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Lipopolysaccharide-Induced Heme Oxygenase-1 Expression in
Human Monocytic Cells Is Mediated via Nrf2 and Protein
Kinase C

Stuart A. Rushworth,* Xi-Lin Chen,† Nigel Mackman,‡ Richard M. Ogborne,* and
Maria A. O’Connell1*

Monocytes play a key role in mobilization of the immune response during sepsis. In response to LPS, monocytes produce both
proinflammatory mediators and regulatory proteins that counteract the inflammation and oxidative stress. In murine macro-
phages, LPS stimulates expression of heme oxygenase 1 (HO-1), a cytoprotective enzyme that catalyzes the degradation of heme.
The HO-1 5�-untranslated region, similarly to other cytoprotective genes, contains antioxidant-response elements (AREs) that can
bind the transcription factor NF-E2-related factor 2 (Nrf2). At present, the role of Nrf2 in LPS-induced HO-1 expression in
monocytic cells has not been investigated. In this study, LPS induced HO-1 mRNA and protein expression in human monocytes
and THP-1 cells. Nrf2 translocated from the cytosol to the nucleus in response to LPS and bound to the ARE site in the human
HO-1 promoter. In addition, a dominant negative Nrf2 mutant inhibited LPS-induced HO-1 mRNA expression but not TNF-�
mRNA expression in THP-1 cells. Ro-31-8220, a pan-protein kinase C (PKC) inhibitor, and Go6976, a classical PKC inhibitor,
blunted LPS-induced HO-1 mRNA expression in monocytes and THP-1 cells. Both PKC inhibitors also blocked LPS-induced Nrf2
binding to the ARE. These results indicate that LPS-induced HO-1 expression in human monocytic cells requires Nrf2 and
PKC. The Journal of Immunology, 2005, 175: 4408–4415.

H eme oxygenase (HO)2 is the rate-limiting enzyme in
heme catabolism. It catalyzes the degradation of heme,
producing iron, carbon monoxide, and biliverdin. Biliv-

erdin is subsequently converted to bilirubin, which is a powerful
antioxidant, by biliverdin reductase (1, 2). In mammalian cells,
three HO isoforms have been identified. HO-1 is inducible,
whereas HO-2 and HO-3 are constitutively expressed. HO-1 expres-
sion is induced in a number of cell types by a range of stress stimuli,
including LPS, proinflammatory cytokines, heavy metals, UV light,
heat shock, hypoxia, and NO (3–5). The increase in HO-1 expression
by these stress stimuli is thought to be an adaptive mechanism that
protects the cells from oxidative damage (6). Cellular levels of HO-1
and other cytoprotective genes are up-regulated by a number of dif-
ferent stress stimuli in mononuclear phagocytes (7–9).

Monocytes and macrophages play essential roles in inflamma-
tion and mobilization of the host defense against bacterial infec-
tion. LPS, a component of the outer membrane of Gram-negative
bacteria, is one of the most potent activators of monocytes and
macrophages (10). LPS activation of monocytes results in a wide
range of responses, including secretion of growth factors and
proinflammatory mediators, expression of adhesion molecules and
coagulation factors, phagocytosis, and cytoskeletal rearrangement

(11). In response to LPS, mononuclear phagocytes also synthesize
intracellular cytoprotective proteins, including heme binding pro-
tein 23, heat shock protein 70, and ferritin, which have been im-
plicated in cellular autoprotection against oxidative stress (9, 12,
13). HO-1 is induced in rodent macrophages in vitro and in vivo in
response to LPS (9, 14, 15). In addition, the HO-1 metabolites
bilirubin and carbon monoxide play a cytoprotective role in rat
models of endotoxaemia (16, 17). Exposure of HO-1-deficient
mice to endotoxin leads to increased hepatocellular necrosis, in-
creased splenic proinflammatory cytokine secretion, and higher
mortality from endotoxic shock when compared with wild-type
animals (18–20). These studies suggest that HO-1 plays an im-
portant role in counteracting the deleterious increase in inflamma-
tion and oxidative injury associated with endotoxaemia.

LPS activates gene transcription by binding to its membrane
receptor, TLR4, on circulating monocytes, inducing signal trans-
duction pathways leading to the phosphorylation of kinases, in-
cluding the I�� kinases, protein kinase C (PKC), PI3K, and
MAPKs. These in turn activate various transcription factors, in-
cluding the NF-�B and AP-1 families (21, 22). Song et al. (15)
reported that LPS injection of mice resulted in increased HO-1
expression in liver Kupffer cells, which was mediated via TLR4.
However, the downstream targets of TLR4 leading to regulation of
the HO-1 gene by LPS are unknown.

