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a b s t r a c t

Compared to bioactive glass 45S5, bioactive glass 1393 has shown greater potential in activating tissue
cells and promoting angiogenesis for bone repair. Nevertheless, the effect of bioactive glass 1393 in the
context of wound healing remains extensively unexplored, and its mechanism in wound healing remains
unclear. Considering that angiogenesis is a critical stage in wound healing, we hypothesize that bioactive
glass 1393 may facilitate wound healing through the stimulation of angiogenesis. To validate this hy-
pothesis and further explore the mechanisms underlying its pro-angiogenic effects, we investigated the
impact of bioactive glass 1393 on wound healing angiogenesis through both in vivo and in vitro studies.
The research demonstrated that bioactive glass 1393 accelerated wound healing by promoting the for-
mation of granulation, deposition of collagen, and angiogenesis. The results of Western blot analysis and
immunofluorescence staining revealed that bioactive glass 1393 up-regulated the expression of
angiogenesis-related factors. Additionally, bioactive glass 1393 inhibited the expression of ROS and P53
to promote angiogenesis. Furthermore, bioactive glass 1393 stimulated angiogenesis through the P53
signaling pathway, as evidenced by P53 activation assays. Collectively, these findings indicate that
bioactive glass 1393 accelerates wound healing by promoting angiogenesis via the ROS/P53/MMP9
signaling pathway.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting 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

Since its development by Professor Larry Hench at the Univer-
sity of Florida in 1972, bioactive glass has garnered significant in-
terest due to its unique bioactivity compared to other biomaterials,
as well as its strong bond with human soft tissues and outstanding
stability. In 1985, bioactive glass began to be used in clinical settings
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to repair bone, articular cartilage, skin, and vascular injuries [1e4].
Bioactive glasses 45S5 consist of basic components such as 45%
SiO2, 24.5% Na2O, 24.5% CaO, and 6% P2O5, along with additional
metallic elements may be added to increase their bioactivity. Our
previous research group has found that bioactive glass 45S5 can
inhibit endothelial cells (ECs) pyroptosis and promote wound
healing in mice by activating gap junction protein 43 [5]. Bioactive
glass 1393, a silicate-based biomaterial, is composed of 53% SiO2,
20% CaO, 6% Na2O, 4% P2O5, 12% K2O, and 5% MgO. Compared to
bioactive glass 45S5, bioactive glass 1393 exhibits an elevated
concentration of SiO2 and supplemental networkmodifiers, such as
MgO and K2O [6,7]. Notably, Taimoor H conducted a study revealing
that bioactive glass 1393 exhibited superior biological effects
compared to conventional bioactive glass 45S5, specifically in
promoting the proliferation and metabolism of human mesen-
chymal stromal cells (hMSCs) [6]. Similarly, Elke Kunisch reported
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that bioactive glass 1393 exhibited higher cell proliferation and
viability compared to bioactive glass 45S5, showing promising
potential for bone regeneration and vascularization [8]. Although
we have seen many promising findings with bioactive glass 1393,
research on wound healing still appears relatively limited, which
highlights the need for further research.

Bioactive glass 1393 exhibits a sustained release of K, Mg, Si, Na,
Ca ions. Notably, recent studies have highlighted the potential of
magnesium ions in promoting macrophage polarization and
angiogenesis [9e11]. For instance, the release of Mg2þ and Si4þ

fromMg-montmorillonite clay mineral has been shown to enhance
revascularization in full-thickness skinwounds, stimulate epithelial
regeneration, and facilitate collagen maturation in rats, thereby
promoting wound healing [12]. Furthermore, Sharda et al. devel-
oped magnesium-loaded nanoparticles for wound healing, and the
use of Mg-doped filipin membranes demonstrated improved
wound healing activity across all experimental groups [13]. In
addition, Our previous research group has found that phosphorus
magnesium fibers release metal ions into wounds, which in turn
regulate macrophage polarization and accelerate the wound heal-
ing process [9]. Based on these findings, it is reasonable to speculate
that bioactive glass 1393 plays a pivotal role in the process of
wound healing.

Vascularization stands as a vital process in wound healing, as it
guarantees the transportation of oxygen and nutrient substance to
the wound site while removing waste and carbon dioxide [14e16].
Angiogenesis, a key aspect of vascularization, involves the for-
mation of ECs that create the intima and connect with smooth
muscle cells and pericytes to constitute the perimembrane. The
outer membrane consists of connective tissue, collagen, and fibers
[17e19]. The establishment of a fully functional vascular system is
indispensable for the effectiveness of wound healing. Throughout
the angiogenic process, various factors related to angiogenesis
play important roles [20,21]. Bioactive glass has been shown to
stimulate endothelial or neighboring cells to secrete VEGF and
eNOS, which improves ECs vascularization and angiogenesis
[5,22]. Many studies have demonstrated that bioactive glass 1393
has good biocompatibility and cellular activity when in contact
with ECs, and it has angiogenic capacity [23,24]. This indicates that
bioactive glass 1393 has the potential to increase the expression of
factors related to angiogenesis, which in turn may stimulate
angiogenesis.

When skin injuries occur, they disrupt the vascular system in
the surrounding tissue, leading to the accumulation of body fluids,
inflammation, and hypoxia. In addition, the generation of reactive
oxygen species (ROS) by various cells contributes to increased
oxidative stress within the wounds [25,26]. Numerous studies have
demonstrated that P53, as a target of ROS, is regulating the cellular
response to DNA damage caused by ROS and apoptosis in the
mitochondrial pathway [27e29]. Moreover, research has indicated
that P53 regulates the expression of MMP9, a matrix metal-
loproteinase that has important functions in ECM degradation and
wound healing regulation [30,31]. Therefore, it is hypothesized that
bioactive glass1393 could influence angiogenesis and wound
healing via the ROS/P53/MMP9 pathway.

