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Costunolide, a sesquiterpene isolated from Vladimiria souliei (Franch.) Ling, is known
to exhibit anti-inflammatory, anti-viral, and anti-tumor activities. However, the effects
of costunolide on liver injury are poorly understood. The current study aimed to
investigate the hepatoprotective effects of costunolide against lipopolysaccharide (LPS)
and D-galactosamine-induced acute liver injury (ALI) in mice. The results indicated
that costunolide (40 mg/kg) could significantly improve the pathological changes
of hepatic tissue, and reduced the LPS and D-galactosamine-induced increases of
alanine aminotransferase (from 887.24 ± 21.72 to 121.67 ± 6.56 IU/L) and aspartate
aminotransferase (from 891.01 ± 45.24 to 199.94 ± 11.53 IU/L) activities in serum.
Further research indicated that costunolide significantly reduced malondialdehyde
content (from 24.56 ± 1.39 to 9.17 ± 0.25 nmol/ml) and reactive oxygen species (from
203.34 ± 7.68 to 144.23 ± 7.12%), increased the activity of anti-oxidant enzymes
superoxide dismutase (from 153.74 ± 10.33 to 262.27 ± 8.39 U/ml), catalase (from
6.12 ± 0.30 to 12.44 ± 0.57 U/ml), and total anti-oxidant capacity (from 0.64 ± 0.06
to 6.29 ± 0.11 U/ml) in hepatic tissues. Western blot results revealed that costunolide
may trigger the anti-oxidative defense system by inhibiting kelch-like ECH-associated
protein 1 and nuclear factor-related factor 2 (cytosol), increasing nuclear factor-related
factor 2 (nucleus), heme oxygenase-1 and NAD (P) H quinone oxidoreductase 1
activity. Moreover, costunolide significantly decreased the protein expression of pro-
inflammatory cytokines including interleukin 1β, interleukin 6, and tumor necrosis factor.
Pretreatment with costunolide could reduce the expression of toll-like receptor 4,
myeloid differentiation factor 88, p65 (Nucleus), phosphorylated IκB kinase α/β, inhibitor
of nuclear factor kappa-B kinase, inhibitor kappa Bα, and prevent the expression
of phosphorylated inhibitor kappa B kinase which repressed translocation of p65
from cytoplasm to nucleus. In addition, pretreatment with costunolide also inhibited
hepatocyte apoptosis by reducing the expression of B-cell lymphoma 2 associated X,
cytochrome C, cysteinyl aspartate specific proteinase 3, cysteinyl aspartate specific
proteinase 8 and cysteinyl aspartate specific proteinase 9, and by increasing B-cell
lymphoma 2. From the above analysis, the protective effects of costunolide against LPS
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and D-galactosamine-induced ALI in mice may be attributed to its anti-oxidative activity
in nuclear factor-related factor 2 signaling pathways, anti-inflammatory suppression in
nuclear factor-kappa B signaling pathways, and inhibition of hepatocyte apoptosis.
Thus, costunolide may be a potential therapeutic agent in attenuating LPS and
D-galactosamine -induced ALI in the future.

Keywords: acute liver injury, costunolide, Vladimiria souliei, anti-oxidation, anti-inflammatory, anti-apoptosis

GRAPHICAL ABSTRACT | The graphical abstract on mechanism of the hepatoprotective effect of cos against ALI.

INTRODUCTION

Acute liver injury is considered as a life-threatening complex
syndrome with a variety of clinical manifestations, characterized
by rapid “loss of hepatocyte function” in patients without pre-
existing liver disease (Hansen et al., 2014). Without immediate
control and treatment, the progression of disease may be
accelerated, progressively leading to liver fibrosis, cirrhosis, and
even liver failure which may require liver transplantation (Russo
et al., 2004). In spite of the high mortality, there is still lack of
reliable and effective drugs against liver injury. Currently, the
main drug for the treatment of liver injury is silymarin. However,
the combination use of sily and other drugs, such as nifedipine,
irinotecan, or metronidazole, may induce therapeutic failure or
increased toxicity (Wu et al., 2009). Therefore, the development
of novel promising hepatoprotective agents for clinical treatment
of ALI is critical.

Lipopolysaccharide (LPS) and D-galactosamine (D-GalN)-
induced ALI is a well-established experimental model and
its symptoms are similar to human hepatitis in the clinic.
Hence it is widely used to evaluate the hepatoprotective effect,
particularly regarding the extent of inflammation, apoptosis,

and oxidative damage (Shin et al., 2011). D-GalN may cause
hepatocytes apoptosis and necrosis in mice by depletion of
uridine triphosphate in liver resulting in suppression of RNA
synthesis (Wu et al., 2014). LPS is a component of the Escherichia
coli outer membrane that may cause a typical inflammatory
response mainly via TLR4-NF-κB signaling pathway (Akira and
Takeda, 2004). LPS can activate Kupffer cells and macrophages
to synthesize and secrete pro-inflammatory factors such as IL-6,
IL-1β, and TNF-α (Das et al., 2012). Activated KCs in turn
produce a large amount of ROS, pro-inflammatory cytokines, and
chemokines and induce the infiltration of other inflammatory
cells. The combination of D-GalN and LPS can be used to
promote hepatocyte death and the development of ALI. The
ROS, pro-inflammatory cytokines, and the infiltration of other
inflammatory cells finally cause ALI. In present study, the murine
ALI model was established by intraperitoneal injection of LPS/D-
GalN.

Natural products are important sources of novel anti-hepatitis
drugs for treatment of inflammatory liver diseases (Ling et al.,
2012). Plants of Vladimiria souliei (family Compositae) Ling,
are mainly distributed in western Sichuan and eastern Tibet of
China. Roots of Vladimiria souliei (Franch.) Ling have been used
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as a Traditional Chinese Medicine to alleviate abdominal pain,
vomiting, borborygmus, and diarrhea for centuries (Chinese
Pharmacopoeia Commission, 2015). Previous phytochemical
investigations found that sesquiterpene lactones, lignans, and
volatile oil are the main constituents of Vladimiria souliei
(Franch.) Ling (Tan et al., 1990a). Especially, sesquiterpene
lactones of costunolide (cos, Figure 1) and dehydrocostuslactone
(Supplementary Figure S4) have been considered as the major
active compounds (Tan et al., 1990b; Butturini et al., 2014). Cos
has been found to exhibit diverse biological active effects such
as anti-hepatitis B virus (Chen et al., 1995), inhibiting ethanol-
induced gastric ulcer in mice (Zheng et al., 2016), anti-lung injury
activity (Butturini et al., 2014) and anti-tumor activity (Zhang
et al., 2016).

Recently, it was reported that cos also showed protective
effects against LPS/D-GalN-induced liver injury in mice, which
could be a promising therapeutic reagent for treatment of ALI
(Wang et al., 2017). However, mechanistically only NF-κB
pathway was studied. As mentioned above, the therapeutic
mechanism of LPS/D-GalN inducing ALI is not only influenced
by NF-κB signaling, but also associated with oxidative stress
signaling pathway and apoptosis signaling pathways. Therefore,
in present study, we evaluated the protective effect of cos
aganist LPS/D-GalN-induced ALI and then systemically
investigated the underlying mechanism through anti-oxidative,
anti-inflammatory, and anti-apoptosis capabilities.

