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A B S T R A C T

The impaired wound healing in diabetes is a central concern of healthcare worldwide. However, current treat-
ments often fail due to the complexity of diabetic wounds, and thus, emerging therapeutic approaches are needed.
Macrophages, a prominent immune cell in the wound, play key roles in tissue repair and regeneration. Recent
evidence has demonstrated that macrophages in diabetic wounds maintain a persistent proinflammatory
phenotype that causes the failure of healing. Therefore, modulation of macrophages provides great promise for
wound healing in diabetic patients. In this study, the potential of paeoniflorin (PF, a chemical compound derived
from the herb Paeonia lactiflora) for the transition of macrophages from M1 (proinflammatory phenotype) to M2
(anti-inflammatory/prohealing phenotype) was confirmed using ex vivo and in vivo experimental approaches. A
hydrogel based on high molecular weight hyaluronic acid (HA) was developed for local administration of PF in
experimental diabetic mice with a full-thickness wound. The resultant formulation (HA-PF) was able to signifi-
cantly promote cutaneous healing as compared to INTRASITE Gel (a commercial hydrogel wound dressing). This
outcome was accompanied by the amelioration of inflammation, the improvement of angiogenesis, and re-
epithelialization, and the deposition of collagen. Our study indicates the significant potential of HA-PF for clin-
ical translation in diabetic wound healing.
1. Introduction

The wound healing proceeds efficiently after surgical incision, trau-
matic injury, and superficial burn. The healing process generally com-
prises four stages, including hemostasis, inflammation, proliferation, and
maturation [1]. However, this process may be retarded by certain
physiological conditions (e.g., ischemia, obesity, and diabetes); conse-
quently, it is obstructed at one of the stages [2]. Diabetes is recognized as
one of the leading causes of chronic (non-healing) wounds, and diabetic
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wounds complicate medical care, increase treatment costs, and worsen
the life quality of patients [3]. However, as the cellular and molecular
mechanisms underlying diabetic wounds remain incompletely under-
stood, current therapeutic strategies are limited.

The macrophage is a type of leukocyte (or white blood cell) of the
immune system and exists as a heterogeneous population in different
tissues [4]. The macrophage is generally classified into M1 (or M1-like;
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key roles in wound healing at different stages [6], in which the transition
from M1 to M2 occurs [7], as follows: (1) M1 macrophages destroy
foreign pathogens and clean dead tissues at the inflammation stage; (2)
M1 macrophages are polarized into M2 at the proliferation stage, and M2
macrophages facilitate the formation of a new blood vessel and granu-
lation tissue; (3) M2 macrophages activate fibroblasts, which will pro-
mote the deposition of collagens for the integrity of wound site at the
maturation stage. Increasing evidence indicates that macrophages are
persistently maintained with the M1 phenotype in diabetic wounds,
which can significantly hinder the skin repair and regeneration [7].
Therefore, modulation of macrophages from M1 to M2 provides great
promise for the improvement of diabetic wound healing [8].

Paeoniflorin (PF) is themajor bioactive ingredient in the total glycoside
of paeony extracted from Paeonia lactiflora roots [9]. It has been reported
that PF exerts immunoregulatory functions in preclinical animal models of
inflammatory disorders (e.g., rheumatoid arthritis, inflammatory bowel
disease, psoriasis, and asthma) [10]. This may be attributed to the capacity
of PF for controlling the activity of macrophages [11–16]. In this study, the
potential of PF for the modulation of macrophages from M1 to M2 was
confirmed using ex vivo and in vivo experimental approaches. Accordingly,
a high molecular weight hyaluronic acid-based hydrogel was developed to
facilitate the local administration of PF for healing efficacy in
streptozocin-induced diabetic mice with a full-thickness wound.

2. Materials and methods

2.1. Materials

Sodium hyaluronate with a range of molecular weights
(Mw ¼ 800–1,000, 1,300–1,500, and 1800–2,200 kDa) was obtained
from Bloomage Biotech, China. The other materials and reagents were
purchased from Sigma-Aldrich unless mentioned otherwise.

2.2. Animals

C57BL/6J male mice (~6–7 weeks and ~20 g) were purchased from
Changchun Yisi Experimental Animal Technology Co., Ltd. Animals were
allowed to acclimate for at least one week in the housing facility before
the experiment. Mice were maintained in a pathogen-free animal facility
(5 animals per cage) under standard conditions (22 � 2 �C under a 12 h
light/dark cycle: lights on at 08:00). Animals received food and water
freely. The experiments have been approved by the Animal Ethics
Committee of Jilin University.

