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lide attenuates inflammatory
responses via the inhibiting of NF-kB signaling
pathways

Zunli Ke,†ab Mingxia Li,†ac Xin Liu, †a Si Tan,d Zhiqin Zhoub and Cheng Huang *a

2-Hydroxyeupatolide (2-HE), a sesquiterpene lactone, was found in the genus Eupatorium that has been

used for a long time in traditional Chinese medicine for the treatment of several diseases. In this study,

the anti-inflammatory activity of 2-HE and the underlying mechanism of this action were explored. We

demonstrated that 2-HE ameliorated hyperemia, edema, alveolar wall thickening, and inflammatory cell

infiltration in the lung tissues, and inhibited the serum inflammatory cytokines, interleukin-1b (IL-1b),

interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) of lipopolysaccharide (LPS) challenged ICR

mice effectively. Besides, 2-HE inhibited the mRNA expression levels of IL-6 in lung, spleen, and

hypothalamus in the mice. Moreover, 2-HE was found to suppress the production of nitric oxide (NO)

and the mRNA and protein levels of TNF-a, IL-1b, and IL-6 in LPS-treated RAW 264.7 macrophage cells

in a concentration-dependent manner. The mechanistic study showed that 2-HE inhibited the nuclear

factor-kappa B (NF-kB) transactivity and nucleic translocation of NF-kB p65 and p-NF-kB p65 in RAW

264.7 cells. Taken together, our study suggested that 2-HE may suppress the inflammatory response

through inhibiting the activation of NF-kB signaling pathways, and make a contribution to further

understanding the pharmaceutical activity of Eupatorium plants.
1. Introduction

Inammation is a common fundamental pathological process
for biological organisms. A suitable inammatory response is
benecial for resisting organ damage, clearing the infection and
promoting wound healing. However, an excessive inammatory
response can lead to negative effects on tissue function or even
result in overt tissue damage.1 Further, numerous reports have
demonstrated that inammation can even be detrimental, as it
is associated with many diseases such as atherosclerosis,
cancer, asthma, rheumatoid arthritis, and diabetes mellitus.2–5

Nonsteroidal anti-inammatory drugs (NSAIDs) are oen the
rst line of anti-inammatory agents worldwide. It is still urgent
to develop more effective and less toxic agents to combat
inammatory diseases.

Pro-inammatory cytokines such as TNF-a, IL-1b, IL-6, and
key pro-inammatory mediators such as NO can be released by
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activated macrophages, which play a crucial role in a lot of
inammatory processes.6–8 These inammatory molecules can
be produced by LPS, a primary component of endotoxin of the
outer membrane of Gram-negative bacteria induced macro-
phages.6,9,10 Besides, in vivo investigations showed peripheral
immune stimuli by LPS induced acute inammatory injury via
secreting pro-inammatory factors including IL-1b, TNF-a, and
IL-6 in various tissues, for example lung and spleen as well as
specic brain structure hypothalamic.11–13 Previous literatures
had reported that suppressing the production of these pro-
inammatory factors was a potential way to inhibit inamma-
tion.14–18 Therefore, the drugs which can suppress the produc-
tion of pro-inammatory factors could be potential for
treatment of inammatory diseases and endotoxin shock.

Accumulating study has highlighted the crucial role of
nuclear factor-kappa B (NF-kB) signaling pathway in the
production of pro-inammatory cytokines,16,19–22 and increasing
attention has been concentrated on the development of anti-
inammatory drugs targeting NF-kB.23 In the unstimulated
state, NF-kB resides in the cytoplasm as heterodimers p50 (also
known as NF-kB1) and p65 (also known as RelA and NF-kB3),
and binds to its inhibitory IkBs, which mask the nuclear
localization signal. Stimuli (such as LPS and TNF-a) that acti-
vate NF-kB initiates a cascade of signaling events including
phosphorylation, ubiquination, and subsequent proteasomal
degradation of IkB.24 Consequently, liberated NF-kB trans-
locates to the nucleus and initiates transcription of many genes.
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra06006h&domain=pdf&date_stamp=2017-07-31
http://orcid.org/0000-0001-9036-1384
http://orcid.org/0000-0003-0704-2943
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra06006h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007060


