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Abstract 

Idiopathic pulmonary fibrosis is a fatal lung disorder characterized by abnormal deposition of extracellular matrix 
(ECM), which is secreted by activated myofibroblasts. While the origin of myofibroblasts has been discussed, epithe‑
lial-mesenchymal transition (EMT) is being noticed as one of the mechanisms of myofibroblast activation. Recent 
studies have shown that reactive oxygen species appear to induce not only EMT but also fibrotic progression and 
maintenance. Therefore, we tested chemicals that have antioxidant capacity as drugs for fibrosis. To evaluate the 
effects of 4′,6,7-trimethoxyisoflavone (TMF) and catechol (CAT) on EMT and fibrosis, we used an in vitro transforming 
growth factor (TGF)-β1 or bleomycin-induced model and an in vivo BLM-induced model. The results showed that the 
co-administration of TMF/CAT ameliorated pulmonary fibrosis by decreasing EMT and ECM accumulation by hinder‑
ing both Smad and non-Smad TGF-β signalling cascades. Furthermore, significant increases in the number of total 
immune cells (especially lymphocytes) were observed in BLM-treated animals treated with TMF/CAT. Our findings 
suggest that co-intervention with TMF/CAT may be a potential treatment for fibrosis.
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Introduction
Fibrosis is a serious medical condition that can affect 
any organ. It is responsible for up to 45% of all fatalities 
in industrialized nations. Fibrosis, on the other hand, is 
not a disease but rather an usual pathological result of 
the dysregulated wound healing process [1]. The wound 
healing response initiates when local fibroblasts are 
stimulated and increase their secretion of growth factors, 
inflammatory cytokines, and extracellular matrix (ECM) 
components [2, 3]. Wound healing is effective when the 

damage is small or non-repetitive, leading to only a tem-
porary increase in the accumulation of ECM components 
and restoration of functional tissue architecture. Nor-
mal tissue repair can develop into a gradual irreversible 
fibrotic response if tissue injury is severe or persistent 
[3]. This response, known as fibrosis, is characterized 
by an excessive accumulation of ECM proteins (such 
as fibronectin and collagen) in and around inflamed or 
damaged tissue. Representative fibrotic outcomes include 
idiopathic pulmonary fibrosis (IPF), end-stage liver dis-
ease, kidney disease, and heart failure. [4].

The prevalence of IPF, the most often diagnosed inter-
stitial lung disorders, is rising globally [5]. IPF is a very 
severe condition in which clinical decline is frequent, 
despite the fact that the novel antifibrotic drugs pirfeni-
done and nintedanib reduce the progressive decrease in 
lung function [6]. Considering the severity and mortal-
ity rate of IPF, advanced research needs to be conducted. 
Even while our knowledge of the pathophysiology of 
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fibrosis has considerably increased recently, much of its 
mechanism is still unclear.

Recent studies suggest that oxidative stress, in which the 
balance between the production of reactive oxygen species 
(ROS) and their breakdown by the antioxidant system is 
changed in favor of a pro-oxidant state, is one of the mech-
anisms that could be prospective therapeutic targets [7, 8]. 
ROS, also as one of metabolites induced by fibrotic process, 
can be released from activated fibroblasts and immune 
cells, along with chemokines and growth factors. Growing 
data suggests that the production of several growth factors 
and cytokines are closely related to ROS generation and 
oxidative stress; hence, feed-forward and feed-back cycles 
appear to exist [8]. Continuously activated myofibroblasts 
are vital players in fibrosis, which secrete growth factors 
and cytokines, in addition to copious amounts of ECM. 
These profibrotic myofibroblasts in a variety of tissues, can 
arise from stem cell progenitors which are from epithelial-
mesenchymal transition (EMT) or endothelial-mesenchy-
mal transition. Amounting research evidence suggests that 
increased ROS may stimulate EMT as well as fibroblast 
migration, proliferation, and differentiation [8, 9].

Finding new antioxidants has received a lot of attention 
because ROS is implicated in the pathogenesis of other 
chronic diseases besides fibrosis, such as cancer, cardiovas-
cular, and neurological diseases [10]. Flavonoids (Fig. 1A) 
are a class of secondary plant phenolics, and their sig-
nificant antioxidant properties are gaining attention. The 
structures of flavonoids and isoflavones vary, and they 
have a variety of health-promoting properties, such as anti-
inflammatory, anti-allergic, hepatoprotective, antithrom-
botic, and antiviral activities [11, 12]. Numerous research 
have examined the ability of flavonoids to function as 
antioxidants in  vitro, and significant structure–activity 
relationships have been identified [13]. Comparison of the 
radical-scavenging efficiency of a series of flavonoids indi-
cated that the ortho-dihydroxy (catechol, CAT) structure 
(Fig. 1C) in ring B of flavonoids is important for their anti-
oxidant potential [14, 15]. A number of following research 
carried out in various systems have confirmed the positive 
effect of CAT in improving the radical scavenging activ-
ity of flavonoids and other phenolics [16]. In our previous 
studies, 4’,6,7-trimethoxyisoflavone (TMF, Fig. 1B), an arti-
ficially modified form of an amphiisoflavone isolated from 
the roots of Amphimas pterocarpoides, was found to affect 
the interaction between keratinocytes and fibroblasts, 

promoting epidermal regeneration and dermal activation 
[17]. Therefore, we selected TMF and CAT, which have 
received the most attention among the antioxidant phar-
macophores, to test their antifibrotic effects against pulmo-
nary fibrosis.

