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Abstract—Cyanidin-3-O-glucoside (C3G), an anthocyanin belonging to the flavonoid family and
commonly present in food and vegetables in human diet, has exhibited anti-inflammatory and anti-
oxidant effects. This study aimed to investigate the protective ability of C3G against inflammatory and
oxidative injuries, as well as to clarify the possible mechanism in lipopolysaccharide (LPS)-stimulated
human umbilical vein endothelial cells (HUVECs) in vitro and acute respiratory distress syndrome
mouse model in vivo. HUVECs or male Kunming mice were pretreated with C3G 1 h before LPS
stimulation. C3G significantly inhibited the production of pro-inflammatory cytokines (tumor necrosis
factor-α, interleukin (IL) -6, and IL-1β) in cell supernatants and bronchoalveolar lavage fluid (BALF) as
determined by enzyme-linked immunosorbent assay. Histopathologic examination with hematoxylin
and eosinstaining showed that C3G pretreatment substantially suppressed inflammatory cell infiltration,
alveolar wall thickening, and interstitial edemain lung tissues. C3G markedly prevented LPS-induced
elevation of malondialdehyde and myeloperoxidase levels in lung tissue homogenates, wet to dry ratio
of lung tissues, total cells, and inflammatory cells (neutrophils and macrophages) in BALF. Moreover,
C3G reduced superoxide dismutase activity in the lung tissue homogenates. Western blot assay also
showed that C3G pretreatment significantly suppressed LPS-induced activation of nuclear factor-
kappaB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways by blocking the
phosphorylation of inhibitor κB-α, NF-κB/P65, extracellular signal-regulated kinase, p38, and c-Jun
NH2-terminal kinase in the lung tissues. In summary, C3G may ameliorate LPS-induced injury, which
results from inflammation and oxidation, by inhibiting NF-κB and MAPK pathways and playing
important anti-inflammatory and anti-oxidative roles.

KEYWORDS: acute respiratory distress syndrome/acute lung injury (ARDS/ALI); LPS; C3G; nuclear factor-kappa
B (NF-κB); mitogen-activated protein kinases (MAPKs).

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is the
more severe form of acute lung injury (ALI). ARDS is a
complex devastating clinical syndrome characterized by
increased production of pro-inflammatory cytokines, neu-
trophil accumulation, disruption of pulmonary endothelial
and epithelial cell capillary barriers, and leakage of pro-
teins into alveolar space [1, 2]. Diverse predisposing fac-
tors participate in ARDS development. Such factors in-
clude sepsis, shock, and pneumonia. Sepsis and sepsis-
related ARDS significantly contribute to worldwide mor-
bidity and mortality [3, 4]. As a cell wall component of
gram-negative bacteria, lipopolysaccharide (LPS) is an
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important pathogen leading to ARDS [5]. Experimental
administration of LPS has also been used to induce ARDS
in animal models. Activation of novel therapeutic targets,
namely, nuclear factor-kappa B (NF-κB) and mitogen-
activated protein kinase (MAPK), is an important step in
ARDS development [6]. Upon exposure to LPS, NF-κB
will be activated and will release numerous cytokines,
including tumor necrosis factor-α (TNF-α), interleukin
(IL)-1β, and IL-6, as well as reactive oxygen species,
which play a critical role in ARDS [7, 8]; thus, MAPK
pathways, such as p38 MAPK, c-Jun NH2-terminal kinase
(JNK), and extracellular signal-regulated kinase (ERK),
also participate in ARDS development.

Anthocyanins, which belong to the family of flavo-
noids in nature, exhibit various health benefits, primarily
anti-oxidative and anti-inflammatory properties. Cyanidin-
3-O-glucoside (C3G; Fig. 1), which is one of the most
abundant anthocyanins [9] commonly present in food and
vegetables in human diet, exhibits anti-inflammatory and
anti-oxidative effects [10, 11]. Based on recent studies, we
hypothesized that C3G might exert preventive and thera-
peutic effects on ARDS. Thus, our main design assessed
the protection afforded by C3G in an ARDSmodel in vivo,
as well as in human umbilical vein endothelial cells
(HUVECs) in vitro, to further investigate the possible
protective mechanisms related to the suppression of NF-
κB and MAPK pathways.

