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and fibrogenesis in keloid via CTGF signaling
pathways
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Abstract
Background This study aimed to evaluate soy isoflavones’effect and potential use—specifically genistein—in treat-
ing human keloid fibroblast cells (KFs) and in a keloid tissue culture model.

Methods To investigate the effects of genistein on keloid, a wound-healing assay was performed to detect cell
migration. Flow cytometry was used to measure apoptosis. Western blotting and immunofluorescence staining were
performed to detect the expression of target proteins. KF tissues were isolated, cultured, and divided into the control,
silenced connective tissue growth factor (CTGF) proteins, and shNC (negative control) groups.

Results Genistein suppressed cell proliferation and migration, triggering the cell cycle at the G2/M phase

and increasing the expression of p53 dose-dependent in keloids. Genistein inhibited the expression of COLTAT, FN,
and CTGF mRNA and protein. Knockdown CTGF reduced the migrated ability in KFs. Genistein also abated TGF-31-
induced keloid fibrosis through the endocytosis model. Separated and cultured the keloid patient’s tissues decreased
the cell migration ability by genistein treatment and was time-dose dependent.

Conclusions This study indicated that genistein-induced p53 undergoes cell cycle arrest via the CTGF pathway-
inhibited keloid cultured cells, and genistein suppressed the primary keloid cell migration, suggesting that our
research provides a new strategy for developing drugs for treating keloids.

Highlights

1. Genistein decreased proliferation and promoted cell cycle arrest at the G2/M phase in keloid cells.
2. Genistein inhibited the expression of COL1AT1, FN, and CTGF mRNA and protein expressions.

3. Genistein enhanced endocytosis in keloids and blocked the stimulation of growth factor.

4. Genistein has therapeutic effects in treating keloids and preventing recurrence.
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Introduction

Keloid disease (KD) is a complex fibroproliferative disor-
der caused by excessive skin wound healing [5]. Keloids
behave like benign tumors due to their uncontrolled
growth, exhibiting similar characteristics. The excessive
keloid scarring is attributed to heightened proliferation
and excess collagen deposition by fibroblasts in the extra-
cellular matrix (ECM) [4]. It is characterized by increased
itching and enlargement, along with hypertrophic scars
that cause distress to patients. Unlike hypertrophic scars,
keloids often grow beyond the boundaries of the origi-
nal wound. Keloids exhibit significant invasiveness and
cellular migration capability, contributing to severe cos-
metic disfigurement and limitations in joint mobility for
those affected. To this day, treatments for keloid scars
include surgical excision and laser; however, these are
only partially effective. They can easily recur and con-
tinue to increase. Solely using surgical excision for keloid
treatment is associated with recurrence rates as high as
45-99% [15]. The development of improved treatments
will require a deeper understanding of the molecular
mechanisms that cause healing wounds to progress to
keloid scars.

Transforming growth factor-p (TGF-P1) is a versatile
protein orchestrating various cellular processes, includ-
ing cell growth, differentiation, motility, and extracellular
matrix production during routine wound healing. How-
ever, its dysregulation has been associated with exces-
sive scar formation and fibrotic disorders [11, 29, 35].
Elevated levels of TGF-B1 can trigger fibroproliferative
disorders by promoting collagen synthesis, thereby exac-
erbating keloid formation. Additionally, connective tissue
growth factor (CTGF or CCN2) serves as a critical medi-
ator of the fibrotic response to TGF-B1, stimulating fibro-
blast proliferation and synthesizing extracellular matrix
(ECM) proteins such as collagen and fibronectin [16, 40].
KFs are implicated as mediators of elevated growth fac-
tor, chemokine, or cytokine production and the excessive
accumulation of ECM components, such as type I/III col-
lagen 1A1 and fibronectin [3, 34]. TGF-p signaling path-
ways, intricately woven and multifaceted, hold pivotal
significance in the pathogenesis of keloid scars. CTGEF,
intimately linked to dermal fibrosis, distinctly amplifies
TGE- activity [22]. Inhibiting CTGF expression emerges
as a promising avenue in the therapeutic approach to
keloids, heralding significant implications for treatment
interventions.

Genistein, a natural flavonoid compound predomi-
nantly sourced from legumes, has garnered significant
attention for its role in tumor prevention and treatment
[13]. Genistein exhibits diverse biological actions in vitro
depending on the cell type; these include antioxidant,
anti-inflammation, anti-angiogenesis, and apoptosis [14,
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23, 31]. Previous studies have found that genistein can
inhibit the proliferation of fibroblasts and cancer cells [25,
26]. Recognized as a receptor tyrosine kinase inhibitor
(TKI), it selectively targets VEGF receptors (VEGEFRs),
FGF receptors (FGFRs), and PDGF receptors (PDGFRs),
exhibiting established effectiveness in antiangiogenesis
and the management of diverse cancer types. The amelio-
rated efficacy of genistein was analyzed in cultured nor-
mal human dermal fibroblasts (NHDFs) [16] and culture
keloid fibroblasts [6]. Studies indicated that genistein was
a biologically active compound and induced G2/M arrest
and apoptosis in various cancer cells. These include hepa-
tocellular carcinoma (HCC) [39], renal cell carcinoma
(RCC) [27], colorectal cancer (CRC) (X. [10]), prostate
cancer, and gynecologic malignancies [28]. Genistein has
been implicated in anti-inflammatory and anti-skin aging
responses during wound healing [7]. Although some
literature discusses whether genistein may increase or
inhibit COL1A1 and FN expression, no studies have ever
delved into whether genistein effectively treats keloid
scars.

