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High mobility group box 1 (HMGB1) plays a crucial mediator in the pathogenesis of many inflammatory
diseases. We recently proposed that heme oxygenase-1 (HO-1) negatively regulates HMGB1 in inflamma-
tory conditions. We investigated whether ethanol extract of Inula helenium L. (EIH) activates p38 MAPK/
Nrf2/HO-1 pathways in RAW264.7 cells and reduces inflammation in CLP-induced septic mice. EIH
induced expression of HO-1 protein in a time- and concentration-dependent manner. EIH significantly
diminished HO-1 expression in siNrf2 RNA-transfected cells. As expected, the inhibited expression of
iNOS/NO, COX-2/PGE2, HMGB1 release by EIH in LPS-activated RAW264.7 cells was significantly reversed
by siHO-1RNA transfection. Furthermore, EIH not only inhibited NF-jB luciferase activity, phosphoryla-
tion of IjBa in LPS-activated cells but also significantly suppressed expression of adhesion molecules
(ICAM-1 and VCAM-1) in TNF-a activated human umbilical vein endothelial cells. The induction of
HO-1 by EIH was inhibited by SB203580 but not by SP600125, PD98059, nor LY294002. Most impor-
tantly, administration of EIH significantly reduced not only increase in blood HMGB1, ALT, AST, BUN, cre-
atinine levels but also decrease macrophage infiltrate in the liver of septic mice, which were reversed by
ZnPPIX, a HO-1 inhibitor. We concluded that EIH has anti-inflammatory effect via the induction of p38
MAPK-dependent HO-1 signaling pathway.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

It has been shown that heme oxygenase-1 (HO-1) and its by-
products play important roles in the resolution of inflammation
(Otterbein et al., 1999; Ryter and Choi, 2006). High mobility group
box-1 (HMGB1), a non-histone DNA-binding molecule, has been
implicated as a multifunctional ubiquitous protein in many
eukaryotic cells. HMGB1 was firstly found to be expressed in the
nucleus, which regulates the cell cycle, cellular differentiation,
and gene transcription (Bustin, 1999). In addition to its nuclear
role, the pro-inflammatory cytokine-stimulating activity of extra-
cellular HMGB1 has been recognized. Indeed, HMGB1 has been
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proposed to be a crucial mediator in the pathogenesis of many dis-
eases, including sepsis, arthritis, cancer, autoimmunity diseases,
and diabetes (Lotze and Tracey, 2005; Andersson and Erlandsson,
2004; Ardoin and Pisetsky, 2008; Zhang et al., 2009). Moreover,
HMGB1 is expressed in atherosclerotic lesions in humans and ani-
mals (Kalinina et al., 2004). Recently, we and others reported that
HO-1 activity negatively regulates HMGB1 under systemic inflam-
matory conditions, such as sepsis (Jang et al., 2012; Tsoyi et al.,
2009, 2011a; Takamiya et al., 2009).

Although Inula helenium L. (Compositae) and its active compo-
nents have been widely used as anti-inflammatory, anti-microbial,
and anti-cancer agents (Qiu et al., 2011; Dorn et al., 2006; Seo et al.,
2008; Konishi et al., 2002), no report has found that the anti-
inflammatory effect of I. helenium is related with HO-1 activity.
Therefore, the present study tested the hypothesis that ethanol ex-
tract of I. helenium (EIH) induces HO-1 expression, which is respon-
sible for the reduction of both pro-inflammatory mediators and
HMGB1 release in LPS-activated macrophages. Since HO-1 couples
the activation of mitochondrial biogenesis to anti-inflammatory
cytokine expression, it might significantly reduce inflammatory
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cytokines. In addition, we explored the signal pathway(s) by which
EIH up-regulates HO-1 induction. Here, we report that EIH inhib-
ited expression of iNOS, COX-2, and HMGB1 release in LPS-acti-
vated macrophages as well as intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) in
TNF-a-activated human umbilical vein endothelial cells (HUVECs).
Most importantly, administration of EIH significantly reduced the
blood concentration of HMGB1 and attenuated multiple organ in-
jury in cecal ligation and puncture (CLP)-induced mice, which were
restored with zinc-protophorphyrin IX (ZnPPIX), a competitive
inhibitor of HO-1, suggesting the importance of HO-1 induction
by EIH for anti-inflammatory action.
2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), fatal bovine serum (FBS), and
other tissue culture reagents were purchased from Gibco BRL Co. Primary antibod-
ies for HO-1, cyclooxygenase-2 (COX-2), Nuclear factor erythroid 2 related factor 2
(Nrf2), PCNA, ICAM-1, VCAM-1, and responsible secondary antibodies used for Wes-
tern blot analysis were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies for b-actin were from Sigma–Aldrich (St. Louis, MO), and inducible nitric
oxide synthase (iNOS) were purchased from BD bioscience (San Jose, CA). Small
interfering RNA for HO-1 (sc-44307) and Nrf2 (sc-37049) were purchased from San-
ta Cruz biotechnology (Santa Cruz, CA), and scrambled siRNA was purchased from
Invitrogen (Carlsbad, CA). Enzyme-linked immunosorbent assay (ELISA) kit for
prostaglandin E2 (PGE2) and HMGB1 was purchased from Shino test Corp. (Tokyo,
Japan). Alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
blood urea nitrogen (BUN) assay kits were obtained from IVD Lab Corp. (Uiwang,
Korea). Enzymatic creatinine reagent kit was purchased from (Sekisui Medical, To-
kyo, Japan).
2.2. Preparation of plant extract