Herein we studied whether TMF and CAT alone or their 
co-treatment had any effect in decreasing expression level 
of mesenchymal cell specific markers and fibrotic proteins, 
using in  vitro transforming growth factor (TGF)-β1 or 
bleomycin (BLM)-induced experiments and in vivo BLM-
induced pulmonary fibrosis models. Changes in the level of 
inflammatory cytokines were also investigated in vivo.

Materials and methods
Materials
We purchased TMF and CAT from Indofine Chemical Co. 
(Hillsborough, NJ, USA). High-performance liquid chro-
matography was utilized to assess their purity and then 
these were used without further purification. Dimethyl sul-
foxide was used to dissolve TMF and CAT. We purchased 
TGF-β1 from Invitrogen (Waltham, MA, USA) and it was 
dissolved in 1 × phosphate-buffered saline (PBS). BLM 
sulfate (mixture) was bought in bulk from Tokyo Chemi-
cal Industry Co., Ltd. in Japan (CAS No. 9041934). A stock 
solution of 20 mg/mL in 1 × PBS was used.

Cell culture
In Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Waltham, MA, USA), which also contained 10% fetal 
bovine serum (FBS; Atlas, CO, USA) and 1% 100 × peni-
cillin/streptomycin (P/S) solution (Gibco, Waltham, MA, 
USA), A549 human alveolar epithelial cells were cultivated. 
The amount of FBS in DMEM was decreased to 2% during 
TGF-β1 or BLM treatment of the cells.

MTT assay
Cell viability and cytotoxicity was determined using 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT) assay. At a density of 8000 cells per 
well, cells were seeded into 96-well culture plates before 
being subjected to varied TMF and CAT concentrations. 
The experiment was carried out by adding 10 µL of MTT 
(Sigma-Aldrich, St. Louis, MO, USA) solution (5  mg/mL 
in PBS) to each well and incubating for 4 h. A spectropho-
tometer (562  nm) was used to measure the formation of 

Fig. 1  Various concentrations of TMF and CAT do not damage the cell viability. A The basic structure of flavonoids. The capacity of radical 
scavenging of flavonoid tends to increase when it has the CAT structure in its B ring. B The structure of TMF. C The structure of CAT. D For the A549 
cell line, TMF and CAT were treated at concentrations of 5 to 40 μM and 0.5 to 5 μM, respectively, and for the co-treatment, 5/0.25, 5/0.5, 10/0.25 
and 10/0.5 μM of TMF/CAT was used. All the treatment groups, except the control group, contained the same amount of DMSO which was used to 
dissolve TMF and CAT. E For other types of cell lines, such as myoblast (C2C12) and fibroblasts (HDF, MRC-5), 10 and 0.5 μM for single treatment of 
TMF and CAT, respectively, was administered or 10/0.5 μM for co-treatment of TMF/CAT​

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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formazan crystals after the crystals were dissolved in 200 
µL of dimethyl sulfoxide.

Western blot
RIPA buffer was used to extract proteins from the 
treated cells, and the SMART™ BCA Protein Assay 
Kit was used to measure them (iNtRON Biotechnol-
ogy, Gyeonggi-do, Republic of Korea). Equal amounts 
of each protein sample were loaded into sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a 0.45 µm nitrocellulose 
blotting membrane. After the blocking using 5% skim 
milk (made in 1X Tween 20-Tris buffered saline), the 
membranes were incubated with primary and sec-
ondary antibodies followed by four cycles of 10  min 
washing. The Western ECL kit (LPS Solution, Dae-
jeon, Republic of Korea) was used to detect bands, and 
ImageJ software was used to quantify them (Bethesda, 
MD, USA). We used primary antibodies against 
Fibronectin, Actin, pERK, NOX1, NOX2, NOX4, 
GAPDH, pP38MAPK, TGF-β1 (Santa Cruz Biotechnol-
ogy, Dallas, TX. USA), pSMAD2/3, E-cadherin, vimen-
tin, pAKT (Cell Signaling Technology, Beverly, MA, 
USA), and alpha smooth muscle actin (Sigma-Aldrich, 
St. Louis, MO, USA). Secondary antibodies (rabbit 
and mouse) were procured from Koma Biotech (Seoul, 
Republic of Korea).

