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� Forsythiaside A regulated PPAR-c/
RXR-a complex and inhibited TLR4/
MAPK/NF-jB and MLCK/MLC2 signal
pathways, thus inhibiting
inflammation and epithelial barrier
damages in the lungs and colons of
LPS-induced ALI mice.

� Forsythiaside A promoted the
expression of PPAR-c/RXR-a complex
in lung tissues, whereas suppressed
the overexpression of PPAR-c/RXR-a
complex in colon tissues.

� Forsythiaside A regulated the activity
of PPAR-c/RXR-a complex to inhibit
the activation of TLR4/MAPK/NF-jB
and NF-jB/MLCK/MLC2 signal
pathways induced by LPS and TNF-a,
thereby suppressing inflammation
and epithelial barrier damages in
macrophages, as well as lung and
colon epithelial cells.

� Forsythiaside A had the cell-specific
regulatory effects on the PPAR-c/
RXR-a complexes. It promoted the
interactions between PPAR-c/RXR-a
proteins in LPS-induced macrophages
RAW264.7 and TNF-a-induced lung
epithelial cells A549, while inhibiting
the interactions in TNF-a-induced
colon epithelial cells SW620.
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Introduction: Acute lung injury (ALI) is a lung disease characterized by inflammation and still requires
further drug development. Forsythiaside A as the active compound of Forsythiae Fructus has the thera-
peutic potential for ALI.
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Objective: To investigate the mechanism of forsythiaside A in treating ALI through PPAR-c and its conju-
gate RXR-a based on gut-lung axis.
Methods: This study constructed in vitro and in vivo injury models using LPS and TNF-a. Forsythiaside A
was used for the drug treatment, and RXR-a inhibitor UVI3003 was used to interfere with PPAR-c/RXR-a
complexes in the cells. HE staining was used for histopathological examination. Serum endotoxin con-
tents were determined using limulus lysate kit. IHC staining and Western blot were conducted to assess
the protein expressions. ELISA was applied to examine the content of pro-inflammatory cytokines in the
cell supernatants. The protein interactions were analyzed via CO-IP.
Results: In vivo results showed that forsythiaside A regulated PPAR-c/RXR-a and inhibited TLR4/MAPK/
NF-jB and MLCK/MLC2 signal pathways, thus inhibiting inflammation and epithelial barrier damages
of lung and colon in ALI mice induced by intratracheal LPS. PPAR-c/RXR-a were promoted by forsythi-
aside A in lungs, whereas inhibited by forsythiaside A in colons. Additionally, in vitro results showed that
forsythiaside A suppressed inflammation and epithelial barrier damages in macrophages and lung/colon
epithelial cells, by manipulating PPAR-c/RXR-a to suppress the LPS- and TNF-a-induced activation of
TLR4/MAPK/NF-jB and NF-jB/MLCK/MLC2 signal pathways. Moreover, further mechanism study indi-
cated that forsythiaside A showed a cell-specific regulatory effect on PPAR-c/RXR-a complex.
Specifically, the PPAR-c/RXR-a protein interactions were promoted by forsythiaside A in LPS-induced
macrophages RAW264.7 and TNF-a-induced lung epithelial cells A549, but inhibited by forsythiaside A
in TNF-a-induced colon epithelial cells SW620.
Conclusion: In the treatment of ALI, Forsythiaside A inhibited inflammation and epithelial barrier dam-
ages of lung and colon through its regulation on PPAR-c/RXR-a complex.
2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS), are acknowledged as a type of lung disease distinguished
by diffuse inflammatory cell infiltration, haemorrhage and pul-
monary oedema [1,2]. Direct and indirect factors that can induce
ALI/ARDS include inhalation, pneumonia, sepsis, trauma, pancre-
atitis and transfusion, among others [3]. Many researches suggest
that inflammation is critical to the pathogenesis of ALI/ARDS.
Specifically, large numbers of immune cells aggregate at the sites
of injury, initiating a series of inflammatory signaling transduction
and releasing a plethora of pro-inflammatory cytokines. Subse-
quently, inflammation destroys the barrier function of alveolar
epithelium and vascular endothelium, which increases the perme-
ability of alveolar-capillary membrane. This causes protein-rich
edema fluid to accumulate into the lung interstitium, ultimately
leading to pulmonary oedema and tissue damage [4,5]. Currently,
in addition to mechanical ventilation, pharmacological interven-
tion remains as the primary therapeutic approach for ALI/ARDS
[6]. Corticosteroids are considered as the ideal drugs for treating
ALI/ARDS due to their broad anti-inflammatory activity. However,
the application of corticosteroids is limited by numerous adverse
reactions, such as muscular weakness, damaged physical function,
allergic reaction and neurocognitive dysfunction [7]. Therefore,
there is a requirement for additional support in terms of treatment
approaches and medication for ALI.

In current years, the emerging theory of gut-lung axis has
uncovered the intimate connection between the intestines and
lungs, with a focus on mucosal immunity. The mucosal sites of
the intestines and lungs constitute the important barriers of the
body to directly defend against the external environment, and have
a bearing on the innate and adaptive immunities [8–10]. The gut-
lung axis has elucidated how the intestines and lungs can influence
each other’s immune responses through the systemic circulation.
For example, some studies have shown that patients and animal
models with inflammatory bowel disease (IBD) exhibited the man-
ifestations of pulmonary pathology [11,12]. Conversely, patients
afflicted with different lung diseases including asthma, chronic
obstructive pulmonary disease (COPD) and Corona Virus Disease
2019 (COVID-19), also suffered from the symptoms of intestinal
discomfort [13,14]. Some studies have brought insight into the
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pathogenic mechanism between the gut and lung. During the time
of lung and intestinal injuries, some pathogens can enter the
bloodstream through the epithelial barrier and be recognized by
immune cells from the gut and respiratory tract, triggering a cas-
cade of local and distant inflammatory responses [8,15]. The
epithelial barrier is an important component for sustaining the
structural stability and immunity homeostasis of intestines and
lungs. Epithelial cells connect with each other through a series of
protein complexes such as adherent junction proteins (for
instance, E-cadherin) and tight junction proteins (for instance,
ZO-1 and Claudin-1), forming an important barrier that resists
external infections [16,17], thus protecting local tissues and avoid-
ing distant inflammatory injuries [18]. Inflammation is considered
an important factor that damages epithelial barriers in both lung
and intestine tissues. Pro-inflammatory cytokines consisting of
IFN-c, TNF-a, IL-1b and others can increase the cell permeability
by reducing junction proteins. As a consequence, the barrier func-
tion of the lungs and intestines is compromised, leading to disrup-
tion and dysfunction [19–22]. After damage to the epithelial
barriers, bacterial toxins such as lipopolysaccharide (LPS) can enter
the systemic circulation, exacerbating immune responses in dis-
tant tissues. For example, LPS derived from gut microbiota can be
transported to the lungs where it activates the immune responses
[23]. Lung infusion of LPS was able to disturb the stability of the
gut epithelium and microbiome, increasing the infective risk from
exogenous factors [24,25]. These studies suggest that the epithelial
barriers promote the stabilization of immunity function in the gut-
lung axis but could be impaired by inflammation, further damaging
the distant tissues. Therefore, inhibiting the development of
inflammation and epithelial barrier damage may be an effective
approach for treating lung diseases based on the gut-lung axis.

Forsythiae Fructus, derived from the dried fruit of herbal med-
icine Forsythia suspensa (Thunb.) Vahl, is being applied extensively
for treating lung diseases [26]. Our previous work showed that For-
sythiae Fructus extracts could regulate PPAR-c/RXR-a complex
activity to prevent pulmonary and colonic tissues from the inflam-
mation and epithelial barrier damages, thus alleviating the LPS-
induced ALI of mice [27]. However, it remains unclear which active
substance of Forsythiae Fructus is responsible for treating ALI via
the gut-lung axis. Previous researches have demonstrated that
forsythiaside A, the main chemical compound of Forsythiae Fruc-
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tus, had significant efficacy for LPS-induced ALI. For example,
forsythiaside A could alleviate the inflammatory reactions in the
ALI mice, with its mechanism of restraining the LPS-mediated acti-
vation of TLR4/NF-jB signal pathway [28]. Additionally, forsythi-
aside A was proven to alleviate LPS-induced ALI in mice and
inflammation in macrophages RAW264.7 by up-regulating miR-
124 [29]. Therefore, forsythiaside A holds great potential as the
active substance of Forsythiae Fructus for pharmacological
research, allowing for further investigation into its efficacy and
mechanism in treating ALI grounded on the gut-lung axis.

