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Abstract Hypertrophic scar (HS) is characterized by

excessive fibrosis associated with aberrant function of

fibroblasts. Currently, no satisfactory drug has been

developed to treat the disease. Here we found that a fla-

vonoid natural product, galangin, could significantly

attenuate hypertrophic scar formation in a mechanical load-

induced mouse model. Both in vivo and in vitro studies

demonstrated that galangin remarkably inhibited collagen

production, proliferation, and activation of fibroblasts.

Besides, galangin suppressed the contractile ability of

hypertrophic scar fibroblasts. Further Western blot analysis

revealed that galangin dose-dependently down-regulated

Smad2 and Smad3 phosphorylation. Such bioactivity of

galangin resulted from its selective targeting to the activin

receptor-like kinase 5 (ALK5) was demonstrated by ALK5

knockdown and over-expression experiments. Taken

together, this compound could simultaneously inhibit both

the accumulation of collagen and abnormal activation/

proliferation of fibroblasts, which were the two pivotal

factors for hypertrophic scar formation, thus suggesting

that galangin serves as a potential agent for treatment of HS

or other fibroproliferative disorders.
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Introduction

Scars are an inevitable consequence after cutaneous dermal

injury [1]. However, hypertrophic scar (HS), which is

attributed to excessive healing response, leads to significant

abnormality in esthetic and functional symptoms [2].

Hypertrophic scars are very difficult to be treated. Current

therapeutic approaches include intralesional corticos-

teroids, cytotoxic drugs, compression therapy, and radia-

tion therapy [3]. Nevertheless, all these strategies have

their own limitations of effective management and unsat-

isfactory outcomes [4]. This deficiency is largely due to a

poor understanding of the exact pathophysiology of HS

formation [5].

It has been elucidated to date that abnormal activation of

fibroblasts and accumulation of collagen are two crucial

factors for hypertrophic scar formation [6]. Fibroblasts are

the predominant source of extracellular matrix (ECM) and

are activated to help narrow the edges of the wound and

facilitate re-epithelialization [7]. The decline in their

functions leads to reduced ECM production and cell

apoptosis, which makes the scar mature gradually [8].

While normotrophic scar marks a hemostasis between

profibrotic and anti-fibrotic activity, pathologic scar such as

HS occurs when the function of activated fibroblasts, also

called myofibroblasts, is out of control. Under such cir-

cumstances, myofibroblasts stay activated for a prolonged
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period of time, resulting in massive collagen secretion and

characteristic HS structure-collagen whorl formation [9].

Therefore, researches have been focusing on bioactive

agents that directly debilitate fibroblast functions, which

hold putative therapeutic.

Galangin (3,5,7-trihydroxyflavone), a flavone subclass

of flavonoid originally isolated from the roots of Alpinia

officinarum, has been shown multifaceted biological

activities, including anti-inflammatory [10], anti-obesity

effect [11], and tumor growth inhibition [12], promoting

nerve functional restoration after acute ischemic stroke

[13]. In dermatology, galangin can protect human ker-

atinocytes against UVB radiation-induced cellular damage

and apoptosis by suppressing reactive oxygen species [14].

Galangin inhibits mast cell-derived allergic inflammatory

reactions in an atopic dermatitis mouse model via blocking

histamine release and down-regulating nuclear factor-jB
(NF-jB) and mitogen-activated protein kinase (MAPK)

signaling pathway [15]. Recently, studies have demon-

strated that galangin significantly attenuates liver fibrosis

induced by CCl4 in rats through inhibiting hepatic stellate

cells activation and proliferation [16]. However, the effect

of galangin on hypertrophic scar, a kind of fibroprolifera-

tive disorder, has yet to be investigated.

Given this, we were curious to know what effect

galangin would have on dermal fibroblasts and whether

galangin could attenuates hypertrophic scar formation

in vivo. Hence we examined its effects on various cellular

behaviors of fibroblasts such as collagen biosynthesis,

proliferation, activation and contraction, and tested its

function in the mechanical load-induced hypertrophic scar

model. We further investigated the potential biochemical

mechanism, which may be involved in the positive effects

of galangin on HS formation.

