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Abstract

Isoegomaketone (IK) was isolated from Perilla frutescens, which has been widely used as a food in Asian cuisine, and evaluated
for its biological activity. We have already confirmed that IK induced the HO-1 expression via Nrf2 activation in RAW264.7 cells. In
this study, we investigated the effect of IK on the mechanism of HO-1 expression. IK upregulated HO-1 mRNA and protein expres-
sion in a dose dependent manner. The level of HO-1 mRNA peaked at 4 h after 15 uM IK treatment. To investigate the mecha-
nisms of HO-1 expression modulation by IK, we used pharmacological inhibitors for the protein kinase C (PKC) family, PI3K,
and p38 MAPK. IK-induced HO-1 mRNA expression was only suppressed by SB203580, a specific inhibitor of p38 MAPK. ROS
scavengers (N-acetyl-L-cysteine, NAC, and glutathione, GSH) also blocked the IK-induced ROS production and HO-1 expression.
Furthermore, both NAC and SB203580 suppressed the IK-induced Nrf2 activation. In addition, ROS scavengers suppressed other
oxidative enzymes such as catalase (CAT), glutathione S-transferase (GST), and NADH quinone oxidoreductase (NQO-1) in IK-
treated RAW264.7 cells. Taken together, it can be concluded that IK induced the HO-1 expression through the ROS/p38 MAPK/
Nrf2 pathway in RAW264.7 cells.
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INTRODUCTION food in Asian cuisines, and its seeds are used to make edible
oil in Korea. It is also used in traditional Chinese medicine.
Heme oxygenase-1 (HO-1), the inducible isoform of heme The pharmacological activities of P. frutescens have been in-
oxygenase that catalyzes the degradation of heme into biliver- vestigated in many studies (Brochers et al., 1997; Ueda and
din, iron, and carbon monoxide (CO), is a stress-responsive Yamzaki, 1997). Several compounds, such as rosmarinic acid,
protein. HO-1 has anti-inflammatory, antioxidant, and antipro- luteolin, apigenin, fefulic acid, (+)-catechin, caffeic acid, and
liferative effects (Yamada et al., 2000; Gabunia et al., 2012). isoegomaketone, have been isolated from P. frutescens. Anti-
HO-1 is an antioxidant enzyme induced by oxidative stress. inflammatory activities of rosmarinic acid (Huang et al., 2009),
However, recent studies have demonstrated that overexpres- luteolin (Kim and Jobin, 2005), and apigenin (Zhang et al.,
sion of HO-1 prior to stimulation with LPS markedly inhibited 2014) have been demonstrated in previous reports.
the production of subsequent inflammatory mediators such IK, an essential oil component in P. frutescens, has been
as nitric oxide (NO), interleukin-6 (IL-6), and monocyte che- shown to have numerous biological activities. It has been

moattractant protein-1 (MCP-1) (Tsoyi et al., 2008; Park et shown to have inhibitory activity on NO production in LPS-
al., 2009a; Jin et al., 2010). Moreover, the deficiency of HO-1 treated RAW264.7 cells (Jin et al., 2010), and IK induced

resulted in severe inflammation in mice (True et al., 2007). apoptosis in several cancer cells through caspase-dependent

Therefore, based on previous findings, the regulation of HO-1 and -independent pathways (Cho et al., 2011; Kwon et al.,

expression may be a potential target for the treatment of in- 2014). Furthermore, IK has the potential for increasing the ef-

flammatory disease. fectiveness of prostate cancer therapy with TRAIL (Lee et al.,
Perilla frutescens (L.) Britt. is an annual herbaceous plant 2014). Previously, our group has shown that IK induced the

belonging to the Lamiaceae family. Its leaves are used as HO-1 expression in RAW264.7 cells (Jin et al., 2010), how-
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ever, the detailed mechanism was yet to be elucidated. In this
study, we investigated the mechanisms of HO-1 induction by
IK in RAW264.7 cells.