MATERIALS AND METHODS

Materials and Reagents
The roots of Vladimiria souliei (Franch.) Ling were collected
from Luding, Sichuan Province in September of 2015. This plant
was identified by Professor Min Chen at Southwest University
College of Pharmaceutical Sciences. A voucher specimen (No.
CM2015-002) was deposited at the Southwest University College
of Pharmaceutical Sciences (Chongqing, China).

LPS (Cat. No. L5293) was obtained from Sigma-Aldrich
China, Co., LLC (Shanghai, China). D-GalN was purchased
from Aladdin Reagent Database, Inc. (Shanghai, China).
Diagnostic kits used for the determination of MDA, CAT,
SOD, T-AOC. AST, ALT activities and cytochrome C
(Cyto-C) assay kit were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Rabbit IL-6,

FIGURE 1 | The structure of costunolide.

IL-1β, IκB, p-IκB, IκB, p-IKK, NF-κB, Bax, Bcl-2, Cyto-
C, Caspase3, Caspase8, Caspase9, β-actin, mouse TNF-α
polyclonal primary antibodies, goat anti-mouse IgG-
HRP-conjugated secondary antibody, and goat anti-rabbit
IgGHRP-conjugated secondary antibody were obtained from
Proteintech Group, Inc. (Wuhan, China), while total protein
extraction kit was from Sangon Biotech, Co., Ltd. (Shanghai,
China).

Extraction and Isolation
Powder of the air-dried roots (11.0 kg) of Vladimiria souliei
(Franch.) Ling was extracted by maceration with 95%
ethanol overnight at room temperature. The ethanol extract
was evaporated in vacuo to yield a semisolid (1.12 kg),
which was suspended in water (5 L) and partitioned
with petroleum ether (25 L), ethyl acetate (25 L), and
n-butanol (25 L), successively. The ethyl acetate solution
was concentrated to yield 296 g of residue, which was
subjected to silica gel chromatography (100∼200 meshes,
70 cm × 10 cm. I.D) and eluted with petroleum ether-
ethyl acetate mixtures of increasing polarity (99:1 to 10:1)
to obtain total 16 fractions (A to P). They are Fr.A∼C
(99:1, 12 L), Fr.D∼G (98:2, 12 L), Fr.H (95:5, 12 L), Fr.I∼J
(9:1, 15 L), Fr.K (8:2, 15 L), Fr.L (7:3, 15 L), Fr.M (6:4,
15 L), Fr.N (5:5, 15 L), Fr.O (3:7, 15 L), and Fr.P (10:1,
15 L). Cos(3aS,6E,10E,11aR)-3a,4,5,8,9,11a-Hexahydro-6,10-
dimethyl-3-methy lenecyclodeca[b]furan-2(3H)-one (1.35 g)
was crystallized and recrystallized from fractions D∼G (98:2)
with the purity above 99% (Chemical property of costunolide
was shown in Supplementary Figure S1; purity data in
Supplementary Figures S1, S2), which was identified by
spectroscopic method (1H-NMR and MS, Supplementary
Figures S2, S3) by comparing with literature data (Tan et al.,
1990a; Cao et al., 2016).

Animals
A total of 50 male Kunming mice weighing (18–22 g) were
purchased from Academy of Traditional Chinese Medicine
of Chongqing. Before the experiment, all the mice were
adaptively fed for consecutive 7 days, the diagrammatic of mice
experiment was presented in Figure 2. Mice were housed in a
specified chamber with controlled air conditions (temperature
20–25◦C, humidity 50–65%) and free access to sterile food
and water. Cos (20 and 40 mg/kg) and sily (20 mg/kg) were
dissolved in normal saline respectively and intragastric (i.g)
administered (gavage needle, 26G × 25 mm, 1.5 mm tip)
each day for consecutive 6 days before the mice received an
intraperitoneal injection with LPS/D-GalN treatment (GalN:
400 mg/kg, LPS: 50 µg/kg). Control group and LPS/D-GalN
group received an equivalent volume (500 µl) of normal saline
as the vehicle. Animals were randomly divided into five groups
(n = 10/group):

(I) Control group: normal saline for consecutive 6 days;
(II) LPS/D-GalN group: mice were treated with normal saline

for consecutive 6 days, then intraperitoneally injected with
LPS/D-GalN;
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FIGURE 2 | The diagrammatic of mice experiment.

FIGURE 3 | Effects of cos on liver histology in mice. (I) The histopathological
changes of liver. (I-A) Control, (I-B) LPS/D-GalN (LPS 50 µg/kg; D-GalN:
400 mg/kg; arrow 1: central venous hyperemia; arrow 2: inflammatory
infiltration), (I-C) LPS/D-GalN + L-cos (I-B + cos 20 mg/kg), (I-D) LPS/D-GalN
+ H-cos (I-B + cos 40 mg/kg), (I-E) LPS/D-GalN + sily (I-B + cos 40 mg/kg)
(magnification: 200×). (II) The scores of the liver injury in the mice after treated
with cos. The data represented as mean ± SD (n = 10). ∗∗P < 0.01 vs.
Control group; #P < 0.05, ##P < 0.01 vs. LPS/D-GalN group.

L-cos
(III) +LPS/D-GalN group: mice were treated with cos at

20 mg/kg body weight/day and normal saline for
consecutive 6 days, then intraperitoneally injected
with LPS/D-GalN;

H-cos
(IV) +LPS/D-GalN group: mice were treated with cos at

40 mg/kg body weight/day and normal saline for
consecutive 6 days, then intraperitoneally injected
with LPS/D-GalN;

(V) Sily+LPS/D-GalN group: mice were treated with sily
at 20 mg/kg body weight/day and normal saline for
consecutive 6 days, then intraperitoneally injected with
LPS/D-GalN.

Mice were anesthetized with ether, then sacrificed at 6 h
after LPS/D-GalN injection, blood and liver samples were
collected.

Histopathological Examination
After LPS/D-GalN administration, all the mice were executed
at 6 h. Hepatic tissues were collected and fixed in 10%
neutral buffered formalin solution for histopathological
examination. Sections (4 µm thick) were cut and stained
with hematoxylin and eosin (H&E) for general pathological
examination. The pathological changes of hepatic tissues
were observed by a microscope and photographed at 200×
magnification (Figure 3I). Based on the severity of the liver
injury (hyperemia in central vein and hepatic sinusoid,
hepatic portal edema, inflammatory cell infiltration, and
necrosis of liver cells), the evaluation criterion of hepatic
tissue was scored as follows: 0 point: very slight or no
pathological change, 1 point: mild condition, 2 points: moderate
condition, 3 points: severe condition, 4 points: extremely
severe condition. 10 pathological section of liver tissues were
collected and scored as above for each group separately
(Figure 3II).
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Liver Function Assay
Six hours after administration of LPS/D-GalN, serum was
acquired by centrifugation (5000 rpm, 10 min) of all
blood samples. The serum activities of ALT and AST were
measured using the assay kits following the manufacturer’s
instruction (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

Evaluation of Anti-oxidation Degree
Hepatic tissues were homogenized at 4◦C, centrifuged at
5000 rpm for 10 min, and supernatants collected. The
concentrations of SOD, MDA, CAT, and T-AOC, in diverse
serum samples were tested by use of assay kits (Nanjing
Jiancheng Biotechnology Institute, Nanjing, China). In addition,
liver tissues were treated as cell suspension by MediMachine
II single cell suspension preparation system. DCFH-DA was
used as a fluorescent probe to determine the level of ROS.
The fluorescence was measured on a Hitachi F7000 fluorescence
spectrophotometer with an excitation wavelength was 480 nm
and the emission wavelength was 538 nm.

