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a b s t r a c t

In the present study, low doses (0.5, 1, and 2 �M) of cobalt protoporphyrin (CoPP), but not ferric protopor-
phyrin (FePP) or tin protoporphyrin (SnPP), significantly inhibited lipopolysaccharide (LPS) or lipoteichoic
acid (LTA)-induced inducible nitric oxide (iNOS) and nitric oxide (NO) production with an increase in
heme oxygenase 1 (HO-1) protein in RAW264.7 macrophages under serum-free conditions. IC50 values
of CoPP inhibition of NO and iNOS protein individually induced by LPS and LTA were around 0.25 and
1.7 �M, respectively. This suggests that CoPP is more sensitive at inhibiting NO production than iNOS
protein in response to separate LPS and LTA stimulation. NO inhibition and HO-1 induction by CoPP were
blocked by the separate addition of fetal bovine serum (FBS) and bovine serum albumin (BSA). Decreasing
iNOS/NO production and increasing HO-1 protein by CoPP were observed with CoPP pretreatment, CoPP
co-treatment, and CoPP post-treatment with LPS and LTA stimulation. LPS- and LTA-induced NOS/NO
productions were significantly suppressed by the JNK inhibitor, SP600125, but not by the ERK inhibitor,
PD98059, through a reduction in JNK protein phosphorylation. Transfection of a dominant negative JNK
plasmid inhibited LPS- and LTA-induced iNOS/NO production and JNK protein phosphorylation, sug-

gesting that JNK activation is involved in LPS- and LTA-induced iNOS/NO production. Additionally, CoPP
inhibition of LPS- and LTA-induced JNK, but not ERK, protein phosphorylation was identified in RAW264.7
cells. Furthermore, CoPP significantly reduced NO production in a cell-mediated, but not cell-free, iNOS
enzyme activity assay accompanied by HO-1 induction. However, attenuation of HO-1 protein stimulated
by CoPP via transfection of HO-1 siRNA did not affect NO’s inhibition of CoPP against LPS stimulation. CoPP
effectively suppressing LPS- and LTA-induced iNOS/NO production through blocking JNK activation and

a HO
iNOS enzyme activity via
. Introduction

Heme oxygenase (HO) is the rate-limiting enzyme for break-
ng down heme into carbon monoxide, biliverdin, and free iron.

Abbreviations: HO-1, heme oxygenase-1; NO, nitric oxide; LPS, lipopolysac-
haride; iNOS, inducible nitric oxide synthase; CO, carbon monoxide; MTT,
-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; DTT, dithiothre-

tol; L-NAME, N-nitro-L-arginine methyl ester; NBT, nitroblue tetrazolium; BCIP,
-bromo-4-chloro-3-indolyl phosphate; COX, cyclooxygenase; CoPP, cobalt proto-
orphyrin; SnPP, tin protoporphyrin.
∗ Corresponding author at: Graduate Institute of Medical Sciences, Taipei Medical
niversity, Taipei 110, Taiwan. Tel.: +886 2 27361661x3421; fax: +886 2 23778620.

E-mail address: yc3270@tmu.edu.tw (Y.-C. Chen).
1 These authors contributed equally to this work.

009-2797/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2009.01.004
-1 independent manner is first demonstrated herein.
© 2009 Elsevier Ireland Ltd. All rights reserved.

Three HO isozymes including HO-1, HO-2, and HO-3 have been
identified, among which HO-1 is an inducible enzyme, while HO-2
and HO-3 are constitutive ones. HO-1 was shown to have sev-
eral biological effects including anti-inflammatory, antiapoptotic,
and antiproliferative actions, and inhibits immune responses in
organ transplantation and autoimmune diseases [1–3]. Studies
indicated that the actions of HO-1 are mediated by increasing its
metabolites such as CO and bilirubin production [4–6]; however,
regulation of catalase and MnSOD by HO-1 indicates the possi-
bility that HO-1 acts independently of its enzyme activity [7,8].

Therefore, identifying the contributions of protein and enzyme
activities to the biological effects of HO-1 would be highly advan-
tageous.

Nitric oxide (NO) has been identified as a neurotransmitter in the
central nervous system and as a potent physiological vasorelaxant.

