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Objective: To investigate the role of Portulaca oleracea (POL) in promoting revascularization and re-
epithelization as well as inhibiting iron aggregation and inflammation of deep tissue pressure injury
(DTPI).
Methods: The hydroalcoholic extract of POL (P) and aqueous phase fraction of POL (PD) were prepared
based on maceration and liquid–liquid extraction. The number of new blood vessels and VEGF-A expres-
sion level were assessed using H&E stain and Western blot on injured muscle to examine the role of POL
different extracts in vascularization. The iron distribution and total elemental iron of injured muscle were
detected using laser ablation inductively coupled plasma mass spectrometry (ICP-MS) and Perls’ staining
to determine whether POL extracts can inhibit the iron accumulation. Besides, the ability of POL extracts
to promote wound healing by combining re-epithelization time, inflammation degree and collagen
deposition area were comprehensively evaluated.
Results: In vitro, we observed a significant increase in HUVEC cell viability, migration rate and the number
of the tube after P and PD treatment (P < 0.05). In vivo, administration of P and PD impacted vasculariza-
tion and iron accumulation on injured tissue, evident from more new blood vessels, higher expression of
VEGF-A and decreased muscle iron concentration of treatment groups compared with no-treatment
groups (P < 0.05). Besides, shorter re-epithelization time, reduced inflammatory infiltration and distinct
collagen deposition were associated with administration of P and PD (P < 0.05).
Conclusion: POL extract administration groups have high-quality wound healing, which is associated
with increased new blood vessels, collagen deposition and re-epithelization, along with decreased iron
accumulation and inflammatory infiltration. Our results suggest that that POL extract is beneficial to
repair injured muscle after ischemia–reperfusion, highlighting the potential of POL in the DTPI treatment.

� 2022 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Approximately 1%�2% of the world’s population suffer from
chronic wounds, which bring pain, disability, and high medical
costs (Frykberg & Banks, 2015). In the USA, the total cost for
chronic wound management was estimated to range from $28.1
to $96.8 billion in 2014 (Vogt et al., 2020). Chronic wounds include
diabetic ulcers, vascular ulcers and pressure ulcers. Deep tissue
pressure injury (DTPI) is a severe pressure ulcer with a high con-
cealment characteristic in addition to rapid deterioration, pain,
high morbidity, and low rate of healing (Liu et al., 2020). DTPI often
occurs in older individuals with cardiovascular disorders, dyskine-
sia, obesity, and diabetes, which inevitably results in a burden on
familial resources and healthcare systems (Preston, Rao, Strauss,
Stamm & Zalman, 2017).

Efficacious clinical treatments for DTPI are still lacking
(Frykberg & Banks, 2015; Black & Berke, 2020). Portulaca oleracea
L. (POL) has been used to treat wounds for thousands of years
because of its wide distribution and low price. POL belongs to
the Portulacaceae family of plants, which is an edible and medici-
nal herb. As a kind of food, POL possesses a source of nutrients,
such as vitamin, b-carotene, c-linoleic acid, omega-3 fatty acid,
and minerals (Yang et al., 2016; Lee, Oh, Kong & Seo, 2019).
Meanwhile, POL as a kind of medicine contains diverse active com-
pounds, including terpenoids, flavonoids, alkaloids, coumarins and
cerebroside (Baradaran Rahimi, Mousavi, Haghighi, Soheili-Far &
Askari, 2019; Qiao et al., 2019). These active compounds provide
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extensive pharmacological effects, including neuroprotective, hep-
atoprotective, antiaging, antioxidative, antibleeding, analgesic, and
anti-inflammatory activities (Qiao et al., 2019; Zheng et al., 2018).
According to the records of Chinese Pharmacopoeia, POL is mainly
used to treat stomach illnesses, liver disease, respiratory diseases,
fever, headache, diarrhea, and ulcerative wound (Zhou et al.,
2015; Iranshahy et al., 2017; Tao et al., 2018). It has been reported
that the crude extract of POL could accelerate wound healing by
decreasing the surface area of the wound and increasing the tensile
strength (Rashed, Afifi & Disi, 2003). The introduction of POL
preparations for DTPI or chronic wound healing could reduce treat-
ment costs whilst being readily accessible and accepted by elderly
patients. However, there have been no reports exploring the effect
of POL extracts on DTPI wound healing until now. In the present
study, we prepared five kinds of extracts from POL, and the capa-
bility of each POL extract promoting DTPI wound healing was
investigated using in vitro and in vivo experiments.
2. Materials and methods

