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Lonicera japonica (Caprifoliaceae) has been known as an anti-inflammatory herb in traditional

Chinese medicine for thousands of years and is used constantly for upper respiratory tract infec-

tions. Luteolin, an active flavonoid compound isolated from Lonicera japonica, has a spectrum of

biological activities, especially with antioxidative and anti-inflammatory properties. However, whether

luteolin has a direct inhibitory effect on lung fibrosis has not been established. In this study, we

examined the effects of luteolin on lung fibrosis both in vivo and in vitro. We found that oral

administration of luteolin (10 mg/kg) efficiently suppressed the neutrophil infiltration as well as TNF-R and

IL-6 elevation in the bronchoalveolar lavage fluid in bleomycin-instilled C57BL/6J mice. Luteolin also

alleviated collagen deposition, TGF-β1 expression, and lung fibrosis upon bleomycin instillation.

A similar tendency was observed in both early and delayed luteolin-treated groups. Next, our in vitro

studies showed that luteolin inhibited TGF-β1-induced R-SMA, type I collagen, and vimentin

expression in primary cultured mouse lung fibroblasts. Moreover, luteolin significantly blocked

TGF-β1-mediated epithelial marker (E-cadherin) downregulation and mesenchymal cell markers

(fibronectin and vimentin) upregulation, as well as retaining epithelial morphology in human alveolar

epithelial-derived A549 cells. Additionally, luteolin could attenuate TGF-β1-induced Smad3 phos-

phorylation in both lung fibroblasts and A549 cells. These findings suggest that luteolin has a potent

antifibrotic activity; this effect was mediated, at least in part, by inhibition of lung inflammation and

suppression of myofibroblast differentiation as well as epithelial-to-mesenchymal transition.
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INTRODUCTION

Interstitial lung disease (ILD) is a broad category of lung
diseases that includes more than 130 disorders which are char-
acterized by fibrosis and inflammation of the lungs. Much work
has been done in an attempt to explain the etiology of ILDs, such
as occupational/environmental factors, drugs, hypersensitivity
reactions and infections (1). Although ILDs can develop from
a variety of sources, the disease processes, including cell repair,
immune responses, fibroblast proliferation and increased secre-
tion of collagen and extracellular matrix, all share the same char-
acteristics with formation of lung fibrosis (2). Previous studies
reported that several factors play important roles in the develop-
ment of fibrosis including profibrotic cytokines, chemokines,
eicosanoids, fibrinolytic/fibrinogenic factors, oxidative stress,
matrix metalloproteinases and their inhibitors (2). Among them,
transforming growth factor beta 1 (TGF-β1), a potent profibrotic

cytokine, is one of the central mediators which induce the
phenotypic modulation of fibroblasts to myofibroblasts, which
have the potential to play important roles in the pathogenesis
of pulmonary fibrosis and to contribute to the recruitment of
inflammatory cells (3). Histological evaluation of lung tissue
further shows evidence of inflammation and disorder of lung
mesenchymal cells in patients and experimental animals with lung
fibrosis (4,5). Moreover, a number of studies on the pneumonia/
lung fibrosis mechanism have documented that inflammatory
cells such as macrophages, lymphocytes and neutrophils play a
key role in secretion of a variety of cytokines and growth factors
that regulate proliferation, chemotactismand secretory activity of
fibroblasts (6). These observations suggested that the inflamma-
tory process results in lung injury and lung fibrosis and empha-
sized that effective therapies for these disorders must be given
early in the natural history of the disease, prior to the develop-
ment of extensive lung destruction and fibrosis. The drug thera-
pies, such as steroids, immunosuppressor, and antifibrosis drug
(colchicine), that are currently available for ILDs can have
serious side effects and often are not effective. Hence, new drugs
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with a higher therapeutic effect and lower side effects are urgently
needed for these patients.

It is noteworthy that the use of medicinal plants or their active
components is becoming an increasingly attractive approach for
the complementary and alternative treatment of various inflam-
matory disorders. Lonicera japonica (Caprifoliaceae) has been
known as an anti-inflammatory herb in traditional Chinese
medicine for thousands of years, and is widely used for upper
respiratory tract infections and rheumatoid arthritis. It was also
used for treatment of severe acute respiratory syndrome (SARS)
in Mainland China (7). Luteolin (30,40,5,7-tetrahydroxyflavone),
an active flavonoid compound isolated fromLonicera japonica, is
widely distributed in the plant kingdom. Preclinical studies have
shown that this flavone possesses a variety of pharmacological
activities, including antioxidant, anti-inflammatory, antimicro-
bial, and anticancer activities (8). Recently, luteolin has been
found to alleviate bronchoconstriction and airway hyperreactiv-
ity in ovalbumin sensitizedmice (9). It also can decrease the acute
Chlamydia pneumoniae infection load and inflammatory reac-
tions in lung tissue of treated mice (9, 10). Our previous report
further demonstrated that luteolin suppresses inflammation-
associated gene expression by blocking NF-κB and AP-1 activa-
tion pathways inmouse alveolarmacrophages (11). However, the
therapeutic potential of luteolin for fibrotic lung diseases remains
unclear. Interestingly, alveolar epithelial cells have been shown to
undergo the epithelial-mesenchymal transition (EMT) to pro-
duce myofibroblasts in idiopathic pulmonary fibrosis patients, a
mouse lung fibrosis model, and TGF-β1 treated A549 adenocar-
cinomic human alveolar basal epithelial cells (12).

