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ABSTRACT

Heme oxygenase (HO)-1 is the inducible isoform of the rate-limiting enzyme of heme degradation, which is
up-regulated by a host of stress stimuli. The bacterial cell membrane component lipopolysaccharide (LPS) is a
prototypical activator of monocytic cells. Here, it is shown that LPS induced the endogenous HO-1 gene ex-
pression in RAW264.7 monocytic cells. To investigate the molecular mechanisms of HO-1 gene induction by
LPS, we performed transfection experiments with reporter gene constructs containing sequences of the prox-
imal rat HO-1 gene promoter. Deletion and mutation analysis indicated that a cyclic AMP response
element/activator protein-1 site (—664/—657), but not an E-box motif (—47/—42), played a major role for
LPS-dependent HO-1 gene induction. Up-regulation of HO-1 promoter activity by LPS was decreased by
pharmacological nuclear factor-kB (NF-kB) inhibitors and by cotransfected expression vectors with domi-
nant negative isoforms of NF-kB-inducing kinase, inhibitor of NF-kB (IkB) kinase 3, and IkBa. Moreover,
the p38 mitogen-activated protein kinase (MAPK) inhibitor SB203580 and overexpressed dominant negative
p38P3 decreased, whereas dominant negative p386 increased, LPS-dependent induction of HO-1 gene expres-
sion. The results suggest that the NF-kB and p38 MAPK signaling pathways mediate the LPS-dependent in-
duction of HO-1 gene expression via DNA sequences of the proximal promoter region. Antioxid. Redox Signal. 6,
802-810.

INTRODUCTION

HEME OXYGENASE (HO) catalyzes the first and rate-
limiting step of heme degradation (29). HO not only
controls the cellular heme availability, but also produces car-
bon monoxide, iron, and biliverdin. At least two genetically
distinct isozymes have been identified of which the inducible
form, HO-1, is up-regulated by various stress stimuli, such as
heme, heat shock, heavy metals, ultraviolet light, and hyper-
oxia (for reviews, see 19, 22). Although the functional role of
HO-1 gene induction in response to oxidative stress is not un-
derstood in detail, it has been demonstrated that overexpres-
sion of HO-1 provides protection against oxidative stress in

various cell culture and in vivo models (1, 5, 10). The physio-
logical role of the HO-1 gene has also been demonstrated in
HO-1-deficient mice (23, 24) and in a case of human genetic
HO-1 deficiency (31). In both mouse and human HO-1 defi-
ciency, organ manifestations such as iron overload of the liver
with signs of a chronic hepatitis, as well as an iron deficiency
anemia with paradoxical increased levels of ferritin, were ob-
served (23, 24, 31).

Lipopolysaccharide (LPS) is a component of the cell wall
of gram-negative bacteria and is the major mediator of sep-
sis, septic shock, and systemic inflammatory response syn-
drome (28). Treatment of monocytic cells with LPS induces
the production of reactive oxygen species and nitric oxide,
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the secretion of cytokines such as tumor necrosis factor o
(TNFa) or interleukin-1, and the up-regulation of intracellu-
lar autoprotective proteins such as heat shock protein 70 and
HO-1 (8, 30). LPS-dependent induction of HO-1 gene ex-
pression in monocytic cells has previously been demon-
strated to be mainly mediated via antioxidant response
elements (AREs), also termed stress response elements
(StREs), of the far distal mouse HO-1 gene promoter (3),
which are activated via the transcription factor (TF) Nrf2 (2).
The involvement of the nuclear factor-kB (NF-kB) signaling
pathway for HO-1 gene regulation, however, which is the
major signaling pathway activated by LPS in monocytes (8,
15), is not well understood. Therefore, the goal of the present
study was to identify the regulatory elements (REs) and sig-
nal cascades that are involved in the LPS-dependent induc-
tion of HO-1 gene activity in monocytic cells.

It is shown that the LPS-dependent induction of HO-1 gene
expression is mediated via a previously characterized cyclic
AMP response element (CRE)/activator protein-1 (AP-1) ele-
ment of the proximal promoter region of the rat HO-1 gene.
Moreover, it is demonstrated that the NF-«B and p38
mitogen-activated protein kinase (MAPK) signaling path-
ways play important regulatory roles in the LPS-dependent
induction of HO-1 gene expression.

MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle medium was obtained from
GibcoBRL/Invitrogen (Karlsruhe, Germany), fetal bovine
serum from Biochrom KG (Berlin, Germany), polyvinylidene
difluoride membranes from Millipore (Bedford, MA, U.S.A.),
the Lumi-light chemiluminescent detection system for western
blot from Roche Applied Science (Mannheim, Germany), and
restriction endonucleases from New England Biolabs (Cam-
bridge, MA, U.S.A.). Falcon tissue culture dishes were from
BD Bioscience (Heidelberg, Germany). The primary poly-
clonal rabbit anti-HO-1 antibody was obtained from Stressgen
(Victoria, BC, Canada). All other chemicals were purchased
from Sigma (Munich, Germany) and Roche Molecular Bio-
chemicals (Basel, Switzerland) unless otherwise indicated.

Cell culture

RAW264.7 cells were from American Type Culture Col-
lection (Manassas, VA, U.S.A.) and were cultured in Dul-
becco’s modified Eagle medium supplemented with 10%
fetal bovine serum, 100 U of penicillin/ml, and 100 pg of
streptomycin/ml. Cell cultures were kept under air/CO,
(19:1). Treatment of cells with LPS (1 pg/ml) was performed
with serum-free medium.

Western blot analysis

Cell cultures were washed twice with 0.9% NaCl. After
addition of 300 pl of 1 X Laemmli buffer (2% sodium dode-
cyl sulfate, 10% glycerol, bromophenol blue, 0.4 mol/L
dithiothreitol, 4% protease inhibitor), cells were scraped
from culture dishes and then homogenized by passing
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through a 25-gauge needle. The homogenate was incubated
for 3 min at 95°C, and the protein content was determined in
the supernatant by the Bradford method. Total protein
(60 pg) was loaded onto a 12% sodium dodecyl sulfate—
polyacrylamide gel and was blotted onto polyvinylidene di-
fluoride membranes by electroblotting. Membranes were
blocked with Tris-buffered saline containing 5% dry milk,
50 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.1% Tween,
for 1 h at room temperature. The primary polyclonal anti-
body against rat HO-1 was added at 1:1,000 dilution, and
the blot was incubated for 1 h at room temperature. The
secondary anti-rabbit IgG was diluted 1:10,000 and the
chemiluminescent detection system was used for detection
according to the manufacturer’s instructions. Monoclonal
mouse anti-rabbit glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (HyTest Ltd., Turku, Finland) was used as a
loading control. The primary antibodies for the detection of
phosphorylated and total MAPKs were from Cell Signaling
(Beverly, MA, U.S.A.) and were applied at the concentra-
tions recommended by the manufacturer.

Plasmid constructs

The luciferase reporter gene constructs pHO-1338,
pHO-754, and pGL3basic have been described previously
(13). The luciferase reporter gene constructs pHO-347, pHO-
754Em and pHO-754Am/Em, were generated with the Quick
change™ XL site-directed mutagenesis kit (Stratagene) as de-
scribed previously (16). The pNF-kB reporter gene plasmid
with four tandem copies of the NF-kB consensus sequence
was obtained from Clontech (Palo Alto, CA, U.S.A.), and
plasmid p3xStRE with three copies of the HO-1 SRE was a
gift from Dr. Jawed Alam (New Orleans, LA, U.S.A.). Expres-
sion vectors for dominant negative forms of NF-kB-inducing
kinase (NIK), inhibitor of NF-kB (IkB) kinase 8 (IKKf), and
IkBa were from Dr. Richard Gaynor (Houston, TX, U.S.A.),
and dominant negative mutants (AF) of p38a, 3, 'y and 3 iso-
forms were from Dr. Jiahuai Han (La Jolla, CA, U.S.A.).

