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SUMMARY

Cytokines are thought to cause the depression of cytochrome
P-450 (CYP)-associated drug metabolism in humans during in-
flammation and infection. We have examined the role of five
cytokines, i.e., interleukin-18, interleukin-4, interleukin-6, tumor
necrosis factor-a, and interferon-y, on the expression of
CYP1A2, CYP2C, CYP2E1, CYP3A, and epoxide hydrolase in
primary human hepatocyte cultures. Steady state P-450 and
epoxide hydrolase mRNA levels, as well as ethoxyresorufin-O-
deethylase and nifedipine oxidation activities, which are mainly
supported by CYP1A1/1A2 and CYP3A, respectively, were
measured. Interleukin-13, interleukin-6, and tumor necrosis fac-
tor-a were found to be the most potent depressors of P-450
enzymes. After 3 days of treatment, both mRNA levels and

enzyme activities were depressed, typically by at least 40%,

whatever the cytokine and the enzyme considered. Interferon-y
also suppressed CYP1A2 and CYP2E1 mRNA levels and ethox-
yresorufin-O-deethylase activity but had no effect on CYP3A and
epoxide hydrolase mRNAs. In addition, interleukin-4 had the
opposite effect, compared with other cytokines, on CYP2E1
mRNA, which was increased up to 5-fold; ethoxyresorufin-O-
deethylase and nifedipine oxidation activities were not signifi-
cantlyaffected These results provide the first demonstration
that various cytokines act directly on human hepatocytes to
affect expression of major P-450 genes and that a wide range
of responses can be observed among the enzymes for a given
cytokine, suggesting that different regulatory mechanisms may
be involved.

The response of organisms to inflammation and infection is
characterized by a number of changes, which, in the liver,
include increases in secretion of some plasma proteins referred
to as acute-phase proteins, alterations of intermediate metab-
olism, and impairment of drug metabolism and pharmacoki-
netics (1-3). The first demonstration of altered drug metabo-
lism during infectious diseases came from observations showing
delayed theophylline elimination in patients with influenza (2).
Many other studies have since reported depression of drug
biotransformation and elimination during inflammatory reac-
tions and infectious diseases. Further, the reduction in drug
biotransformation capacity was shown to be paralleled by a
decrease in total P-450 content and P-450-associated enzyme
activities (4, 5). The majority of observations have been made
in animals exposed to immunostimulatory agents such as ILs,
TNF-a, and IFNs (5-8).

IFNs and IL-1 are the main factors suspected to be respon-
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sible for mediating suppression of P-450 enzymes in vivo (4, 6,
9). However, several other cytokines and hormones, either
released or administered during the acute-phase response, could
account for this inhibition. A direct effect of cytokines on
hepatic drug metabolism has been suggested from studies on
animal liver cell preparations. Isolated rodent hepatocytes ex-
posed to IL-18 showed a decrease in P-450 content and in some
P-450 enzymes (10). Whether different P-450 families are
similarly affected by different cytokines is still unclear. More-
over, because changes in the pattern of plasma proteins syn-
thesized by the liver during the acute-phase response vary from
one species to another (11, 12) and because major variations
may exist in the rates and routes of drug metabolism in animals
and humans (13, 14), the effects of cytokines observed in rodent
cells cannot be directly extrapolated to humans. In addition,
rodent hepatocytes in pure culture quickly lose P-450 expres-
sion after 1 or 2 days and never recover from the initial drop.
The present study was conducted to determine whether several
cytokines, used at concentrations known to affect plasma pro-
tein patterns, could modulate expression of different P-450

ABBREVIATIONS: P-450 or CYP, cytochrome P-450; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; EROD, ethoxyresorufin-O-
deethylase; CRP, C-reactive protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 3-MC, 3-methyicholanthrene; SDS, sodium dodecyl

sulfate; TBS, Tris-buffered saline; BSA, bovine serum albumin.
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enzymes in primary human hepatocyte cultures. This model
system represents a unique tool to study the direct effects of
cytokines on drug biotransformation in humans. The effects of
IL-18, IL-4, IL-6, TNF-a, and IFN-y on CYP1A2, CYP2C,
CYP2E]1, and CYP3A, as well as epoxide hydrolase, were in-
vestigated. We present the first evidence that the major inflam-
matory cytokines, i.e., IL-18, IL-6, TNF-qa, and, to a lesser
extent, IFN-v, suppress all these enzymes, which represent the
most abundant monooxygenases in human liver. In contrast,
IL-4 has a unique positive effect on CYP2E1 mRNA and
apoprotein.