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:yc3270@tmu.edu.tw
dx.doi.org/10.1016/j.cbi.2009.01.004
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RAW264.7 cells were treated with LPS (100 ng/ml) or LTA
H.-Y. Lin et al. / Chemico-Biolog

n large amounts, NO is considered a deleterious molecule in the
rocess of inflammation and sepsis. After exposure to endogenous
nd exogenous stimulators, inducible NO synthase (iNOS) is quan-
itatively induced in various cells such as macrophages, smooth

uscle cells, and hepatocytes to trigger several deleterious cellular
esponses [9–11]. Lipopolysaccharide (LPS) is a major component
f gram-negative bacteria, and promotes the secretion of inflam-
atory cytokines and induces iNOS gene expression via binding to

he CD14/Toll-like receptor (TLR) 4 in macrophages [11,12]. Instead
f LPS, lipoteichoic acid (LTA) is in cell walls of gram-positive bac-
eria, and activation of iNOS and cytokine production by LTA was
eported through binding with TLR2 [13,14]. Activation of ERKs and
NKs by LPS or LTA has been reported in different cell types. In
mooth muscle cells, LTA-stimulated p42/p44 MAPK phosphory-
ation is mediated through a TLR2 receptor [15]. In macrophages,
ctivation of ERKs and JNKs by LPS and LTA has been reported
16,17].

A number of studies have reported that HO-1 may contribute to
O inhibition elicited by inflammatory stimuli such as LPS [18–21].
ur studies demonstrated that HO-1 overexpression significantly

nhibits individual LPS- and LTA-induced iNOS protein expression
nd NO production in RAW264.7 macrophages [22,23], and pro-
ects macrophages from oxidative stress-induced apoptosis [24].
lthough HO-1 inhibition of NO production has been investigated,

he contribution of the HO-1 protein or enzyme activity to its NO
nhibitory effect is still unclear. Metalloprotoporphyrins includ-
ng ferric protoporphyrin (FePP), cobalt protoporphyrin (CoPP),
nd tin protoporphyrin (SnPP) play roles as HO-1 protein induc-
rs or HO-1 enzyme inhibitors. FePP is a substrate of HO, and
O-1 induction and NO inhibition by FePP have been identified

22]. CoPP and SnPP are analogs of FePP, and act as competitive
nhibitors of HO enzyme via binding to the same regulatory sites
s FePP [25,26]. However, several studies indicated that CoPP is a
otent HO-1 inducer [27–29], and the effects of CoPP and SnPP on

nflammatory iNOS protein expression and NO production are still
ndefined.

The aims of this study were to examine the differential effects of
ePP, CoPP, and SnPP on iNOS/NO production elicited by LPS and LTA
s related to HO-1 protein expression in conditions with and with-
ut FBS and BSA. Results suggest that CoPP is an effective inhibitor
gainst LPS- and LTA-induced iNOS/NO production by stimula-
ion of HO-1 protein expression. Evidence of HO-1-independent
NOS/NO inhibition via blocking JNK activation and iNOS enzyme
ctivity by CoPP is provided.

. Materials and methods

.1. Cells

RAW264.7, a mouse macrophage cell line, was obtained from
he American Type Culture Collection (ATCC, Manassas, VA). Cells
ere cultured in Dulbecco’s modified Eagle medium (DMEM) sup-
lemented with antibiotics (100 U/ml penicillin A and 100 U/ml
treptomycin) and 10% heat-inactivated fetal bovine serum (FBS;
ibco/BRL) and maintained in a 37 ◦C humidified incubator con-

aining 5% CO2.

.2. Agents
The chemical reagents of CoPP, cobalt chloride (CoCl2), LPS, LTA,
D98059, and SP600125 were obtained from Sigma Chemical (St.
ouis, MO). Antibodies of HO-1, iNOS, and �-tubulin were obtained
rom Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies of pJNK
nd pERK were obtained from Cell Signaling Technology (Danvers,
A).
teractions 180 (2009) 202–210 203

2.3. Nitrite assay

RAW264.7 cells were plated at a density of 5 × 105 cells/ml in
24-well plates for 12 h, followed by treatment with LPS (50 ng/ml)
and indicated compounds for a further 12 h. The amount of NO
production in the medium was detected by the Griess reaction.
One hundred microliters of each supernatant was mixed with the
same volume of Griess reagent (1% sulfanilamide and 0.1% naph-
thylethylenediamine dihydrochloride in 5% phosphoric acid). The
absorbance of the mixture at 530 nm was determined with an
enzyme-linked immunosorbent assay (ELISA) plate reader (Dynat-
ech MR-7000; Dynatech Laboratories, Chantilly, VA), and the nitrite
concentration was determined using a dilution of sodium nitrite as
a standard.