Transfection and luciferase assay

After growth for 24 h, transfection of plasmid DNA into
RAW264.7 cells was performed by the liposome method using
Fugene® (Roche Molecular Biochemicals) as described previ-
ously (9). Unless otherwise stated, cells were transfected with
0.5 pg of reporter plasmid and in cotransfection experiments
with 0.01-1 pg of the indicated expression vectors. Luciferase
activity was determined with a commercial luciferase assay sys-
tem (Promega; Madison, WI, U.S.A.) as described previously
(9). Cells were either harvested 24 h after transfection or treated
for another 18 h with LPS, as indicated. Relative light units of
luciferase activity were normalized with sample protein.

RESULTS

LPS-dependent induction of HO-1 gene expression
in RAW264.7 cells

It has previously been demonstrated that HO-1 gene ex-
pression is induced by LPS in macrophages and monocytic
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FIG. 1. LPS-dependent induction of endogenous HO-1

gene expression in RAW264.7 cells. RAW264.7 cells were
cultured as described in Materials and Methods. Confluent
cells were cultured (A) for 18 h with or without LPS (1 pg/ml)
in serum-free medium, (B) in the presence of LPS for the times
indicated, or (C) with LPS (1 pg/ml), TPA (0,5 pM), TNFa
(5 pg/ml and 25 pg/ml), or control medium as indicated. Total
protein (60 png) was subjected to western blot analysis with a
polyclonal antibody against rat HO-1 or GAPDH as a loading
control (A—C). Similar results were obtained in at least three
independent experiments, and a representative autoradiogram
is shown. Ctrl, control.

cells (11, 12). To investigate the regulatory mechanisms of
LPS-dependent HO-1 gene induction in these cells in more
detail, we applied the monocytic cell line RAW264.7 for the
present study. Treatment with LPS induced HO-1 protein ex-
pression in RAW264.7 cells as determined by Western blot
analysis (Fig. 1A). Up-regulation of HO-1 protein expression
was time-dependent with a maximum at 8 h (Fig. 1B). HO-1
gene expression was also induced by treatment with LPS on
the mRNA level (data not shown).

As LPS-dependent induction of HO-1 gene expression has
previously been shown to be mediated by the proinflamma-
tory cytokine TNFa, we compared the regulatory effect
of LPS with that of TNFa and the phorbol ester 12-O-
tetradecanoylphorbol 13-acetate (TPA). As demonstrated in
Fig. 1C, treatment with TNFa had no effect on HO-1 gene
expression, whereas TPA strongly up-regulated HO-1 gene
expression. LPS-dependent induction of HO-1 gene pro-
moter activity appeared to be cell-specific because no induc-
tion was observed in cell cultures of LLC-PK1 (porcine kid-
ney epithelial cells), H35T718 (hepatoma cells), HeLa
(human cervix epithelial cells), and human umbilical cord
endothelial cells (ECV304) (data not shown). The data sug-
gest that LPS induces the endogenous HO-1 gene expression
in RAW264.7 cells.
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ldentification of regulatory DNA sequences

of the proximal rat HO-1 gene promoter region
that mediate the LPS-dependent induction

of HO-1 gene expression

The up-regulation of HO-1 gene expression by most
stimuli occurs on the transcriptional level. Accordingly, pre-
treatment of cell cultures with the transcription inhibitor
actinomycin D prevented the LPS-dependent HO-1 mRNA
induction in our model of RAW264.7 cells (data not shown).
To investigate the molecular mechanisms of LPS-dependent
HO-1 gene induction, we determined the effect of LPS on the
activity of luciferase reporter gene constructs containing ei-
ther the proximal 1,338 bp of the rat HO-1 gene promoter
(pHO-1338), four copies of the NF-kB consensus sequences
(pNF-kB), or three copies of the HO-1 ARE [p3xStRE (2)] in
transiently transfected RAW264.7 cells (Fig. 2). A marked
LPS-dependent induction of luciferase activity was deter-
mined for the pHO-1338 reporter gene construct, and a lower
level of induction was observed for the pNF-kB and the
p3xStRE constructs.

