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Abstract: The delayed and impaired wound healing caused by dexamethasone (DEX) is commonly
reported. Puerarin, the major isoflavone found in Pueraria montana var. lobata (Willd.) Sanjappa &
Pradeep promoted the wound healing process in diabetic rats. However, the effects and underlying
mechanisms of puerarin on DEX-impaired wound healing have not been investigated. This study
examined the potential uses of puerarin in upregulating keratinocyte proliferation and migration in
dexamethasone (DEX)-suppressed wound healing model. The effects of puerarin on wound healing
in vivo were investigated by taking full-thickness 5 mm punch biopsies from the dorsal skin of
BALB/c mice and then treating them topically with 0.1% DEX. For the in vitro study, DEX-treated
HaCaT cells were used to examine the effects of puerarin on DEX-induced keratinocyte proliferation
and migration and the mechanisms of its action. Puerarin, when applied topically, accelerated the
wound closure rate, increased the density of the capillaries, and upregulated the level of collagen
fibers and TGF-β in the wound sites compared to the DEX-treated mice. Puerarin promoted the
proliferation and migration of keratinocytes by activating the ERK and Akt signaling pathways
in DEX-treated HaCaT cells. In conclusion, puerarin could be effective in reversing delayed and
disrupted wound healing associated with DEX treatments.
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1. Introduction

Dexamethasone (DEX) is a synthetic glucocorticoid commonly used as an anti-inflammatory
and immunosuppressant reagent to treat atopic dermatitis and psoriasis [1]. Despite these
beneficial effects of dermatitis, adverse effects, such as skin atrophy and impaired wound healing,
are reported [2].

Wound healing is a dynamic and complex process that requires the involvement of var-
ious cell types, including fibroblasts, keratinocytes, endothelial cells, and macrophages [3].
Keratinocytes play an important role in re-epithelialization and contribute to skin bar-
rier formation. Keratinocytes are activated to help repair cutaneous wounds. Activated
keratinocytes secrete various cytokines which are involved in the proliferation and re-
epithelialization phase of the wound healing process [4]. In general, DEX, when applied
topically, impairs or delays the process of skin wound healing by inhibiting the proliferation
and migration of keratinocytes [5]. Hence, enhancing the migration and proliferation rate
of keratinocytes may promote wound healing in the DEX-impaired wound healing process.

Pueraria montana var. lobata (Willd.) Sanjappa & Pradeep is traditionally used to
treat fever, dysentery, cardiovascular diseases, and diabetes mellitus in many countries
in Asia [6]. P. montana extract shows the beneficial effects on skin aging by suppressing
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intracellular reactive oxygen species production and increasing collagen formation in UVB-
irradiated human dermal fibroblasts [6]. Moreover, the main compositions of P. montana
are isoflavonoids, which are suggested to possess skin regeneration and wound healing
activity by enhancing proliferation, migration, and collagen production [7–10]. Previous
studies indicated that puerarin is the major isoflavone found in the root extract of P.
montana [11,12]. Puerarin has attracted considerable attention in recent years, especially for
its pharmacological effects such as anti-atopic dermatitis, pro-angiogenesis, and antioxidant
effects [13–15]. In particular, the oral administration of puerarin promoted the formation of
new vessels and supported the wound healing process in diabetic rats [16]. On the other
hand, its potential for improving impaired wound healing is not fully elucidated. Therefore,
this study examines the effects of puerarin on keratinocytes migration and proliferation
in DEX-treated cells in vitro and assesses the medicinal value of puerarin in surgically
induced skin wounds in mice.