The 5�-untranslated region of the human HO-1 gene contains
many stress-activated response elements, including AP-1 sites, hy-
poxia-inducible factor-1 sites, CCAAT/enhancer-binding protein
sites, phorbol ester response elements, heme and cadmium re-
sponse elements, a �B site, and antioxidant response elements
(AREs) (14, 23–25). The ARE is a cis-acting regulatory element,
which is also present in the 5�-flanking region of other cytopro-
tective genes, including NADP(H) quinone oxidoreductase, thiore-
doxin, ferritin, and glutamate cysteine ligase (26). The NF-E2 fam-
ily, which belong to the Cap’n’Collar family of basic leucine
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zipper transcription factors, bind to the ARE. These include NF-
E2, NF-E2-related factor 2 (Nrf2), Nrf1, Nrf3, Bach1, and Bach2.
These transcription factors heterodimerize with other proteins, in-
cluding members of the jun and the small Maf families (27). Nrf2
has recently emerged as a key player in the transcriptional activa-
tion of several ARE-mediated genes (28, 29). Nrf2 resides in the
cytosol bound to an inhibitor Keap 1. Upon activation, Nrf2 is
phosphorylated, released from Keap 1, and it enters the nucleus
where it binds to the ARE in the promoters of various target genes
(27). Nrf2 has been reported to regulate oxidative stress-induced
HO-1 expression in murine peritoneal macrophages (28). A dom-
inant negative mutant of Nrf2 transfected into murine L929 fibro-
blasts demonstrated significantly reduced HO-1 expression (30). In
addition, fibroblasts and lung tissues from Nrf2-knockout mice
express reduced levels of HO-1 (31, 32). These studies suggest
that, at least in mouse cells, HO-1 up-regulation is dependent on
the expression and activation of Nrf2.

In this study, the role of Nrf2 in regulating LPS-induced HO-1
expression was studied in human monocytic cells. LPS induced
HO-1 mRNA and protein expression via activation of the tran-
scription factor Nrf2. The pathway was independent of the
MAPKs, ERK and p38, but was dependent on a classical isoform
of PKC.

Materials and Methods
Reagents

LPS (Escherichia coli serotype O111:B4), SB 203580, Ro-31-8220, PD
98059, Go 6976, rottlerin, and LY 294002 were purchased from Calbio-
chem. All other chemicals were obtained from Sigma-Aldrich.

Cell culture

Human monocytic leukemia THP-1 cells (33) were purchased from Euro-
pean Collection of Cell Cultures and cultured in RPMI 1640 medium sup-
plemented with 10% FCS, 2 mM L-glutamine (BioWhittaker), and 2-ME.
HUVECs from pooled donors (Patricell) were cultured in Medium 200,
low serum growth supplement, and penicillin/streptomycin/amphotericin B
solution (Patricell). Cells were maintained in a humidified atmosphere at
37°C and 5% CO2.

Monocyte isolation

Approval for venepuncture was obtained from the Cambridge local re-
gional ethics committee. Heparinized blood was collected from healthy
volunteers and human PBMCs isolated by Lymphoprep (Axis Shield) den-
sity gradient centrifugation (34). PBMCs (4 � 106/ml) were incubated in
complete medium for 2 h at 37°C to allow adherence of monocytes (21).
Cell type was confirmed by microscopy and flow cytometry.

Western immunoblotting

Cells were unstimulated or stimulated with LPS for various times. Total
cell lysates were prepared by boiling in SDS-containing sample buffer for
10 min (Invitrogen Life Technologies). Cytosolic and nuclear extracts were
prepared as described previously (21, 35). Proteins were separated by SDS-
PAGE on a 4–12% polyacrylamide gel and transferred to polyvinylidene
difluoride membrane (Invitrogen Life Technologies). Immunoblotting was
conducted using mouse anti-human HO-1 Ab (StressGen Biotechnologies),
rabbit anti-human Nrf2 Ab (Santa Cruz Biotechnology), or mouse anti-
human �-actin Ab (Sigma-Aldrich). Goat anti-mouse and goat anti-rabbit
secondary Abs were purchased from Santa Cruz Biotechnology. Proteins
were detected using the ECL Western blotting system (Amersham
Biosciences).

ELISA

THP-1 cells were preincubated with kinase inhibitors for 30 min and stim-
ulated with LPS for 6 h. Supernatants were frozen at �80°C until analysis.
TNF-� protein in supernatants was measured by ELISA (R&D Systems).
The sensitivity of the assay was 6.8 pg/ml.

