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ARTICLE INFO ABSTRACT

Keywords: Acute lung injury (ALI) is a severe clinical disease with high mortality rates. Chicoric acid (CA), an active
Chicoric acid (CA) component extracted from traditional Chinese medicine, was suggested to have anti-inflammatory and anti-
LPS oxidant activities. Inflammation and oxidative damage are implicated in the pathogenesis of ALL In this study,
Inflammation we explored the protection effect of CA on LPS-induced ALL and further discussed the possible molecular me-
gzifztf:fl;tizfry chanisms. The results showed that CA could significantly improve the histological changes of LPS-induced acute
lung injury. In addition, CA not only decreased LPS-stimulated protein leakage and lung wet/dry ratio but also
reduced inflammatory cell infiltration, myeloperoxidase (MPO) activity and the generation of pro-inflammatory
cytokines in bronchoalveolar lavage fluid (BALF). Meanwhile, CA lessened the reactive oxygen species (ROS)
generation, and malondialdehyde (MDA) formation, and decreased glutathione (GSH) and superoxide dismutase
(SOD) depletion, which were caused by LPS challenge. Furthermore, CA dramatically inhibited LPS-stimulated
MAPK and NLRP3 activation and increased the expression of NAD (P) H: quinone oxidoreductase (NQO1), and
dismutase (SOD), glutamate-cysteine ligase catalytic/modifier (GCLC/GCLM) subunit and heme oxygenase-1
(HO-1), as well as its upstream genes nuclear factor-erythroid 2-related factor 2 (Nrf2), which might be central to
the protective effects of CA. In conclusion, these data indicated that the protective effects and mechanisms of CA

on LPS-induced ALI and provided new insights for its application.

1. Introduction

Acute lung injury (ALI) is a clinically common disease with a high
rate of mortality. ALI can cause neutrophil infiltration, pro-in-
flammatory cytokines generation, lung epithelium and endothelium
injuries, which lead to the pulmonary edema and the impairment of gas
exchange [1]. Although recent a series of intense studies have been
made to understand the mechanisms of ALI, there are still no effective
measures or specific drugs to treat the disease [2,3]. Furthermore,
oxidative stress and inflammatory plays a crucial role in the patho-
genesis of ALI [4]. Lipopolysaccharide (LPS) is a gram-negative bac-
terial, which can result in a series of inflammatory reactions and pro-
mote the production of reactive oxygen species (ROS). Therefore, LPS is
the ideal inducer of acute lung injury model [5].

It has been reported that the release of inflammatory mediators,
such as interleukin (IL)-1f, tumor interleukin-6 (IL-6) and necrosis
factor-a (TNF-a) played an important role in the pathogenesis of LPS-
induced ALI, and the inflammatory factors can be modulated by three
mitogen-activated protein kinase (MAPK) pathways, including the c-

Jun NH2-terminal kinase (JNK), extracellular signal-regulated kinase
(ERK), and p38 pathways [6,7]. In addition, ROS induced oxidative
stress, as a participant in the pathogenesis of ALI, can stimulate various
signaling pathways such as MAPK. Therefore, inhibition of MAPKs
signaling pathway can suppress inflammation responses and oxidative
stress, and then improve LPS-induced ALI. Moreover, accumulating
evidence has showed that nucleotide-binding domain (NOD)-like re-
ceptor protein 3 (NLRP3) inflammasome plays a key role in the pa-
thogenesis of ALI [8]. Studies indicated that NLRP3 inflammasome
pathway consists of caspase-1, NOD like receptor (NLRP3) and the
adaptor protein ASC [9]. The activation of NLRP3 inflammasome was
responsible for the maturation and secretion of IL-13, which could
promote inflammatory responses [10]. A recent study showed that ROS
scavenger could suppress NLRP3 activation, indicating that the pre-
sence of oxidative stress contributes to abnormal inflammation [11].
Therefore, the antioxidants alleviate LPS-induced ALI through NLRP3
inhibition. Moreover, previous abundant reports have noted that nu-
clear factor erythroid-2 related factor 2 (Nrf2), could combat oxidative
damage through regulating of various cytoprotective enzymes,
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Fig. 1. CA treatment ameliorates the histology of lung in LPS-induced ALI mice. (A) Chemical structure of chicoric acid (CA). (B) Representative histological changes
obtained from different groups of mice. a: Control group, b: CA only group (40 mg/kg), c: LPS group (0.5 mg/kg), d: LPS + CA (10 mg/kg) group, e: LPS + CA
(20 mg/kg) group, f: LPS + CA (40 mg/kg) group, g: LPS + Dex (5 mg/kg) group (hematoxylin and eosin staining, magnification 200 x ). (C) Lung injury score. Data
was expressed as means = SEM (n = 5/group). “*p < 0.01 vs the control group. *p < 0.05 and **p < 0.01 vs the LPS group.