In our investigation, our aim was to unveil the mechanisms
behind the enhancement of wound healing facilitated by bioactive
glass 1393. Specifically, we explored the impact of bioactive glass
1393 ion products on the rate of wound healing, the formation of
granulation tissue, collagen deposition, and angiogenesis in an
in vivo model, while assessing whether bioactive glass 1393 pro-
motes angiogenesis through ROS/P53/MMP9 signaling in wound
healing. Additionally, we assessed the protective effects of bioactive
glass 1393 against ECs injury induced by lipopolysaccharide-
adenosine triphosphate (LPS-ATP) through an in vitro model.
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2. Materials and methods

2.1. Preparation of bioactive glass 1393 and 45S5

Bioactive glass 1393 was prepared by Hebei Yougu Biotech-
nology Co., following the previously reported method [32]. In
brief, pure anhydrous silicic acid, sodium carbonate, potassium
carbonate, sodium dihydrogen phosphate (all four of the above
were provided by Riedel de Haen) were melted alongside mag-
nesium carbonate and calcium carbonate (both supplied by
Lachner) at 1400 �C in a platinum crucible for 2 h. The reaction
was then quenched by rapidly cooling the samples in water.
Subsequently, the bioactive glass was pre-ground using a jaw
crusher (BB51, Retsch) and further ground to achieve the desired
particle size in a planetary mill (PM100, Retsch) utilizing ZrO2 jars
and ZrO2 grinding balls (Ø5 mm), both acquired from Retsch.
Finally, the glass was filtered through a sieve for further use.
bioactive glass 45S5 was purchased from Hebei Yougu Biotech-
nology Co.
2.2. Characterization of bioactive glass 1393

The ultrastructure surface of the bioactive glass was detected via
scanning electronmicroscopy (SEM) (Hitachi, Japan). Subsequently,
the functional groups on the surface of the samples were analyzed
using Fourier Transform Infrared Spectrometer (FTIR) (Impact 420
Nicolet, Thermo Scientific). Furthermore, 1 g of bioactive glass 1393
was dissolved in 5 mL of pure water, and the resultant solution was
left to immerse for 24 h. Afterward, the supernatant was collected
and filtered through a 0.22 mm filter. Subsequently, inductively
coupled plasma atomic emission spectrometry (ICP-OES 730, Agi-
lent, USA) was employed to measure the amounts of Si and Mg
present in the ionic extract of bioactive glass 1393.
2.3. Laboratory animals and surgery

Male ICR mice, aged between 6 and 8 weeks, were supplied by
Wenzhou University. All experimental procedures and protocols
received approval from the Animal Care and Use Committee of
Wenzhou University (WZU-2022-020). Abbreviation explanation:
The mice were anesthetized, and their dorsal hair was shaved to
establish wound models [33]. Concentric fluoroelastomer washers
were then fixed to both sides of their vertebrae using 5-0 sutures.
Two circular full-thickness skin wound models were created using
scissors. The washers possessed an inner diameter measuring
0.8 cm, an outer diameter measuring 1.6 cm, and a thickness
measuring 0.05 cm. To prevent any scratching or chewing, the
exposed skin was covered with a transparent dressing (3 M Health
Care, Germany), and subsequently secured with an elastic
bandage. The experimental cohort was then divided into two
groups: Wound þ45S5 group and Wound þ1393 group. About
4 mg/cm2 of bioactive glass 45S5 powder was administered to the
wound in the former group, while the same concentration of
bioactive glass 1393 powder was applied to the latter group. As a
control, the negative control group (wound group) was only
treated with injury. Wound healing was observed on postoperative
days 0, 3, 6, 9, 12, and 15, respectively, and the degree of wound
closure was quantified using Image J software. On postoperative
days 7 and 14, mice were sacrificed and trauma tissues were
harvested. Nutlin-3a (GC10470) was administered to activate P53.
To explore the impact of P53 on trauma healing, mice were
randomly assigned to the wound and Nutlin-3a group and the
Nutlin-3aþ1393 group. Nutlin-3a was administered intraperito-
neally at a daily dose of 5 mg kg�1$day�1.



X. Chen, X. Ran, X. Wei et al. Regenerative Therapy 26 (2024) 132e144
2.4. Western blot

Proteins were extracted from tissues or cells using a RIPA lysate
mixed with protease inhibitors and PMSF in proportional amounts,
and all the aforementioned reagents were procured from Beyotime,
China. After a 15-min centrifugation at 12,000 rpm and 4 �C, the
supernatant was gathered, and the quantification of protein was
performed. Subsequently, the proteins underwent separation via
SDS-PAGE gel electrophoresis and then transferred onto PVDF
(BioRad, USA). Following sealing with 5% low-fat milk for 2 h at
room temperature, the membrane was exposed to the primary
antibody overnight at 4 �C. The next day, the membranes were
rinsed with TBST and subsequently exposed to horseradish
peroxidase-labeled secondary antibody (Beyotime, China) for 2 h at
room temperature. Detection of the blots was done using an
enhanced chemiluminescence detection kit (Bio-Rad, USA). Image
capture was executed with the ChemiDocXRS þ imaging system
(Bio-Rad, USA), Protein bands underwent quantitatively analyzed
with Image J software. The study employed the following primary
antibodies: CD31 (ab281583, Abcam), Ve-cadherin (ab205336,
Abcam), NG2 (37e2700, USA), eNOS (27,120-1-AP, Proteintech),
VEGF (19,003-1-AP, Proteintech), P53 (ab26, Abcam), MMP9
(ab283575, Abcam), and GAPDH (6004-1-lg, Proteintech).

