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A B S T R A C T

The flower buds of Cleistocalyx operculatus are used as an important ingredient in herbal tea and herbal products
in several tropical countries. However, their protective effects and underlying mechanisms on lipopoly-
saccharide (LPS)-induced endotoxic shock remain unclear. The aim of this study was to investigate the anti-
inflammatory effects of ethanol extract of C. operculatus flower buds (ECO) and its major constituent 2′,4′-
dihydroxy-6′-methoxy-3′,5′-dimethylchalcone (DMC) in macrophages and in an experimental LPS-induced sepsis
mouse model. ECO inhibited the LPS-induced production and expression of pro-inflammatory mediators in
macrophages. In an endotoxic shock mouse model, the oral administration of ECO rescued LPS-induced mor-
tality, and attenuated LPS-induced increases in the serum levels of pro-inflammatory mediators, and damage of
the lung and liver tissues. ECO increased the nuclear translocation of the nuclear factor erythroid 2-related factor
2 (Nrf2), as well as the expression of Nrf2 target genes, including heme oxygenase-1 (HO-1), in macrophages.
Similar to the effects of ECO, DMC also inhibited the LPS-induced inflammatory response in macrophages and
endotoxic shock in mice, and activated the Nrf2/HO-1 pathway. In conclusion, our findings suggested that ECO
and its major constituent, DMC, attenuated LPS-induced endotoxic shock by activating the Nrf2/HO-1 pathway.

1. Introduction

Inflammation is an adaptive response that is triggered by invading
microbes or physical injuries (Medzhitov, 2008). Macrophages mediate
most of the cellular and molecular pathophysiology of inflammation by
producing various pro-inflammatory mediators, including tumor ne-
crosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, and nitric oxide (NO)
(Laskin et al., 2011; Murray, 2017). Unregulated production of these
pro-inflammatory mediators has been implicated in a wide range of
diseases, including rheumatoid arthritis, inflammatory bowel disease,
sepsis, and asthma (Benoit et al., 2008; Tabas and Glass, 2013).

Lipopolysaccharide (LPS) is a bacterial endotoxin that triggers in-
flammatory response via toll-like receptor-4 (TLR4) (Akira and Takeda,
2004). Binding of LPS to TLR-4/myeloid differentiating factor 2 (MD-2)
complex leads to activation of a unique set of intracellular signaling

pathways, the myeloid differentiation factor-88 (MyD88)-dependent
pathway and the TIR domain-containing adaptor inducing interferon-β
(TRIF)-dependent pathway (Aderem and Ulevitch, 2000; Zhang and
Ghosh, 2001). The MyD88-dependent pathway mediates the activation
of IκB kinases, extracellular signal-related kinase (ERK)-1/2, c-Jun NH2-
terminal kinase (JNK), and p38 mitogen-activated protein kinases
(MAPKs), leading to activation of transcription factors, such as the
nuclear factor-κB (NF-κB) and AP-1 (Aderem and Ulevitch, 2000; Zhang
and Ghosh, 2001). The nuclear factor erythroid 2-related factor 2 (Nrf2)
is a member of the basic-leucine zipper transcription factor family that
contributes to anti-inflammatory processes (Moi et al., 1994; Jaramillo
and Zhang, 2013). Nrf2 controls the expression of a number of anti-
oxidant and cyto-protective genes, such as heme oxygenase-1 (HO-1),
NAD(P)H:quinone oxidoreductase 1 (NQO1), and γ-glutamyl cysteine
synthetase catalytic subunit (GCLC) (Moi et al., 1994; Jaramillo and
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Zhang, 2013). In macrophages, Nrf2 also suppresses the inflammatory
response by blocking the pro-inflammatory cytokine transcription
(Bryan et al., 2013). Among the genes that are regulated by Nrf2 acti-
vation, HO-1 is considered to be the major anti-inflammatory and cy-
toprotective enzyme (Paine et al., 2010; Abraham and Kappas, 2008;
Motterlini and Foresti, 2014). Extensive studies have suggested that the
Nrf2 activators have a protective effect in inflammatory diseases, in-
cluding sepsis (Ahmed et al., 2017). Therefore, targeting the Nrf2
pathway with phytochemicals may represent a promising strategy for
the prevention or treatment of inflammatory diseases (Motterlini and
Foresti, 2014; Ahmed et al., 2017).

Cleistocalyx operculatus (Roxb.) Merr. and Perry (Myrtaceae) is a
well-known edible plant, and is widely distributed in Southeast Asia,
including Vietnam. Its dried flower buds have been used as an im-
portant ingredient of herbal tea for thousands of years (Loi, 1986). The
flower buds of C. operculatus are a rich source of bioactive compounds,
predominately containing flavonoids, chalcones, and triterpenoids (Ye
et al., 2004; Wang et al., 2016), and the extract of C. operculatus flower
buds exerts various pharmacological activities in vitro and in vivo, in-
cluding anti-hyperglycemic and cardio tonic effects (Mai and Chuyen,
2007; Woo et al., 2002; Mai et al., 2010;Dung et al., 2008). However,
the protective effect of the extract of C. operculatus flower buds against
LPS-induced endotoxic shock remains unclear. The aim of the present
study was to investigate the anti-inflammatory effects of ethanol extract
of C. operculatus flower buds (ECO) and its major constituent 2′,4′-di-
hydroxy-6′-methoxy-3′,5′-dimethylchalcone (DMC) in macrophages
and in an experimental sepsis mouse model, and their underlying me-
chanisms. The results of this study showed that ECO and DMC inhibited
LPS-induced inflammatory response in vitro and in vivo by activating the
Nrf2/HO-1 pathway in macrophages.