MATERIALS AND METHODS

Reagents

DMEM and fetal bovine serum (FBS) were purchased
from Hyclone (Logan, UT, USA). LPS, phenylmethylsulfonyl
fluoride, sodium nitrite, DMSO, Griess reagent, Rottlerin (RO),
GF102903X (GF), and a protease inhibitor cocktail were pur-
chased from Sigma (St. Louis, MO, USA). Goat anti-rabbit IgG
HRP-conjugated antibody and Lipofectamine 2000 were pur-
chased from Invitrogen (Carlsbad, CA, USA). The RNeasy kit
was purchased from QIAGEN (Valencia, CA, USA). The EZ-
Cytox Cell Viability assay kit was purchased from DAEIL lab
(Seoul, Korea). The Advantage RT-for-PCR kit was purchased
from Clontech (Mountain view, CA, USA). SYBR premix was
purchased from Takara Bio Inc (Shiga, Japan). NP40 cell lysis
buffer was purchase from Biosource (San Jose, CA, USA).
SB203580 (SB) was purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). LY294002 (LY) and Go6976 (GO)
were purchased from Calbiochem (La Jalla, CA, USA). Rab-
bit polyclonal antibodies against p-tubulin, HO-1, laminB, and
Nrf2 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Cell culture

RAW264.7 macrophage cells were cultured in DMEM
supplemented with 10% FBS, penicillin (100 U/mL) and strep-
tomycin (100 pg/mL) and incubated at 37°C with 5% carbon
dioxide.

Cytotoxicity assay

To measure cell viability, we used the EZ-Cytox cell viability
assay kit. The cells were cultured in a 96-well flat-bottom plate
at a density of 2.0x10° cells/mL for 24 h. The cells were subse-
quently treated with various concentrations of kinase inhibitor
for an additional 24 h. After the incubation period, EZ-Cytox 10
uL was added to each well and incubated for 4 h at 37°C and
5% CO,. The index of cell viability was determined by measur-
ing formazan production at an absorbance of 480 nm, using
an ELISA reader. The reference wavelength was 650 nm.

Determination of NO concentration

Nitrite in the cellular media was measured by the Griess
method (Khan et al., 2009). The cells were cultured in a 96-
well plate and treated with LPS (1 ug/mL) for 18 h. At the end
of the culture period, the cellular media was collected for the
determination of nitrite production. Equal volumes of Griess
reagent and cellular supernatant were mixed, and the absor-
bance was measured at 540 nm. The concentration of nitrite
(wM) was calculated using a standard curve produced from
known concentration of sodium nitrite dissolved in DMEM. The
results are presented as the mean + SD of four replicates of
one representative experiment.

Preparation of cell extracts and Western analysis

Cells were washed once with cold PBS and harvested by
pipetting. For whole-cell extract preparation, the cells were
lysed on ice, in a NP40-based cell lysis buffer containing a
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protease inhibitor cocktail (Sigma) and phenylmethylsulfonyl
fluoride (Sigma) for 30 min. Nuclear and cytosolic extracts
were prepared using nuclear and cytosolic extraction reagents
(Thermo Scientific, Rockford, IL, USA). The protein concentra-
tion of the cell lysate was determined using the Bio-Rad Pro-
tein Assay (Bio-Rad, Hercules, CA, USA). Fifty png of protein
was loaded and electrophoresed on a 10% SDS-polyacryl-
amide gel, following which it was transferred onto a nitrocellu-
lose membrane (Hybond ECL Nitrocellulose, GE Healthcare,
Chandler, AZ, USA). The membranes were washed once with
a wash buffer (PBS with 0.05% Tween 20) and blocked with a
blocking buffer (PBS with 5% skim milk and 0.05% Tween 20)
for 1 h. After blocking, the membranes were incubated with the
rabbit anti-HO-1 or anti-B-tubulin primary antibody overnight
at 4°C. Rabbit anti-HO-1 polyclonal antibody was diluted at
1:1000, and the rabbit anti-p-tubulin polyclonal antibody was
diluted at 1:200 in blocking buffer. After incubation, the mem-
branes were washed and subsequently incubated for 1 h at
room temperature with the goat anti-rabbit IgG HRP-conju-
gated secondary antibody diluted to 1:5000 in blocking buffer.
The membranes were washed and the protein bands were
detected by a chemiluminescence system (GE Healthcare).

