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Platelet-rich plasma promotes diabetic ulcer repair through

inhibition of ferroptosis
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Background: Ferroptosis, a newly discovered form of cell death, can accumulation activates lipid
peroxidation and excessive oxidative stress in a high glucose environment. These phenomena suggest there
may be ferroptosis pathways in the pathological processes associated with diabetic ulcer (DU). Platelet-rich
plasma (PRP) promotes the healing of DU wounds, which may be achieved by the regulation of ferroptosis
pathways. Hence, the present study aimed to investigate this association and uncover the potential underlying
mechanisms.

Methods: Cell injury models induced by high glucose were constructed using EA.HY926 (vascular
endothelial cells), HSF (fibroblasts), and rat DU models. The MDA, total ROS, total SOD content, the
gene and protein expression of GPX4, SLC7A11, and ACSL4, and the expression levels of inflammatory
cytokines IL-1p, IL-10, and NLRP3 was subsequently used to evaluate the important role of ferroptosis in
the pathological process of DU, and elucidating the molecular mechanism of PRP in ulcer repair.

Results: The results show that compared with the DU control group, the healing rate of the dorsal ulcer
wound in the PRP intervention group was accelerated, and the expression levels of inflammatory cytokines
IL-1B, IL-10, and NLRP3 in the granulation tissue of ulcer wounds was lower. Further, the expression levels of
CD31 and VEGF were higher, the gene and protein expression levels of GPX4 and SLC7A11 were increased,
the expression levels of ACSL4 were less, the SOD content was higher, and the MDA content was lower.
Conclusions: In this study, ferroptosis was preliminarily verified in DUs at the cellular and animal levels,
while PRP could inhibit ferroptosis and significantly improve the migration and regeneration ability of
fibroblasts and vascular endothelial cells induced by high glucose.
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Introduction

According to the International Diabetes Federation, about
500 million people worldwide suffer from diabetes, and
this number is expected to increase by 5% and 51% by
2030 and 2045, respectively. The condition is estimated
to be undiagnosed in 50%, approximating 232 million
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individuals (1). Data from China show 11.2% (according to
World Health Organization criteria) or 12.8% (American
Diabetes Association criteria, including glycosylated
haemoglobin) of Chinese adults aged 18 years and older
had diabetes (2) in 2017. Diabetic ulcer (DU) is a serious

chronic complication of the disease, and its harm is mainly
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manifested as diabetic foot ulcer healing disorders, diabetic
foot, gangrene, and even the need for amputation in severe
cases (3,4). Common triggers of DFU formation include
a high glucose environment, infection, microvascular
circulation disorders, a variety of neuropathies, and slow
skin tissue regeneration (5). However, the pathogenesis of
DFU and the specific molecular pathway of action have not
been clarified. Moreover, the long treatment time and high
cost not only seriously reduce the quality of life of patients,
but create a huge economic on patients, their families and
society at large. Therefore, how to effectively prevent and
treat DFU is an urgent research issue.

It is well-known that studying cell death patterns plays
an important role in elucidating the molecular mechanisms
of disease development and provides a scientific theoretical
basis for finding safe and effective clinical treatments
(6,7). Cell death patterns include programmed death and
unprogrammed death, and among the many types of cell
necrosis, ferroptosis is a newly discovered form. The main
pathological feature of ferroptosis is lipid peroxidation
damage involved in a Fenton reaction in the presence
of intracellular iron overload. GPX4 and SLC7A11 are
two characteristic factors associated with the upstream
signaling pathway of ferroptosis. GPX4 is a “scavenger”
of lipid peroxides that removes excess intracellular lipid
peroxides, while SLC7A411 is an important component
of the glutathione transporter upstream of GPX4 and
promotes intracellular synthesis of glutathione (GSH), a
precursor of GPX4 (8). ACSL4 is a member of the long-
chain fatty acyl coenzyme A synthase family that catalyzes
fatty acid activation to synthesize fatty acyl coenzyme A
in vivo and is a key enzyme in the first step of fatty acid
catabolism. Knockdown of enzymes other than ACSL4
in the ACSL family in murine embryonic fibroblasts
has not been found to cause ferroptosis (9), and unlike
other members of the ACSL family, ACSL4 can activate
long-chain polyunsaturated fatty acids to participate in
membrane phospholipid synthesis. In addition, inhibition
of GPX4 by lipid peroxides requires (9,10) the involvement
of ACSL4. These findings suggest ACSL4 may be a crucial
determinant of ferroptosis. Thus, detection of the degree
of lipid peroxidation damage, GPX4, SLC7A11, and
ACSL4, is important for characterizing the presence or
absence of ferroptosis patterns in cells. Moreover, cellular
lipid peroxidation injury is not only one of the important
markers of ferroptosis, but also plays an important role in
the pathological link of DUs (11-14). In a high glucose
environment, reactive oxygen species (ROS) production is
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excessive and GSH synthesis process is blocked, causing
GPX4 content and activity to decrease and resulting in the
continuous accumulation of lipid peroxides. This results
in cell membrane lipid peroxidation damage, which is an
important molecular mechanism of DU repair disorders
receiving much attention in recent years. Therefore,
ferroptosis may inhibit DU healing.