2.4. MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) was used as an indicator of cell viability as determined
by its mitochondrion-dependent reduction to formazone. Cells
were plated at a density of 4 × 105 cells/well into 24-well plates
for 12 h, followed by treatment with the indicated compound
for a further 12 h. Cells were washed with PBS three times, and
MTT (0.5 mg/ml) was added to the medium for 4 h. Then, the
supernatant was removed, and formazone crystals were dis-
solved in dimethyl sulfoxide (DMSO). The absorbance was read
at 600 nm with an ELISA analyzer (Dynatech MR-7000; Dynatech
Laboratories).

2.5. Western blotting

Total cellular extracts were prepared according to our previ-
ous papers, separated on 8–12% sodium dodecylsulfate (SDS)–
polyacrylamide minigels, and transferred to Immobilon polyvinyli-
dene difluoride (PVDF) membranes (Millipore). Membranes were
incubated with 1% bovine serum albumin (BSA) and then incu-
bated with specific antibodies overnight at 4 ◦C. Expression
of protein was detected by staining with nitroblue tetra-
zolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
(Sigma).

2.6. Cell-free iNOS enzyme activity assay

RAW264.7 cells were treated with LPS (100 ng/ml) or LTA
(1 �g/ml) for 12 h, and LPS or was washed out with ice-cold PBS.
LPS-treated cells were resuspended in 40 mM Tris–HCl (pH 8.0),
pepstatin A (5 �g/ml), chyncostatin (1 �g/ml), aprotinin (5 �g/ml),
and PMSF (100 �M). Total cell lysates (100–200 �g) were incu-
bated with CoPP or L-NAME in 20 mM Tris-OH (pH 7.4) containing
L-arginine (1 mM), tetrahydrobiopterin (TTBP; 4 �M), riboflavin
5′-adenosine diphosphate (FAD; 4 �M), NADPH (2 mM), and DTT
(3 mM) for 24 h in 37 ◦C. The amount of NO produced in the medium
was detected by the Griess reaction.

2.7. Cell-mediated iNOS enzyme activity assay
(1 �g/ml) for 12 h. LPS or LTA was washed out with ice-cold PBS,
and cells (2 × 105) were sub-cultured into incubated in to 24 well
followed by treating with or without different doses of CoPP for
12 h, and the expressions of iNOS, HO-1 protein, and �-tubulin were
analyzed by Western blotting. The amount of NO production in the
medium was detected by the Griess reaction.
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.8. Transient HO-1 SiRNA to RAW264.7 macrophages

RAW264.7 macrophages were transfected with the control
iRNA and HO-1 siRNA using the Lipofectamin2000 transfection
eagent (Invitrogen) in serum and antibiotic-free DMEM. After 24 h
f incubation, cells were treated with CoPP or LPS for an additional
2 h, and the expressions of HO-1 protein and NO production were
espectively analyzed by Western blotting and the Griess reaction.

.9. Establishment of DN-JNK RAW264.7 macrophages

pcDNA and DN-JNK were transfected into RAW264.7 cells using
he Lipofectamin2000 transfection reagent (Invitrogen) in serum
nd antibiotic-free DMEM. After 24 h, cells were replaced in DMEM
ith 10% FBS, and G418 (400 �g/ml) was added. G418-resistant cells
ere selected and expanded.
.10. Statistical analysis

Values are expressed as the mean ± S.E. The significance of the
ifference from the respective controls for each experimental test
ondition was assayed using Student’s t-test for each paired experi-

ig. 1. CoPP inhibition of iNOS/NO production and induction of HO-1 protein expressio
ere treated with different doses (0.5, 1, and 2 �M) of CoPP for 30 min followed by LPS

xpressions of iNOS, HO-1, and �-tubulin protein were detected by Western blotting usin
oPP (2 �M) followed by the separate addition of LPS and LTA for different times (4, 8, and
ePP or SnPP, reduced LPS- and LTA-induced NO production in macrophages. Cells were
nd LTA stimulation for 12 h. The amount of NO in the medium was examined by the Gries
reatments was detected. (F) No cytotoxicity of CoPP toward macrophages was evident. C
TA addition for an additional 12 h. The viability of cells under different treatments was
imes, and similar results were obtained. Each value is presented as the mean ± S.E. of th
espective LPS- and LTA-treated groups or indicated groups as analyzed by Student’s t-tes
teractions 180 (2009) 202–210

ment. A P value <0.05 or 0.01 was regarded as indicating a significant
difference.