2. Materials and Methods
2.1. Animals and Treatment

Male BALB/c (5-week-old) mice were procured from Koatech Lab Animal Inc. (Seoul,
Korea). The Institutional Animal Care and Use Committee of Dongguk University ap-
proved all animal experiments (Approval no. IACUC-2019-7). All mice were fed with the
commercial pellet diet (5L79, PMI Nutrition, St Louis, MO, USA) and water ad libitum.
The animal room was maintained at 22 ± 2 ◦C, humidity 65 ± 2%, and 12 h light/dark
cycle (light on/off, 8:00 a.m./8:00 p.m.). The mice were assigned into five groups (n = 6
per group): NC group (normal control group), DEX group (dexamethasone (DEX) treated
group), DEX+puerarin 0.1% group, DEX+puerarin 1% group, and DEX+Centella asiatica
group. DEX (D4902) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Puerarin
(CFN99169, purity 98%) was obtained from Chemfaces (Hubei, China). The powdered Cen-
tella asiatica extract (#1297770) was obtained from United States pharmacopeia (Rockville,
MD, USA). Centella asiatica extract containing asiaticoside as a main component was known
to promote wound healing [17–20]. Therefore, Centella asiatica extract was used as a pos-
itive control drug to assess test validity and compare with the wound healing efficacy
of puerarin. After shaving the backs of the mice, excision wounds were produced using
5 mm biopsy punches (Kai Industries Co., Ltd., Saki, Japan), as described previously [21].
The wounds were treated daily with DEX (0.1% in acetone) for 14 days. For therapy, puer-
arin (0.1%, 1%) and Centella asiatica extract (1%) in 50 µg Vaseline were applied topically
to the wounds, daily for 14 days. The wound sizes were measured on 0, 7, and 14 days
after wounding. The mice were sacrificed on day 14 using isoflurane (Piramal Critical Care
Inc., Bethlehem, PA, USA), and the wounds were collected using 6 mm biopsy punches for
further analysis.

2.2. Histological and Immunohistochemical Examinations

Skin samples of all wounds were collected and fixed in 4% paraformaldehyde, then
embedded in paraffin, and cut into 5 µm thick sections. The skin sections were stained with
hematoxylin and eosin (H&E) for evaluation of wound morphology. Masson trichrome
(M/T) and phloxine-tartrazine (P/T) staining were performed to examine the fibrotic
changes to the dermis and the angiogenesis changes to the epidermis, respectively, accord-
ing to previous studies [22,23]. Immunohistochemical staining was conducted to evaluate
the changes in the fibrotic scarring response related to TGF-β. After the proteolytic pro-
cess, the skin sections were treated with proteinase K (20 µg/mL, Dako, Carpinteria, CA,
USA) and incubated for 1 h in a blocking solution containing 10% goat serum (Vector
Lab, USA) and 1% bovine serum (Sigma-Aldrich, St. Louis, MO, USA). The samples were
then incubated with anti-TGF-β antibody (sc-130348, 1:100, Santa Cruz Biotechnology,
Dallas, TX, USA) at 4 ◦C for 72 h in a humidified chamber and then with biotinylated goat
anti-mouse IgG (ab6788, 1:100, Abcam, Cambridge, MA, USA) for 24 h at room tempera-
ture. The sections were processed using an avidin-biotin complex kit (PK-4000, Vector Lab,
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Burlingame, CA, USA) for 1 h at room temperature, then incubated with a 0.05 M Tris-HCl
buffer solution (pH 7.4) and counter-stained with hematoxylin. The images were captured
using a Lionheart FX Automated imaging system and Gen5 software (Biotek Instruments
Inc., Winooski, VT, USA).

2.3. Cell Culture

HaCaT cells, an immortalized human keratinocyte cell line, were provided by Korea
Institute of Oriental Medicine (KIOM) (Daegu, Korea) and cultured in Eagle’s Minimum
Essential Medium (EMEM) (#06-174G, Lonza, Walkersville, MD, USA) at a low Ca2+

concentration (0.03 mM) supplemented with 10% fetal bovine serum (FBS) (#TMS-013-BKR,
EMD Millipore, Billerica, MA, USA) and 1% penicillin-streptomycin (#15140-122, Life
Technologies, Grand Island, NY, USA), at 37 ◦C in a humidified atmosphere containing 5%
CO2.

2.4. Cell Viability

The cell viability was determined using an XTT assay. HaCaT cells were treated with
puerarin (1 or 10 µM) for 24 h, then incubated with 50 µL of an XTT reagent (#11465015001,
Roche Diagnostics GmbH, Mannheim, Germany) for 4 h. The optical densities were
assessed at 450 nm (with a reference wavelength at 650 nm) using an absorbance reader
(Tecan, Männedorf, Switzerland).