Platelet-rich plasma (PRP) is the concentration of
platelets and plasma extracted from autologous blood by
centrifugation, and platelets in PRP can release a variety of
growth factors and cytokines after activation (15). Different
factors have synergistic effects and are involved in the
regulation of cell migration, division, differentiation, tissue
angiogenesis, extracellular matrix synthesis, and the vascular
repair of damaged tissues during tissue regeneration and
repair (16), and the use of PRP has met with good results
in the clinical treatment of DUs (17,18). The results
of previous clinical study showed PRP could promote
granulation tissue proliferation and significantly shorten
ulcer healing time in DUs. In addition, HE staining of
tissue sections showed a significant increase in fibroblasts
and neovascularization, and PRP may be involved in
inhibiting cellular ferroptosis pathways. However, the
mechanism by which PRP promotes ulcer healing is
unknown, and whether it can affect the expression of gene
proteins involved in the ferroptosis signaling pathways in
DUs has rarely been reported and is the subject of this
study. We present the following article in accordance with
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-4654/rc).

Methods
Preparation of PRP

For PRP preparation, about 17.5 mL of blood was collected
from the antecubital vein of healthy adult volunteers using
a 20-mL syringe preloaded with 2.5 mL sodium citrate
anticoagulant and slowly mixed to prevent coagulation.
Some samples were obtained to detect the whole blood
platelet concentration with an automatic cell counting
system within 1 h, and the rest were used for the next
experiment. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The study
was approved by ethics committee of The First Affiliated
Hospital Bengbu Medical College (No. 2021148). Informed
consent was taken from all the participants. Blood was
slowly injected into two centrifuge tubes, with an average
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of about 10ml per centrifuge tube, then centrifuged at 200
g for 10 min at room temperature. The yellowish part in
the upper layer and the part 1-2 mm below the middle
layer were then carefully pipetted into another centrifuge
tube and again centrifuged at 2,500 g for 15 min at room
temperature. About two-thirds of the clear liquid in the
upper layer was then discarded, with more than 2 mL of
the clear liquid retained for final adjustment of the platelet
concentration. The remaining 1-2 mL of liquid at the
bottom of the centrifuge tube as PRP, was resuspended, and
the platelet concentration adjusted using an automatic cell
counting system until its concentration reaches 4-5 times
that of the whole blood concentration. The PRP was then
thoroughly mixed with activator (calcium gluconate, bovine
thrombin) at a volume ratio of 9:1), then incubated at 37 °C
for 1 h to activate it. Activated PRPs were then centrifuged
with a table-top centrifuge at 2,000 g for 10 min to remove
cell debris and subsequently filtered through a 0.22-pm
filter before applied directly or stored in a -80 °C freezer
until use. In this study, 10 SD rats with successful modeling
were anesthetized with 5% chloral hydrate (10 mL/1 kg)
intraperitoneally. Pericardium blood samples were
collected, and the method steps were the same as above.
Animal experiments were performed under a project license
(No. 2022289) granted by committee of Bengbu Medical
College, in compliance with Bengbu Medical College
guidelines for the care and use of animals.

