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Introduction:Chronic non-healing wound is a considerable clinical challenge and
research into the discovery of novel pro-healing agents is underway as existing
therapeutic approaches cannot sufficiently meet current needs.

Method:We studied the effects of corylin in cell line fibroblasts and macrophages
by Western blots, PCR, Flow cytometry assay, Immunofluorescence.

Results: We showed that corylin, a main flavonoid extracted from Psoralea
corylifolia L, reduced inflammatory responses, promoted collagen deposition,
and accelerated the healing of full-thickness skin wounds in mice. Exploration of
the underlying mechanisms showed that corylin activated the PI3K/AKT signaling,
leading to fibroblasts’ migration, proliferation, and scratch healing. Corylin also
activated sirtuin 1 (SIRT1) signaling, enhanced the deacetylation and cytoplasmic
translocation of NF-κB p65, and therefore reduced lipopolysaccharide (LPS)-
induced inflammatory responses in macrophages. Furthermore, inhibition of
PI3K/AKT and sirtuin 1 pathway with LY294002 and EX527 prevent the
therapeutic potency of corylin against chronic wounds.

Conclusion: In summary, our results suggested that corylinmay be a candidate for
the development of novel pro-healing agents.
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1 Introduction

As the natural physical barrier to the external environment, the skin plays a crucial
role in temperature regulation, as well as protection against microbial infection, and
other environmental factors (Takeo et al., 2015). However, many insults, including
accidental injury, surgery, burns, or metabolic dysfunction, can lead to skin damage,
tissue loss, and structural and functional impairment (Han and Ceilley, 2017). The
wounds healing after injury follow the processes of hemostasis, inflammation,
proliferation, and remodeling (Kasuya and Tokura, 2014). Although wound healing
is an innate and universal process, various factors, such as diabetes mellitus (DM),
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vascular disease, and aging, can affect the phases of healing,
leading to chronic non-healing wounds (Dong et al., 2020).
Chronic non-healing wounds increase rates of the invasion
and infection of bacteria, resulting in sepsis, multiple organ
failure, and death, as well as draining the medical system of
an enormous number of resources (Martin and Nunan, 2015).
Moreover, chronic non-healing wounds in the eye may result in
opacification, perforation, discomfort, or visual loss (Williams
et al., 2006). The inflammatory phase, which begins within hours
after injury, is among the most relevant factors to delay wound
healing. Excessive productions of pro-inflammatory cytokines
including inducible nitric oxide synthase (iNOS), interleukin
(IL)-1β, IL-6 and tumor necrosis factor-α (TNFα) are harmful
to wound healing and can lead to chronic non-healing wounds
(Martin and Nunan, 2015). Moreover, enhanced expressions of
matrix metalloproteinases (MMP) in chronic wounds, promote
the degradation of the local extracellular matrix (ECM), thus
impairing cell migration in wounds (Tardaguila-Garcia et al.,
2019). Fibroblasts are critical in the proliferation phase of wound
healing and play a dominant role in collagen deposition,
granulation tissue formation, and epithelialization (Liu et al.,
2022). Currently, various therapeutic approaches have been used
in the treatment of chronic non-healing wounds, including
surgical debridement, antimicrobial agents, bioengineered skin
equivalents, and growth factors (Han and Ceilley, 2017; Dubey
et al., 2021; Hu et al., 2021; Sarojini et al., 2021; Wang et al.,
2021). However, limited therapeutic effects and numerous side
effects restrict their application (Han and Ceilley, 2017). New
therapeutic approaches that could rapidly close the wound, while
attenuating inflammation is still highly desired for the treatment
of chronic non-healing wounds.

Psoralea corylifolia L. is a herb that has been widely used for
the treatment of leucoderma and skin inflammatory-related
diseases (Alam et al., 2018). Corylin is a main flavonoid that
is extracted from P. corylifolia L (Alam et al., 2018). Corylin is
known to improve atherosclerosis and ameliorate
lipopolysaccharide (LPS)-induced inflammatory responses
(Hung et al., 2017; Chen et al., 2020; Chen et al., 2021a).
Corylin can promote osteoblast proliferation and
differentiation through estrogen and Wnt/β-catenin signaling
pathways (Yu et al., 2020). Corylin also reduces obesity and
insulin resistance and promotes adipose tissue browning through
sirtuin 1 (SIRT1) and β3-Adrenergic receptors (Chen et al.,
2021b; Che et al., 2021). Additionally, treatment with corylin
attenuates obesity-induced fatty liver disease, type 2 diabetes, and
atherosclerosis by inhibiting heat shock protein 90β and
promoting the degradation of mature sterol regulatory
element-binding proteins (Zheng et al., 2019; Chen et al.,
2020; Chen et al., 2021b). However, whether corylin could
accelerate the healing of wounds remains unknown. The
present study aimed to investigate the effects and the
underlying mechanisms of action of corylin on wounds healing.