In the current study, we examined the antifibrotic effects of
luteolin in both in vivo and in vitromodels. The effects of luteolin
on the TGF-β1-stimulated fibroblast-myofibroblast transition
and EMT of alveolar epithelial cells were examined on primary
cultured mouse lung fibroblasts and human alveolar epithelial-
derived A549 cell line in vitro. This is the first study to demon-
strate that luteolin alleviates lung inflammation and fibrosis in
bleomycin-instilled C57/BL6J mice, and inhibits the TGF-β1-
stimulated myofibroblast differentiation and EMT in vitro.

MATERIALS AND METHODS

Chemicals and Reagents. Bleomycin was purchased from Nippon
Kayaku (Tokyo, Japan). Luteolin was purchased from Extrasynthese
(Genay, France). Prednisolone was purchased from NeWai Chemical
Industrial Co. (Taiwan). Recombinant human TGF-β1 was purchased
from R&D Systems (Minneapolis, MN). Antibodies and chemicals were
obtained from the following sources: vimentin, R-smooth muscle actin
(R-SMA) and FITC-conjugated goat anti-mouse IgG antibodies from
Sigma (St. Louis, MO); collagen type I, Smad2/3 and p-Smad2/3 (ser433/
435) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA);
E-cadherin antibody from BD Transduction Laboratories (San Jose, CA).
RNA isolationkit andRT-PCRkitwere obtained fromGeneMark (Taiwan)
and the PCR primers were synthesized by MDBIO, INC. (Taiwan).

Bleomycin-InducedLungFibrosisModel.MaleC57BL/6mice were
obtained fromNational Laboratory Animal Center (Taipei, Taiwan), and
10-week-old mice were used in all experiments. All animal experiments
were approvedby theAnimalResearchEthicsBoardof theDepartment of
Education & Research, Taichung Veterans General Hospital (Taichung,
Taiwan). C57BL/6 mice were randomly divided into six groups (n=10
each group). Lung fibrosis was induced in male C57BL/6 mice by a single
intratracheal instillation of 5 mg/kg of bleomycin in 0.3 mL of saline, and
control mice received an equal volume of saline only. There are four
groups of drug treatments: mice were orally administered daily with (1)
luteolin (10 mg/kg, 1 mg/mL in ddH2O) or (2) prednisolone (5 mg/kg,
1mg/mL in ddH2O) fromday 1 to day 21 andmicewere orally administered
daily with (3) luteolin or (4) prednisolone from day 10 to day 21.

Bronchoalveolar Lavage Fluid Preparation and Cytokine Ana-

lyses.Bronchoalveolar lavage fluidwas preparedbywashing the lung four

times with 4 mL ofHBSS through a tracheal cannula. A 200 μL aliquot of
the bronchoalveolar lavage fluid was placed in a cytospin and centrifuged
at 500g for 5 min. The glass slides were Wright stained and subjected to a
blinded manual cell count and differential. Cell differentials were counted
with at least 200 leukocytes in each sample. The remaining bronchoalveolar
lavage fluid was centrifuged at 300g for 5 min, and the supernatant was
collected and stored at-70 �C for the cytokine analyses. TNF-R and IL-6
concentrations in BALF were measured using an ELISA kit (R & D
systems, Minneapolis, MN) according to the manufacturer’s standard
protocol.

Pathological Examinations and Semiquantitative Pathological

Index. Lung tissue was fixed by instilling 10% neutralized buffered
formalin through the trachea, and embedded in paraffin. Three 4 μm
thick transverse sections were stained with hematoxylin/eosin (Sigma) and
Masson’s Trichrome (DACO, Kyoto, Japan) using the manufacturer’s
standard protocol. Histologic grading of lesions was performed by using a
blinded semiquantitative scoring system for extent of inflammation in lung
parenchyma based on previous studies with minor modifications (13).
Briefly, lung sections from animal were systematically scanned using a
20� objective lens, and 20 randomly selected fields were scored. The
pathological features were determined based on (i) capillary congestion,
(ii) intraalveolar and (iii) perivascular hemorrhage, (iv) interstitial, and
(v) intraalveolar neutrophil infiltration. Each feature was scored from
0 to 4 according to its severity, and the score for each fieldwas summed and
averaged for each animal.

Fibrosis Quantitative Image Analysis. Fibrotic lung injury was
assessed morphologically by quantitative image analysis (QIA). The
degree of fibrosis was quantified by the Image-Pro Plus computer program
(Media Cybernetics, Inc. Bethesda,MD) by analyzing slides as previously
describedwithmodifications (14). By adjusting image contrast, brightness,
and color threshold settings, the image analysis programwas configured to
detect areas of blue stained collagen within each of 20 randomly selected
fields per slide, captured using a 20� objective lens. The fraction of blue
stained collagen areas for each field were summed and averaged for each
animal. The area fraction of fibrosis is presented as mean ( SD.

