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Conversely, the charge neutralization model obviously
takes precedence over the substrate depletion model in
vesicles in which regulation of the activity of phospholipase
Al by negative charges occurs, as evidenced by the data
presented here and the kinetic data reported by Mingeot-
Leclercq et al. [3]. Further studies, however, will need to
establish whether gentamicin binds in a similar fashion and
to the same extent to both types of vesicles. Yet, because
the composition and probably the organization of biological
membranes, especially those of lysosomes, is more akin to
that of type 1 than type 2 vesicles, we may already suggest
that the model of charge neutralization is more relevant to
the in vivo situation, and may therefore be of greater
help in understanding and, hopefully, avoiding the
phospholipidosis induced by aminoglycosides [1]. This
model also suggests that the activity of phospholipase Al
may be modulated in vivo by variation of the lipid
composition and/or the charge of the membranes, a
phenomenon that may play an important role in
phospholipid turnover in health and disease.
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Glucocorticoid-mediated potentiation of P450 induction in primary culture of
rainbow trout hepatocytes

(Received 16 July 1991; accepted 4 November 1991)

Abstract—Induction of 7-ethoxyresorufin O-deethylase activity (a cytochrome P450IA-dependent
activity) by S-naphthoflavone (0.36 uM) is increased 2-3-fold by dexamethasone or cortisol (107°-
1077 M) in rainbow trout hepatocyte cultures. This potentiation does not seem to be a time-dependent
process and could be a classical glucocorticoid receptor-mediated event resulting in enhanced
transcriptional activation of the CYP1A, as previously shown in mammals. Since glucocorticoid levels
can increase in fish exposed to pollutants, such steroids may interfere with the induction response to

xenobiotics.

The hepatic cytochrome P450-dependent monooxygenase
system metabolizes a large number of potentially harmful
xenobiotics, and is highly inducible by well-known organic
pollutants such as polycyclic aromatic hydrocarbons
(PAHs*) and polychlorinated biphenyls [1]. This system
has been described well in fish species, the cytochrome
P450IA (P4501A) isoenzymes being especially sensitive to

* Abbreviations; SNF, beta-naphthoflavone; DEX,
dexamethasone; DMSO, dimethy! sulfoxide; EROD, 7-
ethoxyresorufin O-deethylase; GC, glucocorticoids; Hepes,
N-2-hydroxyethyl piperazine-N’'-2-ethane sulfonic acid;
PAH, polycyclic aromatic hydrocarbon; TAT, tyrosine
aminotransferase; P450, cytochrome P450.

these pollutants [2,3]. In mammals, PAH-induced
accumulation of P450IA has been shown to involve
primarily an increase in transcription mediated by the
cytosolic Ah receptor but posttranscriptional regulation
may also be important [4, 5]. In fish, the factors involved
in P450 induction by PAH:s are not well characterized, e.g.
the presence of an Ah receptor was demonstrated only
recently [6]. Nevertheless, the induction response has been
shown to be modulated by numerous factors such
as reproduction stage, sex, age and ambient water
temperature. In mammals, GC are important modulators
of P450IA induction by PAH-like compounds. Both in
vivo experiments and studies on cultured hepatocytes show
a significant potentiation of the PAH-mediated induction
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by GC[7, 8]. Thus, GC could be a candidate for modulatory
effects of P450 induction in fish. Moreover, GC are
physiologically important steroids which are elevated in
the plasma during stress in fish {9].

The aim of the present study was to investigate the role
of GC in regulating P450 induction by S-naphthofiavone
(BNF) in rainbow trout liver, using primary cultures of
hepatocytes. This system was shown to retain several
physiological important properties, including stable and
inducible P450 levels during a 5 day culture period, which
is important for regulatory studies [10-12].

Materials and Methods

Animals. Rainbow trout (Oncorhynchus mykiss) with an
average weight of 250g, were obtained from a local
hatchery near Géteborg. The trout were kept in tanks with
aerated, filtered and recirculating freshwater at a
temperature of 10° and fed with commercial pellets. All
fish were acclimated to laboratory conditions for a minimum
of 1 month before experimentation.