Immunohistochemistry Staining Assay
For immunohistochemistry, the following steps were performed
as per the instructions in the HistostainTM-Plus and DaB
substrate kits. Paraffin-embedded liver tissues were deparaffined,
and sections (4 µm thick) were placed onto glass slides and
incubated in blocking buffer for 30 min at room temperature.
The sections were incubated at 4◦C with NF-κB antibody
overnight and then with biotin-labeled goat anti-rabbit IgG-
HRP for 1 h at room temperature. 3, 3′-DAB solution was used
for color development and specimens were counterstained with
hematoxylin. The images were captured and photographed at
200×magnification by a microscope.

Western Blot Assay
Western blot assay was performed to observe the protein
expression of the related signaling pathways in livers. The liver
tissue lysate was separated with 12.5% SDS-PAGE and the
separated proteins transferred onto nitrocellulose membranes.
Then the strip was transferred to the antibody incubating box
and washed with TBST for three times. Blots were blocked in 10%

FIGURE 4 | Effects of cos on the activities of AST and ALT induced by LPS/D-GalN. The data represent the mean ± SD (n = 10). ∗∗∗P < 0.001 vs. control group;
###P < 0.001 vs. LPS/D-GalN group.

TABLE 1 | Effects of cos on the activities of hepatic SOD, MDA, CAT, T-AOC, and ROS in LPS/D-GalN treated mice.

Group SOD (U/ml) MDA (nmol/ml) CAT (U/ml) T-AOC (U/ml) ROS (%)

Control 248.70 ± 6.95 6.83 ± 0.33 18.36 ± 0.81 4.46 ± 0.40 98.91 ± 3.43

LPS/D-GalN 153.74 ± 10.33∗∗ 24.56 ± 1.39∗∗ 6.12 ± 0.30∗∗ 0.64 ± 0.06∗∗ 205.26 ± 8.43∗∗

LPS/D-GalN+L-cos 160.68 ± 7.45 16.56 ± 0.77## 7.47 ± 0.53 2.20 ± 0.15# 175.40 ± 6.32#

LPS/D-GalN+H-cos 262.27 ± 8.39## 9.17 ± 0.25## 12.44 ± 0.57## 6.29 ± 0.11## 139.53 ± 4.18##

LPS/D-GalN+Sily 281.56 ± 18.60## 8.28 ± 0.37## 16.85 ± 0.38## 10.31 ± 0.81## 138.41 ± 6.97##

The data represent the mean ± SD (n = 10). ∗∗P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. LPS/D-GalN group.
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skim milk at room temperature for 1.5 h and incubated overnight
at 4◦C with primary antibodies: IL-6 (1:5000), IL-1β (1:1000),
TNF-α (1:2500), TLR4 (1:1000), MyD88 (1:500), p-IKKα/β
(1:500), IKKα/β (1:500), NF-κB (1:2500), IκB (1:2500), p-IκB
(1:5000), Keap-1 (1:5000), Nrf2 (1:1000), NQO1 (1:2500), HO-1
(1:1000), Bax (1:5000), Cyto-C (1:500), Bcl-2 (1:2500), Caspase3
(1:1000), Caspase8 (1:2500), Caspase9 (1:2500) Lamin B (1:5000),
and β-actin (1:5000), respectively. After washing with TBST,
IgG-HRP-conjugated tagged secondary antibodies (1:10000) in
wash solution was added, and the solution was incubated for
1.5 h at room temperature. Target proteins were visualized and
quantitated by use of Image Jet software, Lamin B or β-actin were
used as an internal standards.

Ethics Statement
Animal care, handling, sampling, and administration procedures
were approved by the Southwest University Animal Care and
Use Committee (Chongqing, China) prior to initiation of the
experiment (Permit No. 2017-14).

Statistical Analysis
Statistical analysis was performed using SPSS 18.0 software.
The statistical significance of the differences between groups
was determined by ANOVA and all the data were statistically
analyzed by mean ± SD. P < 0.05 (5% significant level) was
considered statistically significant, and P < 0.01 (1% significant
level), P < 0.001 (0.1% significant level) was considered to be an
extremely significant difference.

RESULTS

Effects of Cos on LPS/D-GalN Induced
Histopathological Changes
Histopathological analysis of the hepatic tissues was performed
with H&E staining assay. The hepatic tissues in control group
exhibited normal lobular architecture and cellular structure
(Figure 3I-A). In contrast, LPS/D-GalN group presented portal
vein inflammation and cell necrosis in a wide area, central
venous hyperemia, and severe inflammatory cell infiltration
(Figure 3I-B). The severity of neutrophil infiltration and other
histological damage induced by LPS/D-GalN was moderately
reduced in L-cos group (Figure 3I-C). However, the specimens
of H-cos group presented only a mild degree of necrotic
and degenerative changes with less neutrophil infiltration
(Figure 3I-D), which was more similar to the healthy control
group. In addition, the histological changes in LPS/D-GalN
treated groups manifested in a dose dependent manner. The
sily group showed clearly less necrotic and degenerative changes
and less inflammatory cell infiltration (Figure 3I-E). Based on
the score of evaluation standards of hepatic tissue (Figure 3II),
significant pathological changes were observed. Compared with
control group, the score of liver injury increased in LPS/D-GalN
group (∗∗P < 0.01) and decreased in L-cos group and H-cos
group (##P < 0.01).

FIGURE 5 | Effects of cos on the expression of TNF-α, IL-6, and IL-1β after
LPS/D-GalN administration by western blot analysis. The data represent the
mean ± SD (n = 10). ∗∗∗P < 0.001 vs. control group; ##P < 0.01 and
###P < 0.001 vs. LPS/D-GalN group.

Effects of Cos on Serum ALT, AST
Hepatic injury was evaluated by the activities of AST and
ALT enzymes. As shown in Figure 4, a significant increase
in serum ALT and AST levels was observed in LPS/D-GalN
group compared with control group. In contrast, mice pretreated
with cos or sily showed a significant reduction in the level of
these parameters. The data further confirmed that cos plays a
hepatoprotective role in the LPS/D-GalN induced ALI model.

Effects of Cos on Lipid Peroxidation and
Anti-oxidant Enzyme Activities
The quantitative analysis of MDA, SOD, CAT, T-AOC, and ROS
(Table 1) were observed as indicators for the assessment of
LPS/D-GalN induced oxidant damages. SOD, CAT, and T-AOC
activity levels were significantly lowered after 6 h with LPS/
D-GalN administration, while MDA and ROS were significantly
increased. Pretreatment with cos effectively lowered MDA and
ROS levels (P < 0.01), and significantly increased the levels
on liver CAT, SOD, and T-AOC (P < 0.01), compared with
LPS/D-GalN group. In mice with LPS/D-GalN induced ALI,
cos significantly improved the content of MDA, SOD, CAT,
T-AOC, and ROS to exert their beneficial effects against oxidative

Frontiers in Pharmacology | www.frontiersin.org 6 December 2018 | Volume 9 | Article 1469

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01469 December 18, 2018 Time: 19:5 # 7

Mao et al. Hepatoprotective Effects of Costunolide

FIGURE 6 | Effects of cos on the expression of NF-κB-MyD88 signaling pathway. Western blot analysis of the TLR4, MyD88, IKK, p-IKK, IκB, and p-IκB proteins.
The density values of the western blot were normalized for β-actin. ∗∗∗P < 0.01 vs. control group; ##P < 0.01 and ###P < 0.0001 vs. LPS/D-GalN group.

stress induced by hepatic injury. The results revealed that
cos significantly protects against LPS/D-GalN induced ALI
by reducing MDA and ROS production, and by effectively
promoting CAT, SOD, and T-AOC activity.