Materials and Methods

Recombinant cytokines and chemicals. All cytokines were hu-
man recombinant molecules. IL-18 (5 X 10° units/mg of protein)
(referred to as IL-1 in Figs. 2, 3, 4, and 6), IL-6 (107 units/mg of
protein), TNF-a (2 X 107 units/mg of protein), and IL-4 (10® units/mg
of protein) were provided by Genzyme (Cambridge, UK). IFN-y (2.5 X
10® units/mg) was kindly provided by Roussel-Uclaf (Romainville,
France). 7-Ethoxyresorufin and nifedipine were from Sigma (St. Louis,
MO).

Cell isolation and culture. Human liver samples were obtained
from 13 adult donors (seven men and six women, ranging from 44 to
65 years of age) and were designated HL1 to HL13. Tissue samples
were either from livers that could not be used for transplantation or
from liver fragments resected from primary or secondary tumors. All
experimental procedures were done in compliance with French laws
and regulations and were approved by the National Ethics Committee.
Hepatocytes were isolated by the two-step collagenase perfusion
method (15). Cell viability was estimated by trypan blue exclusion and
was found to range between 70 and 85%. The cells were seeded at a
density of 107/80-cm? flask in 10 ml of a standard medium consisting
of 75% minimum essential medium and 25% medium 199, buffered
with 0.22% sodium bicarbonate and supplemented with 10 ug/ml bovine
insulin, 0.2% BSA, and 10% fetal calf serum. Cytokines were added
15-24 hr after seeding, at the first medium renewal. The medium was
deprived of serum and supplemented with 1 uM hydrocortisone hemi-
succinate. The cultures were fed every day thereafter with this medium.
IL-18, IL-4, IL-6, TNF-a, and IFN-y were added to achieve final
concentrations of 100, 150, 50, 50, and 50 units/ml of medium, respec-
tively. At such concentrations, none of the cytokines induced morpho-
logical alterations throughout the incubation period. These concentra-
tions were previously selected for studying the effects of the respective
cytokines on expression of acute-phase proteins in both rat and human
hepatocytes in primary culture (16-18).

Isolation of RNA and blot analysis. Total RNA was prepared
from hepatocyte monolayers by the guanidinium thiocyanate-cesium
chloride method of Chirgwin et al. (19), as modified by Raymondjean
et al. (20). Cells were homogenized in 0.1 M sodium acetate buffer, pH
5.5, containing 5 M guanidinium thiocyanate, 1 mM EDTA, 68 mM
lauroyl sarcosyl, and 0.7 M S-mercaptoethanol and were centrifuged at
12,000 X g for 15 min. Supernatants were centrifuged on a 5.7 M cesium
chloride cushion at 85,000 X g for 22 hr. RNA pellets were dissolved in
10 mM Tris- HCI buffer, pH 7.4, containing 1 mM EDTA and 34 mMm
lauroyl sarcosyl, precipitated by addition of ethanol to 70% (final
concentration), washed with 100% ethanol, and dried. RNAs were
dissolved in sterile water and stored at —80°. RNA quality was assessed
by ethidium bromide staining of agarose gels.

Aliquots of RNA were subjected to electrophoresis in a denaturing
6% (w/v) formaldehyde-1.2% (w/v) agarose gel and were transferred
onto Hybond-N nylon filters (Amersham, Arlington Heights, IL). After
prehybridization at 65° in 450 mM sodium chloride, 44 mM trisodium
citrate, 0.2% (w/v) polyvinylpyrrolidone, 0.2% (w/v) Ficoll, 0.1% (w/
v) SDS, 0.2% (w/v) BSA, 20 ug/ml polyadenylic acid, 10 ug/ml salmon
sperm DNA, filters were hybridized with the appropriate *P-labeled
cDNA probes. The final posthybridization wash was in 15 mM triso-

dium citrate, 150 mM sodium chloride, 0.1% (w/v) SDS, at 65°. Dried
filters were autoradiographed at —80°. Hybridization signals were quan-
tified by densitometry (Hoefer Scientific Instruments, San Francisco,
CA). Individual blots were dehybridized and rehybridized two or three
times. Results are expressed as percentages of the control untreated
hepatocytes. Human epoxide hydrolase cDNA was amplified by the
polymerase chain reaction from plasmid pheh32 (21). Human CYP2E1
and CYP1A2 coding sequences were cloned after polymerase chain
reaction amplification of total liver cDNA (22). Human CYP2C (23,
24) and CYP3A (25) cDNAs and rat GAPDH (26) cDNA have been
described previously. Human CRP ¢cDNA was from the American Type
Culture Collection (Rockville, MD) and human albumin cDNA was a
generous gift of A. Dugaiczyk.

