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Pulmonary fibrosis is common in a variety of inflammatory lung diseases, there is
currently no effective clinical drug treatment. It has been reported that the ethanol
extract of Eclipta prostrata L. can improve the lung collagen deposition and fibrosis
pathology induced by bleomycin (BLM) in mice. In the present study, we studied whether
wedelolactone (WEL), a major coumarin ingredient of E. prostrata, provided protection
against BLM-induced pulmonary fibrosis. ICR or C57/BL6 strain mice were treated
with BLM to establish lung fibrosis model. WEL (2 or 10 mg/kg) was given daily via
intragastric administration for 2 weeks starting at 7-day after intratracheal instillation.
WEL at 10 mg/kg significantly reduced BLM-induced inflammatory cells infiltration, pro-
inflammatory factors expression, and collagen deposition in lung tissues. Additionally,
treatment with WEL also impaired BLM-induced increases in fibrotic marker expression
(collagen I and α-SMA) and decrease in an anti-fibrotic marker (E-cadherin). Treatment
with WEL significantly prevented BLM-induced increase in TGF-β1 and Smad2/3
phosphorylation in the lungs. WEL administration (10 mg/kg) also significantly promoted
AMPK activation compared to model group in BLM-treated mice. Further investigation
indicated that activation of AMPK by WEL can suppressed the transdifferentiation of
primary lung fibroblasts and the epithelial mesenchymal transition (EMT) of alveolar
epithelial cells, the inhibitive effects of WEL was significantly blocked by an AMPK
inhibitor (compound C) in vitro. Together, these results suggest that activation of AMPK
by WEL followed by reduction in TGFβ1/Raf-MAPK signaling pathways may have a
therapeutic potential in pulmonary fibrosis.

Keywords: Eclipta prostrata, wedelolactone, pulmonary fibrosis, AMPK, bleomycin

Abbreviations: α-SMA, α-smooth muscle actin; AMPK, adenosine 5′-monophosphate (AMP)-activated protein
kinase; BLM, bleomycin; BSA, bovine serum albumin; COLI, collagen I; DAB, diaminobenzidine; ECL, enhanced
chemiluminescence; ECM, extracellular matrix; EMT, epithelial mesenchymal transition; ERK, extracellular signal-
regulated kinase; HYP, hydroxyproline; JNK, c-JUN N-terminal kinase; MAPK, mitogen-activated protein kinase; TGF-β1,
transforming growth factor-β1; WEL, wedelolactone.
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INTRODUCTION

Eclipta prostrata L. is widely used to treat respiratory diseases
such as diphtheria, pertussis, tuberculosis in the traditional
medicine of China (Roy et al., 2008; Deng and Fang, 2012),
which exhibits hepatoprotective (Tabassum and Agrawal, 2004;
Manvar et al., 2012), anti-tumor (Liu et al., 2012) and
other biological activities (Tewtrakul et al., 2011; Jaiswal
et al., 2012). In Brazil, extracts of E. prostrata are also
used to treat asthma (Chichioco-Hernandez and Paguigan,
2010; Sharma et al., 2012; Jahan et al., 2014). It has been
reported that the methanol extract of this plant significantly
attenuated experimental pulmonary fibrosis in mice (You
et al., 2015). Although it has been found that WEL, a
main component of E. prostrata, can improve bronchial
epithelial cell injury (Ding et al., 2015) and fibrosis process
of activated hepatic stellate cells (Xia et al., 2013), its effects
on pulmonary function, collagen deposition and epithelia-
mesenchymal transition remain to be researched.

Pulmonary fibrosis is a chronic inflammatory interstitial
lung disease. Recently, several tyrosine kinase receptors, such
as nintedanib (BIBF 1120), has been approved for treatment
of PF (Myllärniemi and Kaarteenaho, 2015), but its potential
side effects are still unknown. Recently, researchers have
identified the close relationship between AMPK activation and
lung fibrogenesis (Sato et al., 2016; Rangarajan et al., 2018).
The administration of WEL can attenuate hepatic steatosis
in mice by activating AMPK (Zhao Y. et al., 2015), but
the therapeutic effect of WEL on pulmonary fibrosis is not
sure. The processes of normal lung repair after injury include
epithelial cell migration, proliferation and differentiation, lung
fibroblast migration, and transformation of lung fibroblast into
myofibroblasts (Selman and Pardo, 2001). The fibrotic response
is driven by abnormally activated alveolar epithelial cells resulting
in epithelial to mesenchyme transition (EMT) and formation of
myofibroblast foci secreting amounts of ECM (Ley et al., 2011;
Wynn, 2011).