Table 1 Sequences of the mouse primers used in RT-PCR

Gene Primer sequences

TNF-a Forward 50-ATGGATCTCAAAGACAACCAACTAG-30

Reverse 50-ACGGCAGAGAGGAGGTTGACTT-30

IL-1b Forward 50-TCGTGCTGTCGGACCCATAT-30

Reverse 50-GGTTCTCCTTGTACAAAGCTCATG-30

IL-6 Forward 50-AACCACGGCCTTCCCTACTT-30

Reverse 50-TCTGTTGGGAGTGGTATCCTCTGT-30

b-Actin Forward 50-TGTCCACCTTCCAGCAGATGT-30

Reverse 50-AGCTCAGTAACAGTCCGCCTAGA-30

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 3
/7

/2
02

6 
11

:2
0:

39
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The NF-kB protein p65 can be inducibly phosphorylated by the
same stimuli that cause degradation of IkB. Thus, pathways that
regulate the phosphorylation of NF-kB p65 and the nuclear
translocation of p-NF-kB p65 constitute another potential
mechanism for controlling the transcriptional activity of NF-kB.

2-HE is a natural compound occurring in genus Eupatorium
chinense L. (Compositae) that has been used in traditional
Chinese medicine for the treatment of several diseases.25–27 It
belongs to sesquiterpene lactones that have diverse biological
activities, especially cytotoxic.25,28,29 So far, few reports have been
issued on the anti-inammatory activity of 2-HE and the
underlying mechanisms involved. In this study, we aim to
explore the anti-inammatory property of 2-HE in LPS-induced
acute inammation in ICR mice in vivo and RAW 264.7
macrophages in vitro, and enlarge our knowledge of pharma-
cological activities of plant Eupatorium.

2. Materials and methods
2.1. Chemicals and reagents

2-HE of 98% purity was purchased from Shanghai R&D Center
for Standardization of TCM (Shanghai, China), and the chem-
ical structure was shown in Fig. 1. LPS, dimethyl sulfoxide
(DMSO), dexamethasone (DXM), andMTT were purchased from
the Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Animals and treatments

The protocols for the animal study were approved by the Insti-
tute Animal Care and Use Committee of Shanghai University of
Traditional Chinese Medicine (Approved Number: 2013014).
Seven-week old ICR mice were purchased from the SLAC
Laboratory (Shanghai, China), and were housed at a controlled
temperature (22–23 �C) on a 12 h light/dark cycle with food and
water ad libitum. To investigate the effects of 2-HE in vivo, mice
were housed one week to adapt to the environment, and
randomly assigned to ve groups: a control group (saline)
(control), a LPS-treated group (10 mg kg�1) (LPS), a LPS- and
DXM (3 mg kg�1)-treated group (LPS + DXM), two LPS- and 2-HE
(30 and 100 mg per kg body weight per day, respectively)-treated
groups (2-HE 30 + LPS and 2-HE 100 + LPS). DXM (3 mg kg�1),
compound 2-HE (30, and 100 mg kg�1), and saline were
administered by intraperitoneal injection (i.p.) for two days. The
next day, the mice were treated with DXM and 2-HE before
injection with LPS. One hour later, the treated mice received
LPS (10 mg kg�1) by i.p. All mice were sacriced 6 h aer LPS
treatment, anesthetized using 20% urethane (Sigma, St. Louis,
Fig. 1 The chemical structure of 2-HE.