MATERIALS AND METHODS

Animals

Adult male Kunming mice (age 8 to 10 weeks,
weighing 18 to 20 g) were purchased from Shandong Lvye
Pharmaceutical Company (Yantai, PR China). All animals

were housed individually at 22±2 °C and 50±10 % rela-
tive humidity with a 12 h light/dark cycle. They were
allowed with free access to food and water. The animals
were used in complete compliance with the National Insti-
tute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23) revised 1996. The
mice were allowed to adapt to the environment for 2 days
to 3 days before experimentation.

Chemicals and Reagents

C3Gwas purchased from Dalian Meilun Biology Tech-
nology Co., Ltd. (Liaoning, China) with purity >98 %. LPS
(Escherichia coliLPS, 055:B5), dimethyl sulfoxide (DMSO),
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT), sodium dodecyl sul fa te (SDS),
phenylmethylsulfonyl fluoride, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and streptomycin/penicillin were
purchased from Sigma Aldrich Co. Mouse TNF-α, IL-6, and
IL-1β enzyme-linked immune sorbent assay (ELISA) kits
were purchased from BioLegend (San Diego, CA, USA).
Rabbit mAb, NF-κB/P65, inhibitor κB (IκB)-α, p44/42
Erk, phospho-p44/42 Erk, p38, phospho-p38, SAPK/JNK,
and phospho-SAPK/JNK were purchased from Cell Signal-
ing Technology, Inc. (MA, USA). Horseradish peroxidase -
conjugated goat anti-rabbit antibodies were provided by GE
Healthcare (Buckinghamshire, UK).

In Vitro Study

Cell Culture and Treatment

HUVECs were purchased from the China Cell Line
Bank (Beijing, China). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10 % heat-inactivated fetal bovine serum (Invitrogen/
Gibco Life Technologies, Carlsbad, CA), penicillin
(100 U/mL), and streptomycin (100 g/mL) in a humidified
atmosphere of 5 % CO2 and 95 % air at 37 °C. Cells were
sub-cultured at confluence and used between the third and
eighth passages for all experiments. When the cells were
grown to confluence, the culture medium was replaced
with the serum-free medium for an additional 24 h incuba-
tion to render the cells quiescent before adding stimulus.
For all experiments, C3G was consistently dissolved in
DMSO and used immediately. The final concentration of
DMSO in the culture medium upon different treatments
was <0.1 %. All the endothelial cells were incubated with
or without various concentrations of C3G, which were
always added 1 h prior to LPS (1 μg/mL) stimulation.
Control cells were not exposed to LPS.Fig. 1. Chemical structures of cyanidin-3-O-glucoside.
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MTT Assay for Cell Viability

Cell viability was assessed by MTT formazan, which
is directly proportional to the number of living cells.
HUVECs were plated at a density of 4×105 cells/mL onto
96-well plates in a 37 °C, 5 % CO2 incubator for 1 h. The
cells were then treated with different concentrations of
C3G (0 to 200 μg/mL and 50 μL/well) for 1 h, followed
by stimulation with LPS (1 μg/mL and 50 μL/well). After
18 h, 20 μL of MTT (5 mg/mL) was added to each well.
The cells were further incubated for 4 h at 5 % CO2 and
95 % air at 37 °C. The supernatant was then removed, and
formazan formation was resolved with 150 μL/well of
DMSO. The optical density was measured at 570 nm on
a microplate reader. Concentrations were determined for
three wells of each sample, and each experiment was
performed in triplicate.

Cytokine Assays In Vitro

Cells were plated onto 24-well plates (105 cells per
well) and added with diverse concentrations of C3G (0,
12.5, 25, and 50 μg/mL). After 1 h, cells were incubated
with or without LPS (1 μg/mL) in a 37 °C, 5 % CO2

incubator for 6 h. The control group was added with
equal volume of DMEM. The collected cell supernatants
were assayed with cytokines by ELISA for TNF-α, IL-6,
and IL-1β in accordance with the manufacturer’s
instructions.