2. Materials and methods

2.1. Cell culture and isolation of bone marrow-derived macrophages

RAW264.7 cells were purchased from the American Type Culture
Collection (Manssas, VA, USA) and cultivated in Dulbecco's modified
Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Cambrex, Charles City, IA, USA) in a humidified 5%
CO2 containing atmosphere at 37 °C. Bone marrow-derived macro-
phages (BMMs) were prepared as previously described (Tran et al.,
2018). In brief, bone marrow cells were isolated from femurs and tibias
of 6 week-old male ICR mice and incubated overnight with α-MEM
(Hyclone, Logan, UT, USA) containing 10% FBS, 100 U/mL penicillin,
100 μg/mL streptomycin, and 10 ng/mL M-CSF (Prospec, East Bruns-
wick, NJ, USA). Floating cells were collected and cultured for 3 days in
the presence of 30 ng/mL M-CSF. Cells adhering to the bottom of the
culture dish were classified as BMMs and used for further experiments.

2.2. Materials

SB203580, SP600125, and U0126 were purchased from Calbiochem
(San Diego, CA, USA). Tin protoporphyrin IX (SnPP) and copper pro-
toporphyrin IX (CuPP) were obtained from Porphyrin Products Inc.
(Logan, UT, USA). N-acetyl-L-cysteine (NAC) and an anti-α-tubulin
antibody were purchased from Sigma (St. Louis, MO, USA). Antibodies
against HO-1, cyclooxygenase-1 (COX-2), Nrf2, and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against phospho-AKT,
AKT, phospho-p38, p38, phospho-ERK1/2, ERK1/2, phospho-JNK,
JNK, and poly ADP-ribose polymerase (PARP) were obtained from Cell
Signaling Technology (Danvers, MA, USA). Antibody against inducible
nitric oxide synthase (iNOS) was obtained from EMD Millipore
(Billerica, MA, USA). ELISA kits for IL-6, IL-1β and TNF-α were supplied
by R&D systems (Minneapolis, MN, USA).

2.3. Preparation of ethanol extract of C. operculatus flower buds and
isolation of DMC

The dried flower buds of C. operculatus were obtained from National
Institute of Medicinal Materials (Ha Noi, Viet Nam) in September 2017
and identified by Professor Byung Sun-Min (College of Pharmacy,
Daegu Catholic University, Gyeongbuk, Republic of Korea). The vou-
cher specimen (CUD-3181) was deposited at the Herbarium of the
College of Pharmacy, Daegu Catholic University. The dried flower buds
of C. operculatus (50.0 g) were extracted three times (3 h×500mL)
with ethanol at room temperature. The extract was then filtered and
concentrated by a rotary evaporator and finally dried by a freeze drier
to obtain ECO (5.5 g). DMC was isolated from the buds of C. operculatus
as previously described (Ye et al., 2004). DMC was obtained as orange
yellow needles and showed an [M]+ peak at m/z 321.1 by electron
ionization-mass spectrometry (calculated for C18H16O5).

2.4. Quantification of DMC in ECO

To quantify DMC in ECO, the external standard method was applied.
High performance liquid chromatography (HPLC) analysis was per-
formed using HPLC Waters 2695 system, on Sunfire® C18 column
(4.6× 150mm, 5 μm). Mobile phase consisted of A (acetonitrile) and B
(0.1% TFA in water). The elution program was isocratic at 60% (A) and
40% (B) for 20min, at 1mL/min flow rate. The injection volume was
10 μL (2mg/mL) and the peak area of DMC was determined at a wa-
velength of 330 nm. The peak areas were used to calculate the con-
centration of DMC in ECO.

2.5. Measurement of NO, IL-1β, IL-6, TNF-α, and cell viability

BMMs (2×105 cells/well) or RAW264.7 cells (1× 105 cells/well)
were seeded into 24-well plates. The cells were then treated with var-
ious concentrations of ECO or DMC for 30min followed by incubation
for another 24 h in the presence or absence of LPS (1 μg/mL). For cer-
tain experiments, SnPP or CuPP was added to the plates together with
ECO or DMC. Total NO metabolite concentration in the culture super-
natant was measured using the Griess reaction. The concentrations of
TNF-α, IL-1β, and IL-6 in the culture supernatant were quantified using
ELISA assay kits according to the manufacturer's protocol. The MTT [3-
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide]-based col-
orimetric assay was used to determine cell viability.

2.6. Determination of ROS level

Cells were loaded for 30min with 2′,7′-dichlorofluorescin diacetate
(DCF-DA) in the dark, followed by incubation with DMC for 30min at
37 °C in the dark. Fluorescence was analyzed at an excitation wave-
length of 480 nm and an emission wavelength of 535 nm using a
Synergy MX Multi-Mode Microplate Reader (BioTek Instruments,
Winooski, VT, USA). The intracellular ROS levels were expressed as
DCF-DA fluorescence intensity.