Fig. 2 Effects of 2-HE on serum levels of TNF-a, IL-1b, and IL-6 levels
of ICR mice. (A) Serum TNF-a; (B) serum IL-1b; (C) serum IL-6. 2-HE
(30 or 100 mg kg�1) and DXM (3 mg kg�1) were administrated (i.p.) 1 h
prior to LPS challenge (10 mg kg�1, i.p.) the next day, mice were
sacrificed 6 h after LPS treatment, and then serum was collected for
ELISA. Values are presented as mean � SEM for six mice per group. #p
< 0.05 compared with the control group; *p < 0.05 compared with the
LPS-stimulated group.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 37830–37838 | 37831
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MO, USA), and then were dissected. The cardiac blood samples
were collected, then the lung, hypothalamus, and spleen were
separated and snap-frozen using liquid nitrogen and stored at
�80 �C.

2.3. Enzyme-linked immunosorbent assay (ELISA)

The effect of 2-HE on the production of TNF-a, IL-1b, and IL-6 in
vivo and in vitro were measured by ELISA. For detecting the
levels of TNF-a, IL-1b, and IL-6 in serum, the cardiac blood
samples were collected and centrifuged at 800 g for 15 min, and
then the serum was collected and stored at �80 �C. In vitro,
RAW 264.7 cells (ATCC, Rockville, MD, USA) were seeded into
48-well plates (2 � 106 cells per well) and cultured at 37 �C, 5%
CO2, and 95% humidity overnight. Cells were pre-incubated
with 2-HE (0, 1, 2.5, 5 10, or 25 mM) for 1 h, then stimulated
with 1 mg mL�1 LPS for another 24 h. Subsequently, the cell
supernatant was collected. Both the serum and cell supernatant
TNF-a, IL-1b, and IL-6 levels were measured with TNF-a (Biol-
egend, USA), IL-1b, and IL-6 ELISA Kit (eBioscience, USA),
according to the instructions of the manufacturers, respectively.
The production of pro-inammatory cytokines was calculated
according to the standard curve in each ELISA kits. All experi-
ments above were performed in triplicate.

2.4. Histological examination of lung

For histological examinations staining, the lung tissue was xed
in 4% formaldehyde, embedded in paraffin and cut into 10 mm
sections which were stained with hematoxylin and eosin (H&E)
according to a standard protocol. Finally, the histopathologic
changes of the lung tissues were examined using a Zeiss Axio
Imager microscope (Zeiss, Germany).

2.5. RNA extraction and quantitative PCR

Total RNA from mice hypothalamus, lung, and spleen or RAW
264.7 cells were extracted using the Trizol reagent (TaKaRa,
Tokyo, Japan). The RNA samples were subjected to DNase I
(Invitrogen) digestion to remove possible contamination of
genomic DNA. The rst-strand cDNA was synthesized using
a cDNA synthesis kit (Fermentas, Madison, WI, USA). Quanti-
tative real-time polymerase chain reaction (RT-PCR) was carried
Fig. 3 Effects of 2-HE on lung pathology of ICRmice induced by LPS. 2-H
before LPS challenge (10 mg kg�1, i.p.) the next day, mice were sacrificed
Each group has six mice.

37832 | RSC Adv., 2017, 7, 37830–37838
out using SYBR green PCR Mastermix. The results were
analyzed on an ABI StepOnePlus real-time PCR system (Applied
Biosystems, Carlsbad, CA, USA). Values were normalized to
beta-actin (b-actin) and all the results were obtained from at
least three experiments independently. The sequences of
primers (Generay Biotech Co., Ltd, Shanghai, China) used in
this study are listed in Table 1.
2.6. Cell culture and treatment

The macrophage RAW 264.7 cell line was cultured in DMEM
(Hyclone, Logan, UT) containing 10% fetal bovine serum (FBS,
HyClone, Logan, UT, USA), 100 mg mL�1 streptomycin, and 100
U/mL penicillin at 37 �C in an atmosphere containing 5% CO2

and 95% humidity. The cells were pretreated with the indicated
concentrations of 2-HE for 1 h in the presence or absence of LPS
(1 mg mL�1).
2.7. Cell viability assay

Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, sigma, USA) assay. RAW
264.7 cells were seeded into 96-well plates and cultured for 24 h.
Then the cells were treated with various concentrations (0, 2.5,
5, 10, 20, 50, and 100 mM) of 2-HE for another 24 h. Subse-
quently, the plates were incubated with 5 mg mL�1 of MTT for
4 h at 37 �C. Aer being treated with DMSO (100 mL per well), the
cells were determined by a multi-detection microplate reader
(Biotek, Synergy HT, USA).
2.8. Nitric oxide assay

Nitric oxide (NO) concentration in the culture medium was
measured by the Griess reaction. In brief, RAW 264.7 cells were
seeded into 48-well plates (2� 106 cells per well) and cultured at
37 �C, 5% CO2, and 95% humidity overnight. Subsequently, the
plates were supplied with fresh medium and treated with 2-HE
(10, 25, and 50 mM) for 1 h before treat with LPS (1 mg mL�1) for
24 h. The cell supernatants were collected at the speed of
1000 rpmmin�1 and the content of NO in cell supernatants was
assayed according to the NO reagent kit (Beyotime, Beijing,
China).
E (30 or 100mg kg�1) and DXM (3mg kg�1) were administrated (i.p.) 1 h
6 h after LPS treatment, and then lung samples were collected for H&E.

This journal is © The Royal Society of Chemistry 2017
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2.9. Transient transfection of cultured cells and reporter
assays

The reporter assay was performed using the Dual-Luciferase
Reporter Assay system (Promega, Madison, WI, USA). Briey,
HEK 293T cells were seeded in 48-well plates (5 � 105 cells per
well) 24 h prior to transfection. Transfections were performed
with pcDNA 3.1 NF-kB, pNF-kB-Luc, and pREP7-Renilla-Luc
plasmids using FuGENE-HD (Roche, Mannheim, Germany)
according to the manufacturer's protocol. The plates were
cultured overnight and then supplied with fresh medium and
treated with 2-HE (10, 25, and 50 mM) for 1 h before stimulation
with TNF-a (100 ng mL�1) for 24 h. Subsequently, luciferase
activities were measured by Dual Luciferase Reporter reagents
according to manufacturer's instruction using a luminometer
(FB 12 Luminometer, Berthold Detection Systems GmbH,
Pforzheim, Germany). All samples were performed in triplicate.
2.10. Immunouorescence staining and microscopic
imaging

RAW 264.7 cells were seeded onto U10 mm cover slides in 24-
well plates. 2-HE (2, 5, 10, and 25 mM) and TNF-a (100 ng mL�1)
were added to the plate aer the cells adherent. Then the cells
were cultured at 37 �C, 5% CO2 for 24 h. Then the cells were
washed with PBS, and the coverslips were xed with 4% para-
formaldehyde for 30 min at room temperature, subsequently
wash with PBS three times. Cells were incubated with anti-NF-
kB p65 and anti-p-NF-kB p65 (Ser536) antibodies (Cell
Signaling Technology, USA) for 30 min at 37 �C. Aer being
washed with PBS, the cells were incubated with corresponding
secondary antibodies for 30 min at 37 �C followed by PBS
washing twice. The coverslips were counterstained for nuclei
with Hoechst for 5 min, and then washed with PBS. Coverslips
were mounted, and images were taken with a Zeiss Axio Imager
microscope.
2.11. Statistical analysis