In this study, we examined the effects of corylin on wounds
healing in mice. We showed that administration of corylin
reduced inflammatory responses and accelerated healing of
wounds in vivo and in vitro, supporting the idea that corylin
may be considered a new treatment for chronic non-healing
wounds.

2 Materials and methods

2.1 Chemicals

All reagents used in the present study were purchased from
Sigma (Shanghai, China), seeking the highest grade commercially
available unless otherwise indicated. To study the role of Sirt1, PI3K,
and AKT in corylin-induced pharmacological actions, cells were
treated with Sirt1 inhibitor EX527, ER antagonist Fulvestrant, PI3K
inhibitor LY294002 and AKT inhibitor Miltefosine, respectively.
EX527 (Cat. E129892), Fulvestrant (Cat. F125644), LY294002 (Cat.
L408397), and Miltefosine (Cat. N130417) were purchased from
Aladdin (Shanghai, China). Corylin was purchased from
MedChemExpress (Cat. HY-N0236).

2.2 In vivo wound healing model

All experimental procedures and animal usage were carried out
and approved by the Animal Care and Use Committee of Xiamen
University. BALB/C male mice (18–22 g) were anesthetized with
pentobarbital sodium and back cutaneous hair was removed by
electrical shaving. One 10 mm diameter full-thickness skin wound
was made on the dorsal surface with a round skin biopsy punch. For
corylin treatment, mice (n = 6) received corylin (1, 3 mg in 0.1 mL
acetone), EX-527 (0.5 mg), LY294002 (0.5 mg) or acetone vehicle
control once daily for 8 days. The doses of corylin, LY294002 and
EX527 were based on the preliminary experiments. The
administration and route of corylin at the animal level were
determined in the pharmacokinetic studies. The wounds were
photographed, on day 0, day 2, 4, 6, and 8, using a digital
camera. Wound areas (S) were measured by counting the total
amount of grayscale pixels in the cell-free area with ImageJ software
at 0 and 24 h. The migration rate (%) was calculated using the
following formula: migration rate (%) = 1 - S (24 h)/S (0 h).
FGF2 was used as the positive control. Where SW0 is the size of
the initial wound area and SWn is the size of the wound area on day
n post-surgery (Wang et al., 2021).

2.3 Histology

The dorsal skins of mice were harvested and fixed in
paraformaldehyde at 4°C, followed by embedding in paraffin.
Sections with a thickness of 5 μm were obtained by a microtome
(Xie et al., 2022).

2.3.1 Immunofluorescence staining
Paraffin-embedded dorsal skin sections were deparaffinized,

rehydrated, and antigen was retrieved by incubating sections in
boiling in sodium citrate buffer (10 mM, pH 6) for 15 min. Slides
were then incubated with primary antibodies: rabbit anti-α-SMA
(Abcam, Cat. ab5694, dilution 1:600) or rabbit anti-COL1A1
(Abcam, Cat. ab7778, dilution 1:600) at 4°C for 10 h. After
incubation, sections were washed with 0.1 M PBS and incubated
with goat anti-rabbit IgG-Alexa Fluor 488 (Abcam, Cat. ab150077,
dilution 1:1000) or goat anti-rabbit IgG-Alexa Fluor 555 (Abcam,
Cat. ab150078, dilution 1:1000) at room temperature for 1 h. After
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an additional rinse, sections were mounted by VECTASHIELD
mounting medium with DAPI (Vector Lab, Shanghai, China)
and observed under confocal microscopy (Olympus, Japan) (Li
et al., 2021a). The fluorescence intensity was measured on fields
(460 μm × 460 μm) around the wound area using the ImageJ
software (Li et al., 2021a). At least six replicates were analyzed
for each treatment.

