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Pulmonary fibrosis is a serious lung disease that occurs pre-
dominantly in men. Genistein is an important natural soybean- 
derived phytoestrogen that affects various biological functions, 
such as cell migration and fibrosis. However, the antifibrotic 
effects of genistein on pulmonary fibrosis are largely unknown. 
The antifibrotic effects of genistein were evaluated using in 
vitro and in vivo models of lung fibrosis. Proteomic data were 
analyzed using nano-LC-ESI-MS/MS. Genistein significantly re-
duced transforming growth factor (TGF)-β1-induced expression 
of collagen type I and α-smooth muscle actin (SMA) in MRC-5 
cells and primary fibroblasts from patients with idiopathic pul-
monary fibrosis (IPF). Genistein also reduced TGF-β1-induced 
expression of p-Smad2/3 and p-p38 MAPK in fibroblast models. 
Comprehensive protein analysis confirmed that genistein exerted 
an anti-fibrotic effect by regulating various molecular mecha-
nisms, such as unfolded protein response, epithelial mesenchy-
mal transition (EMT), mammalian target of rapamycin complex 
1 (mTORC1) signaling, cell death, and several metabolic path-
ways. Genistein was also found to decrease hydroxyproline 
levels in the lungs of BLM-treated mice. Genistein exerted an 
anti-fibrotic effect by preventing fibroblast activation, suggesting 
that genistein could be developed as a pharmacological agent 
for the prevention and treatment of pulmonary fibrosis. [BMB 
Reports 2024; 57(3): 143-148]

INTRODUCTION

Pulmonary fibrosis is a serious lung disease that causes tissue 
damage and scarring due to various factors, such as the en-
vironment, drugs, and infection (1, 2). The global incidence of 

pulmonary fibrosis has increased annually and has become an 
increasingly serious social health problem. Pulmonary fibrosis, 
a chronic progressive fibrosing interstitial pneumonia, is cha-
racterized by very poor prognosis and an irreversible lung 
dysfunction, with a median post-diagnosis survival of 2-4 years 
(2). Accordingly, identifying new targets for the improvement 
or alleviation of pulmonary fibrosis progression is of consider-
able significance.

In epidemiological studies, the incidence and prevalence of 
pulmonary fibrosis consistently revealed that the disease occurred 
predominantly in men who lack estrogen (3, 4). The effects of 
estrogen on fibrosis have been evaluated (5-8). Recent studies 
have shown that estrogen signaling exerts protective effects 
against lung fibrosis, whereas androgens exacerbate lung fibro-
sis (5, 9). The lung tissues of estrogen receptor β (ERβ) knockout 
mice displayed increased collagen accumulation compared to 
those of wild-type controls (10). Although basic studies on estro-
gen in experimental models of fibrosis have shown promising 
results, the findings have not been translated into meaningful 
results in a clinical setting owing to possible off-target effects. 
Genistein (4,5,7-trihydroxyisoflavone), a natural soybean-derived 
phytoestrogen, has a high affinity for ERβ (11, 12). A previous 
study suggested that soy isoflavones and genistein, which is 
the most active component of soy isoflavones, protected against 
radiation-induced lung fibrosis (13, 14). Genistein prevents 
renal, liver, heart, and lung fibrosis (13-17). Genistein is widely 
used as a dietary supplement and has been studied extensively 
(18, 19). Notably, genistein has many advantageous character-
istics that justify its great potential in clinical applications, such 
as its low toxicity and wide availability. However, the precise 
function and underlying mechanism of action of genistein in 
pulmonary fibrosis have not been fully elucidated. 

In this study, we hypothesized that genistein has anti-fibrotic 
potential. The role of genistein was evaluated using in vitro 
and in vivo pulmonary fibrosis models, and the anti-fibrotic 
mechanism of genistein was comprehensively analyzed using 
proteomic profiling. 