Collagen Level Determination. Lungs were removed and homoge-
nized in 1 mL of HBSS at day 21. Aliquots of lung homogenate were then
assayed for total lung collagen levels and compared with a standard curve
prepared from rat tail collagen by using the Sircoll collagen dye binding
assay (BioColor Ltd., Newtownabbey, U.K.) according to the manufac-
turer’s instruction.

RNA Extraction and Semiquantitative RT-PCR. Changes in
TGF-β1 mRNA levels of mice lung after bleomycin stimulation were
measured by semiquantitative RT-PCR. Total RNA was extracted from
each specimen of lung tissue using Trisolution Reagent Plus (GeneMark,
Taiwan) according to the manufacturer’s instructions. For the amplifica-
tion of the desired cDNA, the following gene-specific primers were used.
TGF-β1: sense 50-TGGACCGCAACAACGCCATCTATGAGAAAACC-30,
antisense 50-TGGAGCTGAA GCAATAGTTGGTATCCAGGGCT-30.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH): sense 50-TG-
GTATCGTGGAAGGACTCATGAC-30, antisense 50-ATGCCAGT-
GAGCTTCCCG TTCAG C-30. The reaction conditions were set at
95 �C for 3 min followed by 25 to 30 cycles at 95 �C for 60s, 49 to 62 �C
for 45s and 72 �C for 75s. The PCR products were subjected to separation
on a 2% agarose gel and visualized by ethidium bromide staining and UV
irradiation.

Cell Culture. Primary lung fibroblasts were isolated from 8 week old
C57BL/6 mice, accomplished by using a protocol described previously
with a slight modification (14). Briefly, the lungs were perfused via the
pulmonary artery and lavage. Lung tissue was dissected from the airways,
minced into 2-mm3 pieces and digested with collagenase (1 mg/mL;
Worthington) and 0.25% trypsin for 6 min. The digested lung tissues were
filtered successively through a 22 μm nylon mesh and centrifuged at 300g
for 5 min. The resulting pellets were plated on a Petri dish withDulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (FCS), 100 U/mL penicillin/streptomycin (Sigma) and 2 mM
L-glutamine in a humidified incubator at 37 �C with 5% CO2. Lung
fibroblasts were purified by repeat trypsinization and passaging to achieve
a homogeneous population. Identification of fibroblasts was based on the
presence of R-SMA staining. A549 cells (ATCC, CCL-185) were cultured
inDMEMsupplementedwith 100U/mLpenicillin/streptomycin and 10%
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FCS in a humidified incubator at 37 �C with 5% CO2. For TGF-β1
experiments, cells were starved for 24 h using DMEM supplemented with
0.1% FCS before treatment.

Immunocytochemistry of Primary Cultured Lung Fibroblasts.

Cells on coverslips were fixed for 5 min with 2% paraformaldehyde in
phosphate buffered saline (PBS) and permeatedwith 1%TritonX-100/PBS
for 15 min followed by washing twice with PBS. The coverslips were
stained using R-SMA monoclonal antibody (mAb) overnight at 4 �C
followed by FITC-conjugated anti-mouse IgG for 1 h. The coverslips were
mounted on slides and visualized using confocal laser microscopy system
(LSM 510-META; Carl Zeiss, Iena, Germany) with a water immersion
objective lens for high resolution.

Western Blotting Analysis. Confluent cells (1� 106) in a 10 cm Petri
dish were treated with TGF-β1 (5 ng/mL) in the absence or presence of
luteolin (25 μM). At each point in time, cells were washed with PBS and
then scraped into microcentrifuge tubes and pellets. The cell pellets were
resuspended in extraction lysis buffer and incubated for 20 min at 4 �C.
Lysates (50 μg/lane) were separated by SDS-PAGE on polyacrylamide
gels and transferred onto polyvinylidene difluoridemembranes (PerkinElmer
Life Sciences, Inc., Boston, MA). The membranes were probed with
monoclonal primary antibody overnight at 4 �C. The blots were washed
and incubated with horseradish peroxidase-conjugated rabbit anti-mouse
or anti-rabbit IgG (1:20,000) for 1 h at room temperature. Following
washingwithTBST twice, immunoreactive bandswere visualizedusing the
ECL-Plus detection system (PerkinElmer Life Sciences, Inc., Boston, MA).

Statistical Analysis. All data are presented as mean( SD. Statistical
analysis among multiple groups was carried out by analysis of variance
(ANOVA) followed by appropriate Tukey’s tests including multiple
comparison tests. All analyses were made using the SAS statistical soft-
ware package and probability value of less than 0.05 were considered
statistically significant. Student’s t-test for pairs, considered significant
at the *P < 0.05, **P < 0.01, or ***P < 0.001 level.

RESULTS

Anti-Inflammatory Action of Luteolin in Bleomycin-Instilled

Mice. Male C57BL/6 mice were intratracheally instilled with
5 mg/kg of bleomycin or saline (control group), and then mice
were untreated or orally administered daily with luteolin (10mg/kg)
or prednisolone (5 mg/kg) for indicated times. The lung inflam-
matory response after bleomycin administration was reflected by
early increases of inflammatory cells in bronchoalveolar lavage
fluid. As shown inTable 1, the total cells significantly increased in
bronchoalveolar lavage fluid samples in the bleomycin-instilled
group compared with the control group. Administration of
luteolin and prednisolone effectively reduced the bleomycin-
mediated increase in total cells and neutrophils proportion at
day 7.

