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Partial hepatectomy results in the loss of cytochrome P450 enzymes.
During regeneration, the levels of cytochrome P450 activities, apoproteins
and mRNA are reduced. Our present study investigated CYP1A, CYP2E1
and CYP3A induction in the cells of rat liver regenerating for 1, 3, 7, or 14
days. Hepatocytes were isolated from regenerating liver of hepatectomized
rats and treated with enzyme inducers: 3-methylcholanthrene, imidazole and
dexamethasone. CYP1A enzymes of the cells isolated from regenerating
liver were inducible by 3-methylcholanthrene. The rate of induction of the
cells from 3-day regenerating liver by 3-methylcholanthrene was three times
higher than that of the hepatocytes of sham-operated rats. Dexamethasone
caused about two- or three-fold stronger elevation of CYP3A in the cells of
1-, 3- and 7-day regenerating liver than in hepatocytes of sham-operated ani-
mals. However, the degree of CYP2E1 induction by imidazole was the same
(about 2.5-fold) at each regenerating time as it was detected in the hepato-
cytes of sham-operated animals. In conclusion, the inducibility of the cells
was retained at each regenerating time, but the degree of induction showed
some differences.
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Abbreviations: AhR – aromatic hydrocarbon
receptor, CAR – constitutive androstane receptor,
HBSS – Hank’s balanced salt solution, P450 – cy-
tochrome P450, PPAR – peroxisome proliferators-
activated receptor, pRb – retinoblastoma protein,
PXR – pregnane X receptor, TCDD – 2,3,7,8-tet-
rachlorodibenzodioxin

INTRODUCTION

Cytochrome P450 (P450) enzymes catalyze
biotransformation of various exogenous (drugs,
chemicals, pesticides) and endogenous (prosta-
glandins, steroid hormones, leukotriene) substrates.
Although P450-mediated reactions are primarily
detoxification processes, certain substrates are me-
tabolically activated resulting in the generation of
reactive intermediates with increased toxicity or
mutagenicity [33]. Because of their role in metabo-
lism, changes in the basal levels and activities of
P450s are important. Regulation of P450 enzymes
is mediated by endogenous regulatory factors (en-
dogenous regulatory mechanism) or by exogenous
molecules (inducers) [9]. The regulation mainly oc-
curs by activating nuclear receptors {aromatic hy-
drocarbon receptor (AhR) [17], constitutive andro-
stane receptor (CAR) [26, 35], pregnane X receptor
(PXR) [20], peroxisome proliferator-activated recep-
tor (PPAR) [3]}. The ligand-activated receptor binds
to its dimerization partner and as a homo/hete-
rodimer, it can activate the DNA responsive element.
In addition, several coactivators and co-repressors
can modulate the effect of nuclear receptors.

Beside inducers and endogenous regulatory
molecules, there are some pathophysiological
changes (toxic agents, viruses, cirrhosis) that can
influence P450 enzyme activities. After necrosis
the liver cells start to proliferate. A useful model of
hepatocyte proliferation is liver regeneration after
partial hepatectomy [25]. During regeneration, the
levels of P450 activities, apoproteins and mRNA
are reduced [8, 10, 11, 15, 19, 22, 24, 30]. How-
ever, the rate of the reduction is different among
various P450s. Our previous study has demon-
strated that marked decrease in the metabolic ac-
tivities of CYP1A, CYP2E1 and CYP3A occurred
during the first 6 h after partial hepatectomy [28].
A slight decrease and rapid return to the control
level was found in the case of CYP1A, while
marked decrease and slow return to the original

level of CYP2E1 and CYP3A expression was ob-
served.

There are many explanations for the apparent de-
crease in drug metabolism associated with regenera-
tion, like surgical stress, or increase in heme oxyge-
nase activity [34]. Furthermore, the replication but
not transcription is the most important mission of
DNA [13, 25]. It has been reported that the levels
of several transcription factors and receptors are
changed during the cell cycle. Some of them play
roles in the induction of P450 enzymes (e.g. accu-
mulation of retinoid X receptor during hepatocar-
cinogenesis [16], or absence of the nuclear recep-
tors). PPAR� and CAR activities are completely
abolished by the proliferative response of hepato-
cytes to the mitogenic stimulation by their specific
ligands [4]. The levels of some factors are cell cy-
cle dependent, e.g. transcriptional activation of
members of the Ah battery by 2,3,7,8-tetra-chloro-
dibenzodioxin (TCDD) is suppressed in G"/M cells
and shows maximal induction in G- and G� phase.
The fluctuating responsiveness of CYP1A1 to TCDD
accompanying cell cycle progression may be ex-
plained with the fact that retinoblastoma protein
(pRb), a coactivator of AhR also fluctuates during
cell cycle [23].