Suppressing the activation of fibroblasts can ameliorate
pulmonary fibrogenesis (Postlethwaite et al., 2004). TGF-β1 is
the main cytokine in pulmonary fibrosis pathogenesis, which
regulates fibroblasts proliferation and differentiation leading to
ECM over-production (Sime et al., 1997; Khalil et al., 2001).
BLM (an anti-neoplastic agent) causes alveolar cell damage,
inflammatory response, EMT and subsequent ECM deposition to
induce lung injury and pulmonary fibrosis in vivo (Gong et al.,
2005). In the present study, the administration of WEL effectively
attenuated BLM-induced pulmonary fibrosis process in mice by
activating AMPK to negatively regulate collagen production and
transformation of lung fibroblast into myofibroblasts.

MATERIALS AND METHODS

Chemicals and Reagents
Wedelolactone (Pubchem CID: 5281813, purity above 99%)
was prepared by Mr. Haifeng Xie in Chengdu Biopurify
Phytochemical Ltd. (Chengdu, China). Prednisone acetate

(PNS, Pubchem CID: 91438) was purchased from Zhejiang
Xianju Pharmaceutical Co., Ltd. (Xianju, China). Bleomycin
hydrochloride (BLM) was purchased from Nippon Kayaku
(Tokyo, Japan). Compound C (Pubchem CID: 11524144),
an AMPK inhibitor, was purchased from Shanghai
Chembest Research Laboratories Limited (Shanghai, China).
Recombinant TGF-β1 was purchased from PeproTech (Rocky
Hill, NJ, United States). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) was purchased from
Biosharp (Anhui, China).

Hydroxyproline assay kit was purchased from Beyotime
Biotechnology (Jiangsu, China). Antibodies against ERK (#4695),
phospho-ERK (#4370), JNK (#9258), phospho-JNK (#9255),
p38 (#8690), phospho-p38 (#4511), AMPK (#2531), phospho-
AMPK (#2532) and TGF-β (#3711) were all purchased from Cell
Signal Technology Inc. (Danvers, MA, United States). Antibodies
against COLI (WL0088), Raf1 (WL00553), and Vimentin
(WL01960) were all obtained from Wanleibio (Shenyang,
China). Antibodies against α-SMA (ab32575) was obtained
from Abcam (Cambridge, United Kingdom). Antibodies against
E-cadherin (BS72286) was obtained from Bioworld Technology
Inc. (Dublin, OH, United States). HRP-conjugated secondary
antibody was purchased from Bioworld Technology Inc. (Dublin,
OH, United States).

Cell Culture
Primary lung fibroblasts (PLFs) were derived from 6 to 8 weeks
old male C57/BL6 mice. The lungs were cleaned in phosphate-
buffered saline (PBS), minced into 1–2 mm3 sections and
digested with trypsin for 30 min at 37◦C. The cell suspensions
obtained after digestion were plated into sterile cell culture
bottle containing 5–6 mL of Dulbecco’s modified Eagle’s complete
medium (DMEM, GIBCO, Grand Island, NY, United States)
and incubated at 37◦C. These cells were detached with 0.25%
trypsinization and seeded in 6-well plates (1× 105 cells per well).
The cells were pretreated with either compound C (50 µM) or
solvent (DMSO) for 1.5 h and then incubated with/without TGF-
β1 (10 ng/ml), WEL (10 µM) or solvents (PBS or DMSO) for
48 h. Then, these cells were subjected to the following analysis. In
cell experiments, solutions of chemicals were prepared in DMSO,
and diluted in FBS-free medium, the concentrations of DMSO is
less than 0.05%.

The human type II alveolar epithelial cell MLE-12 were
purchased from Saiqi BioTech Co., Ltd. (Shanghai, China) and
maintained in DMEM/F12 (KeyGen BioTech Co., Ltd., Jiangsu,
China) supplemented with 10% FBS (Hyclone, Thermo, South
America), penicillin (100 U/mL) and streptomycin (100 µg/mL)
at 37◦C, with 95% humidity and 5% carbon dioxide. The cells
were pretreated with either compound C (50 µM) or solvent for
1.5 h and then incubated with/without TGF-β1 (10 ng/ml), WEL
(10 µM) or solvents for 48 h. Then, these cells were subjected to
the following analysis.

