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Anti-inflammatory effects of triptolide by inhibiting the NF-«xB
signalling pathway in LPS-induced acute lung injury
in a murine model
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Abstract. Triptolide is one of the main active components
in the Chinese herb Tripterygium wilfordii Hook F, which
has been demonstrated to possess anti-inflammatory proper-
ties. The aim of this study was to investigate the effects of
triptolide on lipopolysaccharide (LPS)-induced acute lung
injury (ALI) in mice and to explore the possible mechanisms.
Mice were administered LPS intranasally to induce lung
injury, and triptolide was administered intraperitoneally 1 h
prior to the LPS challenge. Triptolide-treated mice exhibited
significantly reduced levels of leukocytes, myeloperoxidase
activity and edema of the lung, as well as tumour necrosis
factor-a, interleukin (IL)-1p and IL-6 production in the bron-
choalveolar lavage fluid compared with LPS-treated mice.
Additionally, western blot analysis showed that triptolide
inhibited the LPS-induced phosphorylation of nuclear factor
of k light polypeptide gene enhancer in B cells inhibitor-a and
nuclear factor k-light-chain-enhancer of activated B cells-p65
(NF-kB p65) and the expression of Toll-like receptor 4
(TLR4). In conclusion, the results from the present study
suggest that the anti-inflammatory effect of triptolide against
LPS-induced ALI may be due to its ability to inhibit the
TLR4-mediated NF-«B signalling pathway. Triptolide may
therefore be a promising potential therapeutic agent for ALI
treatment, which may ultimately aid the clinical therapy for
patients with ALI
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Introduction

Acute lung injury (ALI) is a lung disease characterised by
severe inflammation of endothelial and epithelial cells of the
lung (1). Hypoxemia, pulmonary edema and widespread capil-
lary leakage are usually observed in patients with ALI (2). This
is caused by inflammation-related stimuli, primarily sepsis and
pneumonia, which lead to leukocyte migration and overpro-
duction of pro-inflammatory mediators, including interleukin
(IL)-6, IL-8 and tumour necrosis factor-a. (TNF-a) (3). ALI is
a fatal disease that can cause persistent respiratory failure and
multiorgan dysfunction, and patients with ALI may be depen-
dent on mechanical ventilation (4-6). Although intensive care
has been greatly improved, the mortality rate caused by ALI
is between 40 and 70%, and ~200,000 individuals are affected
by the condition in America every year. Thus, novel drugs and
therapies are required for the treatment of ALI.

Toll-like receptor 4 (TLR4) is the ligand of lipopolysac-
charide (LPS), which is one of the pathogen-associated
molecular pattern recognition molecules (7,8). TLR4 recog-
nises pathogen-associated proteins, such as LPS, and activates
the nuclear factor k-light-chain-enhancer of activated B cells
(NF-kB) signalling pathway, leading to the secretion of
inflammatory cytokines and chemokines (9). In chronic
diseases, NF-«xB is known to be activated; this efficiently initi-
ates and accelerates the inflammatory response and induces
the immune response (10-12). Although it is well established
that TLR4 affects downstream NF-kB activation, the effect of
triptolide on TLR4-NF-kB signalling has yet to be elucidated.

Triptolide is a diterpenoid epoxide extracted from the peren-
nial plant Tripterygium wilfordii Hook F, which is known in
Chinese as ‘lei gong teng’ (13,14), and has been used for the
therapy of arthritic ailments in Traditional Chinese Medicine for
numerous years. 7. wilfordii contains >100 bioactive compounds
and triptolide is one of the major biologically active compo-
nents. In vivo and in vitro experiments have demonstrated that
triptolide has a role in numerous immune disorders, including
multiple sclerosis, colitis, lupus nephritis and transplant rejec-
tion (6,15,16). The anti-inflammatory activity of triptolide not
only activates immune cells, such as T cells and monocytes,
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but also resident tissue cells (17,18). In the present study, the
anti-inflammatory effects of triptolide were investigated, and
the mechanisms underlying the action of triptolide in ALI were
explored. This may provide effective treatments for ALI, which
may ultimately aid the clinical therapy for patients with ALI.