2.3. Cytotoxicity

L929 cells (mouse fibroblasts) were maintained in DMEM (high
glucose; Corning) supplemented with 10% fetal bovine serum (FBS;
Corning) and 1% penicillin-streptomycin (P/S) (TransGen Biotech,
China). HUVECs (human umbilical vein endothelial cells) were main-
tained in RPMI-1640 (Corning) supplemented with 10% FBS and 1% P/S.
Cells were maintained at 37 �C with 5% CO2 and 95% relative humidity.

The L929 and HUVECs (2,000 per well) were seeded in 96-well plates
under the normal growth conditions for 24 h. Subsequently, cells were
added with PF ([c] ¼ 1, 5, 10, 25, 50, 100, and 200 μM) and incubated
under the normal growth conditions for one day. After incubation, cells
were added with 150 μL fresh growth media and 15 μL MTT stock (5 mg/
mL) and incubated for 4 h at 37 �C. The purple formazan products were
dissolved by DMSO before measurement at 570 nm using a microplate
reader.

2.4. Phenotype and function of macrophages

The bone marrow-derived macrophages (BMDMs) were harvested and
prepared as previously reported [17]. Briefly, the bonemarrowwasflushed
from the femurs of 4–6 week old C57BL/6J mice using ice-cold
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phosphate-buffered saline (PBS;Corning)andpassed through the70μmcell
strainers (BD Falcon). Cells were collected by centrifugation at 1,200 rpm
for 5 min. The red blood cells were lysed with 1 mL Red Blood Cell Lysis
Buffer (Yeasen Biotech, China) for 1 min. After centrifugation at 1200 rpm
for 5 min, cells were seeded in 24-well plates (2 � 105 per well) within
DMEM (high glucose) supplementedwith 10% FBS, 1% P/S, and 10 ng/mL
M-CSF (Biolegend). After three days, cells were added with fresh DMEM
(high glucose) supplementedwith 10%FBS, 1%P/S, and 10 ng/mLM-CSF.
After two days, cells were added with DMEM (high glucose) supplemented
with 10%FBS, 1%P/S, 100ng/mL LPS, and 20 ng/mL IFN-γ. After oneday,
cells were added with PF ([c]¼ 10, 25 and/or 50 μM) for 24 h prior to the
following experiments: (1) Flow cytometry [18]. The antigen expression
was detected by fluorophore-labeled antibodies (Table S1) using BD
FACSCalibur (Becton Dickinson). (2) RT-qPCR [19]. First-strand cDNAwas
generatedusing theTransScript® First-Strand cDNASynthesis SuperMixkit
(TransGen Biotech, China). RT-qPCRwas carried out with TransStart® Top
Green qPCR SuperMix kit (TransGen Biotech, China) using StepOnePlus™
Real-TimePCRSystem(ThermoFisher).Theprimerswere listed inTableS2.
(3)Western blot. The total proteinwas collected using the RIPALysis Buffer
(GenStar, China) containing 1 mM PMSF (GenStar, China). The protein
concentrationwasdeterminedusing theBCAkit (TransGenBiotech,China),
and~30 μg protein per samplewas loaded onto an SDS-polyacrylamide gel
and electrophoresed at 80–100 V for 1–2 h. Protein was transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore) for 1–1.5 h at
200 mA. Membranes were incubated overnight with primary antibodies
(Table S1) at 4 �C. The appropriate secondary antibodies (Table S1) were
added to themembrane at room temperature for 1h. Proteinswere detected
using the enhanced chemiluminescence solution (GE Healthcare). Quanti-
fication of proteins was carried out using densitometry (ImageJ), and all
results were normalized to β-Actin. (4) ELISA. The level of cytokines in the
supernatantwas assessed usingmouseTNF-α, IL-1β, IL-10, andTGF-β ELISA
kits (LanpaiBIO Co., Ltd., China).

2.5. Preparation, physicochemical characterization, and in vivo
performance of hyaluronic acid hydrogels

For preparing the crosslinked hydrogels, the sodium hyaluronate was
dissolved in deionized water ([c] ¼ 0.4 μM) at 50–55 �C with stirring.
This solution was added with ADH ([c] ¼ 15 mM) at room temperature
with stirring, and the pH was adjusted to ~ 4.5 to 4.7 prior to the
addition of EDC. HCl ([c] ¼ 0.5 mM). Following vigorous stirring, the
solution became gelatinous due to the formation of crosslinked hydro-
gels. The hydrogels were washed with PBS (pH ¼ 7.4) and subsequently
washed using pure ethanol with sonication. The hydrogels were air-
dried, rehydrated using deionized water, and dried using a freezer-
drier for long-term storage.