In Vivo Study

Experimental Design

A pilot study was conducted with C3G at a single
dose of 12.5,25,50, and 100 mg/kg to determine the dose-
dependent effect on LPS-induced ARDSmice. At 6 h after,
the mice were induced with LPS (12.5 to 50 mg/kg); C3G
significantly reduced the elevated concentrations of TNF-
α, IL-6, and IL-1β levels in bronchoalveolar lavage fluid
(BALF), as well as the superoxide dismutase (SOD), and
malondialdehyde (MDA) levels in lung tissue homoge-
nates. By contrast, C3G improved the lung tissue homog-
enate level of myeloperoxidase (MPO). Hence, 50 mg/kg
of C3G was the selected dose for a follow-up study.

Experimental animals were randomly allocated into
three groups, namely, the control group, LPS group, and
C3G + LPS group. C3G (50 mg/kg) was intraperitoneally
injected to animals. After 1 h, the LPS and C3G+LPS
groups were intraperitoneally injected with LPS (20 mg/
kg) to induce lung injury. The control group received equal

volume of normal saline instead of LPS in the same man-
ner. All the mice were alive after 6 h LPS stimulation.

BALF Collection

At 6 h after LPS stimulation, BALF collection was
performed thrice through a tracheal cannula with
autoclaved PBS and instilled up to a total volume of
1.5 mL. The selected doses of these drugs were based on
our previous studies and preliminary experiments. The
recovery rate of BALF was >90 %. The BALF recovered
from each sample was immediately centrifuged (4 °C,
3,000 rpm, 10 min).

Inflammatory Cell Counts and Measurement of Cytokines
in BALF

The sediment cells were resuspended in 50 μL of
PBS, and cell differentiation was determined using a he-
mocytometer. Differences in cell numbers were examined
by counting on a smear prepared by Wright-Giemsa stain-
ing. TNF-α, IL-1β, and IL-6 in the BALF were evaluated
with the corresponding ELISA kitsin accordance with the
manufacturer’s instructions.

Measurement of Lung Wet/Dry Weight Ratio

After the mice were euthanized and the lungs were
excised by blunt dissection, the lungs were blotted dry,
weighed to obtain the “wet” weight, and then placed in
an oven at 80 °C for 48 h to acquire the “dry” weight. The
lung wet/dry (W/D) weight ratio was calculated to assess
tissue edema.

Histological Assessment

Histopathologic examination was performed on mice
that were not subjected to BALF collection. After excision
blunt dissection, the pulmonary tissue samples were fixed
in normal 10 % neutral buffered formalin for 48 h, follow-
ed by dehydration in ascending series of alcohol and em-
bedding in paraffin wax, then sliced. Sections (5 μm thick)
were stained with hematoxylin and eosin. Pathological
changes of lung tissues were observed under a light micro-
scope. The rest of pulmonary tissues were flash frozen in
liquid nitrogen and stored at −80 °C for analyses of MPO,
MDA, and SOD.

Measurement of MPO, MDA, and SOD

Mice were sacrificed 6 h after LPS challenge under
diethyl ether anesthesia. Lung tissues were frozen in liquid
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nitrogen and homogenized in PBS. The MPO activity in
10% of lung tissue homogenates was determined using test
kits purchased from Nanjing Jiancheng Bioengineering
Institute (Jiangsu, China) in accordance with the manufac-
turer’s instructions. The rest of the homogenate dilution
was centrifuged at 4,000×g/10 min at 4 °C.MDA and SOD
levels were detected using the supernatants in accordance
with the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, China).

Western Blot Analysis

At 6 h after LPS induction, the lung tissues were
harvested and frozen in liquid nitrogen immediately until
homogenization and stored at −80 °C until use. The ex-
traction of nuclear proteins from lung tissues was per-
formed using a nuclear and cytoplasmic protein extraction
kit (Beyotime Institute of Biotechnology, China) following
the manufacturer’s protocol. To extract the total protein
from the lung tissues, protein concentrations were deter-
mined by BCA protein assay kit, and equal amounts of
protein were loaded per well on a 10 % SDS polyacryl-
amide gel. Theproteins were then transferred onto
polyvinylidene difluoride membranes. These membranes
were washed in Tris-buffered saline with Tween 20
(TBST) and incubated in 5 % skim milk for 2 h at room
temperature on a rotary shaker to reduce non-specific
bindingand then washed again in TBST. Subsequently,
the samples were probed overnight at 4 °C on the shaker
with primary antibodies, including nuclear and cytoplas-
mic NF-κB/P65 and phosphorylated and non-
phosphorylated forms of IκB-α, ERK, JNK, or p38 dilu-
tion in 1:1,000 primary antibody diluent. GAPDHWestern