2.7. Western blot analysis

Whole cell lysates were prepared using a cell lysis buffer [50mM
Tris-HCl (pH 7.5), 1% Nonidet P-40, 1mM EDTA, 1mM phe-
nylmethylsulfonyl fluoride, 10 μg/mL pepstatin A, 10 μg/mL aprotinin,
2 mM benzamidine, 50mM NaF, 5mM sodium orthovanadate, and
150mM NaCl]. Cytoplasmic and nuclear extracts were prepared using
NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit according to
the manufacturer's instructions (Thermo Fisher Scientific, Rockford, IL,
USA). Equal amounts of proteins were electrophoresed in a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
the proteins were transferred to a Hybond-P membrane (Amersham
Biosciences, Buckinghamshire, UK). Membranes were blocked with 5%
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skimmed milk at room temperature for 1 h to block non-specific
binding. Proteins were detected by incubation with primary antibodies
(1:1,000 dilution) followed by incubation with the appropriate sec-
ondary antibody conjugated to horseradish peroxidase (1:2,000 dilu-
tion). Signals were visualized using ECL system according to the man-
ufacturer's instructions (Thermo Fisher Scientific).

2.8. Quantitative polymerase chain reaction (qPCR)

The cells were harvested and total RNA was isolated using RNeasy
Mini Kits according to the manufacture's instructions (Qiagen, Valencia,
CA, USA). One microgram of total RNA was used to synthesize first-
strand complimentary DNA using an RT-PCR kit (Invitrogen, Carlsbad,
CA, USA). Real-time qPCR amplification was carried out using TOPreal
qPCR 2X PreMIX (SYBR Green, Enzynomics. Daejon, Korea) and Rotor-
Gene Q real-time PCR cycler (Qiagen). The following primers were
used: IL-6, 5′-TCC ATC CAG TTG CCT TCT TGG-3' (sense) and 5′-CCA

CGA TTT CCC AGA GAA CAT G-3' (antisense); TNF-α, 5′-GCT GGC ACC
ACT ACT TGG TT-3' (sense) and 5′-AGC AAA AAG CCA CCA AGT GGA
GG-3' (antisense); iNOS, 5′-GGC AAA CCC AAG GTC TAC GTT-3' (sense)
and 5′-TCG CTC AAG TTC AGC TTG GT-3' (antisense); COX-2, 5′-TGA
GTA CCG CAA ACG CTT CT-3' (sense) and 5′-CTC CCC AAA GAT AGC
ATC TGG-3' (antisense); HO-1, 5′- CGC AAC AAG CAG AAC CCA-3′
(sense) and 5′- GCG TGC AAG GGA TGA TTT CC-3′ (antisense); NQO1,
5′-CGC CTG AGC CCA GAT ATT GT-3’ (sense) and 5′-GCA CTC TCT
CAA ACC AGC CT-3’ (antisense); GCLC, 5′-GTC TGA CAC GTA GCC TCG
GTA A-3’ (sense) and 5′-TGG CCA CTA TCT GCC CAA TT-3’ (antisense);
and β-actin, 5′-GGG AAA TCG TGC GTG ACA TCA AAG-3′ (sense) and
5′-AAC CGC TCG TTG CCA ATA GT-3' (antisense). The optimized real-
time PCR conditions were 95 °C for 10min, followed by 40 cycles of
95 °C for 10 s, 60 °C for 15 s, and 72 °C for 20 s. All reactions were
performed in triplicate, and β-actin was used as the internal control.
Relative gene expression was quantified using the 2-ΔΔCt method.

Fig. 1. ECO inhibits the LPS-induced in-
flammatory response in RAW264.7 cells. (A, B,
C, and D) RAW264.7 cells were pretreated with
the indicated concentrations of ECO for 30 min,
followed by stimulation with LPS (1 μg/mL).
After 24 h of incubation, the levels of NO (A), IL-
1β (B), IL-6 (C), and TNF-α (D) were measured
in the culture supernatants. Data represent
mean ± SEM (*, p < 0.01 compared with LPS
plus vehicle treated control, n = 5). E)
RAW264.7 cells were treated with the indicated
concentrations of ECO for 24 h and cell viability
was evaluated using the MTT assay. Data re-
present mean ± SEM (*, p < 0.01 compared
with LPS plus vehicle treated control, n = 5).
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2.9. Small interfering RNA, transfection, and NF-κB reporter assay

Nrf2 small interfering RNA (siRNA) and the scrambled control
siRNA were obtained from OriGene Technologies (Rockville, MD, USA).
Briefly, RAW264.7 cells were plated in 60mm culture dishes, and then
transfected with Nrf2 siRNA or the control siRNA using Fugene HD,
according to the instructions of the manufacturer (Promega, Madison,
WI, USA). After 48 h, the cells were used for further experiments.
Efficiency of Nrf2 knockdown was determined by Western blot analysis.
RAW264.7 cells were transfected with pNF-κB-Luc (Stratagene, La
Jolla, CA, USA) together with pRL-CMV vector (Promega, Madison, WI,
USA) as an internal control using Fugene 6 (Promega). After 24 h, the
cells were treated for 30min with various concentrations of DMC, and
then stimulated with LPS. Luciferase activity was determined with
Synergy MX Multi-Mode Microplate Reader (BioTek, Instruments,
Winooski, VT, USA) by measuring light emission for 10 s. The results
were normalized to the activity of renilla.

2.10. Immunofluorescence and confocal microscopy

Cells were rinsed once in PBS, fixed in fresh 4% paraformaldehyde
for 20min at room temperature, and permeabilized in 0.5% TritonX-
100 and the blocking was performed with PBS containing 1% goat
serum. Cells were then incubated with Nrf2 antibody (1:200 dilution)
for 1 h. After four washes in PBS, the cells were incubated with Alexa
Fluor 546 goat anti-rabbit secondary antibody (1:250 dilution) for
4 h at room temperature, washed, stained with DAPI, and mounted.
Confocal images were acquired using an OLYMPUS FV1000 inverted
laser scanning confocal microscope equipped with an external argon
laser, HeNe laser Green, and HeNe laser Red. Using a UPLSAPO 60X
NA1.35 oil immersion objective (OLYMPUS), images were captured at
the colony midsection.