2.1. Plant materials, primary reagents and kits

Dry leaves of POL were purchased from Beijing Tong Ren Tang
(Beijing, China). Ethanol (95%), petroleum ether, ethyl acetate,
and n-butane were obtained from Shanghai Macklin Biochemical
(Shanghai, China). Human umbilical vein endothelial cell
(HUVEC)-complete medium, Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), phosphate-buffered saline
(PBS), penicillin–streptomycin solution, and dimethyl sulfoxide
(DMSO) reagents were obtained from Procell Life Science and Tech-
nology (Wuhan, China). Hematoxylin and eosin (H&E) staining kit,
Masson’s trichrome staining kit, Perls’ stain kit, and Pierce BCA pro-
tein assay kit were obtained from Wanleibio (Shenyang, China).

2.2. Animals

Male C57BL/6J mice (9 weeks, 20–22 g) were purchased from
Beijing Vital River Laboratory Animal Technology (Beijing, China).
Mice were housed at room temperature (about 22 �C), kept at
55% relative humidity and under a 12:12 h light–dark cycle. Mice
were acclimatized for one week prior to experimentation and were
provided a standard laboratory pellet diet and access to water dur-
ing the study. The research was conducted in accordance with the
internationally accepted principles for laboratory animal use and
care as found in the European Community guidelines (EEC Direc-
tive of 1986; 86/609/EEC). Moreover, the research was executed
in accordance with ethical guidelines approved by the Ethical Com-
mittee of Qingdao University (20201120C576520201226017).

2.3. Preparation of POL extracts

Five POL extracts were prepared according to previous proto-
cols (Mekonnen et al., 2013). In brief, extracts were prepared based
on maceration and liquid–liquid extraction. First, dry leaves of POL
(990 g) was soaked in ethanol (95%) at room temperature (22–
24 �C) for 7 d. The ethanol was replaced with fresh ethanol until
the solution color changed from dark green to colorless (approxi-
mately 15 L ethanol (95%) was required). The POL powder residue
was filtered and discarded, and the remained ethanol solution was
collected. The ethanol was rotationally evaporated (N-1300, EYELA,
Shanghai, China). The extract was freeze-dried (Alpha 2–4 LD plus,
Christ, Beijing, China), to obtain approximately 112.5 g of hydroal-
coholic extract of POL (P). Next, 110 g P was dispersed within 1 L
distilled water, followed by fractionated sequentially with 1 L pet-
roleum ether (fraction PA), 1 L ethyl acetate (fraction PB) and 1 L n-
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butane (fraction PC). The remaining aqueous solution was collected
as fraction PD. The four-phase fractions were concentrated by
rotary evaporation and then freeze-dried (Fig. 1). The yield of P,
PA, PB, PC and PD was 11.4%, 2.5%, 0.6%, 2.8% and 4.9% (mass per-
centage), respectively.

2.4. Preparation of working solution

For in vitro experiments, the five POL extracts (P, PA, PB, PC and
PD) were dissolved in DMSO and then diluted with DMEM, ensur-
ing that the concentration of DMSO in the final solution was<5%.
The solutions were filtered by 0.22 lm pore sterile filter mem-
branes and then prepared into diluents at 25, 50, 100, and
200 lg/mL concentrations. In in vivo experiments, P was dissolved
in DMSO and then diluted to 8 mg/mL with distilled water. PD was
diluted to 3, 6 and 12 mg/mL using distilled water.