Roots of I. helenium (cultivated in Jaechun, Chungbuk, Korea) were provided and
authenticated by Professor Je-Hyun Lee (College of Oriental Medicine, Dongguk
University, Korea). The dried roots (115 g) were ground to powder and extracted
with 70% ethanol twice at 95 �C for 3 h. The combined extracts were filtered and
concentrated under reduced pressure to give 40.6 g of crude extracts (yield
35.3%). The main fraction of crude extract is a non-polar hexane fraction, which
was identified to contain some sesquiterpenoid compounds, including isoalantolac-
tone (39% content), b-elemene, valencene, and germacrene A (all <1% contents) as
analyzed by GC–MS (data not shown).
2.3. Cell culture

RAW264.7 macrophages were maintained at 5 � 105 cells/ml in DMEM supple-
mented with 10% heat-inactivated FBS, penicillin (100 units/ml), streptomycin
(100 mg/ml), L-glutamine (4.5 mg/ml), and glucose (4.5 mg/ml), followed by incu-
bation at 37 �C in a humidified atmosphere containing 5% CO2 and 95% air. For anal-
ysis of ICAM-1 and VCAM-1 expression, EA hy926 cells, a human umbilical vein
endothelial cell line, were cultured at a density of 1 � 107 cells/100 mm dish.
2.4. Western blot analysis

Western blot analysis was performed by lysing cells in RIPA buffer (25 mM Tris-
HCl; pH 7.4, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing
a protease inhibitor mixture. Protein concentration was determined using Bradford
assay; absorbance of the mixture at 595 nm was determined using an ELISA plate
reader. An equal amount of protein for each sample was resolved using 8–10% so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE), followed by
electrophoretic transfer onto PVDF Western blotting membranes (Roche, Germany).
The membrane was then blocked with 5% skim milk and sequentially incubated
with primary antibody and horseradish peroxidase-conjugated secondary antibody,
followed by ECL detection (Animal Genetics).
2.5. NOx measurement

The nitrite and nitrate (NOx) concentrations in the medium were measured as
an indicator of NO production, according to Kang et al. (1999). Each supernatant
(100 ll) was mixed with the same volume of Griess reagent; absorbance of the mix-
ture at 545 nm was determined with an ELISA plate reader.
2.6. PGE2 measurement

RAW264.7 macrophages were seeded in a 60-mm cell culture dish, pre-incu-
bated for 1 h with different concentrations of EIH, and then stimulated for 16 h with
LPS. Supernatant of the culture medium (100 ll) was then collected for the deter-
mination of PGE2 concentrations using the ELISA kit.

2.7. Cytokine assays

Concentrations of TNF-a or IL-1b in culture supernatants were determined
using ELISA kits (R&D Systems) according to the instructions provided by the man-
ufacturer. Concentrations of TNF-a or IL-1b were calculated with standard curves.

2.8. MTT

For determination of cell viability, 50 mg/ml of thiazolyl blue tetra-zolium bro-
mide (MTT) was added to 1 ml of cell suspension (3 � 105 cells/ml in 24-well
plates) for 4 h, and the formazan formed was dissolved in DMSO; optical density
was measured at 570 nm.