2.11. LPS-induced septic shock and histological assessment

All animal studies were conducted in accordance with procedures
approved by the Institutional Animal Care and Use Committee (IACUC)
of Kangwon National University (IACUC approval No. KW-180903-3).
Five-week-old male ICR mice (DBL, Emseong, Chungbuk, Korea)
weighing between 20 and 23 g were used for this study. The mice (five
mice per group) were orally administrated with various concentrations
of ECO (0, 100, and 200mg/kg body weight) dissolved in corn oil or the
control vehicle (corn oil) or injected intraperitoneally with DMC (0, 50,
100mg/kg) dissolved in dimethyl sulfoxide:chremophore-EL:PBS (1:1:8
by volume) 1 h before LPS (Escherichia coli 0111:B4; Sigma-Aldrich,
20mg/kg body weight) injection. To determine the survival rate,
mortality was monitored for 6.5 days after injecting LPS, after which no
further loss of mice occurred. To determine the levels of TNF-α, IL-1β,
and IL-6 in serum, the mice were sacrificed 4 h after LPS injection and
their blood was collected via cardiac puncture. The serum levels of
TNF-α, IL-1β, and IL-6 were quantified using ELISA assay kits, ac-
cording to the manufacturer's protocol. For histological analysis of liver
and lung, the mice were sacrificed 20 h after LPS injection, and liver
and lung tissues were collected to be fixed with 4% paraformaldehyde.
After 24 h, the tissue samples were cryo-protected in 30% sucrose at
4 °C, and subsequently frozen in OCT compound (Leica Biosystems,
Richmond, USA). They were then cut into 10 μm sections, and stained
with hematoxylin–eosin Y (Sigma-Aldrich). Images were taken using a
model H550L microscope (Nikon Corporation, Tokyo, Japan) in ran-
domly selected fields (200× magnification).

2.12. Statistical analysis

Data were expressed as the mean ± standard error of mean (SEM).
Statistical significance was assessed by one-way analysis of variance
and Turkey test to examine the differences between the two groups
using SPSS (version 14.0; SPNN Inc., Chicago, IL, USA). P values less

Fig. 2. ECO inhibits the LPS-induced in-
flammatory response in BMMs. (A, B, C, and D)
BMMs were pretreated with the indicated con-
centrations of ECO for 30 min, followed by sti-
mulation with LPS (1 μg/mL). After 24 h of in-
cubation, the levels of NO (A), IL-1β (B), IL-6
(C), and TNF-α (D) were measured in the culture
supernatants. Data represent mean ± SEM (*,
p < 0.01 compared with LPS plus vehicle
treated control, n = 5).
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than 0.05 was considered to be statistically significant.

3. Results

3.1. ECO inhibits LPS-induced production of NO, IL-1β, IL-6, and TNF-α in
RAW264.7 cells and BMMs

We determined the effects of ECO on LPS-induced production of
inflammatory mediators in RAW264.7 cells (Fig. 1A–D). Upon LPS sti-
mulation, the levels of NO, IL-1β, IL-6, and TNF-α in the culture su-
pernatant were significantly increased. However, pretreatment of the
RAW264.7 cells with ECO inhibited the LPS-induced production of NO,
IL-1β, IL-6, and TNF-α in a concentration-dependent manner, with IC50

values of 15.7 ± 0.8, 13.5 ± 0.5, 13.2 ± 0.7, and 15.6 ± 1.2 μg/
mL, respectively. However, treatment of RAW264.7 cells with up to
50 μg/mL ECO did not significantly decrease the cell viability (Fig. 1D).
We next investigated the anti-inflammatory effect of ECO in primary
cultures of BMMs. Similar to the effects in RAW264.7 cells, ECO in-
hibited the LPS-induced production of NO, IL-1β, IL-6, and TNF-α in a

concentration-dependent manner with IC50 values of 10.2 ± 0.5,
12.1 ± 0.8, 9.5 ± 0.7, and 12.8 ± 0.6 μg/mL, respectively
(Fig. 2A–D). These results suggested that ECO inhibited the LPS-in-
duced inflammatory response in macrophages without affecting cell
viability.

3.2. ECO downregulates LPS-induced expression of pro-inflammatory
mediators

Next, we determined whether ECO suppresses LPS-induced iNOS,
COX-2, IL-6, and TNF-α mRNA expression using real-time qPCR ana-
lysis. Treatment of RAW264.7 cells with ECO decreased the LPS-in-
duced expression levels of iNOS, COX-2, IL-6, and TNF-α mRNA in a
concentration-dependent manner (Fig. 3A–D). Consistent with this re-
sult, Western blot analysis also revealed that ECO suppressed LPS-in-
duced iNOS and COX-2 protein expression in a concentration-depen-
dent manner (Fig. 3E and F). These results suggested that ECO
suppressed the LPS-induced expression of inflammatory mediators at
the transcriptional level.