2.5. In vitro cell studies

2.5.1. Cell culture
Human keratinocytes (HaCaT) were purchased fromWanlei Life

Sciences (Shenyang, China) and cultured in DMEM medium sup-
plemented with 10% FBS and 1% penicillin–streptomycin. Human
endothelial cells (HUVEC) were gifted from the Chinese Academy
of Medical Sciences & Peking Union Medical College Institute of
Biomedical Engineering and cultured in an HUVEC-complete med-
ium. The complete medium contained 10% FBS, 1% endothelial cell
growth supplement and 1% penicillin–streptomycin. Cells were
cultured in a humidified incubator at 37 �C with 5% CO2.

2.5.2. CCK-8 assay
The effect of POL extracts on HaCaT and HUVEC viability and

proliferation was estimated using CCK-8 assay. HaCaT and HUVEC
cells (1 � 105 cells/well) were seeded in a 96-well plate. The work-
ing solution concentrations ranged from 25 to 200 lg/mL, and each
concentration was used in a set of six parallel wells. Cells were
respectively incubated for 24, 48, and 72 h before the addition of
CCK-8 reagent and measurement of absorbance values at 450 nm
using a microplate reader (PT-3502C, Potenov). The control group
contained untreated cells.

2.5.3. Tube formation assay
Before the experiment, the 96-well plate was coated with

Matrigel (50 lL/well) and incubated for 30 min at 37 �C. HUVECs
(1 � 105 cells/well) were suspended in a serum-free culture med-
ium containing different concentrations of working solution of P,
PA, PB, PC and PD and then seeded on the Matrigel-coated 96-
well plates. Each concentration was used in a set of three parallel
wells. The cell suspension of the control group did not contain
POL treatment (Meng et al., 2017). The number of tubes formed
were observed under a microscope and photographed at the indi-
cated time points. According to the results of the CCK-8 assay, the
concentrations of P ranged from 25 to 200 lg/mL. Moreover, the
PA, PB, PC and PD concentrations were set at 25 lg/mL.

2.5.4. Cell migration assay
HUVECs (5 � 105 cells/well) were cultured in a six-well plate

until complete confluence. The complete medium containing dif-
ferent P, PA, PB, PC and PD concentrations were added to separate
wells. The control group received a complete medium without POL
extract (Wang et al., 2020). Under an inverted microscope, pho-
tographs were taken at 0, 12 and 24 h after a scratch-wound was
made using a pipette tip. The cell-free area of each group at 0 h
was taken as the original scratch/wound area. The scratch/wound
closure percentage was calculated using the following equation:



Fig. 1. Schematic diagram represented process of preparing five POL extracts.
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Wound area (%) = (wound area at each time point/original wound
area) � 100.

2.6. In vivo wound healing assay

2.6.1. Construction of deep tissue pressure injury (DTPI) model
The DTPI model construction consulted previous literature (Liu

et al., 2020). Hairs near the ischium spinout were shaved. Magnets
(12 mm in diameter, 5 mm thickness, 2.4 g weight, 1000 G in sur-
face magnetic flux) were placed on the upper and lower sides of
the ischium spinout for pressure application. One pressure cycle
is composed of pressure for 12 h followed by a release for 12 h.
After 24 h, the time point was set as the first day of the experiment.
Mice were fed typically during the pressure application and could
move around freely.

2.6.2. Experimental grouping and wound treatment
The mice were randomly divided into five groups (n = 15 in each

group): DTPI group (received 0.2 mL/d distilled water); P group (re-
ceived 80 mg/kg�d-1P); PD_L (low) group (received 30 mg/kg�d-

1PD); PD_M (medium) group (received 60 mg/kg�d-1PD); and
PD_H (high) group (received 120 mg/kg�d-1PD). In addition, the
normal group (n = 5) did not receive any pressure treatment or
intervention. Dose parameters and administration modes were
chosen based on previous studies (Qiao et al., 2019, Boskabady
et al., 2019, Pakdel et al., 2019). The therapeutic effects of the dif-
ferent treatment groups were observed following intragastrical
administration.