This study investigates whether genistein influences
CTGEF-induced proliferation, migration, and ECM depo-
sition in both KFs and NHDFs cultured in vitro. Further-
more, it seeks to explore the modulation of keloids by
genistein, elucidating its effects on critical proteins such
as CTGF, COL1A1, and FN.

Materials and methods

Reagents and chemicals

Genistein, phosphate-buffered saline, CCK-8 kit, a-SMA
Ab (#A-5228), and anti-p-actin (#A-4700) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The
broad-spectrum caspase inhibitor Z-VAD-FMK (#sc-
3067), anti-CTGF (#sc-14939), anti-MMP2 (#sc-13595),
anti-fibronectin (#sc-88422), anti-Cdk2 (#sc-136191),
anti-cyclin A (#sc-53228), anti-p21(#sc-6246), and anti-
P53(#sc-126), anti-DNMT-3a(#sc-56656), anti-DNMT-
3b(# sc-393845) were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, USA). Anti-COL1A1l
(#91,144), HRP-linked anti-mouse, anti-FGFR1(#9740),
anti-VEGFR1(#64,094), anti-PDGFRa(#3174), anti-PD
GFRB(#3169), anti-PCNA(#13,110), and anti-rabbit
IgG antibodies were purchased from Cell Signalling
Technology (Beverly, MA, USA). Dulbecco’s modi-
fied Eagle’s medium (DMEM), penicillin/streptomy-
cin, F-actin Alexa Fluor™ 594 Phalloidin (#A12381),
G-actin Deoxyribonuclease I, Alexa Fluor'" 488 Con-
jugate (#D12371), fetal bovine serum, goat anti-mouse
IgG H&L (FITC) (#ab6785), and goat anti-rabbit IgG
H&L (FITC) (#ab6717) were purchased from Gibco-
Invitrogen™ (Carlsbad, CA, USA). Anti-fibronectin
(#610077) was obtained from BD (Becton Dickinson,
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NY, USA). Anti-CDK1 (#06-966) was purchased from
Millipore (Merck Millipore, Bedford, MA, USA), and
anti-Ki-67 (#GTX16667) was purchased from GeneTex
(GeneTex Inc, Irvine, CA, USA).

Cell culture and primary keloid spheroid culture

Keloid epidermal fibroblast (KF) cells and Normal human
dermal fibroblasts (NHDF) cells were acquired from
the Food Industry Research and Development Institute,
Taiwan. The cells were cultured with DMEM supple-
ment with 10% FBS, 25 mM HEPES (Hyclone), penicil-
lin (100 IU/mL), streptomycin (50 mg/mL) at 37 C in a
humidified atmosphere with 5% CO, and sub-cultured
every 2—3 days.

Human keloid-derived fibroblast cell cultures

Keloid tissues were obtained from the keloid patients
(n=5) after acquiring informed consent according to a
protocol approved by the Taichung General Hospital of
Medicine Institutional Review Board (TCVGH-IRB No.
SF23056CSF23056C). All experiments involving humans
were performed in adherence to the Helsinki Guide-
lines. Keloid tissue was washed with PBS, and tissues
were homogeneous and cut into 5 mm X5 mmXx 10 mm
diameter pieces onto HydroCell 24-well plates (Nunc,
Rochester, NY) containing 0.1% collagen 1Alase DMEM
medium. After four days, the dermis and epidermis were
separated, and the dividing single KFs were collected for
subsequent studies. Cells were grown in DMEM contain-
ing 10% fetal bovine serum (FBS; Biowest, France) and
1% A/A in a humidified incubator with 5% CO, at 37 °C.
Cells at passages 3—6 from three separate cell lines were
used in the below experiments. Human keloid-derived
fibroblast cell cultures treated with genistein or chemi-
cals were the same with culture cell lines.

RNA extraction and quantitative PCR

The RNA was isolated from KEL and NHDF cells using
the rare RNA reagent. RNA isolation, RT-PCR, and quan-
titative PCR were performed on an Applied Biosystems
instrument as described previously [32]. The sequences
of the primers for each gene were listed in supplemen-
tary Table 1. The quantification of mRNA expression was
standardized to the endogenous control GAPDH. The
relative gene expression was evaluated using the 2724¢d
method.