Fig. 3. ECO inhibits the LPS-induced expression
of pro-inflammatory mediators. (A, B, C, and D)
RAW264.7 cells were pretreated for 30 min with
the indicated concentrations of ECO, followed
by stimulation with LPS (1 μg/mL) for 8 h.
Subsequently, total RNA was prepared, and
iNOS (A), COX-2 (B), IL-6 (C), and TNF-α (D)
mRNA expression levels were measured by real-
time qPCR. Data represent mean ± SEM (*,
p < 0.01 compared with LPS plus vehicle
treated control, n = 6). (E) RAW264.7 cells
were pretreated for 30 min with the indicated
concentrations of ECO, followed by stimulation
with LPS (1 μg/mL) for 24 h. Subsequently, total
lysates were prepared and iNOS and COX-2 ex-
pression levels were measured by Western blot
analysis. Representative images are shown. (F)
Densitometric analyses of iNOS and COX-2 ex-
pressions (normalized to α-tubulin) expressed as
the mean ± SEM of three independent experi-
ments (*, p < 0.01 compared with vehicle-
treated control).
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3.3. ECO protects ICR mice from LPS-induced mortality and tissue damage

To evaluate the anti-inflammatory effect of ECO in vivo, we em-
ployed the classical sepsis models induced by LPS. Mice were admini-
strated with either ECO or vehicle, and were intraperitoneally chal-
lenged 1 h later with 20mg/kg LPS to induce experimental sepsis. LPS-
treated mice began to die at 36 h and four of five mice died within 4
days. In contrast, the oral administration of 100–200mg/kg of ECO
resulted in the survival of 60%–80% of the mice on the final day, re-
spectively (Fig. 4A). The serum levels of IL-1β, IL-6 and TNF-α were

also significantly increased after LPS administration; however, the oral
administration of ECO suppressed LPS-induced increase in serum levels
of these pro-inflammatory mediators in a dose-dependent manner
(Fig. 4B). Histological analysis revealed that lung tissue of LPS group
exhibited several inflammatory changes such as thickening of the al-
veolar wall and alveolar congestion; however, the administration of
ECO markedly alleviated the swelling of alveolar wall and declined
alveolar congestion in LPS-challenged mice (Fig. 4C) in LPS-challenged
mice (Fig. 4C). Histological damage was observed in the liver of the LPS
group. It was characterized by hepatic disarray, hepatic lobule

Fig. 4. ECO protects the mice from LPS-in-
duced endotoxic shock. Mice were chal-
lenged with LPS after oral administration of
ECO (100 or 200 mg/kg) or control vehicle.
(A) Survival was monitored during 6.5 days
after LPS injection. (B) Animals were sacri-
ficed 4 h after LPS injection and the blood
was collected by cardiac puncture. Serum
levels of IL-1β, IL-6, and TNF-α were mea-
sured. Data represent mean ± SEM (*,
P < 0.01 compared with LPS plus vehicle
treated control, n = 4. (C and D) Animals
were sacrificed 20 h after LPS injection and
tissues of the lung (C) and liver (D) were
collected of hematoxylin–eosin (H&E)
staining. The images show H&E staining
from lung and liver tissue sections from the
indicated group. The infiltration of in-
flammatory cells are indicated by black ar-
rows.
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distortion, and infiltration of inflammatory cells. These changes were
significantly inhibited by oral administration of 200mg/kg of ECO
(Fig. 4D). These results suggested that ECO protected mice from the
LPS-induced tissue damage and mortality.

3.4. ECO activates Nrf2/HO-1 pathway

To investigate the anti-inflammatory mechanisms of ECO, we fur-
ther determined whether ECO activates Nrf2 in RAW264.7 cells.
Treatment of RAW264.7 cells with ECO increased nuclear accumulation
of Nrf2 (Fig. 5A). To further confirm ECO-induced activation of Nrf2,
we determined whether ECO induces the expression of Nrf2 target
genes, including HO-1, NQO1, and GCLC in RAW264.7 cells. Treatment
of RAW264.7 cells with ECO increased HO-1 mRNA and protein levels
in a time- and concentration-dependent manner (Fig. 5B–E). ECO also
increased the expression level of NQO1, and GCLC mRNA in
RAW264.7 cells (Fig. 5F and G), suggesting that ECO activated Nrf2 in
RAW264.7 cells.

3.5. Inhibition of HO-1 reverses anti-inflammatory activity of ECO

Since HO-1 is considered as a major anti-inflammatory enzyme that
is regulated by Nrf2 activation (Paine et al., 2010; Abraham and
Kappas, 2008; Motterlini and Foresti, 2014), we examined whether the
ECO-mediated induction of HO-1 was involved in the anti-in-
flammatory effects of ECO. SnPP, a specific HO-1 inhibitor, significantly
reversed the ECO-mediated suppression of NO, IL-1β, IL-6, and TNF-α
production in LPS-stimulated BMMs, however, CuPP, a negative in-
hibitor, did not reverse the anti-inflammatory effects of ECO
(Fig. 6A–D). These results suggested that ECO-mediated induction of
HO-1 via Nrf2 activation might mediate the anti-inflammatory effects
of ECO in macrophages.

3.6. DMC is the major constituent of ECO and exerts anti-inflammatory
activity by activating Nfr2/HO-1 pathway

To quantify the content of DMC in ECO, we performed HPLC ana-
lysis using the established HPLC protocol. DMC constituted 37.9% of
ECO (Supplementary data), indicating that DMC is the major con-
stituent of ECO. We next determined the effects of DMC on LPS-induced
inflammatory responses in vitro and in vivo. Pretreatment of the
RAW264.7 cells with DMC inhibited the LPS-induced production of NO,
IL-1β, IL-6, and TNF-α in a concentration-dependent manner, with IC50

values of 5.2 ± 0.7, 14.5 ± 0.9, 10.6 ± 0.8, and 28.6 ± 1.2 μM,
respectively (Fig. 7A–D). Moreover, intraperitoneal administration of
50–100mg/kg of DMC resulted in the survival of 60%–80% of the mice
on the final day, respectively (Fig. 7E). These results suggested that
DMC also suppressed LPS-induced inflammatory response in vitro and in
vivo.