RNA extraction and real-time PCR

Cells were unstimulated or stimulated with LPS for various times at 37°C.
In kinase experiments, cells were pretreated with kinase inhibitors for 30
min before LPS stimulation.

Total RNA was extracted from 2 � 106 cells using RNAwiz, according
to the manufacturer’s instructions (Ambion). Reverse transcription was
performed using the RNA PCR core kit (Applied Biosystems).

Real-time PCR primers and probes for GAPDH, Nrf2, and HO-1 were
purchased from Applied Biosystems. GAPDH, Nrf2, and HO-1 mRNA
levels were obtained by quantitative real-time PCR of cDNA generated
from the reverse transcription. Quantitative real-time PCR used a 5�-flu-
orogenic assay with primers and probes directed against an intron/exon
boundary of GAPDH, HO-1, and Nrf2. The sequences of the primers and
probes are as follows: GAPDH forward primer, 5�-GCCTCAAGATCAT
CAGCAATGC-3�; GAPDH reverse primer, 5�-CCTTCCACGATAC
CAAAGTTGTCAT-3�; GAPDH probe, 5�-ACCAACTGCTTAGCACCC-
3�; HO-1 forward primer, 5�-GCAGAGAATGCTGAGTTCATG-3�; HO-1
reverse primer, 5�-CACATCTATGTGGCCCTGGAGGAGG-3�; HO-1
probe, 5�-CGAGACGGCTTCAAGCTGGTGATGG-3�; Nrf2 forward
primer, 5�-CCTCAACTATAGCGATGCTGAATCT-3�; Nrf2 reverse
primer, 5�-AGGAGTTGGGCATGAGTGAGTAG-3�; and Nrf2 probe, 5�-
CGCAGCGAATATG-3�. TNF-� and 18s mRNA expression were detected
by real-time PCR using SYBR green technology. The primers were as follows:
18s forward primer, 5�-CGGCTACCACATCCAAGGAA-3�; 18s reverse
primer, 5�-GGCTGCTGGCACCAGACTT-3�; TNF-� forward primer, 5�-
GCCCAGGCAGTCAGATCATC-3�; and TNF-� reverse primer, 5�-CGGT-
TCAGCCACTGGAGCT-3�. After preamplification (50°C for 2 min and 95°C
for 10 min), the PCR were amplified for 40 cycles (95°C for 15 s and 60°C for
1 min) on an ABI Prism 7000 Sequence Detection System (Applied Biosys-
tems). HO-1 and Nrf2 mRNA expression were normalized against GAPDH
mRNA expression using the standard curve method (Applied Biosystems).
TNF-� mRNA expression was normalized against 18s mRNA expression us-
ing the comparative cycle threshold method (Applied Biosystems).

EMSA

Oligonucleotide probe containing the human HO-1 ARE site (underlined),
5�-GCATTTCTGCTGCGTCATGTTTGGGAGG-3� was manufactured
and biotinylated by Sigma-Genosys. For competition binding, the same
sequence was manufactured without the biotin label (Sigma-Genosys). Nu-
clear extracts were prepared from 5 � 106 THP-1 cells as previously de-
scribed (21, 36) and incubated with the biotin-labeled probes using the
LightShift Chemiluminescent EMSA kit (Pierce), following the manufac-
turer’s instructions. For supershift analysis, nuclear extracts from LPS-
treated THP-1 cells were preincubated with 1 �g of either anti-human Nrf2
or anti-human p65 supershift Abs (Santa Cruz Biotechnology) for 20 min
before gel shift analysis (36).

Transfections

THP-1 cells (2 � 106/well) were transiently transfected with 1 �g of a
dominant negative mutant of Nrf2 (pcDNA3DN-Nrf2) (26) or control
DNA (pcDNA3) for 48 h, using Effectene transfection reagent according to
the manufacturer’s instructions (Qiagen). Transfected cells were left un-
stimulated or treated with LPS (10 �g/ml) for 4 h before RNA extraction
and real-time PCR analysis.

Results
LPS induces HO-1 expression in human monocytes and THP-1
cells

LPS has been reported to stimulate HO-1 expression in rodent pe-
ripheral blood monocytes and macrophages (8, 9). LPS-induced HO-1
expression was examined in human monocytes and THP-1 cells. We
have previously used this cell line as a model for LPS studies in
human monocytes (21, 36, 37). LPS stimulated an increase in HO-1
mRNA expression in human monocytes (Fig. 1a) and human THP-1
cells (Fig. 1b), measured by real-time PCR analysis. In both cell types,
LPS-induced HO-1 mRNA expression increased by 4 h, increased
further by 8 h, and decreased by 24 h. These results demonstrate
similar results in both cell types, suggesting that the THP-1 cell line
is a valid model for studying LPS-induced HO-1 expression in human
monocytes. HO-1 protein expression was examined by Western blot
analysis. HO-1 was undetected in unstimulated THP-1 cells (Fig. 1c)
and human monocytes (data not shown). In response to LPS, HO-1
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protein expression was present by 12 h and remained at 24 h. Immu-
noblots were reprobed with a mouse anti-human �-actin Ab to con-
firm equal loading between samples.