Western blotting. Cells were harvested and homogenized in phos-
phate-buffered saline, pH 7.0. Samples were separated on 10% poly-
acrylamide gels, in the presence of 0.2% SDS, and proteins were
transferred onto nitrocellulose filters with a Transblot cell (Bio-Rad)
for 4 hr. The filters were then saturated with 3% BSA in TBS (65 mM
Tris, 150 mM NaCl), pH 7.4, for 2 hr at 20°. The filters were then
incubated for 16 hr, at 4°, with a polyclonal antibody against human
CYP2E1 apoprotein (a gift of Dr. C. S. Yang, Rutgers University,
Piscataway, NJ). After three washes in TBS with 0.1% Nonidet P-40,
the filters were treated for 2 hr at 20° with 1 uCi of '*I-Protein A in
TBS with 3% BSA. After three washes in TBS with 0.1% Nonidet P-
40, the filters were exposed to Hyperfilm MP (Amersham).

Monooxygenase assays. P-450 enzyme activities were measured
in living cultured hepatocytes immediately after treatment. The EROD
activity was measured essentially according to the methods of Burke
and Mayer (27) and Lubet et al. (28). Reaction rates were determined
under linear conditions with regard to incubation time and protein
concentration. Oxidation of nifedipine to the pyridine derivative 3,5-
dimethoxycarbonyl-2,6-dimethyl-4-(2-nitrophenyl)pyridine, an activ-
ity that is mainly supported by CYP3A4, was measured in cultures fed
minimum essential medium without phenol red and containing nifedi-
pine at a concentration of 2 X 10~ M. Product production was measured
in the supernatant by high performance liquid chromatography, ac-
cording to the method of Guengerich et al. (29).

Statistical analysis. Intraindividual variations in enzyme activities
prompted us to express the results using the mean of five to nine
repeated measurements of EROD activity and two or three repeated
measurements of nifedipine oxidation activity in human hepatocyte
cultures from seven donors, referred to as HL5 to HL13, after exposure
to every cytokine. Interindividual variations were taken into account
through a nonparametric two-way analysis of variance (Friedman's
test). When significant differences were observed, each culture condi-
tion (plus cytokine) was compared with control (minus cytokine) using
the Wilcoxon matched-pairs signed-ranks test. Significance was set at
a limit of <5%. The limited number of data in the case of treatment
with IFN-y did not permit statistical analysis.

Results

Expression of P-450 mRNAs as a function of time in
culture. When placed in culture, human hepatocytes exhibited
an initial decrease in P-450 mRNA levels, followed by an
increase after 24 or 48 hr (Fig. 1), as was previously reported
(30). In particular, CYP1A2 transcripts were detectable only
later than 48 hr after plating. At the time points studied,
CYP2C and CYP3A mRNA levels were maximal about 96 hr
after plating. CYP2E1 mRNA level became substantial only
after 96 hr. Epoxide hydrolase mRNA remained stable at 24
and 48 hr but increased dramatically at 96 hr (Fig. 1). Previous
studies from our laboratory showed that the levels of CYP2C
and CYP3A mRNAs were highest at 96 hr and remained
relatively stable until at least 144 hr (30). Therefore, the
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Fig. 1. P-450 and epoxide hydrolase mRNA expression in human hepa-
tocytes as a function of time in culture. Total RNA (20 ng/lane) was
subjected to Northern blot is at the indicated times after plating.
Filters were hybridized with ¥P-labeled cDNA probes and autoradi-
ographed. Freshly isolated hepatocytes (F/H) were analyzed immediately
after dissociation of the liver. Similar data were obtained for cell popula-
tions from other donors. mRNA sizes are indicated in kilobases.
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amount of mRNA present at 96 hr in control cultures can be
considered as that characteristic of the steady state.

Expression of CRP and albumin mRNAs after expo-
sure to cytokines. To demonstrate the responsiveness of
hepatocytes to cytokines at the concentrations used, we ana-
lyzed expression of CRP and albumin mRNAs. CRP was used
as a positive control of the effect of the cytokines, whereas the
albumin mRNA level was a negative control under the same
conditions. Fig. 2A shows the expression profiles of CRP,
albumin, and GAPDH mRNAs in the absence of cytokines.
The CRP mRNA level underwent a 3-fold increase 24 hr after
cell dissociation and seeding and decreased thereafter to become
undetectable at 96 hr, similarly to previous results (31). The
albumin mRNA level was diminished to reach a minimum at
48 hr after seeding and then augmented to a level comparable
to that of freshly isolated hepatocytes. GAPDH mRNA re-
mained stable throughout the experiment.