Materials and methods

Cell culture

Hypertrophic scar fibroblasts (HSFs) were obtained from

eight patients (four males, four females, aged 12–37 years)

who underwent scar resection at 6–12 months after severe

trauma or burn. All samples were confirmed pathologi-

cally. There was no local infection or ulceration and no

case had received previous treatment. Eight age- and site-

matched normal skin specimens were obtained during other

unrelated operations for isolated human dermal fibroblasts

(HDFs). Skin tissue was obtained after obtaining informed

consent from the patients in conformity with the Helsinki

guidelines. HSFs and HDFs were maintained in DMEM

(Hyclone, Thermo Fisher Scientific, Waltham, MA, USA)

supplemented with 10 % fetal bovineserum (Hyclone,

Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL

penicillin, and 100 mg/L streptomycin. Both HSFs and

HDFs were incubated at 37 �C in a humidified atmosphere

with 5 % CO2. Primary fibroblasts of passages 6–8 were

used. Sirius Red (Sigma-Aldrich, St. Louis, MO, USA)

staining was used to assess extracellular matrix synthesis

[17].

RNA isolation and real-time PCR (RT-PCR)

The total RNA from cells was isolated using TRIzol

reagent (Invitrogen, Carlsbad, CA, USA) and subjected to

reverse transcription with Oligo (dT) and M-MLV Reverse

Transcriptase (Thermo Fisher Scientific). GAPDH was

used as a reference gene. Primers used for PCR were as

follows: collagen, type-I, alpha 2 (Col1a2), 50-GGCCCTC
AAGGTTTCCAAGG-30 (forward), and 50-CACCCTGT
GGTCCAACAACTC-30 (reverse); collagen, type-III,

alpha 1 (Col3a1), 50-TTGAAGGAGGATGTTCCCATCT-
30 (forward), and 50-ACAGACACATATTTGGCATGGT
T-30 (reverse); alpha smooth muscle actin (a-SMA),

50-AAAAGACAGCTACGTGGGTGA-30 (forward), and

50-GCCATGTTCTATCGGGTACTTC-30 (reverse).

Western blot

Cultured cells were lysed using radioimmunoprecipitation

assay (RIPA) lysis buffer. Protein concentrations were

determined using the micro bicinchoninic acid (BCA)

assay (Thermo Fisher Scientific). The lysate sample

(20 lg) was separated using 8 or 10 % SDS–polyacry-

lamide gel electrophoresis and transferred onto

polyvinylidene difluoride (PVDF) membranes (Millipore,

Bedford, MA, USA). The membrane was then blocked and

then incubated with primary antibodies overnight at 4 �C.
The primary antibodies were as follows: anti-Col1a2, anti-

Col3a1, anti-a-SMA (Abcam, Cambridge, UK 1:1000),

anti-Collagen I/III (Millipore, Bedford, MA, USA 1:1000),

anti-Smads, anti-transforming growth factor (TGF)-b1,
anti-TGF-b receptor I (TGFbRI), and anti-TGF-b receptor

II (TGFbRII, Cell Signaling Technology, Beverly, MA,

1:1000). Immunoreactive bands were quantitatively ana-

lyzed with ImageJ software.

Cell viability assay

HSFs were seeded in 96-well plates (2.5 9 103 cells per

well), followed by galangin (cat. no. 282200; Sigma-

Aldrich, St. Louis, MO, USA) or dimethyl sulfoxide

(DMSO, Sigma-Aldrich, St. Louis, MO, USA) treatment.

After 2, 3, or 5 days, cell culture medium was replaced by

Thiazolyl Blue Tetrazolium Bromide (MTT) working

solution, followed by a 4-h incubation at 37 �C in a 5 %
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CO2 incubator. After MTT working solution was removed

and DMSO added, the absorbances at 490 nm were

measured.

Proliferation and apoptosis assays

HSFs proliferation was detected using Click-iT� EdU

Alexa Fluor� 488 Imaging Kit (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer’s instructions.