The physicochemical property of hydrogels was assessed as follows:
(1) Morphology [20]. The structure of dried hydrogels was observed
using scanning electron microscopy (SEM). (2) Swelling ratio (SR) [21].
Dried hydrogels (0.05 g) were incubated in PBS (pH ¼ 7.4), the swelled
hydrogels were collected, and the water was removed from the surface of
hydrogels until the weight was not changed. The SR was calculated as SR
¼ (Ws-Wd)/Wd, whereWs¼ the weight of hydrogels at the swelling state
and Wd ¼ the weight of hydrogels at the dry state. (3) Enzymolysis
resistance [22]. Dried hydrogels (0.05 g) were completely rehydrated
based on SR determined as above and subsequently placed in 1 mL hy-
aluronidase solution (100 U/mL). Following the incubation at 0, 24 and
48 h, 0.2 mL samples were added into 1.2 mL sulfuric acid. After heating
at 95–100 �C for 10 min, the content was added with 0.1 mL carbazole
solution (0.15% W/V in absolute ethanol) prior to the measurement at
the absorbance of 530 nm using the microplate reader. (4) Release rate
[23]. Dried HA (0.05 g) was incubated with 10 mL of BSA solution
(10 mg/mL) to produce BSA-loaded hydrogels. The hydrogels were
removed, and the amount of BSA left in the solution was determined
using NanoDrop™ (Thermo Scientific). The amount of BSA inside
hydrogels ¼ (the feed amount) - (the amount of BSA left in the solution).
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Subsequently, BSA-loaded hydrogels were incubated in 2 mL PBS
(pH ¼ 7.4) at 37 �C with gentle shaking. The amount of BSA released
from hydrogels into the solution at different time points was measured
using NanoDrop™ to determine the release rate.

Two full-thickness wounds (~0.3 cm2) per animal were made using
disinfected surgical scissors deeply into the dermis without disturbing
the subdermal vasculature on the dorsal surface. Ont days 0, 2, and 4, the
wounds were randomly grouped, and were treated with 100 μL of
hydrogels (4%, 8%, and 12%, W/V in PBS). The wound diameter was
recorded on days 0, 3, 7, and 14. The wound healing rate was calculated
as (1-Sn/S0) � 100%, where Sn ¼ the wound surface area at a pre-
determined day and S0 ¼ the wound surface area at day 0.

2.6. The wound healing efficacy of paeoniflorin-loaded hydrogel in
diabetic mice

Experimental diabetic mice were established as previously reported
[24]. Briefly, streptozocin (STZ) was freshly prepared at a concentration
of 20% (W/V) in sodium citrate buffer solution (pH ¼ 4.5). Mice were
intraperitoneally injected with STZ solution at a dose of 55 mg/kg for 5
days. Subsequently, the blood was collected from the tail, and the con-
centration of glucose in the blood was measured using a blood glucose
meter. The mice with blood glucose more than 14 mmol/L were
considered as diabetic mice [24,25], and the full-thickness wound was
established as described above. Subsequently, animals were randomly
grouped, and the blood glucose was measured throughout the experi-
ment to ensure a concentration of glucose of more than 14 mmol/L. In
order to prepare PF-loaded hydrogels (HA-PF), PF was dissolved in
propylene glycol ([c] ¼ 25,000, 50,000, 100,000 and 200,000 μM), and
was diluted in PBS (pH ¼ 7.4) ([c] ¼ 250, 500, 1,000 and 2,000 μM) to
achieve the PF solutions. Subsequently, 1 mL of PF solutions were added
to 0.08 g of dried HA (prepared as described above), achieving HA-PF
(8% hydrogels; the PF solutions were fully absorbed by dried HA at
this condition; theoretically, PF was fully loaded into hydrogels). The
healing efficacy of 100 μL HA-PF was assessed as described above. In
addition, 100 μL blank hydrogel and 100 μL INTRASITE Gel were used as
controls.

At predetermined days, the wound specimen without surrounding
healthy tissues was obtained for the following experiments: (1)
Hematoxylin-eosin (H&E) staining assay [26]. The samples were fixed in
4% paraformaldehyde, embedded in paraffin, and sectioned (5 μm). Sec-
tions were used for H&E staining, and the inflammatory cell infiltration,
fibroblast proliferation, and blood vessel formation were observed under
the microscope (Olympus BX53). The number (N) of positive cells and the
area (a) in the slide were analyzed using Image-Pro Plus 6.0 software
(Media Cybernetics, Inc., USA). The level of inflammatory cell infiltration
with the treatment of blank hydrogel, INTRASITE Gel, and HA-PF was
determined as N/a corrected according to the untreated group. In addition,
three areas of the epidermis layer in the slide were randomly selected to
measure the mean of epidermal thickness using Image-Pro Plus 6.0 soft-
ware. The level of fibroblast proliferation with the treatment of blank
hydrogel, INTRASITE Gel, and HA-PF was determined as the mean of
epidermal thickness corrected according to the untreated group.Moreover,
the development of blood vessels was quantified based on themean of new
blood vessels in the slide. (2) Masson’s trichrome staining assay. The
collagen deposition was observed under the microscope (Olympus BX53).
The collagen area (%), also known as collagen volume fraction (CVF; it is
the percentage of the blue area positive for collagen relative to the total
tissue area) in the slide, was analyzed using Image-Pro Plus 6.0 software
(Media Cybernetics, Inc., USA). The quantitative level in collagen deposi-
tion with the treatment of blank hydrogel, INTRASITE Gel, and HA-PF was
determined as the CVF corrected according to the untreated group. (3)
Immunofluorescent staining assay [27]. The dewaxed sections were fol-
lowed by the retrieval of antigen, permeabilization, and blocking in 5%
BSA. Slides were incubated with primary antibodies (Table S1) overnight
at 4 �C, followed by incubationwith secondary antibodies (Table S1). After
3