2.4 Real-time quantitative PCR

Total RNAwas extracted from skins and cell samples with Trizol
(Invitrogen, Cat. 15596026) and measured by spectrophotometer
(Beckman coulter, Shanghai, China) using a previously described
method (Li et al., 2021b). cDNA was synthesized from 1 μg of total
RNA by using the FastQuant RT Kit (TianGen, Cat. KR106-03)
following the manufacturer’s instructions. Real-time quantitative
PCR was performed in a 7300 real-time PCR System (Applied
Biosystems, CA, United States) using SYBR Premix Ex Taq GC
(Takara, Dalian, China). RNA levels were normalized using GADPH
as an internal standard. The primer sequences for mouse genes were
as follows:

α-SMA: 5’-ACTGGGACGACATGGAAAAG-3’ (forward); 5’-
CATCTCCAGAGTCCAGCACA-3’ (reverse).

TGF-β: 5’-TGATACGCCTGAGTGGCTGTCT-3’ (forward); 5’-
CACAAGAGCAGTGAGCGCTGAA) -3’ (reverse).

COL1A1: 5’-GAGCGGAGAGTACTGGATCG-3’ (forward); 5’-
TACTCGAACGGGAATCCATC-3’ (reverse).

COL3A1: 5’-ATGCCCACAGCCTTCTACAC-3’ (forward); 5’-
ACCAGTTGGACATGATTCACAG -3’ (reverse).

Fibronectin: 5’-GATGTCCGAACAGCTATTTACCA-3’ (forward);
5’-CCTTGCGACTTCAGCCACT-3’ (reverse).

IL-1β: 5’-TCGCTCAGGGTCACAAGAAA-3’ (forward), 5’-
CATCAGAGGCAAGGAGGAAAAC-3’ (reverse);

IL-6: 5’-ACAAGTCGGAGGCTTAATTACACAT-3’ (forward),
5’-TTGCCATTGCACAACTCTTTTC-3’ (reverse);

iNOS: 5’-CCCGTCCACAGTATGTGAGGAT-3’ (forward), 5’-
CATTACCTAGAGCCGCCAGTGA-3’ (reverse);

CCL-20: 5’-AAGACAGATGGCCGATGAAG-3’ (forward), 5’-
TCTTGACTCTTAGGCTGAGGA-3’ (reverse);

TNF-α: 5’-TGAACTTCGGGGTGATCGGTC-3’ (forward), 5’-
AGCCTTGTCCCTTGAAGAGGAC-3’ (reverse);

GAPDH: 5’-AGTGGCAAAGTGGAGATT-3’ (forward); 5’-
GTGGAGTCATACTGGAACA-3’ (reverse).

2.5 Flow cytometry assay

Single-cell suspensions of skin samples were prepared using a
previously reported method (Singh et al., 2016). Single-cell
suspensions were incubated for 15 min at 4°C with FITC rat
anti-mouse CD45 (BD Biosciences, Cat. 561088). After washing,
the cells were assayed with a BD LSRFortessa X-20 flow cytometer
according to the manufacturer’s protocol, and the data were
analyzed using FlowJo software. Dead cells were excluded
using the live/dead Hoechst33342 reagent (BD Biosciences,
Cat. 561908). At least six replicates were analyzed for each
treatment.

2.6 Cells culture

NIH/3T3 cells were cultured in DMEM supplemented with
10% FBS, 100 U/mL penicillin G and 0.1 g/mL streptomycin in
humidified 5% CO2 atmosphere at 37°C, overnight until 50%
confluence. Cells were then incubated with vehicle (0.1%
DMSO), corylin (20 μM), EX-527 (1 μM), Fulvestrant
(0.1 μM), LY294002 (10 μM) and Miltefosine (10 μM) for
24 h. Cells were then collected for Western blot and PCR
studies (Qin et al., 2022). Raw264.7 cells were cultured in
DMEM supplemented with 10% FBS and 2 mM glutamine at
37°C for 12 h until 80% confluence. Raw264.7 cells were then
incubated with vehicle (0.1% DMSO), corylin (20 μM), EX-527
(1 μM), Fulvestrant (0.1 μM), LY294002 (10 μM) and
Miltefosine (10 μM) for 30 min followed by treating with LPS
(100 ng/mL, Escherichia coli 0111:B4, Sigma, Cat. L2630) for
24 h (Wu et al., 2019). Cells were then collected for further
analysis. For immunofluorescence staining for p65,
Raw264.7 cells were cultured on coverslips under the same
conditions as described above. Immunofluorescence analysis
was performed using previously reported methods (Li et al.,
2021b). At least three replicates were analyzed for each
treatment.