2.5. Scratch Wound Healing Assay

HaCaT cells were seeded at a density of 4 × 105 cells/well on 12-well plates and
cultured in EMEM medium with 10% FBS to achieve 100% confluence. The cells were
then incubated with mitomycin C (Sigma-Aldrich, St. Louis, MO, USA) for 1 h to inhibit
cell proliferation, based on a previous study [24]. They were then scratched and treated
with dexamethasone (DEX, 100 nM) and puerarin (1, 10 µM) or Centella asiatica extract (a
positive control, 100 µg/mL). In the experiment using inhibitors, the cells were pretreated
with U0126 (an ERK inhibitor, 10 µM) or wortmannin (an Akt inhibitor, 1 µM) for 1 h before
scratching instead of mitomycin C. Images of the scratch gap width for each time-point
were captured using a Lionheart FX Automated imaging system and measured using Gen5
software (Biotek Instruments Inc., Winooski, VT, USA).

2.6. Cell Proliferation Assay

The proliferation of HaCaT cells was evaluated using a BrdU proliferation assay kit
(CBA-251, Cell Biolabs, San Diego, CA, USA). The HaCaT cells were pretreated with U0126
(an ERK inhibitor, 10 µM) or wortmannin (an Akt inhibitor, 1 µM) for 1 h, and incubated
with DEX (100 nM) and puerarin (1 µM) for 48 h. After treatment, 10 µL of a BrdU-labeling
solution was added and incubated for 4 h. The optical density was measured at 450 nm
using an absorbance reader (Tecan, Männedorf, Switzerland).

2.7. Cell Cycle Analysis

The effects of puerarin on the cell cycle were determined using a Muse Cell Cycle
kit (MCH100106, Luminex Corporation, Austin, TX, USA). HaCaT cells were seeded at a
density of 5 × 105 cells/well on six-well plates. After 24 h, the cells were incubated with
DEX (100 nM) and either puerarin (1, 10 µM) or Centella asiatica extract (100 µg/mL) for
48 h. The cells were detached using trypsin-EDTA, collected by centrifuging, and fixed
with 70% ethanol (1 mL/sample) for 3 h at −20 ◦C. The cells were then incubated with
Muse Cell Cycle reagent (200 µL) for 30 min at room temperature, protected from the light.
The proportion of cells arrested in the G0/G1, S, and G2/M phases was evaluated using a
Muse Cell Analyzer (Merck KGaA, Darmstadt, Germany).
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2.8. Ki67 Proliferation Assay

A Ki67 proliferation assay was performed using a Muse Ki67 Proliferation kit (MCH100114,
Luminex Corporation, Austin, TX, USA) according to the manufacturer’s protocol. HaCaT
cells were seeded at a density of 5 × 105 cells/well on six-well plates. After 24 h, the cells were
incubated with DEX (100 nM) and puerarin (1, 10 µM) or Centella asiatica extract (100 µg/mL)
for 48 h. The cells were then harvested, fixed, permeabilized, and incubated with Muse Human
Ki67-PE and IgG1-PE antibodies. The cells were then analyzed and the percentage of Ki67(+)
cells was detected using a Muse Cell Analyzer (Merck KGaA, Darmstadt, Germany).

2.9. Western Blotting

HaCaT cells were homogenized using RIPA lysis buffer (containing 1% protease and
phosphatase inhibitors) (WSE-7420, Atto, Tokyo, Japan) on ice. The obtained cell lysates
were centrifuged at 8000× g for 15 min and the supernatants were collected. The amounts
of proteins were calculated using a Bradford assay reagent (#5000006, BioRad, Hercules,
CA, USA). Next, 25–50 µg of proteins were separated using 10% SDS-PAGE electrophoresis
and then transferred onto PVDF membranes (Merck Millipore, Carrigtwohill, Ireland).
All membranes were then incubated with a blocking buffer containing 5% skimmed milk
in 1X PBS for 2 h at room temperature. After washing, all membranes were incubated
with the primary antibodies at 4 ◦C overnight, followed by the horseradish peroxidase-
conjugated anti-IgG secondary antibody. The primary antibodies for phosphorylated
Akt (p-Akt, #9271), Akt (#9272), phosphorylated extracellular signal-regulated kinase (p-
ERK, #4370), and ERK (#9102) were procured from Cell Signaling (Danvers, MA, USA).
The antibodies against keratin 16 (K16, ab53117) and K17 (ab53707) were obtained from
Abcam (Cambridge, MA, USA). The antibody for β-actin (A1978) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). HRP-conjugated secondary antibodies, including goat
anti-rabbit IgG (#31460) and goat anti-mouse IgG (#32430), were purchased from Invitrogen
Inc. (Carlsbad, CA, USA). The blots were detected using ECL solution (#1705061, BioRad,
Hercules, CA, USA). Quantification of protein band intensities was conducted using GelPro
V3.1 software (Media Cybernetics, Rockville, MD, USA).