2.5. Histological analysis and immunostaining

Fresh tissue samples underwent fixation in 4% paraformaldehyde
for 24h, followedbya4-hwashwith runningwater. Thefixed samples
were then dehydrated using a series of ethanol gradients (70%, 80%,
95%,100%), followedbyembedding inparaffin.Theparaffin-embedded
samples were secured onto a microtome and sliced continuously to
obtain 5 mm-thick sections. The sections were carefully mounted on
slides, and Hematoxylin and Eosin (H&E) staining as well as Masson
trichrome staining were conducted following the instructions pro-
vided by the staining kits purchased from Beyotime, China. The glass
slides were sealed using neutral glue (Beyotime, China). Finally, the
microscope (Leica Camera, Germany) was used to observe the tissue
structure of thewound. For immunostaining of the tissue samples, the
sections were deparaffinized using xylene, followed by rehydration
through an ethanol gradient, and then were subjected to 15 min of
treatmentwith 3%H2O2. Following antigen extraction using citric acid
under high temperature and pressure, the sectionswere blockedwith
5% BSA at 37 �C for 30 min before overnight incubation with the pri-
mary antibody at 4 �C. Primary polyclonal antibodies, including anti-
Ki67 (27,309-1-AP, Proteintech), CD31 (ab281583, Abcam), NG2
(37e2700, ThermoFisher), and P53 (ab26, Abcam). The following day,
the slides underwent washing with PBST and were then incubated
with fluorescently labeled secondary antibodies for 2 h at 37 �C.
Following this, the nuclei were stained using an antifluorescence
quenching agent containingDAPI (Beyotime, China). Post-staining, the
images were captured through the FV3000 laser confocal scanning
microscope (Olympus Corporation, Japan).

2.6. Evaluation of blood flow in the wound area

Seven days post-surgery, a laser Doppler instrument (MoorLDI-
2, Moor Instruments Limited, UK) was utilized to evaluate the
reconstruction of the microvascular network in the wounds of
mouse back. The blood flow and outcomes were detected vua the
MoorLDI Review software.

2.7. Transmission electron microscopy (TEM)

To study the collagen fiber distribution, 1� 1� 1mm trabecular
tissue samples were taken on day 14 after surgery. Next, they were
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submerged in a 2.5% glutaraldehyde solution (pH 7.3e7.4) for
overnight fixation. Finally, the samples underwent fixation with a
mixture of osmium tetroxide and potassium ferricyanide for 2 h at
room temperature. Ultrathin sections with a 50 nm thickness were
obtained using an ultrathin slicer (Leica UC7, Germany) after a
process of alcohol gradient dehydration, resin infiltration, and
embedding followed by polymerization. The sections underwent
staining with uranyl acetate and lead citrate before being photo-
graphed with a tungsten TEM (JEOLJEM1200EX, Japan).

2.8. Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs) were obtained
from the National Stem Cell Transformation Resource Center (DFSC-
EC-01). The cells were cultured in ECs medium containing 5% fetal
bovine serum, 1% (v/v) penicillin/streptomycin, along with ECs
growth additives at 37 �C with 5% CO2. For the establishment of the
in vitro injury model induced by LPS and adenosine triphosphate
(ATP), HUVECs were seeded into 6-well or 96-well plates. The cells
were cultured in serum-freemedium and pre-treatedwith bioactive
glass 1393 powder for 24 h. Subsequently, they were exposed to
1 mg/ml LPS for 6 h. This was followed by stimulationwith 5mMATP
for 30 min.

2.9. Detection of cell death

The study employed the Lactate Dehydrogenase (LDH) release
assay (Yi Sheng, China). First, a 96-well platewas stimulated for 6 h.
Following this, it was centrifuged at 400 g for 5 min. Once centri-
fugationwas complete,120 mL of the supernatant was extracted and
60 mL of the LDH assay solution was added to it. The mixture un-
derwent incubation at room temperature for 30 min, protected
from light with gentle shaking. Afterwards, the absorbance value at
490 nm was measured through an enzyme meter, and the LDH
release amount was calculated using the formula: %LDH
release ¼ 100 � (corrected reading of test wells - corrected reading
of untreated wells)/(corrected maximum LDH release control -
corrected reading of untreated wells).

2.10. Detection of ROS levels

Following the completion of drug stimulation, each well of
a six-well plate was supplemented with 10 mM 2,7-
dichlorohydrofluorescein (DCFH-DA) (Beyotime, China). Then, the
cells were incubated at 37 �C for 20 min. Afterward, they were
washed with PBS to eliminate any unbound DCFH-DA. Examination
of the six-well plates was conducted using an inverted fluorescence
microscope (Leica, DM3000, Germany) to visualize positive signals,
which appeared as green fluorescence. To measure ROS in tissue
samples, dihydroethidium (DHE), a commonly used fluorescent
probe for detecting superoxide anions, was utilized. The tissue
sections were subjected to deparaffinization, rehydration, and an-
tigen retrieval. Subsequently, the sections were incubated with
Beyotime's DHE dye for 30 min. Subsequently, they were rinsed
with PBS, the sections were stained with an anti-fluorescence
quenching agent. Finally, the tissue samples were imaged by an
FV3000 laser confocal scanning microscope (Olympus Corporation,
Japan).