Immunofluorescence
The cells were seeded on Lab Tek eight-well chamber 
slides with a density of 2 × 105 cells/well, fixed with 4% 
paraformaldehyde in PBS and then washed thrice by 
PBS. The fixed cells were permeabilized with 0.3% Tri-
ton X-100 and treated in 5% bovine serum albumin for 
1 h. After o/n incubation of primary antibodies, second-
ary antibodies conjugated with Alexa Fluor 595, Alexa 
Fluor 488, or Texas red were then added to the samples 
and incubated for 1 h at 20 °C. The slides were incubated 
with DAPI for 5 min and mounted in glycerol following 
repeated PBS washes. Images were taken by EVOS sys-
tem (Advanced Microscopy Group, Bothell, WA, USA).

Wound healing assay
Migration was assessed using a wound-healing assay. 
Three days were given for the cells to grow in six-well 
plates from the time of seeding till full confluence. At 
0 h, the media were removed, and we made a scratch on 
the cell plate using a 200  μl pipette tip. Cell debris was 
washed off twice with PBS, fresh medium was added, and 
plates were again incubated at 37 °C for 48 h. After 0, 48 
and 72 h or scratch wounding, microscopy pictures were 

captured under an inverted phase-contrast microscope. 
All experiments were repeated thrice. Using ImageJ soft-
ware, the results were quantitated from the images.

Transwell migration assay
Serum-starved A549 cells were cultured in DMEM with 
1% FBS overnight. Cells (6 × 104/well) were seeded on 
Transwell inserts of an 8 μm pore size with 2% FBS (neg-
ative control) with or without 10 ng/mL TGF-β1 (stimu-
lant, positive control) so that the cells can be transferred 
to the lower chamber of a 24-well plate. After the wells 
were incubated for 24  h in a 37  °C CO2 incubator, the 
Transwell inserts were taken out. Wet cotton swabs were 
used to remove the remaining cells that had not migrated 
from the top of the insert. The samples were stained with 
crystal violet after being fixed with 4% paraformaldehyde 
for 10 min.

Determination of ROS generation
The DCFDA test, which uses 2′,7′-dichlorofluores-
cein diacetate to measure intracellular ROS levels, was 
used. The cells were subjected to their various treat-
ments for the times specified, and then incubated with 
DCFDA (10 μΜ) in media for 30 min at 37 °C. A micro-
plate spectrophotometer plate reader (GENios, TECAN 
Group, Maennedorf, Switzerland) operating at Ex/Em 
502/535 nm was used to read the fluorescence that was 
released.

Sirius Red staining
A549 cells were seeded 5000 cells per well into 96-well 
culture and then in the middle of the process, two and 
four days after seeding, the cells were serum-starved in 
DMEM containing 2% FBS and treated with 20  μg/mL 
bleomycin or TMF (2  μM) and CAT (2  μM) containing 
1% FBS. After five days of treatment, the cells were fixed 
with 4% buffered paraformaldehyde in PBS. Then, 50 μL 
of staining solution was added to each well for 1 h.

Experimental mice
Seven-week-old male C57BL/6 J mice weighing 20–25 g 
were purchased from Daehan Biolink (Chung-cheong 
bukdo, Republic of Korea). The animals were raised under 
a 12 h day-12 h night cycle in a well-ventilated room at 
22 ± 2 °C with the guidelines of the Animal Care and Use 
Committee (WJIACUC20191206-4-35) of Woojung Bio, 
Republic of Korea. After a seven-day adaptive feeding, 
the randomized mice were divided into five groups (n = 8 
mice per group) as follows: 1. Normal saline (NS), 2. 
BLM, 3. BLM + TMF (10 mg/kg), 4. BLM + CAT (0.5 mg/
kg) and 5. BLM + TMF (10  mg/kg) / CAT (0.5  mg/kg). 
On day 0, a single intratracheal instillation of 50 μL saline 
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containing BLM (3  mg/kg) was administered to induce 
pulmonary fibrosis in the mice. Mice in the control (NS) 
group received an equal volume of saline. One day after 
BLM induction, mice in the TMF, CAT, and TMF/CAT 
groups were intragastrically administered TMF or CAT 
for 28 days. On day 29, all animals were euthanized and 
lung tissues and blood were collected for subsequent 
studies.

Histopathological analysis
On lung samples, hematoxylin and eosin (H&E) and Mas-
son’s trichrome staining were done. Using an Olympus 
BX51 microscope, three separate sites were used to col-
lect H&E and trichrome stained lung pictures. The Ash-
croft score was measured using these photographs. Using 
a preset scale of severity, the interstitial fibrosis severity 
was evaluated for each field separately and given a score 
between 0 and 8. The fibrosis score for each site was cal-
culated after the entire section had been examined.

ELISA
LAP1, latent TGF-1, or TGF-1 in 100 μl PBS were coated 
for 16 h at 4 °C on 96-well plates (NEST, Wuxi, Jiangsu, 
China). The wells were coated and then blocked with an 
incubation solution (PBS with 0.05% Tween 20 and 0.1% 
bovine serum albumin) for 1  h. Goat-anti-mouse IgG 
Alkaline Phosphatase Conjugate (Invitrogen, Carlsbad, 
CA, USA) was then added and incubated for 1 h. Next, 
para-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, 
MO, USA) was used for development, and then an ELISA 
reader was used to detect absorbance (405 nm) (GENios, 
TECAN Group). Five washes with PBS with 0.1% Tween 
20 were performed between the assay steps.