3. Results

3.1. Low doses of CoPP inhibit iNOS/NO production and induction
of HO-1 protein expression in LPS- and LTA-treated macrophages

Effects of CoPP on LPS- and LTA-induced iNOS protein expres-
sion in a serum-free (SF) condition were examined by Western
blotting using an anti-iNOS antibody. As shown in Fig. 1A, CoPP
at the doses of 0.5, 1, and 2 �M dose-dependently inhibited LPS-
and LTA-induced iNOS protein expression, accompanied by induc-
tion of HO-1 protein expression. iNOS protein inhibition by CoPP
was observed at the doses of 1 and 2 �M, and the IC50 value of
CoPP against LPS-induced iNOS protein expression was 1.75 �M. In
the same part of the experiment, induction of iNOS protein was

detected at 8 and 12 h after separate LPS and LTA stimulation, and
it was blocked by the addition of CoPP (2 �M) with increasing HO-
1 protein expression (Fig. 1B and C). Quantification of NO in the
medium examined by the Griess reaction showed that CoPP, but
not its analogs FePP or SnPP, at a dose of 2 �M, significantly inhib-

n in RAW264.7 cells under individual LPS and LTA stimulation. (A) Macrophages
(100 ng/ml) and LTA (1 �g/ml) stimulation individually for an additional 12 h. The
g specific antibodies. (B, C) In the same part of (A), macrophages were treated with
12 h), and the expression of the indicated protein was examined. (D) CoPP, but not

treated with the indicated compounds (2 �M) for 30 min followed by separate LPS
s reaction. (E) As described in (A), the amount of NO in the medium under different
ells were treated with CoPP (1 and 2 �M) for 30 min followed by separate LPS and
examined by the MTT assay. Data of Western blotting were repeated at least three
ree independent experiments. **P < 0.01, indicates a significant difference from the
t.
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ted LPS- and LTA-induced NO production (Fig. 1D). NO production
ndividually elicited by LPS and LTA significantly decreased with
oPP treatment at doses of 0.5, 1, and 2 �M (Fig. 1E), and the IC50
alues of CoPP inhibition of LPS- and LTA-induced NO production
ere both <0.25 �M. No cytotoxicity of CoPP at the doses of 1 and
�M was detected by the MTT assay (Fig. 1F). In the presence of the
O donor, sodium nitroprusside (SNP), CoPP was unable to directly

cavenge NO-derived SNP, and FePP or SnPP shows no effect on iNOS
rotein expression elicited by LPS or LTA (data not shown). These
ata indicate that CoPP possesses the ability to effectively inhibit

NOS/NO production elicited by LPS and LTA, and the IC50 value of
O inhibition was far less than that of iNOS protein inhibition by
oPP.

.2. Inhibition of iNOS/NO production and induction of HO-1
rotein expression by CoPP was blocked by the addition of FBS

We further examined if the addition of FBS affected iNOS/NO’s
nhibition of CoPP in macrophages. As shown in Fig. 2A (upper
anel), CoPP inhibition of LPS-induced iNOS protein expression
nd induction of HO-1 protein expression was detected in the SF
ondition, and it was blocked by adding 5% FBS. Inhibition of NO
roduction by CoPP was blocked by adding FBS (Fig. 2A; lower
anel). In the same part of the experiment, CoPP inhibition of

TA-induced iNOS/NO production with induction of HO-1 protein
xpression was prevented by the addition of FBS (Fig. 2B). Decreases
n iNOS protein and NO production elicited by LPS and LTA accom-
anied by HO-1 protein induction were detected in CoPP- but not
oCl2-treated macrophages in the SF condition (Fig. 2C). These data

ig. 2. FBS attenuated CoPP inhibition of separate LPS- and LTA-induced iNOS/NO product
reated with different doses (0.5, 1, and 2 �M) of CoPP for 30 min followed by separate LP
pper panel: Expressions of iNOS, HO-1, and �-tubulin protein were detected by Western

he Griess reaction. (C) CoPP, but not CoCl2, inhibited LPS- and LTA-induced iNOS/NO prod
oses (1 and 2 �M) of CoPP or CoCl2 for 30 min followed by individual LPS and LTA stimu
valuated. Right panel: NO production was measured by the Griess reaction. Data of Wes
ach value is presented as the mean ± S.E. of three independent experiments. ** P < 0.01,
#P < 0.01, indicates a significant difference between the indicated groups as analyzed by
teractions 180 (2009) 202–210 205

indicate that the addition of FBS may diminish iNOS/NO inhibition
and HO-1 induction of CoPP in response to stimulation by LPS and
LTA.