2.11. Data analysis

All experiments were independently replicated at least 3 times,
and the data are expressed as mean ± standard error of mean
(SEM). Statistical analysis was conducted employing SPSS software.
Student's t-test was utilized for comparison between the two
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groups, while the single-factor analysis of variance (Tukey) test was
utilized for comparing among multiple groups. A p-value below
0.05 was deemed statistically significant.

3. Results

3.1. Synthesis and characterization of bioactive glass 1393

Fig. 1A depicts the detailed synthetic route of bioactive glass
1393, resulting in the formation of a white powdery solid. In order
to observe the macroscopic structure of bioactive glass 1393, SEM
was employed. As shown in Fig. 1B, most of the particles of the
bioactive glass 1393 were in the size range of ~10 mm. The FTIR
spectrum of bioactive glass 1393, shown in Fig. 1C, exhibited ab-
sorption peaks corresponding to the asymmetric stretching vibra-
tions of the SieO bonds. Notably, an absorption peak around
1038 cm�1 was detected, a characteristic feature of silicate glasses
and vitreous silica with a higher SiO2 content. Additionally, a Si-
NBO (non-bridging oxygen) peak was detected at around
930 cm�1, accompanied by an increased intensity of the bending
mode of the SieO band at approximately 755 cm�1. Another ab-
sorption peak appeared at approximately 475 cm�1, indicating the
presence of a silicon dioxide ring structure, which is a typical
feature of silica ring structures. These findings align with those
reported by Alexander Hoppe et al. regarding the characteristic
peaks of bioactive glass 1393 [32]. We next measured the ion
release from the bioactive glass 1393 extract using ICP-OES, and as
shown in Fig. 1D, Si ions and Mg ions were detected in the leachate.
As a result, the bioactive glass 1393 can release Mg and Si ions to
function in vivo.

3.2. Bioactive glass 1393 promoted wound healing in vivo

To compare thewound healing effects of bioactive glass 1393 and
45S5, we established a full-thickness skin wound model in mice, as
illustrated in Fig. 2A. Wound healing observations were made on
postoperative days 0, 3, 6, 9, 12, and 15 for the Wound group,
Woundþ45S5 group, and Woundþ1393 group (Fig. 2B). The appli-
cation of both bioactive glass 45S5 and 1393 significantly reduced
the wound area. Importantly, the bioactive glass 1393 treatment
group exhibited a notably faster healing rate compared to the
bioactive glass 45S5 treatment group. To provide a clear visualiza-
tion of the healing process, the dynamic progression of wound
healing was meticulously monitored. Wound sizes were recorded
and color-coded for both groups on days 0, 3, 6, 9, 12, and 15,
respectively (Fig. 2C). Next, wemeasured the area of thewound that
remained unhealed at different time points for each group, as
depicted in Fig. 2D. The group treated with the bioactive glass 1393
exhibited a considerably higher wound healing rate than the
bioactive glass 45S5 treatment group onpostoperative day 9, and the
wound was nearly fully closed by postoperative day 15. Our results
provide evidence that the bioactive glass 1393 outperforms the
bioactive glass 45S5 and contributes significantly to wound healing.

3.3. Bioactive glass 1393 promoted skin tissue development,
collagen deposition and cell proliferation in vivo

The evaluation of granulation tissue and collagen deposition is a
critical measure for assessing the effects of drugs on skin wound
repair [34,35]. Histological examination of the wound tissue was
performed 14 days post-surgery using H&E staining and Masson
staining (Fig. 3A). The results revealed that both bioactive glass
45S5 and 1393 exhibited a certain degree of reparative effect on the
wound. Among them, the bioactive glass 1393 treatment group
showed a more significant development of granulation tissue and
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higher levels of collagen deposition at the wound site in compari-
son to the bioactive glass 45S5 treatment group. Consistently, the
length of unhealed wounds in the bioactive glass 1393 treatment
group was shorter than that in the bioactive glass 45S5 treatment
group, indicating a superior wound repair ability of the bioactive
glass 1393 treatment (Fig. 3D). Furthermore, TEM was utilized to
analyze the distribution of collagen fibers in the wounds on day 14,
demonstrating enhanced improvement with the bioactive glass
1393 treatment group compared to the bioactive glass 45S5 treat-
ment group (Fig. 3B). Additionally, the quantification of Ki67-
positive cells, as depicted in Fig. 3C and E, revealed a significantly
higher number of proliferating cells in the bioactive glass 1393
treatment group in comparison to the bioactive glass 45S5 treat-
ment group. These observations indicate that the bioactive glass
1393 promotes cell proliferation in mice skin wounds, further
supporting its beneficial effects on wound healing.