Migration assay and cell proliferation assay

Cells (1x10* cells/well) were seeded on the coverslips,
and the silicon inserts (ibidi GmbH, Grifeling, Germany)
were used for cells in two individual wells as the wound
closure seeding model. After 24 h, the culture insert
was removed, and the cells were treated with or without
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genistein and treated with different concentrations of
genistein (40 or 200 pM) for 16, 24, and 48 h. For the cell
proliferation assay, cells were treated with genistein at
various concentrations (25, 50, 100, 200, and 400 uM) for
1, 3, 5, and 7 days. The cells were washed with PBS and
incubated for 2 h with CCK-8 reagent; the OD absorb-
ance was recorded at 450 nm using a microplate reader
(Tecan Group Ltd.)

Immunochemistry

Cells were extracted with RIPA buffer (Millipore) to yield
cell lysates. The total protein concentration in each sam-
ple was assayed using the Bradford method. (Bio-rad).
Each sample’s aliquots (20 pg total protein) were then
loaded on 12.5% SDS—polyacrylamide gels. After elec-
trophoresis, the proteins were transferred onto a nitro-
cellulose blotting membrane (Amersham Biosciences,
GE Healthcare, Chicago, IL) and immunoblotted with
specific antibodies—all antibodies at a dilution of 1: 1000
and incubated at 4 °C overnight. The complete protocol of
the western blot analysis has been described in a previous
publication [41]. PVDF membranes were washed three
times and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:20,000) for 1 h at
room temperature. The ECL Plus Reagent Kit (Roche
Applied Science, Indianapolis, IN, USA) was used to
detect the protein signals with an X-ray film (Fuji Film).

Immunofluorescence assay

For immunofluorescence assay, under the same condi-
tions, all samples were fixed in 4% paraformaldehyde
overnight, permeabilized with 100% methanol for 2 min,
and blocked in 5% BSA for 1 h at room temperature.
Samples were incubated with primary antibodies over-
night in the dark. F-actin Alexa Fluor 594 Phalloidin,
G-actin Deoxyribonuclease I, Alexa Fluor' 488 Conju-
gate, COL1A1 (E6AS8E) Rabbit mAb (CST #39952), and
Mouse Anti-Fibronectin (BD #610077) diluted 1:1000
was used to detect the target proteins. The samples were
then stained with secondary antibodies (Alexa Fluor Reg-
istered 594 goat anti-mouse IgG [1:200] and Alexa Fluor
Registered 488 goat anti-rabbit IgG [1:200]) for 1 h and
mounted with DAPI (Invitrogen). The fluorescent images
were obtained with a fluorescence microscope (DP70;
Olympus). The intensity value was compared with the
control or genistein-treated group, and then the grayscale
images were analyzed using Image ] software.

Immunohistochemistry assay

The patient’s tissues were cut into 5 mm X5 mm X 10 mm
diameter pieces onto HydroCell 24-well plates and cul-
tured within containing genistein (40, 200 uM) DMEM
medium for 3, 7, and 14 days. Changed the medium
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every day until the tissues were harvested on the speci-
fied number of days, then fixed in 4% paraformaldehyde
for 24 h at 4 °C, washed with water for at least 4 h, and
finally embedded in paraffin. According to the manufac-
turers ’ guidelines, the paraffin Sects. (4 pm thick) were
stained with hematoxylin and eosin (H&E, ab245880,
Abcam, Cambridge, UK). Sections were incubated over-
night at 4 °C with primary antibodies: COL1A1(1:200),
EN (1:250), CTGF (1:200) mAb stain. After washing
three times with Tris-buffered saline containing 0.025%
Triton X-100, the sections were incubated with second-
ary antibodies for 1 h at room temperature. Images were
captured with an Olympus BX53 microscope. The optical
density of each image was quantified using Image] imag-
ing software.

Flow cytometry assay

Cells were seeded at 1.5x 10° /well and treated with gen-
istein at 40, 100, and 200 pM for 24 h. Cells were har-
vested and washed with cold PBS, followed by fixation
in 70% ethanol at 4°C overnight. Fixed cells were treated
with RNase (100 pg/ml, 50 pl) and stained with 100 ul
Annexin V binding solution containing Annexin V-FITC
and propidium iodide (PI). Resuspended cells were incu-
bated for 15 min at room temperature. The apoptosis
assays were run and analyzed by fluorescent cell sorting
with the BD FACSJazz Cell Sorter (BD Bioscience, San
Jose, CA).

Statistical analyses

The quantification of the western blots was performed
using Image] software. The expression levels of each pro-
tein were normalized to those of corresponding p-actin
or GAPDH, respectively. Results are reported as means
standard deviation. The student’s ¢-test was used to com-
pare the differences between the two groups. All experi-
ments were performed in triplicates. The two-tailed

(See figure on next page.)
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p-value <0.05 in statistical analysis was defined as statisti-
cally significant.