3.3. Characterization of CoPP inhibition of iNOS/NO inhibition
and HO-1 protein induction in macrophages

Three experimental conditions including individual LPS and LTA
pre-treatment for 30 min followed by CoPP treatment for a further
12 h (Pre-t), individual LPS and LTA treatment with CoPP (Co-t), and
CoPP pretreatment for 30 min followed by separate LPS and LTA
addition for a further 12 h (Post-t) were applied to investigate if
CoPP’s effect is dependent on LPS- and LTA-induced signal activa-
tion. As shown in Fig. 3A, CoPP inhibited iNOS and induction of HO-1
protein under these conditions. Quantification of NO production by
Griess reaction showed that CoPP inhibition of NO production was
identified in the condition before and after LPS and LTA stimula-
tion (Fig. 3B). These data indicate that CoPP may effectively inhibit
iNOS/NO production before and after LPS and LTA stimulation. Albu-
min is a major component of FBS, and binding of CoPP and albumin
has been identified in our previous study [37]. Data of Coomassie
blue staining showed that the percentage content of BSA in FBS was
around 0.2% (w/v) (data not shown). Therefore, we further investi-
gated if FBS’s suppression of CoPP-inhibited iNOS/NO production

and -induced HO-1 protein was mediated by BSA. As shown in
Fig. 3C and D, CoPP-inhibited iNOS protein was elicited by both LPS
and LTA, and the increase in HO-1 protein was reversed by adding
different doses (0.1% and 0.2%) of BSA. Analysis of NO production
indicated that inhibition of LPS- and LTA-induced NO production by

ion and induction of HO-1 protein expression in macrophages. RAW264.7 cells were
S and LTA stimulation for an additional 12 h in a condition with or without 5% FBS.
blotting. Lower panel: The amount of NO produced in each group was measured by
uction by inducing HO-1 proteins in macrophages. Cells were treated with different
lation for 12 h. Left panel: protein expressions of iNOS, HO-1, and �-tubulin were

tern blotting were repeated at least three times, and similar results were obtained.
indicates a significant difference from the respective LPS- and LTA-treated groups;
Student’s t-test.
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Fig. 3. Characterization of CoPP inhibition of iNOS/NO production and induction of HO-1 protein expression in macrophages. (A) Macrophages were separately treated with
LPS and LTA for 30 min followed by CoPP (Co; 2 �M) treatment for an additional 12 h (Pre-t), LPS and LTA with CoPP for 12 h (Co-t), or CoPP for 30 min followed by the addition
of LPS and LTA for an additional 12 h (Post-t). The expressions of iNOS, HO-1, and �-tubulin protein were examined by Western blotting (A), and the amount of NO was
detected by the Griess reaction (B). (C, D) RAW264.7 cells were treated with CoPP (2 �M) for 30 min followed by the separate addition of LPS and LTA for 12 h in a condition
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C, D) was determined by the Griess reaction. Data of Western blotting were repeat

ean ± S.E. of three independent experiments. **P < 0.01, indicates a significant diff

oPP was reversed by the addition of BSA according to the Griess
eaction (Fig. 3E). This indicates that BSA in FBS may block the
ffects of CoPP such as inhibiting LPS- and LTA-induced iNOS/NO
roduction and inducing HO-1 protein expression in macrophages.

.4. Involvement of JNK activation in LPS- and LTA-induced
NOS/NO production which was blocked by CoPP in macrophages

We further investigated if CoPP inhibition of separate LPS- and
TA-induced iNOS/NO production occurs through suppression of
APK activation. Pharmacological studies using the ERK inhibitor,

D98059, and the JNK inhibitor, SP600125, showed that SP600125,
ut not PD98059, inhibited separate LPS- and LTA-induced iNOS/NO
roduction in macrophages by reducing LPS- and LTA-induced JNK
rotein phosphorylation in macrophages (Fig. 4A–D). Transfection
f macrophages with dominant negative JNK plasmids significantly

nhibited LPS- and LTA-induced iNOS/NO production by reducing
NK protein phosphorylation (Fig. 4E and F). This indicates that JNK
ctivation is involved in LPS- and LTA-induced iNOS/NO produc-
ion in macrophages. Therefore, the effects of CoPP on individual
PS-induced ERK and JNK protein phosphorylation were investi-
ere detected by Western blotting. (E) The amount of NO produced in each groups in
least three times, and similar results were obtained. Each value is presented as the

between indicated groups as analyzed by Student’s t-test.