Nrf2 translocates to the nucleus and binds to the ARE in
response to LPS in THP-1 cells

Nrf2 is a key transcription factor in the regulation of cytoprotective
genes in murine hepatocytes and transformed cells and binds to the
ARE (27). To confirm the presence of Nrf2 in human monocytic
cells, Nrf2 mRNA expression was determined in primary mono-
cytes and THP-1 cells by real-time PCR analysis and normalized
to GAPDH mRNA levels. To compare basal expression with other
nonphagocytic cells, Nrf2 mRNA expression was also determined
in HUVECs. All cell types expressed Nrf2 mRNA. Monocytes and
THP-1 cells expressed higher Nrf2 mRNA levels than HUVECs
(monocytes, 50.01 � 4.87; THP-1, 97 � 7.27; mean � SD, fold
increase expression above HUVECs; n � 3).

Nuclear translocation is an important mechanism for the acti-
vation of Nrf2 (38). To examine whether LPS induced Nrf2 trans-
location, THP-1 cells were treated with LPS for various times.
Cytosolic and nuclear extracts were prepared and analyzed for
Nrf2 expression by Western blotting. Fig. 2a demonstrates that
Nrf2 was present in the cytosol in unstimulated THP-1 cells but
had disappeared by 30 min and had not returned by 4 h. In contrast,
Nrf2 was undetectable in the nucleus of unstimulated cells but

appeared by 1 h in response to LPS. These results suggest that LPS
activates Nrf2 in monocytic cells.

To determine whether LPS induced binding to the ARE of the
HO-1 gene, nuclear extracts from LPS-treated THP-1 cells were
prepared and EMSA conducted using a human HO-1 ARE con-
sensus sequence (Fig. 2b). No complex was detected in unstimu-
lated THP-1 cells. In response to LPS, an ARE-binding complex
appeared by 15 min and binding continued to increase up to 4 h.
The kinetics of this binding matched the disappearance of Nrf2
from the cytosol of THP-1 cells in response to LPS. The binding
of the complex was specifically inhibited by the addition of unla-
beled oligonucleotide (competitor).

To determine whether Nrf2 was present in the complex that
bound to the ARE, supershift analysis was performed using anti-
human Nrf2 supershift Abs. Anti-p65 supershift Abs were used as
a negative control, as we have previously demonstrated, that LPS
induces the NF�B family member, p65, in THP-1 cells and the
HO-1 promoter contains two NF-�B consensus sequences (21, 39).
The DNA-protein complex bound to the HO-1 ARE was abolished
with anti-Nrf2 Abs but not anti-NF�B Abs (Fig. 2c), demonstrat-
ing the presence of Nrf2 in the ARE-binding complex. As EMSA
is a more sensitive assay than Western blot analysis, this may
explain the apparent differences in kinetics between Nrf2 protein
detection (Fig. 2a) and DNA binding (Fig. 2b) in the nucleus.

THP-1 cells were then transiently transfected with a dominant
negative mutant of Nrf2 to confirm a role for Nrf2 in LPS-induced

FIGURE 1. LPS induces HO-1 expression in human monocytes and
THP-1 cells. Monocytes and THP-1 cells were unstimulated or stimulated
with LPS (100 ng/ml and 10 �g/ml, respectively) for the indicated times
and extracts prepared. a, LPS-induced HO-1 mRNA expression in periph-
eral blood-derived human monocytes, measured by real-time PCR. b, LPS-
induced HO-1 mRNA expression in THP-1 cells, measured by real-time
PCR. HO-1 mRNA expression was normalized to GAPDH mRNA levels.
Data shown represents three experiments (mean � SD). c, LPS-induced
HO-1 protein expression in THP-1 cells, measured by Western blot
analysis.