Effects of Cos on the Expression of
Pro-inflammatory Factors
Pro-inflammatory mediators/cytokines are known to play
important roles in the pathogenesis of ALI (Li et al., 2017). The
expressions of the key proteins were examined with western
blotting assay. As shown in Figure 5, the levels of IL-6, IL-1β,
and TNF-α were significantly increased in the LPS/D-GalN
group. However, those pro-inflammatory mediators/cytokines
were significantly reduced with addition of cos in a dose
dependent manner indicating that cos may inhibit the production
of pro-inflammatory mediators/cytokines induced by LPS/

D-GalN. Thus, it was confirmed that cos plays a hepatoprotective
role in the LPS/D-GalN induced ALI model via down-regulating
the levels of IL-6, IL-1β, and TNF-α.

Effects of Cos on Hepatic Activities of
NF-κB Signaling Pathway
As shown in Figure 6, the expressions of TLR4, MyD88, p65
(Nucleus), p-IKKα/β, IKKα/β, and p-IκBα in LPS/D-GalN group
were significantly increased while the levels of IκBα and p65
(Cytosol) were significantly lowered than in the control group.
However, prior treatment with cos significantly enhanced the
expression levels of TLR4, MyD88, p-IKKα/β, IKKα/β, and
p-IκBα (P < 0.001) and increased level of IκBα (P < 0.001). The
expression of p65 cytosolic protein was found to be maintained
in control animals. However, the majority of p65 protein
translocated from cytosol to the nucleus after LPS/D-GalN
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FIGURE 7 | Effects of cos on the expression of p65 protein. (I) Western blot analysis of cytosol and nucleus p65 proteins. (II) Immunohistochemistry analysis of
NF-κB (p65). (II-A) Control; (II-B) LPS/D-GalN (LPS 50 µg/kg; D-GalN: 400 mg/kg); (II-C) LPS/D-GalN + L-cos (II-B + cos 20 mg/kg); (II-D) LPS/D-GalN + H-cos
(II-B + cos 40 mg/kg); (II-E) LPS/D-GalN + sily (II-B + sily 20 mg/kg). The density values of the western blot were normalized for β-actin and Lamin B. ∗∗∗P < 0.01
vs. control group, ###P < 0.01 vs. LPS/D-GalN group.

administration. Compared to LPS/D-GalN group, pretreatment
of cos reduced this translocation (P < 0.001) (Figure 7I). The
immunohistochemistry assay showed that positive staining of
p65 in the H-cos, L-cos, and sily groups were less than that in
the LPS/D-GalN group (Figure 7II). Further histopathological
findings supported the biochemical results. Combined results of
western blot and immunohistochemistry showed that cos could
inhibit LPS/D-GalN-induced ALI via NF-κB signaling pathway
by up-regulating the levels of TLR4, MyD88, p65 (Nucleus),
p-IKKα/β, IKKα/β, and p-IκBα proteins and down-regulating the
levels of p65 (Cytosol) and IκBα protein.

Effects of Cos on the Expression of Nrf2
Signaling Pathway
The Nrf2-Keap1 system is recognized as one of the major cellular
defense mechanisms against oxidative stress to protect liver
from injury (Jadeja et al., 2016). To explore the mechanism
of the protective effect of cos against ALI induced by LPS/
D-GalN in mice through Nrf2 signaling pathway, the expression
of hepatocyte oxidative stress related proteins Keap-1, HO-1, and

NQO1 were analyzed by western blot (Figure 8). In addition,
the cytosol and nucleus of Nrf2 were analyzed by western blot
(Figure 9). On pretreatment with cos, the levels of NQO1, HO-
1, and Nrf2 (nucleus) significantly increased while the level of
Keap-1 and Nrf2 (cytosol) markedly decreased (P < 0.001).
The results showed that cos may inhibit LPS/D-GalN-induced
ALI via Nrf2 signaling pathway by up-regulating the levels of
NQO1, HO-1, and Nrf2 (nucleus) proteins and down-regulating
the level of Keap-1 and Nrf2 (cytosol) proteins.

Effects of Cos on the Expression of
Apoptosis-Related Proteins
Apoptosis occurs in the process of liver injury that leads liver
cells to death (Bantel and Schulze-Osthoff, 2012). To investigate
the inhibitory effect of cos on hepatocyte apoptosis induced
by LPS/D-GalN, apoptosis related signal transduction proteins
(Bcl-2, Bax, Cyto-C, Caspase3, Caspase8, and Caspase9) were
detected by western blotting assay (Figure 10). Compared
with control group, the levels of these proteins significantly
increased (P < 0.001), and the level of Bcl-2 protein significantly
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FIGURE 8 | Effects of cos on the expression Nrf2 signaling pathway. The
expression of Nrf2 (cytosol and nucleus) were analyzed by western blot. The
data represent the mean ± SD (n = 10). The density values of the western blot
were normalized for β-actin and Lamin B. ∗∗P < 0.01, ∗∗∗P < 0.001 vs.
control group; ###P < 0.001 and ##P < 0.01 vs. LPS/D-GalN group.

decreased (P < 0.001) in LPS/D-GalN group. In contrast, after
cos treatment, while the level of Bcl-2 protein significantly
increased (P < 0.001), Bax, Cyto-C, Caspase3, Caspase8, and
Caspase9 proteins were significantly decreased (P < 0.001).
These findings suggested that cos could reverse the hepatocytes
apoptosis induced by LPS/D-GalN by up-regulating the level of
Bcl-2 protein and down-regulating the levels of Bax, Cyto-C,
Caspase3, Caspase8, and Caspase9 proteins.

DISCUSSION

Alanine aminotransferase and AST are two important
biochemical indicators for the diagnosis of liver injury in
clinical trials. When the liver cells were damaged by LPS/D-GalN
induced ALI, the cell membrane was broken and the cells
appeared to be degenerate and necrotic. ALT and AST which
existed in the cells were released into the blood, and the levels of
ALT and AST in the blood finally increased (Khattab et al., 2015).
In present study, cos significantly reduced serum ALT and AST
levels on LPS/D-GalN-induced ALI. There was high mortality,
inflammatory infiltration, necrosis of liver cells, bleeding, and
loss of hepatic architectures after LPS/D-GalN administration.

FIGURE 9 | Effects of cos on the expression of proteins related to Keap-1
signaling pathway. The expression of hepatocyte oxidative stress related
proteins Keap-1, HO-1, NQO1 were analyzed by western blot. The data
represented as mean ± SD (n = 10). ∗∗P < 0.01, ∗∗∗P < 0.001 vs. control
group; ##P < 0.01 and ###P < 0.001 vs. LPS/D-GalN group.

However, these phenomena were hindered by pretreatment with
cos. The results showed that cos alleviated the histopathological
changes of liver injury and significantly reduced serum ALT
and AST levels indicating cos may protect against LPS/D-GalN
induced ALI.