2.9. siRNA and vector transfection

The RAW 264.7 macrophages were seeded into 60-mm cell culture dishes at
3 � 105 cells/dish 18–24 h prior to transfection. Cells were transfected with 2 lg
of NF-jB luciferase vector, 100 nM si-Nrf2 RNA, 100 nM siHO-1 RNA, 100 nM
scramble siRNA, or si-p38 MAPK RNA using SuperFect fragment (Qiagen, Valencia,
CA). After 4 h of incubation, the medium was replaced with a fresh medium.

2.10. NF-kB luciferase activity

After the scheduled treatment, cells were washed twice with cold PBS, lysed in
lysis buffer provided in the dual luciferase kit (Promega, Madison, WI), and assayed
for luciferase activity using a TD-20/20 luminometer (Tumer Designs, Sunnyvale,
CA), according to the manufacturer’s protocol. All transfections were done in tripli-
cate. Data are presented as the ratio between Firefly and renilla luciferase activities.

2.11. HO-1 activity

The harvested cells were subjected to three cycles of freeze–thawing before
addition to a reaction mixture consisting of phosphate buffer (1 ml final volume,
pH 7.4) containing magnesium chloride (2 mM), NADPH (0.8 mM), glucose-6-phos-
phate (2 mM), glucose-6-phosphate dehydrogenase (0.2 units), rat liver cytosol as a
source of biliverdin reductase, and the substrate hemin (20 lM). The reaction mix-
ture was incubated in the dark at 37 �C for 1 h and was terminated by the addition
of 1 ml of chloroform. After being vigorously vortexed and centrifuged, the ex-
tracted bilirubin in the chloroform layer was measured by the difference in absor-
bance between 464 and 530 nm (e = 40 mM�1 cm�1).

2.12. Animal study

The CLP-induced sepsis model was implemented as described previously (Tsoyi
et al., 2009). In brief, BALB/c mice (male, 7–8 weeks old, 20–25 g) were anesthetized
with ketamine (30 mg/kg) and xylazine (6 mg/kg). Next, a 2-cm midline incision
was made to allow exposure of the cecum and adjoining intestine. The cecum
was tightly ligated with a 3.0-silk suture at its base below the ileo-cecal valve,
and was punctured twice (top and bottom) through both cecal walls with an 18-
gauge needle. The cecum was then gently squeezed to extrude a small amount of
feces from the perforation sites and returned to the peritoneal cavity. The laparot-
omy site was then stitched with 4.0 silk. In Sham-control animals, the cecum was
exposed but not ligated or punctured and then returned to the abdominal cavity.
Mice were maintained in accordance with the Guide for the Care and Use of Labo-
ratory Animals (NIH publication 85-23, revised 1996). The protocol was approved in
advance by the Animal Research Committee of Gyeongsang National University.
Mice were divided into five groups: Sham (n = 3), CLP (n = 5), EIH + CLP (i.p.,
5 mg/kg, n = 5), EIH + CLP (i.p., 10 mg/kg, n = 6), and ZnPPIX (i.p., 10 mg/kg,
n = 5) + EIH (i.p., 10 mg/kg)+CLP. EIH or ZnPPIX was injected (i.p) 2 h prior to sur-
gery. All animals received subcutaneous administration of 1 ml of normal saline
immediately after the operation for fluid resuscitation.

2.13. Blood HMGB1 level and multiple organ damage parameters in CLP-induced septic
mice

Twenty-four hours after completion of the CLP operation, blood was withdrawn
by cardiac puncture from animals in each group anesthetized with ketamine
(30 mg/kg) and xylazine (6 mg/kg). Plasma ALT and AST activities were determined
in the collected blood samples by employing standard spectrophotometric proce-
dures using ChemiLab ALT and AST assay kits (IVD Lab Co., Ltd., Uiwang, Korea).
The BUN level was measured using a ChemiLab BUN assay kit (IVD Lab Co., Ltd.,



Fig. 1. Cytotoxic effect of EIH in RAW 264.7 cells. Cell viability was determined by MTT. Cells were treated with different concentrations of EIH for 12 h (a) and 24 h (b). The
results are expressed as the means ± SE of three independent experiments. �p < 0.05, ��p < 0.01 compared to control, respectively.