2.6.3. Wound healing evaluation
The developed wounds were photographed on 0, 1, 3, 5, 7, 9, 11,

13, 15, 17, 19 and 21 d. A specific ruler as a calibrator was utilized.
The wound area at each time point was quantified by Image J soft-
ware (NIH, USA). The wound area on the third day was taken as the
original wound area due to the absence of an open wound before
day 3. The percentage of the wound area was calculated using
the following equation: Wound area (%) = (wound area at each
time point/original wound area) � 100.

2.6.4. Histopathological examination
Three mice were sacrificed on 7, 14 and 21 d, respectively. The

skin and muscle around the wound within 1 cm2 were isolated and
post-fixed in cold paraformaldehyde (4%) solution. The isolated
wound tissues were entrenched in paraffin film and divided into
5 mm sections. Then, routine staining with H&E, Masson’s tri-
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chrome (MT) and Perls’ stain were performed to reveal the mor-
phological features of the wound, including the thickness of the
epithelium, the density of new capillaries and appendages, the
inflammatory infiltration degree, collagen deposition area and iron
deposition.

2.6.5. Tissue iron concentration examination
The muscle below the wound within 1 cm2 was isolated and

dried at 95 �C for 3 d. Then, the muscle was accurately weighed
and homogenized. According to the previous literature methods,
inductively coupled plasma mass spectrometry (ICP-MS) was used
to analyze the iron concentration of the homogenized muscle
(Jensen et al., 2021, Alves et al., 2021)

2.6.6. Western blot
Wound site muscle tissue was washed twice with ice-cold PBS,

and then the concentrations of VEGF-A and MMP-9 were deter-
mined using Pierce BCA protein assay kits according to the manu-
facturer’s instructions. In brief, protein extracts were added to SDS-
PAGE gels and separated by gel electrophoresis. The gels were blot-
ted onto a nitrocellulose membrane and incubated with primary
antibodies, using the following specific antibodies and concentra-
tions: VEGF-A, MMP-9 (1:500) and GAPDH (1:1000). The protein
expression was visualized with specific horseradish peroxidase
(HRP)-conjugated secondary antibody. Then, a gel image process-
ing system was used to analyze the semi-quantitative densitome-
try of target protein bands. GAPDH was used as a standard for the
normalization of protein expression.

2.7. Statistical analysis

All data were expressed as mean ± standard deviation (SD), and
statistical analysis was performed using GraphPad Prism 7.0 soft-
ware. Comparisons between two independent groups were con-
ducted using the Student’s t-test, and comparisons across
multiple groups were conducted using One-way analysis of vari-
ance (ANOVA) and Tukey’s multiple comparisons test. Significance
was set at P < 0.05.

3. Results

3.1. Biocompatibility analysis of P and PD

All concentrations of P did not significantly decrease the viabil-
ity of HaCaT cells over 24, 48 and 72 h (Fig. 2A � C). In the concen-



Fig. 2. Biocompatibility analysis of P on viability of HaCaT cells over 24 h (A), 48 h (B) and 72 h (C) by CCK-8 assays. (D) Effect of P and PD on pathological changes of main
organs (heart, liver, spleen, kidney and lung) by HE staining (�40). Scale bar: 500 lm. Data presented as means ± SD. *P < 0.05 vs control group.
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tration range of 25–100 lg/mL, extract P significantly enhanced
cell growth (P < 0.05) at 72 h compared to that in the control group.
After 14 d of intragastric administration by oral intake, the patho-
logical structure of significant organs in the P and PD group mice
showed no noticeable pathological changes compared to organs
in the normal (untreated) group (Fig. 2D).