RESULTS

Genistein suppresses the activation of MRC5 cells 
The characteristics of progressive pulmonary fibrosis are ab-
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Fig. 1. Genistein inhibited the TGF-β1-induced activation of fibro-
blasts. (A) MRC-5 cells and human lung fibroblasts were treated 
with 5 ng/ml of TGF-β1 and the indicated amount of genistein 
for 24 h. Cell extracts were prepared and analyzed via western 
blot analysis using antibodies against collagen type 1, α-SMA, and 
α-actinin. Representative immunoblots are shown. (B) Densitometry 
was conducted to analyze fold changes in the levels of collagen 
1/actinin and α-SMA/actinin. The mean values of three indepen-
dent experiments are presented in the graphs. Statistical analysis 
between four groups was evaluated using one-way ANOVA with 
the Newman-Keuls multiple comparison test. * indicates P ＜ 0.05 
compared with the control, and # indicates P ＜ 0.05 compared 
with TGF-β1 treatment alone. (C) MRC-5 cells were treated with 
5 ng/ml of TGF-β1 for 1 h in the presence or absence of geni-
stein. Cell extracts were prepared and subjected to western blotting 
using antibodies against p-Smad 2/3, Smad 2/3. (D) Under identi-
cal conditions, cell extracts were subjected to western blotting 
using antibodies against p-p38 and p38.

Fig. 2. Genistein reduced the activation of primary human lung fibro-
blasts from a patient with IPF. (A) Primary human lung fibroblasts 
were treated with 5 ng/ml of TGF-β1 and 20 μM of genistein for 
24 h. Cell extracts were prepared and analyzed via western blot 
analysis using antibodies against collagen type 1, α-SMA, and α-acti-
nin. Representative immunoblots are shown. (B) Densitometry was 
conducted to analyze fold changes in the levels of collagen 1/acti-
nin and α-SMA/actinin. The mean values of three independent 
experiments are shown in the graphs. Statistical analysis between 
four groups was evaluated using one-way ANOVA with the New-
man-Keuls multiple comparison test. * indicates P ＜ 0.05 
compared with the control, and # indicates P ＜ 0.05 compared 
with TGF-β1 treatment alone. (C) Primary lung fibroblasts were 
treated with 5 ng/ml of TGF-β1 for 1 h in the presence or 
absence of genistein. Cell extracts were prepared and subjected to 
western blotting using antibodies against p-Smad 2/3, Smad 2/3. 
(D) Under identical conditions, cell extracts were subjected to 
western blotting using antibodies against p-p38 and p38.

normal accumulation of fibroblasts and excessive deposition of 
extracellular matrix components (20). To investigate the anti- 
fibrotic effects of genistein, we first evaluated its role in fibro-
blast activation. The activation of fibroblasts is regulated by 
various factors, including TGF-β1, leading to its differentiation 
into myofibroblasts, which is the activation form of fibroblasts 
(21). In MRC-5 cells (human lung fibroblasts), α-SMA and col-
lagen type 1, which are markers of activated fibroblasts, were 
found to be induced by TGF-β1; however, genistein signifi-
cantly decreased the expression of these proteins induced by 
TGF-β (Fig. 1A, B). TGF-β1 is involved in fibrotic pathology 
through the activation of Smad signaling pathway and non- 
Smad pathways, including the p38 MAPK pathway which is 
regulated by genistein and collagen (22-25). In this study, the 
phosphorylation levels of Smad2/3 and p38 MAPK were 
enhanced by TGF-β1 in MRC-5 cells (Fig. 1C, D). Genistein 
reduced the phosphorylation of Smad2/3 and p38 MAPK in-
duced by TGF-β1 (Fig. 1C, D).