CRP message, which was analyzed after 24 hr of treatment
with the cytokines, was either increased (IL-18 and IL-6) or
decreased to the level of freshly isolated hepatocytes (IL-4)
(Fig. 2B). IFN-y and TNF-a had no significant effect on this
message (Fig. 2B). Albumin message, which was analyzed after
72 hr of treatment with the cytokines, was systematically
decreased (Fig. 2C). Similar effects of IL-18, IL-6, and TNF-«
on CRP and albumin mRNAs have been observed by others
(16-18, 31). The negative effect of IL-4 on CRP and albumin
mRNAs has been recently observed in our laboratory.! *

Depresssion of P-450s and epoxide hydrolase by IL-
18, IL-6, and TNF-a. The number of viable hepatocytes

'P. Loyer, G. Ilyin, Z. Abel-Razzak, J. Banchereau, J. F. Denzier, J. P.
Campion, C. Guguen-Guillouzo, and A. Guillouzo, unpublished observations.
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obtained did not permit analysis of both P-450 transcripts and
enzyme activities in the same samples.

When cytokines were added for only 24 hr, between 24 and
48 hr of culture, we observed only minor effects on P-450
expression (data not shown). However, 72 hr of treatment
produced larger effects. Therefore, the following analysis was
carried out after 72 hr of treatment with the cytokines. A
representative autoradiogram is presented in Fig. 3. Although
IL-18 had similar effects on CYP2E1 and CYP3A mRNAs, a
clear difference was observed in the case of IL-4, which pro-
duced an increase in the CYP2E1 mRNA level, whereas it had
no effect on CYP3A mRNA. The GAPDH mRNA level was
not affected by the cytokines.

We then analyzed IL-18, IL-6, and TNF-a, which are the
major cytokines responsible for the increase of acute-phase
proteins during inflammation. Exposure to IL-18 induced a
decrease in all mRNA species of 60-93% in all cultures ana-
lyzed, with the exception of CYP2C, which was not affected in
HL1 (Fig. 4). In several experiments, mnRNA levels were lower
at 72 hr, compared with 24 hr of treatment. Thus, after 72 hr
of IL-1B treatment, the CYP3A mRNA level, which decreased
by 93%, was actually below that found after 24 or 48 hr of
culture in the absence of any cytokine (data not shown). This
observation suggests that the effects of cytokines cannot be
interpreted solely by delayed or slower recovery of CYP expres-
sion. IL-6 induced drops in CYP2E1 and CYP3A mRNA levels
ranging between 30 and 70% in all three cultures. CYP2C and
CYP1A2 mRNA levels were decreased (25-60%) by IL-6 treat-
ment in only two of three cultures. TNF-« induced systematic
decreases, of 30-80%, in all mRNAs in all cultures.

Enzyme activity assays, as stated previously, were performed
with hepatocytes from different donors than those used for
mRNA analysis. EROD and nifedipine oxidation are mainly
supported by CYP1A/1A2 and CYP3A, respectively. Among
the various cell preparations, control EROD activity was simi-
lar (Table 1), whereas basal nifedipine oxidation activity
showed up to a 7-fold variation (Table 2).

Significant differences in both EROD and nifedipine oxida-
tion activities were observed among the different culture con-
ditions [p < 0.0005 (Fig. 5A) and p < 0.003 (Fig. 5B), respec-
tively; Friedman’s test]. When compared with controls, a sig-
nificant decrease was demonstrated for IL-18 (p < 0.05,
Wilcoxon’s test), reaching 12-89% of basal levels for EROD
and 30-90% for nifedipine oxidation activity. In the case of
TNF-a, EROD and nifedipine oxidation activities were de-
creased by 32-85% and 24-90%, respectively (p < 0.05, Wil-
coxon’s test). Although not reaching statistical significance, IL-
6 induced decreases of EROD and nifedipine oxidation activi-
ties of 18-89% in five of seven cultures, and 33-78% in five of
seven cultures, respectively.