Therefore, building upon the research foundation of the gut-
lung axis, our study employed various biological techniques to
study the efficacy and mechanism of forsythiaside A in an ALI ani-
mal model, focusing on the inflammation and epithelial barrier
damages from lung and colon. At the cellular level, the pharmaco-
logical mechanism of forsythiaside A and its relationship with
PPAR-c, a key nuclear transcription factor with immunomodula-
tory activity in the lungs and colons were also verified [30–32].
Firstly, we constructed an ALI mouse model using intratracheal
administration of bacterial LPS, to study the efficacy and mecha-
nism of forsythiaside A in attenuating the inflammation and
epithelial barrier damages from lung/colon tissues. Subsequently,
we constructed the in vitro models of macrophages and lung/colon
epithelial cells to validate the efficacy and mechanism of forsythi-
aside A.
Materials and methods

Chemicals and reagents

Forsythiaside A (Purity � 98%) was obtained from Must Bio-
technology (Chengdu, China). Bacterial LPS (Escherichia coli, O55:
B5) and a selective RXR-a antagonist UVI3003 were purchased
from Sigma (St Louis, MO, USA). Dexamethasone was purchased
from Yuanye Bio-Technology (Shanghai, China). A limulus lysate
kit for serum endotoxin testing was purchased from BIOENDO
(Xiamen, China). Dulbecco’s modified Eagle medium (DMEM)
was obtained from Gibco (USA). Ham’s F-12K medium and fetal
bovine serum (FBS) were provided by Procell (Wuhan, China).
Bovine serum albumin (BSA), methyl thiazolyl tetrazolium (MTT)
and enhanced chemiluminiscence (ECL) kit were purchased from
Biosharp (Anhui, China). Dimethyl sulfoxide (DMSO) was provided
by MP Biomedicals (California, USA). PBS, BCA Protein assay kit and
1% penicillin/streptomycin were provided by Servicebio (Wuhan,
China). PMSF and protease/phosphatase inhibitors were purchased
from Solarbio (Beijing, China). Trypsin (1:250) was purchased from
Biofroxx (Germany).

Animals

Male ICR mice (SPF grade, 5–6 weeks old and weighing 20 ± 2 g)
were purchased from Chengdu Dossy Experimental Animal Co.,
Ltd. (Chengdu, China) [No. SCXK (Chuan) 2020-030]. Prior to the
experiment, the animals were fed with standard diet and water
for at least one week. They were also acclimatized to a 12 h
light/12 h dark cycle with a stable temperature (25 ± 2 �C) and
humidity (50 ± 5%).

LPS-induced ALI model and treatment

Forty-eight mice in total were distributed among six groups
(with 8 mice per group): Control (CON), Model (MOD), Dexametha-
sone (DEX), as well as Low-, Medium- and High-doses of forsythi-
aside A (LFA, MFA and HFA). As per our previous report, all the
mice excluding those in CON group underwent intratracheal instil-
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lation of 5 mg/kg of LPS (solved in normal saline, and the volume <
45 lL) [27]. In accordance with the relevant study, the daily doses
of forsythiaside A for each mouse in LFA, MFA and HFA groups
were set at 20, 40 and 80 mg/kg [33]. At specific points in time
(1 h in advance of, 24 h and 48 h following LPS modeling), the mice
in LFA, MFA and HFA groups were intragastrically administered
with 20, 40 and 80 mg/kg of forsythiaside A (solved in 0.1%
tween-80), respectively. The mice in DEX group were given with
the intragastric administration of dexamethasone (the referenced
dose: 5 mg/kg) [34]. Additionally, the mice in CON group were
intratracheally instilled with the normal saline (equal volume)
and intragastrically administered with the vehicle (0.1% tween-
80). At the time that LPS modeling for 72 h, lung tissues, colon tis-
sues and serum were then obtained for further study.

Ethics statement

All the research protocols were conducted in compliance with
ethical guidelines and authorized by the Animal Experiment Ethics
Committee in Chengdu University of Traditional Chinese Medicine
(Approval NO. SYXK (Chuan) 2020-124).

Lung weight and lung index

Body weights of the mice were measured prior to their sacrifice.
Lung weights were also measured after the lungs were removed
from the mice. Lung index of each mouse was obtained based on
the calculation equation: Lung index (mg/g) = lung weight/body
weight.

Histopathological analysis

The right lungs and colon segments (2 cm) were immobilized in
a 4% formaldehyde solution, followed by embedding in paraffin.
Subsequently, the embedded specimens were sliced into sections
of 4 lm thickness. Then, hematoxylin-eosin (HE) was prepared to
stain the slices. The HE-staining tissue sections were finally
scanned at 20 � magnification on the slide scanner NanoZoomer
S60 (Hamamatsu, Japan), and the pathological images were
obtained through the software NDP.view 2.7.52. Szapiel standard
was used for the scoring of lung inflammation, which included
the following four categories: 0-normal lung morphology, 1-
tissuse inflammation damage < 20%, 2-tissuse inflammation dam-
age 20–50%, and 3-tissuse inflammation damage > 50% [35].

Serum endotoxin assay

Referring to the manufacturer’s instruction, this study mea-
sured the endotoxin/LPS levels in the serum of mice using a limu-
lus lysate kit.

Immunohistochemistry (IHC) analysis

IHC-staining was performed to examine the expression of
macrophage- and epithelial barrier-associated proteins in the lung
and colon tissues. The tissue sections needed firstly to be dewaxed
in xylene and rehydrated in the gradient alcohols. Subsequently,
the slices were exposed to a 3% hydrogen peroxide solution and left
to incubate at the room temperature for 5 min in order to suppress
endogenous peroxidase activity. After sealing with 3% BSA for
30 min, the sections were left to incubate overnight with the cor-
responding antibodies including F4/80, E-cadherin, ZO-1 and
Claudin-1. Subsequent to three washes with PBS, the sections were
maintained at room temperature for 30 min during the incubation
with the HRP-conjugated secondary antibody. Lastly, the sections
were subjected to visualization by employing DAB as the chro-
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mogenic agent. The tissue sections were scanned at
20 � magnification on the slide scanner NanoZoomer S60 (Hama-
matsu, Japan), which provided the images through the software
NDP.view 2.7.52.

Cell lines and cultures

The murine macrophage cell line RAW264.7 was provided by
National Collection of Authenticated Cell Cultures (Shanghai,
China). The human alveolar epithelial cell line A549 and the human
colonic epithelial cell line SW620 were provided by Procell
(Wuhan, China). RAW264.7 and SW620 cells were cultured in
DMEM medium added with 10% FBS and 1% penicillin/strepto-
mycin, and then placed in 5% CO2 humidified air at 37 �C. A549
cells were cultured in Ham’s F-12 K medium added with 10% FBS
and 1% penicillin/streptomycin, and then placed in 5% CO2 humid-
ified air at 37 �C.

Cell viability detection

The MTT method was employed to assess the cell viabilities of
RAW264.7, A549, and SW620 cells. First, RAW264.7 (cell density:
5 � 104 cells/mL), A549 (cell density: 5 � 104 cells/mL) and
SW620 (cell density: 1.5 � 105 cells/mL) cells were inoculated in
96-well plates and treated with forsythiaside A along with LPS or
TNF-a for 24 h. After that, each well was supplemented with
20 lL solution of MTT (5 mg/mL) to be maintained at 37 �C for
4 h. Then, the supernatant was discarded and 100 lL DMSO was
added into each well in the 96-well plate to dissolve the crystals.
At last, the absorbance at 490 nm was measured for all the wells
using the CYT5MFV microplate reader (Biotek, USA).

Cell morphological examination

To further investigate the influence of forsythiaside A on the cell
morphologies of LPS-induced RAW264.7 cells and TNF-a-induced
A549 and SW620 cells, we used an inverted microscope ECLIPSE
Ts2 (Nikon, Japan). RAW264.7, A549 and SW620 cells in the phase
of logarithmic growth were inoculated in 6-well plates at the cell
densities of 5 � 104 cells/mL, 5 � 104 cells/mL and 1.5 � 105

cells/mL, respectively. RAW264.7, A549 and SW620 cells in CON
groups were cultured in fresh DMEM or Ham’s F-12 K medium.
Cells in MOD groups were cultured in the fresh medium supple-
mented with LPS (1 lg/mL for RAW264.7 cells) or TNF-a
(100 ng/mL for A549 cells and 50 ng/mL for SW620 cells). Cells
in LFA, MFA and HFA groups were co-incubated with forsythiaside
A at the Low-, Medium- and High-doses while being exposed to
LPS or TNF-a. After 24 h of culture, the cellular morphologies were
observed under the inverted microscope.

Enzyme-linked immunosorbent assay (ELISA)

The levels of pro-inflammatory cytokines TNF-a, IL-1b and IL-6
in the supernatants of RAW264.7 cells subjected to LPS, as well as
the levels of IL-1b and IL-6 in the supernatants of A549 and SW620
cells exposed to TNF-a, were quantified using the MEIMIAN mouse
or human ELISA kits (Jiangsu, China) as per the manufacturer’s
instructions.

Western blot (WB) analysis

Total proteins were obtained from tissues and cells using RIPA
Lysis Buffer, which included 1% PMSF and 1% protease/phosphatase
inhibitors. The BCA method was utilized to calculate the protein
concentrations, which were subsequently equalized to a uniform
level using the same buffer. Next, the protein samples were
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resolved on a 10% SDS-PAGE gel and transferred integrally into
0.2 lm PVDF membranes (Millipore, USA). The membranes were
subjected to blocking with 5% BSA on a shaking platform at the
room temperature for 2 h. Following that, the membranes were
incubated with the corresponding antibodies at 4 �C overnight.
Subsequent to three TBST washes, the membranes were incubated
with Goat anti-rabbit IgG HRP at the room temperature for at least
1.5 h. Finally, ECL method was used to obtain the results of chemi-
luminescence in a Tanon 5200 Chemiluminescence Imaging sys-
tem (Tanon, China). The relative protein expressions of WB bands
were provided by the analysis of ImageJ software, which used
GAPDH as the internal control. A detailed account of all the anti-
bodies employed in this study can be found in Supplementary
Table 1.

Co-immunoprecipitation (CO-IP) assay

A CO-IP Kit (Absin, China) was applied to detect the protein
interactions between PPAR-c and RXR-a in RAW264.7, A549 and
SW620 cells exposed to LPS or TNF-a, as well as the effect of
forsythiaside A on the protein interactions in these cells. Total cel-
lular proteins were firstly obtained using IP lysis buffer, and the
concentrations were calculated using BCA method. After that, the
lysates were incubated with IP-graded primary antibody RXR-a
on a shaking platform at 4 �C overnight, and then added with Pro-
tein A and Protein G agarose beads maintaining for 3 h. In the end,
the protein samples were washed three times with the pre-cooling
1 � Wash buffer, followed by WB analysis.