Results

Genistein inhibited migration proliferation in KFs

To investigate genistein’s effect on keloids’ migration
ability, cells were pre-treated with genistein at 40 uM or
200 uM, and images were captured at 16 and 24 h using
a wound healing assay. Compared to the control, gen-
istein significantly decreased the migration of KFs, with
the extent of decrease dependent on the concentration
of genistein (Fig. 1A). The percentage decrease was nor-
malized to the untreated control, as shown in Fig. 1A
(right) (p<0.05). Next, we evaluated the effect of gen-
istein on the proliferation of KFs using the CCK-8 assay.
Compared with the control group, various concentra-
tions of genistein (25 pM, 50 uM, 100 uM, and 200 pM)
at days 1, 3, 5, and 7 inhibited the proliferation of KFs in
a time- and concentration-dependent manner in Fig. 1B
(»<0.05). However, genistein (25 pM, 50 uM, 100 uM,
and 200 puM) did not affect cell proliferation on the first
day but significantly inhibited wound healing. To eluci-
date the mechanisms by which genistein suppresses the
proliferation of KFs, we analyzed cell cycle distribution
using flow cytometry. After 24 h of pre-treatment with
genistein at concentrations of 40 uM or 200 pM, the
proportion of cells markedly increased from approxi-
mately 17.8% to 38.2% in the G2/M phase while decreas-
ing from 70.7% to 43.5% in the GO/G1 phase in response
to genistein. In contrast, the cell numbers in the S phase
remained unaltered upon the application of genistein
(Fig. 1C).

To further explore the regulation of apoptosis-
related proteins by genistein, KFs were treated with
genistein at concentrations of 40 puM or 200 uM for
24 h, and the apoptosis status was determined by flow
assay. The proportion of total apoptotic (Annexin
V-positive) cells increased concentration-dependent

Fig. 1 Genistein inhibits migration and proliferation in human keloid fibroblast (KF) cells A KFs were treated with 0, 40, and 200 uM genistein,

and the migration was by wound healing assays. The wound closure was captured at 0, 16, and 24 h after removing the culture insert.

The magnification of 100 x was used. Dotted lines were used to indicate areas of cell migration. The quantification of cell migration using

the percentage of Image J software. Significant differences were compared in the genistein group (40, 200 uM) with the control group

of the human KFs. All experiments have at least three independent experiments. *p < 0.05 vs. control, **p <0.01 vs. control. B Proliferation rates

of human KFs were detected by CCK-8 assay. Cells were treated with genistein at 25, 50, 100, 200, and 400 puM for 1,3,5 and 7 days, respectively. Cell
viability %=[(OD test — OD blank)/(OD control-OD blank)] x 100%. C The cell numbers in each cell cycle phase were analyzed by flow cytometry
following treatment with genistein for 24 h. The total number in different cell cycle phases was measured and presented as a percentage

on the right side. Values represent the means +SD, n=3/each group. *p <0.05, ** p<0.01 vs. the control. D KFs were treated with 40 and 200 uM
genistein for 24 h. The apoptosis was detected by Annexin V/PI double staining assay. The ratio of stained cells in each group was determined.

*p<0.05 vs. control. DATA were analyzed using FlowJo7.6 software (Tree Star, Inc.). E KFs were pretreated with the broad-spectrum caspase inhibitor
Z-VAD-FMK (Santa Cruz Biotechnology, Dallas, TX, USA) at 20 uM for 4 h, then treated with or without genistein 200 uM for 24 h. The wound closure
was captured at 0, 16, and 24 h after removing the culture insert. The quantification of cell migration using the percentage of Image J software
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with genistein treatment. The percentage of apoptotic
cells increased after treatment with genistein from
7.92% to 17.29%. The genistein slightly increased the
apoptotic cell percentage (increased by 9.37%). The
proportions of KFs at the late stage of apoptosis were
not significant in response to genistein (from 1.21% to
5.98%) (Fig. 1D). KFs were pretreated with the broad-
spectrum caspase inhibitor Z-VAD-FMK (20 uM) with
or without genistein (200 uM) for 16, 24 h and deter-
mined by wound healing assay. Genistein significantly
inhibited the KFs migration ability (Fig. 1E). Destroy
apoptosis did not affect the ability of genistein to
inhibit the wound healing of KFs. The quantification
curve was presented on the right. Based on the above
results, genistein reduced the migration and prolifera-
tion of keloid cells.

Genistein triggered the cell cycle arrest of KFs
To further analyze whether genistein regulates the
expression of proteins related to the cell cycle, KF cells
were treated with genistein at 40 uM or 200 uM for
24 h, and the total proteins were determined by west-
ern blot assay. FN and COL1A1 protein levels inhib-
ited expression by genistein treatment, and the results
were consistent with Fig. 1. Moreover, genistein inhib-
ited CTGF protein levels in a dose-dependent man-
ner. Interestingly, genistein significantly enhanced the
level of p53 and inhibited Cdkl and Cdk2 expression
in KFs. Those results demonstrated that genistein likely
destroys keloids by increasing the p53 protein and
reducing Cdkl, 2 protein expression. We showed that
genistein enhanced cell cycle arrest at the G2/M phase
in Fig. 1. To assess further the cell cycle and prolifera-
tion levels, cell proliferation factor (PCNA, prolifer-
ating cell nuclear antigen) and Ki67 were analyzed by
western blot assay. As in Fig. 2, PCNA and Ki67 pro-
tein expression were decreased by genistein treatment
and in a dose-dependent manner (Fig. 2A). The protein
quantification plot was presented in Fig. 2B (p <0.05).
To investigate the effect of CTGF on the genistein of
keloid cells, cells were stimulated with CTGF at vari-
ous concentrations (50, 100, and 200 ng/ml), and the
protein levels were determined by western blot assay.
COL1A1 protein level was increased by CTGF treat-
ment and in a dose-dependent manner (Fig. 2C). While
pre-treated with genistein 1 h before CTGF co-cul-
tured 24 h, COL1A1 significantly decreased the protein
expression in a dose dependent. In addition to inhibit-
ing collagen and FN, CTGF inhibits the expression of
its upstream CTGF protein. Those data implied that
genistein inhibited CTGF and keloid cells’ expression of
the downstream protein (COL1A1 and FN).
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Genistein inhibits CTGF expression and affects