3.2. P and PD benefit HUVEC cells proliferation, angiogenesis and
migration

As shown in Fig. 3A, extract P did not inhibit HUVEC prolifera-
tion compared with the control group at 48 and 72 h (P﹥0.05),
besides, P used at 25 and 50 lg/mL significantly enhanced cell pro-
liferation at 24 (P < 0.05). Specifically, the fraction extract PA at
concentrations 25 and 50 lg/mL significantly promoted cell prolif-
eration at 24 h compared with the control group (P < 0.05) but
showed no significant changes after that (P﹥0.05). In addition,
PA at 100 and 200 lg/mL showed inhibition of cell proliferation
at 72 h and all-time points compared with the control group,
respectively (P < 0.05) (Fig. 3B). On the contrary, the extracts PB
and PC were averse to HUVEC proliferation, and all concentrations
of PB and PC showed reduced cell viability at 72 h compared with
the control group (P < 0.05) (Fig. 3C and D). Additionally, 25 and
50 lg/mL of PD had beneficial effects on cell proliferation, but a
high concentration (200 lg/mL) of PD was unfavorable to cell pro-
liferation compared with the control group (P < 0.05) (Fig. 3E).
Comparisons of OD values of P and PD at three-time points showed
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that at 72 h, the cells in the PD (25 lg/mL) group had highest
viability than those in control, PD (50 lg/mL) and P (25 and
50 lg/mL) groups (P < 0.05) (Fig. 3F).

For tube formation assays, the concentrations of PA, PB, PC and
PD were set at 25 lg/mL because this concentration was most ben-
eficial to promote cell proliferation. We found that the number of
tubes in the P groups (25–200 lg/mL) were consistently more than
that in the control group at 30 and 36 h (P < 0.05) (Fig. 4A and B). As
Fig. 4C and D showed, the number of tubes in PA, PB, PC, and PD
groups were also significantly higher than that in the control group
at 30 and 36 h (P < 0.05). However, the number of tubes in the PC
group was fewer than that in the other three extracts groups at 30
and 36 h (P < 0.05).

The migration ability of HUVEC was assessed. We observed that
the scratch-wound area in the 25 and 50 lg/mL P groups decreased
significantly at 12 h and 24 h compared with the control group
(P < 0.05). Moreover, there was no significant difference in wound
closure rates between the P (100 lg/mL) group and the control
group (P > 0.05). Besides, P at 200 lg/mL was detrimental to
scratch-wound closure owing to excessive concentration
(200 lg/mL) was toxic to cells (P < 0.05) (Fig. 5A and B). Compared
with the control group, the fraction extracts, PA and PD, showed
significantly lower percentages of the remaining wound area,
suggesting enhanced migration at 12 and 24 h time points
(P < 0.05). Fraction extracts PB and PC showed no significant differ-
ences compared to the migration rates of the control group
(P > 0.05) (Fig. 5C and D).



Fig. 3. POL extracts promoted revascularization and wound healing in vitro. P, PA and PD promoted cell proliferation in a concentration-dependent manner. (A � E) Effect of
different extracts (P, PA, PB, PC and PD) on cell proliferation by CCK-8 assay. (F) Comparative results of P and PD in promoting cell proliferation. Data presented as means ± SD.
*P < 0.05, vs control group, #P < 0.05, vs PD (25 lg/mL) group.