Fig. 2. Effect of EIH on HO-1 expression. Expression of HO-1 by EIH was examined in a concentration-dependent manner with different doses after 8 h of treatment (a) and in
a time-dependent manner with 25 lg/ml of EIH (b). After completion, proteins were extracted and Western blot analysis performed using anti-HO-1 antibody. The results are
expressed as the means ± SE of three independent experiments. �p < 0.05 compared with control.
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Uiwang, Korea) according to the manufacturer’s instructions. Plasma creatinine was
measured using an enzymatic creatinine reagent kit (Sekisui Medical, Tokyo, Japan).
This method of creatinine measurement largely eliminates interference from mouse
plasma chromagens well known to the Jaffe method (Slot, 1965). HMGB1 (Shino-
Test Corp., Tokyo, Japan) was determined using an ELISA kit according to the man-
ufacturer’s instructions.
2.14. Immunohistochemistry

The depafaffinized section from liver was placed in a solution of 1% H2O2 for
10 min. After washing, the section was treated with 5% blocking serum for 1 h at
room temperature. The slide was incubated overnight at 4 �C in a humidified cham-
ber with anti-rabbit-F4/80 (1:50; Santa Cruz Biotechnology). After washing three
times with 0.1 M PBS, the section was incubated for 1 h at room temperature with
secondary biotinylated antibody (1:100). After washing, the section was incubated
in avidin–biotin-peroxidase complex solution (Vector Laboratories, Burlingame,
CA). The section was developed with 0.05% diaminobenzidine (Sigma–Aldrich) con-
taining 0.05% H2O2, dehydrated, and coverslipped with Permount (Sigma–Aldrich).
The section was visualized by CKX41 light microscopy (Olympus).
2.15. Statistical evaluation

Scanning densitometry was performed using an Image Master� VDS (Pharmacia
Biotech Inc., San Francisco, CA). Data are expressed as the mean ± SE of results ob-
tained from the number of replicate treatments. Differences between data sets were
assessed by one-way analysis of variance followed by Newman-Keuls tests. p < 0.05
was accepted as statistically significant.
3. Results

3.1. Effect of EIH on cell viability

Cells were treated with different concentrations of EIH, and
MTT assay was performed after 12 h of incubation as described
in Section 2. As shown in Fig. 1a, an approximately 80% survival
rate was observed at a dose of 50 lg/ml. However, when incubated
for 24 h, significant toxic signs were observed at above 50 lg/ml of
EIH (Fig. 1b). Therefore, through the entire experiments, the max-
imum concentration of EIH was limited to 50 lg/ml.

3.2. EIH increases HO-1 expression

Fig. 2 shows that EIH significantly increased HO-1 protein
expression in a time- and concentration-dependent manner in
RAW 264.7 cells. At a fixed concentration of EIH (25 lg/ml), HO-
1 was expressed as early as 4 h and continuously increased until
12 h, after which it diminished until 24 h (Fig. 2b).

3.3. EIH inhibits expression of pro-inflammatory genes and related
mediators

Fig. 3a shows that EIH dose-dependently inhibited expression of
iNOS protein as well as NOx production in LPS-stimulated RAW



Fig. 3. Anti-inflammatory effect of EIH. RAW 264.7 cells were stimulated with different concentrations of EIH for 1 h prior to LPS (1 lg/ml) treatment, followed by incubation
for 8 h for detection of iNOS and COX-2 or 16 h for HMGB1. Endothelial cells stimulated with different concentrations of EIH for 1 h prior to TNF-a (10 ng/ml) treatment,
followed by incubation for 8 h for detection of ICAM-1 and VCAM-1. Proteins were extracted and subjected to Western blot analysis for iNOS (a), COX-2 (b), HMGB1 (c), and
adhesion molecules (ICAM-1 and VCAM-1). Production of NO (a), PGE2 (b), TNF-a and IL-1b (e) from the culture medium was measured as described in Section 2. Since
HMGB1 was released into the media from the cells, we used ponceus as a loading control. The results are expressed as the means ± SE of three independent experiments.
�p < 0.05 compared with untreated cells. #p < 0.05 compared with LPS-treated cells or TNF-a-activated endothelial cells, respectively.
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264.7 cells. As a control, LPS, which is bacterial endotoxin, signifi-
cantly up-regulated iNOS protein and subsequently increased NO
production. However, in the presence of EIH, up-regulation of iNOS
induced by LPS was significantly inhibited. For example, 10 lg/ml
of EIH decreased NO production to a level 80% that of the LPS con-
trol. COX-2 enzyme is also an important mediator of inflammation.
As expected, EIH significantly and dose-dependently decreased the
expression of COX-2 as well as PGE2 production (Fig. 3b). Interest-
ingly, the concentration of EIH that reduced iNOS and COX-2 pro-
tein expression was sufficient to inhibit LPS-induced HMGB1
release (Fig. 3c) and protein expression of ICAM-1 and VCAM-1
in TNF-a-stimulated endothelial cells (Fig. 3d). This result was in