3.4. Bioactive glass 1393 promoted angiogenesis in mice

Considering the crucial role of ECs and angiogenesis-related
factors in blood vessel formation, we hypothesized that bioactive
glass 1393 might have an impact on ECs formation and the
expression of angiogenesis-related factors (eNOS, VEGF). Based on
this, Western blot analysis was conducted to assess the expression
of ECs markers (CD31, Ve-cadherin) and angiogenesis-related fac-
tors (eNOS, VEGF). The results exhibited a notable elevation in the
expression levels of CD31, Ve-cadherin, eNOS, and VEGF in the
Woundþ1393 group in comparison to the Wound group (Fig. 4A
and B). To confirm the angiogenic status, co-staining of the pericyte
marker NG2 and the ECs marker CD31 was performed. On the
seventh day after the operation, there was a noteworthy increase in
the quantity of NG2-positive cells in the bioactive glass 1393
treatment group compared to the wound group. The NG2-positive
cells were found surrounding the ECs and adhering to CD31-
labelled ECs in the bioactive glass 1393 treatment group. The
bioactive glass 1393 treatment group exhibited a more intact
vascular structure compared to the wound group, indicating that
bioactive glass 1393 promotes the functional integrity of blood
vessels (Fig. 4C). Furthermore, the formation of a newly developed
vascular network and blood flowwere evaluated at the wound site.
The reconstruction of the microvascular network in the wound
region was visualized utilizing LDBF, an indicator for blood flow,
where a more intense red hue indicates higher blood flow. The
bioactive glass 1393 treatment group demonstrated significantly
higher blood flow intensity in comparison to the wound group
(Fig. 4D and E), indicating that the bioactive glass 1393 facilitates
angiogenesis.

3.5. Bioactive glass 1393 promotes angiogenesis and wound healing
through the ROS/P53/MMP9 signaling pathway

To further evaluate the angiogenic properties of the bioactive
glass 1393, tissue ROS levels were assessed. The staining results
demonstrated a significant reduction in red fluorescence at the
wound site in the bioactive glass 1393 treatment group in com-
parison to the wound group, suggesting the bioactive glass 1393's
capability to decrease ROS levels (Fig. 5A and B). Additionally,
Western blot was conducted to assess the expression of P53 and
MMP9 (Fig. 5C and D). It was observed that P53 expression was
upregulated in the wound group, whereas bioactive glass 1393
treatment resulted in decreased P53 expression and increased
MMP9 expression. Furthermore, co-staining of P53 and CD31
revealed the expression of P53 protein on ECs, and the accumula-
tion of P53-positive spots on those cells was notably decreased in
the bioactive glass 1393 treatment group in comparison to the



Fig. 1. Synthesis and characterization of bioactive glass 1393. (A) Schematic diagram of the synthesis of bioactive glass 1393. (B) SEM image of bioactive glass 1393. Scale bar ¼ 5 mm.
(C) FTIR spectrum of bioactive glass 1393. (D) Concentration of ions in the extract of bioactive glass 1393.
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wound group (Fig. 5E). Overall, these findings imply that bioactive
glass 1393 can down-regulate ROS and P53 expression levels,
thereby promoting MMP9 expression and angiogenesis.

3.6. Impact of Nutlin-3a on wound healing in mice

To further validate the pivotal role of the P53 signaling pathway
in fostering angiogenesis by bioactive glass 1393, we examined the
effects of the P53 activator Nutlin-3a on wound healing in mice,
136
which increased P53 protein level [36e38]. Fig. 6AeC illustrated
that the mice in the Woundþ1393þNutlin-3a group had a larger
wound area in comparison to the Woundþ1393 group. Further
analysis revealed that beginning from the third day, the wound
region in the Woundþ1393 group exhibited a notably lower mea-
surement when compared to the Woundþ1393þNutlin-3a group.
Furthermore, theWestern blot results outcomes showcased notably
elevated expression of angiogenesis-related proteins (eNOS and
VEGF) and marker proteins of ECs (CD31 and Ve-cadherin) in the



Fig. 2. The role of bioactive glass 1393 in promoting skin wound healing in vivo. (A) Schematic diagram of the animal experiment, two full-thickness excision wounds were made in
each mouse. (B) Representative images of skin wound healing in mice in the Wound group, Woundþ45S5 group and Woundþ1393 group. Scale bar ¼ 10 mm. (C) Schematic images
of skin wound healing in mice in the Wound group, Woundþ45S5 group and Woundþ1393 group. (D) Statistics of wound area at different time points (0, 3, 6, 9, 12, and 15 days) for
each of the above groups. n ¼ 6, compared with the Wound group and Woundþ45S5 group (*P<0.05, **P < 0.01).
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Woundþ1393 group in comparison to theWoundþ1393þNutlin-3a
group. Additionally, in the Woundþ1393 group, the levels of P53
proteins were significantly reduced in comparison to the
Woundþ1393þNutlin-3a group, whereas the MMP9 protein levels
were noticeably higher than those in the Woundþ1393 group
137
(Fig. 6D and E). These outcomes collectively demonstrate that the
P53 activator influenced angiogenesis and wound healing in mice
wounds, confirming that the bioactive glass 1393 promotes angio-
genesis and wound healing through the P53/MMP9 signaling
pathway.



Fig. 3. Effectiveness of bioactive glass 1393 in promoting skin tissue development
in vivo. (A) Wound tissue was taken on day 14 for histological analysis. Hematoxylin
and eosin (H&E) staining was located on the left side, and Masson trichrome staining
was located on the right side. Scale bar: low magnification is 250 mm, high magnifi-
cation is 75 mm (B) Distribution of collagen fibers in each group of wounds on day 14
was observed by transmission electron microscopy. Scale bar ¼ 500 nm (C, E) Ki67
fluorescence staining and quantitative analysis of the number of Ki67-positive cells.
Scale bar ¼ 40 mm, n ¼ 6, compared with the Woundþ45S5 group (**P < 0.01) (D)
Wound length was evaluated by H&E staining images to assess wound healing, n ¼ 3,
compared with the Woundþ45S5 group (**P < 0.01).

