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Abstract

Background: Skin wound healing depends on the progress of different but overlapping stages
of healing, including hemostasis, inflammatory, proliferative and remodeling. Failure of these
stages to occur in a timely and gradual manner may result in non-healing pathological wounds.
Macrophages and neutrophils have been shown to play an essential role in the inflammatory
responses of wound tissue, and their active plasticity allows them to modulate tissue damage
and repair functions. The ability of macrophages and neutrophils to regulate the occurrence and
resolution of inflammatory processes is essential for the treatment of pathological wound healing.
Methods: Mice were categorized into negative control, streptozotocin, streptozotocin + puerarin
and puerarin groups. The traditional Chinese medicine extract puerarin was selected to treat
different groups of mice with a full-thickness skin defect wound. Cells of the RAW264.7 cell line
were stimulated under different puerarin conditions. Then, real time quantitative polymerase chain
reaction (RT-gPCR), western blot, immunofluorescence and other assays were carried out to explore
the effect of puerarin on wound healing and its molecular mechanism.

Results: Animal experiments found that the wound healing of diabetic mice treated with puerarin
was significantly accelerated, and histological analysis found that puerarin treatment markedly
decreased the infiltration of macrophages and neutrophils in wound tissue. Through western
blot, RT-qPCR and immunofluorescence experiments, it was observed that puerarin treatment
remarkably inhibited nuclear factor kinase B (NF-«B) and mitogen-activated protein kinase (MAPK)
signaling pathways, downregulated the expression of inflammatory cytokines and induced the M2
polarization of macrophages. At the cellular level, we also observed that puerarin improved M2
macrophage polarization and inhibited inflammatory pathway activation in a high-glucose culture.
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Conclusion: Puerarin has a significant therapeutic effect on wound healing in diabetic mice. The
therapeutic effect is achieved by regulating macrophage polarization through suppressing NF-«B

and MAPK signaling cascades.
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Highlights

* Intraperitoneal injection of puerarin can promote wound healing in diabetic mice.

* Puerarin treatment remarkably induced the M2 polarization of macrophages in wound tissue of diabetic mice.

* Puerarin improved M2 macrophage polarization in a high-glucose culture medium.
* The effects of puerarin on macrophage polarization are probably related to NF-«B and MAPK signaling pathways.

Background

Cutaneous wound healing is a complex process comprised
of several steps and molecular mechanisms, which requires
a number of organic, epigenetic and other biological layers
to achieve [1,2]. Skin tissue repair is highly regulated under
normal conditions, but a defect in this process can disturb
the subtle balance of gene products and signaling cascades in
cells, thus affecting the process of wound healing [3,4]. There
are four overlapping stages of hemostasis, inflammatory,
proliferative and remodeling, which require the orchestrated
integration of molecular and cellular events as well as signal-
ing pathways [5]. However, in diabetic wounds the four stages
are dysregulated, and an excessive inflammatory response can
lead to a difficult transition from inflammation to remodeling
[6,7]. Therefore, how to suppress excessive inflammation of
diabetic wounds is a meaningful problem and awaits further
investigation.

Excessive inflammation of diabetic wounds is associated
with macrophages and neutrophils. In the inflammatory
phase, the plasticity of macrophages is of great importance
for wound tissue healing and remodeling [8]. Macrophages
and neutrophils induce an inflammatory response and
tissue damage at an early stage of inflammation, and
the modulation of these processes is beneficial to wound
healing. In the late inflammatory phase, macrophages
differentiate into the M2 type and move into the prolif-
erative phase [9]. Manifestations of early inflammation
are increased inflammation cytokines and pathogen killing
ability, while macrophages in late inflammation phases
yield anti-inflammatory cytokines during the transition
from the inflammatory stage to the proliferative stage
[10,11]. These phenotypic macrophages dominate at specific
time points during wound healing and contribute to the
formation of customized macrophage-dependent responses.
Macrophage polarization is crucial for the process of diabetic
wound healing. Macrophages fall into two main categories,
classically activated macrophages (M1) and selectively
activated macrophages (M2) [12]. M1 macrophages produce
pro-inflammatory factors, which can contribute to organ
dysfunction. On the other hand, M2 macrophages release
anti-inflammatory mediators that attenuate inflammation
[13,14]. It is worth noting that improving M2 properties

and decreasing M1 characteristics may help diabetic wound
healing [15].