BALF analysis
Mice were anesthetized and 1 ml syringe was used for the 
lavage, being filled and emptied five times in a row with 
pre-warmed (37 °C) PBS for cycle 1. For cycles 2–5, PBS 
with 0.325% bovine serum albumin was used. 1 cc of lav-
age medium was used to fill and empty each cycle, and 
the process was then repeated. Cycle 1’s supernatant was 
collected by centrifuging 300 × g for 5 min at 4  °C, then 
freezing it in aliquots at -70 °C. In order to identify and 
count cell subpopulations, samples of bronchoalveolar 
lavage fluid leukocytes, which were present in the cell 
pellet from cycle 1 along with the entire cell suspension 
from cycles 2–5, were stored at 4 °C.

RNA isolation and quantitative RT‑PCR (qPCR)
Total RNA was extracted from the mice lung tissues 
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), 

according to the manufacturer’s protocol. Quantitative 
RT-PCR was conducted for the synthesis of cDNA using 
a reverse transcriptase kit (Promega, Seoul, Republic of 
Korea).

Real‑time polymerase chain reaction
Total RNA isolation and cDNA synthesis were per-
formed as described previously. Using SYBR Green 
Master Mix (KAPA BIOSYSTEMS, Cape Town, South 
Africa), Real-time PCR was carried out as directed by the 
manufacturer.

Sequence of the human gene specific primers used 
were as below:

IL-1β sense primer, 5’- CCA​CCT​CCA​GGG​ACA​GGA​
TA-3’;

IL-1β antisense primer, 5’- AAC​ACG​CAG​GAC​AGG​
TAC​AG-3’;

IL-13 sense primer, 5’- CCT​CAT​GGC​GCT​TTT​GTT​
GA -3’.

IL-13 antisense primer, 5’- TGC​CAG​CTG​TCA​GGT​
TGA​TG -3’;

TNF-α sense primer, 5’- ATC​CTG​GGG​GAC​CCA​ATG​
TA -3’;

TNF-α antisense primer, 5’- AAA​AGA​AGG​CAC​AGA​
GGC​CA -3’;

β-actin sense primer: 5’- TGG​AAC​GGT​GAA​GGT​
GAC​AG -3’;

β-actin antisense primer 5’- AAC​AAC​GCA​TCT​CAT​
ATT​TGGAA -3’.

Real-time qRT-PCR was performed using the StepOne 
Real-Time PCR System (Applied Biosystems, Waltham, 
MA, USA).

Statistical analysis
All experiments were repeated three times. Statistical 
analyses were performed using Excel (Microsoft, Red-
mond, WA, USA). Data are expressed as means ± stand-
ard deviation (SD). Statistical significance was set at 
p < 0.05.

Results
TMF and CAT do not affect the viability of several types 
of cell lines
MTT assays were performed to determine the influence 
of TMF and CAT on the viability of several cell lines. For 
the A549 cell line which was the main cell in our subse-
quent experiments, TMF and CAT were treated at con-
centrations of 5 to 40 μM and 0.5 to 5 μM, respectively, 
and for the co-treatment, concentrations of 5/0.25, 5/0.5, 
10/0.25, and 10/0.5  μM of TMF/CAT were used. The 
same experimental groups and conditions were used for 
24 and 48 h, respectively.
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TMF and CAT did not significantly affect cell viabil-
ity in any of the treatment groups, except for 5 μM CAT 
alone at 48 h (Fig. 1D).

The intoxicity of TMF and CAT was also examined in 
other cell lines, such as myoblast (C2C12) and fibroblasts 
(HDF, MRC-5), by the MTT assay. The concentrations 
of TMF and CAT were 10 and 0.5  μM, respectively, for 
single treatment, and 10/0.5 μM of TMF/CAT for the co-
treatment. Here, TMF and CAT did not affect viability at 
either 24 h or 48 h (Fig. 1E).

TMF and CAT show inhibitory effects on TGF‑β1‑induced 
in vitro fibrosis
Using the MTT assay, we were able to select appropriate 
concentrations of TMF and CAT that were not toxic to 
cells. We treated A549 cells with these concentrations to 
determine whether they have any antifibrotic effect on 
in vitro fibrosis induced by TGF-β1.

The efficacy of TMF and CAT was confirmed by 
observing the morphology of A549 cells. The cobblestone 
shape in the control group changed to an elongated, 
spindle-like profibrotic phenotype by TGF-β1, and this 
change was attenuated by TMF/CAT single or co-treat-
ment (Fig. 2A).