Fig. 4. P, PA, PB, PC and PD were benefited to HUVEC tube formation. (A) Tube formation images in the control group and different concentrations of P groups (�100). (B)
Quantitative analysis of the number of tubes in A. (C) Tube formation images in control, PA, PB, PC and PD groups (�100). (D) Quantitative analysis of the number of tubes in C.
Scale bar: 200 lm. Data presented as means ± SD. *P < 0.05 vs control group, #P < 0.05 vs PC group.
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Fig. 5. POL extracts promoted HUVEC cells migration in a concentration-dependent manner. (A) Cells migration process of the control group and P groups with different
concentrations (�100). (B) Percent of the wound to original wound area of each group in Fig. 5A. (C) Cells migration process in control and PA, PB, PC and PD groups (�100).
(D) Percent of wound to original wound area of each group in Fig. 5C. Scale bar: 200 lm. *P < 0.05 vs control group. Scale bar: 200 lm. Data presented as means ± SD.
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3.3. Extracts P and PD promoted wound healing in DTPI mice models

The wound area in each group gradually decreased with the
extension of treatment time, but the accelerated rate of wound clo-
sure was more apparent in the P and PD_M treatment groups
(Fig. 6A). After 11 d, the percentage of wound area in the DTPI, P,
PD_L, PD_M, and PD_H groups were (48.19 ± 3.51)%, (13.54 ± 3.0
5)%, (35.49% ± 3.61)%, (5.53 ± 2.95)% and (37.24 ± 4.73)%, respec-
tively (P < 0.05) (Fig. 6B). Additionally, after 17 d, the wounds in
the P and PD groups appeared to be healed, whereas those in the
DTPI group had not healed by day 21 (P < 0.05).
3.4. Histopathological evaluation and immunological analysis

As shown in Fig. 7A and B, only wounds in the PD_M group had
regenerated epithelial tissue after 7 d. Moreover, the thickness of
the regenerated epithelium showed no significant difference
between the PD and the normal groups (P > 0.05). However, the
regenerated epithelium in the DTPI group was significantly thicker
than that in treatment groups and the normal group on day 21
(P < 0.05).

After 7 d of wound healing, there was significant inflammatory
cell infiltration into the wound site in the DTPI group and PD_L
group. DTPI caused an increased inflammatory cell infiltration
compared to the PD_L group (P < 0.05) (Fig. 7A and C). In contrast,
there was no visual indication of increased inflammatory cell infil-
tration in the PD_M and PD_H groups (Fig. 7A). On days 14 and 21,
the number of inflammatory cells was significantly reduced in the
PD groups compared with the DTPI group (P < 0.05) (Fig. 7C). Addi-
tionally, there was no significant difference in the number of
inflammatory cells between the PD_M group and the normal group
on day 14 and 21 (P > 0.05).

Next, we calculated the density of skin accessory organs, includ-
ing sebaceous and sweat glands. Skin accessory organs were first to
form in the PD_M group on day 7 (Fig. 7D). Moreover, the skin
accessory organ density in the PD_M group remained higher than
268
that in the DTPI group throughout the wound healing process
(P < 0.05).

Finally, we evaluated the ability of PD to promote vascular
regeneration within the wound site. Once again, the PD_M group
demonstrated superior performance and had more blood vessels
than the DTPI group at all three-time points (P < 0.05) (Fig. 7E).
Indeed, only the wounds that received PD_M treatment firstly
showed neovascularization on day 7 (Fig. 7A). In addition, we used
WB to analyze the expression levels of VEGF-A protein on day 14.
Only the PD_M group showed similar expression levels to the nor-
mal group (P > 0.05), and the VEGF-A expression levels of DTPI,
PD_L and PD_H groups were significantly lower than that in the
normal group. However, the VEGF-A expression levels in the PD
treatment groups were all significantly higher than that in the DTPI
group (P < 0.05) (Fig. 7F and G).