including NAD (P) H: quinone oxidoreductase (NQO1), dismutase
(SOD), glutamate-cysteine ligase catalytic/modifier (GCLC/GCLM)
subunit and heme oxygenase-1 (HO-1) [12]. Nrf2 and its downstream
antioxidant genes have been recognized to playing an important role in
the attenuation of LPS-induced ALI against oxidative stress and in-
flammatory [13]. In addition, many compounds could suppress LPS-
induced ALI by anti-inflammatory and anti-oxidative effects.

Among polyphenols, various caffeyl polyphenol molecules including
caffeic acid and chlorogenic acid have antioxidant activity [14,15].
Chicoric acid (CA, Fig. 1A) is one phenolic acid which is obtained from
chicory and the echinacea (purple coneflower) plant (Echinacea pur-
purea). Additionally, CA is reported to be a daily nutraceutical that
enhanced antioxidant activity [16]. Landmann et al. revealed that CA
was enabled to reduce acute alcohol-induced hepatic steatosis in mice
through suppressing oxidative stress and its anti-inflammatory activity
[17]. However, there is still no evidence to explain the protection and

mechanism of CA against LPS-induced ALI In the present study, we
evaluated the potential of CA to prevent LPS-induced ALI mice and the
possible mechanisms of their effects.

2. Materials and methods
2.1. Reagents and chemical

Chicoric acid (CA), purity > 98%, was supplied by Chengdu
Herbpurify CO., LTD (Chengdu, China). Dimethylsulfoxide (DMSO) and
LPS (Escherichia coli 055:B5) were purchased from Sigma Chemical Co
(St. Louis, MO, USA). Mouse TNF-q, IL-6, and IL-13 enzyme-linked
immunosorbent assay (ELISA) kits were provided by Biolegend (San
Diego, CA, USA). Glutathione (GSH), ROS, myeloperoxidase (MPO) and
malondialdehyde (MDA) determination kit were purchased from the
Jiancheng Bioengineering Institute of Nanjing (Jiangsu, China).
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Antibodies against NLRP3, ASC, caspase-1, IL-1f3, Nrf2, HO-1 and f-
actin were obtained from Cell Signaling (Boston, MA, USA). The
horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse IgG
was purchased from protein-tech (Boston, MA, USA). All other chemi-
cals, unless specifically stated elsewhere, were obtained from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Animals and treatment

Male BALB/c mice (18-20 g), 6-8 weeks old, were purchased from
Liaoning Changsheng Technology Industrial Co., LTD (Certificate
SCXK2010-0001; Liaoning, China). All animals were housed in certified
standard laboratory cages and experiments were conducted prior to use,
feeding food and water ad libitum. All studies were conducted in ac-
cordance with the International Guiding Principles for Animal
Biomedical Research published by the Council of International Medical
Scientific Organizations.

To induce ALI model, all mice were randomly assigned to five
groups: control (saline), CA only (40mg/kg), LPS only (0.5mg/kg,
dissolved in saline), LPS (0.5 mg/kg) + CA (40 mg/kg), LPS (0.5 mg/
kg) + CA (20 mg/kg), LPS (0.5mg/kg) + CA (10mg/kg), and LPS
(0.5mg/kg) + dexamethasone (Dex, 5mg/kg dissolved in saline, as
positive control). One hour after intraperitoneal injection of CA (10, 20
or 40 mg/kg), the mice received an intranasal injection of LPS. After
LPS challenge 12 h, mice were euthanized and bronchoalveolar lavage
fluid (BALF) and lung tissue were collected for testing.