Cell culture

The human skin fibroblasts (HSF) and EA of vascular
endothelial cells (EA.HY926) was purchased from Punosai
Biotechnology Co., Ltd. Cells were cultured at 37 °C in
DMEM (Gibco, Carlsbad, CA) containing 10% fetal bovine
serum (Gibco, Carlsbad, CA), 100 U/mL penicillin, and
streptomycin (Beyotime, Shanghai, China). After recovery
and passage of HSF and EA.HY926 cells, 96-well plates
(cell density of 2x10* cells/mL) were added and cultured
in a cell incubator overnight. After removal, high glucose
medium containing different concentrations of PRP and
Erastin was added to each experimental well of the culture
plate to prepare Erastin solutions at final concentrations of
2.5, 5 and 10 pM, and 5%, 10% and 20% PRP solutions,
respectively. Of these, HSF cells corresponded to
25 mmol/L of high-glucose medium, and EA.HY926 cells
corresponded to 30 mmol/L of high-glucose medium, while
control wells were filled with high glucose medium only.
The plates were incubated in a cell incubator for 24, 48,
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and 72 hours (37 °C, 5% CQO,) then removed, washed three
times with PBS solution, and replaced with normal medium
without drugs. CCK-8 solution 10 pL/well was then added
to each well of a 96-well plate, and the plate was incubated
in the dark for 1 hour before removal to detect cell survival.
Then (I) a normal control (NC) group, (II) high glucose
(HG) group, (III) PRP + high glucose (PRP + HG) group,
(IV) Erastin two-hour early intervention + high glucose
(Erastin + HG) group, (V) PRP + Erastin two-hour early
intervention + high glucose (PRP + Erastin + HG) group,
(VI) mannitol hypertonic control (mannitol control) group.
In addition, according to the results of CCK-8 assay and
combined with the previous exploration of the optimal cell
culture time, 10% PRP and 5 pM Erastin were selected
as HSF and EA.HY926. The duration of intervention to
obtain the required concentration of cells was 48 hours.

Cell viability, scratch assay and mobility assessment

Cell viability was measured using a Cell Counting Kit-
8 (CCK-8, MCE, USA) according to the manufacturer’s
instructions and the percentage cell viability was calculated
at each timepoint. The proliferation and migration ability
of fibroblasts were observed by cell scratch assay. (I) Cell
spreading: 6x10° HSF cells were added to each well, and
the fusion rate reached 100% after overnight culture. (II)
Cell streaking: on the day following cell inoculation and
following intervention with HSF from each component
of fibrocytes, adherent cells were scratched perpendicular
to the horizontal line on the back of the plate using a
200-pL pipette tip. (III) Washing cells: the scratched cells
were washed three times with sterile PBS buffer to fully
remove the remaining non-adherent cells so the gaps
left after scratching were clearly visible. The serum-free
medium cell intervention solution of each group was then
replaced, and the cells were cultured in an incubator (37 °C,
5% CO,). (IV) Cell observation: at the beginning, and after
48 h of culture, the culture plate was removed, observed,
and photographed under a light microscope. (V) Analysis of
results: using Image] software to open the cell photos, six
horizontal lines were randomly selected.

Quantitative reverse-transcription PCR

Total RNA was extracted from cells or tissue samples
using an HP Toal RNA Kit (Omega Bio-Tek, Norcross,
GA) according to the manufacturer’s instructions. cDNA
synthesized by reverse transcription was reverse transcribed
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Table 1 Primers used for gPCR
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Gene Forward Reverse

GPX4 GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA
SLC7A11 TCTCCAAAGGAGGTTACCTGC AGACTCCCCTCAGTAAAGTGAC
ACSL4 CATCCCTGGAGCAGATACTCT TCACTTAGGATTTCCCTGGTCC

gPCR, quantitative polymerase chain reaction.

according to the reaction temperature and time program.
After mixing all reactants and rapid centrifugation once,
the mixture was placed in a preheated PCR instrument,
the reaction procedure started, and the data read. Primer
sequences are presented in Table 1.

Western blot analysis

Cells and tissues were lysed using radioimmunoprecipitation
assay (RIPA) lysis buffer (Solarbio, Beijing, China). Protein
samples were collected according to the instructions to
ensure the loading amount of protein samples in each
well was consistent. After SDS-PAGE gel preparation,
sample processing, loading and electrophoresis, transfer
to membrane, blocking, and incubation with primary
antibodies against GPX4 (59735S, CST, USA), SLC7411
(12691S, CST, USA), ACSL4 (ab155282, abcam, USA),
CD31 (3528S, CST, USA), VEGF (ab52917, abtime,
USA) or GAPDH (60004-1-Ig, Proteintech, China). The
membranes were then incubated with secondary antibody,
and the photos were taken in the gel imaging system.