2.7 Cells proliferation assay

After culture at 37°C for 24 h, NIH/3T3 cells were then collected
and incubated with MTT solution (Aladdin, D274386, 5 mg/mL,
10 μL) at 37°C for 4 h. The supernatant was then removed and
DMSO (0.15 mL) was added. The reaction mixture was maintained
at 37°C for 10 min, and continuously scanned at a wavelength of
490 nm for 3 min. Percent cell proliferation was defined as the
relative percentage (%) of treated cells relative to the vehicle-treated
control group (Wang et al., 2021). At least three replicates were
analyzed for each treatment.

2.8 Western blots

Proteins were extracted from NIH/3T3 cells and
Raw264.7 cells using RIPA lysis buffer and quantified by the
BCA protein assay kit. Western blots were performed using the
standard sodium dodecyl sulfate (SDS)–polyacrylamide gel
electrophoresis method and enhanced chemiluminescence
detection reagents (Thermo, WP20005) (Zhou et al., 2019).
Primary antibodies against the following proteins were used:
rabbit anti-mouse p-PI3K antibody (Abcam, Cat. ab182651, 1:
1000 dilution), rabbit anti-mouse PI3K antibody (Abcam, Cat.
ab86714, 1:1000 dilution), rabbit anti-mouse p-Akt antibody
(Abcam, Cat. ab222489, 1:1000 dilution), rabbit anti-mouse
Akt antibody (Abcam, Cat. ab8805, 1:1000 dilution), rabbit
anti-mouse β-actin (Sigma, Cat. A5441, 1:50,000 dilution). As
a secondary agent, the horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody (Cell Signaling Technology, 7074,
dilution 1: 5,000) was used. Quantitative analyses were
performed using ImageJ software, with β-actin as the internal
standard.
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2.9 Wound scratch assay

Wound scratch assays were performed in NIH/3T3 cells
using a previously reported method (Wang et al., 2021). NIH/
3T3 cells were seeded into 6-well plates and cultured in DMEM
supplemented with 10% FBS, 100 U/mL penicillin G and 0.1 g/
mL streptomycin in humidified 5% CO2 atmosphere at 37°C,
overnight until 80% confluence. The medium was then replaced
with serum-free DMEM containing mitomycin C (Aladdin, Cat.
M407788, 15 μg/mL) and NIH/3T3 cells were cultured for
90 min to prevent cell proliferation. Scratch lines were made
using a sterile pipette tip. Cells were then incubated with vehicle

(0.1% DMSO), corylin (20 μM), EX-527 (1 μM), Fulvestrant
(0.1 μM), LY294002 (10 μM) and Miltefosine (10 μM) for
36 h. Scratches lines were photographed 0–36 h after
scratching. At least three replicates were analyzed for each
treatment.

2.10 Statistical analysis

Data are presented as means ± SEM. Analyses were
performed with either GraphPad Prism 9.0.5. Three or more
different groups were analyzed by one-way ANOVA with

FIGURE 1
Topical application of corylin accelerated healing of full-thickness skin wounds in mice. (A) Representative images of skin wounds on days 0, 2, 4, 6,
and 8 post-injuries in the vehicle, corylin (1 mg), and corylin (3 mg)-treated groups. Corylin was applied topically once daily to skin wounds. The amounts
of wound healing at different time-points. Wound closure was measured by morphometric measurement of wound areas. (B) mRNA expressions of
COL1A1, COL3A1, fibronectin and α-SMA in wound tissues at day 8. (C) Representative images of COL1A1 immunofluorescence staining at day
8 after corylin treatment. (D) Representative images of α-SMA immunofluorescence staining at day 8 after corylin treatment. N = 6 replicates per group,
*p < 0.05; **p < 0.01; ***p < 0.001.
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Dunnett’s post-hoc multiple comparison tests. p < 0.05 was
considered statistically significant.

3 Results

3.1 Topical application of corylin accelerated
healing of full-thickness skinwounds inmice

First, we examined whether corylin could promote the repair of
full-thickness skin wounds in mice. Round wounds, penetrating the
full-skin thickness of mice, were generated by a sharp punching pipe
tool, and then treated once daily, either by a topical application of
vehicle or by corylin for 8 days. As shown in Figures 1A, B, corylin
treatment largely accelerated wound healing in mice. Fibroblasts are
known as the source of collagen deposition during wounds healing,
and they are the main cells expressing alpha-smooth muscle actin
(α-SMA) (Martin and Nunan, 2015). Transforming growth factor
(TGF)-β plays a critical role in wound healing by promoting the
proliferation and migration of fibroblasts and collagen deposition

(Martin and Nunan, 2015). Similarly, PCR analysis suggested that
the mRNA expressions of COL1A1, COL3A1, fibronectin and α-
SMA were increased when treated with corylin (Figure 1B). After
determining the gross morphology of the wounds visually, we
further investigated the effects of corylin on wound healing with
COL1A1 collagen and α-SMA immunofluorescence staining.
Compared with the vehicle control, corylin-treated wounded skin
tissues showed higher intensity of COL1A1 deposition and α-SMA
expression than the vehicle control (Figures 1C, D). These results
suggested that corylin could promote wound healing and collagen
deposition in mice.