2.3. Histological evaluation

After 12h of LPS challenge, the lung tissues for histological eva-
luation were not used for the collection of BALF. Lower lobe from left
lungs was removed and fixed in 4% formalin, dehydrated with ethanol,
paraffin-embedded and observed by HE staining. The lung injury score
was graded on a scale of 0 to 4 as follows: 0, 1, 2, 3, and 4, representing
normal, mild damage, moderate damage, severe damage, and very in-
tense damage, respectively [18].

2.4. Protein concentration assay in BALF

12h after administration of LPS, 0.5ml PBS was injected into the
trachea and gentle aspiration for 3 times to obtain BALF. A small por-
tion of BALF was used to determine the total protein concentration
using BCA (Bicinchoninic acid) method.

2.5. Lung wet/dry (W/D) ratios

The right lung was taken 12h after LPS administration. The lungs
were separated and the wet weight was determined. For dry weight
measurements, the lungs were incubated at 80 °C for 48 h. The ratio of
wet lung weight to dry lung weight is used to assess the edema of the
lungs [19].

2.6. Inflammatory cell counting in BALF

12h after LPS treatment, BALF was obtained after the mice were
sacrificed. The BALF was centrifuged to obtain pelleted cells, and the
pelleted cells were re-suspended in PBS and total cell, neutrophils and
macrophage counts were performed using a hemocytometer. Wright-
Giemsa staining was used for cytosine staining.

2.7. Measure of ROS contents in BALF

The level of ROS in BALF was determined using test kits purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) ac-
cording to the manufacturer's kit protocol.
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2.8. GSH, SOD, MPO and MDA detection [20]

All of the mice were sacrificed 12 h after LPS treatment, and the
mouse lung tissues were homogenized and dissolved in extraction
buffer to analyze the GSH, MPO and MDA levels according to the
manufacturer's instructions.

2.9. ELISA assay

The levels of TNF-a, IL-1f3, and IL-6 in BALF were quantified using a
commercially available ELISA kit according to the manufacturer's in-
structions. The absorbance of each well was read at 450 nm with a
microplate reader.

2.10. Western blot analysis

After 12 h of LPS treatment, the mice were sacrificed and lung tissue
was taken for western blot. Different groups of lung tissue were lysed
using RIPA with protease and phosphatase inhibitors for 30 min. And
then centrifuged, the supernatants were collected. The protein con-
centrations were determined using a BCA protein assay kit (Beyotime,
China). Protein extracts were separated by 10% SDS-PAGE and then
electrotransferred to PVDF membranes. The membrane was blocked
with 5% blocking solution (5% (w/v) nonfat dry milk) for 2h and then
blocked overnight with the primary antibody. The next day, the
membrane was washed three times with PBST, followed by incubated
for 1h with HRP-conjugated secondary antibody. Finally, the bands
were determined using the ECL western blotting system according to
the manufacturer's instruction.

2.11. Statistical analysis

The data have been analyzed using SPSS19.0 (IBM). Additionally,
comparisons between experimental groups were conducted using one-
way ANOVA, while multiple comparisons were made using the LSD
method. When p < 0.05 or p < 0.01, statistical significance was ac-
cepted.

3. Results
3.1. Effects of CA treatment on histological changes in LPS-challenged mice

To determine the effects of CA at different concentrations on his-
tological changes in LPS-challenged mice, lower lobe of left lung was
taken at 12h after LPS challenge. Compared with the control group,
LPS caused significant inflammatory cell infiltration and alveolar he-
morrhage (Fig. 1B). Pretreatment with CA (20 or 40 mg/kg) and Dex
(5 mg/kg, as positive control) significantly attenuated such pathological
changes induced by LPS. However, pretreatment with CA (10 mg/kg)
did not exhibit this effect. And the changes was also assessed by the
lung injury score (Fig. 1C). Thus, CA could significantly improve the
pathological changes induced by LPS.