The imbalance between pro- and anti-inflammatory cytokines
is a hallmark of the pathogenesis of ALI. Previous studies
showed that hepatic injury is associated with the production
of pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) in
the pathogenesis of ALI (Pastora et al., 1995; Li et al.,
2017). IL-6 is a pleiotropic cytokine produced in response to
inflammatory stimuli. TNF-α exhibits both the proinflammatory
and immunoregulatory properties of cytokines. IL-1β as
a member of IL-1 cytokine family, is a pleiotropic and
immunoregulatory cytokine. It has been demonstrated that
proinflammatory cytokines such as IL-6, TNF-α, and IL-1β show
altered levels in ALI mice (Lu et al., 2016). In the present
study, it was found that cos significantly decreased the levels of
TNF-α, IL-6, and IL-1β in LPS/D-GalN administrated mice. The
production of pro-inflammatory cytokines was mainly caused by
the activation of NF-κB signaling pathway. NF-κB transcription
factors (p65 and p50) are critical regulators of pro-inflammatory
responses, which are associated with the inhibitory IκB family
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FIGURE 10 | Effects of cos on the expression of apoptosis-related proteins.
The expression of hepatocyte apoptosis related proteins Bax, Bcl-2,
Caspase3, Caspase8, and Caspase9 were analyzed by western blot. The
data represent the mean ± SD (n = 10). ∗∗∗P < 0.001 vs. control group;
###P < 0.001 and ##P < 0.01 vs. LPS/D-GalN group.

proteins (IκBs) (Cildir et al., 2016). In its inactive form, NF-
κB is normally sequestered in the cytoplasm by its inhibitory
proteins IκBα. When stimulated by LPS, inhibitor of NF-κB
kinase (IKK) is activated, which triggers the dissociation of
cytoplasmic NF-κB/IκB complex (Dobrovolskaia and Vogel,
2002). The IKK-mediated phosphorylation and proteasomal
degradation of IκB enables the translocation of active NF-
κB transcription factor subunit (p65) into the nucleus leading
to activation of the expression of pro-inflammatory mediators
(IL-6, IL-1β, TNF-α) (Zhang et al., 2017). The release of pro-
inflammatory cytokines activates NF-κB to amplify the pro-
inflammatory response cascade, as a positive feedback. TLR4
mediated MyD88 signaling pathway plays an important role
in the regulation of hepatic immune dysfunction induced
by inflammatory reaction (Xu et al., 2017). TLR4 is an
important protein molecule involved in immunity which can
be activated by LPS. The activation of TLR4 may recruit the
signaling adaptor MyD88, and the TH domain in the TLR4
intracellular domain interacts with the carboxyl terminal TH
domain of MyD88 in the cytoplasm and activates MyD88.

The activation of MyD88 would lead to an activation NF-
κB signaling pathway and production of pro-inflammatory
cytokines, which are responsible for activating the innate immune
system (Kang et al., 2017). In present study, the hepatoprotective
effect of cos against ALI may be associated with NF-κB
signaling pathway by the down-regulation of the expression
of TLR4, MyD88, p65 (nucleus), p-IKKα/β, IKKα/β, p-IκBα,
and up-regulation of the expression levels of IκBα and p65
(cytosol).

Apart from NF-κB signaling pathway, the oxidative stress
generated by lipid peroxidation and oxygen free radicals are also
important factors causing liver injury (Caraceni et al., 1994). ROS
accumulate in the body and cause oxidative damage to tissues
and organs while SOD which catalyzes conversion of superoxide
to oxygen and hydrogen peroxide in aerobic organisms can
scavenge free radicals and inhibit free radical reactions (Wang
et al., 2016). CAT converts the H2O2 generated within cells to
H2O and O2 and prevents the conversion of H2O2 into more
active species as ·OH. SOD and CAT defend against oxidative
stress by catalyzing and decomposing O2·− radicals and H2O2
respectively (Castro-Alférez et al., 2017). T-AOC, a biomarker
measuring the antioxidant potential of body fluids, including
redox synergistic interactions in a system, serves as a preventive
index of oxidant damages (Manafikhi et al., 2017). The increase
in free radicals leads to excessive production of MDA, which is
considered as a biomarker of lipid peroxidation. The increase
of MDA has been considered a key feature in ALI (Lykkesfeldt,
2007). In present study, the levels of SOD, CAT, T-AOC were
significantly reduced while that of MDA and ROS significantly
increased, indicating the hepatoprotective effects of cos may
be triggered also by an anti-oxidant defense system in ALI
mice.

Almost all modes of ALI are associated with increased
oxidative stress and an overwhelmed antioxidant defense system.
Since Nrf2 activation is associated with the enhancement of
endogenous antioxidant system, it can be used as an ideal
therapeutic target for reducing oxidative stress. Nrf2-ARE
pathway boosts hepatocyte antioxidant defense system and
may be able to reduce pathogenesis of ALI (Jadeja et al.,
2016). As an oxidative stress receptor, Nrf2 is involved in
cell anti-oxidant stress caused by exogenous toxic substances
(Chowdhry et al., 2010). Keap1 has been shown to interact with
Nrf2, a master regulator of the antioxidant response, which is
important for the amelioration of oxidative stress (Ogura et al.,
2010). Under normal physiological conditions, Keap1 and Nrf2
are in a state of mutually stable binding. When oxidative stress
occurs, Nrf2 releases from Keap1 and thus translocates from the
cytoplasm into the nucleus. In the nucleus, Nrf2 interacts with
antioxidation response element (ARE) to regulate the expressions
of peroxiredoxins and phase II detoxification enzymes such as
HO-1 and NQO-1, which protect cells from oxidative damage
and inflammation (Deramaudt et al., 2013). Our present study
indicated that the expression level of Nrf2 (nucleus) increased
while that of Keap-1 and Nrf2 (cytosol) reduced when pretreated
with cos. The capability to protect cells from oxidative challenge
and the ability to reduce quinones via an obligate two electron
mechanism, which precludes generation of reactive oxygen
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radicals, demonstrates that NQO1 is a chemoprotective enzyme
(Dinkova-Kostova and Talalay, 2010). HO-1 is an antioxidant
enzymes which catalyzes the degradation of heme, and the
enzyme catalyzed reaction products including carbon monoxide
and bilirubin have anti-oxidative damage function (Soares et al.,
2009). In present study, the levels of Nrf2 (nucleus), HO-1 and
NQO1 increased significantly, while the level of Keap-1 and Nrf2
(cytosol) reduced significantly, indicating that the mechanism of
the hepatoprotective effect of cos against ALI may be achieved via
the Nrf2 signaling pathway.