The intervention of RXR-a inhibitor UVI3003

UVI3003, an RXR-a inhibitor, was used to downregulate RXR-a
expression to intervene the interactions of PPAR-c/RXR-a proteins
in LPS- or TNF-a-induced RAW264.7, A549 and SW620 cells. This
was done to verify whether the efficacy of forsythiaside A was
related to PPAR-c/RXR-a complex. Firstly, the appropriate concen-
trations of UVI3003 on different cells were first determined by
assessing its effects on the protein activities of PPAR-c and RXR-
a. Subsequently, cells in HFA group were co-cultured with
UVI3003 along with LPS (1 lg/mL, RAW264.7 cells) or TNF-a
(100 ng/mL, A549 cells; 50 ng/mL, SW620 cells), and simultane-
ously treated with High-dose of forsythiaside A (HFA) for 24 h.
Finally, the total cellular proteins were performed by WB analysis
to examine the influences of UVI3003 intervention on the activity
of PPAR-c/P-PPAR-c proteins, the expression of MAPK/NF-jB-
related proteins, as well as inflammation/epithelial barrier indica-
tors in the cells treated with forsythiaside A.

Statistical analysis

The Version 25 of SPSS software was employed for the data
analysis. One-way analysis of variance (ANOVA) was applied to
examine statistical differences among the groups. If the data failed
to meet the assumptions of ANOVA analysis, Kruskal-Wallis test
was further utilized for nonparametric statistical analysis. All the
data were expressed as mean ± Standard Deviation (SD). The P-
value of < 0.05 was recognized as statistically significant.
Results

Forsythiaside A inhibited lung inflammation in LPS-induced ALI mice

This study first constructed the LPS-induced mice model to
evaluate the effectiveness of forsythiaside A on lung inflammation
(Fig. 1A). Results from Fig. 1B and C indicated that LPS significantly



Fig. 1. The effects of forsythiaside A on the inflammation of lung and colon in LPS-induced ALI mice. (A) Schematic diagram of DEX and forsythiaside A treatment in LPS-
induced ALI mice; (B) Lung weight (mg, n = 8, per group); (C) Lung index (mg/g, n = 8, per group); (D) HE-staining representative images of lung tissues (20 � and
200 � magnifications); (E) Inflammation scores of lung tissues stained by HE (n = 6, per group); (F) WB bands and relative protein expressions of inflammatory indicators
(iNOS, TNF-a, IL-1b and IL-6) in lung tissues (n = 6, per group); (G) HE-staining representative images of colonic tissues (100 � and 200 � magnifications); (H) WB bands and
relative protein expressions of inflammatory indicators in colonic tissues (n = 6, per group); (I) IHC-staining images of macrophage-related protein F4/80 in lung tissues
(200 � magnifications); (J) IHC-staining images of F4/80 in colon tissues (200 � magnifications). DEX referred to 5 mg/kg of dexamethasone, and LFA, MFA and HFA referred
to 20, 40 and 80 mg/kg of forsythiaside A, respectively. Data were expressed as mean ± SD. *P < 0.05, **P < 0.01 versus MOD; #P < 0.05, ##P < 0.01 versus CON.
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increased lung weight and lung index in MOD group. Forsythiaside
A (MFA and HFA) and DEX were able to significantly inhibit the
increase in lung weight and lung index after LPS modeling. The
HE-staining sections of lung tissues at 20 � and
200 � magnification revealed extensive inflammatory infiltration
and severe destruction of alveolar structures in MOD group com-
pared to that of CON group. The lung inflammation and alveolar
structure damages were effectively improved by DEX treatment.
In addition, forsythiaside A effectively alleviated the lung inflam-
mation and alveolar structure damages caused by LPS, with higher
doses of the drug demonstrating stronger therapeutic effects
(Fig. 1D). The inflammation score based on HE-staining lung tissue
sections showed that MOD group had a significantly higher score
than CON group did, which could be significantly inhibited by
High-dose of forsythiaside A (HFA) (Fig. 1E). Moreover, WB analysis
was used in this study to further detect inflammation-related indi-
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cators in the lung tissues. The Fig. 1F results indicated that LPS sig-
nificantly increased the protein expression of inflammatory
indicators such as iNOS, TNF-a, IL-1b and IL-6 in the lung tissues
of MOD group. However, both DEX and forsythiaside A (MFA and
HFA) were effective in inhibiting the increase of these inflamma-
tory indicators. Taken together, these results demonstrated that
forsythiaside A could suppress the lung inflammatory reaction in
LPS-induced ALI mice.
Forsythiaside A inhibited colon inflammation in LPS-induced ALI mice

To uncover the efficacy of forsythiaside A on colon inflamma-
tion of the ALI mice, this study was conducted on HE-staining
pathological analysis and inflammation-related indicators detec-
tion in the colon tissues. The Fig. 1G results demonstrated that
the colon mucosa in MOD group exhibited extensive inflammation
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infiltration and crypt destruction compared to CON group. In com-
mon with DEX, forsythiaside A improved the lesions and inflam-
mation of colon tissues, with no significant effects among LFA,
MFA and HFA. Besides, the results from Fig. 1H indicated that the
proteins of inflammatory indicators (iNOS, TNF-a, IL-1b and IL-6)
in the colon tissues significantly increased. However, DEX and
forsythiaside A (especially HFA) exhibited significant suppression
of the expression of these inflammatory indicators. Therefore,
these results also indicated that forsythiaside A demonstrated
effective anti-inflammatory properties in the colon tissues of LPS-
induced ALI mice.

Forsythiaside A inhibited macrophage activation in the lung and colon
tissues of LPS-induced ALI mice

Macrophages plays as the important immunity cells that can be
provoked by LPS to produce multiple pro-inflammatory cytokines
[36]. In this investigation, IHC-staining of the macrophage-
related protein F4/80 was employed to assess the influence of
forsythiaside A on the macrophage distribution in the lungs and
colons of LPS-induced ALI mice. The results in Fig. 1I and J showed
that macrophages were obviously activated in the lung and colon
tissues from MOD group. Nevertheless, forsythiaside A could
reduce the tissue distribution of macrophages in the lungs and
colons, where macrophages were apparently fewer than that of
MOD group. These results indicated that forsythiaside A had the
ability to suppress lung and colonic inflammatory responses in
LPS-induced ALI mice by inhibiting macrophages activation.

Forsythiaside A inhibited epithelial barrier damages in the lung and
colon tissues of LPS-induced ALI mice

Since inflammation is an important factor in damaging epithe-
lial barriers [19–22], this study thus investigated the impacts of
forsythiaside A on the lung/colon epithelial barriers after LPS-
induced inflammation injury in ALI mice. As showed in Fig. 2A
and D, the lung expression of epithelial barrier-related proteins
(E-cadherin, ZO-1 and Claudin-1) was significantly down-
regulated in MOD group rather than in CON group, but forsythi-
aside A could counteract this reduction. The results of Fig. 2C and
E indicated that the colonic expression of ZO-1 and Claudin-1,
but not E-cadherin, was significantly reduced in MOD group, while
forsythiaside A could effectively reverse these effects. Particularly,
high dose of forsythiaside A (HFA) could significantly inhibit the
reduction of epithelial barrier proteins in both of lungs and colons.
Additionally, the IHC-staining results in Fig. 2F provided additional
evidence that forsythiaside A effectively inhibited the decreasing
expression of E-cadherin, ZO-1 and Claudin-1 in lungs, as well as
the depletion of ZO-1 and Claudin-1 in colons. Moreover, Fig. 2B
confirmed that the serum level of endotoxin/LPS in MOD group
was significantly increased, which could be significantly inhibited
by MFA and HFA. Therefore, all these data suggested that forsythi-
aside A could suppress the reduction of lung and colonic epithelial
barrier proteins and the increase of serum endotoxin/LPS level,
thereby effectively inhibiting the lung and colonic epithelial barrier
damages in LPS-induced ALI mice.

Forsythiaside A inhibited the activation of TLR4/MAPK/NF-jB and
MLCK/MLC2 signal pathways in the lungs and colons of LPS-induced
ALI mice

This study validated whether the efficacy of forsythiaside A in
inhibiting lung and colon inflammation was in connection with
the regulation of TLR4/MAPK/NF-jB signal pathway, which can
be activated by LPS [37]. The results from Fig. 3A showed that
LPS caused an up-regulation in the lung expression of TLR4/
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MAPK/NF-jB-related proteins (such as TLR4, MyD88, NF-jB(IKK-
b, P-IjB-a/IjB-a and P-P65/P65) and MAPK (P-P38/P38, P-JNK/
JNK and P-ERK/ERK)), as well as an increase in the colonic expres-
sion of TLR4/MAPK/NF-jB-related proteins excluding MyD88 and
IKK-b in MOD group. However, forsythiaside A, especially in the
high-dose group named HFA, significantly reduced TLR4/MAPK/
NF-jB-related proteins in both of lung and colonic tissues.