Many studies have exhaustively assessed the regulation
of macrophages in response to inflammatory stimuli in cells
and animal models. Lipopolysaccharide (LPS) mediates pro-
inflammatory induction by activating the main transcription
factor nuclear factor kB (NF-«B), which leads to M1 polariza-
tion [16]. It is well known that RelA protein mediates the typ-
ical NF-k B pathway, and its destruction can downregulate the
effects of NF-«B such as the formation of pro-inflammatory
mediators [17]. Under normal physiological conditions, NF-
kB protein is isolated in the cytoplasm, whereas under cer-
tain stimulation, this protein can form homodimers or het-
erodimers and interact with inhibitors. Inhibitor of NF-«B
(I«B) protein is translocated into the nucleus where it medi-
ates the expression of downstream target genes of NF-«B
[18]. Apart from NF-«B and its downstream signals, the
ubiquitous redox proteins and cytokine microenvironment
can also regulate other proteins, including signal transducers
and activators of transcription (STATs) [19]. These mem-
bers are regulated by different stimuli [e.g. interleukin-6 (IL-
6)], and subsequently activate the expression of STAT3 and
IL-4 that regulate the downstream effectors (e.g. STAT6)
[20]. In the complex environment of cell signaling molecules,
STAT protein regulation of macrophage polarization has been
observed. Emerging research revealed epigenetic changes in
the regulation of STAT6 via upstream mediators [21]. The
involvement of macrophages, from induction and wound
healing to tumor monitoring and inhibition, may have far-
reaching consequences. Among all STAT subtypes, the func-
tions of STAT3 in macrophage polarization have attracted
great attention because of its contradictory roles in affecting
the polarization results [22]. In the presence of IL-6, M2
polarizes LPS-exposed bone marrow-derived macrophages to
secrete IL-10 through STAT3, thereby reducing the produc-
tion of cytokines [23]. Recent evidence suggests that JSI-
124 (a STATS3 inhibitor) transiently upregulates the NF-«B
pathway in vitro and stimulates human glioblastoma cell
apoptosis [24].

Puerarin is an isoflavonoid extracted from Pueraria lobata
roots, and has been used for various medicinal purposes
in traditional oriental medicine. According to previous
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studies, puerarin is known to have therapeutic effects in
angiocardiopathy, osteoporosis, liver damage, cancers and
diabetes [25]. Several studies have substantiated that puerarin
treatment induced a marked improvement in insulin resis-
tance and defective B-cell secretions [26,27]. The potential
hypoglycemic mechanism of puerarin is related to activation
of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) signaling pathway and inhibition of reactive oxygen
species (ROS) production in the pancreas [28]. However,
the effect of puerarin on diabetic wound repair has not
been determined. Therefore, this research aimed to explore
whether puerarin treatment can induce M2 polarization,
attenuate inflammation and promote wound healing in
diabetic mice.

Methods

Antibodies and reagents

PE cluster of differentiation 206 (CD206) antibody (162503)
and FITC mouse EGF-like module-containing mucin-like
hormone receptor-like 1 (F4/80) antibody (157309) were
procured from Biolegend. Arginase 1 (Arg-1; 93668),
lymphocyte antigen 6 complex (Ly6G) (68590), F4/80
(70076), CD206 (24595), p-P65 (phospho-nuclear factor
kappa B) (3033), p38 MAP kinase (p38) (8690) and
phosphorylated STAT3 (p-STAT3) (9145) were purchased
from CST. Phospho-extracellular signal-related kinase (p-
ERK) (ab2010135), glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (ab181602), inducible nitric oxide synthase
(iNOS) (ab178945), cytokeratin 5 (K5) (ab52635), tumor
necrosis factor-o (TNF-«) (ab183218), IL-6 (ab290735)
and IL-18 (ab254360) were purchased from Abcam. P65
(A19653), phospho-nuclear factor of kappa alpha (p-IkBa)
(AP0707), phospho-p38 (p-p38) (AP0057), phospho-c-Jun
N-terminal kinase (p-JNK) (AP0631), J]NK (A4867) and ERK
(A4782) were purchased from ABclonal. Puerarin (P5555)
was supplied by Merck. Trizol Reagent and SYBR green were
purchased from Vazyme Biotech. Streptozotocin (S0130) and
glucose (D9434) were obtained from Sigma-Aldrich.

Experimental animals

The experiment was conducted according to the local guide-
lines and approved by Nanjing Drum Tower Hospital Animal
Care and Use Committee. Male C57BL/6 mice (aged 6-
8 weeks, 20-25 g) were provided by the Model Animal
Research Center of Nanjing University. These mice were
housed under normal laboratory conditions (a controlled
temperature of 25°C and circadian light/dark cycles) in accor-
dance with the specific pathogen-free standard, with unlim-
ited access to water and food.