Apoptosis is a pivotal step which is considered as one of
the main mechanisms of cell death in liver injury diseases
(Wang, 2015). Therefore, the related apoptotic proteins (Bcl-
2, Bax, Cyto-C, Caspase3, Caspase8, and Caspase9) were
studied by western blotting assay. During Apoptosis, the Cyto-
C of the mitochondrial membrane space is released to the
cytoplasm and triggers the caspase cascade, which leads to
cell death (Kluck et al., 1997). Caspase family proteins also
play a key role in inducing apoptosis which are the ultimate
pathway for the activation and execution of apoptosis. Among
them, Caspase3, Caspase8, and Caspase9 are at the nexus of
critical regulatory networks controlling cell apoptosis and death
inflammation. Caspase-8 is the chief executor of apoptosis,
leading to the release of Cyto-C, thus triggering apoptosis in
the intracellular pathway (Salvesen, 1999). Caspase-3 is the
key protease of apoptosis. When it is activated, the cascade
reaction of downstream apoptosis is inevitable. The activation
of Caspase-3 is closely related to the apoptosis of liver cells
and eventually leads to liver injury (Ko et al., 2017). Caspase-
9, as an essential initiator caspase required for apoptosis
signaling through the mitochondrial pathway, is activated on
the apoptosome complex (Wurstle et al., 2012). Bcl-2 is an
important protein on the mitochondrial pathway that prevents
the release of apoptotic protein Cyto-C into the cytoplasm
by stabilizing the membrane potential of mitochondria and
maintaining the integrity of mitochondria (Kluck et al., 1997;
Wu et al., 2017). However, Bax facilitates the release of Cyto-
C, inducing cell apoptosis. When the body is stimulated by
inflammation and oxidation, TNF-α can be activated by binding
to the tumor necrosis factor receptor L (TNF-R1) followed by
activation of the Caspase8. Then the pro-apoptotic protein Bax
is activated and the anti-apoptotic protein Bcl-2 is inhibited,
which further activates Caspase3 and Caspase9, and finally leads
to apoptosis of hepatocytes (Wang, 2014). In present study,
we observed that cos exhibits the hepatoprotective effects on
LPS/D-GalN-induced ALI mice by up-regulating the level of
Bcl-2 protein and down-regulating the levels of Bax, Cyto-C,
Caspase3, Caspase8, and Caspase9 proteins. It was indicated

that one of the mechanism of the hepatoprotective effect of
cos against ALI may be achieved via the apoptosis signaling
pathway.

Taken together, the underlying mechanism of the
hepatoprotective effect of cos against ALI was mainly
connected with suppressing the production of pro-inflammatory
mediator/cytokines, suppressing oxidative stress, and attenuating
hepatocyte apoptosis through Nrf2, NF-κB and apoptosis
pathway, respectively. The mechanism of the hepatoprotective
effect of cos against ALI can be summarized briefly from
the Graphical Abstract. Therefore, the TLR4-MyD88-NF-κB
(p65), Keap1-Nrf2/HO-1 and apoptosis signal pathway maybe
involved in the process of hepatoprotective against ALI (graphical
abstract).

CONCLUSION

The present study demonstrated that cos exhibited potent
protective effect against ALI in mice induced by LPS/D-
GalN. And the protective mechanism might be connected with
enhancing the anti-oxidative defense system, suppressing the
inflammatory response and preventing hepatocyte apoptosis.
In conclusion, our experimental evidence suggested that cos
can be used as an effective candidate drug for the treatment
of ALI.

AUTHOR CONTRIBUTIONS

MC conceived and designed the research. JM performed most of
the experiments and wrote the paper. RW and MY performed
parts of the experiments. YH analyzed the data.

FUNDING

This work was supported by Chongqing Social Undertaking and
Livelihood Security Project (Grant No. cstc2017shmsA130079)
and National Natural Science Foundation of China (Grant No.
81774005).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2018.01469/full#supplementary-material

REFERENCES
Akira, S., and Takeda, K. (2004). Toll-like receptor signalling. Nat. Rev. Immunol.

4, 499–511. doi: 10.1038/nri1391
Bantel, H., and Schulze-Osthoff, K. (2012). Mechanisms of cell death

in acute liver failure. Front. Physiol. 3:79. doi: 10.3389/fphys.2012.
00079

Butturini, E., Di Paola, R., Suzuki, H., Paterniti, I., Ahmad, A., Mariotto, S.,
et al. (2014). Costunolide and Dehydrocostuslactone, two natural sesquiterpene
lactones, ameliorate the inflammatory process associated to experimental
pleurisy in mice. Eur. J. Pharmacol. 730, 107–115. doi: 10.1016/j.ejphar.2014.
02.031

Cao, K., Qian, W., Xu, Y., Zhou, Z., Zhang, Q., and Zhang, X.
(2016). A new sesquiterpenoid from Saussurea lappa roots.

Frontiers in Pharmacology | www.frontiersin.org 11 December 2018 | Volume 9 | Article 1469

https://www.frontiersin.org/articles/10.3389/fphar.2018.01469/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2018.01469/full#supplementary-material
https://doi.org/10.1038/nri1391
https://doi.org/10.3389/fphys.2012.00079
https://doi.org/10.3389/fphys.2012.00079
https://doi.org/10.1016/j.ejphar.2014.02.031
https://doi.org/10.1016/j.ejphar.2014.02.031
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01469 December 18, 2018 Time: 19:5 # 12

Mao et al. Hepatoprotective Effects of Costunolide

Nat. Prod. Res. 30, 2160–2163. doi: 10.1080/14786419.2016.114
9708

Caraceni, P., Rosenblum, E. R., Van Thiel, D. H., and Borle, A. B. (1994).
Reoxygenation injury in isolated rat hepatocytes: relation to oxygen free radicals
and lipid peroxidation. Am. J. Physiol. 266, G799–G806. doi: 10.1152/ajpgi.
1994.266.5.G799

Castro-Alférez, M., Polo-López, M. I., Marugán, J., and Fernández-Ibáñez, P.
(2017). Mechanistic model of the Escherichia coli inactivation by solar
disinfection based on the photo-generation of internal ROS and the photo-
inactivation of enzymes: CAT and SOD. Chem. Eng. J. 318, 214–223. doi: 10.
1016/j.cej.2016.06.093

Chen, H. C., Chou, C. K., Lee, S. D., Wang, J. C., and Yeh, S. F. (1995). Active
compounds from Saussurea lappa Clarks that suppress hepatitis B virus surface
antigen gene expression in human hepatoma cells. Antiviral Res. 27, 99–109.
doi: 10.1016/0166-3542(94)00083-K

Chinese Pharmacopoeia Commission (2015). Traditional Chinese Medicine, Vol. 3.
Beijing: Chinese Pharmacopoeia Commission, 35–36. doi: 10.11669/cpj.2015.
20.014

Chowdhry, S., Nazmy, M. H., Meakin, P. J., Dinkova-Kostova, A. T., Walsh,
S. V., Tsujita, T., et al. (2010). Loss of Nrf2 markedly exacerbates
nonalcoholic steatohepatitis. Free Radic. Biol. Med. 48, 357–371. doi: 10.1016/j.
freeradbiomed.2009.11.007

Cildir, G., Low, K. C., and Tergaonkar, V. (2016). Noncanonical NF-kappaB
signaling in health and disease. Trends Mol. Med. 22, 414–429. doi: 10.1016/
j.molmed.2016.03.002

Das, J., Ghosh, J., Roy, A., and Sil, P. C. (2012). Mangiferin exerts
hepatoprotective activity against D-galactosamine induced acute toxicity
and oxidative/nitrosative stress via Nrf2-NFkappaB pathways. Toxicol. Appl.
Pharmacol. 260, 35–47. doi: 10.1016/j.taap.2012.01.015

Deramaudt, T. B., Dill, C., and Bonay, M. (2013). Regulation of oxidative stress
by Nrf2 in the pathophysiology of infectious diseases. Med. Mal. Infect. 43,
100–107. doi: 10.1016/j.medmal.2013.02.004