Down-regulation of CYP1A2 and CYP2E1 by IFN-.
Although it acts as an inflammatory mediator, IFN-v affects a
much smaller spectrum of liver proteins during the acute-phase
response than do IL-18, IL-6, and TNF-« (11). At a concentra-
tion of 50 units/ml, IFN-v had no effect on mRNA levels after
a single 24-hr addition to hepatocytes, regardless of the P-450
analyzed (data not shown). After 3 days of treatment, CYP2C,
CYP3A, and epoxide hydrolase mRNAs were still unchanged,
compared with controls (Fig. 4). In contrast, in two of three
cultures a marked reduction in CYP1A2 and CYP2E1 mRNA
levels was observed.
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Fig. 2. A, Expression of CRP, albumin, and GAPDH
mRNAs. Relative RNA amounts were determined by den-
sitometry. Values represent the mean + standard error of
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three experiments, corresponding to three cell populations.
96 For each experiment, mRNA levels in freshly isolated he-
patocytes (FIH) were used as 100% control values. B and
C, Effects of cytokines on CRP and albumin mRNAs. The
cytokines were used for 24 hr (B) or 72 hr (C) at the
following concentrations: IL-18, 100 units/ml; IL-4, 150
units/ml; IL-6, 50 units/ml; TNF-a, 50 units/ml; and IFN-v,

50 units/ml.
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Fig. 3. Effects of IL-18, IL-4, and IL-6 on CYP2E1, CYP3A, and GAPDH
mRNAs. The cytokines were used for 72 hr at the following concentra-
tions: IL-18, 100 units/mi; IL-4, 150 units/ml; and IL-6, 50 units/ml.

IFN-v caused a decrease in EROD activity of 29-53% in six
cultures; only three cultures are reported in Table 1. For the
two cases studied, 21% and 55% decreases in nifedipine oxida-
tion were observed (Table 2). Similar effects of IFN-y were
observed when the cells were exposed to 500 units/ml IFN-y
(data not shown). No statistical analysis was performed in the
case of IFN-v, because the number of independent cultures was
too small.

Differential effect of IL-4 on P-450s. After exposure to

IL-4, the CYP1A2 mRNA level was decreased by 70% in two
of three cultures. The CYP2C mRNA level was also decreased
by 50% but in only one of three cultures (Fig. 4). CYP3A and
epoxide hydrolase mRNA levels were not affected (Figs. 3 and
4). Strikingly, CYP2E1 mRNA was increased by IL-4 in all
three cell populations, by 2.5-5-fold (Fig. 4). This positive effect
was already detectable in cells treated with IL-4 for only 24 hr
(data not shown). Western blot analysis conducted with pro-
teins from HL4 and HL5 cells showed that CYP2E1 apoprotein
was also induced by IL-4 (Fig. 6).

EROD activity was not significantly affected, with the excep-
tion of HL5, for which a 49% decrease was observed (Table 1).
Nifedipine oxidation activity was either unchanged (HL6, HL7,
HL10, and HL13), decreased by 50% (HL9), or increased to
160% (HL11) (Table 2). The effect of IL-4 on P-450 enzyme
activities was not statistically significant. However, when di-
rectly compared with cultures treated with IL-1, IL-6, or TNF-
a, the values for IL-4-treated cultures were statistically differ-
ent.

Discussion

Inflammation and infectious diseases, which sometimes re-
quire administration of drugs over a prolonged period of time,
are characterized by the production of cytokines and the alter-
ation of different functions, such as drug metabolism capacity,
particularly in the liver. However, the effects on drug-metabo-
lizing enzymes caused by direct exposure to cytokines remain
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largely unknown, especially in humans. Despite some limita-
tions, such as the difficulty of obtaining liver samples, human
hepatocytes in primary culture represent an excellent experi-
mental model for studying the effect of cytokines on detoxifi-
cation enzymes. Various factors, related to the donor and/or
organ dissociation conditions, can greatly affect the functional
state of freshly isolated and short term cultured parenchymal
cells. In addition, marked interindividual variations in different
functions, particularly drug-metabolizing enzymes, are com-
mon in the human population.

CYP gene expression in human hepatocytes exhibits a be-
havior that is different from that found for rodent hepatocytes
cultivated under the same conditions. Indeed, whereas rodent

Effects of Cytokines on Human Hepatic P-450 711

Fig. 4. Effects of IL-18, IL-4, IL-6,
TNF-a, and IFN-y on P-450 and
epoxide hydrolase mRNAs. Cyto-
kine treatments (72 hr) were as
described in the legend to Fig. 2.
Relative RNA amounts were de-
termined by densitometry. /L7, IL-
18; TNF, TNF-a; IFN, IFN-y; C,
control untreated hepatocytes.