Immunofluorescence signals were captured using a Zeiss

510 laser scanning microscope (Zeiss, Thornwood, NY,

USA).

Cell apoptosis was assessed by flow cytometry using the

Alexa Fluor� 488 Annexin V/Dead Cell Apoptosis Kit

(Invitrogen, Carlsbad, CA, USA). The stained cells were

analyzed directly by flow cytometry using the Cell Quest

program (Becton–Dickinson, CA, USA).

Collagen gel contraction assay

Collagen gel contraction assay was performed according to

the previous publication [18]. In short, HSFs were seeded

into 24-well plates (5 9 105 cells/mL) in 500 lL of col-

lagen suspension (IBFB, Leipzig, Germany) and treated

with varying concentrations of galangin (5, 10 or 25 lM)

or DMSO. After collagen gel polymerization, the gels were

released immediately from plates by tilting plates slightly.

The area of each collagen gel during gradual lattice con-

traction was measured at day 3 and compared with the area

of the collagen gel at time 0. Statistical analysis was done

using Image J software.

Immunofluorescence cell staining

HSFs were treated with TGF-b1 (2 ng/mL) and DMSO or

galangin (10 lM) for 12 h before they were fixed with 4 %

paraformaldehyde (PFA) and blocked with 5 % goat serum

in PBST (0.1 % TritonX-100 in phosphate buffered saline)

for 1 h. Then, cells were incubated with primary antibodies

against Smad2/3 (Cell Signaling Technology, Beverly,

MA, USA; 1:200) for 2 h at room temperature, followed by

an Alexa Fluor� 488-conjugated secondary antibody.

Immunofluorescence signals were captured using a confo-

cal microscope (LSM 510, META Laser Scanning Micro-

scope, Zeiss).

ALK5 knockdown by small interfering RNA

(siRNA)

For ALK5 silencing, HSFs were transfected in 6-well

plates with 100 nM (final) ALK5 siRNA (sc-40222; Santa

Cruz Biotechnology, Dallas, TX, USA) using Lipofec-

tamine RNAiMAX reagent (Invitrogen, Carlsbad, CA,

USA) according to the manufacturer’s protocol. Nontar-

geting (NT) siRNA (sc-37007) was used as a negative

control.

ALK5 over-expression in HSFs

EF-ALK5 was generated by subcloning the coding

sequence of the constitutively active ALK5 into the EF

expression vector [19]. For ALK5 over-expression, HSFs

were transfected using Lipofectamine 2000 (Invitrogen,

Carlsbad, CA, USA).

Animals and hypertrophic scar model

Adult female BALB/c mice aged 6 weeks were purchased

from the Shanghai Slac Laboratory Animal (Slac, Shang-

hai, China). All procedures were approved by the Animal

Care and Use Committee of Shanghai Jiao Tong Univer-

sity. Utmost efforts were made to minimize the suffering

and the number of animals used.

The hypertrophic scar model was generated according to

a published method [20]. In sum, a 2-cm full thickness

incision was made at the dorsal midline of each mouse and

then reapproximated with 6–0 nylon sutures. Mechanical-

stretched devices were fixed upon the incisions 4 days later

as the sutures were removed in advance. Stretching com-

menced from day 4 to day 14 after injury. During the

stretching period, 24 mice were equally randomized into

two groups, with one group of mice were treated topically

with galangin (10 lM) once a day while another group

received DMSO correspondingly. Half the mice in each

group were sacrificed on day 14 for the sake of scar harvest

and the other half was observed on day 21.

Histology and immunohistochemistry

Skin specimens were fixed with 4 % PFA, embedded in

paraffin, and cut into 5-mm-thick sections. Sections were

stained with hematoxylin and eosin (H&E), Masson’s tri-

chrome (Trichrome stain LG solution, HT10316, Sigma-

Aldrich, USA), and Picrosirius red (Fluka, Buchs,

Switzerland).