Genistein suppresses the activation of primary lung fibroblasts
To validate our in vitro results, we tested the anti-fibrotic effects 
of genistein in primary lung fibroblasts from patients with IPF. 
Genistein decreased the TGF-β1-induced expression of collagen 
type 1 and α-SMA in human primary lung fibroblasts, which 

was consistent with those obtained using MRC-5 cells (Fig. 2A, 
B). Genistein also reduced the TGF-β1-induced phosphoryla-
tion levels of Smad2/3 and p38 MAPK in primary lung fibro-
blasts (Fig. 2C, D). These results suggest that genistein reduces 
fibroblast activation. Collectively, these results indicate that 
genistein decreases the expression levels of α-SMA and colla-
gen type 1 by reducing the TGF-β1-activating Smad and p38 
MAPK pathways. Thus, genistein attenuates the activation of 
fibroblasts.

Proteomic profiling of the anti-fibrotic effects of genistein on 
MRC-5 cells
To investigate the therapeutic mechanisms of genistein in pul-
monary fibrosis, we conducted proteomic analysis using nano- 
LC-ESI-MS/MS. In the MRC-5 cell models, our proteomic eval-
uation revealed a total of 6,476 proteins from four groups 
(control, genistein, TGF-β1, and TGF-β1 combined with geni-
stein). Of the identified proteins, 6,013 were considered for 
further analysis as they were identified in all four groups (Sup-
plementary Fig. 1A). Principal component analysis (PCA) re-
vealed a separation between the four groups (Supplementary 
Fig. 1B). A total of 1,082 proteins, which had a Benjamini- 
Hochberg method-based FDR of ＜ 0.05, were selected. Hiera-
rchical clustering analysis (distance threshold = 3.32) was 
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Fig. 3. Identification of differentially expressed proteins (DEPs) related 
to genistein in MRC-5 cells with TGF-β1. (A) Heatmap of DEPs that 
appeared to be significantly affected by genistein compared to 
TGF-β1 based on Post-hoc Tukey’s HSD test for one-way ANOVA. 
The expression levels of the protein are derived based on Z-score 
normalization and the DEPs were grouped into two clusters (up-
regulated or downregulated by genistein compared to TGF-β1). (B) 
Functional enrichment analysis of the 240 proteins upregulated by 
genistein compared to TGF-β1. (C) Functional enrichment analysis 
of the 94 proteins downregulated by genistein compared to TGF-β1. 
(D) Three protein markers for the activation of fibroblast (Fibro-
nectin, Collagen 1, and α-SMA) were assessed as positive controls. 
* indicates P ＜ 0.05 compared with the control, and # indicates 
P ＜ 0.05 compared with TGF-β1 treatment alone (one-way ANOVA 
with Newman-Keuls multiple comparison test).

Fig. 4. Effects of stearic acid on the bleomycin-induced pulmonary 
fibrosis model. (A) Genistein (20 mg/kg) was administered intraperi-
toneally to mice 3 days per week for 3 weeks after bleomycin 
treatment (2 U/kg). Body weights were analyzed for four groups: 
control (n = 5), bleomycin (Bleo, n = 6), genistein (n = 5), and 
bleomycin + genistein (n = 6). * indicates P ＜ 0.05 compared with 
the control group (two-way ANOVA with Bonferroni post-hoc tests). 
(B) Representative histological lung sections from each group stained 
with hematoxylin and eosin. (C) Collagen content was estimated under 
identical conditions using the hydroxyproline assay. * indicates P ＜
0.05 (one-way ANOVA with Newman-Keuls multiple comparison 
test). Histological photographs of lung tissue sections stained for 
p-SMAD 2/3 (D) and p-p38 MAPK (E). Immunofluorescence images 
were captured at 100 x magnification.