Western blotting was performed to confirm whether 
changes in protein expression were related to changes 
in cell morphology. After treating cells with TGF- β1, 
changes in the factors of the canonical and non-canonical 
signaling pathways were observed. ECM production and 
EMT progression, which are the result of these pathways, 
were also confirmed. The cells were treated with the 
chemicals for at least 24 h to observe several consequen-
tial results, including the production of ECM, and the 
treatment was conducted for up to 48 h, which is less than 
the time it takes for the cells to enter senescence. TMF 
and CAT showed antifibrotic effects at both 24 and 48 h 
of treatment, as can be seen in the decrease of COL4A6 
and α-SMA (Fig.  2B). Whether a single administration 

or co-administration is better, varied slightly depending 
on the observing factor, but the antifibrotic effect was 
observed well in the co-administration.

After 24 h, changes in the expression of various fibro-
sis-specific and mesenchymal cell-specific markers 
were observed again. Here, it could be seen that TMF 
and CAT were effective in fibrosis mitigation and EMT 
inhibition (Fig.  2C). We also examined the changes in 
the expression of integrin beta 3 and Cyr61. The integ-
rin family of cell adhesion receptors has gained promi-
nence as a key regulator of chronic inflammation and 
fibrosis [18]. Among the family members, we observed 
a change in the expression of integrin beta 3. For Cyr61, 
which acts as an ECM-associated signaling molecule, 
we could confirm that Cyr61 was expressed more when 
TGF-β1 was treated compared to that in the control 
group. We examined whether TMF and CAT had simi-
lar antifibrotic effects on the expression of Cyr61. In 
addition, mitogen-activated protein kinase (MAPK) 
signaling pathway-specific markers and NOX2 were 
observed, and TMF and CAT showed similar inhibitory 
effects.

Several factors were identified after 48 h of treatment 
(Fig.  2C). TMF and CAT showed their effects in line 
with previous results, and the expression of NOX2 was 
also reduced, thereby reducing the generation of ROS. 
Their antifibrotic effects can be compared to those of 
nintedanib, one of only two FDA-approved drugs avail-
able for the treatment of IPF.

The inhibitory effects of TMF and CAT on in  vitro 
fibrosis was confirmed by immunofluorescence 
(Fig.  2D). TMF and CAT reduced the expression of 
α-SMA which was increased by TGF-β1. Simultane-
ously, they restored the expression of E-cadherin, which 
was reduced by TGF-β1, indicating that they inhibited 
the EMT of A549 cells.

This EMT-inhibitory effect of TMF and CAT was 
proven again through wound healing (Fig. 2E) and tran-
swell migration assays (Fig. 2F), which can measure the 

(See figure on next page.)
Fig. 2  TMF and CAT attenuate TGF-β1-induced fibrosis in A549 cells with decreasing EMT. A The morphology of A549 cells was observed by 
100 × microscopy, after 48 h of treating TGF-β1 (10 ng/ml) with or without TMF (2 μM) and CAT (2 μM). B Western blot results of treating A549 
cells with TGF-β1 for 24 or 48 h, together with TMF or CAT. The graph shows the relatively quantified value of western blot results if that of 
non-TGF-β1-treated group against GAPDH was 1. C Specific time (24 h) was selected and A549 cells were treated with TGF-β1, TMF and CAT. 
Changes in expression of various factors were observed. Another specific time (48 h) was selected to treat A549 cells with TGF-β1, TMF and CAT. The 
generation of ECM by the canonical signaling pathway, the degree of progress of non-canonical signaling pathway, and the expression of NOX2 
were observed. D After treating TGF-β1 with or without TMF and CAT for 48 h, the cellular levels of α-SMA (red) and E-cadherin (E-cad, green) were 
observed. For each observation, a merged image with DAPI is also shown. E The EMT inhibitory effects of TMF and CAT were confirmed through 
the wound healing assay. Compared to the time prior to treatment, microscopic images of 72 h treatments are presented in which the scratched 
wounds were closed according to the cell migration. For each 48 and 72 h treatment, assuming that when the wound is completely closed means 
100%, the relative degree of closure of each treatment group is presented as a graph. F It was confirmed again that TMF and CAT inhibited EMT of 
A549 cells, through the transwell migration assay. We counted the cells that migrated across the permeable membrane from the upper layer of cell 
culture during the treatment
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mobility of A549 cells treated with TGF-β1, TMF, or 
CAT. When TGF-β1 was treated, it could be seen that 
the migration of the cells increased in response to that, 
along with the progress of EMT, and this movement 
was inhibited by TMF and CAT.

BLM can induce fibrosis in A549 cells with the increase 
of ROS and NOX2 expression
It is well known that pulmonary fibrosis induced by 
BLM occurs in the in  vivo model, and the induction 
method is also well established. However, the effects of 
BLM in in vitro experiments are not well known. Here, 
we attempted to treat cells with BLM to induce fibrosis 
in A549 cells.

After 48 h, we treated cells with BLM at various con-
centrations of 5–80  μg/ml and observed that α-SMA, 
the fibrotic marker, was increased accordingly (Fig. 3A). 

It was confirmed that the expression level of α-SMA 
was increased by BLM, and at the same time, the level 
of E-cadherin was decreased. Another notable point is 
that BLM induced fibrosis and increased the expression 
of NOX2. This was expected to lead to an increase in 
ROS, as confirmed by the DCF-DA assay (Fig. 3B).