gated. As shown in Fig. 4G, CoPP alone exhibited no effect on
the phosphorylation status of ERK and JNK proteins in cells, and
LPS time-dependently induced ERK and JNK protein phosphoryla-
tion. In the presence of CoPP treatment, JNK, but not ERK, protein
phosphorylation stimulated by LPS was significantly suppressed.
These data indicate that activation of JNKs participates in LPS- and
LTA-induced iNOS/NO production, and that it was blocked by the
addition of CoPP.

3.5. CoPP may affect iNOS enzyme activity in a cell-mediated, but
not cell-free, iNOS enzyme activity assay

Because the IC50 value of CoPP against NO production was far
lower than that against iNOS protein in the presence of LPS and
LTA stimulation, the effect of CoPP on iNOS enzyme activity was
examined. Both cell-mediated and cell-free iNOS activity assays

were performed in the present study. In the cell-mediated NOS
enzyme activity assay, macrophages were individually treated with
LPS (Fig. 5A) and LTA (Fig. 5B) for 12 h followed by LPS and LTA
removal, and cells were subcultured in 24-well plates in the pres-
ence of CoPP for an additional 12 h. Data in Fig. 5A and B shows that
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Fig. 4. CoPP inhibition of separate LPS- and LTA-induced iNOS/NO production via suppression of JNKs activation. Cells were treated with PD98059 (PD; 5 and 10 �M) and
SP600125 (SP; 5 and 10 �M) for 30 min followed by separate LPS and LTA incubation for 12 h. Expressions of iNOS and �-tubulin proteins were detected by Western blotting.
(C) The amounts of NO produced in PD and SP (10 �M)-treated cells in response to LPS and LTA stimulation were detected by the Griess reaction. (D) SP600125 inhibition
of LPS- and LTA-induced JNK protein phosphorylation. Cells were treated with SP600125 (SP; 5 and 10 �M) for 30 min followed by separate LPS and LTA stimulation for an
additional 40 min. Expressions of phosphorylated (p-JNKs) and total JNKs (t-JNKs) were detected by Western blotting. (E) DN-JNKs but not pcDNA neo-control inhibited LPS-
and LTA-induced iNOS/NO production through inhibiting JNK protein phosphorylation. Both DN-JNK- and pcDNA-transfected macrophages were treated separately with LPS
and LTA for 40 min (p-JNKs and t-JNKs) and 12 h (iNOS and �-tubulin), and expressions of the indicated proteins were examined by Western blotting. Amounts of NO in each
group after individual LPS and LTA treatment for 12 h were examined by the Griess reaction (F). (G) CoPP inhibition of LPS-induced pJNKs, but not pERKs, in macrophages. Cells
w , 20, a
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ere treated CoPP (2 �M) for 30 min followed by LPS and LTA for different times (10
lotting. Data of Western blotting were repeated at least three times, and similar
xperiments. **P < 0.01 indicates a significant difference from the respective LPS- an
roups as analyzed by Student’s t-test.

oPP treatment did not significantly affect iNOS protein, but sig-
ificantly reduced the amount of NO, production. In the cell-free
OS enzyme activity assay, total proteins derived from separate
PS- and LTA-treated RAW264.7 macrophages were used for in
itro iNOS enzyme activity with or without CoPP. As illustrated
n Fig. 5C, CoPP addition was unable to reduce NO production
n the cell-free iNOS enzyme activity assay. The addition of the
OS enzyme activity inhibitor, N-nitro-L-arginine methyl ester (L-
AM), significantly reduced NO production in the cell-free iNOS
nzyme activity assay as a positive control. This suggests that CoPP
ay interfere with iNOS enzyme activity in a cell-mediated man-

er.