blot was performed as an internal control of protein load-
ing. The membrane was then washed with TBST followed
by incubation with peroxidase-conjugated secondary anti-
body at room temperature for 1 h. Protein bands were
detected by an ECL detection kit (Thermo Fisher Scientif-
ic, Inc.) in accordance with the manufacturer’s instructions.

Statistical Analysis

All values were expressed asmeans±SEM.Datawere
analyzed using one-way ANOVA (Dunnett’s t test) and
two-tailed Student’s t test. Two-tailed P<0.05 or P<0.01
was considered statistically significant. Statistical analyses
were conducted with SPSS 13.0.

RESULTS

C3G at Some Concentrations Showed Nontoxic effect
on HUVECs

After 18 h of cell incubation, the cell viability was
evaluated by MTT assay to determine whether C3G ex-
hibits potential cytotoxicity on HUVECs. Cells were incu-
bated at concentrations ranging from 0 to 200 μg/mL with
C3G. The results showed that C3G did not display any
cellular toxicity against HUVECs at concentrations of 0,
12.5, 25, and 50 μg/mL. However, at 100 μg/mL, C3G
exhibited cellular toxicity. The results showed that C3G at
concentrations from 12.5 to 50 mg/L induced no cytotoxic
effect on HUVECs (Fig. 2).

Fig. 2. Effect of C3G on the viability of HUVECs. Cells were cultured with C3G (0 to 200 μg/mL). Cell viability was evaluated by MTT reduction assays.
Data were presented as mean±SEM of three independent experiments.
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C3G Could Inhibit the Induction of TNF-α, IL-1β,
and IL-6 After LPS Stimulation

TNF-α, IL-1β, and IL-6 concentrations in the culture
supernatant of HUVECs were measured using the ELISA
kits (Fig. 3a–c). Endothelial cells treated with LPS alone
significantly increased TNF-α, IL-1β, and IL-6 compared
with the control group. However, C3G pretreatment con-
siderably inhibited the induction of TNF-α, IL-1β, and IL-
6 upon LPS stimulation.

C3G Could Decrease the Number of Cells in BALF
of LPS-Induced mice

In the current study, we analyzed the total cells, neu-
trophils, and macrophages in BALF 6 h after LPS

administration. Compared with the control group, the num-
ber of total cells, neutrophils, and macrophages were mark-
edly increased after treatment with LPS alone (Fig. 4a–c).
By contrast, C3G pretreatment significantly decreased the
number of total cells, neutrophils, and macrophages in a
dose-dependent manner.

C3G Down-Regulated the Production of Cytokines in
BALF in Different Concentrations

The levels of the cytokines TNF-α, IL-6, and IL-1β
in BALF were analyzed 6 h after intraperitoneal injection
of LPS to ensure the anti-inflammatory effects of C3G on
pulmonary inflammation initiated by endotoxin. The levels
of TNF-α and IL-6 were markedly elevated after LPS

Fig. 3. Effects of C3G on expression of pro-inflammatory cytokines in LPS-stimulated HUVECs. TNF-α (a), IL-1β (b), and IL-6 (c) concentrations in
culture supernatants of HUVECs were measured using enzyme-linked immunosorbent assay (ELISA) kits. Values represented as mean±SEM of three
independent experiments, and the differences between mean values were assessed by Student’s t test. **P<0.01 versus LPS group; *P<0.05 versus LPS
group; ##P<0.01 versus control group.
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stimulation (Fig. 5a-c). However, after acute LPS stimula-
tion, C3G downregulated the IL-6, IL-1β, and TNF-α in a
dose-dependent manner at 12.5, 25, and 50 mg/kg, respec-
tively, compared with the group treated with LPS alone.