Fig. 4. Bioactive glass 1393 promotes angiogenesis in vivo. (A, B) Expression and
quantification of angiogenesis-related proteins in each group on postoperative day 7,
n ¼ 3, compared with the Wound group (*P<0.05, **P<0.01). (C) Double-
immunofluorescence staining for CD31 and NG2 in the trabeculae of each group on
postoperative day 7, n ¼ 5, scale bar ¼ 50 mm. Yellow arrows indicate NG2-positive
pericyte attachment. (D) Subcutaneous blood flow was assessed using representative
color laser Doppler images on postoperative day 7. (E) Quantitative data on the signal
intensity of blood flow in the skin trauma in each group. n ¼ 3, compared with the
Wound group (**P < 0.01).
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Fig. 5. Bioactive glass 1393 promotes angiogenesis through the ROS/P53/MMP9 signaling pathway. (A, B) ROS levels in the wound area under different treatments were measured
by DHE. Scale bar ¼ 50 mm, n ¼ 6, compared with the Wound group (***P < 0.001) (C) On postoperative day 7, the expression levels of proteins related to the signaling pathway in
the Control group, Wound group and the Woundþ1393 group were determined by Western blot analysis. (D) Quantitative analysis of the expression levels of signaling pathway-
related proteins in each group. n ¼ 3, compared with the Wound group (*P<0.05, **P < 0.01). (E) Immunofluorescence staining was used to detect the expression and localization of
P53 and CD31 in the trauma of mice on the 7th day after surgery. Scale bar ¼ 30 mm, n ¼ 4.
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Fig. 6. Effect of Nutlin-3a on wound healing in mice (A) ICR male mice were randomly
divided into Wound group, Wound þ 1393 group and Wound þ 1393þ Nutlin-3a
group. Wound healing was monitored at different time points (days 0, 3, 6, 9, 12,
and 15) in each group. (B) Schematic diagram of wound healing in mice at different
time points in different treatment groups. (C) Statistics of wound area at different time
points (0, 3, 6, 9, 12, 15 days) in each of the above groups. n ¼ 6, compared with the
Woundþ1393 group (*P < 0.05, **P < 0.01) (D) Expression of angiogenesis-related
proteins regulated by signaling pathways under the influence of Nutlin3a. (E) Statis-
tical analysis of the expression of each protein between groups, n ¼ 3, compared with
the Woundþ1393 group (*P < 0.05, **P < 0.01).
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3.7. Bioactive glass 1393 promoted the secretion of angiogenesis-
related factors in HUVECs

The in vivo experimental results have already demonstrated that
bioactive glass 1393 enhances the expression of angiogenesis-
related factors through the ROS/P53/MMP9 pathway. To further
confirm this conclusion, we performed additional experiments
using ECs in an in vitro setting. First, we assessed the cytotoxicity of
bioactive glass 1393 b y diluting it to different concentrations (1/50,
1/100, 1/200, 1/500, 1/1000, 1/2000) using serum-free ECs culture
medium. High concentrations of bioactive glass 1393 (1/50, 1/100,
1/200, 1/500) inhibited HUVEC proliferation, while low concen-
trations (1/1000, 1/2000) had minimal effect (Fig. 7A). Next, we
used an LPS-ATP-induced ECs injury model and performed the LDH
assay to determine the appropriate therapeutic concentration. The
results showed that a dilution of 1/1000 of bioactive glass 1393
effectively rescued the LPS-ATP-induced injury in HUVECs (Fig. 7B).
Further analysis using Western blot revealed that bioactive glass
1393 treatment up-regulated the expression of angiogenesis-
related factors (eNOS, VEGF) in comparison to the LPS-ATP group
(Fig. 7C and D), indicating that the bioactive glass 1393 had a
stronger angiogenic capacity. Additionally, compared with the LPS-
ATP group, the P53 expressionwas notably reduced in the bioactive
glass 1393 treatment group, while the MMP9 expression was
markedly elevated. These findings suggest that the bioactive glass
1393 promotes angiogenesis through the regulation of the ROS/
P53/MMP9 pathway.

Moreover, DCFH-DA staining demonstrated a decrease in green
fluorescence, indicating a reduction in oxidative stress in HUVECs
treated with the bioactive glass 1393 (Fig. 7E). Overall, these in vitro
experiments, coupled with the previous in vivo findings, provide
further evidence supporting the role of the bioactive glass 1393 in
enhancing angiogenesis-related factor expression through the ROS/
P53/MMP9 pathway.

4. Discussion

The process of wound healing is complex, and angiogenesis
plays a crucial role in the proliferative phase facilitating tissue
repair. Numerous studies have underscored the substantial influ-
ence of bioactive glass 1393 ion products on stimulating genes
related to cellular functions, particularly those involved in angio-
genesis. It has been reported that bioactive glass 1393 can stimulate
ECs or adjacent cells to secrete angiogenesis-related factors,
thereby improving ECs vascularization and angiogenesis. Conse-
quently, bioactive glass 1393 is considered to have the potential to
promote wound healing by facilitating blood vessel formation
within the wound. Nevertheless, the precise mechanism underly-
ing this effect remains incompletely understood. Additionally,
reducing ROS production can be beneficial for angiogenesis, which
is a critical factor in the wound microenvironment. Given that P53
influences various cell types, there appears to be a significant cor-
relation between ROS and P53. However, it remains unclear
whether bioactive glass 1393 can modulate cellular behavior in
wound healing by targeting P53. This study establishes that
bioactive glass 1393 not only boosts the expression of factors
related to angiogenesis in ECs but also impacts ROS production and
the expression of P53 and MMP9. Consequently, it promotes
vascular neogenesis both in vitro and in vivo, ultimately impacting
the wound healing process (Fig. 8).