ROS evaluation

DCFH-DA (Solarbio, Beijing, China) was diluted using
serum-free culture medium at a dilution ratio of 1:1,000.
The cell culture medium was aspirated and discarded, and
after HSF and EA.HY926 cells were intervened, 1 mL/well
DCFH-DA dilution was added to the six-well plate. After
stimulation in the cell culture incubator at 37 °C for 40 min,
the original culture medium was aspirated and discarded, an
appropriate amount of serum-free cell culture medium was
added, and the cells were manually washed five times for
10 minutes each time to fully remove excess DCFH-
DA. After counterstaining with DAPI solution (Solarbio,
Beijing, China), intracellular ROS levels were measured by
detecting the intensity of DCF fluorescence using a confocal
laser scanning microscope with an excitation wavelength of
502 nm and an emission wavelength of 530 nm.
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Enzyme-linked immunosorbent assay analysis

The protein levels of IL1B, IL6, NLRP3 in tissue
homogenates were measured with IL1B Rat ELISA Kit
(PI305, beyotime, China), IL6 Rat ELISA Kit (D6050,
rndsystems, USA), NLRP3 Rat ELISA Kit (abcam, USA),
respectively. The concentrations of MDA, SOD was
conducted using MDA Kit (S0131S, Beiotime, China),
SOD Kit (S0101S, Beiotime, China) according to the

manufacturer’s instructions.

Animals

All experimental animals were eight-week-old male
Sprague-Dawley rats (SCXK, Hangzhou, China) weighing
220-250 g. They were housed in polycarbonate cages at
room temperature (21-23 °C) with a 12-h light/dark cycle
and 60-70% humidity. Animal study was performed under
the ethical committee of Bengbu Medical College. After
1 week, the dose of STZ solution required for each
experimental rat was calculated at 65 mg/kg, and
intraperitoneal injection was performed. Blood samples
were collected from the tail vein of all model rats 3 days
after drug injection, and blood glucose was measured by
glucometer and test strip. A random blood glucose level
greater than or equal to 16.7 mmo/L was used as a marker
of successful modeling.

Establishment of wound model

Diabetic SD rats with a back ulcer model were anesthetized
by intraperitoneal injection of 5% chloral hydrate at
10 mL/kg. After the ventral surface of the rats was fixed
downward, the back was shaved and disinfected. A round
full-thickness skin defect wound model with a diameter of
1.5 cm was cut on both sides of the back vertebrae. According
to the different treatment methods, 30 rats were divided into
six groups (n=5): (I) a PRP-treated group which received local
injection of PRP into the ulcer every 3 days; (II) a saline-
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treated group, which received the same amount of 0.01%
DMSO sterile saline injected into the ulcer base every 3 days;
(III) a ferroptosis inhibitor-treated group, which received
2 mg/kg of the ferroptosis inhibitor ferrostatin-1 containing
0.01% DMSO sterile saline into the ulcer base every 3 days;
(IV) a diabetic control group (diabetes control), in which
no local intervention was applied to the ulcer; (V) a healthy
control group, which received no local intervention to the
ulcer; (VI) a normal saline treatment group, in which the
same amount of 0.01% DMSO sterile saline was injected into
the ulcer base every 3 days.

Evaluation of ulcer wound bealing rate in diabetic rats

Wound size changes, healing time, and wound conditions
were observed and recorded every day following the
establishment of the DU model. The formula for calculating
the ulcer wound healing rate C% of animals was as follows:

C%=[(C0-Ct)/C0]x100% (1]

where CO is the ulcer area on the first day after surgery
and Ct is the ulcer area on the last day of the experiment.

Hematoxylin and Eosin staining and
immunohistochemistry (IHC)

On day 10, after skin wounding, all rats were euthanized by
pentobarbital sodium overdose, and the wound tissues were
excised and fixed in 4% paraformaldehyde. Hematoxylin
and Eosin (H&E) staining was performed for analysis of
tissue inflammation including neutrophils and phagocytes,
and the morphological and quantitative changes of
fibroblasts, vascular endothelial cells, and epithelial
cells under a light microscope, and the pathological
characteristics were observed at tissue and cellular levels.
IHC staining of proteins was performed by incubation of
sections with 5% normal goat serum for 1 h followed by
incubation overnight with primary antibodies against IL-1p
(PI305, beyotime, China), IL6 (D6050, rndsystems, USA),
NLRP3 (abcam, USA), respectively. The sections were
washed three times with PBS, incubated with secondary
antibodies (Vector Laboratories, Burlingame, CA) for 2 h at
room temperature, incubated with horseradish peroxidase
(HRP)-diaminobenzidine (DAB) reagents (Proteintech,
Wauhan, China), and then counterstained with hematoxylin.
Sections were analyzed by light microscopy (Carl Zeiss
Microscopy International, Germany), and images were
analyzed using the Image-Pro Plus 6.0 software.
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Statistical analysis