Fig. 3. (continued)
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good agreement with the EIH concentration that could induce HO-
1 protein expression. In addition, EIH significantly reduced LPS-
activated TNF-a and IL-1b levels in RAW 264.7 cells (Fig. 3e).

3.4. EIH induces HO-1 expression by Nrf2 translocation

Nrf2 plays an important role in the induction of HO-1 in many
cells, including macrophages. Therefore, we determined whether
or not EIH-mediated HO-1 induction is related to activation of
Nrf2. As shown in Fig. 4a, Nrf2 was retained in the cytosolic frac-
tion in untreated cells, whereas it was translocated to the nuclear
fraction at a higher concentration of EIH. To further confirm that
EIH could activate Nrf2 translocation, we used small interfering
RNA (siRNA). Increased HO-1 protein expression by EIH was signif-
icantly diminished in Nrf2 siRNA-transfected cells, whereas scram-
bled siRNA-transfected cells displayed similar HO-1 expression as
EIH-treated cells (Fig. 4b). As expected, EIH increased HO-1 activity
in a concentration-dependent manner (Fig. 4c).

3.5. EIH inhibits NF-jB activity

NF-kB is a well known transcription factor leading to the induc-
tion of pro-inflammatory genes, such as iNOS, COX-2, ICAM-1, and
VCAM-1. Thus, we measured NF-jB luciferase activity to deter-
mine whether or not EIH inhibits NF-jB activation. Fig. 5a clearly
shows that EIH dose-dependently inhibited LPS-induced NF-jB
luciferase activity. To further confirm this result, we measured
IjBa phosphorylation and translocation of NF-jB. As expected,
EIH dose-dependently mediated the translocation NF-jB from
the cytosolic (CE) to nuclear fraction (NE) and diminished the
p-IjBa level (Fig. 5b and c).

3.6. HO-1 is crucial for anti-inflammatory effect of EIH

To determine whether or not HO-1 induction is critical for the
anti-inflammatory action of EIH, we measured the expression of
iNOS and COX-2 proteins in HO-1 siRNA-transfected cells after
confirming the transfection efficacy of HO-1 siRNA (Fig. 6a). We
found that the inhibition of iNOS/NO (Fig. 6b) and COX-2/PGE2

(Fig. 6c) expression by EIH was reversed in HO-1 siRNA-transfected
cells, indicating that HO-1 enzyme plays a key role in the anti-
inflammatory action of EIH.

3.7. Signal mechanism responsible for induction of HO-1 by EIH

Finally, we determined the mechanism by which EIH induces
HO-1 expression in macrophage cells. The p38 MAPK/Nrf2 signal-
ing pathway has been reported to induce HO-1 expression (Jang
et al., 2012). Fig. 7a shows that SB203580, a p38 MAPK inhibitor,
strongly reduced the HO-1 protein expression induced by EIH.
However, SP600125, PD98059, and LY294002 all had no effect on
HO-1 protein expression. To elucidate whether or not p38 MAPK
mediates the effect of EIH on HO-1 expression, phosphorylation
of p38 MAPK was measured. Fig. 7b and c shows that EIH up-reg-
ulated p-p38 MAPK in a time- and concentration-dependent man-
ner. The involvement of p38 MAPK in HO-1 induction by EIH was
verified by testing iNOS expression in the presence of different
MAPK inhibitors (Fig. 7d). It was found that only SB203580 re-
versed the inhibitory effect of EIH on LPS-induced iNOS expression,
indicating the importance of p38 MAPK signaling for the action of
EIH. To further confirm the involvement of p38 MAPK in induction
of HO-1, we determined whether or not EIH reduces HO-1 expres-
sion in p38 siRNA-transfected cells. We found that EIH significantly
reduced HO-1 expression in p38 siRNA-transfected cells but not
control siRNA-transfected cells (Fig. 7e). In contrast, other MAPK
inhibitors or PI3K inhibitor had no effect on the induction of iNOS
by LPS. Signal inhibitors did not modify the effect of LPS by
themselves.