FIGURE 2. LPS stimulates translocation of Nrf2 from the cytosol to the
nucleus and binding to the HO-1 ARE in THP-1 cells. THP-1 cells were
stimulated with LPS (10 �g/ml) for various times and cytoplasmic and
nuclear extracts prepared. a, Cytoplasmic and nuclear proteins were sep-
arated by SDS-PAGE, and Western blot analysis was conducted using
anti-Nrf2 Abs. b, EMSAs were performed using LPS-stimulated nuclear
THP-1 extracts and biotinylated a HO-1-ARE probe. An unbiotinylated
HO-1 ARE oligonucleotide probe was used as a cold competitor (as indi-
cated). c, Nuclear extracts from THP-1 cells stimulated for 1 h with LPS
were preincubated with 1 �g of anti-Nrf2 or anti-p65 supershift Abs, be-
fore EMSA.
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HO-1 mRNA expression. Cells transfected with the vector control
(pcDNA3) expressed an 8-fold increase in HO-1 mRNA expres-
sion in response to LPS when compared with unstimulated cells
containing pcDNA3 (Fig. 3a). The dominant negative Nrf2 mutant
inhibited LPS-induced HO-1 mRNA expression by 75%. As a neg-
ative control, the effect of the dominant negative Nrf2 mutant on
LPS-induced TNF-� expression was also examined. The TNF-�
promoter does not contain ARE sites, and therefore, its expression
should not be altered by the Nrf2 mutant. Transfection of THP-1
cells with the dominant negative Nrf2 mutant resulted in no change
in LPS-induced TNF-� expression when compared with pcDNA3-
transfected cells (Fig. 3b), suggesting that Nrf2 does not play a role
in LPS-induced TNF-� expression in these cells. To determine
transient transfection efficiency, a GFP reporter plasmid was trans-
fected into THP-1 cells, and GFP-positive cells were detected by
flow cytometry. Using this method, the transfection efficiency of
THP-1 cells was 41.4 � 3.77% (mean � SD; n � 3). Taken to-
gether, these results demonstrate that Nrf2 plays a key role in
LPS-induced HO-1 mRNA expression in human THP-1 cells.

PKC regulates LPS-mediated HO-1 expression and Nrf2 binding
in human monocytes and THP-1 cells

The intracellular pathways between TLR4 and Nrf2 have not been
determined. LPS has been reported to activate many kinase path-

ways in monocytes, including the MAPKs, PI3K and PKC (22).
The potential role of these pathways in LPS-induced HO-1 expres-
sion was examined in monocytic cells using kinase-specific inhib-
itors. These included a PI3 kinase pathway inhibitor (LY294002),
a pan-PKC inhibitor (Ro-31-8220), a p38 inhibitor (SB203580),
and a MEK1/2 inhibitor (PD98059). Monocytes and THP-1 cells
were pretreated with inhibitors for 30 min before stimulation with
LPS for 8 h. RNA was extracted and reverse transcribed, and real-
time PCR analysis demonstrated that Ro-31-8220 completely in-
hibited LPS-induced HO-1 expression in human monocytes (Fig.
4a). HO-1 up-regulation by LPS was also partially inhibited by
SB203580 (31%). Similar results were seen in THP-1 cells (Fig.
4b). As positive controls, the effects of these inhibitors on LPS-
induced TNF-� production in THP-1 cells were examined by
ELISA. As expected, LPS-induced TNF-� expression was inhib-
ited by the same concentrations of PD98059, SB203580, and Ro-
31-8220 and enhanced by LY294002 (data not shown) (22, 40). �
dose-dependent inhibition of LPS-induced HO-1 mRNA expres-
sion in THP-1 cells was observed with 1–10 �M Ro-31-8220 (data
not shown). The role of PKC in LPS-induced Nrf2 activation was
then examined using Ro-31-8220 in THP-1 cells. THP-1 cells were
pretreated with Ro-31-8220 for 30 min before LPS stimulation for
1 h and nuclear extracts prepared. Gel shift analysis demonstrated

FIGURE 3. A dominant negative mutant of Nrf2 suppresses LPS-in-
duced HO-1 but not TNF-� mRNA expression in THP-1 cells. THP-1 cells
were transiently transfected with 1 �g of a dominant negative Nrf2 mutant
(pcDNA3-Nrf2) or control vector (pcDNA3) for 48 h. Cells were then
untreated or treated with LPS (10 �g/ml) for 4 h. RNA was extracted, and
after reverse transcription, real-time PCR was used to analyze (a) HO-1 or
(b) TNF-� mRNA expression. Data shown represents four experiments
(mean � SD).