Cc
18]
L4
ILée
TNF
IFN
c
L1
IL4
IL6
TNF
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CYP shows a rapid and irreversible drop, human CYP does
recover. Therefore, regulatory mechanisms involved in the reg-
ulation of constitutive CYP gene expression in primary culture
are likely to be different for rodents and humans. Despite these

differences, typical CYP inducers, such as polycyclic aromatic

hydrocarbons and macrolide antibiotics, are able to evoke the
same inductive effects on orthologous genes from rodents and
humans. Consequently, it appears that either model cell system
is amenable to the study of CYP gene regulation by various
effectors. However, the possibility cannot be ruled out that
CYP inducers, although acting in a “conventional fashion,”
may be influencing distinct regulatory elements, either by de-
laying or antagonizing the drop in CYP expression in rodent
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TABLE 1

Effects of cytokines on EROD activity in primary human hepatocyte cultures
Cytokine treatments (72 hr) were as described in the legend to Fig. 2. EROD activity was determined as described in Materials and Methods. Each value represents the
mean + standard error of at least five samples from the same cell population. Control refers to cells kept in culture for the same time as the cytokine-treated cells.

EROD activi
Condition oty
HL5 HL6 HL7 HL8 HL9 HL10 HL11
pmol[mg of protein/min

Control 1.83 +0.22 1.63 + 0.50 150+ 0.16 121 +£0.16 0.92 +£0.27 1.50 + 0.22 195+ 0.15
IL-18 0.20 £ 0.09 1.10 = 0.51 0.45 + 0.01 0.46 = 0.20 0.80 £ 0.19 0.53+0.23 1.50 + 0.23
IL-4 0.94 + 0.20 2.60 + 0.80 1.42 +0.20 1.81 £ 0.43 1.79 + 0.64 1.69 + 0.46 2,52 +0.62
IL-6 0.21 £0.15 1.04 +0.29 0.69 +0.14 043 +0.15 1.33 + 0.69 1.24 £ 0.12 2.33 £ 0.47
TNF-a 0.56 + 0.45 0.85 + 0.05 0.26 + 0.15 0.49 +0.13 0.50 £ 0.11 0.58 + 0.23 1.33 £ 0.21
IFN-y ND* ND ND 0.85 +0.18 ND 0.92 +0.12 0.92 +£0.12

* ND, not determined.

TABLE 2
Effects of cytokines on nifedipine oxidation activity in primary human hepatocyte cuitures

Cytokine treatments (72 hr) were as described in the legend to Fig. 2. Nifedipine oxidation activity was determined as described in Materials and Methods. Control refers
to celis kept in culture for the same time as the cytokine-treated cells. Each value represents the mean + standard error of two or three samples from the same cell

population.
Condition Nifedipine oxidation activity
HL6 HL7 HL9 HL10 HL11 HL12 HL13
fmol/mg of protein/min
Control 443 +1.33 0.99 +0.24 0.62 + 0.07 0.88 + 0.17 1.17 £ 0.02 257 +0.19 233+0.24
IL-18 2.07 +£0.28 0.38 £ 0.02 0.57 £0.12 0.62 £ 0.19 0.11 £ 0.01 2.36 £ 0.20 0.48 + 0.02
L4 445+ 235 0.95 + 0.26 0.29 + 0.14 0.72 + 0.26 1.90 + 0.76 2.24 + 0.52 1.02 + 0.36
IL-6 2.14 £ 0.54 0.66 + 0.10 0.38 + 0.02 0.78 + 0.09 0.63 + 0.04 2.40 + 0.50 0.55 + 0.38
TNF-a 217 £1.07 0.76 £ 0.02 0.16 £ 0.05 0.49 + 0.21 0.24 + 0.03 1.16 +£ 0.69 0.21 £ 0.12
IFN-y ND* ND ND ND 0.93 £ 0.15 ND 1.05 £ 0.10
*ND, not determined.
EROD activity (Friedman's test ; p < 0.0005) Nifedipine oxidation activity (Friedman's test ; p < 0.003)
3 -
5
e HLS ® HL6
B HL6 o HL?
] .E [ -]
a o HL? E o HLY
. ®x HL8 g o- ® HLIO
£ o HLY S A HLII
E e HLI0 : = HLI2
3 27 a A HLII E + HL13
2 =
E ¢ s S 3-
E - E
_? = a o E L]
E ) a " + -
a x . 'E -
) . s .
o 14 . ]
3 ° . £
= L =
(-] o
o & a ]
. H “11 3
L] x o ° ! a
. . a % o o *
a d $
o L) L] T v L) o L) L) L] L] 1)
C IL-1 IL-4 IL-6 TNF C IL-1 IL-4 IL-6 TNF