Chemicals. Medium 199, antibiotic~antimycotic solution
(10,000 U penicillin G/mL, 10mg streptomycin/mL,
25 mg amphotericin B/mL, in 0.9% NaCl), L-glutamine,
dexamethasone 21-phosphate and hydrocortisone 21-
phosphate (cortisol phosphate), collagenase type IV, were
from the Sigma Chemical Co. SNF was purchased from
Aldrich and 7-ethoxyresorufin from Boehringer. All other
reagents were of analytical grade.

Isolation of hepatocytes and culture conditions. Rainbow
trout hepatocytes were isolated as described previously
[11]. Cell viability was assayed by a dye exclusion test using
0.4% Trypan blue. Each perfusion yielded about 0.5-
1 x 10%cells, with viability over 90%. All liquids and
glassware were sterilized prior to use by filtration or
autoclaving. After counting of cells using a Biirker chamber,
hepatocytes in culture medium were seeded at a density of
2 x 10%cells/mL onto surface-treated plastic Petri dishes
(Falcon Primaria) and incubated at 12°. In these conditions,
hepatocytes attached firmly to culture dishes and formed
a rather well-organized monolayer within 24 hr after
plating. The hepatocytes were harvested by flushing the
Petri dishes with culture medium. Cell suspensions were
centrifugated (2 min, 60 g), and the pellets were resuspended
in 1 mL phosphate buffer (0.1 M), pH 7.4, containing 20%
glycerol. Cell suspensions were frozen in liquid nitrogen
and stored at —80° prior to assays.

Experimental treatment. Glucocorticoids were solved in
water and SNF in DMSO (0.1% final, concentration shown
to be not cytotoxic) and mixed with the culture medium

to the desired concentrations. Controls received DMSO
alone. In experiment I, DEX or cortisol were added to the
culture medium prior to cell seeding at concentrations
ranging from 107° to 107" M. After 24 hr of preculture,
BNF (0.36 uM final concentration) and GC were added
when the culture medium was changed. NADPH-
cytochrome ¢ reductase, EROD and TAT activities were
measured after 48 hr of exposure. In experiment II, SNF
and the glucocorticoids were simultaneously added 1 day
after cell seeding and EROD activity measured 48 hr after
addition of SNF and GC.

Enzyme assays. Cells were lysed by sonication. EROD
activity was measured at 20° as described previously [11]
using a 7-ethoxyresorufin final concentration of 0.5 yuM in
phosphate buffer (pH 8.0, S0mM). TAT activity was
measured at 20° following the formation of 4-hydroxy-
benzaldehyde from L-tyrosine and a-ketoglutarate as
described by Granner and Tomkins [13]. NADPH-
cytochrome ¢ reductase activity was measured as described
previously [14].

Protein assay. Protein concentration was determined
according to Lowry et al. [15] using bovine serum albumin
as a standard.

Statistics. Statistical analyses were performed by the
Dunnett’s r-test [16].

Results and Discussion

TAT activity, specifically induced by GC, was increased
in cells exposed to 107-10°M DEX or 10~ M cortisol
for 48 hr, indicating GC uptake by cultured hepatocytes
and subsequent inducive effect of GC (Table 1). However,
the lower GC concentrations did not affect TAT activity,
but investigations at shorter induction times would be
necessary to conclude this, since the response of TAT
activity to GC normally occurs earlier than that for the
potentiation phenomenon seen during PAH induction of
P450IA1, as shown in mammals [7].

The basal EROD activity was not increased by cortisol
or DEX (EROD activity mean value: 0.036 nmol/min X mg
protein, see Fig. 1), suggesting that GC alone do not have
an inducive effect on P450IA. This agrees with results
obtained in primary mammalian cell cultures [8, 17].

PNF treatment of hepatocytes for 48 hr resulted in a 5-
5.3-fold induction of EROD activity (Fig. 1). Induction
ratio of EROD activity in trout hepatocytes is in agreement
with other studies [10, 11], but remains low compared to
those obtained in cultured rat hepatocytes [1].