FIGURE 4. Ro-31-8220 inhibits LPS-induced HO-1 mRNA expression
and Nrf2 binding to the HO-1 ARE. Primary monocytes (a) or THP-1 cells
(b) were preincubated with 25 �M PD98059, 20 �M SB203580, 10 �M
Ro-31-8220, or 25 �M LY294002 before addition of LPS (100 ng/ml or 10
�g/ml, respectively) for 6 h. RNA was extracted, reverse transcription
performed, and HO-1 mRNA expression was analyzed by real-time PCR
and normalized to GAPDH. Data shown represents three experiments
(mean � SD). c, THP-1 cells were pretreated with 0–10 �M Ro-31-8220
for 30 min before addition of LPS (10 �g/ml) for 1 h. Nuclear extracts were
prepared, and EMSA was performed using a biotinylated HO-1-ARE oli-
gonucleotide probe.
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that LPS-induced Nrf2 binding to the HO-1 ARE was dose depen-
dently inhibited by Ro-31-8220 (Fig. 4c). These results suggest
that PKC mediates LPS-induced HO-1 expression and binding of
Nrf2 to the HO-1 ARE in human monocytic cells.

PKC consists of a family of at least 10 mammalian isoforms,
subdivided into three classes: the classical, novel, and atypical
PKC isoforms. Go 6976 selectively inhibits the classical isoforms
PKC � and �1 at micromolar concentrations (41). To determine
whether classical PKC isoforms play a role in the LPS-induced
HO-1 pathway, monocytes and THP-1 cells were preincubated for
30 min with Go 6976 before LPS stimulation. Go 6976 (5 �M)
inhibited LPS-induced HO-1 mRNA expression in primary mono-
cytes (Fig. 5a) and THP-1 cells (Fig. 5b), suggesting that classical
PKC isoforms may play a role in LPS-induced HO-1 mRNA ex-
pression. The effect of Go 6976 on LPS-induced HO-1 mRNA
expression was dose dependent (data not shown). We have re-
ported previously that curcumin induces HO-1 mRNA expression
in THP-1 cells (42). In contrast to LPS, curcumin-induced HO-1
mRNA expression was not inhibited by Go 6976 (Fig. 5c), con-
firming that Go 6976 was specific to the LPS pathway in these
cells. As a control, the effect of rottlerin on LPS-induced HO-1

mRNA expression was examined in THP-1 cells. A total of 15 �M
rottlerin inhibits the nonclassical PKC � isoform but has no effect
on classical isoforms at this concentration (43). In addition, 15 �M
rottlerin inhibits LPS-induced PKC � translocation and TNF-� se-
cretion in human monocytes but has no effect on the classical iso-
form, PKC �, at this dose (44). In THP-1 cells, 15 �M rottlerin had
no significant effect on LPS-induced HO-1 mRNA expression,
suggesting that the novel PKC � isoform is not important in this
pathway (data not shown). Go 6976 (10 �M) also inhibited LPS-
induced Nrf2 nuclear translocation (data not shown). These results
suggest that LPS-induced Nrf2 binding to the HO-1 ARE in THP-1
cells requires a classical PKC isoform.

Discussion
Monocytes play a key role in sepsis (10). LPS induces monocytes
and macrophages to produce a wide variety of proinflammatory
mediators, growth factors, and intracellular autoprotective mole-
cules (9, 11, 13). The present study demonstrates that HO-1, a
cytoprotective enzyme, is markedly increased in primary human
monocytes and THP-1 cells exposed to LPS. Most research to date
has focused on rodent models, where others have reported LPS-
induced HO-1 expression in peritoneal and tissue macrophages
(7–9, 14, 15). LPS also increases HO-1 expression in vivo. In mice
exposed to LPS, HO-1 is induced in various tissues, including
liver, kidney, spleen, intestine, and peritoneal and tissue macro-
phages (45, 46). In addition, HO-1-null mice exposed to endotoxin
exhibit higher mortality rates and incidence of end-organ damage
than wild-type littermates (18, 19), suggesting that HO-1 plays a
key role in protecting the host during sepsis.

HO-1 expression in monocytes and macrophages is thought to
mediate potent anti-inflammatory effects, possibly by restraining
them from inducing tissue injury and by modulating their role in
the inflammatory response (6). We have found that basal HO-1
mRNA expression is high in human monocytes, when compared
with other nonphagocytic cells, including primary lymphocytes
and endothelial cells (our unpublished observations), using real-
time PCR analysis, suggesting that these cells may be primed to
cope with oxidative stress. Interestingly, HO-1 protein expression
was undetectable in resting human monocytes and THP-1 cells in
this study. Although the differences between mRNA and protein
expression may be a result of differences in sensitivities between
real-time PCR and Western blot analysis, it is also possible that
HO-1 is posttranscriptionally regulated in these cells. Basal HO-1
protein expression has been detected in murine monocytes and
macrophages (8, 47). This may be due to differences among spe-
cies or possibly a result of different experimental conditions. Early
experiments in our laboratory demonstrated that HO-1 can be up-
regulated by passaging. Therefore, monocytes and THP-1 cells are
rested overnight before carrying out experiments to minimize er-
roneous results from cell culture.