Establishment of diabetic mouse models and
treatment in vivo

All mice were divided into four groups: negative control (NC),
streptozotocin (STZ), streptozotocin + puerarin (STZ + PUE)

and puerarin (PUE), with 18 mice in each group. A full-
thickness wound was excised on the back of the mice after
diabetes induction. The mice in STZ and STZ + PUE groups
were injected daily with STZ (50 mg/kg intraperitoneal injec-
tion [i.p.]; Sigma, USA) for 5 days. After 1 week, a glu-
cometer was used to examine hyperglycemia. Only mice
with blood glucose (BG) level > 300 mg/dl were significantly
different from control mice and were subjected to further
analysis. Once the diabetes mouse model was established,
PUE (120 mg/kg i.p.) was administered daily to the mice.
Meanwhile, the control mice received the same volume injec-
tion of phosphate buffered saline (PBS). The non-diabetic
mice were also treated with PUE alone to evaluate the related
indicators. On days 5 and 10, wound areas were sampled
for hematoxylin and eosin (H&E), Masson’s trichrome (MT),
immunohistochemistry, immunofluorescence, real time quan-
titative polymerase chain reaction (RT-qPCR) and western
blot analyses.

Wound model construction

Mice were anesthetized by injecting 0.6% sodium pento-
barbital (10 ml/kg i.p.). A chemical depilatory was used
to remove the back hair, followed by the development of
full-thickness skin wounds using a punch biopsy (diame-
ter=8 mm). Measurement of wound size was conducted
postoperatively every other day. After anesthetization with
isoflurane, the wound images were captured. Image] was used
to analyze wound areas. All mice were euthanized after their
last treatment, and wound tissues were isolated and preserved
in paraformaldehyde (4 %) overnight. Subsequently, the speci-
mens were paraffin-embedded and subjected to histochemical
staining.

Cell culture and treatment procedures

RAW264.7 cells were provided by the Chinese Academy
of Sciences cell bank and then cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 1% penicillin—
streptomycin and 10% fetal bovine serum (FBS) (GIBCO, NY,
USA). The cells were primarily categorized into four groups:
NC (containing 5.5 mM D-glucose), HG (high glucose;
containing 50 mM D-glucose), HG+PUE (containing
120 uM puerarin and 50 mM D-glucose) and NC + PUE
(containing 120 uM puerarin and 5.5 mM D-glucose). In
order to mimic the inflammatory environment of a diabetic
wound, LPS (100 ng/ml) was added for 24 h before cell
treatment. After rehydrating RAW264.7 cells onto 6-well
plates, they were maintained in an incubator at 37°C and
5% CO;. In the cell counting kit-8 (CCKS8) test, 1 x 10 * cells
per well were cultured in a 96-well plate and incubated with
CCKS8 reagent for 2 h.

H&E and MT staining

The wounds with surrounding tissues were fixed in para-
formaldehyde (4%) and then subjected to standard
histological procedures and fixed embedding. Microtomy was
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Table 1. Sequences of the primer pairs employed for RT-qPCR

Gene Source Forward Reverse

F4/80 Mouse TGACTCACCTTGTGGTCCTAA CTTCCCAGAATCCAGTCTTTCC
Cd11b Mouse GGGAGGACAAAAACTGCCTCA ACAACTAGGATCTTCGCAGCAT
TNF-a Mouse GACGTGGAACTGGCAGAAGAG GCCACAAGCAGGAATGAGAAG
IL-18 Mouse CTTCCCCAGGGCATGTTAAG ACCCTGAGCGACCTGTCTTG
Argl Mouse CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
IL-10 Mouse GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT
CD206 Mouse CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC
CD163 Mouse ATGGGTGGACACAGAATGGTT CAGGAGCGTTAGTGACAGCAG
TGEF-g1 Mouse CTTCAATACGTCAGACATTCGGG GTAACGCCAGGAATTGTTGCTA
GAPDH Mouse GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA

TNF-a tumor necrosis factor-a, IL-18 interleukin-18, Argl arginase 1, CD206 cluster of differentiation 206, CD163 cluster of differentiation 163,
TGF-B1 transforming growth factor beta 1, GAPDH glyceraldehyde 3-phosphate dehydrogenase RT-gPCR real time quantitative polymerase chain reaction

performed to prepare tissue sections of 5 um thickness, fol-
lowed by H&E and MT staining. In addition, the histological
wound healing score was computed by determining indicators
such as re-epithelization, scar elevation index, granulation
tissue thickness and remodeling in each mouse [29].

