyte samples.

DISCUSSION

In the current investigation, we used cultures of primary
hepatocytes, isolated from non-diseased donor livers, to
determine human mEH gene expression patterns following
exposure to prototypic chemical inducers. Human hepato-
cytes maintained in a cell-differentiated state permit the
examination of chemically mediated perturbations in gene
expression, experiments that cannot be conducted ethically
in vivo. To our knowledge, this report is the first character-
ization of the human mEH gene modulatory response in
primary hepatocytes following well-defined chemical expo-
sure conditions.

Based on our results obtained from seven different
cultures of primary hepatocytes, together with previous
analyses of liver samples [34], we conclude that human
hepatic mEH RNA is expressed at readily detectable basal
levels. Additionally, the results reported here indicate that
treatment of primary hepatocytes with prototypic chemical
agents does not markedly perturb mEH RNA steady-state
expression. For example, exposure to ARO resulted in a
maximal 3.5-fold increase in mEH RNA above untreated
levels in HH3, with more modest effects in the remaining
cultures. It is noteworthy that apparent idiosyncratic
changes in mEH RNA expression also were detected
following other chemical treatments. PB, BHA, or B-NF
treatment in the different hepatocyte cultures resulted in
various steady-state mEH RNA expression level changes
that were at times increased, decreased, or unchanged
relative to the respective constitutive values. These obser-
vations support the concept that the mEH steady-state
RNA expression levels observed among the samples subse-
quent to chemical treatments reflects variation in interin-
dividual response capacity. Induction polymorphisms have
been postulated for other xenobiotic-metabolizing genes,
such as the CYP1A family, following exposure to 2, 3, 7,
8-tetrachlorodibenzo-p-dioxin (TCDD) in primary human
hepatocytes [49].

Because hepatocyte mEH RNA expression levels were
not strikingly altered by chemical exposure, it was necessary
to demonstrate that the cells maintained the capacity to
respond to xenobiotic treatments. CYP1A2 and CYP3A
mRNA expression levels, previously shown to increase
following PAH [46—48] and PB [44] treatment, clearly
displayed striking chemical responsiveness in each of the
seven hepatocyte cultures. These observations indicate that
the hepatocytes were in an inducer-functional, if not
optimal, state and were capable of genetic response to
chemical exposures. Of potential biologic importance,
chemical responsiveness of the CYP genes analyzed in this
study was not predictive of mEH gene response. For
example, B-NF exposure resulted in markedly increased
CYP1A2 mRNA levels, but this treatment caused only
modest changes in mEH expression.



1066 C. Hassett et al.

1.6

mEH RNA Level

HH1 HH2 HH3 HH4 HH5 HH6 HH7

Hepatocyte Experiment

CYP 1A2 RNA Level

HH1 HH2 HH3 HH4 HH5 HH6 HH7
Hepatocyte Experiment

2.0

1.5 1

CYP 3A RNA Level

0.5 1

o.o- - o o 5
HH1 HH2 HH3 HH4 HHS HH6 HH7

Hepatocyte Experiment
FIG. 6. Variation in constitutive expression of mEH, CYP1A2, and CYP3 A RNA in primary human hepatocytes. RNA obtained from

untreated cells in the seven experiments was applied to a single membrane and probed with gene-specific oligomers, followed by
normalization to 18S rRNA expression.
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Constitutive levels of gene expression are important to
consider when evaluating chemically modulated mRNA
profiles. Because the hepatocytes were in culture for at least
3 days post donor harvest, it is not likely that basal RNA
expression estimates were influenced by chemical exposures
prior to organ procurement. Donor 6 exemplifies the
influence of constitutive expression on gene response ap-
praisal following chemical treatment. These hepatocytes
demonstrated the highest basal expression of CYP3A RNA
and the lowest relative response to PB among the seven
samples evaluated. Characterization of PB responsiveness
based solely on CYP3A expression levels relative to control
would lead to the potentially erroneous conclusion that
these hepatocytes were minimally responsive, when, in fact,
the absolute level of PB-induced P4503A mRNA could be
similar to other samples.

Assessment of immunoreactive mEH protein content in
all treatment groups for three of the seven hepatocyte
experiments showed that this parameter generally varied
less than the corresponding mRNA value following chem-
ical treatment (at the time points examined). Furthermore,
the mEH protein content was poorly correlated with
mRNA level. Because mEH RNA and protein expression
were assayed at a single time point, it is possible that
molecular half-life considerations play an underlying role in
this conclusion. However, our laboratory has previously
reported a discordant relationship between human mEH
RNA and protein levels in multiple contexts [29, 34, 37].
The present work extends these observations to mEH expres-
sion profiles in hepatic cells following chemical exposures.

The effects of chemical inducers on mEH expression in
human hepatocytes can be compared with results in animal
experiments. In wvivo studies measuring mEH enzymatic
activity in mice and rats exposed to PB, BHA, B-NF, or
PAH demonstrated changes relative to control values, that
were modest and did not exceed 6.5-fold [50, 51]. These
results are generally similar to those reported here using
primary human hepatocytes. In contrast, in vivo exposure to
imidazole compounds was reported to transcriptionally
activate the rat mEH gene, increasing mRNA levels ap-
proximately 10-fold following treatment with ketoconazole
or miconazole [52]. We could not reproduce this effect on
mEH RNA expression in HH3 following treatment with
either 20 pM of ketoconazole or 50 wM of miconazole
(data not shown). In fact, mEH levels decreased relative to
untreated cells following imidazole treatment (24-hr expo-
sure). Possible reasons for this discrepancy in mEH RNA
expression include species differences in induction poten-
tial, treatment effects (time from exposure to measurement
of RNA expression, or dose), and/or an idiosyncratic
response of this hepatocyte donor. Of relevance to these
considerations, dramatic intra-species differences have
been reported with respect to CYP3A induction in primary
hepatocytes [44].

The molecular mechanisms underlying the variation in
mEH RNA and protein expression following chemical
treatment currently are unknown. It is possible that poly-
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morphic cis-acting elements located in regulatory regions of
the mEH gene differentially control mRNA levels resulting
from exposure to certain inducing agents, and we are
currently testing this hypothesis (Raaka S and Omiecinski
C]J, unpublished observations). Regulatory mechanisms in-
volving multigenic controls may also be possible. For
instance, using differential display and rat embryo fibroblast
cells, it has been shown recently that functional p53
protein up-regulates mEH gene expression [53]. Post-tran-
scriptional regulation of mEH expression may constitute
another important control mode.

In conclusion, our analyses suggest that exposure of
primary human hepatocytes to structurally dissimilar chem-
ical compounds, such as PB and B-NF, results in marked
increases in phase | mRNAs (CYP3A and 1A2, respective-
ly), but causes modest alterations in mEH expression. Based
on studies conducted with experimental animals, most of
the chemicals examined in the present study would be
considered bifunctional inducers, capable of modifying
both phase I and phase II metabolism. Chemical exposures
that result in augmented CYP gene expression likely lead to
the increased generation of reactive intermediates by these
phase 1 enzymes. A corresponding modest increase in
human mEH and/or glutathione S-transferase expression
could result in ineffectual detoxification in those instances
when phase II activities are rate-limiting. The absence of a
coordinated modulation in activation/detoxification path-
ways subsequent to chemical exposure implies increased
risk for genotoxic outcomes, such as teratogenesis and
cancer. Future research on the coordinated regulation of
these pathways in human cells and tissues is required to
enable more accurate predictions of toxic events due to the
interplay of induction capacity and chemical exposures.
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