3.2 Topical application of corylin
ameliorated inflammatory responses in full-
thickness skin wounds in mice

Next, we investigated the effects of corylin on inflammatory
responses, an important factor that could delay wound healing
(Takeo et al., 2015), in full-thickness skin wounds in mice.

FIGURE 2
Topical application of corylin ameliorated inflammatory responses in full-thickness skin wounds in mice. (A) H&E staining of wound tissue on day
8 post-injuries in sham, vehicle, corylin (1 mg), and corylin (3 mg)-treated groups. Corylin was applied topically once daily to skin wounds. (B) Flow
cytometry analysis of the frequency of CD45+ leukocytes in skin tissues. (C)mRNA expressions of TNF-α, IL-1β, IL-6, iNOS, and CCL-20 in wound tissues
at day 8. N = 6 replicates per group, *p < 0.05; **p < 0.01; ***p < 0.001.
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Histological analysis showed that fewer cellular and vascular
components were observed in the granulation tissues of vehicle-
control mice at day 8, while corylin treatment increased cells and
blood vessels in the granulation tissues in mice (Figure 2A). In
addition, flow cytometry also demonstrated that corylin suppressed
the infiltration of CD45+ leukocytes into wounded skin tissues
(Figure 2B). Furthermore, tissue injury elicited a drastic increase
in the mRNA expressions of pro-inflammatory factors, including
TNFα, IL-1β, IL-6, iNOS, and CCL-20 in the wounded skin tissues,
while corylin significantly inhibited the increment of these cytokines
(Figure 2C). These data suggested that treatment with corylin could
ameliorate inflammatory responses in full-thickness skin wounds
in mice.

3.3 Corylin promoted migration,
proliferation, and scratch healing of NIH/
3T3 fibroblasts through the PI3K/AKT
pathway

The proliferation of fibroblasts is a critical process during wound
healing (Martin and Nunan, 2015). We then tested whether corylin
could affect the proliferation of fibroblasts by the MTT method.
First, we gave various doses of corylin (5–80 μM) and analyzed the
proliferation of NIH/3T3 fibroblasts at 12 and 24 h. MTT assay
showed that corylin dose-dependently enhanced the number of live
NIH/3T3 fibroblasts, compared to the vehicle control group
(Supplementary Figure S1A). However, high doses of corylin
(100–800 μM) showed cytotoxic effects in NIH/3T3 fibroblasts
(Supplementary Figure S1A). Thus, corylin was administrated at
a dose of 20 μM for 24 h. Previous studies showed that PI3K and

AKT signaling proteins are involved in the wound healing process
(Castilho et al., 2013; Martin and Nunan, 2015). Moreover, corylin
also affects SIRT1 and estrogen receptor (ER) signaling (Yu et al.,
2020; Chen et al., 2021b). Therefore, we further tested whether PI3K,
AKT, SIRT1, and ER signaling participate in the proliferation of
fibroblasts. We observed that treatment with PI3K inhibitor
LY294002 and AKT inhibitor Miltefosine, but not
SIRT1 inhibitor EX-527 or ER antagonist Fulvestrant,
significantly reduced the proliferation of fibroblasts (Figure 3A),
indicating that PI3K/AKT pathway may involve in corylin-induced
fibroblasts proliferation. We also did the cell cycle analysis with EdU
assay. As shown in Supplementary Figure S2, EdU assay results
exhibited that corylin facilitated the proliferation of NIH/3T3 cells.
Treatment with LY294002 and miltefosine, but not EX-527 or
fulvestrant, significantly reduced the corylin-induced proliferation
of NIH/3T3 cells. The migration of fibroblasts to injured sites is an
important process for wound healing. Scratch (wound) assay
showed that corylin could induce the migration of NIH/
3T3 fibroblasts to scratch, resulting in wound closure (Figures
3B, C). The migratory effects of corylin on fibroblasts seem to be
mediated by PI3K/AKT pathway, as LY294002 and Miltefosine
could suppress such actions (Figures 3B, C). In addition, we
further examined the effects of corylin on the activation of
fibroblasts. We found that the mRNA expressions of COL1A1,
COL3A1, α-SMA, and TGF-β were dramatically higher in
corylin-treated fibroblasts than in the vehicle control group. Such
effects were blocked by LY294002 and Miltefosine, but not EX-527
or Fulvestrant (Figure 3D). Furthermore, we asked whether corylin
affects the functions of PI3K/AKT signaling. Indeed, Western blot
results suggested that corylin dose-dependently increased the
phosphorylation of PI3K and AKT (Figure 3E). Taken together,