the nucleus staining with DAPI (Beyotime Biotech, China), slides were
observed under the confocal microscope (Olympus FV3000). (4) RT-qPCR.
The samples were homogenized with TriZol Up reagent (TransGen
Biotech, China) using a tissue grinder (Scientz, China). The homogenates
were centrifuged at 12,500 rpm for 20 min at 4 �C, and the total RNA was
collected from the supernatant using TransZol UP (Transgen Biotech,
China). RT-PCR was performed as described above. The primers were
listed in Table S2. (5) ELISA [28]. The samples were homogenized within
the RIPA Lysis Buffer containing 1 mM PMSF using the tissue grinder. The
homogenates were centrifuged at 12,500 rpm for 20 min at 4 �C to collect
the total protein. The level of proteins in the content was assessed using
mouse TNF-α, IL-1β, IL-10, and TGF-β ELISA kits (LanpaiBIO Co., Ltd.,
China).
2.7. Statistical analysis

Results were presented as the mean � standard deviation (SD)
(n ¼ sample size). A two-way ANOVA (Bonferroni’s Post-Hoc test) was
used to test the significance of differences. In all experiments, p < 0.05
was considered statistically significant.

3. Results

3.1. Paeoniflorin modulates the phenotype and function of macrophages

The cytotoxicity of paeoniflorin (PF; Fig. 1A) was assessed in mouse
fibroblasts (L929) and human umbilical vein endothelial cells (HUVECs)
using the MTT assay, respectively (Fig. S1). Results show that no sig-
nificant cytotoxicity was caused by PF in two cell lines under the con-
centrations tested (up to 200 μM) (Fig. S1). The potential of PF to
modulate the phenotype and function of macrophages was subsequently
assessed using BMDMs. BMDMs were polarized into M1 following the
stimulation of LPS and IFN-γ [29], and the polarization was confirmed by
the expression of CD86 and F4/80 (two commonly used phenotypic
markers for M1 macrophages) using flow cytometry (dot plot). As shown
in Fig. 1B and S2, the number of CD86-and F4/80-expressing cells was
significantly (p < 0.05) reduced following the treatment of PF ([c] ¼ 10,
25, and 50 μM) as compared to the DMSO group. In contrast, the number
of cells with the expression of CD206 and F4/80 (two commonly used
phenotypic markers for M2 macrophages) was significantly (p < 0.05)
increased following the treatment of PF as compared to the DMSO group
at the same concentrations (analyzed using flow cytometry, dot plot;
Fig. 1C and S2). Consequently, the ratio of M2 versus M1 was signifi-
cantly (p < 0.05) increased by PF (Fig. 1D), indicating the role of PF in
modulating the phenotype of macrophages from M1 (or M1 like) to M2
(or M2 like).

In addition to phenotypic modulation, PF was able to control the
function of macrophages. As shown in Fig. 1E, the mRNA level of iNOS,
TNF-α, and IL-1β (three functional markers associated with M1 macro-
phages) produced by LPS- and IFN-γ-stimulated BMDMswas significantly
(p< 0.05) reduced by PF, while the mRNA level of Arg-1, IL-10, and TGF-
β (three functional markers associated with M2 macrophages) were
significantly (p < 0.05) increased by PF. In addition, the release of TNF-α
and IL-1βwas significantly (p< 0.05) suppressed by PF, while the release
of IL-10 and TGF-β was significantly (p < 0.05) enhanced by PF (Fig. 1F).

The capacity of PF in regulating the signal transducer and activator of
transcription (STAT) signaling pathway (a classic pathway underlying
macrophage polarization) was assessed using LPS- and IFN-γ-stimulated
BMDMs. Results show that STAT1 (a key protein associated with M1
macrophages) was significantly (p < 0.05) deactivated by PF, while
STAT6 (a key protein associated with M2macrophages) was significantly
(p< 0.05) activated by PF (Fig. 1G and S3). Consequently, the expression
of iNOS, a downstream protein of STAT1, was significantly (p < 0.05)
suppressed, while the expression of Arg-1, a downstream protein of
STAT6, was significantly (p < 0.05) enhanced (Fig. 1G and S3).