Quantitative real-time PCR

The cells were cultured in a 100-mm petri dish for 24 h (2
x10° cell/mL). Total RNA was isolated using the RNeasy Kit
according to the manufacturer’s instructions. The Advantage
RT-for-PCR kit was used for reverse transcription according
to the manufacturer’s protocol. A Chromo4 real-time PCR de-
tection system (Bio-Rad) and iTag™ SYBRR Green Supermix
(Bio-Rad) were used for the RT-PCR amplification of HO-1
and B-actin using the following conditions: 50 cycles at 94°C
for 20 s, 60°C for 20 s and 72°C for 30 s. All the reactions were
repeated independently at least three times to ensure the re-
producibility of the results. Primers for HO-1 and f-actin were
purchased from Bioneer Corp. (Daejeon, Korea) and the fol-
lowing sense and anti-sense primers were used: HO-1, forward
primer 5-TTACCTTCCCGAACATCGAC-3", reverse primer
5°-GCATAAATTCCCACTGCCAC-3"; B-actin, forward primer
5-TGAGAGGGAAATCGTGCGTGAC-3', reverse primer 5'-
GCTCGTTGCCAATAGTGATGACC-3'.

Statistical methods

Data are expressed as the mean + SEM of results obtained
from the total number of replicate treatments. Difference be-
tween data sets were assessed by one-way analysis of vari-
ance (ANOVA) followed by Newman-Keuls tests. A p<0.05
was considered to be significant for all analyses.

RESULTS

Effect of IK on HO-1 expression in RAW264.7 cell

First, we examined IK induced the HO-1 expression in RAW
264.7 cells was examined. As shown in Fig. 1A, IK treatment
markedly increased the expression of HO-1 mRNA in a dose-
dependent manner. The maximum induction of HO-1 mRNA
was at 4 h after treatment with 15 uM IK and the maximum
induction level was approximately 60 fold greater than at O
h treatment with IK (Fig. 1B). IK also induced the HO-1 pro-
tein expression in a dose-dependent manner (Fig. 1C). The
maximum level of HO-1 protein expression was reached at 8
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Fig. 1. The expression of HO-1 by IK treatment in RAW264.7 cells. (A, B) Total RNA was isolated, and the expression level of HO-1 mRNA
was measured by quantitative real-time PCR. Data shown are mean + SD (n=4). *p<0.05 vs. the control group. (C, D) The whole cell lysates

(50 ug) were used for Western blot analysis.
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Fig. 2. Effect of specific kinase inhibitors on cell viability. Cell viability was determined by the EZ-Cytox cell viability assay kit. Data shown
are mean * SD (n=4). *p<0.05 vs. the control group. (LY:LY294002, SB:SB203580, RO:rottlerin, GF:GF109203X, GO:G66976).

h after treatment with 15 pM IK. The induction of HO-1 protein
was equal to basal level at 24 h (Fig. 1D).

Effect of kinase inhibitors on HO-1 expression by IK
treatment

Previous studies have reported that the expression of HO-1
was mediated through activation of PKC, PI3K, Nrf2, and p38
MAPK (Shih et al., 2011; Lee et al., 2012). Previously, we
have shown that IK increased the translocation of Nrf2 into
the nucleus without affecting Nrf2 expression in RAW264.7
cells (Jin et al., 2010). We further examined whether the in-
duction of HO-1 by IK treatment is mediated through activa-
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tion of other kinases using relative specific inhibitors. Before
the experiment, we determined the non-toxic concentration of
kinase inhibitors in RAW264.7 cells via the cell viability as-
say (Fig. 2). According to the cytotoxicity result, RAW264.7
cells were treated with 15 uM IK, along with various specific
kinase inhibitors. As shown in Fig. 3, only SB, a specific p38
MAPK inhibitor, suppressed the HO-1 induction in IK-treated
RAW264.7 cells, whereas the other kinase inhibitors such as
LY, RO, GF, and GO had no effect on HO-1 expression. There-
fore, p38 MAPK seemed to play an important role in HO-1
induction by IK treatment.