When BLM was treated with various concentrations 
of 10–100 μg/ml for 48 h, ROS were generated in a con-
centration-dependent manner.

The effect of BLM on A549 cells was confirmed using 
immunofluorescence (Fig.  3C). BLM increased the 
expression of α-SMA (red) and NOX2 (green) while 
decreasing the expression of E-cadherin (green).

TMF and CAT reduce NOX2 expression and in vitro fibrosis 
induced by BLM
As previously confirmed, in vitro fibrosis can be induced 
by BLM, and ROS production and NOX2 expression 

Fig. 2  continued
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are increased during this process. We then investigated 
whether TMF and CAT have similar effects against BLM-
induced in vitro fibrosis and TGF-β1-induced fibrosis.

After 24 h of treatment with BLM (Fig. 4A), the expres-
sion of NOX2 increased, which would have led to an 
increase in ROS generation (Fig.  4B). This increase 
coincided with the early stimulation of non-canonical 

Fig. 3  BLM increases α-SMA and NOX2 expression while decreasing E-cadherin in A549. A A549 cells were treated with BLM with concentrations of 
5, 10, 20, 40, 80 μg/ml for 48 h. The graph shows the relatively quantified value of western blot results if that of the control group against actin was 
1. B We treated BLM of 10, 20, 40, 60, 80, 100 μg/ml for 48 h and replaced the media with DCF-DA (10 μM) dissolved PBS. The images are observed 
under the 100 × fluorescence microscope. C After treating BLM (20 μg/ml) for 48 h, the cellular levels of α-SMA (red), E-cadherin (green) and NOX2 
(green) were observed by immunofluorescence and the images are shown compared to the control group
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signaling pathways downstream of TGF-β1. TMF and 
CAT effectively decreased NOX2 expression and arrested 
stimulation of the pathways.

After 48  h of treatment with BLM (Fig.  4B), NOX2 
expression increased, as in the 24  h treatment. We 
observed several consequential factors of the canonical 
and non-canonical signaling pathways, such as fibrosis-
specific markers and E-cadherin. The efficacy of TMF 
and CAT in reducing NOX2 expression was accompa-
nied by decreases in fibronectin, α-SMA, and EMT.

To analyze the level of collagen, which is used as a 
marker of fibrosis, a Sirius Red staining assay was con-
ducted (Fig.  4C). A549 cells were treated for 5 d with 
BLM or TMF/CAT. The cells were stained with Sirius 
Red reagent and observed under a microscope. Although 
BLM increased collagen production, TMF and CAT 
attenuated this increase. The graph shows the quantified 
red fluorescence intensity in the microscopic images.

The degree of EMT and the resulting cell mobility were 
observed by the transwell migration assay when treated 
with BLM or TMF/CAT (Fig. 4D). After 72 h, cell migra-
tion increased and was reduced by TMF and CAT. This 
was similar to the results of TGF-β1 treatment in Fig. 3F. 
The graph shows the number of invasive cells on each 
plate.

TMF and CAT have antifibrotic and anti‑inflammatory 
effects against BLM‑induced pulmonary fibrosis in a mouse 
model
Previous experiments have shown that TMF and CAT 
have inhibitory effects on TGF-β1- and BLM-induced 
in vitro fibrosis. We then investigated whether these were 
still effective in the in vivo fibrosis induced by BLM. Eight 
mice per group were intraperitoneally injected with BLM 
or TMF/CAT for three weeks. After they were eutha-
nized, the lung tissues and serum were collected, and the 
following experiments were conducted.

The degree of collagen deposition was observed by 
H&E and Masson’s trichrome staining using lung tissue 
slides (Fig. 5A). In each staining, the level of collagen was 
significantly increased by BLM treatment, confirming 
BLM-induced pulmonary fibrosis. When TMF or CAT 
were injected together with the same BLM concentra-
tion, the increase in collagen deposition was remarkably 

alleviated. Graph in Fig.  5A shows the Ashcroft score, 
which was assigned based on both straining pictures. 
BLM significantly increased the Ashcroft score compared 
to that of the control, indicating that BLM caused fibrosis 
in mouse lungs. The increase in the score was reduced by 
TMF and CAT.

The antifibrotic effects of TMF and CAT were also con-
firmed by western blotting after homogenizing lung tis-
sue (Fig.  5B). Similar to BLM-induced in  vitro fibrosis, 
BLM increased the expression of fibrotic markers and 
promoted EMT progression. TMF and CAT decreased 
the expression of fibronectin and α-SMA and restored 
the expression of E-cadherin. The TMF/CAT co-treat-
ment had the most significant effects.

In addition, the amount of TGF-β1 in mice serum 
which can be influenced by BLM injection, was investi-
gated using ELISA and shown in Fig. 5C. As shown here, 
TMF and CAT could reduce the generation of TGF-β1.