Epithelial barrier damage can be caused due to the activation of
MLCK/MLC signal pathway that can be activated by NF-jB [38].
This study already demonstrated that NF-jB was activated in both
of lungs and colons, which might further initiate MLCK/MLC-
mediated epithelial barrier damages. Therefore, we detected the
protein expressions of MLCK/MLC2 signal pathway of lung and
colon tissues in the ALI mice treated by forsythiaside A. The results
from Fig. 3B revealed that compared to that of CON group, the
expressions of P-MLCK/MLCK and P-MLC2/MLC2 were significantly
elevated in the lung and colon tissues of MOD group. Nevertheless,
treatment with forsythiaside A significantly suppressed the protein
expressions of MLCK/MLC2 signal pathway. Therefore, these
results validated that forsythiaside A could suppress TLR4/MAPK/
NF-jB and MLCK/MLC2 signal pathways, thus inhibiting lung and
colonic inflammation and epithelial barrier damages in LPS-
induced ALI mice.

Forsythiaside A regulated the lung and colonic expressions of PPAR-c/
RXR-a complex in LPS-induced ALI mice

Based on previous research demonstrating that PPAR-c can regu-
late both of MAPK and NF-jB signals to subside inflammation [39,40],
this study continued to focus on the effects of forsythiaside A on
PPAR-c and its conjugate RXR-a in the lung and colon tissues. The
results demonstrated that intratracheal administration of LPS caused
a significant reduction in the proteins and phosphorylated forms of
PPAR-c/RXR-a in lung tissues. In contrast, a significant increase was
observed in the expression of PPAR-c/RXR-a in colon tissues of
MOD mice (Fig. 4). However, forsythiaside A was able to increase
the lung expression of PPAR-c/RXR-a complex, and inhibit the exces-
sive expression and phosphorylation of PPAR-c/RXR-a complex in
colon tissues. Therefore, above these preliminarily proved that
forsythiaside A increased the expression of PPAR-c/RXR-a complex
in the lungs while inhibiting its expression in the colons of ALI mice.

Forsythiaside A inhibited LPS-induced inflammation in macrophages
RAW264.7 by inhibiting TLR4/MAPK/NF-jB signal pathway

The inflammatory response induced by the activated macro-
phages can be due to LPS. LPS can activate TLR4 receptors to acti-
vate MAPK/NF-jB signals, ultimately inducing the release of pro-
inflammatory cytokines of macrophages [36]. More importantly,
macrophages as the important immune cells are reported widely
distributed and existed in all tissues [41]. In this study, a wide-
spread distribution of macrophages and a significant increase of
inflammation indicators were observed in both of lung and colon
tissues, indicating that macrophages were activated by LPS to
cause tissue inflammation. However, the administration of
forsythiaside A led to the inhibition of macrophage activation
and pro-inflammatory indicators from lung and colon tissues. To
validate the efficacy and mechanism of forsythiaside A, an
in vitro inflammation model of LPS-induced macrophages
RAW264.7 was constructed in this study (Fig. 5A).

In this study, the MTT method was firstly utilized to determine
the concentrations of forsythiaside A that affect the proliferation of
RAW264.7 cells subjected to LPS (1 lg/mL). The LPS-caused inflam-
mation model of RAW264.7 cells was referred to the relevant liter-
ature [42]. The MTT results of Fig. S1 showed that 50, 100 and
200 lM could be set as a Low-, Medium- and High-doses of



Fig. 2. The effects of forsythiaside A on the lung and colonic epithelial barriers in LPS-induced ALI mice. (A) and (D) WB bands and relative protein expressions of epithelial
barrier proteins in lung tissues; (B) Serum endotoxin levels (EU/mL); (C) and (E) WB bands and relative protein expressions of epithelial barrier proteins in colon tissues; (F) IHC-
staining images of epithelial barrier proteins in lung and colon tissues (400 � magnifications). DEX referred to 5 mg/kg of dexamethasone, and LFA, MFA and HFA referred to 20, 40
and 80 mg/kg of forsythiaside A, respectively. Data were expressed as mean ± SD (n = 6, per group). *P < 0.05, **P < 0.01 versus MOD; #P < 0.05, ##P < 0.01 versus CON.
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forsythiaside A (LFA, MFA and HFA) for inhibiting LPS-induced the
significant increase of cell viability of RAW264.7 cells. Then, the
influence of forsythiaside A on the cellular morphology was exam-
ined under an inverted microscope. The results from Fig. 5B
showed that LPS caused RAW264.7 cells in LPS group to stretch
out the parapodium and show the fusiform or elongated morphol-
ogy, indicating that LPS stimulation apparently change the cell
morphology of macrophages. Meanwhile, there was no obvious
change in the cell morphologies among LFA, MFA and HFA groups
in contrast to that of LPS group. Furthermore, WB was employed in
this study to assess the protein expressions of inflammatory indi-
cators (iNOS, TNF-a, IL-1b, and IL-6) in the cells. ELISA was utilized
to assess the levels of pro-inflammatory cytokines TNF-a, IL-1b,
and IL-6 in the supernatants. As shown in Fig. 5C-E, LPS signifi-
cantly increased the protein expression of iNOS and TNF-a in the
cells as well as the levels of TNF-a and IL-6 in the supernatants,
while having no significant effect on the expression of IL-1b and
IL-6 in the cells and the level of IL-1b in the supernatants. However,
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forsythiaside A dose-dependently reduced the increase of these
inflammatory indicators induced by LPS, but increased the expres-
sion of IL-1b in the RAW264.7 cells. As the activation of IL-1b in
cells is also related to apoptosis and autophagy [43], this study
did not further investigate the effects of forsythiaside A on IL-1b
activity in RAW264.7 cells subjected to LPS. On the whole, these
results demonstrated that forsythiaside A inhibited the inflamma-
tion response of macrophages RAW264.7 exposed to LPS.

Moreover, this study further examined whether the mechanism
of forsythiaside A against the LPS-induced inflammation in
RAW264.7 cells was in connection with the regulation of TLR4/
MAPK/NF-jB signal pathway. Results from Fig. 5F indicated that
LPS resulted in an elevated expression of TLR4/MAPK/NF-jB-associ
ated proteins (TLR4, MyD88, NF-jB (IKK-b, P-IjB-a/IjB-a and P-
P65/P65), and MAPK (P-P38/P38, P-JNK/JNK and P-ERK/ERK)) in
RAW264.7 cells. However, forsythiaside A suppressed the LPS-
mediated up-regulation of TLR4/MAPK/NF-jB-related proteins.
These results thus proved that forsythiaside A could effectively



Fig. 3. The effects of forsythiaside A on TLR4/MAPK/NF-jB and MLCK/MLC2 signal pathways of lung and colon in LPS-induced ALI mice. (A) WB bands and relative
protein expressions of TLR4/MAPK/NF-jB-related proteins in lung and colon tissues; (B) WB bands and relative protein expressions of MLCK/MLC2-related proteins in lung
and colon tissues. DEX referred to 5 mg/kg of dexamethasone, and LFA, MFA and HFA referred to 20, 40 and 80 mg/kg of forsythiaside A, respectively. Data were expressed as
mean ± SD (n = 6, per group). *P < 0.05, **P < 0.01 versus MOD; #P < 0.05, ##P < 0.01 versus CON.

Fig. 4. The effects of forsythiaside A on the lung and colonic expression of PPAR-c/RXR-a complex in LPS-induced ALI mice. (A) and (B) WB bands and relative protein
expressions of PPAR-c/RXR-a in lung and colon tissues. DEX referred to 5 mg/kg of dexamethasone, and LFA, MFA and HFA referred to 20, 40 and 80 mg/kg of forsythiaside A,
respectively. Data were expressed as mean ± SD (n = 6, per group). *P < 0.05, **P < 0.01 versus MOD; #P < 0.05, ##P < 0.01 versus CON.
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inhibit the TLR4/MAPK/NF-jB signal pathway, leading to the
decrease in LPS-induced inflammation of macrophages RAW264.7.

Forsythiaside A inhibited TNF-a-induced inflammation and epithelial
barrier damages in lung and colon epithelial cells (A549 and SW620
cells) by inhibiting NF-jB/MLCK/MLC2 signal pathway

Inflammation is an important factor causing damage to the
epithelial barrier. When inflammation occurs, it disrupts the con-
nections between epithelial cells, causing increased epithelial per-
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meability. This disorder can exacerbate mucosal inflammation and
even trigger systemic inflammation [44,45]. TNF-a, as a pivotal
pro-inflammatory cytokine, exhibits the effects of damaging the
epithelial barrier and increasing inflammation in the lungs and
intestines. Recently, TNF-a has been frequently utilized to con-
struct in vitro models of inflammation and epithelial barrier injury
[21,46–48]. This study found that the significant increase of TNF-a
expression and the damage of epithelial barriers in lung and colon
tissues of the ALI mice, while forsythiaside A could reverse such
effects. However, it remained unclear whether forsythiaside A



Fig. 5. The effects of forsythiaside A on the inflammation and TLR4/MAPK/NF-jB signal pathway in LPS-induced RAW264.7 cells. (A) Schematic diagram of forsythiaside
A treatment in LPS-induced RAW264.7 cells; (B) Representative morphological images of LPS (1 lg/mL)-induced RAW264.7 cells with the treatment of forsythiaside A for
24 h; (C) and (D) WB bands and relative protein expressions of inflammatory indicators (iNOS, TNF-a, IL-1b and IL-6) in the cells; (E) Levels of TNF-a, IL-1b and IL-6 in the
supernatants; (F) WB bands and relative protein expressions of TLR4/MAPK/NF-jB-related proteins in RAW264.7 cells with the induction of LPS and the treatment of
forsythiaside A for 24 h. LFA, MFA and HFA referred to the Low-, Medium- and High-doses (50, 100 and 200 lM) of forsythiaside A, respectively. Data were expressed as
mean ± SD (n = 3). *P < 0.05, **P < 0.01 versus LPS; #P < 0.05, ##P < 0.01 versus CON.
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acted directly on lung and colon epithelial cells to inhibit pro-
inflammatory cytokine-induced epithelial barrier damages. There-
fore, this study constructed the in vitromodels induced by TNF-a in
lung and colon epithelial cells, with the objective of verifying the
efficacy and mechanism of forsythiaside A against inflammation
and epithelial barrier damages of the lungs and colons.