Fig. 5. Graphic representation of variance analysis (Friedman's test) of the effect of cytokines on EROD activity (A) and nifedipine oxidation activity
(B). C, Untreated cultures; IL-1, IL-18; TNF, TNF-a. Each symbol refers to cells from one individual. The p value shows that the mean (interindividual)
values differ significantly between all treatment conditions (see Materials and Methods).
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Fig. 6. Effect of IL-4 on CYP2E1 apoprotein in two independent cultures.
Cells were incubated for 72 hr in the presence of IL-4 at a concentration
of 150 units/ml. C, Untreated cultures.

cells or by accelerating the recovery period in human hepato-
cytes. Consequently, to interpret results on the regulation of
CYP expression in primary hepatocytes, this must be taken
into consideration.

CYP mRNA levels drop rapidly in culture, slowly recover
(with the time needed to reach maximal levels being about 96
hr in control cultures), and remain relatively stable until at
least 144 hr, in the case of CYP2C and CYP3A mRNAs (30).
Because cytokines were added between 24 and 96 hr of culture,
can our results be interpreted only by the influence of cytokines
on P450 recovery? To validate human hepatocytes in primary
culture as an alternative model for toxicology studies, this
question needs to be addressed with great care. Two lines of
argument, both indirect and direct, can be put forward to
support our results. Firstly, differences were observed, between
cytokines, from one enzyme to another and from one cell
population to another. In addition, when enzyme activities in
control and treated cultures were compared, statistical signifi-
cance was demonstrated. Secondly, our results agree with pre-
vious data obtained in vitro, particularly with cultured rat
hepatocytes (although the behavior of mRNAs in control cul-
tures is different, as discussed above). They are also in agree-
ment with those obtained with hepatic and nonhepatic cell
lines that stably express CYP genes and, therefore, do not go
through any kind of recovery period (32, 33). Thirdly, with one
cytokine, i.e., IL-4, a specific increase in CYP2E1 was observed,
whereas the other cytokines mainly down-regulated human
CYP. This specific effect of IL-4 is not due to a difference in
the pattern of expression of CYP2E1, because, in the absence
of any cytokine, the mRNA shows a biphasic profile of expres-
sion (initial drop, followed by recovery) similar to that of other
CYP mRNAs, the accumulation of which was not increased by
exposure to IL-4. Fourthly, neither the GAPDH gene nor acute-
phase protein genes behaved as did CYP genes in response to
cytokines. In addition, the effect of cytokines on CRP and
albumin mRNAs evidenced in this study was similar to that
observed by others (17, 31).

Two more direct arguments that strongly reinforce the idea
that the cytokine effect is not primarily an effect on the
recovery period can be made. Firstly, after 24 hr of cytokine
treatment, no substantial effect was observed. In several cases,
mRNA levels attained after an additional 48 hr of treatment
were, in fact, below those found after 24 hr of treatment. This
suggests that the effects we observed cannot be interpreted
solely by delayed or slower CYP recovery. On the contrary,
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they suggest that control steady state levels cannot be reached
in the presence of the cytokines (as exemplified in the case of
CYP3A). Secondly, classical CYP inducers, such as polycyclic
aromatic hydrocarbons, barbiturates, and glucocorticoids, have
been shown to induce CYP gene expression in primary hepa-
tocyte cultures. These effects were observed regardless of the
modifications in CYP expression that resulted from in vitro
culture. The fact that the inducers provoked results qualita-
tively similar to those seen in vivo was interpreted as good
evidence that hepatocytes in primary culture represented a
valuable model for the study of CYP gene regulation. For
several individuals in our study, human P-450IA1/2 (as meas-
ured by EROD activity) was low or undetectable after 24 or 48
hr of culture. Treatment of human hepatocytes with 3-MC led
to maximum induction within 24 hr, and CYP1A1/2 activity
then remained relatively stable.? Addition of IL-18 or IFN-y
after 48 hr of 3-MC treatment resulted, 24 hr later, in a
significant decrease in EROD activity. Again, this indicates
that, in our culture system, cytokines can down-regulate CYP
expression, in this case by antagonizing induction. The same
observation has recently been made with rodent hepatocytes
(34). The fact that 3-MC behaves typically in culture indicates
that the negative effects of IL-18 and IFN-y are not merely
artifactual.