Fibrosis is inevitably accompanied by inflammation. 
Thus, the effect of inhibition of fibrosis can also be con-
firmed by the degree of inhibition of inflammation. To 
evaluate the efficacy of TMF and CAT against inflamma-
tion, the number of inflammatory cells and the levels of 
inflammatory cytokines were investigated.

Changes in the amount of bronchoalveolar lavage 
(BAL) fluid (BALF) reflect pathological changes in the 
lung parenchyma. BALF is largely occupied by inflam-
matory cells present in the alveolar space, especially mac-
rophages, lymphocytes (LYM), and neutrophils (NEU). In 
BALF analysis, BLM significantly increased the total cell 
count (Fig.  5D). Moreover, recognizing the changes in 
the predominant inflammatory cells in BALF frequently 
helps us associate it with some interstitial lung diseases, 
such as IPF. In this BALF analysis, we observed that while 
BLM increased the total cell number in BALF, it also 
increased the proportion of lymphocytes; this increase 
was reduced by TMF and CAT. This indicated that TMF 
and CAT alleviated inflammation.

The number of inflammatory cells and mRNA levels of 
proinflammatory cytokines were determined by quan-
titative RT-PCR (qRT-PCR). Figure  5E shows the nor-
malized fold mRNA levels of IL-1β, IL-13, and TNF-α 
in BLM-challenged lungs compared to those in the con-
trol group. BLM significantly increased the expression 

Fig. 4  TMF and CAT result in a decrease of BLM-induced fibrosis and NOX2 expression. A, B BLM (20 μg/ml) significantly increased the NOX2 
expression under both 24 and 48 h treatments. In the 24 h treatment, the change of non-canonical signaling pathways’ factors were observed. TMF 
and CAT alleviated the stimulated PI3K/AKT, ERK and p38 pathways. In the 48 h treatment, the antifibrotic and anti-EMT effect of TMF and CAT were 
confirmed. The graph shows the relatively quantified value of western blot results if that of the control group against actin was 1. C In the Sirius Red 
staining assay, BLM for 5 d increased collagen production in A549 cells, as can be seen by the increase of red intensity. TMF and CAT reduced that 
increase. The graph shows the relative red intensity in the 100 × microscopic images. D In the transwell migration assay, we could observe TMF and 
CAT inhibiting EMT of A549 cells induced by BLM (20 μg/ml, 72 h). We counted the number of invasive cells across the permeable membrane from 
the upper layer of cell culture during the treatment

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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of these proinflammatory cytokines at the mRNA level, 
whereas TMF and CAT reduced their expression.

Discussion
We examined the possibility that TMF and CAT could 
act as antifibrotic agents. Their safety was confirmed in 
various cell lines, and with safe concentrations. Based on 
this, in  vitro and in  vivo experiments were conducted. 
TMF and CAT showed antifibrotic effects on in  vitro 
fibrosis induced by TGF-β1 or BLM and in vivo fibrosis 
induced by BLM.

Flavonoids, including TMF, have attracted attention 
because of their ability to reduce free radical formation 
and scavenge free radicals. In our previous study, we 
screened more than one hundred flavonoids based on 
their capacity for wound healing, and TMF was one of the 
compounds that showed the best ability to regulate NOX 
expression [19]. In another study, TMF showed excellent 
efficacy in mitigating the expression of TGF-β1 by fibro-
blasts, which were derived from hypertrophic scars of the 
impaired burn wound model in mice [17]. Based on these 
results, we hypothesized that TMF could inhibit fibrosis.

The beneficial effect of CAT in enhancing the radical 
scavenging activity of flavonoids and other phenolics has 
been verified by many studies performed in diverse sys-
tems [14]. CAT acts as a reductant, causing free radicals 
to be reduced to a more stable form. TMF also contains 
CAT in its structure, and we tested its efficacy by adding 
chemically purified CAT to the antifibrotic drug candi-
date group.

To confirm the safety of utilizing these two chemicals 
as drugs, an in vitro MTT assay using A549 cells was per-
formed. The two chemicals were treated individually or 
in combination at various concentrations for 24 or 48 h. 
Their safety was also confirmed using cell lines, such as 
fibroblasts and myocytes. Some studies have reported the 
cytotoxicity of CAT [20, 21] and DNA damage caused by 
CAT-induced DNA adduct formation or ROS production 
[22]. However, this does not apply at the low concentra-
tions (less than 5 μM) that we tested, for its potential as 
an antifibrotic drug. The DNA damage mentioned also 
occurs only with the activation of CAT by heavy metals 
or with cellular metabolism and conjugation reactions 

that occur when high concentrations of CAT (more than 
10 μM) are used [22].

The efficacy of TMF and CAT in inhibiting fibrosis was 
demonstrated in TGF-β1- and BLM-induced in  vitro 
fibrosis experiments using A549 cells. These were per-
formed under concentration and time conditions, which 
were shown to be non-toxic in the MTT assay. TMF and 
CAT decreased the expression of fibrosis factors and 
EMT (Figs. 3 and 5).