To identify potential regulatory DNA sequences that may
mediate the LPS-dependent induction of HO-1 gene expres-
sion, we performed transfection experiments with reporter
gene constructs containing serially 5'-deleted sequences of
the proximal HO-1 promoter region. Deletion of a putative
NF-kB site (—1,002/—994) did not alter the LPS-dependent
induction of luciferase reporter gene activity. The inducibility
by LPS of HO-1 reporter gene constructs, however, was
markedly reduced after deletion of DNA sequences from
—754 to —347 and —347 to —50. Suprisingly, even a con-
struct with 50 bp of the proximal HO-1 promoter gene region
containing an E-box motif (—47/—42) was still up-regulated
by LPS (Fig. 3A). To assess further the functional role of this
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FIG. 2. LPS-dependent induction of rat HO-1 promoter
activity. RAW264.7 cells were transiently transfected with re-
porter gene constructs containing either the proximal 1,338 bp
of the HO-1 promoter 5'-flanking region (pHO-1338), four
copies of the consensus sequence of NF-«kB (pNF-kB), three
copies of the HO-1 StRE (p3xStRE), or the control plasmid
pGL3basic. Twenty-four hours after transfection, cells were
cultured in the absence or presence of LPS (1 pg/ml) for an-
other 18 h. Cell extracts were assayed for luciferase activity as
described in Materials and Methods, and the rate of induction
was determined relative to the control, which was set equal to
1. Values are means + SEM from at least three independent
experiments.
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porter gene constructs with mutations in
the AP-1 and E-box sites of pHO-754
were generated as described under Mate-
rials and Methods. Cell extracts were as-
sayed for luciferase activity, and the rate
of induction was determined relative to
the control, which was set equal to 1. Val-
ues are means = SEM from at least three
independent experiments.
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proximal E-box motif, which could be a potential target for
the TF upstream stimulatory factor (USF) that mediates LPS-
dependent gene regulation (7, 25, 26) and a previously identi-
fied HO-1 CRE/AP-1 site (—664/—657) (13, 16), we exam-
ined the LPS-dependent regulation of HO-1 reporter gene
constructs with targeted mutations of these sites. As demon-
strated in Fig. 3B, LPS-dependent induction of luciferase ac-
tivity of pHO-754Em with a mutated E-box site was not re-
duced as compared with wild-type pHO-754. By contrast,
up-regulation of reporter gene activity of construct pHO-
754Am/Em by LPS was markedly decreased. Treatment with
TNFa had no effect on reporter gene activity of pHO-1338
(data not shown).

The data suggest that activation of HO-1 gene expression
by LPS in RAW264.7 cells is mediated via regulatory DNA
sequences of the proximal HO-1 promoter region.

Role of the NF-«kB signaling pathway in
LPS-dependent activation of HO-1 promoter activity

The NF-kB signaling pathway has previously been shown
to play a major role in LPS-dependent gene regulation (15).
Therefore, the effects of the pharmacological NF-«kB in-
hibitors caffeic acid phenethyl ester (CAPE) and Nap-tosyl-L-
lysine chloromethyl ketone (TLCK) on LPS-dependent in-
duction of HO-1 promoter activity was determined in
RAW264.7 cells. The up-regulation of HO-1 promoter activ-
ity by LPS was inhibited by pretreatment with CAPE and
TLCK in a dose-dependent manner (Fig. 4). For a compari-
son, the reporter gene construct pNF-«kB showed a similar
regulatory pattern.

To examine further the potential role of the NF-«kB signal-
ing pathway in LPS-dependent induction of HO-1 gene ex-
pression, we performed cotransfection experiments with ex-
pression vectors of wild-type and dominant negative forms of
kinases of the NF-kB pathway. Overexpression of wild-type
NIK, which is an upstream kinase of the NF-kB signaling
cascade, led to a dose-dependent increase of luciferase activ-
ity of the pHO-1338 construct (Fig. 5). In addition, LPS-
dependent induction of HO-1 promoter activity was inhibited
by dominant negative NIK (Fig. 6, left panel), but not by
dominant negative transforming growth factor-B-activated
kinase-1 or MAPK/extracellular signal-regulated kinase
(ERK) kinase kinase (MEKK)-1 (data not shown).