2.10. Statistical Analysis

All experiments were conducted independently, at least in triplicate. Statistical anal-
ysis was performed using GraphPad Prism V5.0 (GraphPad Software, San Diego, CA,
USA). The data are presented as means ± standard deviations (SDs). p-values < 0.05 were
considered statistically significant using one-way analysis of variance (ANOVA) with post
hoc Tukey’s test.

3. Results
3.1. Effects of Puerarin on Cutaneous Wound Healing in DEX-Treated Mice

In the excision wound model, DEX significantly inhibited a wound contraction com-
pared to the normal control group (day 7, day 14) (Figure 1A,B). In contrast, the treatment
with puerarin promoted wound healing by decreasing the wound size compared to the
DEX group (Figure 1A,B). Moreover, on Day 7 and Day 14 the wound size in the puerarin
1% group was comparable to that of the Centella asiatica treated group, which was known to
promote DEX-suppressed wound healing [20]. Figure 1C presents the results of histological
analysis of wound areas. H&E staining showed that the scar size in the DEX group was
larger than the NC group, but this was decreased by a puerarin treatment (Figure 1C). M/T
staining showed that the DEX group exhibited a lower level of collagen fiber (blue color)
than the NC group, which was recovered by puerarin application (Figure 1C). P/T staining
showed that the DEX group had fewer capillaries (yellow color under the epidermis)
than the NC group, which was improved in the puerarin treated groups (Figure 1C). An
immunohistochemical analysis (day 14) showed that the decreased TGF-β expression by
DEX stimulation was increased significantly by the puerarin treatment (Figure 1D).
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Figure 1. Effects of puerarin on cutaneous wound healing in mice treated with DEX. (A) Wound 
sizes were measured on day 0, day 7, and day 14 of the experiment. (B) Representative images of 
wounds from five groups. (C) Hematoxylin and eosin (H&E), Masson trichrome (M/T), and phlox-
ine-tartrazine (P/T) stained sections of wound samples from the five groups. Scale bar: 50 μm. (D) 
Immunohistochemical analysis (day 14) of TGF-β in the wound areas. The data are presented as 
the means ± SDs (n = 6 per experiment). Bars labeled by the same letter on the graph are not signif-
icantly different from each other (p < 0.05) by one-way ANOVA followed by post hoc Tukey’s test. 
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number of Ki67(+) cells, which were recovered by treatment with puerarin (Figure 2A). 
Moreover, puerarin upregulated the expression of the proliferation markers, K16 and K17, 
in DEX-stimulated HaCaT cells (Figure 2B). 

A flow cytometry analysis was conducted to examine if the cell cycle was involved 
in regulating cell proliferation in DEX-stimulated HaCaT cells. DEX significantly in-
creased the proportion of cells arrested in the G0/G1 phase and decreased the proportion 
of cells arrested in the S and G2/M phase, whereas the treatment with puerarin had the 
opposite effects (Figure 2C). 

Figure 1. Effects of puerarin on cutaneous wound healing in mice treated with DEX. (A) Wound
sizes were measured on day 0, day 7, and day 14 of the experiment. (B) Representative images
of wounds from five groups. (C) Hematoxylin and eosin (H&E), Masson trichrome (M/T), and
phloxine-tartrazine (P/T) stained sections of wound samples from the five groups. Scale bar: 50 µm.
(D) Immunohistochemical analysis (day 14) of TGF-β in the wound areas. The data are presented
as the means ± SDs (n = 6 per experiment). Bars labeled by the same letter on the graph are
not significantly different from each other (p < 0.05) by one-way ANOVA followed by post hoc
Tukey’s test.