conducted for the 1,082 proteins, which generated six clusters 
(Supplementary Fig. 2). Clusters 1, 3, and 5 were proteins affected 
by genistein and were either upregulated or downregulated by 
genistein compared to the control. Clusters 2, 4, and 6 are 
proteins were found to be affected by TGF-β1. Cluster 2 
showed that genistein increased the expression of the proteins 
induced by TGF-β1, cluster 4 showed that genistein did not 
affect the proteins induced by TGF-β1, and cluster 6 showed 
that genistein decreased the expression of the proteins induced 
by TGF-β1. Thus, the proteins (410 proteins) belonging to Clu-
sters 2 (301 proteins) and 6 (109 proteins) may serve as thera-
peutic targets for genistein. To further identify the positive 
effects of genistein on the activation of lung fibroblasts, pro-
teomic analysis was conducted with protein clusters 2 and 6. 
Briefly, post-hoc Tukey’s HSD test for one-way ANOVA was 
performed, and 334 proteins were identified; these proteins 
appeared to be significantly affected by genistein compared to 
TGF-β1 (Fig. 3A). Of the 334 proteins, 240 were upregulated 
(Supplementary Table 1) and 94 were downregulated (Supple-
mentary Table 2) by treatment with genistein compared to 
TGF-β1. Functional enrichment analysis of the 240 upregu-

lated proteins revealed nine biological hallmarks that were 
significantly increased by genistein compared to TGF-β1; these 
hallmarks were mainly related to oxidative phosphorylation, 
fatty acid metabolism, adipogenesis, and apoptosis (Fig. 3B). 
Functional enrichment analysis of the 94 downregulated pro-
teins revealed six biological hallmarks significantly reduced by 
genistein compared to TGF-β1; these hallmarks were mainly 
related to unfolded protein response, epithelial mesenchymal 
transition (EMT), protein secretion, and mTORC1 signaling 
(Fig. 3C). Next, Functional enrichment analysis was performed 
for cluster 1 and cluster 5 to confirm the effect of genistein 
alone. Functional enrichment analysis of the 506 proteins in 
cluster 1 and cluster 5 revealed nine biological hallmarks that 
were significantly regulated by genistein compared to other 
groups; these hallmarks were mainly related to cell cycle- 
related proteins (mitotic spindle, Myc and E2F targets, and 
G2/M checkpoint), EMT, and mTORC1 signaling (Supplementary 
Fig. 3). The expression levels of the markers for fibroblast acti-
vation, such as fibronectin, collagen type 1, and α-SMA, were 
also significantly increased by TGF-β1 but decreased by geni-
stein (Fig. 3D).

Genistein attenuates bleomycin-induced pulmonary fibrosis
Finally, we investigated the antifibrotic effects of genistein in a 
bleomycin-induced pulmonary fibrosis model. The bleomycin- 
treated group increased weight loss compared to the control 
group but treatment with genistein reduced the weight loss in 
the bleomycin-treated group (Fig. 4A). Histopathological analy-



Genistein alleviates pulmonary fibrosis
Seung-hyun Kwon, et al.

146 BMB Reports http://bmbreports.org

sis of the lung sections revealed that the intensity of fibrotic 
lung injury was lower in the bleomycin- and genistein-treated 
groups than in the bleomycin-treated group (Fig. 4B). To exam-
ine the collagen content in the lung tissues, we attempted to 
elucidate the hydroxyproline levels. The bleomycin-treated group 
had higher levels of hydroxyproline than the control group. 
However, treatment with genistein attenuated the bleomycin- 
induced increase in hydroxyproline levels (Fig. 4C). The phos-
phorylation levels of SMAD 2/3 (Fig. 4D) and p38 MAPK (Fig. 
4E) were markedly augmented by bleomycin treatment and the 
augmentation was inhibited by genistein. Overall, these data 
suggest that genistein is a promising therapeutic target for lung 
fibrosis.

DISCUSSION

This study sought to reveal the anti-fibrotic effects of genistein 
using both in vitro and in vivo lung fibrosis models. Based on 
our findings, genistein could act as an effective anti-fibrotic 
agent by inhibiting fibroblast activation. The anti-fibrotic me-
chanism of genistein was comprehensively evaluated through 
proteomic analysis, which revealed that genistein exerted an 
anti-fibrotic effect by regulating various molecular mechanisms, 
such as unfolded protein response, EMT, mTORC1 signaling, 
cell death, and several metabolic pathways. 