Elevation of TNF-R and IL-6 levels in bronchoalveolar lavage
fluid is the sign of acute inflammation (6). To further confirm the
anti-inflammatory action of luteolin, the levels of TNF-R and
IL-6 were measured at days 3, 7, and 14 post bleomycin instilla-
tion. As depicted in Figures 1A and 1B, the levels of TNF-R and
IL-6 significantly increased in the bronchoalveolar lavage fluid of
the bleomycin-instilled group. In contrast, treatmentwith luteolin
and prednisolone reduced the levels of TNF-R and IL-6 in
bleomycin-exposed mice. These data suggest that luteolin has an
obvious anti-inflammatory function in bleomycin-instilled ani-
mals.

To further validate the effect of luteolin on anti-inflammatory
function in mice treated with intratracheal bleomycin, histologic
analysis of mouse lung tissue was performed. The bleomycin-
instilled mice showed severe epithelial degeneration, inflamma-
tory cell infiltrated in the alveoli and interstitium, and disrupted
alveolar structure, at day 7 (Figure 1C-b). Inflammation in the air
sacs of the lung leads to fluid leakage, and cellular breakdownwas
observed at 14 days after bleomycin instillation (Figure 1C-f). The
destruction of the walls of the air sacs and the small blood vessels
(capillaries) leads to the initiation of fibrotic processes. On the
other hand, administrations of luteolin and prednisolone resulted
in a strong amelioration of bleomycin-induced injury (Figure 1C-
c,d,g,h). Furthermore, pathological grades of inflammation in-
duced by bleomycin were significantly decreased in luteolin and
prednisolone groups (Figure 1D) suggesting both luteolin and
prednisolone effectively reduced the bleomycin-induced inflam-
matory injury.

Antifibrotic Effect of Luteolin in the Mouse Bleomycin Model.

To examine the efficacy of luteolin and prednosolone to reduce
fibrosis,micewere given an intratracheal instillationof bleomycin
(day 0) to induce lung fibrosis, and then luteolin and predinoso-
lone were administered once daily via oral gavage either from day
1 to day 21 (early treatment) or from day 10 to day 21 (delayed
treatment). Animals were sacrificed at day 21 after treatment and
the lungs were analyzed for the level of fibrosis by collagen
deposition and TGF-β1 expression profiling. Analyses of whole
lung sections showednormal alveolar structurewithout fibrosis in
the control group (Figure 2A-a). Mice instilled with bleomycin
had profound fibrosis, both adjacent to the bronchi and at distal
sites (Figure 2A-d). In contrast mice fed with luteolin and
prednisolone significantly reduced levels of fibrosis (Figure 2A-
b,c,e,f). Excessive deposition of an extracellular matrix, such as
collagen, has been a hallmark of fibrosis. As shown in Figure 2B,

Table 1. Effects of Luteolin on Total and Differential Cell Count in BALFa

differential cell count (%)

group total cells (� 105/mL) neutrophils macrophages lymphocytes

day 3

control 0.38( 0.04 3.08( 0.65 94.36( 6.41 3.35( 0.56

BLM 1.49( 0.1# 29.48( 3.27# 66.27 ( 6.96# 3.58( 0.81

BLM þ Lut 1.16( 0.1#* 27.32( 2.42#* 67.42( 7.39# 3.94( 0.57

BLM þ Pred 1.01( 0.09#* 25.16( 3.02#* 69.97( 6.44# 4.41( 0.73#*

day 7

control 0.41( 0.06 3.38( 0.85 92.54( 5.15 3.81( 0.47

BLM 2.28( 0.17# 21.07( 2.43# 69.79 ( 6.64# 8.75( 1.17#

BLM þ Lut 1.35( 0.11#* 14.04( 2.99#* 75.89( 6.77#* 8.44( 0.79#

BLM þ Pred 1.43( 0.18#* 12.36( 2.54#* 76.92( 10.37#* 8.76( 1.12#

day 14

control 0.36( 0.07 2.84( 0.54 95.49 ( 5.15 3.53( 0.32

BLM 1.45( 0.15# 16.88( 2.43# 74.72( 3.48# 7.96( 1.36#

BLM þ Lut 1.01( 0.09#* 10.48( 2.13#* 79.89( 6.77# 8.23( 1.13#

BLM þ Pred 0.96( 0.11#* 11.68( 1.65#* 77.72( 9.66# 8.05( 1.33#

aData presented as means ( SD of the group (n = 10). #p < 0.05 vs control. *p < 0.05 vs BLM. BLM, bleomycin; Lut, luteolin; Pred, prednisolone.
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the area of lungs with collagen staining treated with bleomycin
was 1.8- and 1.6-fold greater than in mice treated continuously
with luteolin þ bleomycin and prednisolone þ bleomycin for
21 days (early treatment), respectively. Delayed treatment with
prednisolone started at day 10 showed only slight reduction in
fibrosis as suggested by the strong collagen staining. However,
treatment ofmicewith luteolin fromday 10 to day 21 still resulted
in a strong reduction of collagen deposition. To examine the level
of collagen accumulation in a more quantitative way, lungs from
each group of mice at day 21 were assayed using the Sircoll
collagen dye binding assay and total lung collagen levels were
determined by comparing with a standard curve prepared from
rat tail collagen. As shown in Figure 2C, bleomycin instillation
significantly increased the collagen content of the lung by 5-fold,
which represents the extent of fibrosis. Continuous treatment of
mice with luteolin and prednisolone from day 1 to day 21 after
bleomycin treatment (early treatment) resulted in a strong reduc-
tion of collagen accumulation (Figure 2C). Conversely, when
treatment started at day 10 (delayed treatment), prednisolone
showed no sign of reduction of collagen deposition. However,