Materials and methods

Animals and reagents. Six- to eight-week-old male BALB/c
mice were obtained from the Laboratory Animal Center of
Shihezi University (Shihezi, China) and housed in specific
pathogen-free conditions. All procedures were in accordance
with the Declaration of Helsinki of the World Medical
Association. The protocols were also approved by the
Institutional Animal Care and Use Committee of the Shihezi
University School of Medicine. Triptolide was purchased
from Shanghai DND Pharm-Technology Co., Inc. (Shanghai,
China). The purity of triptolide was =298%, and the triptolide
was dissolved in dimethyl sulphoxide (DMSO). Dulbecco's
modified Eagle's medium and fetal bovine serum were
provided by Gibco-BRL (Carlsbad, CA, USA). Penicillin,
streptomycin and LPS were purchased from Sigma (St. Louis,
MO, USA). Antibodies against TLR4, phosphorylated-nuclear
factor of « light polypeptide gene enhancer in B cells
inhibitor-a (p-IkB-a) and phosphorylated-NF-xB (p65) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA), and antibodies against -actin were purchased
from TransGenic Biotechnology (Beijing, China). Monocyte
chemotactic protein (MCP)-1 was purchased from Thermo
Fisher Scientific, Inc. (Rockford, IL, USA).

Cytokine determination. For the ALI model, mice were
fasted overnight but allowed water ad libitum. Mice were
anaesthetised with intraperitoneal pentobarbital (50 mg/kg),
and a dose of 1 mg/kg LPS was instilled intratracheally to
induce ALI. The bronchoalveolar lavage fluid (BALF) was
harvested as previously described (19) and the concentrations
of inflammatory cytokines (TNF-a, IL-1p, IL-6 and IL-8)
were determined using ELISA kits (Neobioscience, Beijing,
China) in accordance with the manufacturer's instructions,
using a Benchmark Microplate Reader (Bio-Rad, Hercules,
CA, USA). All of the samples were analysed for cytokine
levels in duplicate.

Grouping of mice. The mice were randomly divided into six
groups, with each group containing >10 mice. The negative
control and triptolide groups were administered an intrave-
nous injection of corresponding concentrations of DMSO or
triptolide, respectively, and after 30 min they were intratrache-
ally treated with phosphate-buffered saline. The LPS group
was treated with an intravenous injection of vehicle DMSO
and, after 30 min, received an intratracheal injection of LPS
(1 mg/kg). The LPS + triptolide groups were administered
an intravenous injection of triptolide (1, 10 and 50 ug/kg)
and, after 30 min, received an intratracheal injection of LPS
(1 mg/kg). Twelve hours after LPS administration, all animals
were sacrificed.

Quantitative polymerase chain reaction (qPCR) analysis of
mRNA expression. Total RNA was extracted using a RNApure
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kit (BioTeke Corp., Beijing, China) and reverse transcribed
using murine leukaemia virus-reverse transcriptase (Invitrogen
Life Technologies, Carlsbad, CA, USA). The quality of the
mRNA was analysed using denaturing agarose gel electropho-
resis containing 1.5% formaldehyde. Each cDNA sample was
made in triplicate. PCR amplifications were performed using
an Applied Biosystems 7500 Real-Time PCR system (Applied
Biosystems™, Foster City, CA, USA). PCR was performed
under the following thermal cycling conditions: 40 cycles of
10 sec at 95°C and 1 min at 60°C using SYBR-Green. Primers
for macrophage inflammatory protein (MIP)-1a, MIP-1§,
chemokine (C-C motif) ligand 5 (RANTES), inter-
feron y-induced protein-10 (IP-10), MCP-1 and -actin were as
follows: MIP-1a, S“-TGTTTGCTGCCAAGTAGCCACATC-3'
and 5-AACAGTGTGACCAACTGGGAGGGA-3'; MIP-1p,
5-AAACCTAACCCCGAGCAACA-3' and 5-CCATTGGTG
CTGAGAACCCT-3'; RANTES, 5-TCGTGCCCACGT
CAAGGAGTATTT-3' and 5-ACTAGAGCAAGCGATGAC
AGGGAA-3'; IP-10, 5'-GGTCTGAGTGGGACTCAAGG-3'
and 5"TCTTTTTCATCGTGGCAATG-3'"; MCP-1, 5-TGC
ATCTGCCCTAAGGTCTTC-3' and 5-~AAGTGCTTGAGG
TGGTTGTGG-3"; p-actin, 5S'-AGAGGGAAATCGTGC
GTGAC-3' and 5-CAATAGTGATGACCTGGCCGT-3".