FIGURE 3
Corylin promoted migration, proliferation, and scratch healing of NIH/3T3 fibroblasts through the PI3K/Akt pathway (A) Proliferation of NIH/
3T3 fibroblasts was assessed by MTT assays. (B) Quantitative analysis of migration rate in NIH/3T3 cells after incubation with corylin over 24 h. (C)
Representative images displaying effects of vehicle (0.1% DMSO), corylin (20 μM), EX-527 (1 μM), fulvestrant (0.1 μM), LY294002 (10 μM) and miltefosine
(10 μM) on the healing of NIH/3T3 cells scratches (D) mRNA expressions of COL1A1, COL3A1, TGF-β and α-SMA in NIH/3T3 fibroblasts after
incubation with corylin over 24 h. (E) Representative Western blot images displaying the effects of corylin on expression and phosphorylation levels of
PI3K and Akt. N = 3-4 replicates per group, *p < 0.05; **p < 0.01; ***p < 0.001.
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these data suggested that corylin promoted proliferation, migration,
and scratch healing of NIH/3T3 fibroblasts through the PI3K/AKT
pathway.

3.4 Corylin reduced LPS-induced
inflammatory responses in Raw264.7 cells
through the SIRT1/NF-κB pathway

Macrophages play an important role during wound healing (Martin
and Nunan, 2015). They take up and clear dead cells, release proteases,
and produce chemotactic chemokines/cytokines (Martin and Nunan,
2015). Although these are critical actions to set the stage for tissue repair,
excessive or prolonged inflammation may delay the healing of wounds.
Thus, we tested whether corylin could reduce inflammatory responses in
Raw264.7 macrophages. As shown in Figure 4A, LPS stimulation of
Raw264.7 cells increased mRNA expression of pro-inflammatory
cytokines, including IL-1β, IL-6, and TNF-α, while these inductions
could be suppressed by corylin. Furthermore, the anti-inflammatory
effects of corylin were blocked by SIRT1 inhibitor EX527 (Figure 4A),
suggesting that corylin may alleviate inflammation through a
SIRT1 activation mechanism. NF-κB is an important family of
transcription factors that is responsible for the inflammatory actions
in macrophages. We then tested whether corylin could affect NF-κB
signaling.Western blot results showed that LPS induced the acetylation of
NF-κB p65, while corylin could reduce such actions (Figure 4B).
Additionally, treatment with EX527 could restore decreased levels of
acetylated p65 induced by corylin (Figure 4B).

We examined the protein expressions of p-IκBα in Raw264.7 cells
after treatmentwith LPS and corylin for 24 h.As shown inFigure 4B, LPS
induced the phosphorylation of IκBα, while corylin could reduce such
actions. Additionally, treatment with EX527 could restore the decreased
levels of p-IκBα induced by corylin. Moreover, we also investigated the
effects of corylin on the nuclear translocation of p65. Treatment with LPS
enhanced the nuclear translocation of p65 in Raw264.7 cells, while corylin
significantly suppressed such actions (Figure 4C). SIRT1 inhibitor
EX527 prevented the effects of corylin on the p65 nuclear
translocation in macrophages (Figure 4C). We also extracted
cytoplasmic and nuclear fractions and examined the protein levels of
p65 in these fractions. Similar to the results of the immunofluorescence
assay, corylin treatment reduced the protein levels of p65 in nuclear
fractions, while EX527 could restore the increased levels of nuclear p-p65
induced by LPS (Figure 4D). When combined, these results suggested
that corylin reduced inflammation through the SIRT1/NF-κB pathway.