.6. Induction of HO-1 protein might not contribute to iNOS/NO
nhibition of CoPP

We further examined if HO-1 protein induction contributes to
oPP’s inhibition of LPS-induced NO production. Macrophages were
ransfected with control or HO-1 siRNA for 12 h, followed by LPS
timulation. As illustrated in Fig. 6A, HO-1 protein induced by CoPP
as significantly reduced by the transfection of HO-1 siRNA, but not
ontrol siRNA. However, there was no difference in NO inhibition
y CoPP among parental, control siRNA-transfected (Con-siRNA),
nd HO-1 siRNA-transfected (HO-1 siRNA) RAW264.7 macrophages
Fig. 6B). These data indicate that HO-1 induction might not con-
ribute to CoPP inhibition of NO production elicited by LPS.
nd 40 min), and expressions of the indicated proteins were determined by Western
s were obtained. Each value is presented as the mean ± S.E. of three independent
-treated groups; ##P < 0.01 indicates a significant difference between the indicated

4. Discussion

The results of the present study support CoPP effectively inhibit-
ing macrophages from inflammatory insults such as LPS and LTA by
reducing iNOS/NO production, and the IC50 value of iNOS protein
inhibition by CoPP was much higher than that of NO inhibition.
Inhibition of JNK, but not ERK, protein phosphorylation by CoPP
was identified, and CoPP inhibited NOS enzyme activity in a cell-
mediated, but not a cell-free, iNOS enzyme activity assay. Induction
of HO-1 protein by CoPP was detected; however a reduction in
HO-1 protein expression by HO-1 siRNA showed no effect on NO
inhibition of CoPP in LPS-treated macrophages. HO-1-independent
inhibition of LPS- and LTA-induced iNOS/NO production by CoPP via
blocking JNK activation and iNOS enzyme activity was illustrated.

Metalloporphyrins can induce HO-1 gene expression while para-
doxically acting as competitive inhibitors. FePP is an HO substrate,
and induction of HO-1 gene expression by FePP has been identified
in several cells such as macrophages, hepatocytes, and monocytes
[30–32]. CoPP and SnPP are synthetic metalloporphyrins which can
act as inhibitors of HO. However, CoPP, albeit an inhibitor of HO
activity in vitro, has been shown to be a potent inducer of HO-

1 gene expression and activity in vivo [33]. Therefore, the HO-1
gene is induced, yet HO enzyme activity is inhibited in CoPP- and
SnPP-treated cells. The effects of metalloporphyrins on inflamma-
tory iNOS/NO production are still unclear. Ashino et al. indicated
that LPS-induced iNOS gene expression was suppressed by the HO-



208 H.-Y. Lin et al. / Chemico-Biological Interactions 180 (2009) 202–210

Fig. 5. CoPP inhibited iNOS enzyme activity in a cell-mediated, but not cell-free, iNOS activity assay. (A, B) CoPP inhibited NO production in a cell-mediated iNOS enzyme
activity assay. RAW264.7 cells were individually treated with LPS (A) and LTA (B) for 12 h, followed by a cell-mediated iNOS enzyme activity assay as described in Section 2.
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inducers, FePP and CoPP, but not SnPP, in macrophages [34]. Our
revious study demonstrated that HO-1 induced by FePP signifi-
antly inhibited LPS-induced iNOS/NO production in macrophages
22,23]. Stimulation of HO-1 enzyme activity catalyzes the degra-
ation of heme to byproducts including CO, biliverdin, bilirubin,
nd iron. Bilirubin can reduce iNOS/NO induction by endotoxin via
nhibition of NAD(P)H oxidase [35]. Cepinskas et al. indicated that
O might attenuate inflammation in the liver of septic mice [36].
owever, HO-1 protein was shown to directly interact with cellu-

ar defense proteins such as MnSOD and catalase [7,8]. Therefore,
hether protein or enzyme activities contribute to iNOS/NO inhibi-

ion of HO-1 is still undefined. The present study first reports that
oPP dose-dependently inhibited LPS- and LTA-induced iNOS/NO
roduction with increasing HO-1 protein expression in the SF con-
ition. Suppression of HO-1 protein expression via transfection of
O-1 siRNA showed no effect on CoPP-inhibited NO production
licited by LPS. This suggests that HO-1 induction might not par-
icipate in iNOS/NO’s inhibition of CoPP.