Cell Viability Assay
5 × 104 cells were seeded in 96 well plates and incubated in
DMEM or DMEN/F12 containing 10% FBS for 24 h. The cells
were pretreated with either compound C (50 µM) or solvent
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(DMSO) for 1.5 h and subsequently incubated with/without
TGF-β1 (10 ng/ml), WEL (10 µM) or solvent for 48 h, then MTT
solvent (5 mg/ml) was added and incubated for 4 h at 37◦C.
The optical density was measured at 490 nm with 630 nm as
reference wavelength.

Animals
Male C57/BL6 mice (6–8 weeks old, weighing between 18 and
20 g) and male ICR mice (6–8 weeks old, weighing between 22
and 25 g) were supplied from Qinglongshan Standard Animal
Propagation Center in Nanjing. The care and use of animals was
performed in accordance with the General Recommendation and
Provisions of the Chinese Experimental Animals Administration
Legislation. All experiments were approved by the Institutional
Ethical Committee of China Pharmaceutical University, Nanjing.
Animals were housed in a climate-controlled room temperature
at 22 ± 2◦C and 50 ± 10% humidity with a 12 h light/dark
cycle. Additionally, the animals were given free drinking water
and conventional rodent chow.

Mouse Model of BLM-Induced
Pulmonary Fibrosis
The BLM-induced experimental pulmonary fibrosis model was
described as our previous study (You et al., 2015). In brief,
mice were divided into groups after 1 week of acclimation.
Each group of mice was anesthetized with intraperitoneal
injection of chloral hydrate solution (4%, 10 ml/kg) before
intratracheal instillation, respectively, of BLM (5 mg/kg). Mice
receiving an instillation of equivoluminal vehicle (0.9% sterilized
saline solution) served as controls. Preliminary experimental
were investigated in male ICR mice. We divide mice into
five groups: normal group, BLM group, BLM and prednisone
(PNS, positive drug),BLM and large dose of WEL (WEL-H,
10 mg/kg) as well as BLM and small dose of BLM groups
(WEL-L, 2 mg/kg) at random. One week later after BLM
administration, two doses of WEL (2 mg/kg or 10 mg/kg)
and prednisone acetate (PNS, 6 mg/kg, positive drug) were
orally administered to mice for 7 or 21 consecutive days, the
control and the BLM groups were given the equivoluminal
vehicle (0.9% sterilized saline). On the day 14 and day 28
after BLM instillation. After blood collection, each group’s mice
were sacrificed randomly by excessive intraperitoneal injection
of chloral hydrate. Lungs were excised for pulmonary coefficient
measurement (lung weight/body weight; mg/g) (Turgut et al.,
2016). The left lower lobes were fixed in 10% formalin for the
examination of histopathology, and the other lung tissue samples
were stored at−80◦C.

Formal experiments were investigated in male C57/BL6 mice,
1 week later after BLM administration, WEL (10 mg/kg/day) were
orally administered to mice for 14 consecutive days. On the day
21, mice were euthanized by excessive intraperitoneal injection
of chloral hydrate. Lung tissues were excised for pulmonary
index measurement (lung weight/body weight; mg/g). The left
lower lobes were fixed in 10% formalin for the examination
of histopathology, and the other lung tissue samples were
stored at−80◦C.

Cytokine Assays in Bleomycin-Induced
PF Model in ICR Mice
IL-1β, TNF-α, and TGF-β levels in lung tissues were measured
with ELISA kits according to the instructions recommended
by the manufactures (BioLegend, Inc., San Diego, CA,
United States), and the optical density (OD) of the microplate
was read at 450 nm.

Histological Analysis
The lung tissues fixed with 10% formalin were embedded
in paraffin for histological examination and stained with
hematoxylin–eosin (HE) or Masson’s trichrome, then evaluated
under a light microscopy conducted by experienced pathologists,
who were blinded for groups. The results were scored in
accordance with the previously reported method, and the score
numbers (0–3) were, respectively, corresponded to the grades of
−,+,++, and+++ (Szapiel et al., 1979).