We next determined whether DMC activates Nrf2 in
RAW264.7 cells, in the manner similar as that of ECO. Treatment of
RAW264.7 cells with DMC increased nuclear accumulation of Nrf2 and
the expression levels of Nrf2 target genes, such as HO-1, NQO1, and
GCLC in RAW264.7 cells (Fig. 8A–D). Moreover, Nrf2 knockdown by
siRNA significantly suppressed DMC-induced HO-1 expression
(Fig. 8E), and reversed DMC-mediated suppression of iNOS, IL-6, and
TNF-α expression in LPS-stimulated RAW264.7 cells (Fig. 8F–H), sug-
gesting that DMC, the major constituent of ECO, also exerted anti-in-
flammatory effects by activating Nrf2/HO-1 pathway in macrophages.

3.7. DMC activates Nrf2 via ROS-dependent p38 MAPK pathway

Treatment of RAW264.7 cells with DMC increased the intracellular
ROS level in a concentration-dependent manner (Fig. 9A). However,
treatment with the antioxidant, NAC, significantly suppressed DMC-

Fig. 5. ECO activates Nrf2. (A)
RAW264.7 cells were treated for 2 h with
the indicated concentrations of ECO.
Nuclear and cytosolic extracts were sub-
jected to Western blot analysis to determine
Nrf2 levels. PARP was used as a nuclear
marker and GAPDH was used as a cytosolic
protein marker. Representative images are
shown. (B and C) RAW264.7 cells were
treated with the indicated concentrations of
ECO for 6 h (B) or 50 μg/mL ECO for the
indicated periods of time (C). Subsequently,
total RNA was prepared, and HO-1 mRNA
expression levels were determined by real-
time qPCR. Data represent mean ± SEM
(*, p < 0.01 compared with vehicle-
treated control, n = 6). (D and E)
RAW264.7 cells were treated for 9 h with
the indicated concentrations of ECO (D) or
50 μg/mL ECO for the indicated periods of
time (E). Total cell lysates were prepared
and HO-1 expression levels were de-
termined by Western blot analysis. (F and
G) RAW264.7 cells were treated for 6 h with
the indicated concentrations of ECO.
Subsequently, total RNA was prepared and
NQO1 (G) and GCLC (H) mRNA expression
levels were determined by real-time qPCR.
Data represent mean ± SEM (*, p < 0.01
compared with vehicle-treated control,
n = 5).
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induced intracellular ROS production, suggesting that DMC may induce
intracellular ROS production. As ROS mediate activation of various
kinases, including MAPKs (Ray et al., 2012), we determined whether
DMC induces the activation of MAPKs. Treatment of RAW264.7 cells
with DMC enhanced the phosphorylation levels of p38 and JNK MAPKs
but not ERK1/2 in a time-dependent manner (Fig. 9B). We next in-
vestigated whether inhibition of MAPKs affected DMC-mediated Nrf2
activation. Co-treatment of RAW264.7 cells with SP600125 (JNK in-
hibitor) or U0126 (MEK inhibitor) failed to inhibit DMC-induced Nrf2
nuclear translocation (Fig. 9C). In contrast, SB203580 (p38 inhibitor)
significantly blocked ECO-induced nuclear translocation of Nrf2, si-
milar to NAC. The results of real-time qPCR analysis also revealed that
SB203580 or NAC significantly decreased DMC-induced HO-1, NQO1,
and GCLC mRNA expression levels (Fig. 9D–F). Overall, these results
suggested that DMC activated Nrf2 via a ROS-dependent p38 pathway
in macrophages.

3.8. DMC inhibits LPS-induced activation of NF-κB and MAPKs

Activating Nrf2 suppresses activation of NF-κB (Li et al., 2008;
Cuadrado et al., 2014). Thus, we examined whether DMC suppressed
LPS-induced activation of NF-κB and MAPKs. DMC inhibited LPS-in-
duced degradation and resynthesis of IκBα protein, and expression of an
NF-κB reporter gene construct (Fig. 10A and B). We also found that

pretreating RAW264.7 cells with DMC significantly inhibited LPS-in-
duced phosphorylation ERK, JNK, and p38 MAPK (Fig. 10C).

4. Discussion

C. operculatus has been used as a Vietnamese folk medicine since
ancient time. Its buds and leaves were traditionally used to treat fever
associated with common cold, bacillary dysentery and gastric in-
flammation. The dried flower buds of C. operculatus are commonly used
as an important ingredient in herbal tea and herbal products in tropical
countries, especially in Vietnam under the name ‘Nu Voi’. In the present
study, we demonstrated the protective effect of ECO on LPS-induced
inflammatory response and the potential role of the Nrf2/HO-1
pathway in the anti-inflammatory activity of ECO. ECO inhibited LPS-
induced inflammatory responses in macrophages, and protected the
mice from LPS-induced endotoxic shock and tissue damages. We also
showed that ECO and its major constituent DMC activated Nrf2 and
induced the expression of Nrf2 target genes, such as HO-1, NQO1, and
GCLC, via a ROS-dependent p38 MAPK pathway. Induction of the Nrf2/
HO-1 pathway was correlated with suppression of NO, IL-1β, IL-6, and
TNF-α expression in LPS-activated macrophages. This is the first report
showing that ECO and its major constituent, DMC, may be potential
Nrf2 activators in macrophages that suppress the LPS-induced in-
flammatory response in vitro and endotoxic shock in vivo. Thus, our

Fig. 6. Inhibition of HO-1 reverses the anti-inflammatory effects of ECO in BMMs. (A, B, C, and D) BMMs were pretreated with ECO (50 μg/mL) in the presence of
SnPP or CuPP for 30 min, followed by stimulation with LPS (1 μg/mL) for 24 h. The levels of NO (A), IL-1β (B), IL-6 (C), and TNF-α (D) were measured in culture
supernatants. Data represent mean ± SEM (*, p < 0.01 compared with LPS plus vehicle treated control, n = 5).
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results provide a pharmacological basis for the medicinal use of the
flower buds of C. operculatus in inflammatory diseases.