delayed treatment with luteolin still showed strong effect of
blocking collagen accumulation (Figure 2C). To further demon-
strate the antifibrotic ability of luteolin, the mRNA levels of
TGF-β1, a cytokine strongly involved in fibrogenic process, were
measured in the lungs. The levels of TGF-β1 in lungs significantly
increased in the bleomycin-instilled mice, and early treatment of
luteolin and prednisolone also showed a strong reduction of levels
of TGF-β1 (Figure 2D). Delayed treatment with prednisolone did
not decrease the levels of TGF-β1; however, delayed treatment
with luteolin still exhibited the ability to block the expression of
this fibrotic marker (Figure 2D). These findings implicate the
antifibrotic effect of luteolin in both early inflammatory phase
and late reparative phase and the potentially promising thera-
peutic activity of luteolin.

Luteolin Suppresses TGF-β1-Induced Myofibroblastic Differen-

tiation in Primary Cultured Lung Fibroblasts. Fibroblast prolif-
eration and extracellular matrix accumulation play a critical role
in the lung fibrogenic process. Among all the participating
molecules, TGF-β1 plays a key role in driving the differentiation
of primary human pulmonary fibroblasts to myofibroblasts,

Figure 1. Luteolin ameliorated bleomycin-induced lung inflammatory injury. Mice were intratracheally instilled with 5 mg/kg of bleomycin or saline (control
group), and then therapeutic groups were daily and orally treated with luteolin (10 mg/kg) or prednisolone (5 mg/kg) (n = 10). After 3, 7, and 14 days post
bleomycin or saline treatment, bronchoalveolar lavage fluid was prepared as described in Materials and Methods. The levels of (A) TNF-R and (B) IL-6
in bronchoalveolar lavage fluid were measured. (C) Histophathology investigation. Lung tissues were collected and stained with hematoxylin/eosin staining.
Images were selected according to the alveolitis scores. Bleomycin-instilled mice showed inflammation in the lung interstitium (b, arrows). Magnification
200�; scale bar, 100μm. (D)Histological lesion scores of lung tissues from experimental groups as indicated inMaterials andMethods. Data are presented as
means( SD of the group. *p < 0.05, **p < 0.01, compared with the BLM treatment. BLM, bleomycin; Lut, luteolin; Pred, prednisolone.
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promoting cell proliferation, and extracellular matrix deposi-
tion (15). To examine whether luteolin can inhibit cell prolifera-
tion and interfere with the transdifferentiation of myofibroblast
induced by TGF-β1, primary mouse lung fibroblasts were cul-
tured with or without TGF-β1 in the presence or absence of
luteolin for indicated times (Figure 3A). As shown in Figure 3A,
TGF-β1 slightly accelerated the cell proliferation of primary
mouse lung fibroblasts, whereas treatment with luteolin (25 μM)
alone or cotreatment with TGF-β1 significantly inhibited fibro-
blast proliferation.

Immunocytochemical analysis for myofibroblast marker
R-SMA had shown that normal mouse primary lung fibroblast
strains contained only few myofibroblasts (Figure 3B). However,
upon treatment with TGF-β1 (5 ng/mL) for 72 h, myofibroblast
differentiation was promoted and cells expressed a large amount
of R-SMA and had typical flattened myofibroblast morphology
compared with the untreated cells (Figure 3B, TGF-β1). With the
addition of luteolin, TGF-β1-induced morphological change and
R-SMA expression were markedly suppressed (Figure 3B, Lut þ
TGF-β1). To further confirm the transdifferentiation from fibro-
blasts to myofibroblasts, Western blot analyses were performed
to detect the protein expressions of mesenchymal phenotype
markers including R-SMA, collagen 1 and vimentin (Figure 3C).
As expected, R-SMA, collagen 1, and vimentin significantly

increased by TGF-β1 treatment, while luteolin effectively inhib-
ited TGF-β1-induced R-SMA, collagen I and vimentin expression
(Figures 3C).

Since activation of Smad pathway is the primary downstream
signaling pathway of TGF-β1 and changes in Smad protein
expression have been implicated in bleomycin-induced lung
fibrosis (16), we assessed the expression of total and phosphory-
lated Smad by immunoblot to further test the hypothesis that
luteolin blocks the early step of TGF-β1 signaling via the regula-
tion of Smads. Primary mouse lung fibroblasts were pretreated
with luteolin for 30min and TGF-β1 for another 30min followed
by Western blot. As shown in Figure 3D, total Smad2/3 were
constitutively expressed in the primary mouse lung fibroblasts
andwere not affected byTGF-β1 or luteolin treatment.However,
the level of phosphorylated Smad2/3 was extremely increased by
TGF-β1 treatment and significantly inhibited by luteolin pre-
treatment. These observations suggest that luteolin blocks TGF-
β1-induced myofibroblast differentiation via inhibition of Smad
activation.