3.8. HO-1-dependent protective effect of EIH in CLP-induced septic
mice

As shown above, we investigated a possible linkage between
HO-1 induction and the anti-inflammatory effect of EIH in vitro.
To understand the anti-inflammatory action of EIH through HO-
1, we used a CLP-induced septic mice model. As shown in Table 1,
CLP-induced septic mice clearly displayed liver and kidney dam-
age, as indicated by increases in plasma ALT, AST, BUN, and creat-
inine levels. However, treatment with EIH at two different doses
(5 and 10 mg/kg) significantly reduced plasma ALT, AST, BUN,
and creatinine levels in CLP-induced septic mice. Likewise, the
blood HMGB1 level was significantly reduced by administration
of EIH in CLP-induced mice. Importantly, the reduced blood levels
of AST, BUN, and HMGB1 were reversed by ZnPP IX, an HO-1 inhib-
itor, indicating the importance of HO-1 to the anti-inflammatory
action of EIH in vivo (Fig. 8a). Finally, to confirm whether or not
the infiltrated inflammatory cells are reduced by EIH treatment
in CLP-induced septic mice, liver tissues were stained using F4/
80-corresponding antibody, a macrophage marker. It was clearly
shown that EIH significantly reduced the infiltration of inflamma-
tory cells into liver tissues of CLP-induced mice (Fig. 8b).
4. Discussion

This study, for the first time, provides evidence for the mecha-
nism by which EIH mediates its anti-inflammatory responses by
inducing HO-1 in vitro and in vivo. HO-1 and its by-products (bili-
verdin, CO) are known to have cyto-protective properties, includ-
ing anti-oxidant, anti-inflammatory, and anti-apoptotic activities
(Otterbein et al., 1999; Ryter and Choi, 2006). There is increasing
evidence demonstrating that the induction of HO-1 can prevent
or mitigate the symptoms associated with related ailments in
experimental models of acute inflammation (Kobayashi et al.,



Fig. 4. Effect of EIH on Nrf2 translocation in macrophages. EIH was treated at different concentrations (0, 1, 10, 25, and 50 lg/ml) for 3 h. Cytosolic extracts (CE) and nuclear
extracts (NE) were subjected to SDS–PAGE, and Nrf2 was detected by immunoblotting (a). To determine whether or not Nrf2 is involved in HO-1 induction by EIH, cells were
transfected with either siNrf2 RNA or scrambled siRNA (ssiRNA), and transfection efficacy was confirmed by expression of Nrf2 with EIH (b). siNrf2 RNA- or ssiRNA-
transfected cells were treated with EIH and incubated for 8 h, followed by Western blot analysis using anti-HO-1 antibody. HO-1 activity was measured (c). The results are
expressed as the means ± SE of three independent experiments. �, #p < 0.05 compared with untreated cells, respectively. $p < 0.05 compared with EIH-treatment. �p < 0.05
compared with EIH+siNrf-2.
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2006). Therefore, targeted over-expression of HO-1 may be benefi-
cial for the treatment of inflammatory disorders. Many phyto-
chemicals in plants are recognized as HO-1 inducers and are
traditionally used in therapeutic strategies for chronic inflamma-
tory diseases (Hwa et al., 2012; Tsoyi et al., 2011a; Jun et al.,
2012; Joe et al., 2012). Increasing evidence indicates that induction
of HO-1 is closely linked to Nrf2 activation (Kim et al., 2012; Shin
et al., 2012; Jang et al., 2012). In addition, many kinase signaling
pathways, including PKC, PI3K/Akt, ERK, JNK, and p38, may regu-
late Nrf2 activation and facilitate its accumulation in the nucleus
for the promotion of HO-1 gene expression (Jang et al., 2012; Jun
et al., 2012). The present results indicated that SB203580 (p38
MAPK inhibitor), but not SP600125 (JNK inhibitor), PD98059
(ERK inhibitor), or LY294002 (PI3K inhibitor), significantly inhib-
ited HO-1 induction induced by EIH. Indeed, involvement of p38
MAPK is well documented in many diseases, including inflamma-
tory disorders. Recently, our laboratory found evidence that ethyl
pyruvate, a potent anti-inflammatory agent, induces HO-1 expres-
sion through a p38 MAPK/Nrf2-dependent pathway by decreasing
glutathione cellular levels in RAW 264.7 cells (Jang et al., 2012). In
contrast, activation of the p38/Nrf2 pathway causes down-regula-
tion of HO-1 expression in RAW 264.7 cells (Naidu et al., 2009).