3.5 Corylin accelerated healing of full-
thickness skin wounds in mice through the
PI3K/Akt pathway and SIRT1/NF-κB pathway

Encouraged by the in vitro mechanism studies, we further
confirmed the signal pathways underlying the effects of corylin in
vivo. PI3K inhibitor LY294002 and SIRT1 inhibitor EX527 were
topically applicated to wound tissues in corylin-treated mice.
Corylin-induced collagen deposition and α-SMA expression during
wounds healingwere significantly suppressed by LY294002 (Figures 5A,
B). In addition, inhibition of PI3K activity by LY294002 significantly

FIGURE 4
Corylin reduced LPS-induced inflammatory responses in Raw264.7 cells through the SIRT1/NF-κB pathway (A) Effects of vehicle (0.1% DMSO),
corylin (20 μM), EX-527 (1 μM), fulvestrant (0.1 μM), LY294002 (10 μM) and miltefosine (10 μM) on mRNA expressions of TNFα, IL-1β and IL-6 in
Raw264.7 cells after treatment with LPS for 24 h. (B) Representative Western blot bands of the acetylated p65 (a-p65) abundances in Raw264.7 cells. (C)
Representative confocal images and quantification of the nuclear translocated p65 in Raw264.7 macrophages. (D) Representative Western blot
bands of p65 abundances in the cytoplasmic and nuclear fractions of Raw264.7 cells. N = 4 replicates per group, *p < 0.05; **p < 0.01; ***p < 0.001.
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reduced the mRNA levels of COL1A1, COL3A1, fibronectin and α-
SMA in corylin-treated wounded skin tissues (Figure 5C). Although
EX527 could partially block the pharmacological effects of corylin in
mice, it had poor effects on the production and deposition of collagen,
as well as mRNA expressions of α-SMA in corylin-treated wounded
skin tissues (Figures 5A–C).

We also examined whether PI3K and SIRT1 signaling participated in
the anti-inflammation actions of corylin in mice. Inhibition of
SIRT1 activity by EX527 reversed the protective effect of corylin
against leukocyte infiltration in skin-wounded tissues, as demonstrated
by H&E staining and flow cytometric analysis (Figures 6A, B). Similar
results were observed in PCR analysis, EX527 effectively prevents the

anti-inflammatory actions of corylin in wounded tissues in mice
(Figure 6C). However, LY294002 had no such effects (Figures 6A–C).
These data further confirmed the role of the PI3K/Akt pathway and
SIRT1/NF-κB pathway in the corylin-mediated promotion of wounds
healing.

4 Discussion

Chronic non-healing wound is a serious clinical problem and
research into finding effective wound healing strategies is underway
there is no ideal treatment due to the complexity of the healing process

FIGURE 5
Corylin accelerated the healing of full-thickness skin wounds inmice through the PI3K/Akt pathway. Representative immunofluorescence images of
(A) COL1A1 and (B) α-SMA at day 8 post-injuries in sham, vehicle, corylin (3 mg), EX-527 (0.5 mg) and LY294002 (0.5 mg)-treated groups. Compounds
were applied topically once daily to skin wounds. (C) mRNA expressions of COL1A1, COL3A1, fibronectin and α-SMA in wound tissues at day 8. N = 5-
6 replicates per group, *p < 0.05; **p < 0.01; ***p < 0.001.
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(Kasuya and Tokura, 2014). In the present study, we showed that corylin
could accelerate the healing of full-thickness skin wounds in mice. We
also found that corylin promoted migration, proliferation, and scratch
healing of fibroblasts, and reduced LPS-induced inflammatory responses
in macrophages. The mechanism of corylin enhancing wound healing
may be related to the activation of the PI3K/AKT and SIRT1 signaling.
These results suggested that corylin may be a new therapeutic agent for
chronic wounds healing.

Healing of wounds is a dynamic and complex process that
develops through 4 typical stages: hemostasis, inflammation,
proliferation, and tissue remodeling with scar formation (Takeo
et al., 2015). Inflammation in the wound is generally caused by
resident and infiltrated immune cells, including monocytes/
macrophages, neutrophils, and T cells (Martin and Nunan, 2015).
Our results showed that corylin effectively attenuated CD45+

immune cells’ recruitment into wounded tissues (Figure 2B).
Moreover, corylin suppressed expressions of inflammatory

cytokines or chemokines in wound tissues (Figure 2C). These
anti-inflammatory actions of corylin seem to be mediated by
SIRT1, as inhibition of SIRT1 activity could prevent the anti-
inflammatory effects of corylin (Figures 6A–C). Macrophages
play an important role in the inflammation stage of wound
healing (Figure 4A). They also produce many cytokines
associated with wound healing, including IL-1β, TNF-α, IL-6,
and iNOS (Martin and Nunan, 2015). Our data suggested that
corylin could suppress the acetylation and nuclear translocation of
NF-κB p65 through a SIRT1-dependent way, and prevent
inflammatory factors production in macrophages, thus enhancing
wounds healing (Figures 4A–C).