the migration of KFs

To investigate the biological function of CTGF in KFs,
CTGF was knocked down by transfection with silenced
CTGE. Then, we explored the specific mechanism of
CTGF in alleviating genistein-induced migration. We
used a western blot to evaluate the protein levels of CTGF
knockdown (#951 and #952) in human keloid tissues. The
detection of CTGF gene expression also has a consistent
effect (Fig. 3A). Compared with parental cell, knockdown
of CTGF (especially in #952) group reduced the migrated
ability in KFs (Fig. 3B). Interfering with CTGF expression
minimizes the ability of keloids to crawl. Genistein inhib-
its the expression of CTGF and reduces the migration
ability of keloid cells. Such a result is like that in Fig. 1A.

Genistein suppressed TGF-B1-induced KFs collagen 1A1,
fibronectin, and CTGF

To explore the effects of several stimulants on keloid
cells, NHDF and KF cells were treated with chemicals
(TSLP, SDF, or TGF-B1), respectively. Compared with
other chemicals, COL1A1 and EN significantly increased
their protein expressions stimulated by TGF-p1. The rela-
tive folds up to 5 and 3 compared to the control group.
(p<0.05) (Fig. 4A). We also observed that TGF-P1 treat-
ment increased COL1A1 and FN mRNA expression
(Fig. 4B). The results were consistent with the protein
expression. Those results indicated that TGF-f1 could
promote the expression of COL1A1 and EN in KFs. Sub-
sequent studies used TGF-B1 as a stimulator. To investi-
gate how genistein affects the COLA1A or EN in TGF-1
treatment cells, NHDF and KF cells were treated with
genistein at 40 or 200 pM for 48 h after TGF-PB1 (20 ng/
ml) pre-treated, and western blot assay determined the
FN and COLAI1A protein expressions. The relative pro-
teins (CTGF, a-SMA, and MMP-2) were also detected in
their expression in this assay. As shown in Fig. 4C, TGE-
1 has significantly increased the protein expression, and
genistein (40 and 200 pM) dramatically decreased the FN,
COL1A1, and CTGF protein expression and exhibited
a dose-dependent manner (*p<0.05). The fold expres-
sion of the proteins was quantified on the right side of
Fig. 4C. However, there was no effect on the a-SMA and
MMP-2 proteins. To clarify how the genistein affects the
mRNA expression of FN, COL1A1, CTGE, and other rel-
ative genes (COL1A2, COL3A1, DNMT3a, 3b, LARPS,
and FOXO2), KF cells were treated alone with genistein
at 40 or 200 uM for 24 h and determined those genes by
real-time PCR assay. Genistein decreased all relative gene
expression (DNMT3a, 3b, LARP6, and FOXO2), among
which FN, COL1A1l, and CTGF have a concentration-
dependent inhibition phenomenon on genistein (40 or
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Fig. 2 Genistein affects the cell cycle of KFs A KFs were treated with 40 and 200 uM genistein for 24 h. Protein expression levels of fibronectin

(FN), collagen A1, cyclin A, Cdk2, p21, and p53 in KFs based on western blot analysis. B The quantification of protein levels using the percentage
of Image J software. Significant differences were compared in the genistein group (40, 200 uM) with the control group of the KFs. *p <0.05 vs.
control, **p <0.01 vs. control. C Protein expression levels of collagen and CTGF were analyzed by western blot in KFs pre-treated with CTGF for 1 h
and co-treated with genistein for 24 h. Beta-actin was the internal control and was normalized by the loading protein. All experiments have at least

three independent experiments

200 uM) treated cells (*p <0.05). This result was consist-
ent with the protein assay (Fig. 4D). The above results
indicate that the expression of FN, COL1A1, and CTGF
genes and proteins are highly sensitive to genistein and
significantly reduced in genistein-treated keloid cells.