All results were expressed as mean� SEM. Data was analyzed by
one-way analysis of variance (ANOVA) using the SPSS package
(Version 18.0, SPSS, Chicago, IL, USA) for Windows statistical
program. Differences were considered as signicant when p <
0.05. All experiments were conrmed by replication in at least
three independent repeats.
Fig. 4 Effects of 2-HE on mRNA expression of TNF-a, IL-1b, and IL-6
in the tissues of ICR mice induced by LPS. (A) The mRNA expression in
the lung; (B) the mRNA expression in the hypothalamus; (C) the mRNA
expression in the spleen. Values are presented as mean � SEM for six
mice per group. #p < 0.05 compared with the control group; *p < 0.05
compared with the LPS-stimulated group.
3. Results
3.1. Effects of 2-HE on serum TNF-a, IL-1b, and IL-6 levels in
LPS-treated ICR mice

To determine the anti-inammatory effects of 2-HE in vivo, the
pro-inammatory cytokine levels in the serum of LPS-
challenged ICR mice were determined by ELISA. As shown in
Fig. 2A–C, compared with the control group, the concentrations
of TNF-a, IL-1b, and IL-6 in serum were signicantly increased
at 6 h aer LPS stimulation. DXM (3 mg kg�1) and 2-HE (30 and
100mg kg�1) pretreatment efficiently reduced the production of
TNF-a, IL-1b, and IL-6.
This journal is © The Royal Society of Chemistry 2017
3.2. Effects of 2-HE on the lung tissues in LPS-treated ICR
mice

Lung is easy to be impaired by intraperitoneal injection LPS. To
evaluate the histological changes with 2-HE treatment in LPS-
induced ICR mice, the lung tissues, collected at 6 h aer stim-
ulation of LPS, were subjected to H&E staining. As shown in
Fig. 3, the lung tissues of the control group showed a normal
structure without histopathologic changes. In the LPS-induced
group, the lung tissues exhibited signicant pathologic
changes, characterized by thickening of the alveolar wall,
RSC Adv., 2017, 7, 37830–37838 | 37833
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inltration of inammatory cells, interstitial hemorrhage, and
edema. Interestingly, these serious pathological changes stim-
ulated by LPS were effectively attenuated by 2-HE (30 and
100 mg kg�1) and DXM (3 mg kg�1) treatment.
3.3. Effects of 2-HE on transcriptional levels of TNF-a, IL-1b,
and IL-6 in lung, hypothalamus, and spleen of LPS-treated ICR
mice

According to previous study, peripheral immune stimuli (such
as i.p.) by LPS induced acute inammatory injury in various
tissues such as lung, hypothalamic as well as spleen by
Fig. 5 Effects of 2-HE on RAW 264.7 cell viability. RAW 264.7
macrophage cells were treated with LPS alone or with 2-HE (2.5, 5, 10,
25, 50, 100 mM) for 24 h, and cells viability was evaluated by a MTT
assay. The values were presented asmean� SEM for three samples per
group. *p < 0.05 compared with the control group.

Fig. 6 Effects of 2-HE on LPS-induced NO, TNF-a, IL-1b, and IL-6 produ
IL-6. Cells were treated with the indicated concentrations of 2-HE (1, 2.5
24 h. The NO, TNF-a, IL-1b and IL-6 concentrations were determined. T
#p < 0.05 compared with the control group; *p < 0.05 compared with

37834 | RSC Adv., 2017, 7, 37830–37838
secreting inammatory response including IL-1b, TNF-a, and
IL-6. Therefore, we investigated the effects of 2-HE on tran-
scriptional levels of TNF-a, IL-1b, and IL-6 of the lung, spleen,
and hypothalamus by RT-PCR. Our results indicated that
treatment with 2-HE obviously reduced the mRNA expression of
the pro-inammatory cytokine IL-6 in lung, hypothalamic, and
spleen when compared with LPS-induced groups (Fig. 4A–C).
Besides, 100 mg kg�1 of 2-HE notably decreased the expression
level of IL-1b in hypothalamus (Fig. 4B). Also, the TNF-a mRNA
level was also slightly downregulated in hypothalamus (Fig. 4B).
3.4. Effects of 2-HE on the viability of RAW 264.7 cells