The current work has made an attempt to charac-
terize the inducibility of CYP1A, CYP2E1 and
CYP3A enzymes by 3-methylcholanthrene, imida-
zole, or dexamethasone, respectively, in hepato-
cytes isolated from regenerating liver.

MATERIALS and METHODS

Chemicals

Dexamethasone, 3-methylcholanthrene, imida-
zole, 7-ethoxyresorufin, resorufin, chlorzoxazone,
phenacetin, ethylmorphine, Williams’ medium E,
nutrient mixture F-12 (Ham), and insulin were the
products of Sigma-Aldrich Chemie GmbH (Deis-
enhofen, Germany). Dichloromethane and acetoni-
trile were purchased from Merck (Darmstadt, Ger-
many). 6-Hydroxy-chlorzoxazone was obtained
from Ultrafine Chemicals (Manchester, UK).
Norethylmorphine was synthesized in Chemical
Research Center, Hungarian Academy of Sciences
(Budapest, Hungary). ECL Western blotting detec-
tion reagents and Hyperfilm01ECL01 were the
products of Amersham Pharmacia Biotech (Buck-
inghamshire, England). Primary antibodies against
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CYP1A1 were purchased from Genetest Co.
(Woburn, MA, USA). Antibodies against CYP2E1
and CYP3A1 were a generous gift from Magnus
Ingelman-Sundberg (Karolinska Institute, Stock-
holm, Sweden). Secondary antibodies were ob-
tained from Bio-Rad (Hercules, CA, USA). All
other chemicals were obtained from Reanal Fine-
chemical Co. (Budapest, Hungary).

Animals

Male Wistar rats (200g) were purchased from
ToxiCoop Safety Toxicological Study Center (Bu-
dapest, Hungary). They were kept under standard
conditions (constant temperature 25°C, 12 h light/
dark cycle). The regeneration was induced by par-
tial hepatectomy. In the first group, about two-
thirds of the liver of the animals was removed by
the method of Higgins and Anderson [7]. The re-
generation period lasted for 1, 3, 7 and 14 days
with four animals for each regeneration time. The
second group of animals was subjected to sham op-
eration during which the abdomen was opened, the
liver was smoothed and the excision was sutured.
Hepatocytes were prepared from regenerating liv-
ers and sham-operated animals, and the cells were
maintained as previously described [2, 6]. The cells
were induced with the following inducers: 3-me-
thylcholanthrene (3.7 �M), dexamethasone (10 �M),
or imidazole (500 �M). After 48 h induction period,
the enzyme activities and the amount of enzyme
protein were measured as described below (Fig. 1).

Monooxygenase assays

7-Ethoxyresorufin O-dealkylase activity of
CYP1A enzymes was measured in intact hepato-
cytes as described previously [18]. CYP2E1 was
measured by chlorzoxazone 6-hydroxylase activity
as described earlier [27].

CYP3A was measured by ethylmorphine
N-demethylase activity [32]. The hepatocytes were
incubated with 1.77 mM of ethylmorphine [dis-
solved in Hank’s balanced salt solution (HBSS)] for

45 min. The culture medium with cells was made
alkaline by the addition of 4 M NaOH and ex-
tracted with dichloromethane: isopropanol (85: 15
v/v) mixture. The organic phase was evaporated
and the residue was dissolved in HPLC mobile
phase. The amount of norethylmorphine was deter-
mined by HPLC (column: 125 × 4 mm LiChrospher
RP18, 5 �m; mobile phase: acetonitrile: 50 mM
phosphate buffer (pH 2.5):triethylamine = 10:89.8:0.2
(v/v); flow rate: 0.6 ml min; wavelength: 210 nm).

Western blot analysis

The microsomes prepared from the cells by dif-
ferential centrifugation [31] were analyzed by
Western blotting to immunoquantitate the levels of
apoprotein [12, 29]. Protein concentrations of mi-
crosomes were determined by the method of Lowry
et al. [14], with bovine serum albumin as the stan-
dard. Proteins (2.5–20 �g) were injected into the
wells, and antibodies against CYP1A1, CYP2E1
and CYP3A1/2 were used to detect enzymes.

RESULTS

Induction of CYP1A in hepatocytes from rege-

nerating liver

In untreated cells, 7-ethoxyresorufin O-deal-
kylase activity of CYP1A showed decreasing level
after 1-day regeneration, and it returned to the initial
level within 14 days (Fig. 2A). 7-Ethoxyresorufin
O-dealkylase activity of CYP1A enzymes was also
measured in the cells induced by 3-methylcho-
lanthrene for 48 h (Fig. 2B). CYP1A enzyme activ-
ity in the cells from 1-day regenerating liver was
similar to the 3-methylcholanthrene-induced hepato-
cytes of sham-operated animals. CYP1A inducibility
in the cells isolated from 3-day regenerating liver by
3-methylcholanthrene was significantly (about three
times) higher (1633 ± 538.3 pmol/4 × 102 cells/min)
than in hepatocytes of sham-operated rats (466.3
± 80.3 pmol/4 × 102 cells/min). In 7- and 14-day re-
generating liver cells, CYP1A inducibility did not
differ from the hepatocytes of sham-operated rats.

