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Abstract The effects of cytokines, tumor necrosis factor-o
(TNF-a), interleukin-1 (IL-1B), and the synthetic glucocorti-
coid dexamethasone on the gene expression of antioxidant
enzymes have been investigated in rat hepatocytes in primary
culture. First, we observed that the hepatocyte culture process
induced a strong but transient induction of manganese superoxide
dismutase (Mn-SOD) gene expression, whereas copper-zinc
superoxide dismutase, glutathione peroxidase and catalase genes
were down-regulated. IL-1f and TNF-a both stimulated
specifically Mn-SOD gene expression in a time-dependent
manner. TNF-a rapidly induced Mn-SOD gene expression while
IL-1P was a strong but slow inducer of this gene. Both cytokines
acted at the transcriptional level as shown by nuclear run on
assays. Dexamethasone prevented the TNF-o- but not the 1L-18-
induced up-regulation of Mn-SOD gene transcription by a
mechanism likely to involve the glucocorticoid receptor. More-
over this glucocorticoid did not suppress the TNF-o-induced
increase of NF-kB binding activity. These results suggest that
IL-18 and TNF-o regulate Mn-SOD gene transcription by
different pathways.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Reactive oxygen species which are generated in the liver
during oxidative stress conditions, such as metabolism of toxic
compounds and inflammation, have been suggested to pro-
duce tissue injury notably by initiating lipid peroxidation.
Tissue damage occurs when the production of reactive oxygen
species exceeds the capacity for free radical detoxication. In
order to protect cells from these damaging effects, the organ-
ism possesses antioxidant systems, including enzymatic ones.
The main enzymes are superoxide dismutases (SOD) which
convert superoxide anion to hydrogen peroxide, catalase
(CAT) which breaks down hydrogen peroxide, likewise gluta-
thione peroxidase (GPx) which in addition reduces lipid per-
oxides to their hydroxylated derivatives. In eukaryotic cells,
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there are two forms of SOD enzymes, the manganese SOD
(Mn-SOD) found in the mitochondrial matrix, and the cop-
per-zinc SOD (CuZn-SOD) which is mainly cytoplasmic [1].

During inflammation, hepatocytes are subjected to a re-
programming of the pattern of gene expression [2]. The fac-
tors responsible for this hepatic response to inflammation
have been identified and include at least the cytokines inter-
leukin-1B (IL-1B) and tumor necrosis factor-oo (TNF-ov), as
well as glucocorticoids. The latter compounds act through
different pathways in order to reduce inflammation and cellu-
lar damage [3]. Several studies have reported an induction of
Mn-SOD by TNF-o [4-7] and IL-1B [5,8] in different cell
types. 1L-1PB was found to induce Mn-SOD gene expression
in rat hepatocytes in primary culture and in human hepatoma
cells [9,10]. However, the effectiveness of TNF-a seems to be
cell-type specific, since it was unable to increase Mn-SOD
expression in hepatocytes in primary culture [10,11]. Surpris-
ingly, administration of TNF-a to rats increased Mn-SOD
gene expression and activity in liver and prevented lipid per-
oxidation caused by carbon tetrachloride [12]. These results
further put into question a possible role for TNF-a in the
induction of Mn-SOD in hepatocytes. The molecular basis
for the changes in gene expression mediated by TNF-a and
IL-1 is still unclear; however, it has been reported that intra-
cellular reactive oxygen species could be involved in their
mechanism of action [13]. The activation of the nuclear tran-
scription factors NF-kB and AP1 has been demonstrated to
mediate their effects [14].

In the present study, we examined the effects of TNF-a, 1L-
1B and dexamethasone on the expression of Mn-SOD, CuZn-
SOD, CAT and GPx genes in rat hepatocytes in primary
culture. We provide evidence for the induction of Mn-SOD
gene transcription by IL-1B and TNF-o through different
pathways and we show, for the first time, that dexamethasone
suppresses the TNF-a-induced Mn-SOD gene transcription.

2. Materials and methods

2.1. Recombinant cytokines and chemicals

Human recombinant IL-1f and TNF-a were purchased from Gen-
zyme (Cambridge, UK). RU 486 was a gift from Roussel-Uclaf (Ro-
mainville, France).