For immunohistochemical staining, tissue sections were

detected with primary antibodies against proliferating cell

nuclear antigen (PCNA, Abcam, Cambridge, UK, 1:200)

and a-SMA (Abcam, Cambridge, UK, 1:200) overnight at

4 �C. Then, the slides were incubated with secondary

antibody according to the manufacturer’s protocol.

Statistical analysis

To determine significant differences between groups, a

one-way ANOVA with Bonferroni post hoc test was
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performed. The statistical analyses were performed with

the statistical software package SPSS 20.0 (SPSS, Chicago,

IL, USA). p values \0.05 were considered statistically

significant.

Results

Galangin dose-dependently inhibited collagen

synthesis in vitro

To study galangin’s effect on fibroblasts (Fig. 1a), galangin

were administered to HDFs and HSFs at the concentrations

of 10 lM for 5 days. The results showed that galangin

treatment could significantly decreased Sirius Red staining

(Fig. 1b), which indicated that the extracellular matrix

synthesis was suppressed [17]. Further RT-PCR results

demonstrated that, in HDFs and HSFs, galangin

(0.1–25 lM for 3 days) dose-dependently down-regulated

endogenous expression of Col1a2 and Col3a1. The sup-

pressive effects of galangin were more remarkable on HSFs

compared with HDFs, and the decrease of Col3a1 was

more obvious than Col1a2 (Fig. 1c). Western blot analysis

showed the same trend as PCR. When HSFs were incu-

bated with galangin for 5 days, the protein level of Col1a2

and Col3a1 were lower than that of cells incubated with

DMSO (Fig. 1d).

Galangin suppressed HSFs viability, proliferation,

activation, and contractile ability in vitro

Given the antifibrosis potential of galangin, its effects on

the viability, proliferation, activation, and contractile

ability of hypertrophic scar fibroblasts were investigated.

MTT assays showed that incubating with galangin

(5–25 lM) for 2, 3, or 5 days potently inhibited the

Fig. 1 Galangin attenuated collagen synthesis of fibroblasts. a The

chemical structure of galangin, b Sirius Red staining in HDFs and

HSFs for 5 days, c dose-dependent effects of galangin on mRNA

expression of Col1a2 and Col3a1 in HDFs and HSFs for 3 days and

d the protein level of Col1a2 and Col3a1 in HSFs at 5 days after

galangin treatment. Data were presented as the mean ± SD,

*p\ 0.05; **p\ 0.01; ***p\ 0.001
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viability of HSFs compared to DMSO control (Fig. 2a). To

evaluate the effect of galangin on HSFs proliferation, EdU

incorporation assay were performed. The percentage of

EdU-positive cells decreased dose-dependently after 72 h

of galangin treatment (Fig. 2b). However, no significant

difference in percentages of apoptotic cells was observed

(Fig. 2c) after the exposure to galangin.

The overactivation of fibroblasts plays an vital role in

HS formation [21]. To investigate whether galangin had

any inhibitory effect on HSFs activation, we evaluated the

levels of a-SMA mRNA and protein expression (Fig. 3a, b)

in cultured HSFs. Our data demonstrated that mRNA and

protein levels of a-SMA were remarkably down-regulated

after galangin treatment in vitro. Furthermore, we tested

the effect of galangin on the contractile ability of HSFs

utilizing collagen gel contraction assay. As shown in

Fig. 3c, when HSFs were treated for 72 h, galangin sig-

nificantly inhibited the contraction of collagen gels in a

dose-dependent manner.

Galangin down-regulated phosphorylation of Smad2

and Smad3 via targeting ALK5

As a key cytokines regulating fibrotic process, TGF-b has

been reported to have remarkable impact on HS formation

and development [22]. Therefore, we focused on the down-

signaling pathway of TGF-b. As shown in Fig. 4a, when

HSFs were treated with galangin (5–25 lM) for 12 h, the

protein levels of phosphorylated Smad2 and Smad3 were

markedly repressed in a dose-dependent manner, whereas

total Smad2, Smad3, and Smad4 did not obviously alter. It

also showed that galangin did not affect Smad6 and Smad7

expression (Fig. 4b), which prevented Smad2 and Smad3

from phosphorylation [23]. In order to determine which

step in TGF-b signaling was changed by galangin, we

further observed the effect of galangin on the protein levels

of TGF-b1, TGFbRI, and TGFbRII. However, neither of
them was evidently regulated by galangin (Fig. 4c).