The regulatory role of the downstream IKKP and IkBa
was examined by cotransfection of RAW264.7 cells with con-
struct pHO-1338 and expression vectors of dominant nega-
tive isoforms of IKKf and IkBa. LPS-dependent induction
of HO-1 promoter activity was markedly decreased by over-
expressed dominant negative IKKB and IkBa (Fig. 6, left
panel). Taken together, the data demonstrate that activation of
the NF-kB signaling pathway plays an important role in LPS-
dependent induction of HO-1 gene expression.

Activation of MAPKs by LPS in RAW264.7 cells

To determine the potential role of MAPKs in LPS-
dependent induction of HO-1 gene expression, RAW264.7
cells were treated with LPS for various lengths of time and
cell extracts were analyzed for phosphorylated and total
MAPKSs. An increase in the level of phosphorylated ERK]1
and ERK2 was observed in LPS-treated cells, reaching a
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maximum after 15 min (Fig. 7). Moreover, phosphorylation
of c-Jun N-terminal kinase (JNK) and p38 was observed in
LPS-treated cells (Fig. 7), suggesting that the three major
MAPK pathways are activated by LPS in RAW264.7 cells.
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FIG. 5. Effect of overexpressed NIK on HO-1 promoter
activity. RAW264.7 cells were cotransfected with pHO-1338
or pNF-kB and an expression vector for NIK at the indicated
concentrations. Twenty-four hours after transfection, cell ex-
tracts were assayed for luciferase activity, and the rate of induc-
tion relative to the control was determined. Values are means +
SEM from at least three independent experiments.

Opposite regulatory roles of p383 and
p38% in the LPS-dependent regulation
of HO-1 gene expression

To investigate the regulatory role of MAPKs in LPS-
dependent regulation of HO-1 gene expression, we applied
pharmacological MAPK inhibitors. Pretreatment for 30 min
with the p38 MAPK inhibitor SB203580 strongly reduced
LPS-dependent induction of HO-1 promoter activity (Fig.
8A). By contrast, pretreatment with the ERK inhibitor
PD98059 and the JNK inhibitor SP600125 did not affect
LPS-dependent induction of HO-1 gene expression (data
not shown). To elucidate further the role of p38 for LPS-
dependent HO-1 gene induction, we examined the effect of
overexpression of dominant negative p38 «, B, v, and 8 iso-
forms. Overexpressed dominant negative p38f inhibited,
whereas dominant negative p383 increased, LPS-dependent
induction of HO-1 promoter activity (Fig. 8B). The effects of
overexpressed dominant negative p383 and p383 were con-
firmed for the endogenous HO-1 gene expression in
RAW264.7 cells (Fig. 8C), indicating that p38B and p383
have opposite regulatory roles in the LPS-dependent induc-
tion of HO-1 gene expression.
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FIG. 6. Inhibition of HO-1 promoter (3
activity by overexpressed dominant
negative NIK, IKKf, and IkBa. Cells
were cotransfected with reporter gene
constructs pHO-1338 or pNF-«kB and ex-
pression vectors with dominant negative
(dn) forms of NIK, IKKp, and IkBa as
indicated. Twenty-four hours after trans-
fection, cells were treated with LPS
(1 pg/ml) or control medium for another
18 h. Cell extracts were assayed for lu-
ciferase activity, and the rate of induction
relative to the control was determined.
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DISCUSSION

In the present study, we demonstrate that the LPS-
dependent induction of HO-1 gene expression is mediated via
a CRE/AP-1 element of the proximal promoter region of the
rat HO-1 gene in monocytic cells. Moreover, it is shown that
the NF-kB and p38 signaling pathways play a major regula-
tory role in HO-1 gene induction in response to LPS.
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FIG. 7. Activation of MAPKs by LPS in RAW264.7 cells.
RAW264.7 cells were cultured as described in Materials and
Methods and were treated with LPS (1 pg/ml) for the times in-
dicated. Total protein (60 pg) was analyzed by western blot
analysis with polyclonal antibodies for the indicated MAPKs.
Filters were used to detect phosphorylated MAPKs and then
stripped and probed with antibodies against total MAPKs and
GAPDH as a control. Similar results were obtained in three in-
dependent experiments. Autoradiograms of a representative ex-
periment are shown.