2.2. Cell isolation and culture

Hepatocytes were isolated by perfusion of the liver with a collagen-
ase solution as previously described [15]. Cell viability was estimated
by trypan blue exclusion and was found to range between 85 and 90%.
Cells were maintained at 37°C in a humidified atmosphere of air/CO,
(95:5). Four hours after cell seeding, a serum-free medium consisting
of 75% minimum essential medium and 25% Medium 199 supple-
mented with 10 pg bovine insulin/ml, 0.1% bovine serum albumin
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and 100 nM dexamethasone was added to the cultures. The medium
was changed every day. In some experiments medium lacking dexa-
methasone was added 24 h prior to cell harvesting. The cytokines
were used at 100 units/ml for IL-1p and 50 units/ml for TNF-o.

2.3. RNA blot analysis

After extraction by the method of Chomczynski and Sacchi [16],
total RNA (10 pug) was electrophoresed on a 1% agarose-formalde-
hyde gel and transferred onto nylon membranes as described previ-
ously [17]. Membranes were hybridized overnight at 65°C according
to Church and Gilbert [18] with DNA probes labeled with
[¢3?P]dCTP by random priming. The final wash was carried out in
0.2XSSC (20X SSC is 3 M NaCl and 0.3 M Na citrate, pH 7.0) and
0.1% SDS at 65°C except for catalase (55°C). Specific cDNA probes
were rat MnSOD (pSP65-RMS), rat CuZn-SOD (pUCI13-RCS) and
rat GPx (LK440-cGP) kindly provided by Dr. Y. Ho (Detroit, M1,
USA). The cDNA for human catalase (AdCL) was obtained from Dr.
P. Lemarchand (Paris, France). An oligonucleotide specific for the
18S ribosomal RNA was used as a control [19]. Relative mRNA
amounts were determined by densitometric analysis and were cor-
rected for differences in RNA loading by comparison with the signal
obtained for 18S rRNA.

2.4. Nuclear run on assay

Nuclear run on experiments were done as described previously [17]
with some modifications for the preparation of rat hepatocyte nuclei.
About 108 hepatocytes were used for each point. Cells were scraped in
phosphate buffered saline and pelleted at 500 X g for 5 min. The pellet
was resuspended in a hypotonic buffer for 10 min as described by
Shapiro [20], and NP40 0.1% was added for 5 min. Cells were then
disrupted in a Dounce homogenizer by 4 strokes using a B pestle and
nuclei were pelleted at 400 X g for 5 min. Nuclei were then layered on
a 2 M sucrose cushion and centrifuged at 40000 rpm for 1 h using a
SW-41 rotor at 4°C. Specific probes used were p-actin, albumin, Mn-
SOD, CuZn-SOD and GPx. The background hybridization signal was
determined using plasmid DNA.

2.5. Nuclear protein extracts and gel retardation assay

Nuclear extracts from cultured hepatocytes were prepared by the
method of Cereghini et al. [21], except that they were not dialyzed.
The binding reactions were carried out as previously described using
1 pg poly(dI-dC) [22]. The NF-kB binding activity was determined
using a double stranded oligonucleotides: 5'-GACAGAGGGGACT-
TTCCGAGAGG-3' [23]. 5 ug of protein was added to the reaction
mixture and incubated for 10 min on ice. The DNA-protein com-
plexes were resolved on a 6% acrylamide gel in 0.5X TBE (45 mM
Tris-borate, 1.25 mM EDTA) at 22 mA for 2 h. The gel was then
fixed, dried and subjected to autoradiography.

3. Results

RNA blot hybridization was used to measure the relative
levels of the mRNAs encoding antioxidant enzymes as a mean
for studying the effect of culturing hepatocytes on their ex-
pression. CuZn-SOD, GPx and especially CAT mRNAs were
down-regulated whereas Mn-SOD mRNA was transiently up-
regulated (Fig. 1). Indeed, a marked increase of the level of
Mn-SOD mRNA was noted during the first 24 h of culture.
The basal level of Mn-SOD mRNA, corresponding to that
found in freshly isolated cells, was recovered after 48 h of
culture in a medium containing 100 nM dexamethasone.
Therefore hepatocytes were cultured for 48 h before addition
of TNF-o or IL-1f.