level (HO-1/B-actin)

= Relative mRNA expression
= Relative mRNA expression

[ )

I = 1 +
N+

0.1 05

Jinetal. Induction Mechanism of HO-1 by IKin RAW264.7 Cells

Cc

20 5 90-
5 22 o
= S
< 101 S5 207
$ £ w0
= E= 301
% 5 ¥ -E% 20
- %— 10_

0 € 0
(5uM) - + + o+ IK (15 uM) - o+
SB(uM) - - 10 20 LY (uM) - 2 3

Fig. 3. Effect of specific kinase inhibitors on HO-1 expression in IK-treated RAW274.7 cells. IK was added with and without various concen-
tration of kinase inhibitors for 4 h. Total RNA was isolated, and the expression of HO-1 mRNA was measured by quantitative real-time PCR.
Data shown are mean + SD (n=4). *p<0.05 vs. the cells treated with only IK.

A

45+
40+
35 1
30 1
25 1
20
154
104
5_

0 "‘I I'—-r_ll i 1
IK (15 uM)
NAC (5 uM)

Relative mRNA expression
level (HO-1/B-actin)

B

IK (15 uM)

NAC (5 mM)

GSH (5 mM) -
L

(el Sl e -0

+
+

+

+
b HO-1

+

Fig. 4. Effect of ROS scavengers on HO-1 expression in IK-treated
RAW?264.7 cells. (A) Total RNA was isolated, and the expression
of HO-1 mRNA was measured by quantitative real-time PCR. Data
shown are mean + SD (n=4). *p<0.05 vs. the cells treated with only
IK. (B) The whole cell lysates (50 ug) were used for Western blot
analysis.

Effect of ROS scavengers on HO-1 expression by IK
treatment

In follow-up experiments, the upstream signaling pathway
that stimulates HO-1 expression was investigated. Since reac-
tive oxygen species (ROS) have been implicated in the activa-
tion of Nrf2 (Alam and Cook, 2003), the involvement of oxida-
tive stress was examined. Addition of glutathione (GSH) or the
glutathione donor N-acetyl-L-cysteine (NAC) suppressed the
generation of reactive oxygen in cells. Cells were treated with
GSH or NAC to test whether the expression of HO-1 mRNA
by IK was mediated via ROS generation. As shown in Fig.
4A, IK-induced expression of HO-1 mRNA was significantly
reduced when GSH or NAC was added to the culture. The
protein level of HO-1 was also reduced by GSH or NAC in
IK-treated RAW264.7 cells (Fig. 4B). Therefore, ROS genera-
tion might be involved in the IK-induced expression of HO-1 in
RAW264.7 cells.
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Fig. 6. Effect of NAC on NO production in LPS-treated RAW264.7
cells. RAW264.7 cells were treated with IK for 2 h prior to LPS ad-
dition (1 pg/ml) and were incubated for an additional 18 h. Cellular
media (100 pl) were mixed with equal volumes of Griess reagent.
Nitrite level were measured as an indicator of NO production as
described in the Materials and Methods. Data shown are the mean
+ SD (n=4). *p<0.05 vs. the cells treated with only LPS, **p<0.05
vs. the cells treated with LPS and IK without NAC.

Effect of ROS scavenger and p38 MAPK inhibitor on
Nrf2 activation by IK treatment

Up to this point, we could not determine whether IK induc-
es the HO-1 expression through two parallel pathways (p38
MAPK and ROS-Nrf2 pathway) or a single connected path-
way, such as the ROS/p38 MAPK/Nrf2 pathway. To solve this
question, we examined the effect of ROS scavenger (NAC)
and specific p38 MAPK inhibitor (SB203580) on the subcel-
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Fig. 7. Effect of ROS scavengers on the production of antioxidant enzymes such as catalase (CAT), glutathione S-transferase (GST), and
NADH quinone oxidoreductase (NQO-1) in IK-treated RAW264.7 cells. Total RNA was isolated, and the expression level of HO-1 mRNA
was measured by quantitative real-time PCR. Data shown are mean + SD (n=4). *p<0.05 vs. the cells treated with only IK.

lular localization of Nrf2 in IK-treated RAW264.7 cells. As
shown in Fig. 5, IK increased the Nrf2 protein levels in nuclear
extracts. However, this increase was significantly reduced
by NAC and SB203580 treatment. Therefore, IK induced the
HO-1 expression through ROS/p38 MAPK/Nrf2 pathway.