Transcriptional induction of HO-1 gene
expression by LPS in monocytic cells

The present study demonstrates that treatment with LPS
leads to an induction of the endogenous HO-1 gene expres-
sion in RAW264.7 cell cultures (Fig. 1), which agrees with
observations of previous reports (3, 11, 12). Two distal en-
hancer regions localized at —4.0 kb and —10.0 kb of the
mouse HO-1 gene promoter 5’'-flanking region have been
demonstrated to mediate the LPS-dependent induction in
RAW264.7 cells (3). These distal enhancer regions of the
mouse gene promoter contain AREs, which are the nuclear
target sequences of the TF Nrf2 (2). By contrast, in the pres-
ent report, we have identified functional DNA sequences of
the proximal rat HO-1 gene promoter that are different from
AREs and confer LPS responsiveness to luciferase reporter
gene constructs. By deletion and mutation analysis, it is dem-
onstrated that a previously characterized CRE/AP-1 element
(—668/—654) (13, 16) appears to play a major role in the
LPS-dependent up-regulation of HO-1 gene expression. For a
comparison, a reporter gene construct with three copies of the
HO-1 StRE was up-regulated to a minor degree by LPS
(Fig. 2). A putative NF-kB site (—1,002/—994) was not in-
volved in the transcriptional regulation of HO-1 gene expres-
sion as judged by transfection experiments, because deletion
of this element did not alter the LPS responsiveness of
luciferase constructs (Fig. 3A). Interestingly, it has previ-
ously been demonstrated that an NF-kB site could be in-
volved in the heme-dependent transcriptional regulation of
the human HO-1 gene in an erythroid cell line (17) and that
age-dependent induction of HO-1 gene expression in liver
was mediated by NF-«B (18).

As the TF USF has been shown to mediate the up-regulation
of the alcohol dehydrogenase gene expression by LPS in liver
(25, 26) and LPS induces the occupation of an E-box motif of
the murine inducible nitric oxide synthase gene (7), we hy-
pothesized that the proximal E-box motif of the HO-1 gene
promoter could be involved in the LPS-dependent induction of
HO-1 gene expression. The present data, however, suggest that
the E-box of the rat HO-1 gene promoter does not play a major
role in the transcriptional induction of HO-1 gene expression
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FIG. 8. Involvement of p38 MAPK in the regulation of

HO-1 promoter activity by LPS. (A) RAW264.7 cells were
transiently transfected with reporter gene construct pHO-1338.
Twenty-four hours after transfection, cells were pretreated with
the p38 MAPK inhibitor SB203580 (4 and 20 pM) for 30 min,
after which cells were incubated for another 18 h in the ab-
sence or presence of LPS (1 pg/ml) as indicated. Cell extracts
were assayed for luciferase activity, and the rate of induction
relative to the control was determined. Values are means +
SEM from at least three independent experiments. (B)
RAW264.7 cells were cotransfected with expression vectors
for dominant negative (dn) p38B, p388, or empty expression
vector and reporter gene construct pHO-1338. Twenty-four
hours after transfection, cells were incubated for 18 h in the ab-
sence or presence of LPS (1 pg/ml), cell extracts were assayed
for luciferase activity, and the rate of induction relative to the
control was determined. Values are means = SEM from at least
three independent experiments. (C) Endogenous HO-1 protein
levels were detected in RAW?264.7 cells that were transfected
with expression vectors of wild-type (wt) and dominant nega-
tive (dn) p38B or p38d. Twenty-four hours after transfection,
cells were treated with LPS (1 pg/ml) as indicated. Total pro-
tein (60 pg) was subjected to western blot analysis and detected
with polyclonal antibodies against rat HO-1 or GAPDH as a
loading control. Similar results were obtained in three indepen-
dent experiments, and autoradiograms of a representative ex-
periment are shown.
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in monocytic cells. Interestingly, the group of Shibahara has
previously shown that USF is involved in the TPA-dependent
induction of the human HO-1 gene in the myelomonocytic cell
line THP-1 (20). Deletion experiments also suggested that ad-
ditional DNA sequences of the proximal 347 bp of the rat
HO-1 gene promoter are involved in LPS-dependent regula-
tion of HO-1 gene expression (Fig. 3A).