Hydroxyproline Assay
Collagen deposition was determined by measuring the total HYP
content, which was measured by a HYP assay kit according
to the provided manufacturer’s protocol. In brief, lungs were
hydrolyzed at 100◦C for 40 min and mixed every 10 min. After
neutralization with hydrochloric acid, the hydrolyzation products
were diluted with distilled water, and assessed at 550 nm and
expressed as µg/mg (You et al., 2015).

Western Blot Analysis
The levels of Col I, α-SMA, TGF-β1, p-Smad2/3, p-AMPK, Raf1,
MAPKs, Vimentin and E-cadherin were detected by Western
blotting. Total proteins extracted from lung homogenate or cell
lysate were lysed in ice-cold RIPA lysis buffer containing 1:100
dilution of phenylmethanesulfonyl fluoride (PMSF, Beyotime).
Total protein concentrations were determined by BCA Protein
Assay Kit (Beyotime). After boiling for 10 min, equal amounts
of the protein (50 µg/lane) were separated by SDS-PAGE
and transferred to PVDF membrane (Millipore, Billerica, MA,
United States) that were probed with primary antibodies
overnight at 4◦C and HRP-labeled secondary antibodies at
25◦C for 2 h and visualized using super ECL detection
reagent (Beyotime).

Preparation of RNA and RT-PCR Analysis
Total RNA from cultured cells and lung samples were isolated
and one-step real-time RT-PCR and real-time PCR performed
using SYBR Green PCR Reagents (TaKaRa, China), the
StepOneTM Real-Time PCR (Life Technologies, United States),
and the Opticon DNA Engine (MJ Research Inc., South
San Francisco, CA, United States). Total RNA was extracted from
the treated cells or lung tissues using Trizol reagent (Invitrogen
Life Technologies, United States), reverse-transcribed to
complementary DNA (cDNA) using the TransScript first-Strand
cDNA Synthesis kit (TOYOBO, Japan), and stored at −80◦C
until reverse transcription. The relative gene expression was
quantified by Q-PCR using SYBR R© Premix Ex TaqTM (TaKaRa,
China) in StepOneTM Real-Time PCR (Life Technologies,
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United States). In each reaction, 0.5 µg of total RNA was reverse
transcribed before the following PCR conditions: 94◦C for 2 min
followed by 40 cycles at 94◦C for 15 s, 58◦C for 30 s, 72◦C for 30 s,
with final extension at 72◦C for 10 min. Primers and amplicon
sizes were shown in Table 1. The relative amount of mRNA was
calculated using the comparative Ct (1Ct) method compared
with β-actin and expressed as the mean± SD.

Statistical Analysis
Data were presented as mean ± SD from at least three
independent experiments. One-way analysis of variance
(ANOVA) was used for performing differences among different
groups followed by the Student–Newman–Keuls test (GraphPad
Prism Software 5.0, GraphPad Software Inc., San Diego,
CA, United States). Values of p < 0.05 were considered
statistically significant.

RESULTS

WEL Protects Against
Bleomycin-Induced Pulmonary Fibrosis
in ICR Mice
Bleomycin-induced PF model in mice is characterized by
activated myofibroblasts (Bhattacharyya et al., 2013). In this
model, 7–9 days is the switch point from lung inflammation to
fibrotic phase (Chaudhary et al., 2006). In the present study,
two doses of WEL-L (2 mg/kg) and WEL-H (10 mg/kg) were
orally administered for 14 days, respectively, starting 7 days after
BLM (5 mg/kg) administration. The high dose of WEL treatment
(WEL-H, 10 mg/kg) markedly attenuated BLM-induced the
weight loss and the increasing pulmonary index as well as
HYP content in lungs (Figures 1E,F). Moreover, the levels
of pro-inflammatory cytokines, IL-1β, TNF-α, and TGF-β1, in
lung tissues were elevated at day 14 from different groups, but
greatly reduced after WEL treatment at the dose of 10 mg/k

TABLE 1 | Sequences of primers used for real-time quantitative PCR.