Amount of CYP1A1 protein in the cells (Fig. 2C)
confirmed the increased inducibility of the hepato-
cytes isolated after 3-day regenerating period as
compared to the cells of sham-operated rats.
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Induction of CYP2E1 in hepatocytes from rege-

nerating liver

In untreated cells, chlorzoxazone 6-hydro-
xylation activity of CYP2E1 decreased slowly up to 7
days after partial hepatectomy, and it returned to the
original level after 14-day regeneration (Fig. 3A). Af-

ter the 1-, 3- and 7-day regenerating period, the en-
zyme activities of untreated cells were significantly
lower (54%, 39% and 40%, respectively) than in
the hepatocytes of sham-operated rats. CYP2E1 ac-
tivities of imidazole-induced hepatocytes of rats re-
generating for 1, 3 or 7 days also decreased com-
pared to the imidazole-treated hepatocytes of
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sham-operated animals (Fig. 3B). Although reduc-
tion in the activity of imidazole-treated cells de-
pended on the regeneration period, the degree of
CYP2E1 induction in the cells of regenerating liver
at each time point was found to be the same (about
2.5-fold) as in those of sham-operated rats. CYP2E1

protein contents also confirmed the findings with
CYP2E1 activities (Fig. 3C).

Induction of CYP3A in hepatocytes from regen-

erating liver

Ethylmorphine N-demethylase activity of CYP3A
displayed some decrease after partial hepatectomy,
but it was not significant as compared to the cells
of sham-operated animals (Fig. 4A). Induction of
CYP3A by dexamethasone produced higher (about
two- or three-fold) levels of ethylmorphine N-de-
methylase activity in 1-, 3- and 7-day regenerating
liver cells than in the dexamethasone-treated hepa-
tocytes of sham-operated rats (Fig. 4B). The levels
of CYP3A enzyme protein were also significantly
higher in hepatocytes of 1-, 3- and 7-day regenerat-
ing liver than in the cells of sham-operated rats
(Fig. 4C).

DISCUSSION

Our previous study [28] demonstrated that the
activities and levels of enzyme proteins of CYP1A,
CYP2E1 and CYP3A decreased during regenera-
tion after partial hepatectomy. Inducibility of these
enzymes was investigated in hepatocytes isolated
1, 3, 7 or 14 days after hepatectomy or sham-
operation. It should be mentioned that CYP1A,
CYP2E1 and CYP3A inducibility in the cells of
sham-operated animals determined on the basis of
specific enzyme activities and protein contents did
not differ from that of intact rats (data not shown).
It can be concluded that surgical stress did not af-
fect the inducibility of hepatocytes.

Partial hepatectomy in rats altered not only the
basal levels of P450 enzymes, but also caused
changes in their induction. Although the inducibil-
ity of CYP1A, CYP2E1 and CYP3A enzymes by
well-known inducers was retained at each rege-
neration time point, the levels of induction were dif-
ferent. The rate of induction of both CYP1A by 3-me-
thylcholanthrene and CYP3A by dexamethasone
was significantly higher in the hepatocytes isolated
from regenerating liver than in the inducer-treated
cells of sham-operated rats. The hepatocytes of re-
generating liver displayed about two or three times
stronger inducibility of CYP1A and CYP3A than
the cells of sham-operated animals. Partial hepatec-
tomy/liver regeneration may cause changes that re-
sult in the loss or reduced expression of some fac-
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tors (e.g. AhR repressor [1]) responsible for the
limitation of maximal induction.

On the other hand, after partial hepatectomy the
basal level of CYP2E1 decreased, but there were
no changes in the degree of the induction during
the regeneration period as compared to sham-
operated groups. The degree of CYP2E1 induction
by imidazole was the same (about 2.5-fold) as in
normal liver cell cultures. During the induction by
imidazole, CYP2E1 enzyme protein increased in
the absence of an elevation of CYP2E1 mRNA due
to the posttranscriptional regulation [5]. The in-
ducer stabilizes the enzyme protein and prevents it
from phosphorylation and rapid degradation by
protease [21]. From our results, it can be concluded
that imidazole was able to prevent the degradation
of CYP2E1 enzyme protein in hepatocytes isolated
both from sham-operated rats and from regenerat-
ing liver.

In conclusion, the inducibility of P450s in hepa-
tocytes of regenerating liver is not the same for
each isoenzyme. P450 enzymes are regulated by
different mechanisms mediated by many kinds of
factors and nuclear receptors. Investigation of acti-
vation and levels of nuclear receptors during liver
regeneration may explain these changes in enzyme
induction.
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