3.2. Effects of Puerarin on the Proliferation in DEX-Treated HaCaT Cells

A BrdU proliferation assay was performed to examine the effects of puerarin on the
proliferation in DEX-treated HaCaT cells. The effects of puerarin on proliferation were
evaluated using a Muse Ki67 assay, which showed that DEX remarkably decreased the
number of Ki67(+) cells, which were recovered by treatment with puerarin (Figure 2A).
Moreover, puerarin upregulated the expression of the proliferation markers, K16 and K17,
in DEX-stimulated HaCaT cells (Figure 2B).

A flow cytometry analysis was conducted to examine if the cell cycle was involved in
regulating cell proliferation in DEX-stimulated HaCaT cells. DEX significantly increased
the proportion of cells arrested in the G0/G1 phase and decreased the proportion of cells
arrested in the S and G2/M phase, whereas the treatment with puerarin had the opposite
effects (Figure 2C).

3.3. Effects of Puerarin on the Migration in DEX-Treated HaCaT Cells

The scratch wound healing assay was used to determine the effect of puerarin on cell
migration. Figure 3 showed that DEX inhibited cell migration after 24 h. On the other
hand, the treatment with puerarin increased the wound closure rate, in comparison with
the DEX-only treated group.
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Figure 2. Effects of puerarin on the proliferation of HaCaT cells stimulated with DEX. HaCaT cells were incubated with 
DEX (100 nM) and puerarin (1, 10 μM) or Centella asiatica extract (100 μg/mL) for 48 h. (A) Ki67 expression was assessed 
using a Muse Ki67 Proliferation kit. (B) Protein levels of K16 and K17 were determined by Western blotting. (C) Cell cycle 
analysis was performed using a Muse Cell Cycle kit. The results are presented as the means ± SDs of three independent 
experiments. Bars labeled by the same letter on the graph are not significantly different from each other (p < 0.05) by one-
way ANOVA followed by post hoc Tukey’s test. 
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Figure 2. Effects of puerarin on the proliferation of HaCaT cells stimulated with DEX. HaCaT cells were incubated with DEX (100 nM)
and puerarin (1, 10 µM) or Centella asiatica extract (100 µg/mL) for 48 h. (A) Ki67 expression was assessed using a Muse Ki67
Proliferation kit. (B) Protein levels of K16 and K17 were determined by Western blotting. (C) Cell cycle analysis was performed using a
Muse Cell Cycle kit. The results are presented as the means ± SDs of three independent experiments. Bars labeled by the same letter
on the graph are not significantly different from each other (p < 0.05) by one-way ANOVA followed by post hoc Tukey’s test.
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lation of ERK and Akt significantly, but the treatment with puerarin significantly in-
creased the levels of p-ERK and p-Akt (Figure 4A). The role of ERK and Akt in mediating 
the effects of puerarin on proliferation and migration was confirmed using the inhibitors. 
As shown in Figure 4B, the treatment with U0126 (an ERK inhibitor) and wortmannin (an 
Akt inhibitor) prevented the effects of puerarin on cell proliferation in DEX-stimulated 
HaCaT. Moreover, U0126 and wortmannin abrogated the effects of puerarin on cell mi-
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Figure 3. Effects of puerarin on cell migration in HaCaT cells stimulated with DEX. The HaCaT cells were incubated with
DEX (100 nM) and puerarin (1, 10 µM) or Centella asiatica extract (100 µg/mL). Before the scratch wound was made, the cells
were treated with mitomycin C (10 µg/mL) for 1 h to inhibit cell proliferation. The images of the scratch gap width were
captured at 0, 12, and 24 h post-scratching. The wound closure rates were defined as the difference between the wound
width at 0 and 24 h. The results are presented as the means ± SDs of three independent experiments. Bars labeled by the
same letter on the graph are not significantly different from each other (p < 0.05) by one-way ANOVA followed by post hoc
Tukey’s test.