We further found that iNOS/NO inhibited by CoPP in the SF
ondition, but not in a condition with FBS or BSA. Plasma pro-
ein albumin can bind FePP with medium affinity to prevent the

oxic effects of FePP in blood cells and vascular endothelium. Our
revious study demonstrated that metal protoporphyrins such as
ePP, CoPP, and SnPP are able to bind with albumin in FBS [37].
ata of the present study show that the addition of BSA inhibited
oPP-induced HO-1 protein and inhibited LPS- and LTA-induced
rn blotting. Lower panel: the amount of NO produced in the medium was detected
e activity assay. Macrophages were separately treated with LPS (left panel) and LTA
2. Data of Western blotting were repeated at least three times, and similar results

nts.

iNOS/NO production in RAW264.7 macrophages. This suggests that
FBS’s abolishment of CoPP-induced anti-inflammatory effects in
response to LPS or LTA insults occurs through binding with BSA.

Regulation of iNOS, as indicated by its name (i.e., inducible),
has long thought to be transcriptional or translational rather than
catalytic. Indeed, many modulators participate in regulating iNOS
catalytic activities, including NADPH, tetrahydrobiopterin, FAD, and
flavin mononucleotide. Metalloprotoporphyrins have been shown
to bind with the heme-binding pocket of various proteins such
as myoglobin, hemoglobin, and cytochrome P-450 [38,39]. It was
shown that CoPP, but not FePP, SnPP, or MnPP, can reconstitute neu-
ronal (n)NOS from apo-nNOS to affect nNOS enzyme activity in vitro
[40,41]. Li et al. indicated that CoPP decreases nNOS enzyme activ-
ity in vivo [42]. However, whether or not CoPP directly or indirectly
inhibits iNOS enzyme activity and the mechanism of its interaction
with iNOS enzyme are unknown. In the present study, CoPP was
more sensitive to blocking NO production than decreasing iNOS
protein expression in response to inflammatory stimuli such as LPS
and LTA. The IC50 values of CoPP against NO production and iNOS
protein expression elicited by LPS were < 0.5 and 1.75 ± 0.36 �M,
respectively. Both cell-mediated and cell-free iNOS enzyme activi-

ties were evaluated, and CoPP significantly inhibited NO production
in a cell-mediated, but not a cell-free, condition. This suggests that
CoPP possesses the ability to inhibit iNOS enzyme activity in a cell-
dependent manner. The reason why CoPP inhibited iNOS enzyme
activity via a cell-mediated manner is still unclear. Modulators



H.-Y. Lin et al. / Chemico-Biological In

Fig. 6. CoPP inhibition of LPS-induced iNOS/NO protein was independent of HO-1
induction. (A) HO-1 siRNA inhibited CoPP-induced HO-1 protein expression. Cells
were transfected with control or HO-1 siRNA for 24 h followed by CoPP treatment
for 12 h. Expressions of HO-1 and �-tubulin (�-Tub) were examined by Western blot-
ting. (B) HO-1 siRNA showed no effect on CoPP-inhibited NO production elicited by
LPS. Parental (WT), control-siRNA (Con-siRNA), and HO-1 siRNA-transfected (HO-
1-siRNA) macrophages were treated with CoPP (2 �M) for 30 min followed by LPS
stimulation for 12 h. The amount of NO was detected by the Griess reaction. Data
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ncluding L-arginine, tetrahydrobiopterin, FAD, and flavin mononu-
leotide have been identified as participating in iNOS catalytic
eactions to produce NO. NADPH is an important factor in modulat-
ng iNOS enzyme activity, and Jellinck and Galbraith indicated that
oPP inhibited NADPH-dependent elimination of dihydrotestos-
erone in vitro [43]. There is no report related to the effect of
oPP on L-arginine, tetrahydrobiopterin, FAD, or the flavin mononu-
leotide. CoPP inhibition of iNOS enzyme activity may be mediated
y reducing intracellular NADPH. Identification of the mecha-
ism of iNOS enzyme activity inhibited by CoPP deserves further
tudy.

In summary, we explored the effect of CoPP on the regulation of
NOS/NO production in RAW264.7 macrophages individually stim-
lated by LPS and LTA by increasing HO-1 protein expression in a
ondition with or without FBS and BSA. It is clear the CoPP signif-
cantly inhibited iNOS/NO production in an SF condition through
locking JNK activation elicited by LPS and LTA. Blocking HO-1 pro-
ein did not affect iNOS/NO’s inhibition of CoPP, and CoPP inhibition
f iNOS enzyme activity was identified in a cell-mediated iNOS
nzyme activity assay. This suggests that CoPP may inhibit JNK
ctivation and iNOS enzyme activity, leading to the inhibition of
NOS/NO production in response to inflammatory stimulators in a
O-1-independent manner.
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