GraphPad Prism 8.0 was used to statistically analyze the
experimental data. All quantitative results are expressed as
mean = SD, and unpaired two-tailed Student #-test was used
for statistical analysis. Differences between groups were
analyzed by one-way ANOVA followed by Tukey’s post-test.

Results

High glucose-induced lipid peroxidation injury model of

cell membrane

Cell viability under different drug concentrations was
evaluated to investigate the effect of the ferroptosis
inhibitor PRP and inducer Erastin on the fibroblast HSF
and vascular endothelial cell EA.HY926 in a high glucose
environment. Different culture conditions were applied
to the two different cells with the concentration and time
of related drugs set, and the cell survival rate was detected
by CCK-8 assay. The results showed the cell survival rate
increased with the increase of PRP concentration in the
same culture time range and increased with the increase
of PRP concentration in the intervention of the same
drug concentration. In addition, at a certain concentration
of Erastin, the survival rate of cells decreased with the
prolongation of the treatment time of the inducer Erastin,
and at a certain concentration of Erastin, the survival rate of
cells decreased with the increase of the drug concentration
of Erastin (Figure 14-1D).

Gene and protein expression of ferroptosis markers
in the cell model of high glucose injury induced by PRP
were detected according to the results of CCK-8 assay.
Combined with the previous exploration of the optimal
cell culture time, 10% PRP and 5 pM Erastin were used as
the cell intervention concentrations of HSF, and 10% PRP
and 5 pM Erastin were used as EA. The cell intervention
time was 48 h. Following the previous intervention, we
used real-time PCR to detect the gene expression of
GPX4, SLC7AI11, and ACSL4 in cells, and as shown in
the figure, GPX4 and SLC7A411 were down-regulated and
ACSL4 was up-regulated in cells in the high glucose group
compared with the normal control group. In addition, the
gene expression of GPX4 and SLC7A11 was significantly
up-regulated and ACSL4 was down-regulated in cells
in the PRP + Erastin intervention group (PRP + Erastin
+ high glucose) compared with the high glucose group
(high glucose) (P<0.001); the gene expression of GPX4
and SLC7A411 was significantly up-regulated in cells in the
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Figure 1 PRP and inhibition of ferroptosis in HSF and EA.HY926 cells exposed to HG conditions. (A,B) The CCK-8 detection results of
PRP on HSF and EA.HY926 cells. It can be seen that within the same culture time range, with the increase of PRP, the cell survival rate

showed an increasing trend. Under the intervention of the same drug concentration, the cell survival rate increased with the prolongation of
the treatment time of PRP. (C,D) The effect of Erastin on the survival rate of HSF and EA.HY926 cells. It can be seen that the survival rate of

cell decreases with the extension of the duration of Erastin when the drug concentration is fixed. With the increase of Erastin concentration,

the survival rate of fibroblast HSF decreased. OD, optical density; PRP, platelet-rich plasma; HSE, human skin fibroblasts; HG, high glucose.

PRP + Erastin intervention group (PRP + Erastin + high
glucose) compared with the inducer intervention group
(Erastin glucose) (P<0.01); and the gene expression of
ACSLA4 was significantly down-regulated in cells in the high
glucose group compared with the high glucose group and
the inducer intervention group (Erastin glucose) (P<0.001
and P<0.01, respectively. The results of these experiments
showed GPX4 and SLC7A11 gene expression was down-
regulated and ACSL4 gene expression was up-regulated
in a high glucose environment, and the intervention of
Erastin, a ferroptosis inducer, could aggravate this trend.
Further the intervention of PRP significantly improved
the characteristic related indicators of ferroptosis and
significantly up-regulated the gene expression of GPX4 and
SLC7A11, while down-regulating the ACSL4 expression.
In addition, there was no significant difference in the
expression of ferroptosis-related genes between the
hypertonic control group (mannitol control) and the high
glucose group (high glucose), indicating the experiment was
not affected by glucose hyperosmolality (Figure 2A4-2D).
Based on these intervention conditions and experimental
groups, we further used Western blot technique to detect
the protein expression of the intracellular ferroptosis
markers GPX4, SLC7A11, and ACSL4 in each experimental
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group, and the results were consistent with the ¢§R7T-PCR
results (Figure 24-2D).