Immunohistochemistry

The wound tissues of mice were fixed in paraformaldehyde
(4%) and then embedded in paraffin. Serial longitudinal
5-um thick sections were cut, deparaffinized and rehydrated.
Each section was blocked by incubation with normal bovine
serum albumin (BSA) serum at room temperature (RT) for 1 h
and then incubated in Ly6G, F4/80 and p-STAT3 antibodies
(1:100) at 4°C. The sections were washed with PBS, followed
by a 2-h exposure to biotinylated secondary antibodies at RT.

Immunofluorescence analysis

To evaluate the intracellular immune infiltration of neu-
trophils and macrophages, wound tissue was cultured on a
sterile cover. After a specified treatment, the tissue was fixed
in 10% formaldehyde in PBS for 10 min, and then rinsed three
times with PBS. The tissue was then blocked in 5% normal
serum—0.25% Triton X-100 in PBS for 1 h at RT. Next, incu-
bation was conducted with anti Ly6G, CD206, iNOS, F4/80
or K5 (1:200) at 4°C overnight. After rinsing with PBS three
times for 5 min each, the tissue was exposed to Alexa Fluor
488-labeled goat anti-rabbit antibody (1:1000) for 20 min.
4/,6-diamidino-2-phenylindole (DAPI) was used to stain the
nucleus, followed by confocal scanning microscopy (Leica
TCS-SP2, Heidelberg, Germany). The fluorescence intensities
of Ly6G and F4/80 in the center were analyzed with Image-
Pro Plus v6.0 software.

RAW264.7 cells were grown in 24-well plates and then
subjected to the indicated treatments for 48 h. After fixing
in paraformaldehyde (4%) for 30 min, the cells were rinsed
three times with PBS for 5 min each, and then exposed
to 0.1% Triton-X-100 in phosphate buffered saline tween
(PBST) for 15 min at RT. After incubation with 5% BSA for
1 h, the primary antibody was incubated overnight at 4°C.
After rinsing three times with PBST for 5 min each, the cells

were exposed to fluorescent secondary antibody at RT for
1 h in the dark. DAPI staining was performed for 3 min in the
dark, followed by rinsing with PBST three times for 5 min
each. After sealing, the stained cells were examined by laser
scanning confocal microscopy.

RT-gPCR

Total RNA of the mouse wound tissue and RAW?264.7 cell
line was extracted using the Vazyme biotech reagent (Vazyme
biotech, China). A 1 pug amount of the total RNA was
subjected to cDNA synthesis via a reverse transcription kit.
GAPDH was employed as a housekeeping gene. Table 1 lists
the primer sequences of each target gene. Power SYBR Green
PCR Master Mix was used to perform RT-qPCR on an ABI
Viia 7 detector system according to the standard procedure.
The relative mRNA expression of target genes was evaluated

by the ACT method, and the formula was as follows:
27AAC1'

Western blotting

The mouse wound tissue and RAW264.7 cells were lysed
with a Total Protein Extraction Kit (Beyotime, China) and
total protein content was determined with the BCA pro-
tein assay (Beyotime, China). After separating through 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), the protein samples (50 ug) were transferred
onto a polyvinylidene fluoride (PDVF) membrane (BioRad,
USA). The membrane was blocked with 5% non-fat milk in
tris buffered saline tween (TBST) and then incubated with
the following primary antibodies: GAPDH, CD206, Arg-1,
TNF-a, IL-6, IL-18, p63, p-IkBa, p-p38, p-JNK and p-ERK.
Incubation with horseradish peroxidase (HRP)-labeled anti-
goat or anti-rabbit secondary antibodies was then executed.
Lastly, the protein blots were visualized with ECL reagent
(Vazyme, China) and then recorded using a chemiluminescent
imaging system (Tanon, China).

Myeloperoxidase (MPO) activity assay and
enzyme-linked immunosorbent assay (ELISA)

MPO is produced by neutrophils and serves as a biomarker of
inflammation. After excision and homogenization at 4°C, the

9202 4990120 | U0 1s9NB Aq $685569/9700BN/ASUING/EE0L "0 L/I0P/[0IUE/BLINEIISUING/WOY"dNO™DILISPEDE WO} PAPEOJUMOQ



Burns & Trauma, 2022, Vol. 10, tkac046

protein concentration of each specimen was calculated using
the BCA protein assay kit. MPO activity was evaluated by a
commercial kit (Nanjing Jiancheng Biotech Co. Ltd, China)
using a chromatometer according to the kit’s protocols, and
the results of MPO activity are shown as U/g of protein. Blood
samples were taken from the eyes of each mouse. Meanwhile,
the levels of IL-6, IL-10 and TNF-a were measured with
ELISA kits (BYabscience Biotechnology, China) by following
the kit’s instructions.