3.4. Effects of Puerarin on Signaling Pathways in DEX-Treated HaCaT Cells

Next, the effects of puerarin on the proliferation- and migration-related signaling
pathways in DEX-stimulated HaCaT cells were evaluated. DEX inhibited the phosphoryla-
tion of ERK and Akt significantly, but the treatment with puerarin significantly increased
the levels of p-ERK and p-Akt (Figure 4A). The role of ERK and Akt in mediating the
effects of puerarin on proliferation and migration was confirmed using the inhibitors. As
shown in Figure 4B, the treatment with U0126 (an ERK inhibitor) and wortmannin (an Akt
inhibitor) prevented the effects of puerarin on cell proliferation in DEX-stimulated HaCaT.
Moreover, U0126 and wortmannin abrogated the effects of puerarin on cell migration in
DEX-stimulated HaCaT cells (Figure 4C).
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Figure 4. Effects of puerarin on the ERK and Akt signaling pathways in HaCaT cells stimulated with DEX. (A) HaCaT 
cells were incubated with DEX (100 nM) and puerarin (1, 10 μM) or Centella asiatica extract (100 μg/mL) for 30 min. Protein 
expression of p-ERK, p-Akt, ERK, Akt was determined by Western blotting. (B) HaCaT cells were pretreated with U0126 
(10 μM) or wortmannin (1 μM) for 1 h and then treated with DEX (100 nM) and puerarin (1 μM) for 48 h. The proliferation 
rate was assessed using BrdU assays. (C) HaCaT cells were pretreated with U0126 (10 μM) or wortmannin (1 μM) for 1 h 
and scratched and treated with dexamethasone (DEX, 100 nM) and puerarin (1 μM). Images of the scratch gap width were 
captured at 0 and 24 h post-scratching. The wound closure rates were defined as the difference between the wound width 
at 0 and 24 h. The results are presented as the means ± SDs (n = 3 per experiment). Bars labeled by the same letter on the 
graph are not significantly different from each other (p < 0.05) by one-way ANOVA followed by post hoc Tukey’s test. 
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Figure 4. Effects of puerarin on the ERK and Akt signaling pathways in HaCaT cells stimulated with DEX. (A) HaCaT cells were
incubated with DEX (100 nM) and puerarin (1, 10 µM) or Centella asiatica extract (100 µg/mL) for 30 min. Protein expression of p-ERK,
p-Akt, ERK, Akt was determined by Western blotting. (B) HaCaT cells were pretreated with U0126 (10 µM) or wortmannin (1 µM) for 1
h and then treated with DEX (100 nM) and puerarin (1 µM) for 48 h. The proliferation rate was assessed using BrdU assays. (C) HaCaT
cells were pretreated with U0126 (10 µM) or wortmannin (1 µM) for 1 h and scratched and treated with dexamethasone (DEX, 100 nM)
and puerarin (1 µM). Images of the scratch gap width were captured at 0 and 24 h post-scratching. The wound closure rates were
defined as the difference between the wound width at 0 and 24 h. The results are presented as the means ± SDs (n = 3 per experiment).
Bars labeled by the same letter on the graph are not significantly different from each other (p < 0.05) by one-way ANOVA followed by
post hoc Tukey’s test.

4. Discussion

Wound healing is a complex process involving four overlapping phases: hemostasis,
inflammation, proliferation, and remodeling [3]. The dysregulation of these stages leads
to delayed wound healing. DEX is one of the most common corticosteroids used to
treat inflammatory diseases but has adverse effects on wound healing by delaying the
inflammation phase and inhibiting the proliferation phase of this process [5]. In this
study, DEX impaired the wound healing process. A treatment with puerarin recovered the
impaired wound healing process in both the in vivo and in vitro models.

Puerarin is a major isoflavonoid from the root of Pueraria montana var. lobata (Willd.)
Sanjappa & Pradeep [6]. Several studies suggest that isoflavonoids have beneficial effects
on the wound healing process [25,26]. An extract from the flower of Pueraria thunbergiana
Benth (synonymous with Pueraria montana var. lobata (Willd.) Sanjappa & Pradeep), which
contains isoflavonoids and essential oil components, has the potential for skin regener-
ation by stimulating the migration, proliferation, and collagen synthesis of epidermal
keratinocytes [10]. A previous study reported that the oral administration of puerarin pro-



Appl. Sci. 2021, 11, 9343 12 of 15

moted wound healing in a diabetic rat model by enhancing the connective tissue and new
vessel formation [16]. In the current study, the topical treatment of puerarin for 14 days also
promoted the wound closure process in DEX-treated mice. Centella asiatica is a well-known
wound healing agent in both clinical and experimental studies [18,27]. Centella asiatica used
as the positive control drug is known to improve DEX-impaired wound healing ability [20].
In our experiments, the topical treatment of Centella asiatica restored the delayed wound
closure by DEX application. The efficacy of Centella asiatica to improve wound healing is
related to promoting collagen synthesis, angiogenesis, and keratinocyte migration [17,28].
Therefore, we investigated whether puerarin might be related to these mechanisms.