Inhibition of TGF-β1-Induced Epithelial-to-Mesenchymal Tran-

sition (EMT) by Luteolin in Human Alveolar Epithelial-Derived

A549 Cells. Recent evidence from studies of fibrotic disorders
supports a view that TGF-β1 may play a novel role in pulmonary
fibrogenesis by promoting alveolar epithelial cell transition to

Figure 2. Luteolin alleviated bleomycin-induced lung fibrosis in mice. (A) Paraffin sections from day 21 mouse lungs were stained with Masson’s Trichrome
dye solution to show collagen deposition. Mice instilled with bleomycin had profound fibrosis, both adjacent to the bronchi and at distal sites (d, arrows).
Magnification 200�; scale bar, 100 μm. (B) The fibrosis degree was quantified by the Image-Pro Plus computer program as described in Materials and
Methods. (C) Collagen content in the lung tissue from experimental mice on day 21 was measured using a Sircol collagen kit as described in Materials and
Methods. (D) TGF-β1mRNAexpression in the lung tissue from experimental micewas examined byRT-PCRanalysis as described inMaterials andMethods.
Data are presented as means( SD of the group (n = 10). #Significantly higher than control group (P < 0.05); *significantly lower than bleomycin treated mice
(P < 0.05). BLM, bleomycin; Lut, luteolin; Pred, prednisolone.
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formmesenchymal cellswithamyofibroblast-likephenotype (17).
A549 cells, a human lung epithelial-derived cell line, also undergo
an EMT in response to TGF-β1, as evidenced by converting from
an epithelial phenotype to a fibroblastic phenotype and loss of
E-cadherin expression (12). To examine the effect of luteolin on
TGF-β1-induced alveolar EMT, A549 cells were stimulated with
TGF-β1 (5 ng/mL) in the absence or presence of luteolin (25 μM)
for 48 h. As shown in Figure 4A, untreated A549 cells exhibited a
cobblestone-like epithelial morphology and cell-cell adhesion is
clearly observed.Cells grown in the presence ofTGF-β1 displayed
a stellate and elongated fibroblast-like morphology and reduced
cell-cell contact representing morphological changes associated
with EMT. For combined treatment of A549 cells with TGF-β1
and luteolin, these effects were much reduced and a part of the
cells retained an epithelial morphology (Figure 4A). Immunoblot
for E-cadherin, fibronectin, and vimentin (Figure 4B) reflected
the morphological findings (Figure 4A) and showed features
of EMT in A549 cells treated with TGF-β1 with reduction in
E-cadherin and induction of fibronectin and vimentin (Figure 4B).
Interestingly, luteolin strikingly blocked TGF-β1-mediated
E-cadherin reduction and fibronectin induction, while the expres-
sion of basal and TGF-β1-induced vimentin with no statistical
difference (Figure 4B).

To investigate if luteolin inhibits TGF-β1-induced alveolar
EMT via the same signaling pathway in rodent and human, we
examined the expression of total and phosphorylated Smad2/3 in
A549 cells. As the same result in primary mouse lung fibroblasts,
the increased expression of phosphorylated Smad2/3, but not
total Smad2/3, by TGF-β1 was suppressed by pretreatment with
luteolin in A549 cells (Figures 4C). No significant cytotoxic effect
was observed after incubation with 5 to 50 μM luteolin for 48 h
(Figure 4D).

DISCUSSION

The current study showed that luteolin effectively alleviated
lung damage induced by intratracheal instillation of bleomycin in
mice. This beneficial effectwas based on the improvement of early
inflammatory changes as well as on the late fibrotic formation.
Treatment with luteolin clearly reduced the biochemical and
histological signs of lung inflammation and fibrosis including
collagen content, and some inflammatory and fibrogenic cyto-
kines such as TNF-R, IL-6, and TGF-β1. Additionally, our
in vitro studies reveal that luteolin suppressed TGF-β1-induced
EMT by increase of epithelial marker E-cadherin expression
and decrease of myofibroblast markers, R-SMA, collagen I,

Figure 3. Luteolin suppressed TGF-β1-induced myofibroblastic differentiation in primary cultured lung fibroblasts. Serum-starved lung fibroblasts were
induced with TGF-β1 (5 ng/mL) in the absence or presence of luteolin (25 μM) for 72 h. (A) Antiproliferative effect of luteolin in primary cultured lung
fibroblasts. Cell number was evaluated by the trypan blue dye exclusion method. aSignificantly higher than veh (p < 0.05); bsignificantly lower than veh (p <
0.01); csignificantly lower than TGF-β1 (p < 0.001). (B) Luteolin decreased TGF-β1-induced R-SMA expression. R-SMA was immunocytochemically
determined with anti-mouseR-SMA antibody (magnification 630�). (C)Western blot analysis was performed to detectR-SMA, vimentin and collagen protein
expression in primary cultured lung fibroblasts. (D) Luteolin inhibited TGF-β1-induced Smad3 phosphorylation. Fibroblasts were pretreated with luteolin (25 μM),
and then treated with TGF-β1 (5 ng/mL) for another 30 min. Phosphorylation and total Smad2/3 were measured by Western blot analysis using antibodies
against phospho-Smad2/3 and Smad2/3. The blots were analyzed by densitometry and the results expressed as relative units. Data from triplicate
experiments are shown as mean ( SD. *p < 0.05, **p < 0.01.
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fibronectin, and vimentin expression in primary cultured mouse
lung fibroblasts and human alveolar epithelial-derivedA549 cells.