Flow cytometry

RAW264.7 cells were prepared as a single-cell suspension.
Fluorescein isothiocyanate (FITC)-labeled anti-mouse F4/80
monoclonal antibody and P-phycoerythrin (PE)-labeled anti-
mouse CD206 monoclonal antibody were used to assess
the polarization trend of macrophages, and were stained
for 30 min in the dark. Staining of CD206 was conducted
through perforations in the cytomembrane. Flow cytometry
was executed using a FACS flow cytometer (BD Biosciences).
Flow]o software was utilized for data analysis.

Statistical analysis

Experimental data were analyzed with Graphpad Prism v8.0
software and are presented as mean 4 SD. Parametric tests
were used for data that conform to the normal distribution
(Shapiro-Wilk test). If the data were normally distributed, the
statistical differences among multiple groups were compared
by one-way analysis of variance (ANOVA) and Newman—
Keuls post hoc test. The two tailed Student’s t test was applied
for the comparison of two groups, if the data passed the
normality test. The combination effects of two factors were
analyzed with two-way ANOVA followed by Tukey’s post-
test. At least three independent assays were conducted, and
p-values of <0.05 were deemed statistically significant.

Results

Puerarin improves wound healing in diabetic mice
Male C57BL/6 mice (aged 6-8 weeks, 20-25 g) were were
used for experiments. To assess the efficacy of puerarin on
wound healing in diabetic mice, full-thickness back wound
areas were recorded on days 1, 3, 5,7,9 and 11 (Figure 1a, b).
Compared to the STZ group, the size of the wound in the
STZ + PUE group was reduced significantly on day 5. In the
same way, the trends from day 7 to day 11 appeared to be
similar. In addition, we also observed the weight and BG
measurements of mice on day 11 (Figure 1c, d). Notably, the
body weight (BW) of the STZ group was relatively similar to
that of the STZ + PUE group after 11 days of PUE treatment,
and the BWs of the STZ and STZ + PUE groups decreased
significantly compared to the NC group. Meanwhile, after
11 days of PUE treatment, the BG of the STZ + PUE mice
decreased slightly compared with that of the STZ mice. Based
on these results, puerarin appears to have therapeutic effects
on the diabetic mice induced by STZ.

Histopathological changes in the wound tissue of
diabetic mice after puerarin treatment

As mentioned above, puerarin treatment can significantly
promote the wound healing of diabetic mice. Thus, the
relevant histopathological changes in wound tissues were
further evaluated by H&E and MT staining on day 10. As
we expected, the disease model group showed an epithelial
abnormality and obvious structural alterations (Figure 2a).
There was a large number of inflammatory infiltration
cells, and collagen disorder and loss were also observed
(Figure 2a). Puerarin treatment could significantly reverse
this unfavorable trend (Figure 2a). The histological wound
healing scores of the STZ + PUE group were also significantly
higher than those of the STZ group (Figure 2b). After
treatment with puerarin, the inflammation cells were reduced
in the epithelium tissue of diabetic mice, and the amounts of
Ly6G-labeled neutrophils and F4/80-branded macrophages
were also decreased significantly (Figure 2¢). Since STAT3
can regulate the biological behavior of immune cells
through activation of extracellular signals, it is indispensable
in the creation of chronic inflammation. Therefore, the
expression of p-STAT3 in traumatic tissues was detected.
As demonstrated in Figure 2c, the intensity of p-STAT3
in the STZ group was increased compared to that in the
NC group, and puerarin treatment markedly downregulated
the expression of p-STAT3 in the wound tissues of diabetic
mice.

Puerarin treatment attenuates inflammation in diabetic

wounds

To further verify our experimental results, we performed
immunofluorescence staining on both neutrophils and
macrophages in wound tissue. The STZ group showed a
remarkably higher infiltration of neutrophils and macrophages
than the NC group, and the infiltration of these inflammatory
cells was remarkably alleviated after puerarin treatment,
which was comparable to that in the NC group (Figure 3a, b).
At the same time, we also found that the formation of K5

was seriously attenuated in the STZ group and recovered
after puerarin treatment (Figure 3a, b). It was found that
the proportion of macrophages classified as M2 increased
significantly in the STZ+ PUE group (Figure 3c). On the
other hand, M1 macrophages were markedly reduced in the
STZ + PUE group (Figure 3d).