Song et al. (15) demonstrated that LPS-induced HO-1 expres-
sion was regulated by TLR4, although the signaling pathways were
yet to be elucidated. The 5�-untranslated regions of the human and
murine HO-1 genes contain many putative regulatory elements.
Most studies to date have focused on the mouse, which has some
similar response elements to the human HO-1 gene, including
AP-1 sites, heme- and cadmium-response elements, and phorbol
ester-response elements (14, 23–25). ARE sites are present in the
promoters of various cytoprotective and antioxidant genes (26).
Several ARE sites have been identified in the 5�-untranslated re-
gion of the murine HO-1 gene, two of which are present in a 268
base region �4 kb upstream of the transcription start site known as
the SX2 enhancer, which is responsive to LPS (48). The human
HO-1 5�-flanking region also contains three AREs in this region.

FIGURE 5. Go 6976 inhibits HO-1 mRNA expression induced by LPS
but not curcumin. Primary monocytes (a) or THP-1 cells (b and c) were
preincubated with Go 6976 (5 �M) before addition of LPS (100 ng/ml or
10 �g/ml, respectively) for 4 h or curcumin (5 �M) for 4 h. RNA was
extracted, reverse transcription performed, and HO-1 mRNA expression
was analyzed by real-time PCR and normalized to GAPDH. Data shown
represents three experiments (mean � SD).
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The ARE sites in these regions in the human and mouse HO-1
genes overlap with AP-1 sites (14, 48). Earlier studies in murine
models suggested that AP-1 regulated LPS-induced HO-1 expres-
sion in macrophages (14). These studies described an increase in
AP-1 transcriptional activity in response to LPS, and deletion anal-
ysis of the AP-1 sites in the HO-1 promoter abolished HO-1 tran-
scriptional activity, also abolishing ARE-mediated transcriptional
activation. Earlier studies also suggested that AP-1 proteins bind to
the ARE. However, more recent reports have failed to confirm that
AP-1 proteins play a major role in mediating the ARE response.
Furthermore, in vitro DNA-binding assays demonstrate that in
hepatocytes, AP-1 proteins do not bind to the ARE with high af-
finity and specificity (49, 50). In addition, AP-1 is a complex of
immediate early response genes that are synthesized upon activa-
tion. The kinetics of complex binding to the ARE in the present
study (detected by 15 min) suggest that AP-1 does not bind to the
ARE in response to LPS in human monocytic cells.

More recently, interest has increased in the role of the transcrip-
tion factor Nrf2 in ARE-mediated regulation of gene expression
(49, 50). Nrf2 has been shown to be important in ARE-mediated
gene induction of phase II detoxification enzymes and antioxidant
proteins in response to a number of stimuli, including laminar
flow, oxidative stress, and chemopreventive agents (26–28, 51).
Nrf2 has also been found to regulate oxidative stress-induced
HO-1 expression in murine peritoneal macrophages (28). In addi-
tion, fibroblasts from Nrf2-knockout mice express reduced levels
of HO-1 (30). These studies suggest that HO-1 induction is de-
pendent on the expression and activation of Nrf2. In a recent study,
Srisook and Cha (52) reported that Nrf2 is detected in the nucleus
of RAW264.7 murine macrophages at 4 h after stimulation with
LPS. In the present study, Nrf2 was detected in human monocytes
and THP-1 cells. In response to LPS, Nrf2 disappeared from the
cytosol and appeared in the nucleus of THP-1 cells. The kinetics of
Nrf2 disappearance from the cytosol coincided with binding of a
complex to the ARE of the HO-1 promoter, and supershift analysis
confirmed the presence of Nrf2 in the complex, indicating that this
transcription factor plays a key role in LPS-induced ARE-medi-
ated HO-1 expression in human monocytic cells. Furthermore, a
dominant negative Nrf2 mutant transiently transfected into THP-1
cells almost completely inhibited LPS-induced HO-1 mRNA ex-
pression. These results demonstrate that Nrf2 plays a key role in
LPS-induced ARE-mediated HO-1 expression in human mono-
cytic cells.