Results in vivo revealed that 2-HE is a potential inhibitor of LPS-
stimulated inammatory response. Next, the effects of 2-HE on
RAW 264.7 macrophages were tested. To select an optimal
concentration in cell experiments, we investigated the effects of
2-HE on cell viability by a MTT assay. As seen in Fig. 5, 2-HE
(2.5–25 mM) did not inuence the viability of RAW 264.7
macrophages. Therefore, we chose the concentration of 2-HE
ranging from 0 to 25 mM for the subsequent experiment on RAW
264.7 cells.
3.5. Inhibitory effects of 2-HE on NO production in RAW
264.7 cells

To investigate whether 2-HE could affect the production of NO
which plays an important role in inammatory response. NO in
the culture medium of LPS-activated RAW 264.7 cells was
measured by the Griess reaction. As seen in Fig. 6A, compared
ction in RAW 264.7 macrophages. (A) NO; (B) TNF-a; (C) IL-1b, and (D)
, 5, 10, and 25 mM) for 1 h, and then incubated with LPS (1 mg mL�1) for
he values were presented as mean � SEM for three samples per group.
the LPS-stimulated group.

This journal is © The Royal Society of Chemistry 2017
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with the LPS group, 2-HE reduced LPS (1 mg mL�1)-stimulated
NO production of macrophage RAW 264.7 cells even at
concentration of 1 mM, and the inhibitory effect of 2-HE on NO
production was in a concentration-dependent manner.
3.6. Effects of 2-HE on pro-inammatory cytokines
production in LPS-stimulated RAW 264.7 cells

Considering that TNF-a, IL-6, and IL-1b have been reported to
play a vital role in inammatory response, we explored the
secretion of these pro-inammatory cytokines in RAW 264.7
macrophage culture medium by ELISA. The results showed that
2-HE decreased secretion of TNF-a, IL-1b, and IL-6 in
a concentration-dependent manner (Fig. 6B–D). Moreover, at
the concentration of 25 mM, the production of IL-6 stimulated
by LPS was completely suppressed by 2-HE (Fig. 6D).
3.7. Effects of 2-HE on transcriptional levels of pro-
inammatory cytokines in LPS-stimulated RAW 264.7 cells

To further understand the anti-inammatory effect of 2-HE on
LPS-induced RAW 264.7 cells at transcriptional levels, the
relative mRNA expression of pro-inammatory cytokines in
RAW 264.7 macrophage was measured. Cells were pretreated
with 2-HE (1, 2.5, 5, 10 or 25 mM) for 1 h and treated with LPS (1
mg mL�1) for 24 h. The results indicated that 2-HE decreased the
mRNA expression of TNF-a, IL-1b, and IL-6 in LPS-induced RAW
264.7 cells in a concentration-dependent manner (Fig. 7A–C).
These results implied that the 2-HE inhibited the TNF-a, IL-1b,
and IL-6 at the transcriptional level in LPS-stimulated RAW
264.7 cells.
Fig. 7 Effects of 2-HE on mRNA expression levels of cytokines in LPS-
stimulated RAW 264.7 macrophages. (A) TNF-a; (B) IL-1b; (C) IL-6.
Cells were pre-incubated with 2-HE (0, 1, 5, or 25 mM) for 1 h, and then
incubated with LPS (1 mg mL�1) for 24 h. The total cell lysate was
subjected to extract RNA and gene expression was performed by real
time RT-PCR. The values were presented as mean � SEM for three
samples per group. #p < 0.05 compared with the control group; *p <
0.05 compared with the LPS-stimulated group.
3.8. 2-HE inhibited the translocation of NF-kB p65 in RAW
264.7 cells