This study firstly verified whether forsythiaside A could inhibit
TNF-a-induced inflammation and epithelial barrier damages in
lung epithelial cells A549 (Fig. 6A). MTT and WB methods were
used to determine the appropriate concentrations of forsythiaside
A and the modeling concentration of TNF-a on the A549 cells. The
MTT results from Fig. S2A indicated that forsythiaside A at concen-
trations of 200 lM and below could not significantly influence the
cell viability of A549 cells. Additionally, the Fig. S2B and C results
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showed that TNF-a at the concentrations� 100 ng/mL significantly
increased the cell viability and protein expression of pro-
inflammatory cytokines TNF-a and IL-1b instead of IL-6, but
reduced the expression of epithelial barrier proteins E-cadherin
and ZO-1 in A549 cells. Therefore, 50, 100 and 200 lM were set
as Low-, Medium- and High-doses of forsythiaside A (LFA, MFA
and HFA), and 100 ng/mL was set as the appropriate concentration
of TNF-a to induce inflammation and epithelial barrier damages in
A549 cells. The results from Fig. 6B showed that 100 ng/mL TNF-a
caused some original spindle or cobblestone-shaped A549 cells to
exhibit polygonal or long shuttle-shaped morphology. However,
the administrations of forsythiaside A except for LFA significantly
inhibited the TNF-a-induced changes of cellular morphology, pre-
senting the cells with the similar morphology to that of CON group.



Fig. 6. The effects of forsythiaside A on the inflammation, epithelial barrier damages and NF-jB/MLCK/MLC2 signal pathway in TNF-a-induced A549 cells. (A)
Schematic diagram of forsythiaside A treatment in TNF-a-induced A549 cells; (B) Representative morphological images of TNF-a (100 ng/mL)-induced A549 cells with the
treatment of forsythiaside A for 24 h; (C) and (D) WB bands and relative protein expressions of pro-inflammatory cytokines (TNF-a, IL-1b and IL-6) and epithelial barrier
proteins (E-cadherin, ZO-1 and Claudin-1) in the cells; (E) Levels of IL-1b and IL-6 in the supernatants; (F) and (G) WB bands and relative protein expressions of NF-jB/MLCK/
MLC2 signal pathway including TNF-R1, NF-jB (P65 and P-P65), and MLCK/MLC2 (MLCK, P-MLCK, MLC2 and P-MLC2) in the cells. LFA, MFA and HFA referred to the Low-,
Medium- and High-doses (50, 100 and 200 lM) of forsythiaside A, respectively. Data were expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01 versus TNF-a; #P < 0.05,
##P < 0.01 versus CON.
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Following this, this study used WB method to detect the effects of
forsythiaside A on the expression of pro-inflammatory cytokines
(TNF-a and IL-1b) and epithelial barrier proteins (E-cadherin, ZO-
1 and Claudin-1) in the cells, and additionally used ELISA to exam-
ine the levels of IL-1b and IL-6 in the supernatants of A549 cells
exposed to TNF-a. TNF-a was present as an inducing factor in
the supernatants of A549 cells and would not be analyzed by ELISA,
as observed in the same in vitro experiment with TNF-a induction
of SW620 cells. The Fig. 6C–E results showed that TNF-a could sig-
nificantly up-regulate the expression of TNF-a, IL-1b and Claudin-1
in the cells and the level of IL-6 rather than IL-1b in the super-
natants, and down-regulate E-cadherin and ZO-1 expressions in
the cells as well. Forsythiaside A treatment was found to inhibit
the increase of TNF-a, IL-1b and IL-6 in the cells and supernatants,
and increase the expression of E-cadherin and ZO-1 in the A549
cells induced by TNF-a. In accordance with these results, it can
be inferred that forsythiaside A exhibited the ability to suppress
TNF-a-induced inflammation and mitigate epithelial barrier dam-
ages in A549 cells.
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Afterwards, this study continued to examine the efficacy of
forsythiaside A on the intestinal inflammation and epithelial bar-
rier damages by constructing an in vitro model of colon epithelial
cells SW620 induced by TNF-a (Fig. 7A). MTT and WB methods
were used to ascertain the appropriate concentrations of forsythi-
aside A and the modeling concentration of TNF-a on SW620 cells.
The results in Fig. S3 indicated that 25, 50 and 100 lM could be set
as Low-, Medium- and High-doses of forsythiaside A (LFA, MFA and
HFA), and 50 ng/mL could be set as the appropriate concentration
of TNF-a for modeling the inflammation and epithelial damage in
SW620 cells. The results in Fig. 7B indicated that 50 ng/mL TNF-
a caused a significant decrease of cell density, and transformed
the non-fimbriated globe morphology of many cells into a dis-
persed morphology compared with that of CON group. However,
forsythiaside A (especially HFA) could significantly inhibit the
changes of cell morphology and density induced by TNF-a. In addi-
tion, this study used WB to detect the influence of forsythiaside A
on the expression of pro-inflammatory cytokines (TNF-a and IL-1b)
and epithelial barrier proteins (ZO-1 and Claudin-1) in the cells,



Fig. 7. The effects of forsythiaside A on the inflammation, epithelial barrier damages and NF-jB/MLCK/MLC2 signal pathway in TNF-a-induced SW620 cells. (A)
Schematic diagram of forsythiaside A treatment in TNF-a-induced SW620 cells; (B) Representative morphological images of TNF-a (50 ng/mL)-induced SW620 cells with the
treatment of forsythiaside A for 24 h; (C) and (D) WB bands and relative protein expressions of pro-inflammatory cytokines (TNF-a, IL-1b and IL-6) and epithelial barrier
proteins (E-cadherin, ZO-1 and Claudin-1) in TNF-a (50 ng/mL)-induced SW620 cells with the treatment of forsythiaside A for 24 h; (E) Levels of IL-1b and IL-6 in the
supernatants; (F) and (G) WB bands of NF-jB/MLCK/MLC2 signal pathway including TNF-R1, NF-jB (P65 and P-P65), and MLCK/MLC2 (MLCK, P-MLCK, MLC2 and P-MLC2) in
the cells. LFA, MFA and HFA referred to the Low-, Medium- and High-doses (25, 50 and 100 lM) of forsythiaside A, respectively. Data were expressed as mean ± SD (n = 3).
*P < 0.05, **P < 0.01 versus TNF-a; #P < 0.05, ##P < 0.01 versus CON.
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and used ELISA to examine the levels of IL-1b and IL-6 in the super-
natants of SW620 cells exposed to TNF-a. The results in Fig. 7C–E
showed that TNF-a could significantly increase the expression of
TNF-a, IL-1b and Claudin-1 proteins in the cells and the level of
IL-1b rather than IL-6 in the supernatants, and significantly reduce
the expression of ZO-1 protein in SW620 cells. However, forsythi-
aside A (primarily HFA) significantly reduced TNF-a and IL-1b in
the cells and supernatants, but increased ZO-1 and Claudin-1 in
contrast to TNF-a group. Therefore, these results indicated that
forsythiaside A could inhibit TNF-a-induced inflammation and
epithelial barrier damage in colonic epithelial cell SW620.

TNF-a as the important pro-inflammatory cytokine needs to
bind with the membrane receptor TNF-R1 and then to activate
the NF-jB signal and its downstream MLCK/MLC signal pathway,
resulting in cell inflammation and barrier damage [49,50]. There-
fore, this study further examined whether the in vitro pro-
inflammatory cytokine TNF-a bonded to TNF-R1 to activate NF-
jB/MLCK/MLC2 signal pathway in lung epithelial cells A549 and
colon epithelial cells SW620, and whether this effect was regulated
by forsythiaside A. The results from Fig. 6F and G showed that
100 ng/mL TNF-a could increase the expression of TNF-R1, P-
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P65/P65, MLCK, P-MLCK and P-MLC2/MLC2 in A549 cells. However,
forsythiaside A, mainly at a concentration of HFA (200 lM), could
significantly inhibit the TNF-a-induced overexpression of these
NF-jB/MLCK/MLC2-related proteins in A549 cells. Furthermore,
the results from Fig. 7F and G showed that 50 ng/mL TNF-a also
increased the expression of TNF-R1, P-P65/P65, MLCK, P-MLCK,
MLC2 and P-MLC2 in SW620 cells. However, forsythiaside A,
mainly at a concentration of HFA (100 lM), could significantly
decrease the expression level of NF-jB/MLCK/MLC2-related pro-
teins except for TNF-R1 in TNF-a-induced SW620 cells. Therefore,
these results proved that forsythiaside A could significantly inhibit
the activation of NF-jB/MLCK/MLC2 signal pathway, effectively
alleviating the inflammation and epithelial barrier damages caused
by TNF-a in lung and colon epithelial cells.