Disruption of cholesterol decreased the inhibitory effect

of genistein on KFs

Cholesterol is the major structural component of
lipid rafts/caveolae. It is reported that the choles-
terol-depleting agent methyl-B-cyclodextrin (MBCD)

inhibits keloid endocytosis [42]. To determine whether
lipid rafts/caveolae are related to the inhibitory effect
of genistein on KFs, MBCD was used to investigate
whether lipid rafts/caveolae mediate cellular migra-
tion in response to genistein. The results indicated that
treatment with MBCD alone had a minor inhibitory
effect on cell migration ability. Interestingly, compared
to treatment with genistein alone, MBCD signifi-
cantly mitigated the inhibitory effect of genistein on
KF migration (Fig. 5A). Genistein may affect the func-
tions of growth factor receptors by enhancing their
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endocytosis. This process can be disrupted by removing
cellular cholesterol in the lipid raft domain.

G-actin molecules polymerize into actin filaments
(F-actin), which influence cellular dynamic behavior
like migration and play pivotal roles in cell polarity dur-
ing migration. To explore whether genistein affects the
expression of actin proteins and inhibits the migration
behavior of keloid cells, cells were treated with genistein
(40, 200 uM) with or without MBCD. The fluorescence

(See figure on next page.)

microscope detected the cell appearance and fluores-
cence intensity of G-actin and F-actin. The fluorescence
intensity was quantified and shown on the right (Fig. 5B).
Compared to the control group, genistein has inhibited
the fluorescence signal of G-actin (*p <0.05), and MBCD
significantly mitigated the inhibitory effect of genistein
on KF actin expression.

Additionally, genistein significantly reduced the fluo-
rescent signal of COL 1A1 and FN proteins. Still, this

Fig. 4 Genistein abated TGF-B1-induced expression of FN, COL1AT1, and CTGF in NHDF and KF NHDF and KFs have seeded 1x 10° cells/well

in a culture medium for 24 h before treatment. A Cells treated with different chemicals (TGF-31: 20 ng/ml; TSLP: 100 ng/ml; or SDF: 20 ng/

ml) for 24 h. The total protein levels of FN and COLTA1 were represented by western blots assay. Protein levels were quantified relative to actin
expression to correct for loading differences and normalized to control levels. The quantified fold of protein expression was shown on the right
side. (*p < 0.05 vs. control, **p <0.01 vs. control.) B Cells treated with TGF-1 (20 ng/ml) for 24 h. mRNA expression levels of FN and CCOLTA1

in NHDFs were examined by gPCR. GAPDH was used as an internal control. Values are means £ SD. All experiments have at least three independent
experiments. *p < 0.05 vs. control, **p < 0.01 vs. control. C Cells were pre-treated with genistein (40 or 200 uM) for 1 h and treated with TGF-31

(20 ng/ml) for 24 h. The total protein levels of FN, COLT1A1, CTGF, a-SMA, and MMP-2 were detected by western blot in NHDF and KF cell lines.
Actin was used as an internal control in each lane. The quantified fold of protein expression was shown on the right side. (*p < 0.05 vs. control,
**p<0.01 vs. control.) D KF cells were treated with genistein (40, 200 M) for 24 h, and the genes (FN, CTGF, COL1A1, COL 1A2, COL 3A1, DNMTT,
DNMT3a, DNMT3b, LARP6, and FOXO2) expression were determined by gPCR. GAPDH was the internal control, and the associated statistical analysis
was meant+SD. All experiments of at least three independent experiments. *p < 0.05 vs. control, **p <0.01 vs. control
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signal was rescued by treatment with genistein combined
with MBCD (Fig. 5C). Furthermore, keloids are mediated
by growth factors, including FGFR1, VEGFR1, PDGFRa,
and PDGEFRp. Genistein treatments are likely to inhibit
the functions of these factors. Consistent with the results
above, coculture with genistein and the MBCD group
recovered the inhibition in keloids (Fig. 5D). The above
research results demonstrate that genistein may enhance
endocytosis, thereby affecting the functions of growth
factor receptors in keloids. MBCD disrupts and removes
cellular cholesterol in the lipid raft domain, provid-
ing supporting evidence that genistein may control the
expansion and crawling of keloids.

Genistein suppressed keloid patients’ primary culture cell
migration and proliferation

We utilized intralesional keloid excision samples har-
vested from patients to confirm whether genistein
reduces fibroblast migration in human keloid-derived
fibroblasts. As shown in Fig. 6A, through wound heal-
ing experiments, genistein reduced the migration ability
of KFs from patients. These results were consistent with
those presented in Fig. 1, particularly evident at 16 h
after treatment with a concentration of 200 uM genistein,
where a significant decreasing trend was observed (*
p<0.05; ** p<0.01). To further confirm whether genistein
can affect the expression of COL1A1l or FN proteins in
patients’ keloids, we employed the western blot method
to analyze the protein expression levels. As shown in
Fig. 6B, COL1Al protein expression was significantly
decreased in genistein (200 pM)-treated primary culture
cells. The quantified graphs are depicted on the right side.
Particularly noteworthy is the more significant inhibitory
effect of genistein on COL1A1l, especially evident under
conditions of high-concentration treatment (200 pM) of
keloid specimens (* p<0.05; ** p<0.01). Next, to observe
the effects of keloid tissues treated with genistein, the
finely minced primary tissue was cultured in medium
containing genistein (40 or 200 uM) for 3, 7, or 14 days
and determined by H&E staining. In Fig. 6C, the keloid
dermis was characterized by excessive accumulation of