Collagen deposition was a key feature of granulation tissue
required for wound closure. As shown in Fig. 8A, MT staining
revealed blue collagen fibres and red muscle fibres. There was a
3-fold increase of collagen deposited within the wounds treated
with PD_M (0.29 ± 0.03)%, as compared to the wounds in DTPI
group (0.06 ± 0.03)%, PD_L group (0.10 ± 0.03)% and PD_H group
(0.06 ± 0.03)% on day 7 (P < 0.05) (Fig. 8B). Quantification of
MMP-9 protein expression on day 14 revealed its overexpression
in the DTPI group, which was significantly higher than wounds in
the PD_M group (P < 0.05) (Fig. 8C and D). PD_M treated wounds
had a similar expression level of MMP-9 as the normal group (P
﹥0.05).
3.5. PD suppressed iron accumulation in DTPI wound

Iron overload is a hallmark changed of DTPI. Iron deposited in
tissues was stained blue using Perl’ stain. Iron aggregates were
not visible in the normal and PD_M groups, whereas iron aggre-
gates were extensive in the DTPI group on day 7 and 14 (Fig. 9A).
Furthermore, ICP-MS analysis revealed that the iron concentration
in the PD_M group was consistently lower than the DTPI group on
day 7 and 14 (P < 0.05). In addition, there was a 2-fold decrease in



Fig. 6. P and PD treatment accelerated DTPI wound healing. (A) Changes of wound morphology in DTPI, P and different concentrations of PD groups. (B) Quantification of
wound proportion in each group. PD_L, PD_M and PD_H concentrations were 3, 6 and 12 mg/mL, respectively. Data presented as means ± SD. *P < 0.05 vs DTPI group.

Fig. 7. PD improved the quality of wound healing. PD treatment promoted vascular regeneration and inhibited inflammation. (A) Representative HE staining images of
wounds in normal, DTPI, and PD treatment groups. H&E staining showed the border of the epidermal layer (dashed black line outlines), the inflammatory cell infiltration area
(solid black line outlines), neonatal blood vessels (red arrows), and skin appendages (black arrows). Scale bar: 40�, 500 lm; 200�, 100 lm. (B) Epidermal thickness, (C)
Inflammatory cell density, (D) Skin appendages density, and (E) Blood vessels density of each group. (F) Western blotting analysis of VEGF-A protein expression on 14 d. (G)
Quantification of VEGF-A protein expression. Data presented as means ± SD. *P < 0.05 vs normal group, #P < 0.05 vs DTPI group.
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Fig. 8. PD treatment enhanced collagen formation. (A) Representative MT staining images of wounds. (B) Quantification of collagen deposition area. (C) Western blotting
analysis of MMP-9 protein expression on 14 d. (D) Quantification of MMP-9 protein expression. *P < 0.05 vs normal group, #P < 0.05 vs DTPI group. Scale bar: 40�, 500 lm;
200�, 100 lm. PD_L, PD_M and PD_H concentrations were 3, 6, and 12 mg/mL, respectively. Data presented as means ± SD.

Fig. 9. PD inhibited iron accumulation. (A) Representative Perls’ stain images of wounds on 7, 14, and 21 d. Blue arrows indicated the iron deposition on tissue space. (B)
Quantification of iron concentration of wound muscle using ICP-MS. Scale bar: 40�, 500 lm; 200�, 100 lm. The concentration of PD_M was 60 mg/mL. Data presented as
means ± SD. *P < 0.05 vs normal group, #P < 0.05 vs DTPI group.
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PD_M group [(37.7 ± 9.6) mg/kg] compared with the DTPI group
[(92.61 ± 8.5) mg/kg] on day 7 (Fig. 9B).
4. Discussion

In traditional medical practice, POL is often used to treat super-
ficial wounds by topical administration. To date, few studies have
investigated the link between vascularization and POL in the DTPI
model. This study demonstrated that PD prepared for intragastrical
administration could promote vascular regeneration, inhibit iron
aggregation, and further enhance DTPI wound healing.