C3G Reduced the Severity of Histopathologic Changes
in Lung Tissues

At 6 h after intraperitoneal injection of LPS, the
sections of lung tissues were subjected to hematoxylin
and eosin staining to evaluate the C3G effects on histo-
pathologic changes in LPS-induced mice. In contrast with
the lung specimens of the control group (Fig. 6a), those of
the LPS group (Fig. 6b) were significantly damaged with

inflammatory cell infiltration, alveolar wall thickening, and
interstitial edema. For the C3G-treated groups (Fig. 6c), the
severity of histopathologic changes in lung tissues were
significantly reduced at the degree of inflammatory cell
infiltration.

C3G Decreased the W/D Weight Ratio in LPS-
Stimulated Mice Model

Lung tissue edema is one of the typical features of
ARDS. In this study, we used lung W/D weight ratios to
independently evaluate the LPS-induced changes in pul-
monary vascular permeability to water (Fig. 7). LPS
instilled for 6 h significantly increased the lung wet to

Fig. 4. Effects of C3G on inflammatory cell count in BALF of LPS-induced mice. Mice were intraperitoneally injected with C3G (12.5, 25, or 50 mg/kg) 1 h
prior to LPS induction. BALFwas collected at 6 h following LPS challenge to measure the numbers of total cells (a), neutrophils (b), and macrophages (c) in
BALF 6 h after LPS administration. Values presented were mean±SEM (n=6 in each group). **P<0.01 versus LPS group; ##P<0.01 versus control group.
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dry weight ratio compared with the control group. By
contrast, pretreatment with C3G could efficiently decrease
the W/D weight ratio (Fig. 7).

C3G Increased the Level of SOD and Decreased the
Content of MPO and MDA in Lung Tissues

Compared with the lung tissues of the control
group, those of the LPS group exhibited significant
increases in MPO (Fig. 8a) and MDA (Fig. 8b)
levels. However, the MPO and MDA activities were
reduced in the C3G-treatment group compared with
those in the LPS group. After LPS administration,
the SOD activity (Fig. 8c) in lung tissue was

markedly decreased compared with that in the control
group. However, the level of SOD increased in C3G-
treated mice compared with that in the LPS group.

C3G Inhibited the Activation of NF-κB and MAPK
Signal Pathway in LPS-Induced Mice

NF-κB (Fig. 9a) and MAPK (Fig. 9b) signaling path-
ways play important roles in the regulation of inflammato-
ry process. Thus, we performed Western blot assay to
investigate the effects of C3G on the activation of NF-
κB-p65 subunits in the nucleus, as well as phosphor-IκB-
α, phosphor-ERK, phosphor-JNK, phosphor-p38, and
IκB-α in the lung tissues 6 h after LPS treatment. NF-

Fig. 5. Effects of C3G on concentrations of cytokine production in BALF. Levels of cytokines TNF-α (a), IL-1β (b), and IL-6 (c) in BALF were analyzed
6 h after intraperitoneal injection of LPS with corresponding ELISA kits. Values presented were mean±SEM (n=6 in each group). **P<0.01 versus LPS
group; ##P<0.01 versus control group.
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κB-p65 and phosphor-IκB-α were markedly increased
(Fig. 9) compared with the control group. The results also
showed that LPS stimulation increased the phosphoryla-
tion of p38, JNK, and ERK after LPS administration.
Pretreatment with C3G (50 mg/kg) inhibited the phosphor-
ylation of IκB-α, p38, JNK, and ERK. Simultaneously, the
C3G group markedly inhibited NF-κB-p65 translocation.