When the cells were incubated with DEX (107°-10"" M)
for 24 hr before addition of SNF, a potentiation of EROD

Table 1. Induction of TAT by DEX and cortisol

In vitro treatment

TAT activity

(nmol p-hydroxybenzaldehyde/min X mg protein)

None
DEX (M)
107°
1078
1077

Cortisol (M)
10
1078
1077

0.361 = 0.083

0.400 = 0.053
0.387 £ 0.012
0.481 = 0.066*

0.348 = 0.007
0.412 + 0.087
0.612 = 0.104*

Cells were incubated with DEX or cortisol for 72 hr after cell seeding and
harvested after 48 hr of PNF (0.36 uM) induction. The results from SNF-treated
and untreated cells are included since they were not statistically different (each
value represents the mean of six dishes of cells + SEM).

* Significantly different (P < 0.05) from the steroid-free control.
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Fig. 1. Potentiation of the SNF induction of EROD activity by DEX and cortisol. DEX or cortisol
were added at different concentrations to freshly isolated hepatocytes and SNF 24 hr thereafter. EROD
activity was measured after 48 hr of SNF induction (each value represents the mean of three dishes;
SEM are shown as vertical bars). Horizontal line gives the mean value of the control (0.036 nmol
resorufin/min X mg protein). * Significantly different (P < 0.05) from the GC-free assay.

induction was seen resulting in a 6.8-9.8-fold induction of
EROD activity (Fig. 1). In the same way, incubation of
hepatocytes with cortisol for 24 hr before addition of SNF
resulted in a 6~-8-fold EROD induction when 10-%-10~7M
steroid was used, whereas no potentiation of EROD
induction was seen in cells incubated with 10~ M cortisol
(Fig. 1). Further investigations have confirmed this
potentiation phenomenon in trout hepatocytes when using
benzo(a)pyrene as an inducer and cortisol (unpublished
data). Potentiation of P450IA induction has also been
described in rat in vivo [7], in fetal rat hepatocyte culture
[8,18,19] and in cultured human hepatocytes [19, 20]. In
experiment II, both DEX and cortisol potentiated the
induction of EROD when the steroids and SNF were added
at the same time, leading to the same induction increase
as in experiment I (data not shown). Potentiation of P450
induction in liver cells of trout may therefore need the
steroid and the inducer simultaneously but these results
provide little evidence that the GC potentiation of EROD
induction in primary cultures of trout hepatocytes requires
a time-dependent process as it has been recently
demonstrated in Reuber hepatoma cells [21].

To our knowledge, this is the first time that such a GC
potentiation of monooxygenase activity induction has been
shown in a lower vertebrate. The role of GC in potentiation
of PAH-dependent induction of P450IA in rat, human and
fish thus may demonstrate a common regulation of
this protein induction across vertebrate species. This
potentiation could be a classical GC receptor-mediated
event resulting in enhanced transcriptional activation of
the CYP1A, as previously shown in mammals [22,23].
However, the fact that mechanisms of P450IA potentiation
by corticosteroids in mammals have been discussed to
involve both transcriptional activation of the P4501A gene
as well as stabilization of mRNA or the enzyme [24] has
to be taken into account for fish.

NADPH-cytochrome c reductase activity was not affected

t To whom correspondence should be addressed.

by ANF and/or GC treatment (mean activity value 5.2 nmol/
min X mg protein), suggesting that this step is not a rate-
limiting step of the observed synergism phenomenon.

The possibility of potentiating P450IA induction in
hepatocyte culture by using low cortisol concentrations is
relevant to wild fish living in polluted areas. The
concentrations of cortisol used in this study are within the
physiological range measured in unstressed to stressed
trout (107°-5x 1077M) [9]. It is quite important to
consider, on an ecotoxicological point of view, this possible
regulation by GC of P450 induction. Fish living in polluted
areas may respond, at least transiently, with an increase in
plasma glucocorticoid levels which may modulate P450
induction. Present work was carried out in fish cell culture
and thus involvement of GC in induction regulation remains
to be investigated in vivo.
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