To determine the potential effect of puerarin on macrophage
polarization, full-thickness skin defect wound margin tissues
from mice were harvested for analysis on day 10 after
modeling. RT-qPCR was conducted to analyze the expression
of macrophage polarization-related cytokines. The findings
demonstrated that F4/80, TNF-«, IL-18 and integrin alpha
M (Cd11b) in the STZ group were upregulated compared
with those in the NC group (Figure 4a—d). After treatment
with puerarin, the expression levels of F4/80, TNF-a, IL-
18 and Cd11b were remarkably downregulated, while
those of Arg-1, IL-10 and TGF-B1 were significantly
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Figure 1. Treatment with puerarin ameliorates wound healing in STZ-induced diabetic mice. (a) Data for wound changes were recorded daily from day 1 to day
11. (b) Wound area data were measured every 2 days from 1 to 11 days; (¢, d) Measured body weight and blood glucose of the experimental mice. n=6, *p < 0.05,
***p < 0.001. ns no statistical significance, NC negative control, STZ streptozotocin, PUE puerarin

upregulated (Figure 4e—g). Inflammatory cytokines were also
detected at the protein level, and the inflammatory protein
expression decreased after puerarin treatment in diabetic mice
(Figure 4h, i). These results indicate that puerarin has a signif-
icant therapeutic effect on the polarization of inflammatory

infiltrating macrophages. Puerarin treatment can increase
the levels of anti-inflammatory M2 macrophages. This also
supports that puerarin has a negative role in regulating
the pro-inflammatory response. As a whole, our findings
indicate that puerarin can effectively improve inflammatory
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Figure 2. Effect of PUE treatment on the histological and immunohistochemical changes in wound tissues. (a) H&E and Masson staining of representative wounds
in control, STZ, STZ + PUE and PUE groups on day 10 post-injury (Scale bar: 50.xm, Scale bar: 200.m). (b) Quantitative analysis of the wound healing histological
score. (¢) Expression levels of Ly6G, F4/80 and p-STAT3 were examined by immunohistochemistry on day 10 post-injury (Scale bar: 200 um) . n=6, xxp < 0.01.
NC Negative control, STZ streptozotocin, PUE puerarin, H&E hematoxylin and eosin staining

cell infiltration and M2 macrophage polarization during the
repair of diabetic skin wounds.

Puerarin inhibits NF-xB and MAPK signal transduction
in the wound tissue of diabetic mice

MPO is produced by neutrophils and serves as a biomarker
of inflammation. The activity of MPO was determined
to quantify and reflect inflammatory cell infiltration in
diabetic mice during wound healing. It was observed

that wound healing induced excessive activation of MPO
activity (Figure 5a). Interestingly, administration of puerarin
markedly reversed these changes. As puerarin can negatively
affect pro-inflammatory responses, the serum levels of
inflammatory factors were further examined by ELISA. It
was found that the serum levels of IL-6 and TNF-« increased
substantially in the STZ group compared to the NC group
(Figure 5b, ¢). However, the increased levels of IL-6 and
TNF-a were inhibited by puerarin treatment. Notably, the
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Figure 3. Immunofluorescence analysis reveals the effect of puerarin on neutrophils and macrophages. (a, b) Effect of PUE on infiltrated immunocytes was
determined via immunofluorescence on day 10 post-injury. Red fluorescence represents cytokeratin 5 (K5); green fluorescence represents Ly6G and F4/80; blue
fluorescence represents cell nucleus. (¢, d) Immunofluorescence analysis of CD206+ (red), iINOS+ (red) and F4/80+ (green) cells in NC, STZ, STZ + PUE and
PUE on day 10 post-injury. (e) Quantified fluorescence intensity of Ly6G, K5, F4/80, CD206, iNOS. n=6, **p < 0.01, ***p < 0.001. Scale bar: 100 um. NC negative
control, STZ streptozotocin, PUE puerarin, DAPI 4'6-diamidino-2-phenylindole, CD206 cluster of differentiation 206, iNOS inducible nitric oxide synthase
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mice in the STZ group exhibited a significant decrease in
serum IL-10 levels, while puerarin could restore these levels
(Figure 5d). To further clarify the potential mechanism, we
have studied two important signaling cascades, namely, NF-
«B and MAPK, which play a role in regulating diabetic
wound healing. Through western blot analysis of wound
tissue, we found that puerarin treatment significantly
decreased the levels of p-IkBa, p-p65 and p65 (Figure Se, f).
In addition, consistent with the downregulation of the
MAPK pathway, the STZ-induced phosphorylation levels
of ERK, JNK and p38 were markedly increased in diabetic
mice after puerarin treatment (Figure Se, f). These results
indicate that puerarin treatment inhibits p65, IkBa, ERK,
JNK and p38. Moreover, the protein levels of M2 markers
(i.e. Arg-1 and CD206) differed greatly on days 5 and 10
post-injury (Figure 5g, h). Therefore, it can be inferred that
puerarin treatment is effective in suppressing the activation
of inflammatory pathways and promoting macrophage M2
polarization during wound healing.