Many kinases and signaling pathways in monocytes are stimu-
lated in response to LPS (22). The identity of kinases involved in
LPS-induced HO-1 expression in human monocytes and THP-1
cells was examined in this study using specific inhibitors of kinase
pathways. We and others have reported previously that the MAPK
pathways, ERK and p38, are induced by LPS in monocytes and
play a role in LPS-induced TNF-� expression in these cells (22,
36, 53). Furthermore, these kinases have been implicated in oxi-
dative and antioxidative-induced HO-1 expression in hepatocytes
(54, 55). However, the results from this study suggest that ERK
and p38 do not play a key role in LPS-induced HO-1 expression in
THP-1 cells because their inhibitors had little effect on LPS-in-
duced HO-1 mRNA expression in these cells. LPS also activates
PI3K in THP-1 cells (40). PI3K has been reported to play a role in
HO-1 expression and Nrf2 activation in neuroblastoma and phae-
ochromacytoma cells in response to hemin and carnosol (56, 57).
In addition, a recent study has reported that the transcription factor
Ets-2 plays a role in LPS-induced HO-1 expression in murine mac-
rophages via PI3K phosphorylation (47). In the present study, 25
�M of the specific PI3K inhibitor, LY294002, had no effect on
LPS-induced HO-1 expression in THP-1 cells and had a minor

effect in monocytes, suggesting that PI3K does not play a signif-
icant role in LPS-induced HO-1 induction in human monocytic
cells.

We and others have reported previously that LPS induces PKC
in human monocytes, THP-1 cells, and macrophages (22, 37, 44,
58). The present results using Ro-31-8220, a pan-PKC inhibitor,
indicate that PKC mediates LPS-induced HO-1 expression in hu-
man monocytes. Other proinflammatory stimuli, including the
cytokines TNF and IL-1�, have been reported to induce HO-1
expression in human endothelial cells via PKC (4). Oxidative
stress-induced HO-1 expression via phorone, a glutathione deple-
tor, and 4-hydroxy-2,3-nonenal, an end product of lipid peroxida-
tion, are also inhibited by Ro-31-8220 in human lung fibroblasts
(59).

In this study, we also demonstrated that PKC mediates LPS-
induced Nrf2 translocation in THP-1 cells, using the pan-specific
PKC inhibitor Ro-31-8220. Similarly, the PKC-specific inhibitors
staurosporine, Ro-32-0432 and calphostin C, have been reported to
inhibit phorbol 12-myristate 13-acetate- and tert-butyl hydroqui-
none-induced Nrf2 nuclear translocation in HepG2 cells (51, 59).
Furthermore, recent studies in murine HepG2 cells have demon-
strated that phosphorylation of Nrf2 on S40 by PKC facilitates the
dissociation of Nrf2 from its cytosolic inhibitor, Keap 1 (60, 61).
PKC consists of a family of at least 10 mammalian serine/threo-
nine kinases (58). Many are activated in response to LPS (Refs. 22,
37, 58 and unpublished results from our laboratory). A total of 15
�M rottlerin did not markedly inhibit LPS-induced HO-1 mRNA
expression in this study, suggesting that PKC � is not required for
this pathway. However, Go 6976 (a classical PKC inhibitor at the
concentrations used in this study) completely inhibited LPS-in-
duced Nrf2 binding to the ARE and markedly reduced LPS-in-
duced HO-1 mRNA expression in both monocytes and THP-1
cells, suggesting that a classical PKC isoform is important for
HO-1 expression induced by LPS. Studies are underway to identify
the classical PKC isoform involved.

Curcumin has been reported to induce HO-1 expression in mu-
rine macrophages, bovine aortic endothelial cells, and porcine re-
nal epithelial cells and we have demonstrated previously that cur-
cumin induces HO-1 mRNA expression in THP-1 cells (42).
Although Go 6976 inhibited LPS-induced HO-1 mRNA in THP-1
cells in the present study, it had no effect on curcumin-induced
HO-1 mRNA expression. Curcumin activation of HO-1 is regu-
lated by Nrf2 in renal epithelial cells (62). However, in contrast to
LPS, this appears to be mediated through p38 MAPK. These re-
sults suggest that LPS and curcumin may use different kinases
upstream to activate Nrf2.

In summary, we have shown that in human monocytic cells,
up-regulation of HO-1 by LPS is dependent on Nrf2. Furthermore,
we report that a classical isoform of PKC is an important modu-
lator of this response. Results were similar in primary monocytes
and THP-1 cells, suggesting that the THP-1 cell line is a valid
model to study HO-1 regulation in monocytes. HO-1 may protect
against the detrimental effects of LPS in the pathogenesis of en-
dotoxic shock. Indeed, HO-1 deficiency results in increased mor-
tality from endotoxin and HO-1 overexpression protects against
the deleterious effects of pleurisy elicited by carrageenan in rats
(63). In addition, polymorphisms in the HO-1 gene have been as-
sociated with various types of vascular disease (64–66), therefore
studies undertaken to increase our understanding of the regulation
of HO-1 in sepsis is timely.
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