Dinkova-Kostova, A. T., and Talalay, P. (2010). NAD(P)H:quinone acceptor
oxidoreductase 1 (NQO1), a multifunctional antioxidant enzyme and
exceptionally versatile cytoprotector. Arch. Biochem. Biophys. 501, 116–123.
doi: 10.1016/j.abb.2010.03.019

Dobrovolskaia, MA., Vogel, SN. (2002). Toll receptors, CD14, and macrophage
activation and deactivation by LPS. Microb. Infect. 4, 903–914. doi: 10.1016/
S1286-4579(02)01613-1

Hansen, R. A., Gray, M. D., Fox, B. I., Hollingsworth, J. C., Gao, J., Hollingsworth,
M. L., et al. (2014). Expert panel assessment of acute liver injury identification in
observational data. Res. Soc. Adm. Pharm. 10, 156–167. doi: 10.1016/j.sapharm.
2013.04.012

Jadeja, R. N., Upadhyay, K. K., Devkar, R. V., and Khurana, S. (2016). Naturally
occurring Nrf2 activators: potential in treatment of liver injury. Oxid. Med. Cell
Longev. 2016:3453926. doi: 10.1155/2016/3453926

Kang, H. H., Kim, I. K., Lee, H. I., Joo, H., Lim, J. U., Lee, J., et al.
(2017). Chronic intermittent hypoxia induces liver fibrosis in mice with
diet-induced obesity via TLR4/MyD88/MAPK/NF-kB signaling pathways.
Biochem. Biophys. Res. Commun. 490, 349–355. doi: 10.1016/j.bbrc.2017.
06.047

Khattab, H., Fouad, A., Hamza, M., Mohey, M. A., El-Akel, W., Ghoneim, H., et al.
(2015). Relation of ALT and AST levels to the histopathological changes in liver
biopsies of patients with chronic hepatitis C genotype 4. Arab. J. Gastroenterol.
16, 50–53. doi: 10.1016/j.ajg.2015.06.004

Kluck, R. M., Bossywetzel, E., Green, D. R., and Newmeyer, D. D. (1997). The
release of cytochrome c from mitochondria: a primary site for Bcl-2 regulation
of apoptosis. Science 275, 1132–1136. doi: 10.1126/science.275.5303.1132

Ko, H. M., Joo, S. H., Jo, J. H., Park, W. S., Jung, W. Y., Shin, J. H.,
et al. (2017). Liver-wrapping, nitric oxide-releasing nanofiber downregulates
cleaved caspase-3 and bax expression on rat hepatic ischemia-reperfusion
injury. Transplant Proc. 49, 1170–1174. doi: 10.1016/j.transproceed.2017.
03.054

Li, L., Duan, C., Zhao, Y., Zhang, X., Yin, H., Wang, T., et al. (2017).
Preventive effects of interleukin-6 in lipopolysaccharide/d-galactosamine
induced acute liver injury via regulating inflammatory response in hepatic
macrophages. Int. Immunopharmacol. 51, 99–106. doi: 10.1016/j.intimp.2017.
08.009

Ling, C. Q., Chiu, J. H., Oh, B., and Cho, W. C. (2012). Natural products
for liver diseases: basic, clinical, and translational research. Evid.
Based Complement. Alternat. Med. 2012:794343. doi: 10.1155/2012/79
4343

Lu, S. Z., Shi, G. G., Xu, X., Wang, G., Lan, X., Sun, P., et al. (2016). Endometrial
regenerative cells alleviate carbon tetrachloride-induced acute liver injury in
mice. J. Transl. Med. 14:300.

Lykkesfeldt, J. (2007). Malondialdehyde as biomarker of oxidative damage to
lipids caused by smoking. Clin. Chim. Acta 380, 50–58. doi: 10.1016/j.cca.2007.
01.028

Manafikhi, H., Drummen, G., Palmery, M., and Peluso, I. (2017). Total antioxidant
capacity in beta-thalassemia: a systematic review and meta-analysis of case-
control studies. Crit. Rev. Oncol. Hematol. 110, 35–42. doi: 10.1016/j.critrevonc.
2016.12.007

Ogura, T., Tong, K. I., Mio, K., Maruyama, Y., Kurokawa, H., Sato, C.,
et al. (2010). Keap1 is a forked-stem dimer structure with two large
spheres enclosing the intervening, double glycine repeat, and C-terminal
domains. Proc. Natl. Acad. Sci. U.S.A. 107, 2842–2847. doi: 10.1073/pnas.09140
36107

Pastora, C. M., Billiar, T. R., Losser, M.-R., and Payen, D. M. (1995). Liver
injury during sepsis. J. Crit. Care 10, 183–197. doi: 10.1016/0883-9441(95)
90010-1

Russo, M. W., Galanko, J. A., Shrestha, R., Fried, M. W., and Watkins, P.
(2004). Liver transplantation for acute liver failure from drug induced liver
injury in the United States. Liver Transpl. 10, 1018–1023. doi: 10.1002/lt.
20204

Salvesen, G. S. (1999). Caspase 8: igniting the death machine. Structure 7, R225–
R229. doi: 10.1016/S0969-2126(00)80048-9

Shin, J. W., Wang, J. H., Park, H. J., Choi, M. K., Kim, H. G., and
Son, C. G. (2011). Herbal formula CGX ameliorates LPS/D-galactosamine-
induced hepatitis. Food Chem. Toxicol. 49, 1329–1334. doi: 10.1016/j.fct.2011.
03.015

Soares, M. P., Marguti, I., Cunha, A., and Larsen, R. (2009). Immunoregulatory
effects of HO-1: how does it work? Curr. Opin. Pharmacol. 9, 482–489.
doi: 10.1016/j.coph.2009.05.008

Tan, R. X., Jakupovic, J., Bohlmann, F., and Jia, Z. J. (1990a). Aromatic constituents
from Vladimiria souliei. Planta Med. 56, 475–477.

Tan, R. X., Jakupovic, J., Bohlmann, F., Jia, Z. J., and Schuster, A. (1990b).
Sesquiterpenelactones from Vladimiria souliei. Phytochemistry 29, 1209–1211.
doi: 10.1016/0031-9422(90)85430-N

Wang, F., Liu, J., Zhou, L., Pan, G., Li, Z., Zaidi, S. H., et al. (2016).
Senescence-specific change in ROS scavenging enzyme activities and
regulation of various SOD isozymes to ROS levels in psf mutant rice
leaves. Plant Physiol. Biochem. 109, 248–261. doi: 10.1016/j.plaphy.2016.
10.005

Wang, K. (2014). Molecular mechanisms of liver injury: apoptosis or
necrosis. Exp. Toxicol. Pathol. 66, 351–356. doi: 10.1016/j.etp.2014.
04.004

Wang, K. (2015). Molecular mechanisms of hepatic apoptosis regulated by nuclear
factors. Cell. Signal. 27, 729–738. doi: 10.1016/j.cellsig.2014.11.038

Wang, Y., Zhang, X., Zhao, L., Shi, M., Wei, Z., Yang, Z., et al. (2017).
Costunolide protects lipopolysaccharide/d-galactosamine-induced acute liver
injury in mice by inhibiting NF-kappaB signaling pathway. J. Surg. Res. 220,
40–45. doi: 10.1016/j.jss.2017.06.083