Numerous studies have demonstrated that activation of Nrf2/HO-1
pathway efficiently represses inflammatory responses by inhibiting the
expression of many pro-inflammatory mediators. Several phytochem-
icals, such as resveratrol, curcumin, and sappanone A exert anti-in-
flammatory effects via activation of Nfr2/HO-1 pathway in different
types of cells (Lee et al., 2015; Abuarqoub et al., 2006; Juan et al.,
2004; Chen et al., 2005; Liu et al., 2015; Keum et al., 2006;Yao et al.,
2015). In addition, several ethanol extracts from medicinal plants also
exert anti-inflammatory effect via activation of Nrf2/HO-1 pathway.

For example, the ethanol extract of Inula helenium L. attenuates LPS-
induced inflammatory responses and protects the mice from LPS-in-
duced septic shock via activating Nrf2/HO-1 pathway (Park et al.,
2013). In the present study, we showed that ECO activates the Nfr2/
HO-1 pathway in macrophages, and suppressed the LPS-induced in-
flammatory responses in vitro and in vivo. Thus, ECO-induced activation
of Nrf2/HO-1 pathway is at least partially responsible for the anti-in-
flammatory effects of ECO.

Several anti-inflammatory compounds including chalcones and tri-
terpenoids have been isolated from C. operculatus (Wang et al., 2016;
Kim et al., 2010). DMC is the major constituent of C. operculatus flower

Fig. 7. DMC inhibits the LPS-induced inflammatory response in BMMs and protects the mice from LPS-induced mortality. (A, B, C, and D) BMMs were pretreated with
the indicated concentrations of DMC for 30 min, followed by stimulation with LPS (1 μg/mL). After 24 h of incubation, the amounts of NO (A), IL-1β (B), IL-6 (C), and
TNF-α (D) were measured in the culture supernatants. Data represent mean ± SEM (*, p < 0.01 compared with LPS plus vehicle treated control, n = 5). (E) Mice
were challenged with LPS after a pre-injection of DMC (50 or 100 mg/kg) or control vehicle. (A) Survival was monitored during 6.5 days after LPS injection.
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buds and exhibits various pharmacological activities, including anti-
tumor (Ye et al., 2005; Wei et al., 2018), hepatoprotective (Yu et al.,
2011), anti-diabetic (Hu et al., 2014), anti-viral (Ha et al., 2016), and
anti-adipogenic effects (Choi et al., 2016). Although previous studies

have shown that DMC attenuated LPS-induced inflammatory response
in RAW264.7 cells via inhibition of NF-κB activation (Kim et al., 2010;
Yu et al., 2015), the underlying mechanisms of anti-inflammatory
properties are poorly understood. In the present study, we showed that

Fig. 8. DMC inhibits LPS-induced inflammatory
response via activation of Nrf2/HO-1 pathway.
(A) RAW264.7 cells were incubated for 2 h with
DMC. Nrf2 was stained with an anti-Nrf2 anti-
body and then visualized with a secondary an-
tibody conjugated with Alexa Fluor 546. DAPI
was used to stain nuclei. Veh: vehicle. Scale bar:
10 μM. (B, C and D) RAW264.7 cells were
treated with the indicated concentrations of
DMC for 6 h. Subsequently, total RNA was pre-
pared and HO-1 (B), NQO1 (C), and GCLC (D)
mRNA expression levels were determined by
real-time qPCR. Data represent mean ± SEM
(*, p < 0.01 compared with vehicle-treated
control, n = 6). (E) RAW264.7 cells were
transfected with the scrambled control siRNA
(Con) or Nrf2-targeted siRNA (Nrf2) for 48 h,
followed by the treatment with DMC for 8 h.
Total cell lysates were prepared and Western
blot analysis was performed with the indicated
antibodies. (F, G, and H) RAW264.7 cells were
transfected with the scrambled control siRNA
(Con) or Nrf2-targeted siRNA (Nrf2) for 48 h
and then further incubated for 30 min with ve-
hicle or DMC prior to stimulation with LPS
(1 μg/mL) for 24 h. Subsequently, total RNA was
prepared and iNOS (F), IL-6 (G), and TNF-α (H)
mRNA expression levels were determined by
real-time qPCR. Data represent mean ± SEM
(*, p < 0.01 compared with vehicle-treated
control, n = 6).
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the content of DMC in ECO is about 37.9%, and both ECO and DMC
activated Nrf2/HO-1 pathway. Moreover, inhibition of HO-1 or
knockdown of Nrf2 reversed ECO- and DMC-mediated anti-in-
flammatory effect in macrophages. Thus, MC could potentially be the
active constituent responsible for the anti-inflammatory effect of ECO in
vitro and in vivo. It is worth mentioning that DMC inhibits Nrf2 acti-
vation and reverses 5-fluorouracil resistance in human hepatocellular
carcinoma cells (Wei et al., 2018). DMC suppressed the expression of
Nrf2, prevented Nrf2 nuclear translocation, and blocked the binding of
Nrf2 to the antioxidant response element (Wei et al., 2018). However,
our results clearly showed that DMC induced Nrf2 nuclear translocation
and the expression of its target genes in macrophages, indicating that
DMC is a potent Nrf2 activator in macrophages. Thus, it is likely that
DMC may inhibit or activate Nrf2 in cell type-dependent manner.
Further studies will be needed to investigate whether DMC functions as