Fig. 5. Inhibition of NF-jB activation by EIH in RAW 264.7 cells. Cells were pretreated with EIH (1, 10, 25, and 50 lg/ml) for 1 h, followed by incubation for another 1 h with
LPS (1 lg/ml). After treatment, NF-kB luciferase activity was measured in cells transiently transfected with NF-kB luciferase (a), NF-jB (b) and phosphor-IjBa (c) levels were
determined by Western blot analysis. The results are expressed as the means ± SE of three independent experiments. �p < 0.05 compared with untreated cells. #p < 0.05
compared with LPS-treated cells.
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compared with untreated cells. #p < 0.05 compared with LPS-treatment. $p < 0.05 compared with EIH + LPS-treatment.
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Fig. 7. Signal pathways of EIH in HO-1 expression. Cells were exposed to SB203580 (10 lM), SP600125 (40 lM), PD98059 (50 lM), or LY294002 (10 lM) for 1 h, followed by
stimulation with EIH (25 lg/ml) for 8 h. Then, the HO-1 protein level was determined by Western blot analysis (a). Cells were treated with EIH (25 lg/ml) for different times
as indicated (b) or for a fixed time (1 h) with different concentrations of EIH (c). To further confirm that the anti-inflammatory effect of EIH is mediated by p38 MAPK,
inhibition of iNOS by EIH was tested in the presence of different signal inhibitors in LPS-activated cells (d). HO-1 expression by EIH was significantly diminished by p38
deletion but not control siRNA transfection (e). As a positive control, the effects of signal inhibitors on iNOS expression were investigated in the presence of LPS. The results
are expressed as the means ± SE of three independent experiments. �p < 0.05 compared with untreated cells. #p < 0.05 compared EIH- or LPS-treated cells. $p < 0.05 compared
EIH + LPS- or si-p38 RNA-treated cells.

Table 1
HO-1-dependent protective effect of EIH in CLP-induced septic mice.

Treatment ALT activity (U/L) AST activity (U/L) BUN (U/L) Creatinine (mg/dL)

Sham 64.0 ± 11.2 392.3 ± 17.2 16.9 ± 2.9 0.9 ± 0.3
CLP 328.6 ± 68.6** 1130.5 ± 87.5** 65.5 ± 7.3** 2.1 ± 0.5**

CLP + EIH (5 mg/kg) 104.8 ± 34.5## 672.8 ± 16.5## 33.6 ± 9.4## 1.6 ± 0.4
CLP + EIH (10 mg/kg) 120.5 ± 27.1## 593.6 ± 138.3## 16.9 ± 10.7## 1.1 ± 0.3##

CLP + EIH (10 mg/kg)+ZnPP IX (10 mg/kg) 143.2 ± 34.5 915.5 ± 205.2$$ 62.0 ± 5.6$$ 1.4 ± 0.4

Mice were intraperitoneally administered with 5 mg/kg or 10 mg/kg EIH 2 h prior to CLP. Twenty-four hours after CLP, blood was withdrawn under anesthesia by heart
puncture from each group of animals. The results are presented as mean ± SE (n = 3–6).
** p < 0.05 significantly different from sham.
## p < 0.01 significantly different from CLP.
$$ p < 0.01 significantly different from CLP + EIH (10 mg/kg).
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This observation indicates that p38 may have a dual function in
HO-1 gene regulation. However, others have reported that p38
MAPK/Nrf2 is required to increase the expression of HO-1 by epi-
gallocatechin, the major polyphenol in green tea, in vascular
smooth muscle cells, suggesting that the p38 MAPK/Nrf2/HO-1 sig-
naling pathway is not limited to macrophages (Pullikotil et al.,
2011). In this regard, it is interesting to note that alantolactone,
one of the active ingredients of EIH, induces phase 2 detoxifying
enzymes in HepG2-C8 cells (Seo et al., 2008).