(See figure on next page.)
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ECM with abnormally thick, tight, and compact colla-
gen fibers in the control group. After being treated with
genistein, Keloid cells appear finer collagen, loosely, and
have more space (arrow), especially at genistein 200 uM
treatment for 14 days. Next, the tissues specifically
detected the FN, CTGF, and COL1A1 proteins in the
dermal layer of keloids by Immunohistochemistry stain-
ing. We observed that COL1A1 protein was inhibited by
genistein in both normal and keloid cells. IHC staining
revealed that FN and COL1A1 proteins were distributed
in the dermal aspect of keloid samples’ primary cell cul-
ture (Fig. 6C).

All the conclusions mentioned above indicate that
genistein inhibited protein expression in keloid patients
and reduced the migration ability of primary cultured
cells, consistent with the findings from the cell culture
model. These results collectively confirm that genistein
has therapeutic effects in treating keloids and preventing
recurrence.

Discussion

This study demonstrated that genistein significantly
inhibited the protein expression of collagen 1Al,
fibronectin, and CTGF (Figs. 2 and 4). Genistein could
inhibit various pathological phenotypes, including inhi-
bition of keloid cell proliferation, cell cycle arrest at the
G2/M phase in vitro (Fig. 1), and inhibition of KF migra-
tion in vitro and primary cell culture (Figs. 1 and 6). In
addition, using siRNA to silence CTGF expression sig-
nificantly reduces the migration ability of keloid cells,
indicating that CTGF plays a crucial role in inhibiting cell
migration by genistein in keloid cells (Fig. 3). MBCD dis-
rupts cell membrane structures was confirmed that gen-
istein blocks various growth factor signaling pathways
in keloid cells, thereby achieving the goal of inhibiting
keloid cell differentiation (Fig. 5).

Keloids and hypertrophic scars resulting from exces-
sive healing of skin wounds are characterized as patho-
logical scars. Compared with hypertrophic scars, keloids
exhibit more severe itching, swelling, and significant
invasion of surrounding normal tissue. Therefore, the

Fig. 5 Genistein enhanced endocytosis step to disrupt the growth factors affecting KFs KFs were co-treated with genistein (40 or 200 pM)

and MBCD (1 mM) for 24 h, respectively. A Cells were determined by migration using wound healing assays. The wound closure was captured at 0,
18, 24,42, and 48 h after removing the culture insert. The magnification of 100 x was used. The migrated areas were quantified relative to the control
group (*p<0.05; (**p<0.01). B The cellular cytoskeletal proteins were labeled using F-actin Red Fluorescent or G-actin Green Fluorescent Cell

Linker Kit. The nuclear DNA was stained with a DAPI agent. The fluorescent images were obtained with a fluorescence microscope (DP70; Olympus,
JAPAN). Untreated cells were used as control. Data are presented as mean + SD, and mean intracellular fluorescence intensity of G-actin or F-actin
was quantitated using ImageJ software (right side). (*p < 0.05 vs. control; # p < 0.05 vs. genistein 40 uM group). C Immunofluorescence detection

of COL1A1 (green): Rabbit mAb (CST #39,952, Cell Signaling Technology), or FN (green): Mouse Anti-Fibronectin (BD #610,077, MilliporeSigma)
expression (x 200, bar=100 um). Nuclei were stained with DAPI (blue). D Protein expression levels of FGFR1, VEGFR1, PDGFRa, and PDGFR in KFs
based on western blot analysis. 3-actin was used as a loading control. (*p < 0.05)
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primary goal in controlling keloid scars is to modulate
the migratory ability of scar cells. This study confirms
that genistein significantly inhibits the migration ability
of keloid cells, as observed in cultured and keloid cells
isolated from patients (Figs. 2, 3, and 5). Genistein was
also to influence collagen production in human dermal
fibroblasts under oxidative stress conditions. However,
many works of literature still have different opinions on
the speed of wound healing or collagen production and
repair of genistein. Genistein exhibits multidirectional
biological action [18]. This may be related to the con-
centration used. Such as, a low concentration of gen-
istein (1 puM) restores collagen expression reduced by
t-BHP reagent induction, whereas a high concentration
(100 uM) of genistein enhances the inhibitory effect of
t-BHP [30]. Other studies have also shown that the con-
centration of genistein has different results in regulating
collagen [25, 26]. Despite genistein’s specific effects on

anti-inflammation and peroxide reduction, it exerts a
biphasic effect on collagen expression. The genistein used
in this study is between 40—-200 puM, which is a high con-
centration compared to other literature and inhibits col-
lagen production. The results are the same [19, 37, 38].
Genistein has varying regulatory effects on wound
healing in different tissues. Literatures confirm that oral
or topical use of genistein can increase collagen deposi-
tion, improve wound stiffness, and increase skin wound
healing. For example, genistein can promote wound
healing in mice dorsal skin [17]; genistein with keratin
hydrogel could promising therapeutic molecule for the
management of wound repair. keratin-genistein hydrogel
is a promising therapeutic molecule for the management
of wound repair [20]. Wound healing is related to inflam-
mation and oxidation and is also closely related to the
speed of collagen production (]. [9, 24]). Oxidative stress
impacts collagen production in human dermal fibroblasts
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[12]. This article is the first to prove that genistein sig-
nificantly inhibits collagen in keloids with uncontrolled
wound healing, and proposes effective biological con-
centration verification in cell culture models and human
keloid specimen models.