IPF is characterized by the excessive deposition of extra-
cellular matrix components and abnormal accumulation of 
fibroblasts due to an imbalance between fibrolysis and fibro-
genesis (26). Fibroblasts can differentiate into myofibroblasts 
expressing high levels of α-SMA and collagen, and secrete 
mediators that amplify epithelial cell injury (27). Therefore, the 
inhibition of fibroblast activation is a good strategy to alleviate 
the progression of pulmonary fibrosis. In our study, we showed 
that genistein decreased the TGF-β1-induced activation of lung 
fibroblasts by reducing the levels of α-SMA and collagen type 
1. These data suggest that genistein prevents pulmonary fibro-
sis by inhibiting fibroblast activation.

TGF-β1 is widely recognized as a key player and regulates 
numerous intracellular signaling pathways in the pathogenesis 
of pulmonary fibrosis (28). The canonical TGF-β pathway sti-
mulates Smad signaling via the phosphorylation of Smad2/3 
(29). TGF-β also activates several other pathways, including 
phosphatidylinositol-3-kinase (PI3K), mitogen activated protein 
(MAP) kinases (p38, JNK and ERK), and EMT-related signaling 
(23). The transition from epithelial cells to myofibroblasts via 
EMT signaling is an important process in lung fibrosis (30, 31). 
In our study, genistein was demonstrated to reduce the 
TGF-β1-induced phosphorylation levels of Smad2/3 and p38 
MAPK in MRC-5 cells and primary human lung fibroblasts 
based on western blot analysis. Proteomic analysis also re-
vealed that genistein regulates mTORC1 signaling and EMT- 
related protein levels. Collectively, our data indicate that geni-
stein inhibits the activation of fibroblasts by regulating multiple 
mechanisms, including the Smad2/3, p38 MAPK, mTORC1, 

and EMT-related signaling pathways. 
Recent studies have suggested that pulmonary fibrosis is 

caused by an aberrant wound healing response after recurrent 
lung injury, and the dysregulation of several metabolic path-
ways, including metabolism of lipid and glucose, is related in 
the fibrotic pathogenesis of pulmonary (32-34). In pulmo-
nary fibrosis, enhanced glucose metabolism affects autophagy, 
cell differentiation, proliferation, and the inflammatory response 
(35). Fatty acid oxidation in both the mitochondria and pero-
xisomes is a catabolic process in which fatty acids produce 
ATP. Pulmonary fibrosis is accompanied by decreased fatty 
acid oxidation and increased fatty acid synthesis (36). Using 
proteomic data, we showed that genistein could exert an 
anti-fibrotic effect by regulating various metabolic processes, 
such as oxidative phosphorylation, fatty acid metabolism, 
peroxisomes, and glycolysis. 

In conclusion, our findings highlighted a major role of geni-
stein in the inactivation of fibroblasts for the prevention and 
treatment of pulmonary fibrosis through the regulation of the 
TGF-β1-related pathways. Comprehensive data obtained through 
protein analysis provide targets for further rigorous studies to 
precisely understand the molecular mechanism of genistein in 
lung fibrosis. Our findings also suggest that genistein could be 
developed as a pharmacological agent for the prevention and 
treatment of pulmonary fibrosis.

MATERIALS AND METHODS 

Cell culture
A normal human fetal lung fibroblast cell line, MRC-5 cells 
(ATCC, Rockville, MD, USA), were maintained in Eagle’s mini-
mal essential medium (ATCC) supplemented with 10% fetal 
bovine serum (FBS HyClone, Logan, UT, USA), and 100 g/ml 
of streptomycin and 100 unit/ml of penicillin (Invitrogen, 
Carlsbad, CA, USA), and at 37oC in a humidified incubator 
containing 5% CO2. MRC-5 cells were treated with 5 ng/ml of 
TGF-β1 for 24 h in the presence or absence of genistein (Sig-
ma-Aldrich, St. Louis, MO, USA). For the isolation of primary 
fibroblasts (33), idiopathic pulmonary fibrosis (IPF) lung tissues 
were cut into 1 × 1 mm2 pieces and cultured at 37oC in a 
humidified atmosphere containing 5% CO2 for 7-10 days, with 
medium changes every 3 days. Cells at passages 3-7 were used 
for all experiments. 