Immunofluorescence experiments demonstrated that TGF-

b1-induced (2 ng/mL) translocation of Smad2/3 into

nucleus was significantly reduced by galangin (10 lM)

treatment (Fig. 4d).

In TGF-b signaling, Smad2 or Smad3 binds to its

specific TGFbRI (ALK5) and is phosphorylated by the

catalytic region of ALK5 [24]. Based on our data above,

we wonder whether galangin could directly suppress the

catalytic activation of ALK5 to inhibit the phosphorylation

of Smad2 and Smad3. Consequently, ALK5 knockdown

and over-expression experiment were carried out in HSFs

(Fig. 4e). Once ALK5 was attenuated by specific siRNA,

Fig. 2 Galangin inhibited HSFs viability and proliferation. a Cell

viability was examined by MTT assays at 2, 3, or 5 days after

galangin was applied in HSFs, b EdU (green) was used to label

proliferating cells while nucleus was stained with DAPI (blue) 72-h

post-treatment. Scale bars, 100 lm and c apoptosis was evaluated

after treating HSFs with galangin or DMSO for 3 days; flow

cytometry profile represents Alexa Fluor� 488 Annexin V staining

in X axis and PI in Y axis. Data were presented as the mean ± SD, NS

not significant; *p\ 0.05; **p\ 0.01; ***p\ 0.001. (Color

figure online)
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the down-regulation effect of galangin on the phosphory-

lation of Smad2 and Smad3 was almost completely abol-

ished and the inhibiting effect on the expression of collagen

type-I/III and a-SMA was also obviously blocked (Fig. 4f).

On the other hand, over-expression of ALK5 could sig-

nificantly redeem the suppressing effect on collagen type-I/

III and a-SMA expression.

Galangin attenuated hypertrophic scar formation

and inhibited HSFs proliferation and activation

in vivo

A mechanical load-induced hypertrophic scar with similar

characteristics of human hypertrophic scar was employed

to further verify the suppressive effect of galangin on HS

in vivo [25]. After 10 days (from day 4 to day 14 after

injury) of galangin administration at the concentration of

10 lM, the mice exhibited obviously decreased average

gross scar area at all examined time points compared with

DMSO-treated mice (Fig. 5a). In addition, histology

showed significant reductions in cross-section size of the

scar and scar elevation index (Fig. 5b, c). Dermal collagen

could be observed after Picrosirius red staining under

polarized light. As shown in Fig. 5d, galangin-treated mice

demonstrated markedly decreasing collagen density in the

scar. The characteristic HS structure-collagen whorl dis-

appeared after galangin treatment, but remained in mice

treated with DMSO. Our in vivo study also demonstrated

its effect to be consistent with the in vitro studies, in that

galangin significantly inhibited fibroblasts proliferation and

activation, as defined by a lower percentage of PCNA-

positive cells and a-SMA-positive cells (Fig. 5e, f).

Discussion

Hypertrophic scar is a complex fibroproliferative disorder

resulting from abnormal responses to surgeries, burns, or

traumas [26]. It causes symptoms of pain, burning, and

itching, which substantially affects life quality [27]. This skin

disease affectsmillions of people, observedwith an incidence

of 4–16 % among different populations [28]. Despite enor-

mous efforts that have beenmade so far, no single satisfactory

therapeutic approach is available for HS treatment.

Fig. 3 Galangin inhibited HSFs

activation and contractile

ability. a, b The levels of a-
SMA mRNA and protein were

measured after incubation with

galangin (5–25 lM) or DMSO

for 3 days and c images and

quantification of collagen gel

contraction assay captured at

time 3 days after galangin

treatment. Dash lines indicate

the areas of collagen gel. Data

were presented as the

mean ± SD, *p\ 0.05;

**p\ 0.01; ***p\ 0.001
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In this study, we identified galangin as a novel anti-HS

compound that significantly attenuated hypertrophic scar

formation in mechanical load-induced mouse model.