Forsythiaside A regulated the activities of PPAR-c/RXR-a complexes in
RAW264.7, A549 and SW620 cells induced by LPS or TNF-a

PPAR-c has the function of regulating MAPK and NF-jB signal
pathways to control inflammation [39,40]. This study has demon-
strated that forsythiaside A could inhibit the MAPK/NF-jB signal in
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LPS-induced macrophages (RAW264.7), and the NF-jB signal in
TNF-a-induced lung/colon epithelial cells (A549 and SW620). It
was unclear whether these effects were relevant to the activities
of PPAR-c and its binding protein RXR-a in the different cells. To
this end, this study continued to use WB method to detect the
influence of forsythiaside A on the protein activities of PPAR-c/
RXR-a, and took CO-IP method to detect the influence of forsythi-
aside A on the interactions between PPAR-c and RXR-a proteins in
RAW264.7, A549 and SW620 cells.

Our results showed that LPS and TNF-a exhibited different
effects on the protein activities of PPAR-c/RXR-a complexes in
the cells, which could be inhibited by forsythiaside A treatment.
The detailed results were shown in Fig. 8A: (Ⅰ) Macrophages
RAW264.7: LPS caused a significant up-regulation of PPAR-c and
P-PPAR-c proteins and a significant down-regulation of RXR-a pro-
tein, while having no significant effect on P-RXR-a protein in
RAW264.7 cells. However, forsythiaside A (particularly at the
high-dose of HFA) significantly inhibited these effects induced by
LPS; (Ⅱ) Lung epithelial cells A549: TNF-a caused a significant
down-regulation of P-PPAR-c, RXR-a and P-RXR-a proteins, while
having no significant effect on PPAR-c protein in A549 cells. How-
ever, forsythiaside A significantly inhibited these effects induced
by TNF-a; (Ⅲ) Colon epithelial cells SW620: TNF-a caused a signif-
icant up-regulation of PPAR-c, P-PPAR-c and P-RXR-a proteins,
while having no apparent effect on the protein expression of
RXR-a in SW620 cells. Compared to TNF-a group, HFA could signif-
icantly inhibit the excessive expression of PPAR-c/RXR-a proteins
in TNF-a-induced SW620 cells.

To further uncover the mechanism by which forsythiaside A
regulated the protein activities of PPAR-c/RXR-a complexes in dif-
ferent cells, this study used CO-IP method to examine the effects of
forsythiaside A on the protein interactions between PPAR-c and
RXR-a. The results in Fig. 8B indicated that: (Ⅰ) Macrophages
RAW264.7: LPS reduced the protein interaction between PPAR-c
and RXR-a, while HFA (200 lM) increased the protein interaction
in LPS-induced RAW264.7 cells; (Ⅱ) Lung epithelial cells A549:
TNF-a reduced the protein interaction between PPAR-c and RXR-
a, while HFA (200 lM) increased the protein interaction in TNF-
a-induced A549 cells; (Ⅲ) Colon epithelial cells SW620: TNF-a
increased the protein interaction between PPAR-c and RXR-a,
while HFA (100 lM) reduced the protein interaction in TNF-a-
induced SW620 cells. These results further demonstrated that
forsythiaside A could regulate the activities of PPAR-c/RXR-a com-
plexes by regulating the interactions between PPAR-c and RXR-a
proteins in RAW264.7, A549 and SW620 cells cocultured with
LPS or TNF-a. Specifically, the protein interactions between
PPAR-c and RXR-a were reduced in LPS-induced RAW264.7 cells
and TNF-a-induced A549 cells, while were increased in TNF-a-
induced SW620 cells, which all could be reversed by forsythiaside
A treatment.

Forsythiaside A regulated PPAR-c/RXR-a complex to inhibit the
inflammation and epithelial barrier damages in RAW264.7, A549 and
SW620 cells

This study already found that forsythiaside A regulated the pro-
tein interactions between PPAR-c and RXR-a in RAW264.7, A549
cells and SW620 cells induced by LPS or TNF-a. Nevertheless, it
remained unknown whether the observed inhibitory effects of
forsythiaside A on inflammation and epithelial barrier damage in
various cell types were attributed to its ability to regulate the
PPAR-c/RXR-a complexes. Therefore, to elucidate the efficacy and
mechanism of forsythiaside A, this study used RXR-a inhibitor
UVI3003 to interfere with the interaction between PPAR-c and
RXR-a proteins, and then evaluated the influence of forsythiaside
A on PPAR-c activity, MAPK and NF-jB signal pathways, and
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inflammation/epithelial barrier indicators in LPS or TNF-a-
induced RAW264.7, A549 and SW620 cells.

This study firstly constructed the down-regulation system of
RXR-a in RAW264.7, A549 and SW620 cells by using RXR-a inhibi-
tor UVI3003 to determine the appropriate concentrations of
UVI3003 in different cells. The WB analysis (Fig. S4) revealed the
protein expressions of PPAR-c and RXR-a in RAW264.7, A549,
and SW620 cells following intervention with UVI3003 at various
concentrations (0–20 lM). The appropriate concentrations of
RXR-a inhibitor UVI3003 in RAW264.7, A549 and SW620 cells
were thus set as 10, 2 and 5 lM, respectively.

Subsequently, this study used UVI3003 to incubate with
RAW264.7, A549 and SW620 cells induced by LPS or TNF-a, and
simultaneously treated each cell with HFA for 24 h to disclose
the influence of forsythiaside A on the protein expressions of
PPAR-c activity, MAPK and NF-jB signal pathways, and inflamma-
tory/epithelial barrier indicators in different cells. In the meantime,
this study used ELISA to supplementally detect the effects of
UVI3003 intervention on the suppressive effects of forsythiaside
A on the pro-inflammatory cytokines that could be significantly
increased by LPS or TNF-a in the supernatants. As our results of
Fig. 5–7 showed, TNF-a and IL-6 in the supernatants of
RAW264.7 cells, IL-6 in the supernatants of A549 cells, and IL-1b
and IL-6 in the supernatants of SW620 cells, were all need to be
detected due to their significant increase by the induction of LPS
or TNF-a. The obtained results of Fig. 8C–E were listed as followed:
(Ⅰ) Macrophages RAW264.7: UVI3003 inhibited the promoting
effect of forsythiaside A on the protein interaction between
PPAR-c and RXR-a, thereby weakening the suppressive effects of
forsythiaside A on MAPK/NF-jB pathway and inflammation in
LPS-induced RAW264.7 cells; (Ⅱ) Lung epithelial cells A549:
UVI3003 inhibited the promoting effect of forsythiaside A on the
protein interaction between PPAR-c and RXR-a, reducing the sup-
pressive effects of forsythiaside A on NF-jB signal pathway,
inflammation and epithelial barrier damages in TNF-a-induced
A549 cells; (Ⅲ) Colon epithelial cells SW620: UVI3003 increased
the inhibitive effect of forsythiaside A on the protein interaction
between PPAR-c and RXR-a, but did not affect the suppressive
effects of forsythiaside A on NF-jB signal pathway, inflammation
and epithelial barrier damages in TNF-a-induced SW620 cells.
These results revealed that forsythiaside A promoted the protein
interactions of PPAR-c/RXR-a in RAW264.7 and A549 cells, while
inhibited the protein interactions of PPAR-c/RXR-a in SW620 cells.
As a result of this, forsythiaside A effectively suppressed MAPK/NF-
jB signal pathways, leading to the inhibition of inflammation and
epithelial barrier damages triggered by LPS and TNF-a.
Discussion

In recent years, both Forsythiae Fructus and its compound
forsythiaside A have been reported to have therapeutic effects on
ALI, by regulating the molecular signals such as TLR4, MAPK, NF-
jB, microRNA, and Nrf2 [28,29,51,52]. Forsythiaside A can be
regarded as a potential active substance of Forsythiae Fructus for
treating ALI, but its pharmacological activity and underlying mech-
anism still need to be further studied. Our previous work showed
that Forsythiae Fructus extracts could regulate the PPAR-c/RXR-a
complex to inhibit lung and colonic inflammation and epithelial
barrier damages in ALI mice induced by LPS [27]. Therefore, this
study further investigated the mechanism of forsythiaside A in
treating ALI built upon the gut-lung axis, with the goal of develop-
ing the potential of forsythiaside A as the active compound of For-
sythiae Fructus.

According to the research foundation of gut-lung axis, this
study first focused on the efficacy of forsythiaside A in addressing