Fig. 1. Paeoniflorin modulates the pheno-
type and function of macrophages. (A) The
chemical structure of paeoniflorin (PF). (B)
The CD86þ and F4/80þ population (%) in
LPS- and IFN-γ-stimulated BMDMs following
treatment of DMSO and PF (10, 25 and
50 μM) (n ¼ 3; *p < 0.05 and NS ¼ no sig-
nificance). (C) The CD206þ and F4/80þ

population (%) in LPS- and IFN-γ-stimulated
BMDMs following treatment of DMSO and PF
(10, 25 and 50 μM) (n ¼ 3; *p < 0.05 and
NS ¼ no significance). (D) The ratio of M2
cells (CD206þ and F4/80þ) versus M1 cells
(CD86þ and F4/80þ) (n ¼ 3; *p < 0.05 and
NS ¼ no significance). (E) The mRNA
expression of cytokines in LPS- and IFN-
γ-stimulated BMDMs following treatment of
DMSO and PF (50 μM) (n ¼ 3; *p < 0.05 and
NS ¼ no significance). (F) The release of cy-
tokines in LPS- and IFN-γ-stimulated BMDMs
following treatment of DMSO and PF (50 μM)
(n ¼ 3; *p < 0.05 and NS ¼ no significance).
(G) The activity of STAT signaling pathway in
LPS- and IFN-γ-stimulated BMDMs following
treatment of DMSO and PF (50 μM). The
relative expression of the proteins of interest
was quantified in Fig. S3.
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3.2. Preparation, physicochemical characterization, and in vivo
performance of hyaluronic acid hydrogels

Subsequently, a hydrogel based on high molecular weight hyaluronic
acid (HA) was developed to facilitate in vivo application of PF (Fig. 2). As
shown in Fig. 2A, hydrogels were produced by crosslinking a range of HA
polymers (Mw ¼ 800–1,000, 1,300–1,500, and 1,800–2,200 kDa) via
ADH. The SEM results show that crosslinked HAs presented a porous 3-
dimensional (3D) morphology, whereas non-crosslinked HAs displayed
an irregular 2D structure (Fig. 2B). In addition, the physicochemical
property of crosslinked HAs was evaluated in terms of swelling rate
(Fig. 2C), enzymatic hydrolysis resistance (Fig. 2D), and sustained-
release rate (Fig. 2E). Results show that the crosslinked HA with Mw of
1,800–2,200 kDa significantly improved the swelling capacity, enhanced
4

the enzymatic hydrolysis resistance, and facilitated long-term drug
release, in comparison to the counterparts with Mw of 800–1,000 and
1,300–1,500 kDa. Therefore, the crosslinked HA with Mw of
1,800–2,200 kDa was selected for the following in vivo experiments.

The fluidity of hydrogels was decreased with the increment of the
concentration (Fig. 2F); when the concentration was increased to 12%,
the hydrogel became condensed (Fig. 2F). It has been reported that HA as
a hydrogel dressing may improve wound healing [30]. In this study,
crosslinked hydrogels with the concentration of 4%, 8%, and 12% were
applied to mice with a full-thickness wound (Fig. 2G). Results show that
the 8% hydrogel accelerated the wound closure as compared to 4% and
12% counterparts. This is likely due to the fact that 8% hydrogel achieved
a favorable viscosity for local administration. Therefore, the hydrogel
was prepared using 1,800–2,200 kDa of crosslinked HA at a



Fig. 2. Preparation, physicochemical character-
ization, and in vivo performance of hyaluronic
acid hydrogels. (A) The schematic for prepara-
tion of crosslinked HA. (B) SEM image of cross-
linked HA with different molecular weights
(Mw) (bar in the upper lane ¼ 50 μm and bar in
the lower lane ¼ 10 μm). (C) The swelling rate of
crosslinked HA with different Mw (n ¼ 3). (D)
The enzymatic hydrolysis resistance of cross-
linked HA with different Mw (n ¼ 3). (E) The
release rate of BSA in crosslinked HA with
different Mw (n ¼ 3). (F) The images of cross-
linked hydrogels (Mw ¼ 1,800–2,200 kDa) at the
concentration of 4%, 8% and 12%. (G) The
healing rate (%) of mice with full-thickness
wounds following treatment of crosslinked
hydrogels (Mw ¼ 1,800–2,200 kDa) at the con-
centration of 4%, 8% and 12% (n ¼ 4; *p < 0.05
relative to untreated, 4% and 12%).
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concentration of 8% for local administration of PF in diabetic wound
healing (Fig. 3).