In recent years, metal cations have gained popularity in wound
healing [39,40]. Our laboratory research has found that phosphorus
magnesium fiber can activate TRPM7 channels, allowing magne-
sium ions to flow in and promote macrophage polarization to
improve the wound microenvironment. Sodium and potassium



Fig. 7. Bioactive glass 1393 promotes secretion of angiogenesis-related factors in
HUVECs. (A) LDH release in HUVECS treated with different concentrations of bioactive
glass 1393 powder diluted at 1/50e1/2000, n ¼ 6, compared with the control group
(***P<0.001) (B) LDH release in HUVECS treated with LPS-ATP plus different concen-
trations of bioactive glass 1393 was assayed. Yellow arrows demonstrate the presence
of bioactive glass particles, n ¼ 6, compared with the LPS-ATP group (***P < 0.001) (C)
Protein expression levels of P53, MMP9, eNOS, and VEGF in HUVECs were detected
through Western blotting after being stimulated by treatment of LPS-ATP with 1/1000
BG (D) Quantitative analysis of angiogenesis-related protein expression levels in each
group, n ¼ 3 (*P < 0.05) (E, F) Levels of ROS in HUVECS were detected using DCFH-DA
staining. Scale bar ¼ 50 mm, n ¼ 6 (***P < 0.001).
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ions did not affect macrophage polarization [9]. Additionally, in this
study, SEM was employed to analyze the particle size of bioactive
glass 1393 and 45S5. Firstly, the potential impact of glass particle
size on cell viability was ruled out. Secondly, the study showed that
bioactive glass 1393 released a higher amount of magnesium ions
compared to 45S5, as detected by ICP-OES, indicating the bioactive
effects of bioactive glass 1393 through ion release. Moreover,
granulation and collagen deposition are widely recognized as
important factors in wound healing, providing a favorable envi-
ronment for the growth of new blood vessels, and the ordered and
dense arrangement of collagen supports the functional recovery of
the skin [41e43]. The study implemented bioactive glass 1393 and
45S5 in a mouse model of injury and found that the bioactive glass
1393 treatment group actually promoted granulation, collagen
deposition, collagen fiber alignment, and cell proliferation, thereby
accelerating wound healing (Figs. 2 and 3). To summarize, bioactive
glass 1393 treatment is more effective in wound healing than
bioactive glass 45S5 treatment, possibly due to magnesium ion
release, but further research is required.

Angiogenesis and the establishment of a functional vascular
network are crucial for the process of wound healing [44]. The
dynamic changes in the vascular system during wound healing
involve angiogenesis, vascular maturation, and regression. The
maturation of newly formed blood vessels heavily relies on the
coordinated interaction between vascular ECs and perivascular
cells [45]. During the initial stages of angiogenesis, perivascular
cells are recruited from pre-existing vessels and contribute to blood
vessel growth by degrading the extracellular matrix and releasing
vascular growth factors. As blood vessel development progresses,
perivascular cells migrate towards the periphery of the endothe-
lium, providing structural stability and support. In this investiga-
tion, we noted a substantial rise in the formation of new blood
vessels in the wounds of the group treated with bioactive glass
1393 on the seventh day after surgery (Fig. 4). Furthermore, NG2 is
a well-knownmarker for perivascular cells in the skin [46e49]. The
number of NG2-labeled cells surrounding the blood vessels
increased and a significant improvement in vascularization was
observed as the skin regenerated following injury. On the other
hand, laser doppler imaging of the wound reveals that the group
treated with bioactive glass 1393 had a higher wound blood flow
compared to the wound group. This implies that bioactive glass
1393 not only enhances blood vessel formation but also expedites
the development of functional blood vessels. eNOS and VEGF are
crucial regulators of endothelial function and play a vital role in
angiogenesis [22,50,51]. Studies have shown that VEGF, which is
released immediately after an injury, promotes the proliferation
and migration of vascular ECs, elevates vascular permeability, and
induces the differentiation of ECs into capillaries [20]. eNOS has
been recognized as a key player in angiogenic signaling during skin
wound healing. Studies conducted in mouse models of ischemia
have demonstrated that the genetic deletion of eNOS results in
impaired angiogenesis [52]. In addition, two endothelial junction
proteins have been used as endothelial markers in a large number
of reports: CD31 and vascular endothelial calreticulin (VE-Cad) to
detect vessel growth [53e55]. It has been reported that CD44
modulates cell proliferation and specific caspase-mediated
apoptosis through the Hippo pathway by controlling the CD31
and VE-cadherin expression [56]. The experiments conducted both
in vivo and in vitro in our study consistently demonstrate that
bioactive glass 1393 induces the upregulation of angiogenesis-
related factors (VEGF and eNOS) and endothelial markers (CD31,
VE-cadherin). Collectively, these findings suggest that bioactive
glass 1393 has the potential to promote angiogenesis. However,
further investigations are required to elucidate the underlying
mechanism.