Fig. 8. The regulation of forsythiaside A on PPAR-c/RXR-a complexes and its effects on the inflammation and epithelial barrier damages in LPS-induced RAW264.7
cells and TNF-a-induced A549 and SW620 cells. (A) WB bands and relative protein expressions of PPAR-c and RXR-a proteins in RAW264.7, A549 and SW620 cells with the
treatment of forsythiaside A for 24 h. LFA, MFA and HFA in LPS (1 lg/mL)-induced RAW264.7 and TNF-a (100 ng/mL)-induced A549 cells referred to 50, 100 and 200 lM of
forsythiaside A, respectively. In addition, LFA, MFA and HFA in TNF-a (50 ng/mL)-induced SW620 cells referred to 25, 50 and 100 lM of forsythiaside A, respectively. Data
were expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01 versus LPS or TNF-a; #P < 0.05, ##P < 0.01 versus CON; (B) Subsequent CO-IP analysis was conducted to detect the
changes of protein interactions between PPAR-c and RXR-a in the different cells treated with forsythiaside A for 24 h. The CO-IP method was to use the IP-grade antibody of
RXR-a to pull down the PPAR-c/RXR-a complexes from the cells, followed by WB analysis using PPAR-c/RXR-a antibodies. Proteins of Input: PPAR-c and Input: RXR-a were
set as the control; (C-E) RXR-a inhibitor UVI3003 was applied to study the influence of forsythiaside A on the inflammation and epithelial barrier damages of different cells
through the regulation of PPAR-c/RXR-a complex. LPS or TNF-a induced RAW264.7, A549 and SW620 cells interfered with or without UVI3003 were treated with or without
with forsythiaside A (HFA) for 24 h, and were then analyzed by WB and ELISA. The cellular proteins analyzed by WB included PPAR-c activity (PPAR-c and P-PPAR-c), NF-jB
(P65 and P-P65) and MAPK (P38, P-P38, JNK1/2/3, P-JNK1/2/3, ERK1/2 and P-ERK1/2) signal pathways, inflammatory indicators (iNOS, TNF-a and IL-1b), epithelial barrier
indicators (E-cadherin and ZO-1) and GAPDH. In addition, ELISA was used to detect the levels of pro-inflammatory cytokines (RAW264.7 cells: TNF-a and IL-6; A549 cells: IL-
6; SW620 cells: IL-1b and IL-6) in the cell supernatants. Data were presented as means ± SD (n = 3), *P < 0.05 and **P < 0.01 vs. group.
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lung inflammation and subsequent colonic inflammation in an ALI
animal model. This study therefore established a murine ALI model
provoked by intratracheal LPS introduction, and treated the mice
with varying concentrations of forsythiaside A. The results in
Fig. 1B–F demonstrated that forsythiaside A could effectively inhi-
bit the lung pathological changes and inflammation caused by LPS,
and reduce the expression of tissue inflammation indicators iNOS,
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TNF-a, IL-1b and IL-6. It could be concluded that forsythiaside A
effectively alleviated the lung tissue damage and inflammatory
response in the ALI mice. Additionally, to study the efficacy of
forsythiaside A on the colonic inflammation in the ALI mice, this
study evaluated the tissue pathology and inflammatory indicators
expression in the colons. The results in Fig. 1G and H showed that
compared with MOD group, forsythiaside A significantly improved
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the colonic pathological damage and tissue inflammation, and
decreased the expression of these colonic inflammatory indicators.
All these indicated that forsythiaside A could alleviate the inflam-
mation in lung and colonic tissues of the mice with ALI induced by
LPS.

The inflammatory indicator iNOS was found significantly
increased in lungs and colons of the ALI mice. iNOS is an important
enzyme that mediates inflammation and can be expressed by
immune cells including macrophages. Activated macrophages can
produce NO by activating iNOS to kill pathogens and promote
the development of inflammation [53,54]. As one of the effector
cells involved in the inflammation reaction, macrophages can be
stimulated by bacterial LPS to generate multiple pro-
inflammatory cytokines (TNF-a, IL-1, IL-6, etc.) [36,54]. Therefore,
to further validate the anti-inflammatory effects of forsythiaside
A, this study utilized IHC staining to detect the effects of forsythi-
aside A on the tissue distribution of macrophages in lungs and
colons of the ALI mice. The results from Fig. 1I and J showed that
compared with MOD group, forsythiaside A could reduce the
extensive distribution of macrophages in the lung and colon tis-
sues. Consequently, forsythiaside A could inhibit macrophage acti-
vation, thus alleviating the lung and colonic inflammation in the
mice with ALI induced by LPS.

LPS is not only an important component of bacteria and but also
a key factor that can activate systemic inflammation [55]. Cur-
rently, LPS has been recognized as the pathogenesis of endotox-
emia or sepsis, causing severe inflammatory and epithelial
barrier injuries to the lungs and intestines [56,57]. Increasing evi-
dences have shown that the inflammation caused by LPS is related
to the specific recognition of cell surface TLR4 to LPS. TLR4, as a
classic pattern recognition receptor localized on the cellular mem-
brane, can activate the MAPK/NF-jB pathway through MyD88-
dependent or independent pathways, and then increase the con-
tent of various pro-inflammatory cytokines [37,58]. Additionally,
previous reports have shown that MLCK/MLC signal activated by
NF-jB is considered as the important pathway that leads to epithe-
lial barrier loss [38]. Therefore, this study went on to focus on the
efficacy of forsythiaside A on inflammation-caused epithelial bar-
rier damages, and the mechanism of forsythiaside A on TLR4/
MAPK/NF-jB and MLCK/MLC signal pathways in lung and colon
tissues of ALI mice. The results indicated that forsythiaside A could
promote the expression of lung and colonic epithelial barrier pro-
teins such as E-cadherin, ZO-1 and Claudin-1, but inhibit the
increase of serum endotoxin/LPS levels, thus protecting lung/-
colonic epithelial barriers damaged from inflammation in the ALI
mice (Fig. 2). The in vivo mechanism results shown in Fig. 3 indi-
cated that forsythiaside A could inhibit the activation of TLR4/
MAPK/NF-jB and MLCK/MLC signal pathways in the tissues of
lungs and colons. The above findings thus suggested that forsythi-
aside A could inhibit the tissue inflammation and epithelial barrier
damages of lung and colon in the ALI mice, by suppressing TLR4/
MAPK/NF-kB and MLCK/MLC signal pathways.

PPAR-c is a ligand-activated nuclear receptor that needs to form
a heterodimeric complex with RXR-a and then bind with PPAR
response element (PPRE) to influence the transcriptional activity
of targeted genes [59]. We focused on PPAR-c as a potential mech-
anism by which forsythiaside A in treating ALI relying upon the
gut-lung axis for the following reasons: (Ⅰ) It is known that
PPAR-c can be implicated in the immune activity of cells by regu-
lating the MAPK/NF-jB signal pathways [39,40]; (Ⅱ) Importantly,
PPAR-c can be abundantly expressed in diverse cell types, includ-
ing macrophages and epithelial cells, to regulate lung and intesti-
nal inflammation and immune responses [30–32]; (Ⅲ) In recent
years, numerous agonists of PPAR-cwere proved to have the activ-
ity of attenuating the inflammatory injuries in lung and colon tis-
sues. For instance, the PPAR-c agonist rosiglitazone could treat
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endotoxemia-related inflammatory lung injury by activating
PPAR-c and inhibiting the nuclear expression of NF-jB [60]. J11-
Cl could bind with the ligand-binding domain of PPAR-c to allevi-
ate colonic inflammation by increasing PPAR-c transcriptional
activity and inhibiting inflammatory signal pathways such as
MAPK and NF-jB [61]. Therefore, PPAR-c can be expected to
develop into the potential target of drugs to inhibit inflammation
from the lung and colon sites by intervening its downstream signal
pathways. With that in mind, this study intended to investigate
whether forsythiaside A could regulate the activity of PPAR-c and
its conjugate RXR-a, so as to suppress lung/colonic inflammation
and epithelial barrier damages in the ALI mice by inhibiting MAPK
and NF-jB signals. The results shown in Fig. 4 revealed that LPS
significantly decreased the expression of PPAR-c/RXR-a complex
in lung tissues, but increased the expression of PPAR-c/RXR-a
complex in colon tissues of the ALI mice. Nevertheless, these
effects could be inhibited by forsythiaside A treatment.

The opposite changes observed in the protein activities of PPAR-
c and RXR-a in the lungs and colons of ALI mice, and the opposing
regulatory effects produced by forsythiaside A, suggest that cau-
tion needs to be exercised when interpreting our research results
related to PPAR-c activity. Some studies have shown that PPAR-c
exhibits cell-type specific effects on its immunomodulatory roles.
For example, in the lungs, PPAR-c was required for the anti-
inflammatory activity in lung epithelial cells and alveolar macro-
phages, but could also act as a major transcriptional factor for
pathogenic Th2 cells and play a vitally important role in the devel-
opment of allergic inflammation [62–64]. In the intestines, the lack
of PPAR-c from mouse macrophages exacerbated the pathological
manifestations of colitis, while PPAR-c was up-regulated in the
mouse colitis model and the in vitro inflammation model of macro-
phage RAW264.7 [65,66]. Therefore, this study’s focus on PPAR-c
activity cannot rely solely on in vivo data, but also requires further
investigation on the activities of PPAR-c and RXR-a at the cellular
level. In this study, we used macrophages and lung/colon epithelial
cells to construct in vitro models of inflammation and epithelial
injury, and systematically investigated the efficacy of forsythiaside
A in different cells. We then revealed the mechanism by which
forsythiaside A inhibited inflammation and epithelial barrier dam-
ages through PPAR-c/RXR-a complex.

Macrophages were widely distributed throughout multiple tis-
sues of the whole body and become the important immunity cells
involved in inflammatory response. Macrophages can stimulate the
production of inflammatory indicators (iNOS, TNF-a, IL-1b and IL-
6), by initiating MAPK and NF-jB signal pathways mediated by
LPS-activated TLR4 signal [36,54]. There is increasing evidence
indicating that macrophage activation is a critical event in lung
and intestinal injuries, and inhibiting macrophage activation can
effectively alleviate tissue inflammatory injuries [67,68]. There-
fore, referring to relevant literature [42], this study constructed
an in vitro inflammatory model of macrophages RAW264.7 by
using 1 lg/mL LPS, and subsequently confirmed whether the
mechanism of forsythiaside A was linked to the inhibition of
TLR4/MAPK/NF-jB signal pathway. The results in Fig. 5 showed
that forsythiaside A effectively suppressed TLR4-MAPK/NF-jB sig-
nal pathway in RAW264.7 cells, thereby attenuating the inflamma-
tion induced by macrophage activation resulting from LPS.