Puerarin increases the proportion of M2 polarization in
vitro via NF-«B and MAPK signaling cascades

RAW264.7 macrophages were cultured at various glucose
concentrations and their survival rates were assessed by
CCK8 assays. It was found that the survival rate of
RAW264.7 cells decreased significantly when the glucose
concentration was 50 mmol/l (Figure 6a). Next, cytotoxicity
experiments for puerarin were performed and we found that
puerarin had no toxic effect on macrophages (Figure 6a).
To clarify the role of puerarin in inflammation, the
macrophages were cultured in a high-glucose environment,
and LPS (100 ng/ml) was added into the medium to create
an inflammatory environment. The proteins involved in
inflammation pathways (i.e. p63, p-IkBa and NF-« B/MAPK)
in high glucose-induced RAW264.7 cells were evaluated
by western blot assay. The findings demonstrated that
p65, p-IkBa, p-JNK, p-p38 and p-ERK were upregulated
in the high-glucose culture compared with the normal-
glucose culture, and were downregulated after puerarin
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treatment (Figure 6b). There was no obvious difference
in the expression of these proteins between the NC and
PUE groups (Figure 6b). Additionally, RT-qPCR experiments
were performed, and we found that TNF-a and IL-18 were
significantly downregulated while IL-10, Arg-1, CD206
and CD163 were significantly upregulated after puerarin
treatment (Figure 6¢). These findings demonstrated that the
proportion of M2 macrophages was elevated after puerarin
treatment in the high-glucose environment. To further verify
whether puerarin can promote macrophage M2 polarization
in a high-glucose environment, flow cytometry and cellular
immunofluorescence were performed. The results showed the
same trend as previous experiments (Figure 6 d-g). In sum-
mary, puerarin can inhibit inflammation and promote M2
polarization of macrophages in a high-glucose environment
via activation of the NF-« B/MAPK signaling axis.

Discussion

The skin of diabetes patients is easily damaged and difficult
to treat, which can affect their health status. Previous
studies have shown that puerarin exhibits a protective
impact on diabetic nephropathy and neuropathy through
its anti-inflammatory ability [30]. Therefore, we investigated
whether puerarin can enhance wound healing in diabetic
mice. In this study, the following conclusions can be drawn:
(1) intraperitoneal injection of puerarin can promote wound
healing in diabetic mice; (2) puerarin can reduce wound
inflammation and neutrophil infiltration by suppressing
the activation of NF-«B and MAPK pathways in diabetic
mice; and (3) puerarin regulates the polarization of M2
macrophages both in vitro and in vivo in a high-glucose
environment. It is speculated the puerarin exerts an anti-
inflammatory effect by promoting a rapid transition from
the inflammatory stage to the remodeling stage. Our findings
provide an important theoretical basis for treating refractory
skin wound in diabetes patients.

Wound healing can be classified into four phases: hemosta-
sis, inflammation, proliferation and remodeling. All processes
are intertwined, and persistent inflammation can adversely
affect subsequent tissue regeneration [31]. Hyperglycemia
and vasculopathy caused by hyperglycemia around diabetic
wounds can prolong inflammation and delay wound healing
[32]. In our study, the wound healing of diabetic mice was
considered to be slow. Delayed wound healing can lead to
wound infection, destruction of the vascular bed, and then
worsen the wound healing process, resulting in a vicious cycle
[33]. In diabetes patients, it is crucial to stop this vicious
circle as soon as possible. Previous research has shown that
the wound healing process can be improved by inhibiting
inflammatory responses in mice, which in turn accelerates
the repair of inflammatory symptoms [34]. According to
immunohistochemical staining and RT-qPCR, puerarin treat-
ment reduces the infiltration of macrophages and neutrophils
in diabetic wounds. This is beneficial for the wound healing
process from the inflammatory period to the remodeling
period.