HO-1 induction has also been shown to inhibit the expression of
pro-inflammatory mediators through inactivation of NF-jB (Ha
et al., 2012). There are reports that p65 represses Nrf2 transcription
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activity (Niedick et al., 2004; Reboll et al., 2011). The transcription
factor NF-jB is implicated in the regulation of many genes that code
for mediators of immune, acute-phase, and inflammatory re-
sponses, including iNOS and COX-2. The p50/p65 heterodimer is
the most common dimer found in the NF-jB signaling pathway
(Verma et al., 1995). Under basal conditions, NF-jB is sequestered
in the cytoplasm by inhibitor proteins, usually IjB, whereas upon
release, NF-jB dimers translocate to the nucleus to activate target
genes by binding with high affinity jB elements in their promoters.
Here, we found that EIH dose-dependently inhibited NF-jB activity
by demonstrating the dose-dependent inhibition of IjBa phosphor-
ylation and luciferase activity in cells activated with LPS. Therefore,
the anti-inflammatory effects of EIH are closely related with inhibi-
tion of p65 activation. To further confirm that NF-jB is a target for
the anti-inflammatory action of EIH, we investigated the expression
of adhesion molecules (ICAM-1 and VCAM-1), which depends on
NF-jB activity, in TNF-a-activated endothelial cells (Kim et al.,
2006). This finding may be significant in that EIH can provide
new therapeutic potential for vascular inflammatory disorders such
as atherosclerosis. In this regard, it is interesting to mention that
HMGB1 has been reported to be expressed in human atheroscle-
rotic legions (Kalinina et al., 2004). In addition, HO-1 is among those
Nrf2-target genes that are significantly expressed in all main cell
types present in mouse and human atherosclerotic lesions, such
as endothelial cells, macrophages, and smooth muscle cells (Wang
et al., 1998; Ishikawa et al., 2001). HO-1 expression in endothelial
cells leads to decreased expression of VCAM-1 as well as the expres-
sion and release of chemokines and pro-inflammatory cytokines
such as CC-chemokine ligand 2, also known as MCP-1 (Sacerdoti
et al., 2005). Therefore, further study is needed to determine
whether or not EIH would be beneficial to the treatment of athero-
sclerosis. Previously, we reported that HMGB1 is associated with
sepsis-induced lethality in an animal model, and LPS releases
HMGB1 in RAW 264.7 cells. In addition, it was found that the
HMGB1 level was higher in HO-1�/� mice than HO-1+/+ mice when
animals were subjected to either LPS injection or CLP-induced
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polymicrobial sepsis, indicating that HO-1 inversely regulates
HMGB1 under septic conditions (Tosyi et al., 2011a; Takamiya
et al., 2009). It is important to provide evidence that the anti-
inflammatory effect of EIH in vivo is mediated through HO-1. There-
fore, we used a CLP-induced septic mice model. It is clear that the
anti-inflammatory action of EIH in vivo is dependent on HO-1 activ-
ity, as its protective effects against organ damage were reversed by
an HO-1 inhibitor. Another important finding is that blood HMGB1
levels were significantly reduced by EIH in CLP-induced mice,
which were restored by the HO-1 inhibitor ZnPP IX, supporting that
HO-1 activity negatively regulates HMGB1 under systemic inflam-
matory conditions. These in vitro and in vivo data imply that the
ability of EIH to mediate anti-inflammatory effects is based on the
up-regulation of HO-1 expression via p38 MAPK/Nrf2 activation.
From GC/MS analysis, we found that EIH contained isoalantolac-
tone, b-elemene, valencene, and germacrene A (data not shown).
Since we reported that valencene induces HO-1 in RAW 264.7 cells
(Tsoyi et al., 2011b), it may have contributed to induction of HO-1
by EIH in the present study. However, we found that EIH contained
higher amounts of isoalantolactone than valencene, which means
further investigation is needed to determine whether or not isoal-
antolactone induces HO-1 in immune cells.

In summary, we investigated the anti-inflammatory action of
EIH in association with induction of HO-1. The present results
show that EIH increased HO-1 induction via p38 MAPK/Nrf2 sig-
naling in RAW 264.7 cells, which is critical for anti-inflammatory
action. In addition, NF-jB inhibitory action resulted in decreased
inflammation as evidenced by inhibition of LPS-activated iNOS,
COX-2, and HMGB1 release in RAW 264.7 cells, as well as adhesion
molecules in human endothelial cells. Finally, the protective effect
of EIH against organ damage was antagonized by ZnPP IX, an HO-1
inhibitor. Thus, induction of HO-1 expression may be an important
mechanism in the anti-inflammatory action of EIH.
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