Mpyeloperoxidase (MPO) assays. Tissue samples from different
groups of mice were subjected to four freeze-thaw cycles and
centrifuged at 12,000 x g for 10 min at 4°C. The supernatant
was assayed for MPO activity using ELISA kits of MPO (R&D
Systems Inc. Minneapolis, MN, USA) in accordance with the
manufacturer's instructions.

Lung wet/dry weight ratio. The wet/dry weight ratio is an indi-
cator of lung edema. The ratios were calculated by dividing
the wet weight by the dry weight. The middle lobe of the right
lung was excised and the wet weight was recorded, and the
lung was then placed in an incubator at 80°C for 24 h to obtain
the dry weight.

Pulmonary histopathology. The lobe of the left lung was
harvested 12 h after LPS administration and fixed with an
intratracheal instillation of 1 ml buffered formalin (10%,
pH 7.2). The following procedures were performed as previ-
ously described (20,21). The lobe was further fixed in 10%
neutral buffered formalin for 24 h at 4°C. The tissues were
embedded in paraffin and cut into 5-pm sections. Hematoxylin
and eosin staining was performed following the standard
protocol.

Western blot analysis. Western blot assay was performed
according to the methods of Lewis et al (22) and Vallejo-
Illarramendi er al (23). Briefly, A549 cells were seeded into
48-well plates. After 6 h, the adherent cells were treated with
100 ng/ml LPS along with various concentrations of triptolide
for 1 h. The total cell lysates were prepared. The expression
levels of TLR4, p-IkB-a , p-NF-kB (p65) was detected and
B-actin and lamin B were used as controls. Briefly, the steps
included gel electrophoresis, transfer, blocking, incubation
with primary antibody and secondary antibody, colorimetric
detection. Antibodies against TLR4, p-IkB-a and p-NF-kB
(p65) were purchased from Santa Cruz Biotechnology, Inc. and
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Figure 1. Pulmonary histopathological alterations in mice in the (A) normal, (B) LPS and (C) LPS + triptolide groups. Lung sections were stained with hema-
toxylin and eosin 8 h after LPS administration to reveal histopathological changes (magnification, x200). Compared with the (A) normal group, the (B) LPS
group exhibited a thickened alveolar wall and notable inflammatory cell infiltration. (C) The LPS + triptolide group exhibited marked histopathological
differences to the LPS group, with fewer infiltrated inflammatory cells and a thinner alveolar wall. LPS, lipopolysaccharide.
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Figure 2. Effect of triptolide on the expression of chemokines in lung tissues of mice. Mice treated with triptolide (50 pg/kg) showed significantly reduced
expression levels of (A) MIP-1a, (B) MIP-1f, (C) RANTES, (D) MCP-1 and (E) IP-10 following LPS administration. Data are presented as the mean + stan-
dard deviation; "P<0.05 vs. LPS group. LPS, lipopolysaccharide; MIP, macrophage inflammatory protein; MCP-1; monocyte chemotactic protein-1; IP-10,
interferon y-induced protein-10; RANTES, chemokine (C-C motif) ligand 5; ctrl, negative control.

antibodies against [3-actin were purchased from TransGenic
Biotechnology (Beijing, China). The secondary antibodies
of goat anti-mouse IgG and goat anti-rabbit antibody were
obtained from Santa Cruz Biotechnology, Inc.