3.3. Paeoniflorin-loaded hydrogel accelerates diabetic wound closure in
mice

In order to optimize the dose of PF for in vivo application, the
hydrogels containing PF (referred to as HA-PF) at the dose of 250, 500,
1,000, and 2,000 μMwere locally administrated to experimental diabetic
mice with a full-thickness wound (Fig. S4). Results show that the wound
healing was significantly (p < 0.05) improved by HA-PF relative to the
untreated group (Fig. S4). In addition, HA-PF demonstrated sustained
release of PF (Fig. S5), which was similar to the results described in
Fig. 2E. Due to the effective wound healing achieved by HA-PF at 500 μM
of PF, this dose was selected for the following experiments.

The experimental diabetic mice with full-thickness wounds were
established as described in Fig. 3A and S6. On day 0, the blank hydrogel,
INTRASITE Gel (a commercial hydrogel wound dressing), and HA-PF
were locally applied to diabetic wounds. Results show that the blank
hydrogel and INTRASITE Gel significantly (p < 0.05) improved wound
healing as compared to the untreated group on days 3, 7, and 14, while
5

HA-PF was able to further (p < 0.05) accelerate the wound closure
relative to the blank hydrogel and INTRASITE Gel (Fig. 3B). Conse-
quently, the reduction of inflammatory infiltration, amelioration of
epidermal hyperplasia, and enhancement of new blood vessel growth
(angiogenesis) were significantly (p < 0.05) achieved by HA-PF relative
to the blank hydrogel and INTRASITE Gel on day 14 (Fig. 3C). In addi-
tion, the collagen disposition was significantly (p < 0.05) improved by
HA-PF relative to the controls on day 14 (Fig. 3D). These results indicate
that HA-PF could promote diabetic wound healing via the suppression of
inflammatory infiltration and epidermal hyperplasia, and the improve-
ment of angiogenesis and collagen disposition.

3.4. Healing effects of paeoniflorin-loaded hydrogel

Due to ex vivo effects achieved by PF (Fig. 1), the capacity of HA-PF
for diabetic wound healing based on the modulation of macrophages
was also confirmed in vivo (Fig. 4). Immunofluorescent results show that
the blank hydrogel and INTRASITE Gel could not significantly change the
population of M1 phenotype (iNOSþ and F4/80þ) out of the total mac-
rophages as compared to the untreated control on day 7, while HA-PF
significantly (p < 0.05) reduced the population of M1 phenotype



Fig. 3. Paeoniflorin-loaded hydrogel accel-
erates diabetic wound closure in mice. (A)
The treatment schematic for STZ-induced
diabetic mice with full-thickness wounds.
(B) Images of incisional wounds after treat-
ments of blank HA, INTRASITE gel, and HA-
PF (containing 500 μM of PF). Healing rate
(%) when compared with the wound area on
day 0 (n ¼ 8). The level of blood glucose in
mice was monitored to ensure the formation
of diabetes during the experiments (Fig. S4).
(C) In H&E staining images (white
bar ¼ 20 μm), the blue, green and red arrows
represent epidermal hyperplasia, proin-
flammatory cells, and new blood vessels,
respectively (n ¼ 6; *p < 0.05 and NS ¼ no
significance). (D) In Masson’s trichrome
staining images (white bar ¼ 20 μm)
(red ¼ keratin, muscle fibers or cytoplasm,
blue ¼ collagen), the collagen deposition
was quantified (n ¼ 6; *p < 0.05 and
NS ¼ no significance).
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relative to the blank hydrogel and INTRASITE Gel (Fig. 4A). In addition,
the blank hydrogel and INTRASITE Gel could not significantly change the
population of M2 phenotype (CD206þ and F4/80þ) out of the total
macrophages as compared to untreated control on day 7, while HA-PF
significantly (p < 0.05) increased the population of M2 phenotype rela-
tive to the blank hydrogel and INTRASITE Gel (Fig. 4A). This was
accompanied by the downregulation of proinflammatory factors (iNOS,
TNF-α, and IL-1β) and the upregulation of anti-inflammatory/prohealing
factors (Arg-1, IL-10, and TGF-β) on day 7 (Fig. 4B and C).

The improvement of M2 macrophages achieved by HA-PF signifi-
cantly (p < 0.05) enhanced the expression of CD31 and VEGF as
compared to the blank hydrogel and INTRASITE Gel on day 14 (Fig. 4D).
Immunofluorescent results further confirm that the expression of CD31
6

was significantly (p < 0.05) improved by HA-PF on day 14 (Fig. 4E). In
addition, the improvement of M2 macrophages achieved by HA-PF also
significantly (p < 0.05) promoted the expression of α-SMA and type I
collagen as compared to the blank hydrogel and INTRASITE Gel at day
14 (Fig. 4D). Immunofluorescent results also confirm that the expression
of α-SMA was significantly (p < 0.05) enhanced by HA-PF on day 14
(Fig. 4F). In addition, the enhanced expression of type I collagen ach-
ieved by HA-PF was compliant with the collagen disposition, as shown
in Fig. 3D. These results indicate that HA-PF could modulate macro-
phages, which achieved the amelioration of inflammation, the
improvement of angiogenesis and re-epithelialization, and the
enhancement of collagen deposition, resulting in the improvement of
diabetic wound healing.