Inflammation is a key factor causing epithelial barrier injury.
Several pro-inflammatory cytokines (IFN-c, TNF-a, IL-1b, etc.) are
proved to disrupt normal intercellular connections in epithelial
cells, resulting in elevated cell permeability and dysfunction of bar-
rier function [19–22]. For example, TNF-a can bind to TNF-R1
receptor on the epithelial cells to activate NF-jB and its down-
stream MLCK/MLC, resulting in the epithelial barrier damages
and inflammatory responses [38,50,69]. As a representative pro-
inflammatory cytokine, TNF-a can be released not only from
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immunity cells including monocytes and macrophages, but also
from lung and colonic epithelial cells [70–72]. TNF-a acts as an
important factor in causing inflammation-induced epithelial bar-
rier damages, and has been widely used in in vitro studies of
TNF-a-induced epithelial cell models [21,46–48]. According to
these, this study constructed in vitro models of inflammation and
epithelial damages using TNF-a to stimulate lung epithelial cells
A549 and colon epithelial cells SW620, and then investigated
whether forsythiaside A could suppress the cellular damages by
suppressing NF-jB/MLCK/MLC2 signal pathway activated by the
binding of TNF-a to TNF-R1. The results from Figs. 6 and 7 showed
that forsythiaside A effectively suppressed NF-jB/MLCK/MLC2 sig-
nal pathway in A549 and SW620 cells, thereby improving the
inflammatory and epithelial damages in lung and colon epithelial
cells induced by TNF-a.

In the final part of this study, we attempted to address the crit-
ical issue about whether forsythiaside A involved PPAR-c/RXR-a
complexes in its efficacy of inhibiting inflammation and epithelial
barrier damages in macrophages and lung/colon epithelial cells.
Firstly, we usedWBmethod to detect the influence of forsythiaside
A on the protein activity of PPAR-c/RXR-a complexes in the cells.
The Fig. 8A results showed that LPS increased the expression of
PPAR-c and P-PPAR-c, but decreased the expression of RXR-a in
macrophages RAW264.7. In addition, TNF-a reduced the expres-
sion of P-PPAR-c, RXR-a and P-RXR-a in lung epithelial cells
A549, while increased the expression of PPAR-c, P-PPAR-c and P-
RXR-a in colon epithelial cells SW620. However, forsythiaside A
was able to reverse these effects induced by LPS and TNF-a. These
results suggested that LPS and TNF-a exerted different regulatory
effects on PPAR-c/RXR-a protein activities in different cells, while
forsythiaside A could act on these cells to inhibit such changes. In
addition, this study continued to use CO-IP method to detect the
effects of forsythiaside A on the protein interactions between
PPAR-c and RXR-a in RAW264.7, A549 and SW620 cells. The
Fig. 8B results revealed that LPS reduced PPAR-c/RXR-a protein
interaction in RAW264.7 cells, and TNF-a reduced PPAR-c/RXR-a
protein interaction in A549 cells but increased PPAR-c/RXR-a pro-
tein interaction in SW620 cells. However, forsythiaside A demon-
strated effectiveness in inhibiting the effects of LPS and TNF-a on
the PPAR-c/RXR-a protein interactions in different cells. The
results further demonstrated that LPS and TNF-a affected the activ-
ity of PPAR-c/RXR-a complexes by altering the protein interac-
tions, whereas forsythiaside A could act on these cells and then
inhibit such changes.

To further verify whether forsythiaside A inhibited inflamma-
tion and epithelial barrier damages by regulating PPAR-c/RXR-a
complexes, UVI3003 as the RXR-a inhibitor was utilized in this
study to interfere with the protein interaction between PPAR-c
and RXR-a in various cells. Furthermore, the influence of forsythi-
aside A on PPAR-c activity, MAPK and NF-jB signal pathways, and
inflammatory and epithelial barrier indicators were also examined.
The results in Fig. 8C-E showed that forsythiaside A promoted
PPAR-c/RXR-a protein interactions in LPS-induced RAW264.7 cells
and TNF-a-induced A549 cells, but inhibited PPAR-c/RXR-a pro-
tein interactions in TNF-a-induced SW620 cells. These effects ulti-
mately prompted that forsythiaside A inhibited inflammation and
epithelial barrier damages in macrophages and lung/colonic
epithelial cells by inhibiting MAPK and NF-jB signal pathways.

This study, in its inaugural attempt, studied the efficacy and
mechanism of forsythiaside A on the inflammation and epithelial
barrier damages for treating ALI mice based on gut-lung axis. In
addition, this study also used in vitro models of macrophage and
lung/colon epithelial cell to reveal the inhibitory mechanism of
forsythiaside A on inflammation and epithelial injuries, which
was linked with the PPAR-c/RXR-a protein interactions (Fig. 9).
This study showed that forsythiaside A effectively promoted the
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lung expression of PPAR-c/RXR-a complexes, whereas reduced
the colonic expression of PPAR-c/RXR-a complexes in the ALI mice
induced by LPS. At the cellular level, forsythiaside A effectively
inhibited the reduction of PPAR-c/RXR-a protein interactions in
LPS-induced macrophages RAW264.7 and TNF-a-induced lung
epithelial cells A549, while inhibited the increase of PPAR-c/RXR-
a protein interactions in TNF-a-induced colon epithelial cells
SW620, thereby suppressing inflammation and epithelial barrier
damages. All these suggested that forsythiaside A has the cell
type-specific regulatory effects on PPAR-c activity in the cells
involved in inflammation and epithelial barrier damages.

In fact, the immunoregulatory activity of PPAR-c has been con-
troversial till now and is considered to have cell type-specific
effects [62–66]. Many studies have already revealed that PPAR-c
has the immunoregulatory roles in the macrophages and lung/-
colon epithelial cells, which helps to analyze the influence of
forsythiaside A on PPAR-c activities in different cell types. For
example, previous research has shown that lung epithelial cells
A549 could rely on PPAR-c activation to inhibit inflammation
mediated by NF-jB pathway [64]. This finding is consistent with
the our results, demonstrating that forsythiaside A up-regulated
the expression level of PPAR-c/RXR-a to inhibit lung inflammation
in the ALI mice and TNF-a-induced A549 cells. However, increased
PPAR-c phosphorylation in macrophages RAW264.7 can lead to the
reduction of PPAR-c activity. This is because LPS-induced activa-
tion of MAPK can promote PPAR-c phosphorylated at the Ser112
site, which weakens the transcriptional and immunoregulatory
functions of PPAR-c produced in RAW264.7 cells [73]. This may
explain why this study found that LPS significantly elevated the
expression of PPAR-c and P-PPAR-c, but caused a reduction in
PPAR-c/RXR-a protein interactions in RAW264.7 cells. However,
forsythiaside A could suppress the overexpression of PPAR-c and
P-PPAR-c, and inhibit cell inflammation by promoting PPAR-c/
RXR-a protein interactions in LPS-induced RAW264.7 cells. Fur-
thermore, this study also found the overexpression of PPAR-c
and P-PPAR-c in colon tissues from LPS-induced ALI mice, which
was in concert with some previous researches. These findings have
shown that PPAR-c expression increased in mouse models of coli-
tis, which was thought to be due to the excessive phosphorylation
of PPAR-c in activated macrophages. These studies indicated that
phosphorylation of PPAR-c led to a reduction in PPAR-c activity
[66,73]. However, this study found that forsythiaside A could inhi-
bit the overexpression of PPAR-c/P-PPAR-c and alleviated inflam-
mation and epithelial barrier damages by inhibiting PPAR-c/RXR-
a protein interactions in TNF-a-induced SW620 cells. The overex-
pression of P-PPAR-c in the intestines may be related to the
decrease of transactivating activity of PPAR-c. This is because
AMPK-mediated PPAR-c phosphorylation and SIRT1 activation
can inhibit the transactivating activity of PPAR-c, which may fur-
ther affect the regulatory role of PPAR-c in intestinal inflammation
[74]. In brief, this study provided another possible explanation for
the inhibition of forsythiaside A on PPAR-c/RXR-a complex in
colon tissues of the ALI mice, which might be caused by the inhibi-
tion of protein and phosphorylation of PPAR-c in colonic epithelial
cells induced by inflammation.
Conclusion

The main results in this study can be concluded as following: (Ⅰ)
Forsythiaside A, an active compound of Forsythiae Fructus, could
regulate the activity of PPAR-c/RXR-a complex and inhibit the
TLR4/MAPK/NF-jB and MLCK/MLC2 signal pathways, suppressing
lung and colonic inflammation and epithelial barrier damages in
the ALI mice induced by LPS. Forsythiaside A also promoted the
expression of PPAR-c/RXR-a complex in lung tissues, whereas sup-



Fig. 9. The efficacy and mechanism of forsythiaside A on the lung and colonic inflammation and epithelial barrier damages in the treatment of ALI.
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pressed the overexpression of PPAR-c/RXR-a complex in colon tis-
sues; (Ⅱ) Forsythiaside A could regulate PPAR-c/RXR-a complex to
inhibit the LPS- and TNF-a-induced activation of TLR4/MAPK/NF-
jB and NF-jB/MLCK/MLC2 signal pathways, thereby suppressing
inflammation and epithelial barrier damage in macrophages and
lung/colon epithelial cells as well; (Ⅲ) Forsythiaside A had the
cell-specific regulatory effects on PPAR-c/RXR-a complexes in dif-
ferent cells. Specifically, it promoted the protein interactions of
PPAR-c/RXR-a in LPS-induced macrophages RAW264.7 and TNF-
a-induced lung epithelial cells A549, while inhibited the protein
interaction in TNF-a-induced colon epithelial cells SW620. To
sum up, during the treatment of ALI, forsythiaside A inhibited
the inflammation and mitigated epithelial barrier injuries in lung
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and colon through its regulation on PAR-c/RXR-a complex that
exerted the cellular-specific effects.
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