Gene Forward primer
(5′–3′)

Reverse primer
(5′–3′)

Product
size (bp)

M-α-SMA CCA CGA AAC CAC
CTA TAA CAG C

GGA AGG TAG ACA
GCG AAG CC

236

M-Collagen I CTG ACT GGA AGA
GCG GAG AG

CGG CTG AGT AGG
GAA CAC AC

116

M-TGF-β1 AGA GCC CTG GAT
ACC AAC TAT TG

TGC GAC CCA CGT
AGT AGA CG

286

M-Vimentin TCC ACA CGC ACC
TAC AGT CT

CCG AGG ACC GGG
TCA CAT A

124

M-E-cadherin CAG GTC TCC TCA
TGG CTT TGC

CTT CCG AAA AGA
AGG CTG TCC

175

M-β-actin CTG AGA GGG AAA
TCG TGC GT

CCA CAG GAT TCC
ATA CCC AAG A

208

H-α-SMA CTG TTC CAG CCA
TCC TTC AT

TCA TGA TGC TGT
TGT AGG TGG T

70

H-GAPDH CAT CTT CTT TTG
CGT CGC CA

TTA AAA GCA GCC
CTG GTG ACC

115

(Figure 1F), indicating an inhibitive effect of WEL in BLM-
induced lung inflammation.

WEL Protects Against
Bleomycin-Induced Pathological
Changes of Lungs in ICR Mice
The mice that received intratracheal instillations of BLM suffered
serious lung damage and fibrosis, which manifested as weight
loss, poor survival rate, collagen deposition in lung tissues.
Histological analysis by HE and Masson’s staining showed
WEL group displayed slightly thickened alveolar walls, some
inflammatory cells, and minimum deposition of collagen fibers
at day 14 and day 28 compared to BLM alone group (Figure 2).

WEL Protects Against
Bleomycin-Induced Pulmonary Fibrosis
in C57/BL6 Mice
In most studies, C57/BL6 mice are more susceptible to BLM-
induced fibrosis (Lattaa et al., 2015). Then, C57/BL6 mice were
also selected in the present study, and similar results were
achieved in BLM-challenged PF model. The inflammation and
fibrosis scores as well as HYP content in WEL groups were
also significantly decreased compared to BLM alone group
(Figures 3E–G). In addition, the expression of α-SMA (a
hallmark of myofibroblasts) and Col I as well as its mRNA levels
were also dramatically reduced in WEL-treated mice compared to
BLM group (Figures 3H,I). Taken together, these results further
confirmed that WEL could effectively ameliorated BLM-induced
inflammation infiltration and fibrosis degree of lung tissues.

WEL Down-Regulates TGF-β/Smad
Signaling Pathway and Promotes the
Activation of AMPK in
Bleomycin-Induced PF in C57/BL6 Mice
Growth factor TGF-β1 has been widely detected in idiopathic
pulmonary fibrosis, which activates fibroblast proliferation and
collagen production, and TGF-β/Smad signaling pathway is
the canonical signaling pathway during the fibrosis process
(Pedram et al., 2010). As shown in Figures 4A,B, WEL treatment
significantly decreased TGF-β1 over-expression and its mRNA
levels as well as the phosphorylated Smad2/3 level in lungs
compared to BLM alone group (Figure 4C). Additionally, WEL
administration notably activated AMPK in lungs compared to
BLM alone group (Figure 4D), suggesting that there is a close
relationship between the activation AMPK by WEL treatment
and its anti-fibrotic effects.

WEL Prevents ECM Accumulation by
Activating AMPK in PLFs Exposed to
TGF-β1
Following lung injury, PLFs transform into myofibroblast-like
cells and are the major source of ECM accumulation in the
fibrotic lungs with α-SMA overexpression (Todd et al., 2012).
In the current study, primary mouse lung fibroblasts (PLFs)
were treated with TGF-β1 to induce fibrosis-related protein
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FIGURE 1 | WEL attenuated bleomycin (BLM)-induced pulmonary fibrosis in ICR mice. One week after 5 mg/kg bleomycin (BLM) treatment, mice were orally
administered with two doses of WEL-L (2 mg/kg/day) and WEL-H (10 mg/kg/day) and prednisone (PNS, 6 mg/kg) once a day for 7 or 21 days. (A) The chemical
structure of WEL, changes of body weight (B), survival rate (C), and pulmonary index (D) were shown in different groups. (E) The HYP contents in lung tissues were
determined by an assay kit. (F) The levels of pro-inflammatory cytokines (IL-1β, TNF-α, and TGF-β1) in lung tissue from different groups at day 14 were detected by
ELISA assay. Data are shown as mean ± SD (n = 10). #p < 0.05, ##p < 0.01 vs. the control group; ∗p < 0.05, ∗∗p < 0.01 vs. the BLM group.

expression. As shown in Figure 5A, WEL at the concentration
of 0.1–100 µM had no significant cytotoxicity to normal PFLs,
but tend to weakly promote normal PFLs growths. Recent
study reported that the activation of AMPK effectively alleviated
inflammation-related fibrosis in lungs (Rangarajan et al., 2018).