The failure of chronic wound closure is also related to the
disturbance of wound microenvironment that is characterized
by increased levels of pro-inflammatory factors, mainly IL-
18, IL-6 and TNF-« [35]. These cytokines can modulate the
polarization of macrophages, leading to improved wound
healing [36]. The functions of IL-6 have received increasing
attention, partly because of its anti-inflammatory and pro-
inflammatory effects [23] and the role of IL-6 in mediat-
ing early injury responses in vivo via STAT3 [37]. Delayed
wound healing is also related to the aggressive occurrence of
an IL-18 pro-inflammatory response in diabetic mice [38].
In addition, previous studies have shown that these proin-
flammatory factors downregulate the wound healing effect
mediated by TGF-B8, which polarizes macrophages into a
pro-inflammatory phenotype and impairs the wound healing
response [39]. Therefore, the decreases in these proinflamma-
tory factors can be considered as proof of the efficacy of puer-
arin treatment. Furthermore, when puerarin was applied to
treat STZ-induced diabetic mice, we observed that IL-18 and
TNF-a were remarkably downregulated at the transcriptional
level, and p-STAT3 was decreased at the translational level,
indicating that puerarin can effectively inhibit inflammatory
factors during diabetic wound healing.

Macrophages are a heterogeneous cell population that
can be activated by classical M1 or alternative M2 signals.
Previous research has shown that M1 macrophages play a
vital role in the early stage of wound healing by produc-
ing high levels of pro-inflammatory cytokines and promot-
ing a persistent inflammatory response [40]. Polarization
of M2 macrophages has been shown to be related to the
acceleration of tissue repair processes. Growing evidence
shows that M2 macrophages regulate collagen production,
myofibroblast differentiation, fibroblast regeneration and re-
angiogenesis during wound healing [41,42]. Several studies
have also shown that a decrease in M2 macrophages can
downregulate the levels of growth factors in the proliferation
stage during wound healing [43,44]. In addition, increased
levels of pro-inflammatory factors, such as iNOS and IL-18,
are associated with the non-healing phenotype [45]. Consid-
ering that M2 macrophages can promote wound repair, it is
postulated that increasing the number of M2 macrophages
in a wound may accelerate wound healing. In this study,
we observed that TNF-o and IL-18, which promote the
polarization of M1 macrophages, were significantly reduced
after treatment; while IL-10, Arg-1, CD206 and CD163,
which induce M2 macrophage formation, were significantly
increased. This indicates that puerarin treatment regulates
M2 macrophages in the process of wound repair. During the
process of wound healing, M2 macrophages dominate the
wound healing site, with fewer M1 macrophages present after
day 5. Most of the macrophages disappeared shortly after day
10 [46]. Furthermore, we were concerned that if we detected
M2 macrophage indicators too early, puerarin might not have
fully exerted its pharmacological role. Therefore, days 5 and
10 were selected to observe the indicators of macrophages.

Based on its role in upregulating the expression of proin-
flammatory genes, NF-xB/MAPK has been considered as
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a classical pro-inflammatory signaling axis. Under normal
circumstances, the NF-«B and MAPK pathways are overac-
tivated in the process of diabetic skin wound repair. More-
over, these two pathways are closely related to macrophage
polarization [47]. This study also found that STZ-induced
diabetic mouse trauma could significantly activate NF-«B
and MAPK signaling cascades. As a common transcription
factor, NF-«B is involved in the transcription of various
genes related to inflammation and the immune response.
Recent studies have confirmed that puerarin can reduce acute
inflammatory injury through restraining the Toll-like recep-
tor 4 (TLR4)/Myeloid differentiation primary response gene
88 (MyD88)/NF-«B signaling axis [48]. Other scholars have
shown that puerarin can reduce the release of inflammatory
mediators by inhibiting the activation of TLR4, p38 MAPK
and ERK1/2 [49]. Our western blot results also indicated that
puerarin treatment could inhibit the NF-k B/MAPK signaling
axis in a high-glucose environment. It has been reported that
inhibition of NF-«B and MAPK signaling pathways could
enhance macrophage differentiation into the proinflamma-
tory M2 phenotype [50,51]. According to our results, puer-
arin inhibited NF-«B and MAPK signaling pathways, thereby
playing an anti-inflammatory role in diabetic wound healing.
Meanwhile, our study demonstrated that puerarin increased
expression of IL-10 and Arg-1, which was important for
inducing the polarization of M2 macrophages. Conversely,
the M1 macrophage-induced levels of TNF-« and IL-18 were
downregulated. Thus, macrophage M2 polarization and inhi-
bition of the NF-k B/MAPK pathway play a synergistic role in
ameliorating diabetic wounds. Nevertheless, the mechanisms
underlying the anti-inflammatory effect of puerarin on dia-
betic wound healing need to be explored in future research.

Conclusions

In summary, our findings demonstrate that the traditional
Chinese medicine extract puerarin has a significant therapeu-
tic effect on wound healing in diabetic mice, and this study
proves that such therapeutic effect is achieved by restraining
the activation of inflammatory pathways and modulating
macrophage polarization. Therefore, puerarin is potentially
effective in treating diabetic wounds.
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