Collagen is the essential component of the dermal extracellular matrix (ECM), and
collagen deposition in the dermis plays an important role in the wound healing process.
Collagen is involved in the hemostasis phase by interacting with platelets in the wound
areas [29]. The recruited platelets can release various growth factors, including the trans-
forming growth factor-beta (TGF-β), platelet-derived growth factor (PDGF), and vascular
endothelial growth factor (VEGF) [30]. TGF-β can induce fibroblast differentiation and
collagen synthesis to promote wound closure and scarring [31]. VEGF is a crucial fac-
tor in the wound angiogenesis process as it promotes the proliferation and migration of
endothelial cells [32]. Previous studies reported that glucocorticoids impaired wound
healing by inhibiting collagen synthesis and angiogenesis in vivo [33,34]. In this study,
DEX delayed the healing process and decreased the level of collagen fibers and the density
of capillaries in a mouse excisional wound model. Moreover, the expression of TGF-β in
the wound sites was also reduced in the DEX-treated mice. Puerarin treatment improved
these phenomena, suggesting that puerarin might accelerate wound healing by promoting
collagen deposition and angiogenesis.

Keratinocytes, the most predominant component of the epidermis, play an essential
role in the wound healing process, particularly in the proliferation phase [35]. The pro-
liferation phase includes granulation tissue and re-epithelialization. Granulation tissue
formation consists of collagen synthesis by fibroblasts and neovascularization by endothe-
lial cells, whereas re-epithelialization is characterized by the proliferation and migration
of keratinocytes [36]. In this study, DEX inhibited wound healing significantly in the
mouse model (day 7, day 14) and suppressed the proliferation and migration in HaCaT
keratinocytes. The puerarin treatment recovered these impairments. Puerarin promoted
keratinocyte proliferation by increasing Ki67, K16, and K17 expressions and switching the
cell cycle from the G1 to the S phase in DEX-treated HaCaT cells. This result was consistent
with a previous study showing that puerarin enhanced the proliferation and differentiation
of osteoblasts to stimulate bone regeneration [37]. Puerarin also recovered DEX-impaired
migration in HaCaT cells in the scratching sound healing assay. In contrast to the inhibitory
effects of puerarin on the proliferation and migration in cancer studies [38,39], this re-
port was the first indicating that puerarin could promote proliferation and migration in
keratinocytes, improving the wound healing process in various DEX-treated models.

The underlying mechanisms mediating the effects of puerarin were investigated. ERK
and Akt were critical signaling pathways that regulated a range of cellular processes, such
as cell growth, proliferation, differentiation, apoptosis, and mobility [40,41]. The roles of
ERK and Akt in keratinocyte proliferation and migration were demonstrated [42]. In the
current study, DEX suppressed ERK and Akt phosphorylation, which were restored by
a puerarin treatment. This result was consistent with a previous study indicating that
icariin, a flavonoid from Herba Epimedii (the aerial parts from several Epimedium species),
enhanced the migration and proliferation of keratinocytes via the ERK and Akt path-
ways [43]. Furthermore, ERK and Akt inhibitors repressed puerarin-induced proliferation
and migration in DEX-treated HaCaT cells, highlighting the crucial roles of the ERK and
Akt signaling pathways in mediating the effects of puerarin.

This study had some limitations. Wound healing is a complicated process with the
involvement of various cellular components and overlapping events. This study only
demonstrated the effects of puerarin on keratinocyte proliferation and migration. On the
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other hand, puerarin may affect other cell types, such as fibroblasts and endothelial cells.
Therefore, further studies will be needed to prove the beneficial effects of puerarin on
wound healing and to investigate other mechanisms mediating these effects.

5. Conclusions

Puerarin rescued DEX-impaired wound closure in an excision wound in a mouse
model. This effect can be explained by the enhanced proliferation and migration of ker-
atinocytes via the activation of ERK and Akt signaling pathways. These findings suggest
that puerarin may be a potential candidate for treating DEX-suppressed wound healing.
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