Effects of PRP on lipid peroxidation injury in the high
glucose injury cell model are as follows. Based on the
above intervention conditions and experimental groups,
we then used confocal laser scanning technology and
ELISA to detect the degree of lipid peroxidation injury
in each experimental group, and the results showed that
compared with the high glucose group (PRP + high
glucose), the PRP treatment group (PRP + high glucose)
cells and Erastin + high glucose group had the highest
fluorescence quantification results and the highest total
ROS fluorescence intensity, while EA in the PRP +
high glucose and PRP + Erastin + high glucose groups
was similar to the Erastin + high glucose group. While
quantification of total ROS fluorescence intensity was
significantly decreased in EA.HY926 cells (P<0.001) the,
total intracellular ROS was significantly increased in the
PRP + Erastin + high glucose group compared with the
normal control group (P<0.001) (Figure 34). The MDA
content of EA.HY926 seen in the Erastin + high glucose
group had the highest intracellular MDA content of
2.523 nmol/mL, which was significantly higher than
EA.HY926 in the PRP + high glucose group MDA content
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Figure 2 Real-time PCR and protein expression detection results of ferroptosis markers GPX4, SLC7A11 and ACSL4. In high glucose

environment, the expression of GPX4 and SLC7A11 genes was down-regulated, and the expression of ACSL4 gene was up-regulated. The

intervention of ferroptosis inducer Erastin could aggravate the change trend, and the intervention of PRP significantly improved the related

indicators of iron death, and significantly up-regulated the expression of GPX4 and SLC7A11 genes. The expression of ACSL4 was also

down-regulated. HSF, human skin fibroblasts; PRP, platelet-rich plasma; PCR, polymerase chain reaction.

(P<0.05) EA within each intervention group. In the PRP
+ high glucose group, the content of SOD in EA.HY926
cells was 22.13 nU/mL, which was significantly higher
than in the Erastin + high glucose group SOD content
in EA.HY926 cells (P<0.05). These findings suggest high
concentrations of glucose aggravate fibroblast EA and lipid
peroxidation damage within hy926, and intervention with
Erastin, an ferroptosis inducer, further exacerbates lipid
peroxidation damage, while PRP can effectively reduce it in
vascular endothelial cells due to high glucose concentrations
(Figure 3B,3C).

The effect of PRP intervention on fibroblast proliferation
and migration ability is shown as the mobility of fibroblast
HSF observed under a light microscope after different
intervention treatments. Quantification and statistical
results of cell migration rates using Image ] software showed
HSF cells had the highest migration rate of 67% among the
six experimental groups in the PRP + high glucose group.
The lowest migration rate was in the Erastin + high glucose
group, which was only 20%, followed by the high glucose
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group with 27%. Among them, cell proliferation mobility
was significantly increased in the PRP + high glucose group
compared with the Erastin + high glucose group (P<0.001)
and was significantly lower in the high glucose and PRP
+ Erastin + high glucose groups (P<0.01). These results
showed the proliferation mobility of HSF in fibroblasts
was decreased in a high glucose environment, that Erastin
would further reduce the proliferation and migration of
HSF in fibroblasts in a high glucose environment, and PRP
would significantly improve the proliferation mobility of
HSF in fibroblasts in this environment (Figure 44,4B).

The effect of PRP intervention on the regenerative
capacity of vascular endothelial cells is shown in the figure,
and CD31 and VEGF protein expression was significantly
increased in the PRP + high glucose group compared with
the high glucose and Erastin + high glucose groups (P<0.05,
P<0.01, and P<0.001, respectively). Compared with the
Erastin + high glucose group, the intracellular VEGF content
of EAHY926 cells in the PRP + Erastin + high glucose group
was significantly increased (P<0.001), and compared with