Wedelolactone treatment (10 µM) significantly inhibited
α-SMA overexpression (P < 0.01, Figure 5B), but the effect of
WEL were significantly blocked by the inhibition of AMPK with
compound C in TGF-β-stimulated PLFs (Figure 5E). In addition,
TGF-β1 acts the non-genomic functions in lung myofibroblast
proliferation via regulating Raf1-MAPK (ERK, JNK and P38)
signaling pathways (Flores-Delgado et al., 2001). We found
that WEL also significantly suppressed TGF-β-induced abnormal
protein expressions of Raf1/MAPKs signaling pathways in
PFLs (Figure 5F). Taken together, WEL treatment effectively
suppressed the accumulation of ECM of activated lung fibroblasts
partly by activating AMPK and its inflammation level.

AMPK Activation by WEL Treatment Is
Responsible for EMT Process
TGF-β1 level mediated the epithelial-mesenchymal transition
(EMT) process of alveolar epithelial cells during pulmonary
fibrosis (Kuiper et al., 1998). In the present study, protective

effects of WEL were obtained in TGF-β-treated MLE-12 cell lines.
We examined the effect of WEL on cell viability at 0.1–100 µM for
MLE-12 cells. WEL did not influence the cell growth at 0.1–10µM
(Figures 6A,B). WEL treatment (10 µM) significantly inhibited
the TGF-β1-induced abnormal expressions and mRNA levels of
EMT markers, such as α-SMA, Vimentin, Col I and E-cadherin
(Figures 6C–J) without influence on normal protein levels of
MLE-12 cells (see Supplementary Figures S1, S2). However,
the inhibition of WEL on EMT was significantly blocked
by compound C (Figures 6K,L), suggesting that WEL could
effectively ameliorated EMT of alveolar epithelial cells through
activating AMPK. In addition, WEL also significantly inhibited
Raf1-MAPKs signaling pathway in MLE-12 cells exposed to
TGF-β1 (Figure 6M and Supplementary Figure S1). Taken
together, WEL effectively suppressed EMT of alveolar epithelial
cells partly through activating AMPK and its inflammation level.

DISCUSSION

Wedelolactone is the major component in Ecliptae Herba. WEL
is reported to inhibit topoisomerase IIα and 5-lipoxygenase
(Wagner and Fessler, 1986; Benes et al., 2011) hepatic stellate cells
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FIGURE 2 | WEL protects against bleomycin-induced pathological changes of lungs in ICR mice. One week after BLM treatment (5 mg/kg), mice were orally
administered with WEL-L (2 mg/kg) or WEL-H (10 mg/kg) and prednisone (6 mg/kg, positive drug) once a day for 7 or 21 days. Representative pictures (×200) of
HE-stained (A) and Masson’s trichrome-stained (B) lung sections from mice on day 14 or day 28 were shown. Bar = 100 µm. The inflammation (C) and fibrosis (D)
score numbers of 0–3, corresponding to the grades of –, +, ++, and +++, were evaluated by experienced pathologists in a blinded fashion. Data are presented as
the mean ± SD (n = 10). ##p < 0.01 vs. the control group; ∗p < 0.05, ∗∗p < 0.01 vs. the BLM alone group.
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FIGURE 3 | WEL ameliorated bleomycin (BLM)-induced pulmonary fibrosis in C57/BL6 mice. One week after 5 mg/kg BLM treatment, mice were orally administered
with WEL (10 mg/kg) once a day for 14 days. (A) Body weight, (B) survival rate, and (C) pulmonary index of BLM mice and BLM mice that received WEL were
determinated on day 21 (n = 6). (D) Representative pictures (×200) of HE-stained and Masson’s trichrome-stained lung sections from mice on day 21 were shown.
Bar = 100 µm. The inflammation (E) and fibrosis (F) score numbers of 0–3, corresponding to the grades of –, +, ++, and +++, were evaluated by experienced
pathologists in a blinded fashion. (G) HYP contents in lung tissues were determined by a assay kit. The protein expressions (H) of α-SMA and collagen I (Col I) in
lung tissues were determined by Western blotting. The mRNA levels (I) of α-SMA and collagen I (Col I) in lung tissues were determined by PCR analysis. Data are
presented as mean ± SD (n = 9). ∗p < 0.05, ∗∗p < 0.01.
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FIGURE 4 | WEL regulated TGF-β/Smad signaling pathway and AMPK activation in lung tissue in bleomycin-induced PF in C57/BL6 mice. One week after 5 mg/kg
BLM treatment, mice were orally administered with WEL (10 mg/kg) once a day for 14 days. The protein expression of TGF-β1 (A) and the phosphorylation levels of
Smad2/3 (C) in lung tissues were determined by Western blotting. (B) The mRNA levels of TGF-β1 in lung tissues were determined by PCR analysis. (D) The protein
phosphorylation levels of AMPK in lung tissues were determined by Western blotting. Data are presented as mean ± SD (n = 9). ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001.