Effect of NAC on NO production in LPS-treated RAW264.7
cells

Many previous reports have shown that HO-1 expression
mediates the NO production in LPS-treated RAW264.7 cells
(Park et al., 2009a; Kim et al., 2014). Whether HO-1 expres-
sion by IK treatment is involved in inhibition of NO production
was examined in LPS-treated RAW264.7 cells using NAC.
Cells were treated with LPS and IK in the presence of NAC,
and the resultant NO levels were measured. As shown in Fig.
6, NAC restored the IK-mediated inhibition of NO production
by 33%, while NAC alone had no effect on the LPS-stimulated
NO production. Therefore, HO-1 induction plays an important
role in the inhibitory effect of IK on LPS-induced NO produc-
tion.

Effect of ROS scavengers on the production of antioxidant
enzymes

Besides HO-1, the activation of Nrf2 is a major determinant
of phase Il enzyme induction, such as catalase (CAT), glu-
tathione S-transferease (GST), and NADH quinone oxidore-
ductase (NQO-1) (Zhang et al., 2013). IK treatment induced
the expression of HO-1 through ROS/Nrf2/p39 MAPK in
RAW264.7 cells. Therefore, we examined whether IK could in-
duce antioxidant enzymes CAT, GST, and NQO-1, and wheth-
er ROS scavengers could abolish the effects of IK on these
enzymes. As shown in Fig. 7, phase Il enzymes were induced
by IK treatment; however, the induction levels of these were
smaller than that of HO-1. The levels of CAT, GST, and NQO-1
mRNA in cells treated with IK were significantly reduced when
cells were cultured in the presence of GSH or NAC.

DISCUSSION

Previously, we isolated isoegomaketone (IK) in Perilla fru-
tescens (L.) Britt. cv. Chookyoupjaso. Perilla frutescens (L.)
Britt. cv. Chookyoupjaso was mutated by gamma radiation
(Park et al., 2009b) as mutant P. frutescens (L.) Britt., and
contained about 10 times more IK than wild type species. IK
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is biosynthesized from egomaketone (EK), and this reaction
is inhibited by gene I in P. frutescens (Nishizawa et al., 1989).
It is possible that gene | was affected by gamma radiation
and consequently resulted in an increased IK content in the
mutant. Recently, we found that IK induced the expression of
HO-1 in RAW264.7 cells (Jin et al., 2010). However, the mo-
lecular mechanism underlying IK-induced HO-1 expression
was not completely understood. In this study, we examined
the detailed mechanism for HO-1 expression by IK treatment
in RAW264.7 cells.

Quantitative real-time PCR of the cells with specific kinase
inhibitors revealed that IK-induced HO-1 expression was me-
diated by activation of the p38 MAPK pathway (Fig. 3). The
western blot analysis of the cells with NAC and GSH suggest-
ed that IK-induced HO-1 expression was regulated through
ROS generation (Fig. 4). To our knowledge, our report is the
first that describes the mechanism of HO-1 induction by IK in
RAW264.7 cells.