Fig. 8. Bioactive glass 1393 promotes wound healing by regulating the ROS/P53/MMP9 signaling pathway and promoting angiogenesis. Upon contact with wound body fluids, it
diminishes oxidative stress levels in the wound, inhibiting P53 activation, and upregulating MMP9 protein levels to stimulate blood vessel maturation and formation, thereby
accelerating wound healing.
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Elevated intracellularly induced levels of ROS in the trauma
microenvironment are believed to be the primary signal respon-
sible for DNA damage. Free radicals bind to DNA, changing its
physical or chemical state and causing DNA breaks, while DNA
damage-induced P53may arrest the cell cycle and induce apoptosis
[57e59]. Qiao Jianga et al. found that pterostilbene antagonized
homocysteine-induced apoptosis, oxidative stress, and lipid depo-
sition in vascular ECs, an effect proposed to be mediated via the
PI3K/Akt/P53 pathway [60]. UNC5B overexpression has been
shown to promote intracellular ROS production and activate the
P53 pathway, while inhibiting ECs migration and tube formation,
ultimately interfering with ECs function [61]. Additionally, in the
experimental model of traumatic brain injury (TBI), P53, as a gene
related to cell death induction, magnesium treatment reduces the
expression of P53 mRNA in the rat cortex induced by traumatic
brain injury [62]. In this study, Fig. 5 demonstrates that bioactive
glass 1393 promotes wound healing by reducing oxidative stress
levels and inhibiting P53 expression on ECs. To further investigate
the influence of P53 onwound healing, the present study employed
Nutlin-3a as a P53 activator. Treatment with Nutlin-3a has been
shown to increase P53 levels, induce conformational changes in
Bax, and promote apoptosis in cells with wild-type P53 [37]. Ac-
cording to reports, treating with a small molecule inhibitor of
MDM2 Nutlin-3a could augment IR-induced tumor cell elimination
and senescence by stabilizing the activation of the P53eP21
signaling pathway [36]. Toru Hashimoto et al. found that after
surgery for vascular injury, a micro-osmotic pump was inserted
into the abdominal cavity to deliver Nutarin-3a (5 mg kg�1$day�1),
which up-regulated P53 and its downstream target P21, inhibiting
the proliferation and migration of vascular smooth muscle cells
(VSMCs) [38]. The results depicted in Fig. 6 showcased the inhibi-
tory effect of P53 activator on vascular growth factor expression,
highlighting the critical role of P53 in wound healing. Downstream
signals of P53 were also investigated to assess how they affect ECs
behavior. During wound healing, matrix metalloproteinases
(MMPs) play a vital role in the removal of necrotic tissue by
degrading the extracellular matrix, which promotes the migration
and proliferation of ECs, leading to increased expression of VEGF
142
and ultimately affecting neovascularization [63]. Deficiencies in
MMP9 have been shown to impede vascular neogenesis, resulting
in delayed wound healing, impaired keratinocyte migration, and
disrupted collagen fiber formation [64]. Elmetwalli et al. have re-
ported the discovery of an anticancer drug that targets the P53/
MMP9 axis of action [65]. The P53/MMP9 axis drove MMP9-
mediated melanocyte migration, leading to improved pigmenta-
tion in vitiligo patients, as reported by Mengyun Su et al. [66].
Taken together, it was found that bioactive glass 1393 regulated the
ROS/P53/MMP9 signaling pathway, which increases the expression
of angiogenic factors such as eNOS and VEGF, and that the P53
activator Nutlin-3a could inhibit the protective effect of bioactive
glass 1393.

Previous research has demonstrated that bioactive glass impacts
the proliferation and migration of ECs, which play a crucial role in
blood vessels [67,68]. Additionally, LPS can induce cellular oxidative
stress [69,70]. Specifically, studies have shown that when bioactive
glass 1393 and 45S5 powder are directly added to cell culture,
bioactive glass 1393 group exhibits significantly higher metabolic
activity compared to bioactive glass 45S5 group. Furthermore,
compared with the bioactive glass 45S5 group, the number of cells
in the bioactive glass 1393 group is notably greater at the same
particle concentration. Quantitative analysis of cell area showed
that the coverage area of hMSCs in the bioactive glass 1393 group
was significantly greater than that in the bioactive glass 45S5 group
[6]. To better simulate in vivo experiments, we diluted bioactive
glass 1393 powder and added it directly to the ECs culture. Research
has shown that bioactive glass 1393 up-regulates the expression of
angiogenic-related proteins in ECs. This protects against LPS-
induced ECs damage through the ROS/P53/MMP9 signaling
pathway, which is consistent with in vivo experimental results
(Fig. 7). Therefore, cell experiments further support our hypothesis.

Although we found that the direct application of bioactive glass
1393 powder to the wound site improved the rate of wound heal-
ing, it remains challenging to determine the exact ionic concen-
tration of bioactive glass within the wound area. Further
investigations can be conducted to explore the dosage-dependent
impacts of ions on cellular behavior and to establish the
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correlation between these effects and the release of ions from
bioactive glass particles. Additionally, it is important to examine the
influence of the structure of bioactive glass on wound healing.
Furthermore, it is worth investigating the potential of utilizing
bioactive glass 1393 in the treatment of challenging wounds, such
as burns, diabetic ulcers, and infected wounds.

5. Conclusion

In this study, bioactive glass 1393 was synthesized by incorpo-
rating additional metallic elements into the traditional bioactive
glass (45S5) composition. The results of this study demonstrate
that bioactive glass 1393 can induce the release of vascular growth
factors and promote angiogenesis by modulating the ROS/P53/
MMP9 signaling pathway, ultimately accelerating wound healing.
In conclusion, bioactive glass 1393 exhibits significant potential in
promoting wound healing and serves as an excellent candidate for
future biomedical applications as a biomaterial.
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