DTPI is caused by ischemia–reperfusion, and its healing is ham-
pered by poor vascularization (Saleh et al., 2019). Our in vitro
experiments demonstrated that all five POL extracts had the
remarkable ability to promote HUVEC tube formation and migra-
tion, suggesting pro-angiogenic effects of POL extracts. Interest-
ingly, the five extracts showed different activities in promoting
HUVEC proliferation, which may be due to the different solvent
extracts of POL having different safe concentration ranges and
cytocompatibility (Baradaran Rahimi, Mousavi, Haghighi, Soheili-
Far & Askari, 2019). In the present study, the PD fraction extract
possessed the most robust and reproducible effects on promoting
HUVEC proliferation, which may be related to the main bioactive
components within PD, such as glycosides and amino acids
(Boskabady, Kaveh, Shakeri, Mohammadian Roshan & Rezaee,
2019; Yang et al., 2016).

In our in vivo experiments, re-epithelialization first occurred in
the PD treated groups, further verifying that the PD fraction had
pro-regenerative and beneficial effects on multiple cell types. Fur-
thermore, PD suppressed wound site inflammation. On the one
hand, the inflammatory cell numbers within the PD group were
fewer than that in the DTPI group; on the other hand, the expres-
sion of MMP-9 was only lowered in the PD_M group. Previous
studies have confirmed that overexpression of MMP-9 was an indi-
cator of muscular inflammation and was related to poor wound
healing outcomes (Tabandeh, Oryan & Mohammadalipour, 2014;
Wang et al., 2018). Hence, our results suggested that PD_M treat-
ment could effectively inhibit wound site inflammation whilst pro-
moting regenerative activities in non-immune cell types. These
findings concur with recent data that showed POL had anti-
inflammatory potential through the partial suppression of NF-jB
and MAPK activation (Miao et al., 2019).

Furthermore, the number of neo-vessels and VEGF- A expres-
sion level suggested that PD promoted vascular regeneration
in vivo. This finding also was confirmed in vitro experiments. Our
data concurred with a previous study, wherein POL was shown
to promote pro-angiogenic activity in vitro (Baradaran Rahimi,
Mousavi, Haghighi, Soheili-Far & Askari, 2019). Moreover, DTPI
wounds in the PD_M group were faster regenerating hair follicles,
sebaceous glands, and sweat glands with the most considerable
density. Hair follicle growth areas have been suggested to promote
wound healing in the surrounding tissue area. Thus, rapid attain-
ment of regenerated hair follicles would theoretically support the
improved quality of wound healing (Bhoopalam, Garza & Reddy,
2020; Guerrero-Juarez et al., 2019).

Similarly, the deposition and ordered arrangement of collagen
are necessary for high-quality wound healing. Our in vivo work
confirmed previous reports that POL extract up-regulated type Ι
collagenproduction and down-regulated MMPs (Du et al., 2021).
Here, we demonstrated that PD_M treatment resulted in the high-
est production of collagen ECM and lowest expression of MMP-9
compared with the DTPI and treated groups.

Previous studies have found that iron deposits exist in tissues
and macrophages of chronic wounds. The wounds with increased
271
iron deposition fail to induce the switch from pro-inflammatory
M1 to anti-inflammatory M2 macrophages and fail to potentiate
pro-inflammatory cytokines and chemokines production (TNF-a,
IL-1b), thus delaying wound healing (Sindrilaru & Scharffetter-
Kochanek, 2013). This study hypothesized that DTPI wounds might
also have iron accumulation, much like other chronic wounds
(Vander Beken et al., 2019). PD treatment inhibited iron deposition,
but the mechanism of action remained unknown. Our identifica-
tion of iron overload existing in DTPI provided new insights into
DTPI pathology and potential routes for treatment.

These findings suggest that PD is an alternative medicine to
promote DTPI wound healing. Future studies defining the mecha-
nism of PD inhibiting inflammation and iron deposition are essen-
tial to progress DTPI treatment and healthcare development.

5. Conclusion

In summary, our research demonstrated that PD could promote
DTPI wound healing by enhancing angiology regeneration and
inhibiting iron accumulation for the first time. We highlight the
unique advantage of POL over other existing treatments for DTPI.
Overall, PD extract offers a practical and alternative medicine for
DTPI wound therapy.
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