3.2. Effect of CA treatment on permeability and lung water content in LPS-
induced mice

The ratio of wet lung weight to dry lung weight is used to assess the
edema of the lungs. As shown in Fig. 2A, LPS dramatically increased the
wet to dry ratio compared with control group, whereas CA and Dex
reduced the change. Total protein concentration change in BALF is a
character of capillary permeability increase. LPS exposure markedly
increased protein concentration in BALF (Fig. 2B). CA markedly de-
creased LPS-induced changes.
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Fig. 2. CA treatment improves LPS-induced protein leakage and lung W/D ratio
in BALF. (A) Effects of CA on LPS-induced lung W/D ratio of LPS-induced ALIL
(B) Effects of CA on LPS-induced protein leakage in BALF. Data was expressed
asmeans + SEM (n = 5/group). “*p < 0.01 vs the control group. **p < 0.01
vs the LPS group.

3.3. Effects of CA treatment on inflammatory cell count in the BALF

MPO is a heme-containing enzyme. MPO and MPO-derived oxidants
can surely result in tissue damages. In our results, CA could significantly
inhibit the increase of LPS-induced MPO levels (Fig. 3A). To further
verify the effect of CA on pulmonary inflammation, the total and dif-
ferent inflammatory cells in BALF were measured. Our results indicated
LPS significantly raised the levels of total cells, neutrophils and mac-
rophages in BALF. CA pretreatment markedly reduced the infiltration of
total cells, neutrophils and macrophages (Fig. 3B-D).
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Fig. 4. CA treatment decreased LPS-induced pro-inflammatory cytokines se-
cretion in BALF. BALF supernatant was collected to detect the level of pro-
inflammatory cytokines by ELISA. Data was expressed as means = SEM
(n = 5/group). **p < 0.01 vs the control group. **p < 0.01 vs the LPS group.
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3.4. Effects of CA treatment on LPS-induced cytokine production

Given that inflammatory cytokines such as TNF-a, IL-1f, and IL-6
have shown to be involved in the pathogenesis of LPS-induced ALI, we
further tested the levels of cytokine production in BALF by ELISA. In
consistent with abundant previous reports, mice subjected to LPS sig-
nificantly increased TNF-a, IL-1f3, and IL-6 production, whereas CA (20,
or 40 mg/kg) treatment ameliorated such phenomenon. However,
pretreatment with CA (10 mg/kg) did not exhibit this effect (Fig. 4).

3.5. Effects of CA treatment on ROS, GSH, MDA and SOD activity

Next, we tested the potential protective effects of CA against LPS-
induced ALI by alleviating oxidant stress. Therefore, the levels of ROS
were detected by Fluorescence microplate reader. And the levels of GSH
MDA and SOD in the lung tissues were performed following manufac-
turer's instructions. Our results showed that CA pretreatment decreased
LPS-induced ROS generation, and MDA content (Fig. 5A and B) and
obviously increased GSH and SOD levels (Fig. 5C and D).

3.6. Effects of CA treatment on LPS-induced MAPK activation

In order to further study the protective mechanism of CA, the effect
of CA on the MAPK signaling pathway was determined by Western blot
analysis. Our Western blots results indicated that LPS caused JNK, ENK
and p38 phosphorylation, but these effects were significantly inhibited
by CA pretreatment (Fig. 6).

3.7. Effects of CA treatment on NLRP3, ASC, and caspase-1 expression

Importantly, NLRP3 inflammasome activation is also necessary to
regulate the expression of inflammatory mediators, which is related to
LPS-induced ALI Our results implied that LPS challenge led to a sig-
nificant increase the protein levels of ASC, caspase-1 and NLRP3. On
the contrary, CA pretreatment significantly ameliorated such phenom-
enon (Fig. 7). In addition, it has been reported that NLRP3 inflamma-
some is essential for the maturation of IL-1f3. Western blot showed that
mature IL-1f also increased after LPS challenge for 12h, which was
reduced by CA (Fig. 7).