Moreover, we found that corylin could promote the production and
deposition of collagen and expressions of α-SMA in wounded tissues
(Figures 1C, D). Both actions are aligned with wounds repair (Martin
and Nunan, 2015). Furthermore, fibroblasts are essential effector cells
for the progression of wound healing, and have been reported to

FIGURE 6
Corylin ameliorated inflammatory responses in full-thickness skin wounds in mice through the SIRT1/NF-κB pathway. (A) Representative H&E
staining images of wound tissue on day 8 post-injuries in sham, vehicle, corylin (3 mg), EX-527 (0.5 mg) and LY294002 (0.5 mg)-treated groups.
Compounds were applied topically once daily to skin wounds. (B) Flow cytometry analysis of the frequency of CD45+ leukocytes in skin tissues. (C)mRNA
expressions of TNF-α, IL-1β, IL-6, iNOS, and CCL-20 in wound tissues at day 8. N = 6 replicates per group, *p < 0.05; **p < 0.01; ***p < 0.001.
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participate in contractile force and collagen production (Martin and
Nunan, 2015). Our results showed that corylin promoted migration,
proliferation, and scratch healing of fibroblasts (Figures 3A–E). These
effects may be associated with the activation of the PI3K/AKT pathway
(Figures 3A–E). Corylin increased the phosphorylation of PI3K and
AKT in fibroblasts (Figure 3E). Furthermore, inhibition of PI3K and
AKT activities prevent the therapeutic effects of corylin (Figures 3A–D,
5A–C). Therefore, these data suggested that corylin may promote
wounds repair by affecting the functions of fibroblasts.

Corylin is a flavonoid that is purified from Psoralea
coryliforlia, and has been demonstrated to exhibit various
biological properties through many signaling pathways,
including SIRT1, NF-κB, PI3K/AKT and ERα signaling
(Chen et al., 2020; Yu et al., 2020; Chen et al., 2021a; Chen
et al., 2021b). Chen et al. (2021b) have demonstrated that
corylin can directly bind with SIRT1 by forming a hydrogen
bond with residue Gln345. Treatment with corylin in NIH/3T3-
L1 adipocytes enhanced the SIRT1 activity (Chen et al., 2021b).
In addition, our results showed that SIRT1 inhibitor
EX527 could block the anti-inflammatory effects of corylin in
RAW264.7 cells, further demonstrating the direct connection
between the corylin and SIRT1. In the present study, we found
that corylin promoted wounds repair through SIRT1/NF-κB
and PI3K/AKT pathways, but not ERα signaling (Figures
4A–C). SIRT1/NF-κB signaling plays a key role in regulating
inflammation and adhesion molecule expression in
macrophages (Shen et al., 2021). Previous studies showed
that corylin attenuates LPS-induced inflammatory responses
in J-Blue cells through regulation of the NF-κB pathway (Hung
et al., 2017). Consistently, our results suggested that corylin
exhibited anti-inflammatory actions through inhibition of the
acetylation of NF-κB p65 through SIRT1 (Figures 4A–C, 6A–C),
indicating that the SIRT1/NF-κB signaling also plays an
important role in wounds healing. Moreover, previous
literature have provided important insight into the PI3K/
AKT pathway in the functions and wounds healing (Castilho
et al., 2013). Our data that corylin promotes wounds repair
through activation of the PI3K/AKT pathway further supported
this idea (Figures 5A–C). In addition, cory also affects the
functions of the β3-adrenergic receptor, MAPKs, and IL-6/
STAT3 signaling, future works need to be carried out to
confirm the actions of these proteins.

It must be pointed out that one limitation of our study is that we
have only used male mice in experiments. Further studies are
necessary to fully characterize the potential effects of corylin in
female animal. The other limitation is that we only studied the
effects of corylin in cell line fibroblasts and macrophages. Future
studies are necessary to purify primary fibroblasts and test the effects
of corylin in these primary cells.

5 Conclusion

In summary, our results revealed that corylin promoted wounds
healing through the PI3K/Akt pathway and SIRT1/NF-κB pathway. Our
results also identify corylin as a promising therapy for chronic wounds
healing.
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