Statistical analysis. Data were entered into a database and
analysed using SPSS statistical software (SPSS, Inc., Chicago,
IL, USA). Data are expressed as the mean + standard deviation
or the standard error of the mean. Analysis of variance was
used to determine statistically significant differences between

groups, followed by the Student's t-test. P<0.05 was considered
to indicate a statistically significant difference.

Results

Triptolide improves the pulmonary histopathological status of
mice with ALI. The pulmonary histopathological alterations of
the mice are shown in Fig. 1. In the LPS group, the lung tissues
stained with hematoxylin and eosin exhibited widespread alve-
olar wall thickness, alveolar collapse and notable inflammatory
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Figure 3. Cytokine production in BALF treated with triptolide. Mice were treated with LPS (I mg/kg) with different concentrations of triptolide (1, 10 and
50 pg/kg) for 8 h. The concentrations of (A) TNF-a, (B) IL-1, (C) IL-6 and (D) IL-8 in the BALF following LPS administration were measured using ELISA.
Mice treated with phosphate-buffered saline were used as the negative control and mice treated with LPS only were used as the positive control. Data are
expressed as the mean + standard deviation; “P<0.01 vs. LPS group. BALF, bronchoalveolar lavage fluid; LPS, lipopolysaccharide; TNF-a, tumour necrosis

factor-a; IL, interleukin; ctrl, negative control.

cell infiltration (Fig. 1B). However, lungs from the control and
triptolide groups exhibited normal structures (Fig. 1A and C).
These results indicate that triptolide improves the histopatho-
logical status of lungs in LPS-treated mice and inhibits the
infiltration of the inflammatory cells into lung tissue.

Triptolide inhibits the expression of chemokines in the lung
tissues of mice with ALI. Following LPS administration, the
expression of the chemokines MIP-1a,, MIP-1f3, RANTES,
MCP-1 and IP-10, detected using qPCR, in lung tissue samples
was markedly increased (Fig. 2). However, pretreatment with
triptolide significantly reduced the LPS-induced expression
of MIP-1a, MIP-18, RANTES, MCP-1 and IP-10 (P<0.05).
No significant differences were observed in the expression
of chemokines between the LPS + triptolide and control
groups (Fig. 2).

Triptolide inhibits inflammatory cytokines in the BALF of
mice with ALI. In order to elucidate the effect of triptolide on
the mice with ALI, the mice were pretreated with different
concentrations of triptolide and challenged with LPS. The
concentrations of TNF-a, IL-1f, IL-6 and IL-8 in the BALF

were then detected after 8 h. It was found that the concentra-
tions of the cytokines were significantly decreased in mice
pretreated with triptolide in a dose-dependent manner (Fig. 3).

Triptolide efficiently decreases the MPO activity in lung
tissues of mice injured by LPS. The MPO activity in lung
tissues was significantly increased following treatment with
LPS compared with the control tissues (Fig. 4). However,
triptolide pretreatment markedly decreased the MPO activity
compared with the LPS group (P<0.01).

Triptolide inhibits the lung edema of mice with ALI. Compared
with the negative control group, the lung wet/dry weight ratios
were significantly increased in the LPS group (Fig. 5); however,
the wet/dry weight ratios of the lungs were significantly
reduced by triptolide administration (P<0.01, LPS + triptolide
versus LPS groups). Thus, triptolide inhibits lung edema in
mice with ALI.