These cytokines induced a stimulation of Mn-SOD gene
expression while they had no significant effect on the expres-
sion of CuZn-SOD and GPx genes (Fig. 2). The predicted
TNF-o induction of Mn-SOD gene expression was observed
only in the absence of dexamethasone, demonstrating that this
compound blocked the TNF-a-induced up-regulation of Mn-
SOD gene expression. This effect was abolished by the syn-
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Fig. 1. Time course of Mn-SOD, CuZn-SOD, GPx and catalase
gene expression in rat hepatocytes in primary culture. Total RNA
was prepared from rat hepatocytes at the indicated time of culture.
RNA blot analysis was carried out using rat Mn-SOD ¢DNA, rat
CuZn-SOD c¢DNA, rat GPx ¢cDNA, human CAT ¢DNA and an oli-
gonucleotide specific for the 185 rRNA as probes. A: Time course
of Mn-SOD gene expression. B: Time course of CuZn-SOD, GPx
and CAT gene expression. The mRNA signal was quantitated by
densitometry and normalized for differences in RNA loading using
the 18S rRNA signal. Data are expressed as the percentage of ex-
pression in freshly isolated hepatocytes (FIH). Each value is the
mean + S.E.M. of results from four separate experiments carried out
in duplicate.

thetic antiglucocorticoid RU 486, suggesting the involvement
of the glucocorticoid receptor in the inhibitory effect of dex-
amethasone (Fig. 2A). In contrast, dexamethasone did not
affect the IL-1B-induced Mn-SOD up-regulation.

Thus the kinetics of Mn-SOD gene induction by TNF-a
and IL-1P were determined in the absence of dexamethasone
(Fig. 3). TNF-q¢ induced a rapid 3-4-fold increase in Mn-SOD
gene expression with a maximum induction after § h of treat-
ment. In contrast, IL-1p induced a slower but stronger in-
crease in Mn-SOD expression, about 6-fold after 24 h and
10-fold 48 h after cytokine addition.
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Fig. 2. RNA blot analysis of Mn-SOD, CuZn-SOD and GPx
mRNAs in rat hepatocytes under various conditions. Total RNA
was prepared from rat hepatocytes following incubation with 50 U/
ml TNF-a, 100 nM dexamethasone (Dex), | uM RU 486 (A, C)
and 100 U/ml IL-1B, 100 nM Dex (B, D). C, control untreated hep-
atocytes. RNA blot analysis was performed using rat Mn-SOD
cDNA (top panel), rat CuZn-SOD c¢cDNA (second panel), rat GPx
cDNA (third panel) and an oligonucleotide specific for the 18S
rRNA (bottom panel) as probe. A and B are representative of four
independent experiments. C and D show results obtained from den-
sitometric quantification of Mn-SOD autoradiograms. Each value is
the mean * S.E.M. of results from four separate experiments carried
out in duplicate.

The mechanisms involved in the regulation of the Mn-SOD
gene by these cytokines was investigated using nuclear run on
experiments. A 2 h exposure of hepatocytes to TNF-a in-
duced a specific 2-fold increase of Mn-SOD gene transcription
(Fig. 4A). Moreover, the TNF-o-induced gene transcription
was blocked by dexamethasone. The glucocorticoid had no
effect on the basal rate of Mn-SOD transcription, while in-
ducing albumin gene transcription. IL-1f induced a 2-fold
increase of Mn-SOD gene transcription after 12 h of treat-
ment (Fig. 4B). As expected, albumin gene transcription was
reduced with IL-1f treatment. Actin gene transcription, in-
cluded as a control, was not affected by the treatments.

Since the NF-kB transcription factor is a good candidate
for the control of Mn-SOD gene transcription [24], the DNA
binding activity of this factor was estimated by gel retardation
with nuclear extracts from rat hepatocytes treated for 30 min
with or without TNF-o. and dexamethasone (Fig. 5). TNF-o
was found to increase the specific DNA binding activity of
NF-kB. However, dexamethasone did not modify the DNA
binding activity resulting from TNF-o stimulation.
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4. Discussion

Mn-SOD plays an important role in the cellular defense
against reactive oxygen species. In this study, we demon-
strated that in rat hepatocyte primary cultures, Mn-SOD
gene expression was highly sensitive to cytokines as well as
to the culture process. Moreover, among all the antioxidant
enzymes studied, Mn-SOD was the only one being regulated
by IL-1p and TNF-a.