40
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Fig. 5. CA treatment prevents LPS-induced
oxidative stress in mice. (A) ROS generation.
The ROS of sediment cells in BALF was de-
tected by ROS detection kit. (B) MDA con-
tents. (C) The level of GSH. (D) SOD activa-
tion. Data was expressed as means + SEM
(n = 5/group). **p < 0.01 vs the control
group. *p < 0.05and **p < 0.01 vs the LPS
group.
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3.8. Effects of CA on Nrf2 and its downstream gens expression

An increasing body of literature has suggested that the protective
effects of Nrf2 on ALI [21,22]. As expected, CA treatment also evoked a
notable increase in the expression of Nrf2 and its downstream enzymes
including HO-1, GCLM, GALC and NQO1 (Fig. 8).

4. Discussion

More and more studies have shown that inflammatory responses can
stimulate excessive production of ROS, whereas oxidative stress can
also induce inflammatory responses [23]. Inflammation and oxidative
stress are considered to be two important factors involved in the pa-
thogenesis of ALI [24]. Moreover, LPS could stimulate the production of
excessive cytokines, chemokines and ROS [25]. Therefore, LPS is the
ideal inducer of acute lung injury model. Several studies have demon-
strated that chicoric acid (CA) suppressed cerebral ischemia-reperfusion
injury by its anti-oxidative effect [26], and possessed anti-inflammation
capacity [27,28]. However, the role of CA in LPS-induced mine with
ALI has not been assessed. In our study, we explore if the anti-In-
flammatory and anti-oxidant activities of CA have a role in the treat-
ment of LPS-induced ALIL

We evaluated the protective effect of CA on LPS-induced lung injury
in mice by H&E staining for observing histological changes. We found
that CA could significantly relieve LPS-induced lung injury and reduce
inflammatory cells immersion and alveolar hemorrhage. In addition,
the lung wet/dry weight ratios and protein concentration is two im-
portant indicators of lung injury, LPS could significantly cause the in-
crease of wet/dry weight ratios and protein concentration in BALF,
whereas the CA treatment ameliorated such phenomenon. It has been
report that LPS could trigger inflammatory cell infiltration and lead to
high expression of cytokines in the exudative phase of LPS-induced ALI
[29,30]. In our study, CA significantly inhibited the number of total
cells, neutrophils and macrophages, which was associated with inhibi-
tion of cytokine production including TNF-a, IL-1f3, and IL-6. The re-
sults provide evidence of the protection of CA against LPS-induced ALI,
which is related to its anti-inflammatory effects.

Accumulating evidence reveals that the inhibition of multiple in-
flammatory regulatory factors can reduce animal damage [31]. Re-
cently, many studies have focused on LPS-induced inflammation-re-
lated signaling pathways [32], including mitogen-activated protein
kinase (MAPK) [33-35]. The MAPKs family is composed of c-Jun N-
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group.

terminal kinase (JNK) and extracellular signal-regulated protein kinase
(ERK) and p38, which plays an important role in the inflammatory
process [36,37]. In our present study, CA treatment suppressed LPS-
activated JNK, ERK and p38 phosphorylation. In addition, NLRP3 in-
flammasome activation is involved in the development of many in-
flammatory diseases. Activation of the NLRP3 inflammasome subse-
quently activates caspase-1, which triggers the maturation of IL-1f3 by
hydrolyzing pro-IL-1p. In the early stages of ALL IL-1p is a fairly active
cytokine that causes the release of proinflammatory mediators such as

levels of lung tissues were analyzed by Western blot. And quantification of the
SEM (n = 5/group). **p < 0.01 vs the control group. **p < 0.01 vs the LPS

IL-6 and IL-8 [38]. And then, inflammatory cells are recruited through
these inflammatory mediators, excessive inflammation eventually leads
to subsequent lung damage [39]. A lot of evidence has showed that LPS
can activate NLRP3 inflammasome [40]. In our present study, LPS
significantly increased the protein levels of NLRP3, ASC, caspase-1 and
IL-1f3, whereas CA treatment ameliorated such phenomenon. From the
above evidence, the protective effects of CA against LPS-induced ALI
may derive from its anti-inflammatory effect through inhibiting MAPK
and NLRP3 activation.
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