an Nrf2 activator or inhibitor in other types of cells.
Multiple signaling kinases including p38 MAPK have been shown to

mediate the activation of Nrf2 (Niture et al., 2014; Jain and Jaiswal,
2007; Shan et al., 2010). ROS can mediate the activation of p38 MAPK
by activating apoptosis signal-regulating kinase 1 (ASK1), a member of
MAP3K superfamily (Diez et al., 2015; Liu et al., 2000; Hsieh and
Papaconstantinou, 2006). Under non-stressed condition, ASK1 remains
inactive due to the suppressive effect of reduced thioredoxin (Trx). In
response to ROS, Trx is oxidized and is disassociated from ASK1-Trx
complex, leading to the activation of ASK1, which, in turn, leads to
activation of p38 MAPK signaling pathway (Hsieh and
Papaconstantinou, 2006). In the present study, we demonstrated that
DMC induced p38 MAPK activation and the potent antioxidant NAC or
a specific p38 MAPK inhibitor SB203580 blocked DMC-mediated Nrf2
target gene expression in macrophages, suggesting that DMC induced

Fig. 9. DMC activates Nrf2 via a ROS-dependent
p38 MAPK pathway. (A) RAW264.7 cells were
treated with the indicated concentrations of
DMC, with or without NAC (100 μM), for
30 min. DCF-DA was used to assess intracellular
ROS generation. Data represent mean ± SEM
(*, p < 0.01 compared with DCF-DA plus ve-
hicle treated control, n = 6). (B)
RAW264.7 cells were treated for the indicated
periods of time with DMC (30 μM), and subse-
quently whole cell lysates were blotted with the
indicated antibodies. (c) RAW264.7 cells were
treated for 2 h with DMC (30 μM) alone, or in
the presence of SB203580 (SB, 10 μM),
SP600125 (SP, 10 μM), U0126 (U, 10 μM), or
NAC (100 μM). Nuclear extracts were subjected
to Western blot analysis to determine Nrf2 le-
vels. PARP was used as a nuclear marker and
GAPDH was used as a cytosolic protein marker.
Veh; vehicle. Densitometric analyses of Nfr2
protein expression in nuclear (normalized to
PARP) expressed as the mean ± SEM of three
independent experiments. *P < 0.01 versus
DMC plus vehicle treated control. (D, E, and F)
RAW264.7 cells were treated for 6 h with DMC
(30 μM) alone, or in the presence of SB203580
(SB, 10 μM), SP600125 (SP, 10 μM), U0126 (U,
10 μM), or NAC (100 μM). Subsequently, total
RNA was prepared, and the mRNA expression
levels of HO-1 (C), NQO1 (D), and GCLC (E)
were determined by qPCR. Data are
mean ± SEM (*, p < 0.01 compared with
compared with DMC plus vehicle treated con-
trol, n = 6). Veh: vehicle.
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the activation of Nrf2 via ROS-mediated p38 MAPK activation.
In summary, we demonstrated for the first time that ECO attenuates

LPS-induced inflammatory responses in vitro and in vivo and the ECO-
induced activation of the Nrf2/HO-1 pathway in macrophages was as-
sociated with anti-inflammatory effects of ECO. Furthermore, our data
extended our understanding of the molecular mechanisms underlying
the anti-inflammatory effect of ECO and DMC, and provide pharma-
cological evidence supporting the use of C. operculatus in traditional
medicine. Our results also suggested that ECO and DMC might be po-
tential Nrf2 activators that could be used for preventing or treating

inflammatory diseases.
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Abbreviations

BMM bone marrow-derived macrophage
COX-2 cyclooxygenase-2
CuPP copper protoporphyrin IX
DCF-DA 2′,7′-dichlorofluorescin diacetate
DMC 2′,4′-dihydroxy-6′-methoxy-3′,5′-dimethylchalcone
ECO ethanol extract of the flower buds of C. operculatus
HPLC high performance liquid chromatography
ELISA enzyme-linked immunosorbent assay
ERK-1/2 extracellular signal-related kinase-1/2
GCLC γ-glutamyl cysteine synthetase catalytic subunit
HO-1 heme oxygenase-1
IL interleukin
iNOS inducible nitric oxide synthase
JNK c-Jun NH2-terminal kinase
LPS lipopolysaccharide;
MAPK mitogen-activated protein kinase
M-CSF macrophage-colony stimulating factor
MD-2 myeloid differentiating factor 2
MTT 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-

mide
MyD88 myeloid differentiation factor-88
NAC N-acetyl-L-cysteine
NF-κB nuclear factor kappa B
Nrf2 nuclear factor erythroid 2-related factor 2
NO nitric oxide
NQO1 NAD(P)H:quinone oxidoreductase 1
PARP poly ADP-ribose polymerase
qPCR quantitative polymerase chain reaction
ROS reactive oxygen species
Tin SnPP protoporphyrin IX
TLR4 toll-like receptor-4
TNF-α tumor necrosis factor-α
TRIF TIR domain-containing adaptor inducing interferon-β.
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