Induction of Mn-SOD gene expression by these cytokines
has been shown in several cell lines [4-11]. However, this is
the first demonstration that TNF-a induces Mn-SOD gene
expression in rat hepatocytes in primary culture. Although
TNF-o-induction of Mn-SOD gene expression has been de-
scribed in many cell types, there is less information concerning
the mechanisms involved. We demonstrate in this study that
TNF-o acts at the transcriptional level. Since TNF-o is a
known inducer of NF-kB binding activity, it was suggested
that the cytokine could act on Mn-SOD gene transcription
through NF-kB activation [24]. In this study, TNF-o stimu-
lates the NF-kB binding activity within 30 min (Fig. 5). This
result is consistent with a rapid activation of Mn-SOD gene
transcription by TNF-a.

We provide evidence that dexamethasone inhibits the TNF-
a-induced Mn-SOD gene transcription. Thus, these results
might explain the lack of effect of TNF-o reported by Kaya-
noki et al. [11] since these investigators maintained their hep-
atocytes in the presence of 100 nM dexamethasone. In addi-
tion, this glucocorticoid has been shown to repress basal Mn-
SOD expression in rat intestinal epithelial cells [25]. In rat
hepatocytes, dexamethasone has no effect on the basal level
of Mn-SOD gene expression, suggesting a tissue or cellular
specificity of glucocorticoid action. Glucocorticoid hormones
mediate their effects by binding to the intracellular glucocorti-
coid receptor, which then binds to the regulatory elements in
the 5’ flanking region of target genes [26]. Protein-protein
interaction between the glucocorticoid receptor and the tran-
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Fig. 3. Time course of induction of Mn-SOD mRNA by TNF-a
and IL-1B in rat hepatocytes. At the indicated time points, RNA
was isolated and analyzed using radiolabeled Mn-SOD cDNA. The
mRNA signal was quantitated by densitometry and normalized for
differences in RNA loading using the 188 rRNA probe. Data are
expressed as the percentage of control untreated hepatocytes. Each
value is the mean+ S.E.M. of results from four independent experi-
ments carried out in duplicate.
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Fig. 4. Mn-SOD, CuZn-SOD, GPx, albumin and B-actin gene transcription in rat hepatocytes under various conditions. Nuclei were prepared
following 2 h treatment with either TNF-a (50 U/ml) or dexamethasone (Dex) (100 nM), alone or in combination (A), or 12 h treatment with
100 U/ml IL-1B (B). A representative autoradiogram of labeled transcripts representing Mn-SOD, CuZn-SOD, GPx, B-actin and albumin gene

transcription is shown. Plasmid DNA is used as a background control.

scription factor NF-kB has been suggested to mediate a neg-
ative cross-talk between dexamethasone and TNF-o-induced
gene transcription [27]. In this study, we demonstrate the in-
volvement of the glucocorticoid receptor in the dexametha-
sone effect but we provide no evidence for such negative
cross-talk between the receptor and NF-kB. Thus dexametha-
sone could block the TNF-a-induced Mn-SOD gene tran-
scription at a different step.

IL-1P is a strong inducer of Mn-SOD gene transcription in
rat hepatocyte primary cultures; however, its effect is delayed
as compared to that of TNF-a. Thus, it could be suggested, as
it has been demonstrated for the induction of the o-1 acid
glycoprotein, that a short-lived protein could be involved in
the TL-1p effect [28]. In rat hepatocytes, the IL-1B-induced
Mn-SOD gene transcription was not inhibited by dexametha-
sone, suggesting that IL-1f and TNF-o induced Mn-SOD
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Fig. 5. Influence of TNF-a and dexamethasone on the protein bind-
ing activity for the NF-kB site. Nuclear protein extracts were pre-
pared from rat hepatocytes following a 30 min incubation with ei-
ther TNF-a or dexamethasone (Dex) alone or in combination. NF-
kB-protein complexes were resolved on acrylamide gels. C, control
untreated hepatocytes. This result is representative of three separate
experiments.

gene transcription through different pathways. However,
they both stimulated NF-kB activation (data not shown).
Therefore it could be postulated that the two cytokines acti-
vated the transcription factor through different routes. Fi-
nally, it appears clear that TNF-o and IL-1B induced Mn-
SOD gene transcription through different pathways, the for-
mer being highly sensitive to dexamethasone inhibition.
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