Keloid tissues resemble benign tumors, and literature
has demonstrated that genistein inhibits the migration
ability of cancer cells [2, 8]. This study also confirms that
genistein inhibits cell migration in KF cell lines and pri-
mary tissue cultures from keloid patients (Figs. 1 and 6).
Stress fibers are generally defined as bundles of 10-30
thin filaments, composed of F-actin crosslinked by actin-
binding proteins such as a-actinin, fascin and filamin.
Well-organized F-actin can form tress fiber. In addition,
myofibroblasts activated from fibroblasts usually display
strong stress fiber. Hence, cells with a robust actin stress
fiber system (contractile phenotype) were observed to
be less migratory. Additionally, genistein decreased the
expression levels of migration-related proteins such as
G-actin and F-actin in KF cells (Fig. 5B). These results
indicate that the effective biological concentration of
genistein ranges from 40 to 200 uM. The future direction
of this study will focus on using genistein gel as a dressing
for wounds post-resection of keloid patients.

Treatment for keloids is usually surgery or combined
with steroid injections. However, these treatments aim
to destroy the bulk of the extracellular matrix that has
already been formed and do not target the early stages

of wound healing. As a tyrosine kinase blocker, gen-
istein may significantly suppress KF growth by exerting
combined inhibitory effects on EGFR. The reduction of
EGFR activation can also suppress the transcription of
the downstream genes. In the present study, decreasing
the expression of cyclin d1 resulted in cell cycle arrest in
the G1 phase and the promotion of cell apoptosis. The
downregulation of CTGF inhibited the proliferation and
differentiation of HKFs and the fibrotic effects of fibro-
blasts. Genistein substantially accelerated wound repair,
which is associated with CTGF regulations. In addition,
genistein also reduced the keloid’s relative marker expres-
sion, such as LARP6, CTGF, Foxf2, and S6RP6 in Fig. 2.
Therefore, we think genistein has the potential to abate
the over-proliferation of collagen and fibroblast cell syn-
thesis in the keloid’s early phase.

We previously explored epigenetic mechanisms in
genistein-treated keloid cells, co-treating the demethyl-
ating agent 5-aza-dC with genistein for 72 h and meas-
uring protein levels. Treatment with 5-aza-dC restored
fibronectin expression but not COL1A1 expression.
Our laboratory has also used Western blotting to ana-
lyze the protein expression of DNA methyltransferase
isoforms (DNMT3a and DNMT3b). Genistein did not
increase DNMT3a and DNMT3b in either cell line
(data not shown). We confirmed that genistein does not
affect keloid scars through the phosphorylation mech-
anism of the smad2/3 pathway. Taken together, the
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above results demonstrate that genistein inhibits the
migration of keloids but does not activate the MMP2
and MMP9 pathways that may be involved.

Genistein, a naturally occurring phytoestrogen (com-
monly found in soy products, including soybeans), is a
non-steroidal compound of plant origin whose struc-
ture and function are essentially like human estro-
gen. Often used to improve symptoms of menopause
[33]. Genistein has been shown to expedite cutaneous
wound healing primarily via mechanisms independ-
ent of estrogen receptors [1, 21]. Most of the literature
explores the biological activity of genistein through oral
ingestion, and some articles explore genistein through
topical application [31, 36]. Genistein enhances the
healing of diabetic wounds by reducing oxidative stress
and suppressing the activity of inducible nitric oxide
synthase (iNOS). Our laboratory has previously utilized
a gel mixed with genistein as a suitable adjuvant, which
could then be commercialized into a gel formulation
and tested in animal models. Some studies have simi-
lar approaches [36]. Introducing genistein to treatment
requires further research into patch or dressing models,
which will allow for clarifying the curative effects.

In conclusion, this study indicated that genistein-
induced cell cycle arrest, reduced proliferation, migra-
tion, and COL1A1, EN target protein expression in
KFs and the patient’s primary culture. The presence of
MPBCD significantly alleviates the inhibitory effect of
genistein on KFs migration. As shown in Fig. 7, over-
all, genistein-abated endocytosis and fibrogenesis via
CTGF signaling pathways. The present study demon-
strated that genistein can be a therapeutic target for
keloid. This approach expects genistein gel during the
early stages of wound healing, thereby controlling the
proliferation of collagen at a specific rate during the
wound healing period.
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