NF-kB is an important transcription factor regulating pro-
inammatory factors such as TNF-a, IL-1b, and IL-6 in acti-
vated macrophages. Therefore, inhibiting the phosphorylation
and nuclear translocation of NF-kB p65 subunit is a potential
way to suppress the activation of NF-kB, and then attenuate the
inammation. As we can see in Fig. 8A, TNF-a signicantly
enhanced the activation of NF-kB, while, pretreatment 2-HE (10,
25, and 50 mM) inhibited this activation in a concentration-
dependent manner. Further, we tested the effect of 2-HE on
the nuclear translocation of NF-kB p65 subunit through the
immunouorescence assay. As shown in Fig. 8B, most NF-kB
p65 resided in the cytoplasm in unstimulated cells. Aer TNF-
stimulation, most of the cytoplasmic NF-kB p65 translocated
to the nucleus. However, the nucleic localization of NF-kB p65
was effectively decreased by 2-HE (2, 5, and 10 mM). To evaluate
the effect of 2-HE on the inhibition of phosphorylation of NF-kB
p65 subunit and its nuclear translocation, we conrmed the
nuclear level of p-NF-kB p65 in RAW 264.7 cells. Our results
demonstrated that treatment with 2-HE (2, 5, and 10 mM)
markedly suppressed the p-NF-kB p65 nuclear translocation
which increased by TNF-a induction (Fig. 8C).
This journal is © The Royal Society of Chemistry 2017
4. Discussion

The present work was aim to evaluate the anti-inammatory
activity of 2-HE, using established inammatory models
including amousemodel of LPS-induced acute inammation in
vivo and a LPS-induced RAW 264.7 macrophage cells in vitro.
Our results showed that 2-HE signicantly reduced the mice
serum levels of TNF-a, IL-1b, and IL-6 and ameliorated hyper-
emia, edema, alveolar wall thickening, and inammatory cell
RSC Adv., 2017, 7, 37830–37838 | 37835
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Fig. 8 Effects of 2-HE on LPS-induced NF-kB transcriptional activity and nuclear translocation of the p65 subunit in RAW 264.7 cells. (A) NF-kB
transcriptional activity. HEK293T cells were transiently co-transfected with pcDNA 3.1 NF-kB, pNF-kB-Luc, and pREP7-Renilla-Luc plasmids and
incubated overnight, then pretreated treated with 2-HE (10, 25, 50 mM) for 1 h. TNF-a (100 ng mL�1) was then added and cells were further
incubated for 24 h. The cells were harvested and then the luciferase activities were determined by using the dual luciferase report assay system.
The values were presented as mean � SEM for three samples per group. #p < 0.05 compared with control group; *p < 0.05 compared with the
TNF-a-stimulated group. (B) NF-kB p65 and (C) p-NF-kB p65 were examined by immunofluorescence staining. 400�.
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inltration in lung tissues. Furthermore, 2-HE signicantly
inhibited the mRNA expression levels of IL-6 in lung, spleen,
and hypothalamus in the acute inammation mice. Treatment
with 100 mg kg�1 of 2-HE also inhibited the expression level of
IL-1b in hypothalamus. These results have been further
conrmed by examining the level of these cytokines as well as
NO in culture medium of LPS-inducedmacrophages. Besides, 2-
HE suppressed the NF-kB transactivity and the translocation of
NF-kB p65 and phosphorylation of NF-kB p65 to nucleus of RAW
264.7 cells, and reduced the mRNA expression of pro-
inammatory cytokines TNF-a, IL-1b, and IL-6 in the cells.