Fig. 4. HA-PF promotes diabetic wound healing viamodulation of macrophages. (A) The population (%) of iNOSþ F4/80þ and Arg-1þ F4/80þ macrophages within the
wound was determined using immunofluorescent assay (n ¼ 4; *p < 0.05 and NS ¼ no significance). (B) The mRNA expression of cytokines in the wound following
treatment of blank HA, INTRASITE gel, and HA-PF (containing 500 μM of PF) (n ¼ 4; *p < 0.05 and NS ¼ no significance). (C) The release of cytokines in the wound
following different treatments (n ¼ 4; *p < 0.05). (D) The mRNA expression of CD31, VEGF, α-SMA and type I collagen in the wound following different treatments
(n ¼ 4; *p < 0.05 and NS ¼ no significance). (E) The expression of CD31 in the wound was determined using immunofluorescent assay (n ¼ 4; *p < 0.05 and NS ¼ no
significance). (F) The expression of α-SMA in the wound was determined using immunofluorescent assay (n ¼ 4; *p < 0.05 and NS ¼ no significance).
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4. Discussion

Wound healing is generally composed of four stages, including he-
mostasis, inflammation, proliferation, and maturation [31]. Hemostasis
occurs immediately after a lesion, which will stop bleeding from injured
blood vessels in seconds (up to hours). The inflammatory stage is induced
by proinflammatory factors for killing the invading pathogens and
cleaning the dead tissues. Subsequently, the epithelial closure (re-epi-
thelialization) and new blood vessel formation (angiogenesis) are
accomplished in the proliferation stage. Finally, the newly formed tissues
7

are reorganized to enhance the integrity of the wound site at the matu-
ration stage. Emerging evidence shows that a variety of cell types are
involved in the wound healing [32]. Among these, macrophages play key
roles at different stages of wound healing [33]. For example, M1 (or
M1-like) macrophages produce proinflammatory factors and reactive
oxygen/nitrogen species for controlling the infection at the early
inflammation stage, while M2 (or M2-like) counterparts produce
anti-inflammatory factors for the resolution of the inflammation stage
[34]. In addition, M2 (or M2-like) macrophages produce growth factors
for promoting the re-epithelialization, angiogenesis, and collagen
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disposition during the proliferation and maturation stages [7].
It has become increasingly clear that the failure in the transition of

macrophages from proinflammatory to anti-inflammatory/prohealing
causes impaired diabetic wound healing [35]. It has been reported that
the local administration of insulin changed the polarization of macro-
phages from M1 to M2, which restored the inflammatory response,
resulting in acceleration of diabetic wound healing [36]. In addition, the
local treatment of IL-33 (an inducer of Th2 type immunity) amplified the
polarization of macrophages into M2 phenotype, which enhanced the
proliferation of fibroblasts and the formation of new blood vessels, pro-
moting wound healing in diabetic mice [37]. These imply that the mod-
ulation of macrophages provides the promise for treating diabetic wounds.

Recently, PF has demonstrated the potential of treating inflammatory
disorders, which is likely due to the capacity for orchestrating the activity
of macrophages [11–16]. In this study, PF was able to reduce the popu-
lation of CD86-and F4/80-expressing macrophages and increase the
population of CD206-and F4/80-expressing macrophages (Fig. 1B to D),
indicating the capacity of PF for modulating the phenotype of macro-
phages from M1 to M2. In addition, PF could suppress the production of
proinflammatory factors (iNOS, TNF-α, and IL-1β) and enhance the
production of anti-inflammatory/prohealing factors (Arg-1, IL-10, and
TGF-β) (Fig. 1E and F), demonstrating the capacity of PF for modulating
the function of macrophages from proinflammatory to
anti-inflammatory/prohealing. Furthermore, PF could deactivate STAT1
(a key protein associated with M1 macrophages) but activate STAT6 (a
key protein associated with M2 macrophages) (Fig. 1G and S3), indi-
cating that PF could modulate the phenotype and function of macro-
phages via the regulation of STAT signaling pathway. Therefore, the
results of Fig. 1 indicate the potential of PF for promoting diabetic wound
healing via modulation of macrophages.