DISCUSSION

LPS is a glycolipid that constitutes the major portion
of the outer membrane of gram-negative bacteria. LPS can
bind to the cell membrane receptor of the monocytes/
macrophages, which plays an important role in the devel-
opment of most ARDS cases [12, 13], increases endothelial
permeability and tissue damage, enters the bloodstream,
and elicits inflammatory response with excessive produc-
tion of inflammatory cytokines and edema in the lungs [14,
15]. Endothelial injury or dysfunction is an acknowledged

finding among patients and experimental animals with
ARDS. As a remarkable pro-inflammatory factor, LPS is
relevant to the pathogenesis of endothelial cell injury or
dysfunction by eliciting a wide array of endothelial re-
sponses [16]. Neutrophils excrete MPO, which reflects
the infiltration of neutrophils and correlates with the num-
ber of neutrophils [17] into the extracellular medium under
LPS stimulation, thereby generating MPO-derived oxi-
dants and leading to tissue damage. In the development
and manifestations of ARDS, oxidative stress causes seri-
ous damage to cellular structure and function [18, 19].
Both MDA [20] and SOD [21] are endogenous agents that
can eliminate ROS. Moreover, alveolar macrophages
phagocytize and kill invading pathogens actively, thereby
releasing cellular mediators to induce inflammatory and
immune responses.

Our study showed that exposure to LPS could induce
MPO production and increase the total cells, neutrophils,
macrophages in BALF, and MDA activity in lung tissues.
Our study also demonstrated that LPS markedly decreased
the SOD activity in lung tissues, which is consistent with
the decreased SOD activity in ARDS patients [22]. As
expected, intraperitoneal injection of C3G to mice signifi-
cantly reduced the LPS-induced increment of MPO activ-
ity which is consistent with research of Fu [23] and de-
creased the total cells, neutrophils, macrophages in BALF,
and MDA activity. By contrast, SOD level was increased.
Effects of C3G on MDA activity and SOD level are

Fig. 7. Effects of C3G on lungW/D ratio in LPS-stimulated mice model. Mice were intraperitoneally injected with C3G (12.5, 25, or 50 mg/kg) 1 h prior to
LPS induction. Lung W/D ratio was determined at 6 h after LPS challenge. Values presented were mean±SEM (n=6 in each group). **P<0.01 versus LPS
group; ##P<0.01 versus control group.

Fig. 6. Effects of C3G on histologic changes in lung tissues (A, B,C,D, E
×100; a, b, c, d, e ×200). After a 6-h intraperitoneal injection of LPS,
sections of lung tissues were subjected to hematoxylin and eosin staining.
Lung tissues (n=4) from each experimental group were processed for
histological evaluation at 6 h after LPS challenge. A (a) control group, B
(b) LPS group, C (c) LPS+C3G (12.5 mg/kg) group, D (d) LPS+C3G
(25 mg/kg) group, and E (e) LPS+C3G (50 mg/kg) group.

R
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consistent with research in streptozotocin-diabetic rats by
Nasri S [24]. These findings suggest that C3G may de-
crease the LPS-induced pulmonary inflammation and in-
jury by reducing inflammatory cell accumulation andMPO
activity and elevating antioxidant levels.

Pro-inflammatory cytokines of TNF-α, IL-1β, and
IL-6 play critical roles in amplifying the inflammatory
responses and injuries in the development of LPS-
induced ARDS. Other pro-inflammatory compounds initi-
ate, amplify, and perpetuate the inflammatory response [25,
26]. As the earliest and primary pro-inflammatory factor,
TNF-α can elicit the inflammatory cascade, cause damage
to the vascular endothelial cells, and induce alveolar epithe-
lial cells to produce other cellular factors, such as IL-6 [7].

TNF-a and IL-6 amplify the inflammatory cascade, cause
inflammatory injury, and recruit neutrophils into the lung
and induce the production of IL-1β [26]. Therefore,
inhibiting the overproduction and expression of pro-
inflammatory cytokines is very indispensable in re-
ducing LPS-induced pulmonary injuries. As a typical
symptom of the inflammatory process, edema also
plays a key role in ARDS development [27, 28].