Accumulating evidence demonstrates that the pathogenesis of
idiopathic lung fibrosis begins with alveolitis characterized by
accumulation of inflammatory cells. Neutrophils and mononu-
clear cells accumulate, and concomitant cytokines (like TGF-β1)
are released to stimulate fibroblast proliferation and migration
into the areas of acute lung injury and stimulated to secrete
collagen and other matrix proteins (18). In assessment of the
effects of luteolin on the pulmonary inflammatory phase in vivo,
we found that the increase in the number of inflammatory cells in
the BAL fluid on day 7 after bleomycin injection was significantly
attenuated by luteolin (Table 1). Luteolin also reduced the
production of IL-6 and TNF-R (Figure 1). Our findings suggest
the possibility that luteolin inhibits the migration of neutrophils
into the airspace, which would be an important anti-inflammatory
mechanism in this model. TNF-R, IL-6, and TGF-β1 released
from activated alveolar immune cells have been strongly impli-
cated in the pathogenesis of human and experimental lung
fibrosis (19). Here, we found that luteolin blocked bleomycin-
induced TNF-R, IL-6, and TGF-β1 expression. A previous report
also indicates that luteolin protects against LPS-induced acute
inflammation and lethal toxicity, possibly by inhibiting pro-
inflammatory molecule (TNF-R, ICAM-1) expression in vivo and
reducing leukocyte infiltration in tissues (20). Our previous study
shows that luteolin can inhibit LPS-induced TNF-R, IL-6, iNOS,
and COX-2 expression in both mouse macrophage RAW264.7
and MH-S cell lines (11). Consistently, several in vitro studies

demonstrate that luteolin can suppress TNF-R, IL-6 and TGF-β1
expression indifferent types of cells. For instance, lutoelin inhibits
the expression of TNF-R, IL-6, and IL-12 in activated macro-
phages (21); treatment with luteolin decreases the expression of
IL-6, IL-8, IL-15, and TGF-β1 in stimulated rat synovial fibro-
blasts (22). Anti-inflammatory agents such as nonsteroidal anti-
inflammatory drugs and corticosteroids, cytokines and anti-
oxidants also exhibit antifibrotic activity in bleomycin-induced
lung fibrosis model (23, 24). Therefore, we hypothesize that the
anti-inflammatory activity may be the mechanism of the anti-
fibrotic effect of early treatment with luteolin.

In this study, the protective effect of luteolin was compared to
that of prednisolone, which is used as first-line therapy for the
treatment of patients with idiopathic pulmonary fibrosis (25).
However, its clinical efficacy is equivocal. The timing for initia-
tion of treatment is likely to be a crucial factor for corticosteroids
to exert an antifibrotic effect. Our studies in animals show that
early treatment with luteolin or prednisolone (starting at day 1)
significantly ameliorated lung fibrosis induced by bleomycin. The
striking suppression of bleomycin-induced lung fibrosis in mice
treated with the delayed luteolin administration (starting at
day 10) indicates that luteolin may be able to inhibit an ongoing
fibrosis (Figure 2); however, delayed prednisolone treatment
failed to suppress lung fibrosis. Our data indicate that although
prednisolone has anti-inflammatory activity, and therefore a
slight reducing lung fibrosis, luteolin has a much greater anti-
inflammatory activity as well as antifibrotic activity than pred-
nisolone. Although the level of TGF-β1 was less in delayed

Figure 4. Inhibition of TGF-β1-induced ΕΜΤ by luteolin in A549 cells. (A) Morphological change. Serum-starved A549 cells were incubated with TGF-β1
(5 ng/mL) in the absence or presence of luteolin (25 μM) for 48 h, the morphological change was microphotographed using Olympus IX70 microscope
(magnification 200�). (B) Expression of EMT-related markers. A549 cells were treated as described above. The expression of E-cadherin, fibronectin and
vimentin was observed byWestern blot analysis. (C)Decrease of TGF-β1-induced Smad3 phosphorylation by luteolin in A549 cells. Cells were pretreated with
luteolin (25 μM) for 30 min, and then treated with TGF-β1 (5 ng/mL) for another 30 min. Phosphorylation and total Smad2/3 were measured by Western blot
analysis using antibodies against phospho-Smad2/3 and Smad2/3. The blots were analyzed by densitometry and the results expressed as relative units. Data
from triplicate experiments are shown as mean( SD. *p < 0.05, **p < 0.01.
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luteolin treatment than that in early luteolin treatment (Figure 2D),
the reduction of the TGF-β1 level in delayed luteolin treatment
did not reach statistical significance when compared to that in
early luteolin treatment. The difference might be caused by
individual difference of mice. Overall, these observations suggest
that the mechanical action of luteolin against bleomycin-induced
lung fibrosis in mice may involve not only anti-inflammatory
effect but also antifibrotic effect. A previous study showed that
luteolin has therapeutic effects on CCl4-induced liver fibrosis by
promoting extracellular matrix degradation in the fibrotic liver
tissue (26). Our ongoing study also showed that luteolin sup-
pressed TGF-β1-induced MMP2 and MMP9 expression in both
primary cultured mouse lung fibroblasts and the A549 cell line
(data not shown); we suppose that luteolin should have the same
effects on the prevention of lung fibrosis. Additional studies are
required to specify further the main mechanism(s) of the bene-
ficial effect of luteolin in this model as well as the potential for
luteolin administration as concomitant therapy for patients with
fibrotic alveolitis.