Researches have demonstrated that HS displays an

excessive collagen density compared with normal scarring

[29]. Our results indicated that galangin could significantly

suppress both the mRNA and protein levels of Col1a2,

Col3a1 of HSFs in vitro and could decrease collagen

deposition in the hypertrophic scar mice model. This

appeared to be consistent with a previous study that the

expression of hydroxyproline, a metabolite of collagen,

markedly reduced after galangin treatment in liver fibrosis

rat model induced by CCl4 [16]. Fibroblasts are the key

cells participating in scar formation. Activated fibroblasts,

also called myofibroblasts, are marked by a-SMA and

closely related to the contracture of scars [30]. We

uncovered that galangin remarkably attenuated HSFs

proliferation and activation in vitro and in vivo and

induced the anti-contractile ability of HSFs in collagen

gels.

Furthermore, we found that the improved outcomes of

scarring were owing to the inhibitory effect of galangin on

ALK5/Smad2/3 signaling pathway in fibroblasts. Galangin

could directly down-regulate the level of phosphorylated

Smad2 and Smad3 while the level of total Smad2, Smad3,

and Smad4 stayed unaffected. Additionally, TGF-b1, TGF-
b receptors, and inhibitory Smads did not significantly

alter. As far as we know, scientists have shown affinity

between a variety of small molecules and ALK5 and such

interaction has been confirmed to be associated with

inhibiting ALK5/Smad2/3 signaling [31, 32]. In light of

this, we hypothesized that galangin selectively interfered

with activation of ALK5 and did not change the protein

expression in this pathway. Our knockdown and over-ex-

pression experiments confirmed that ALK5 is required for

the transduction of galangin effect on hypertrophic scar

fibroblasts and targeting ALK5 selectively inhibited

Smad2/3 signaling pathway. In view of many fibroprolif-

erative diseases such as renal fibrosis [33], pulmonary

fibrosis [34] and radiation-induced fibrosis [35] are related

Fig. 4 Galangin reduced Smad2/3 phosphorylation by selective

targeting ALK5. a, b Levels of phosphorylated and total Smad2

and Smad3, total Smad4, Smad6, and Smad7 were examined by

Western blot after HSFs were incubated with 5–25 lM galangin or

DMSO for 12 h, c Western blot analysis of TGF-b1, TGFbRI, and
TGFbRII in HSFs treated with galangin at different concentrations,

d immunofluorescence images in which nuclei are labeled as blue and

Smad2/3 as green. Scale bars, 50 lm and e, f effects of galangin on

phosphorylation of Smad2 and Smad3 and protein expression of

collagen type-I/III and a-SMA in ALK5 siRNA-transfected HSFs and

EF-ALK5-transfected HSFs. Data were presented as the mean ± SD,

NS not significant; **p\ 0.01; ***p\ 0.001. (Color figure online)
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to ALK5 over-expression, galangin may be a potentially

therapeutic agent to these diseases.

Recently, small interfering RNA targeting different

signal molecules such as TERT [36], TGFBRI [37] and

TIMP1 [38] demonstrated its effect to inhibit scar fibrob-

lasts growth and extracellular matrix deposition. However,

siRNA could not easily penetrate the barriers of epidermis

and reach fibroblasts in the deep scar tissue. This continued

limiting the translation of RNA interference therapy in the

clinical setting [39]. In our study, this lipophilic small

molecule, galangin, could be conveniently used locally on

the scar without the application of transdermal drug

delivery systems.

Taken together, our present study demonstrated that

galangin effectively attenuated hypertrophic scar forma-

tion, suppressing proliferation and activation of HSFs

in vivo and in vitro and impairing the contractile ability of

fibroblasts. Furthermore, our study revealed that this kind

of bioactivity of galangin was resulted from the inhibition

of ALK5/Smad2/3 signaling pathway. This compound

could serve as a promising agent for the treatment of HS or

other fibroproliferative disorders.
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