activation (Xia et al., 2013), induce cell apoptosis (Sarveswaran
et al., 2012), activate G protein (Deng and Fang, 2012), protect
bronchial epithelial cell (Ding et al., 2015) and attenuate carbon
tetrachloride-induced liver injury in mice (Ping et al., 2012).
The content of WEL in Ecliptae Herba is not less than 0.04%
(g/g) recorded in China Pharmacopoeia (2015 editions). Previous
study has confirmed that the ethanol extract of Ecliptae Herba
effectively can attenuated BLM-induced pulmonary fibrosis (PF)
in mice (You et al., 2015), but the protective effects of WEL
on PF is unclear.

Pulmonary fibrosis is a progressive, fatal fibrosis disease
without clear etiology (Adamson and Bowden, 1974).
It is associated with higher mortality, weight loss and
histopathological damage (infiltration of inflammatory
cells, collapse of alveolar spaces, thickened alveolar wall
and so on) in BLM-induced PF model. The capacity to
ameliorate PF is associated with decreasing excessive collagen
deposition, and the content of HYP is an indicator of collagen
metabolism in connective tissue diseases (Liang et al., 2011).

Previous trials to the PF treatment focused on inflammatory
therapy, but researches indicate that the fibrosis process
is driven by over-activated alveolar epithelial cells and
fibroblasts (Daniels et al., 2004; Liang et al., 2011). During
the process of EMT in lung fibrosis, epithelial cells disrupt their
adhesion capacity due to the decrease in E-cadherin and the
cytoskeleton rearrangement.

In the present study, the validity of WEL was investigated
at the dosage of 2 mg/kg and 10 mg/kg, and WEL treatment
at the dosage of 10 mg/kg showed significant protective
effects on all kinds of clinical symptoms in BLM-induced
lung fibrosis in ICR and C57/BL6 mice. Treatment with
WEL at 10 mg/kg significantly reduced BLM-induced the
collagen deposition in lung tissues compared to the model
group (Figures 1, 3). Additionally, treatment with WEL
also significantly impaired BLM-induced increase in TGF-
β1 expression and Smad2/3 phosphorylation in the lungs
(Figure 4). TGF-β/Smad is a canonical signaling pathway during
fibrosis process which promotes myofibroblast differentiation
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FIGURE 5 | WEL ameliorated TGF-β-induced myofibroblast differentiation partly through Raf1-MAPK signaling pathway and AMPK activation in primary mouse lung
fibroblasts (PLFs). The cells were pretreated with compound C (50 µM) or solvent for 1.5 h and subsequently incubated with/without TGF-β1 (10 ng/ml), WEL or
solvent for 48 h. (A) The effect of WEL (0.1–100 µM) on PLFs proliferation cells were measured by the MTT assays. (B) The expression of α-SMA in PLFs treated
with/without TGF-β1 was detected by Western blotting. (C) The inhibition of WEL or compound C on PLFs proliferation cells were measured by the MTT assays.
(D) Expression of p-AMPK/AMPK in PLFs treated with/without TGF-β1 or compound C were determined by Western blotting. (E) The expression of α-SMA in PLFs
treated with/without TGF-β1 or compound C were determined by Western blotting. (F) Protein expressions of Raf1, JNK/p-JNK, p38/p-p38, and ERK1/2/p-ERK1/2
in PLFs treated with/without TGF-β1 were detected by Western blotting. Data are presented as mean ± SD (n = 5). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. NS,
non-significant.
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FIGURE 6 | Regulation of WEL on the EMT of alveolar epithelial cells partly and its inflammation in TGF-β1 mediated MLE-12 cells. The cells were pretreated with
compound C (50 µM) or solvent for 1.5 h and subsequently incubated with/without TGF-β1 (TGF, 10 ng/ml), WEL or solvent for 48 h. (A,B) Effects of WEL (0.1–100
µM) on proliferation cells were measured by the MTT assays. (C–J) Protein expressions and mRNA levels of α-SMA, Vimentin, Col I, and E-cadherin in MLE-12 cells
treated with/without TGF-β1 were detected by Western blotting and PCR analysis. (K) Effect of compound C (0.1–100 µM) on proliferation cells were measured by
the MTT assays. (L) The expression of α-SMA in MLE-12 cells treated with/without TGF-β1 or compound C were determined by Western blotting analysis.
(M) Protein expressions of Raf1, JNK/p-JNK, p38/p-p38, and ERK1/2/p-ERK1/2 in MLE-12 treated with/without TGF-β1 were detected by Western blotting
analysis. Data are presented as mean ± SD (n = 5). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. NS, non-significant.
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and activates myofibroblasts to secrete excess amounts of ECM
(King et al., 2011).