Given that pro-inammatory cytokines such as TNF-a, IL-1b,
and IL-6 mediate inammation which impair various organ
integrity,12,30 we explored the effect of 2-HE on the production of
cytokines in LPS-induced acute inammation in vivo. Our
results showed that 2-HE reduced the amount of pro-
inammatory cytokines (TNF-a, IL-1b, and IL-6) in serum
which were signicantly increased by LPS (Fig. 2A–C). However,
not all the mRNA expression of pro-inammatory cytokines in
lung, spleen, and hypothalamus were inhibited by 2-HE, the
reason maybe was that we just choice one time point of 6 h in
our in vivo experiment, since the mRNA expression pattern of
37836 | RSC Adv., 2017, 7, 37830–37838
TNF-a, IL-1b, and IL-6 were different with time changing aer
LPS injection.12 These results implied that 2-HE improved the
inammation of lung, hypothalamus, and spleen which maybe
mainly targeted on suppressing the pro-inammatory cytokine
IL-6 at time point of 6 h. Whether 2-HE could inhibit the mRNA
expression of other pro-inammatory cytokines such as TNF-
a and IL-1b and the exact mechanism involved need further
evaluated. Besides, the TNF-a and IL-1b mRNA in DXM-treated
group were higher when compared with the LPS-group. This is
possibly associated with its side effect such as metabolic effects
which had been reported.31 Taken together, our in vivo results
suggest that 2-HE could be a potent anti-inammatory drug.

Macrophages, a major inammatory cell type in the immune
system, play a vital role in numerous inammatory processes by
releasing pro-inammatory cytokines.6–8 It has been reported
that LPS can stimulate macrophages to produce inammatory
cytokines andmediator NO.17,32 In the preset work, we evaluated
the anti-inammatory properties of 2-HE in vitro using LPS-
induced RAW 264.7 macrophage cells.

NO plays a various pro-inammatory effects on many cell
types such as macrophage cells.10 Less NO production by
macrophages is important for removing harmful bacteria,
This journal is © The Royal Society of Chemistry 2017
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however, too much NO production results in inammatory
responses.33 It has been reported that high levels of NO was
toxic for many inammatory-related diseases, such as rheu-
matoid arthritis, diabetes, and atherosclerosis.10 Therefore,
whether a drug could reduce the production of NO is an
important index for evaluating its anti-inammatory effects. In
our work, 2-HE effectively reduced NO production in LPS-
stimulated RAW 264.7 cells in a concentration-dependent
manner (Fig. 6A). These results support that 2-HE is a prom-
ising anti-inammatory agent.

LPS, as well as TNF-a, is an effective activator of NF-kB.34 NF-
kB plays an important role in the regulation of cell survival
genes and to induce the expression of inammatory cytokines,
such as TNF-a, IL-1, and IL-6.35,36 Inhibiting the transcription
activity of NF-kB in the macrophage nucleus can signicantly
suppress the expression of proinammatory cytokines.37,38 Also,
some reports have demonstrated that inhibited the nuclear
translocation of NF-kB p65 subunit of NF-kB from the cytosol
maybe is a potential way to suppress the NF-kB and attenuate
the inammation.39,40 For example, eupatolide, an analogue of
2-HE, had been reported to block the expression of COX-2 and
iNOS by suppressing the LPS-induced expression of NF-kB and
its transcription activity in RAW 264.7 macrophages.18 In our
study, 2-HE inhibited the transactivity of NF-kB (Fig. 8A) and
reduced nuclear levels of the NF-kB p65 and p-NF-kB p65 in LPS-
induced RAW 264.7 macrophage cells (Fig. 8B and C). Thus, we
inferred that 2-HE attenuates inammation by suppressing NF-
kB signal transduction of RAW 264.7 macrophage cells.

5. Conclusion

In conclusion, the present study demonstrated that 2-HE acts as
an anti-inammatory agent. We found that 2-HE signicantly
inhibited LPS-induced acute mouse inammation damage in
the lung, and 2-HE inhibited the production of pro-
inammatory mediator NO and pro-inammatory cytokines
such as TNF-a, IL-1b, and IL-6, suppressed the mRNA expres-
sion of TNF-a, IL-1b, and IL-6 in LPS-induced RAW 264.7 cells.
The mechanistic study showed that 2-HE suppressed the acti-
vation of NF-kB and the nucleic translocation of NF-kB p65 as
well as its phosphorylation form. Therefore, our ndings
demonstrate the potential anti-inammatory property of 2-HE,
and highlight the potential pharmaceutical use of genus
Eupatorium.
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