EMT is accelerated by ROS. One study showed that an 
intermediate amount of ROS can trigger the activation 
of nuclear factor kappa B (NF-κB), which is considered a 
pivotal regulator of the EMT process [23]. Another study 
further confirmed the relationship between ROS, zinc 
finger protein SNAI1 expression, and E-cadherin down-
regulation in MCF-7 cells [24]. Based on these results, 
we assumed that the decrease in ROS by TMF and CAT 
could make an EMT-inhibitory effect.

TMF was especially effective in alleviating TGF-β1- 
and BLM-induced increase in non-canonical signaling 
pathway factors (Fig.  3C, 5A). As TMF is a flavonoid, 
one of its functions is to interact with a range of protein 
kinases that supersede the key steps of cell growth and 
differentiation [25]. TMF is presumed to affect the activi-
ties of protein kinases, such as MAPK, and other non-
canonical signaling pathway factors.

In addition to this inhibition across both canoni-
cal and non-canonical signaling pathways, it is note-
worthy that TMF and CAT reduced the expression of 
NOX itself (Figs.  3D, 5A, B). Our previous study con-
firmed that downstream signaling pathways of TGF-β 
increase NOX expression, in which TGF-β augments 
its transcriptional activity toward NOX2 and NOX4 via 
integrin [26]. From the perspective of redox-fibrosis, a 
decrease in ROS due to inhibition of NOX expression 
would contribute significantly to alleviating the conse-
quential fibrosis.

BLM has been used in animal studies to model pulmo-
nary fibrosis. Because ROS play a significant role in the 
process of BLM causing fibrosis, we tried to apply it to 
in vitro experiments and obtained the results in our pre-
vious work. We confirmed that the injury and inflam-
mation imposed on A549 cells by BLM-induced ROS 
exposure activated latent TGF-β. Mature TGF-β initiates 

(See figure on next page.)
Fig. 5  TMF and CAT show effects against fibrosis and inflammation in BLM-challenged mice lungs. A Representative images of pulmonary tissues 
stained with hematoxylin and eosin (H&E) or Masson’s trichrome staining. Each specimen was photographed under 50 × microscopy. The graph 
shows the Ashcroft score which was assigned based on those two types of staining images. B Western blot results of homogenized lung tissue 
show antifibrotic effects of TMF and CAT. The bands here include two samples for each treatment group and the graph reflects two of each, 
showing their average. C The concentration of TGF-β1 (pg/ml) in mice serum of each group was investigated by sandwich ELISA and the graph 
shows the average calculated value. D Analysis of total cell numbers and types (NEU, LYM and macrophage) in BALF. BALF analysis was performed 
in mice after three weeks of treatment of each. E qRT-PCR results using lung tissue show the normalized fold mRNA expression of IL-1β, IL-13 and 
TNF-α relative to actin
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integrin activation and causes an imbalance in the redox 
state of the cell, aggravating fibrotic conditions [26]. It 
was also seen in Fig. 5C that being challenged by BLM, 
TGF-β1 content increased in vivo. Meanwhile, TMF and 
CAT had significant antifibrotic and anti-inflammatory 
effects in BLM-induced in vivo models.

N-acetylcysteine (NAC) has been suggested as a benefi-
cial treatment for IPF. The primary role of NAC is associ-
ated with its antioxidant and anti-inflammatory activities, 
which favor the maintenance of cellular redox imbalance 
[27]. The effectiveness of NAC therapy for IPF, however, 
is still debatable, according to earlier clinical investiga-
tions. NAC therapy may aid in delaying the decline in 
lung function, according to some research, while other 
studies have found no benefit for IPF patients from this 
medication [28].

TMF and CAT were also noted for their antioxidant 
properties like NAC; however, we need to focus on the 
difference between them: TMF’s ability to control the 
activity of several protein kinases. Among these kinases, 
several growth factor receptors, such as epidermal 
growth factor receptors (EGFRs) or fibroblast growth 
factor receptors (FGFRs), have ATP-binding sites. The 
point is that these sites are partly occupied by TMF, if 
not completely, or not occupied as much as nintedanib. 
Thus, TMF inhibits sulfenylation near the ATP binding 
site, thus decreasing receptor tyrosine kinase activity 
[29]. In other words, it is assumed that TMF and CAT act 
as antioxidants and at the same time, TMF has another 
mechanism to inhibit the downstream processes of sev-
eral GFRs. However, a detailed and accurate exploration 
of their mechanisms of action is needed. If the differ-
ence with NAC in how TMF and CAT work is explored 
precisely, it will bring about a meaningful discussion of 
future fibrosis medicine candidates.

Conclusion
In conclusion, this study investigated the therapeu-
tic effects of TMF and CAT against pulmonary fibrosis. 
These effects were observed in both in  vitro (TGF-β1 
and BLM-induced) and in  vivo (BLM-induced) experi-
ments. These results suggest that TMF and CAT, alone or 
in combination, significantly decreased the expression of 
fibrotic proteins and inflammatory cytokines. This overall 
decrease eventually results in attenuation of fibrosis.
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