Triptolide inhibits the NF-«kB pathway in the A549 lung cell
line. In order to elucidate the mechanism underlying the
anti-inflammatory effects of triptolide, the A549 cell line
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Figure 4. MPO activity. MPO activity was markedly reduced in the mice
treated with triptolide and LPS compared with mice treated with LPS only.
Data are expressed as the mean + standard deviation; "P<0.05 vs. control
and triptolide groups; “P<0.01 vs. LPS group. MPO, myeloperoxidase; LPS,
lipopolysaccharide; ctrl, negative control.
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Figure 5. Wet/dry ratios in different groups. The wet/dry ratios were detected
8 h after LPS administration and reflected the lung edema of mice in the
different treatment groups. Pretreatment with triptolide prior to LPS admin-
istration markedly decreased lung wet/dry ratios. Data are presented as the
mean + standard deviation; “"P<0.01 vs. LPS group. LPS, lipopolysaccharide;
ctrl, negative control.

was used as a cell model. Following LPS administration, it
was observed using western blot analysis that the expression
levels of TLR4, p-IkB-a and p-NF-«B p65 were significantly
increased. However, 3 h after triptolide pretreatment, the
LPS-induced expression of p-IkB-a and p-NF-«B p65 was
significantly suppressed (Fig. 6).

Discussion

ALl is a type of diffuse alveolar injury and is a complex
clinical syndrome that is initiated by injury to the lung (24,25).
In the present study, the effect of triptolide was investigated
using a murine model of LPS-induced ALI. The activation and
recruitment of neutrophils are considered to have an important
role in the progression of ALI. IL-8 is a potent chemokine that
attracts neutrophils to the inflammatory sites. In the present
study it was demonstrated that, in the ALI model, chemokine
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Figure 6. Effect of triptolide on the NF-«kB pathway in mice treated with LPS
in combination with triptolide. A549 cells were treated with 100 ng/ml LPS
along with different concentrations of triptolide for 1 h. Total cell lysates
were analysed using western blotting. (A) Expression of TLR4 and p-IkB;
(B) expression of p-NF-kB. A dose-dependent effect on gene expression
may be observed. The results shown are representative of three independent
experiments. NF-«kB, nuclear factor k-light-chain-enhancer of activated
B cells; LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; IxB-a, nuclear
factor of « light polypeptide gene enhancer in B cells inhibitor-a; p-NF-«xB,
phosphorylated NF-«B; p-IkB-a, phosphorylated IxkB-a.

levels, including those of IL-8, IP-10, MIP-1a,, MIP-1§ and
RANTES, were significantly increased in the BALF, and this
was accompanied by the gathering of neutrophils, macrophages
and monocytes to the inflammatory sites, which accelerated
the progression of ALI. However, pretreatment with triptolide
effectively inhibited the production of chemokines and, there-
fore, relieved the progression of ALI.

The local production of cytokines (TNF-a, IL-1 and IL-6)
by lung tissues in response to infectious or inflammatory stimuli
may also attract immune cells, such as neutrophils, dendritic
cells and monocytes, to the inflammatory sites (26,27), leading
to pulmonary injury. The cytokines also activate granulocytes,
which cause acute neutrophilic inflammation and attract
natural killer cells, monocytes and a variety of other immune
cells (28,29).

MPO, a major constituent of neutrophil cytoplasmic
granules, and its activity in lung tissue are direct indicators
of neutrophil sequestration in lung tissues (30). In the present
study, the results demonstrated that MPO activity increased
markedly in lung tissues following LPS treatment. Notably,
pretreatment with triptolide significantly decreased the MPO
activity. This finding was consistent with the results from the
histopathological analysis, which demonstrated that pretreat-
ment with triptolide markedly attenuated the neutrophil
infiltration in lungs and maintained the normal structure and
function of the lungs in murine models. It was also observed
that there was a significant reduction in the pulmonary edema
of the lungs following pretreatment with triptolide, as well as a
reduction in the wet/dry ratios of lung tissues.
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The mechanism underlying the anti-inflammatory activity

of triptolide was also investigated in the present study. It
was indicated that triptolide may play a key role in the
TLR4-NF-«B signalling pathway by inhibiting the expression
of TLR4, decreasing the phosphorylation and degradation of
IkB and inhibiting the consequent activation of NF-xB (p65)
to decrease the production of cytokines and alleviate the
progression of ALI. Thus, the results from this study provide
an insight for the development of triptolide-based therapies for
the treatment of ALI. Furthermore, the findings may help to
elucidate the mechanism and targets of triptolide in cells in
anti-inflammatory responses.
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