Wu, H., Medeiros, L. J., and Young, K. H. (2017). Apoptosis signaling and BCL-
2 pathways provide opportunities for novel targeted therapeutic strategies in
hematologic malignances. Blood Rev. 32, 8–28 doi: 10.1016/j.blre.2017.08.004

Wu, J. W., Lin, L. C., and Tsai, T. H. (2009). Drug-drug interactions of silymarin
on the perspective of pharmacokinetics. J. Ethnopharmacol. 121, 185–193.
doi: 10.1016/j.jep.2008.10.036

Wu, Y. H., Hu, S. Q., Liu, J., Cao, H. C., Xu, W., Li, Y. J., et al.
(2014). Nature and mechanisms of hepatocyte apoptosis induced by
D-galactosamine/lipopolysaccharide challenge in mice. Int. J. Mol. Med. 33,
1498–1506. doi: 10.3892/ijmm.2014.1730

Wurstle, M. L., Laussmann, M. A., and Rehm, M. (2012). The central role of
initiator caspase-9 in apoptosis signal transduction and the regulation of its
activation and activity on the apoptosome. Exp. Cell Res. 318, 1213–1220.
doi: 10.1016/j.yexcr.2012.02.013

Frontiers in Pharmacology | www.frontiersin.org 12 December 2018 | Volume 9 | Article 1469

https://doi.org/10.1080/14786419.2016.1149708
https://doi.org/10.1080/14786419.2016.1149708
https://doi.org/10.1152/ajpgi.1994.266.5.G799
https://doi.org/10.1152/ajpgi.1994.266.5.G799
https://doi.org/10.1016/j.cej.2016.06.093
https://doi.org/10.1016/j.cej.2016.06.093
https://doi.org/10.1016/0166-3542(94)00083-K
https://doi.org/10.11669/cpj.2015.20.014
https://doi.org/10.11669/cpj.2015.20.014
https://doi.org/10.1016/j.freeradbiomed.2009.11.007
https://doi.org/10.1016/j.freeradbiomed.2009.11.007
https://doi.org/10.1016/j.molmed.2016.03.002
https://doi.org/10.1016/j.molmed.2016.03.002
https://doi.org/10.1016/j.taap.2012.01.015
https://doi.org/10.1016/j.medmal.2013.02.004
https://doi.org/10.1016/j.abb.2010.03.019
https://doi.org/10.1016/S1286-4579(02)01613-1
https://doi.org/10.1016/S1286-4579(02)01613-1
https://doi.org/10.1016/j.sapharm.2013.04.012
https://doi.org/10.1016/j.sapharm.2013.04.012
https://doi.org/10.1155/2016/3453926
https://doi.org/10.1016/j.bbrc.2017.06.047
https://doi.org/10.1016/j.bbrc.2017.06.047
https://doi.org/10.1016/j.ajg.2015.06.004
https://doi.org/10.1126/science.275.5303.1132
https://doi.org/10.1016/j.transproceed.2017.03.054
https://doi.org/10.1016/j.transproceed.2017.03.054
https://doi.org/10.1016/j.intimp.2017.08.009
https://doi.org/10.1016/j.intimp.2017.08.009
https://doi.org/10.1155/2012/794343
https://doi.org/10.1155/2012/794343
https://doi.org/10.1016/j.cca.2007.01.028
https://doi.org/10.1016/j.cca.2007.01.028
https://doi.org/10.1016/j.critrevonc.2016.12.007
https://doi.org/10.1016/j.critrevonc.2016.12.007
https://doi.org/10.1073/pnas.0914036107
https://doi.org/10.1073/pnas.0914036107
https://doi.org/10.1016/0883-9441(95)90010-1
https://doi.org/10.1016/0883-9441(95)90010-1
https://doi.org/10.1002/lt.20204
https://doi.org/10.1002/lt.20204
https://doi.org/10.1016/S0969-2126(00)80048-9
https://doi.org/10.1016/j.fct.2011.03.015
https://doi.org/10.1016/j.fct.2011.03.015
https://doi.org/10.1016/j.coph.2009.05.008
https://doi.org/10.1016/0031-9422(90)85430-N
https://doi.org/10.1016/j.plaphy.2016.10.005
https://doi.org/10.1016/j.plaphy.2016.10.005
https://doi.org/10.1016/j.etp.2014.04.004
https://doi.org/10.1016/j.etp.2014.04.004
https://doi.org/10.1016/j.cellsig.2014.11.038
https://doi.org/10.1016/j.jss.2017.06.083
https://doi.org/10.1016/j.blre.2017.08.004
https://doi.org/10.1016/j.jep.2008.10.036
https://doi.org/10.3892/ijmm.2014.1730
https://doi.org/10.1016/j.yexcr.2012.02.013
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01469 December 18, 2018 Time: 19:5 # 13

Mao et al. Hepatoprotective Effects of Costunolide

Xu, M. J., Zhou, Z., Parker, R., and Gao, B. (2017). Targeting inflammation for the
treatment of alcoholic liver disease. Pharmacol. Ther. 180, 77–89. doi: 10.1016/
j.pharmthera.2017.06.007

Zhang, C., Lu, T., Wang, G. D., Ma, C., and Zhou, Y. F. (2016). Costunolide, an
active sesquiterpene lactone, induced apoptosis via ROS-mediated ER stress
and JNK pathway in human U2OS cells. Biomed. Pharmacother. 80, 253–259.
doi: 10.1016/j.biopha.2016.03.031

Zhang, Q., Lenardo, M. J., and Baltimore, D. (2017). 30 Years of NF-kappaB: a
blossoming of relevance to human pathobiology. Cell 168, 37–57. doi: 10.1016/
j.cell.2016.12.012

Zheng, H., Chen, Y., Zhang, J., Wang, L., Jin, Z., Huang, H., et al. (2016). Evaluation
of protective effects of costunolide and dehydrocostuslactone on ethanol-
induced gastric ulcer in mice based on multi-pathway regulation. Chem. Biol.
Interact. 250, 68–77. doi: 10.1016/j.cbi.2016.03.003

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer HZ declared a past co-authorship with one of the authors MC to the
handling Editor.

Copyright © 2018 Mao, Yi, Wang, Huang and Chen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org 13 December 2018 | Volume 9 | Article 1469

https://doi.org/10.1016/j.pharmthera.2017.06.007
https://doi.org/10.1016/j.pharmthera.2017.06.007
https://doi.org/10.1016/j.biopha.2016.03.031
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cbi.2016.03.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Protective Effects of Costunolide Against D-Galactosamine and Lipopolysaccharide-Induced Acute Liver Injury in Mice
	Introduction
	Materials and Methods
	Materials and Reagents
	Extraction and Isolation
	Animals
	Histopathological Examination
	Liver Function Assay
	Evaluation of Anti-oxidation Degree
	Immunohistochemistry Staining Assay
	Western Blot Assay
	Ethics Statement
	Statistical Analysis

	Results
	Effects of Cos on LPS/d-GalN Induced Histopathological Changes
	Effects of Cos on Serum ALT, AST
	Effects of Cos on Lipid Peroxidation and Anti-oxidant Enzyme Activities
	Effects of Cos on the Expression of Pro-inflammatory Factors
	Effects of Cos on Hepatic Activities of NF-κB Signaling Pathway
	Effects of Cos on the Expression of Nrf2 Signaling Pathway
	Effects of Cos on the Expression of Apoptosis-Related Proteins

	Discussion
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