In our present research, the expression of TNF-α, IL-
1β, and IL-6 was markedly overproduced after LPS ad-
ministration in both the culture supernatant of HUVEC and
the BALF of mice. However, these cytokines were signif-
icantly inhibited by C3G treatment 1 h before LPS admin-
istration, which is consistent with the research entitled

Fig. 8. Effects of C3G on MPO, MDA, and SOD activities in LPS-induced mice. At 6 h after LPS instillation, lung homogenates were prepared for
determination of MPO (a), MDA (b), and SOD (c) activities. Data were presented as mean±SEM (n=6 in each group). **P<0.01 versus LPS group;
##P<0.01 versus control group.
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“Cyanidin-3-O-glucoside ameliorates lipopolysaccharide-
induced acute lung injury by reducing TLR4 recruitment
into lipid rafts.” The results indicated that the effects of
C3G might be attributed to the inhibition of pro-
inflammatory cytokine release on LPS-induced ALI. The
W/D weight ratio of the lung tissues was determined to
quantify the magnitude of pulmonary edema, which was
significantly improved by C3G in LPS-challenged mice.
The histopathological changes in the lung tissues of the
model group, such as pro-inflammatory cell infiltration,
hyaline membrane formation, and alveolar edema, oc-
curred relatively rare in the C3G groups; This result con-
firmed that C3G could alleviate the severity of histopath-
ologic changes in LPS-challenged mice. In summary, our
results showed that C3G could attenuate lung injury sever-
ity in LPS-stimulated mice.

To further investigate the inhibitory effects of C3G on
LPS-induced lung tissues, we examined the effects of C3G
on the activation of MAPK and NF-κB signaling path-
ways. NF-κB, which consists of p50, p65, and IκB-α
[29], is sequestered in the cytoplasm by binding to the
members of the inhibitor κB protein. After stimulation with
LPS or ROS, the degradation and phosphorylation of IκB-
α will increase. NF-κB P65 is then released from the NF-
κB/IκB complex and is translocated from the cytoplasm
into the nucleus, leading to the transcription of specific
target genes, such as TNF-α, IL-1β, IL-6, and ROS [30,
31]. MAPKs also play an important role in inducing cyto-
kine production. Inhibition of MAPK family pathways,
such as ERK, p38, and JNK, can alleviate the production
of pro-inflammatory cytokines [32]. Research has shown
that C3G can inhibit LPS-induced inflammatory response

Fig. 9. Effects of C3G on NF-κB activation in LPS-induced mice. Mice were intraperitoneally injected with C3G (12.5, 25, or 50 mg/kg) 1 h prior to LPS
induction. Nuclear proteins from lung tissues were extracted using a nuclear and cytoplasmic protein extraction kit (Beyotime Institute of Biotechnology,
China) following themanufacturer’s protocol. Similar results were obtained in three independent experiments, and one of the three representative experiments
was shown. **P<0.01 versus LPS group; ##P<0.01 versus control group. a IκBα, phosphor-IκBα, and cellular nucleus NF-κB-p65 after pretreatment with
C3G and LPS challenge. b Phosphorylation of ERK, JNK, and p38 after pretreatment with C3G and LPS challenge. Data represented three independent
experiments and were expressed as mean±SEM. **P <0.01 versus LPS group; ##P<0.01 versus control group.
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in mouse mastitis model [33]. C3G also inhibits TNF-α-
induced oxidative damage in HUVECs by nuclear translo-
cation of NF-κB [11]. Thus, in our study, the effects of
C3G on the activation of NF-κB-p65 subunits in the nu-
cleus, phosphor-IκB-α, phosphor-ERK, phosphor-JNK,
and phosphor-p38 were activated in the lung tissues by
Western blot assay. C3G significantly inhibited the activi-
ties of these kinases. C3G treatment could also decrease
LPS-induced cytokine production, which might be associ-
ated with the effects on the NF-κB and MAPK signaling
pathways.

In summary, we demonstrate the preventive and ther-
apeutic effects of C3G in LPS-induced HUVEC and
mouse models; These effects are indicated by de-
creased pro-inflammatory cytokines in cell superna-
tants and BALF, attenuation of lung edema, and
improvement of the pathologic changes and oxida-
tive stress injury in the lung tissues. C3G can also
inhibit the activation of phosphor-IκB-α, phosphor-
ERK, phosphor-JNK, and phosphor-p38. These find-
ings suggest that C3G exhibits a protective effect on
LPS-induced injury in vivo and in vitro, and the

Fig. 9. (continued)
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most possible mechanism may be related to the anti-
inflammatory and anti-oxidative effects by suppres-
sion of the NF-κB and MAPK signaling pathways.
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