Animal model
Mouse experiments were performed in accordance with the 
Guiding Principles for the Care and Use of Animals. Detailed 
methods refer to previous study (33). The protocols were ap-
proved by the Animal Care and Handling Committee of Kyung 
Hee University Medical Center (protocol #KHNMC AP 2021- 
005). Seven-week-old female C57BL/6J mice were obtained from 
Orient Bio (Seongnam, South Korea) and acclimatized for one 
week before the experiments. Mice were housed under speci-
fic pathogen-free conditions in an air conditioned (22 ± 2oC) 
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and humidity-controlled (45-55%) room under a 12-h light and 
12-h dark cycle with ad libitum access to food and water. 
Mice were randomly divided into four groups: 1) saline plus 
vehicle (n = 5), 2) saline plus genistein (n = 5), 3) bleomycin 
plus vehicle (n = 6), and 4) bleomycin plus genistein (n = 6). 
Mice were anesthetized with intraperitoneal injections of 50 
mg/kg alfaxalone (Jurox, Australia) and 5 mg/kg xylazine (Bayer, 
Leverkusen, Germany). Saline or bleomycin (2 U/kg) was ad-
ministered intratracheally, and 20 mg/kg of genistein was ad-
ministered immediately after bleomycin via an intraperitoneal 
injection 3 days per week for 3 weeks. Mice were then sacri-
ficed and their lungs were harvested on day 21, snap frozen in 
liquid nitrogen, and stored at −80oC.

Hydroxyproline assay
To estimate the amount of collagen in lung tissues, a hydro-
xyproline assay was performed using a commercial kit (Bio-
Vision, Milpitas, CA, USA), according to the manufacturer’s 
protocol and previous study (33). The whole lungs were weighed, 
homogenized, and hydrolyzed in 10 N HCl for 3 h at 120oC. 
The hydrolyzed samples were then incubated with 4‐(dimethy-
lamino) benzaldehyde for 90 min at 60oC, and the absorbance 
of the oxidized hydroxyproline was determined at 560 nm. 
The amount of hydroxyproline is expressed as g/mg of lung 
tissue.

Data search, statistical analysis, and bioinformatic analysis
The obtained MS/MS spectra were assigned to proteins using 
Sequest-HT on a Proteome Discoverer (Version 2.4, Thermo 
Fisher Scientific) and the UniProt human database (Apr 2022) 
(37). The identified proteins were analyzed and visualized using 
Perseus software (Version 2.0.7.0) (38). One-way analysis of 
variance (ANOVA) with Benjamini-Hochberg method-based 
false discovery rate (FDR) and a significance level of 0.05 was 
used to identify significant differences in the protein expression 
levels. Gene Ontology (GO) annotation of the proteins identi-
fied from the proteome analysis was performed using Proteome 
Discoverer (Version 2.4, Thermo Fisher Scientific). Functional en-
richment analysis was performed using ShinyGO 0.77 (http:// 
bioinformatics.sdstate.edu/go/). Statistical analysis of the expres-
sion levels of selected individual proteins was performed using 
GraphPad Prism software (version 5.0). Significant differences 
were analyzed using one-way ANOVA followed by the New-
man-Keuls multiple comparison test for more than three groups. 
All P values were two-tailed, with statistical significance set at 
P ＜ 0.05.

Supplementary methods
A detailed description of the methods in provided in supple-
mentary methods.
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