Signal transduction pathways that mediate
LPS-dependent induction of HO-1 gene expression

The cytokine TNFa has previously been shown to be a
principal mediator of the LPS-dependent induction of HO-1
gene expression in liver possibly via an autocrine mechanism
(8, 21). Our results, however, indicate that TNFa is not in-
volved in the LPS-dependent induction of HO-1 in RAW264.7
monocytic cells (Fig. 1C). The data rather suggest that induc-
tion of HO-1 gene expression is directly mediated via activa-
tion of LPS-dependent signaling cascades. At least two dis-
tinct pathways are involved in the regulation of HO-1 gene
expression by LPS: the NIK/IKKB/NF-kB signaling pathway
and the p38 MAPK pathway. The inhibition of LPS-depen-
dent induction of HO-1 promoter activity by pharmacological
NF-kB inhibitors (Fig. 4) and dominant negative forms of ki-
nases of the NF-kB signaling pathway (Fig. 6) strongly sug-
gest a major regulatory role for this signaling cascade. It is
highly likely, however, that additional pathways are involved
in LPS-dependent induction of HO-1 gene expression (for a
review, see 8). For example, it has been shown that LPS-de-
pendent induction of NF-kB can be mediated via transform-
ing growth factor-§ activated kinase-1 (14). The present data
on the effect of the NF-«kB inhibitor CAPE (Fig. 4A) contra-
dict a previous report in which CAPE has been demonstrated
to induce the expression of the endogenous HO-1 gene in an
astrocyte cell line (27). These conflicting observations may
be explained by cell-specific differences between astrocytes
and RAW264.7 macrophages. Our data also indicate that ac-
tivation of the p38 MAPK signaling pathway is involved in
the regulation of HO-1 gene expression in RAW264.7 cells
(Fig. 8). Surprisingly, overexpression of dominant negative
forms of p38B and p38d had opposite effects on the LPS-
dependent induction of HO-1 gene expression in RAW264.7
cells (Fig. 8). Whether the NF-kB and p38 signaling path-
ways interact in the regulation of HO-1 gene expression
cannot be concluded from our data. Interestingly, Carter
and colleagues have previously demonstrated that p38-
dependent phosphorylation of the TF TATA-binding protein
by LPS is necessary for the activation of NF-kB-dependent
gene regulation (4). Moreover, a complex interplay of up-
stream signaling cascades has been demonstrated to be in-
volved in the NF-kB-dependent gene regulation of the
monocyte chemoattractant protein-1 gene (6). Clearly, fur-
ther studies are necessary to elucidate the interaction of
these signaling cascades in the gene regulation of HO-1
gene expression.

As LPS-dependent activation of monocytic cells plays a
crucial role in the pathogenesis of sepsis, the present data have
important physiological and therapeutic implications. The
modification of HO-1 gene expression in monocytic cells via
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targeted regulation of signaling cascades may ultimately lead
to the development of novel therapeutic strategies.
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ABBREVIATIONS

AP-1, activator protein-1; ARE, antioxidant response ele-
ment; CAPE, caffeic acid phenethyl ester; CRE, cyclic AMP
response element; ERK, extracellular signal-regulated Kki-
nase; GAPDH; glyceraldehyde-3-phosphate dehydrogenase;
HO, heme oxygenase; IkB, inhibitor of NF-kB; IKKf, IkB
kinase 3; JNK, c-Jun N-terminal kinase; LPS, lipopolysac-
charide; MAPK, mitogen-activated protein kinase; NF-kB,
nuclear factor-kB; NIK, NF-kB-inducing kinase; RE, regula-
tory element; StRE, stress RE; TF, transcription factor; TLCK,
Nap-tosyl-L-lysine chloromethyl ketone; TNFa, tumor necro-
sis factor o; TPA, 12-O-tetradecanoylphorbol 13-acetate;
USEF, upstream stimulatory factor.
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