CYP1A2, CYP2C, CYP2E1, CYP3A, and epoxide hydrolase
mRNA levels were determined. In addition, we analyzed EROD
and nifedipine oxidation activities, which are mainly supported
by CYP1A1/1A2 and CYP3A, respectively. Although P-450
enzyme activity assays and mRNA analyses were performed on
different cell populations, the effects of the various cytokines
on either mRNA or enzyme activity levels were qualitatively
similar. IL-18, IL-6, and TNF-a caused a decrease of all
mRNAs and P-450 enzyme activities. Similarly, IFN-v induced
a decrease in CYP1A2 mRNA, as well as EROD activity, and
CYP2E1 mRNA, although it did not affect CYP2C, CYP3A, or
epoxide hydrolase mRNAs.

IL-1c or -8 and IFNs are suspected to have a major effect in
altering drug metabolism during inflammation and infection
(4, 6, 9). Our observations provide the first evidence that these
cytokines are capable of modulating different human P-450s
via a direct action on hepatocytes and indicate that, in addition
to IL-1, IL-6 and TNF-« also markedly affect the process. The
results of in vivo studies conducted in animals showed that IL-
la (35), IL-18 (6, 36), IL-6 (35, 36), and TNF-a (6, 36) de-
pressed individual P-450s or total P-450 content. In rat hepa-
tocytes in primary culture, total P-450 amount was diminished
by IL-1a treatment (10). Human hepatoma cells treated with
IL-6 also exhibited marked decreases in the level of CYP1A1/
1A2 and CYP3A mRNAs (32). The presence of IL-6-responsive
elements in 5’ flanking regions of the CYP1A1/1A2 genes (37,
38) might suggest a possible role of IL-6 in the transcriptional
regulation of these genes. The role of IFNs in depressing P-450
content and P-450-associated enzyme activities is well estab-
lished (39, 40). Administration of IFNs or IFN inducers to
animals has been shown to result in a decrease of several P-
450s (4, 7, 40-43). Our results support these observations,
because CYP1A2 and CYP2E1 were depressed by IFN-y. The
mechanism by which exposure of hepatocytes to IFN leads to

2 Abdel-Razzak, L. Corcos, and A. Guillouzo, unpublished observations.
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decreases in P-450 and epoxide hydrolase mRNA levels is
unknown.

IL-4 (also called B cell-stimulating factor-1), after binding
to specific receptors present on the surface of responsive cells
(44, 45), exerts various biological effects, such as inhibition of
TNF-a-, IL-18-, and IL-6-mediated stimulation of hepatic lip-
ogenesis (46). Our findings clearly indicate that this cytokine
by itself can modulate hepatic functions and that, compared
with other cytokines, it has some original effects on P-450s.
Indeed, a duality of IL-4-induced effects was observed. On one
hand, IL-4 suppressed CYP1A2 and CYP2C transcripts and,
on the other hand, it markedly increased CYP2E1 mRNA level.
This increase was paralleled by an increase of the apoprotein
amount. IL-4 was shown to elicit effects distinct from those
provoked by other cytokines during inflammation, which led to
its classification as an anti-inflammatory mediator (46-48).
Therefore, its opposite effects on P-450s, compared with those
produced by IL-18, IL-6, and TNF-a, may be mechanistically
related to its action on serum proteins.

The ability of cytokines to modulate both phase I (P-450s)
and phase II (epoxide hydrolase) detoxification enzymes might
influence the susceptibility of the individual to various chemi-
cals. To our knowledge, the results reported here provide the
first demonstration of statistically significant effects of cyto-
kines on the regulation of CYP expression in the human
population. Although these observations can be used directly
as an indication of general effects of cytokines in humans, it
must be taken into account (i) that major differences in drug
metabolism exist among individuals (see, for example, the large
interindividual variability in nifedipine oxidation in control
cultures), (ii) that the degree of inflammation or viral infection
can be quite variable and result in large differences in the
production of cytokines, and (iii) that cytokines can also mod-
ulate expression of other detoxifying enzymes. Indeed, gluta-
thione S-transferases, which have protective effects against
reactive molecular species mostly generated by P-450-depend-
ent metabolism, have been reported to be increased after ad-
ministration of IFN-a to mice (7). Thus, the quantitation of
phase I and phase II detoxifying enzyme activities in cultured
hepatocytes exposed to cytokines deserves further investiga-
tion. Because recombinant cytokines have increasing therapeu-
tic applications, it is of critical importance to determine the
potential drug interactions that could result from their admin-
istration to patients. Therefore, elucidation of the mechanisms
by which cytokines modulate drug-metabolizing enzymes in
hepatocytes is an important area for investigation.
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