Heme oxygenase-1 (HO-1) expression is induced in re-
sponse to oxidative stress and inflammatory stimuli in mac-
rophages. HO-1 catalyzes the degradation of heme into equi-
molar amounts of carbon monoxide (CO), iron and biliverdin.
Biliverdin is further converted to bilirubin, which is a potent
endogenous anti-oxidant (Ryter et al., 2006). CO, one of the
catabolic products of heme, exerts anti-inflammatory effects
(Park et al., 2009a). Recent studies have demonstrated that
HO-1 induction was mediated by the activation of PI3K, PKC,
and p38 MAPK (Rojo et al., 2006; Shih et al., 2011; Lee et
al., 2012). Signaling mechanisms of HO-1 expression may
depend on cell types and inducers. Crotonaldehyde induc-
es HO-1 expression in endothelial cells via PKC-6 and p38
MAPK activation (Lee et al., 2011). However, PKC-8 and p38
inhibitors did not affect the crotonaldehyde-induced HO-1 ex-
pression in RAW264.7 cells and A549 human lung epithelial
cells. In this study, we investigated the contribution of PI3K,
PKC, and p38 MAPK on IK-induced HO-1 expression using
respective specific inhibitors. Among these inhibitors, only
the specific p38 MAPK inhibitor attenuated HO-1 induction
in IK-treated RAW264.7 cells. We have previously confirmed
that IK increased the translocation of Nrf2 into the nucleus
without affecting Nrf2 expression in RAW264.7 cells (Jin et
al., 2010). The specific p38 MAPK inhibitor also suppressed
the IK-induced translocation of Nrf2 into the nucleus (Fig. 5).
Therefore, our results show that the p38 pathway is required
for IK-stimulated expression of HO-1 and IK-induced translo-



cation of Nrf2 into the nucleus. Until now, there have been no
reports showing the activation of p38 pathway by IK.

Reactive oxygen species (ROS) have been implicated in
the induction of HO-1 expression (Liu et al., 2011; Shih et al.,
2011). Cigarette smoke extract upregulated the HO-1 induc-
tion via ROS production in mouse brain endothelial cells (Shih
et al., 2011), and curcumin induced the HO-1 expression by
generation of ROS in human hepatoma cells (McNally et al.,
2007). According to these previous reports, ROS generation is
upstream of p38 MAPK. HO-1 expression by IK also seemed
to be dependent on oxidative stress. IK-mediated induction of
HO-1 was markedly suppressed by co-treatment of GSH or
NAC (Fig. 4). Furthermore, IK-induced translocation of Nrf2
into the nucleus was inhibited by NAC (Fig. 5). It has been
reported that IK induced apoptosis in B16 melanoma cells was
through ROS generation (Kwon et al., 2014), in which ROS
production by IK was measured by flow cytometry. However,
the level of IK used for the treatment was 100 uM, which was
high enough concentration to induce cytotoxicity in RAW264.7
cells (Jin et al., 2010). In this study, the level of IK was 15 uM,
which was enough to induce ROS generation without toxicity.
Even if NAC markedly suppressed the IK-mediated induction
of HO-1, some amount of HO-1 protein still remained (Fig.
4B), along with Nrf2 activation (Fig. 5). Therefore, there may
be another minor pathway involved, along with the ROS/p38
MAPK/Nrf2.

Upregulation of HO-1 is mediated by activation of nuclear
factor E2-related factor 2 (Nrf2) (Otterbein and Choi, 2000).
Under unstressed condition, Nrf2 remains inactive in the cy-
toplasm. Under oxidative stress, Nrf2 dissociates from Keap1,
translocates into the nucleus and binds to the antioxidant
response element (ARE) in the promoter region of phase I
antioxidant enzymes such as HO-1, CAT, NQO-1, and GST
(Kaspar et al., 2009). We have seen that IK induces the trans-
location of Nrf2 into the nucleus in RAW264.7 cells (Jin et al.,
2010). In the present study, we investigated and confirmed that
IK also induced antioxidant enzymes other than HO-1, such as
CAT, NQO-1, and GST (Fig. 7). The expression levels of these
enzymes were lesser than that of HO-1, and their expression
was also blocked by the treatment with ROS scavengers. CAT
and NQO-1 have been suggested to have anti-inflammatory
activity (Turdi et al., 2012; Thapa et al., 2014). However, HO-1
is the most important enzyme for anti-inflammation among the
phase Il antioxidant enzymes. The expression level of HO-1
was much higher than that of CAT and NQO-1 in IK-treated
RAW264.7 cell. Therefore, blocking HO-1 expression mainly
resulted in decreased IK-mediated inhibition of NO production
in LPS-treated RAW264.7 cells (Fig. 6).
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