In present study, WEL treatment (10 mg/kg) significantly
promoted the activation of AMPK in the lung tissues from
BLM-treated mice (Figure 4). TGF-β-induced myofibroblast
differentiation and BLM-induced lung fibrosis in mice were
effectively inhibited by metformin-mediated AMPK activation
(Li et al., 2015; Sato et al., 2016). In vitro, WEL effectively
inhibited not only the accumulation of ECM in pro-inflammatory
cytokine TGF-β-stimulated lung fibroblasts PLFs (Figure 5) but
also the EMT of TGF-β1-mediated alveolar epithelial cells MLE-
12 cells (Figure 6), however, these inhibition of WEL were
significantly blocked by compound C (Figures 5, 6). AMPK
activation is recognized to have potential beneficial effects on
improving metabolic disorders and preventing organ dysfunction
during fibrosis development (Zhao Y. et al., 2015), inhibiting
AMPK activation by compound C (an AMPK inhibitor) could
reverses metformin’s protective effects on lung fibrosis (Liu et al.,
2014). Recent research also showed that WEL could activated
AMPK in liver tissues from rat steatosis (Zhao J. et al., 2015).

The AMPK activator inhibits not only fibrosis (Flores-Delgado
et al., 2001; Gong et al., 2005; Zhang et al., 2010) but also
inflammation status (Langenbach et al., 2007; Sarveswaran et al.,
2012). Moreover, TGF-β1 acts the non-genomic functions by
MAPK kinase pathway, and estrogen inhibits lung myofibroblast
proliferation via Raf1–MAPK (p38, ERK, and JNK) signaling
pathway (Flores-Delgado et al., 2001). In the present study, we
found that WEL treatments significantly suppressed TGF-β1-
mediated inflammation station in activated lung fibroblasts and
alveolar epithelial cells through down-regulating the activation
of Raf1 and phosphorylated MAPKs (ERK, JNK, and p38)
(Figures 5, 6). Previous studies have shown that WEL acts
as phytoestrogen inhibits breast cancer cells by regulating
ER genomic and non-genomic signaling pathways (Nehybova
et al., 2015). However, further investigation, for example,
whether the regulation of Raf1-MAPKs by WEL is an AMPK-
dependent response or estrogen-like effect, is needed in the
future. More comprehensive studies are needed to illustrate the
precise molecular mechanism and the full effects of WEL on
pulmonary fibrosis.

CONCLUSION

In conclusion, WEL can decrease the associated inflammation
by attenuating Raf1-MAPKs signaling pathway to inhibiting
inflammatory cytokines production, and increase the activation
of AMPK in the BLM-induced pulmonary fibrosis models,
preventing an increase in pro-fibrotic markers such as Col
I and α-SAM and attenuating a decreasing in anti-fibrotic
marker such as E-cadherin. Mechanistic studies suggested that
AMPK-mediated collagen suppression in particular is involved
in WEL’s anti-fibrotic mechanisms. Additional investigations are
necessary to elucidate the full anti-fibrotic potential of WEL as
an effective therapy for PF patients, including that produced
during BLM treatment.
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