Lung fibrotic disorders are characterized by complex and
dynamic interactions between regenerating/reparative epithelial
cells and activated myofibroblasts (27). Increasing proliferation
of resident fibroblasts, fibroblast-myofibroblast transdifferentia-
tion, and extracellular matrix accumulation are central to fibrosis
in all tissues (28). In our in vitro study, luteolin effectively inhib-
ited cell proliferation and promoted myofibrobalst-like differ-
entiation of primary cultured mouse lung fibroblasts (Figure 3).
Immunocytochemical and immunoblotting analysis show that
the expression of basal andTGF-β1-inducedmesenchymalmark-
ers, including R-SMA, collagen I and vimentin, was significantly
reduced in luteolin-treated lung fibroblasts. Although expansion
of resident fibroblasts likely occurs in response to injury, several
lines of evidence support the possibility that lung fibroblast
development during injury responses may also be derived from
bone marrow and/or epithelial cells (29). There have been prior
suggestions that EMT occurs in the lung during fibrogenesis and
TGF-β1 plays an important role in promoting this event (12).
During EMT, the intercellular adhesion molecule E-cadherin ap-
pears to have a central role, since the loss of E-cadherin expression
correlates with the ability of epithelial cells to adoptmesenchymal
phenotypes (30). TGF-β1 treatment has been shown to alter the
cell morphology of the human alveolar type II epithelial cell-
derived A549 cell line from cobblestone-shaped to a fibroblastoid
appearance. This cell line is commonly used for study on the role
of human alveolar type II epithelial cells as they retain features
and metabolic properties characteristic of type II cells (31 ).
Similarly, we found that exposure of A549 cells to TGF-β1
induced EMT characterized by loss of epithelial marker E-
cadherin, transdifferentiating to the mesenchymal-like pheno-
type, and increasing of mesenchymal marker fibronectin, which,
however were inhibited by luteolin (Figure 4). Although the
reduction of vimentin by luteolin at 25 μMthough not as obvious
as that in fibroblasts (Figure 4B). However, the expressed level of
vimentinwasmarkedly suppressed after 40μMluteolin treatment
(data not shown). This evidence suggesting that luteolin inhibited
potent phenotypic alterations induced by TGF-β1 would pre-
dictably augment alveolar re-epithelialization in vivo.

TGF-β1 signaling from the cellmembrane to the nucleus occurs
mainly via Smad proteins. Smad2 and Smad3 are structurally
highly similar and mediate TGF-β1 signals (32). It has been
reported that Smad3 contributes to bleomycin-induced lung
injury and is a major component of the signal transduction
pathway leading to fibrogenesis (33). TGF-β1-mediated EMT in
A549 cells is thought to be dependent on Smad2 and Smad3
phosphorylation (12). With the same result in our study, expression

of phosphorylated Smad2/3 by TGF-β1 in A549 cells was
obvious. Luteolin also suppressed the phosphorylation of
Smad2/3. It indicated that themechanisms for the potent luteolin-
dependent inhibitory effects observed for myofibroblast differ-
entiation were the same with EMT in A549 cells (Figures 3C

and 4B).
In conclusion, this is the first study that convincingly demon-

strates that treatment with luteolin markedly alleviated bleomycin-
induced lung inflammation and fibrosis in mice by inhibiting
TNF-R, IL-6, TGF-β1, R-SMA, and collagen I expression.
Luteolin was generally more effective than prednisolone. The in
vitro studies reveal that luteolin could suppress TGF-β1-induced
fibroblast-to-myofibroblast differentiation and epithelial-to-
mesenchymal transition by increase in expression of epithelial
marker (E-cadherin) and decrease in mesenchymal markers
(R-SMA and collagen I) in primary cultured mouse lung fibro-
blasts and alveolar epithelial-derived A549 cells. Due to the lack
of effective therapy to inhibit the progression of lung fibrosis,
these findings support further exploration of the antifibrotic
properties and mechanisms of action of luteolin in both in vivo
and in vitro models to clarify its potential therapeutic benefit.

ABBREVIATIONS USED

ILDs, interstitial lung diseases; EMT, epithelial-to-mesenchymal
transition; BALF, bronchoalveolar lavage fluid; RT-PCR, reverse
transcriptase-polymerase chain reaction.
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