Recently, a variety of materials and techniques have been developed
for biomedical applications [38–41]. Among these, HA, as a glycosami-
noglycan of the extracellular matrix, plays a critical role in tissue repair
and regeneration [42]. Recent advances in polymerization approaches
have facilitated the development of HA derivatives as reparative bio-
materials for wound healing [43]. In addition, HA-based hydrogel sys-
tems have been developed to deliver therapeutic agents (e.g., growth
factors) [44] and living cells (e.g., human microvascular endothelial cells
and fibroblasts) [45] for wound healing. For facilitating in vivo applica-
tion of PF, hydrogels were produced in this study by crosslinking high
molecular weight HA polymers with ADH (Fig. 2A). The crosslinked HAs
demonstrated a porous 3D morphology (Fig. 2B), indicating the potential
for loading of PF. In addition, the crosslinked HA (Mw ¼ 1,800–2,
Fig. 5. Modulation of macrophages by a paeoniflorin-loaded hyaluron
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200 kDa) significantly improved the physicochemical performance
relative to counterparts (Mw ¼ 800–1,000 and 1,300–1,500 kDa) in
terms of the swelling rate, enzymatic hydrolysis resistance, and
sustained-release rate (Fig. 2C to E). These suggest that the crosslinked
HA (Mw ¼ 1,800–2,200 kDa) facilitates the high loading and long-term
release of PF. In addition, when this hydrogel on its own was locally
administrated to the wounds, the healing efficacy was significantly
improved relative to untreated control (Fig. 2G). Notably, the wound
closure was significantly accelerated by 8% hydrogel, which is likely due
to the appropriate viscosity as compared to the other counterparts
(Fig. 2F). Therefore, the results of Fig. 2 indicate the potential of
HA-based hydrogel as the delivery system for local administration of PF
in treating diabetic wound healing.

The local application of HA-PF at the dose of 500 μM PF could
significantly promote diabetic wound healing (Fig. 3B). The wound
healing was accompanied by the suppression of inflammatory infiltration
and epidermal hyperplasia (fibroblast proliferation), and the improve-
ment of angiogenesis and collagen disposition (Fig. 3C and D), indicating
the capacity of HA-PF for fulfilling the inflammation, proliferation, and
maturation stages. This outcomewas mainly due to the capacity of HA-PF
to improve M2 macrophages for anti-inflammation/prohealing (Fig. 4).
HA-PF significantly (p < 0.05) reduced the population of M1 macro-
phages but significantly (p < 0.05) elevated the population of M2 mac-
rophages inside the wound on day 7 postinjury (Fig. 4A), indicating that
HA-PF was able to facilitate the polarization of macrophages from M1 to
M2 at the late inflammation stage. The macrophage polarization resulted
in the resolution of inflammation, which was evident with the down-
regulation of iNOS, TNF-α, and IL-1β and the upregulation of Arg-1, IL-
10, and TGF-β (Fig. 4B and C). It has been reported that M2 macrophages
produce growth factors (e.g., TGF-β and VEGF) for stimulating the acti-
vation of vascular cells and fibroblasts [46]. Indeed, HA-PF significantly
(p < 0.05) improved the expression of CD31 (a marker for neo-
vascularization), VEGF (a growth factor for angiogenesis), α-SMA (a
marker for myofibroblast formation), and type I collagen (the most
abundant collagen in the skin) on day 14 after injury (Fig. 4D to F). This
indicates the role of HA-PF in promoting angiogenesis,
re-epithelialization, and collagen disposition at the proliferation and
maturation stages. These results confirm that modulation of macro-
phages by the local administration of HA-PF promoted diabetic wound
healing. In addition, it is worth noting that HA-PF was able to signifi-
cantly improve the healing efficacy relative to INTRASITE Gel (a com-
mercial hydrogel wound dressing) (Figs. 3 and 4). This provides a great
promise of HA-PF for clinical translation in diabetic wound healing.
ic acid-based hydrogel (HA-PF) promotes diabetic wound healing.
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5. Conclusions

Accumulated evidence shows that the dysregulation of macrophages
may cause impaired wound healing in diabetes [47]. In this study, a
PF-loaded HA-based hydrogel system (namely HA-PF) has been developed
for orchestrating the phenotype and function of macrophages in diabetic
wounds (Fig. 5). Consequently, HA-PF successfully achieved the
PF-mediated transition of macrophages from M1 (proinflammatory) to
M2 (anti-inflammatory and prohealing), resulting in the promotion of
diabetic wound healing. It should be borne in mind that although mac-
rophages are generally classified into M1 and M2, the heterogeneity and
plasticity of macrophages have not been fully characterized [48]. There-
fore, the role of HA-PF in the phenotypic and functional switch of
macrophage subpopulations associated with diabetic wounds will be
further investigated in the future. It is also worth noting that a multimodal
strategy is highly required for the treatment of diabetic wounds [49].
Therefore, HA-PF as regenerative medicine may be used in combination
with other strategies that can control hyperglycemia and secondary
infection in order to improve therapeutic outcomes for diabetic wounds.
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