Ann Transl Med 2022;10(20):1121 | https://dx.doi.org/10.21037/atm-22-4654
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Figure 3 The degree of lipid peroxidation damage was detected in each intervention group. Compared with the high glucose group, in the
PRP treatment group (PRP + high glucose), the Erastin + high glucose group had the highest fluorescence quantification result and the highest
total ROS fluorescence intensity. Compared with Erastin + high glucose group, the quantified values of intracellular ROS fluorescence intensity
in EAHY926 cells in PRP + high glucose group and PRP+ Erastin + high glucose group were significantly decreased (P<0.001). Compared
with Normal control group, the total intracellular ROS in PRP + Erastin + high glucose group was significantly increased (P<0.001) (A). The
MDA content of EA.HY926 seen in the Erastin + high glucose group had the highest intracellular MDA content of 2.523 nmol/mL, which was
significantly higher than EA.HY926 in the PRP + high glucose group MDA content (P<0.05) EA within each intervention group. The SOD
content of EA.HY926 cells in each intervention group was the highest in PRP + high glucose group—22.13 nU/mL, which was significantly
higher than the SOD content in Erastin + high glucose group (P<0.05) (B,C). PRP, platelet-rich plasma; OD, optical density; MDA, malonic
dialdehyde; HSE, human skin fibroblasts; SOD, superoxide dismutase; ROS, reactive oxygen species.

the normal control group and the mannitol control group, endothelial cells (Figure 5A-5C).
the expression of CD31 and VEGF protein in EA.HY926
cells was decreased in the high glucose group. These results

PRP L .
suggest the regeneration ability of vascular endothelial cell promotes ulcer bealing in diabetic rats and its

EAHY926 is decreased in a high glucose environment, that mechanisn

Erastin further aggravates the low regeneration ability of PRP increases the re-epithelialization rate of ulcer
vascular endothelial cells in this environment, and that PRP wounds in diabetic rats

can significantly improve the regeneration ability of vascular To investigate whether PRP could promote ulcer wound

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2022;10(20):1121 | https://dx.doi.org/10.21037/atm-22-4654



Annals of Translational Medicine, Vol 10, No 20 October 2022 Page 9 of 16

A oh 48h B 80-
Normal control i
— o\o 60
High glucose 4 i g
— 3]
2 40 A
PRP + High glucose 54 m . T
el =]
2 20
PRP + Erastin + High glucose s
. . 0
Erastin + High glucose SR N N
el Q@ 2 2 @
0«’\“0006 &S 00605‘0
Manito control ; OO @? ©
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proliferation and migration rate in the PRP + high glucose group was significantly increased (P<0.001). Compared with the PRP + Erastin + high
glucose group, the cell proliferation and migration rate in the PRP+ Erastin + high glucose group was significantly increased (P<0.001). The cell
proliferation and migration rates were significantly lower (P<0.01) (A,B). PRP, platelet-rich plasma; HSE, human skin fibroblasts.
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Figure 5 Detection of regeneration ability of vascular endothelial cells EA. HY926. Western blot analysis of CD31 and VEGF of vascular
endothelial cells in each group. (A) Compared with the high glucose group and Erastin + high glucose group, the protein expressions of
CD31 and VEGF in PRP + high glucose group were significantly increased (P<0.05, P<0.01 and P<0.001, respectively). (B) Compared with
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in high glucose group were decreased. PRP, platelet-rich plasma; VEGE, vascular endothelial growth factor; GAPDH, glyceraldehyde-3-
phosphate de hydrogenase.
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Figure 6 PRP for ulcer repair in diabetic rats: results of re-
epithelialization rate assessment in each group. After PRP was
injected into the ulcer wound at the bottom of the ulcer, the
healing rate of the back ulcer of diabetic rats was significantly
increased, and the re-epithelialization rate was significantly higher
than that of diabetic rats in the same period on the 3rd, 6th, and
10th day of medication (P<0.001). PRP, platelet-rich plasma.

healing in diabetic rats, a 10-day iz vivo animal experiment
was conducted. According to the statistical results of the
re-epithelialization rate shown in Figure 6, after PRP was
injected into the ulcer wound at its bottom, the healing
rate was significantly increased, and on the 3rd, 6th, and
10th day of treatment, the re-epithelialization rate was
significantly higher than in diabetic rats at the same time
(P<0.001). Further, this even reached the state of being flat
with the re-epithelialization rate of back ulcers in healthy
rats. These results show PRP injected into the ulcer wound
through the ulcer bottom can effectively promote the
healing of back ulcer wound in rats.

PRP alleviated ulcer inflammation in diabetic rats

The recruitment of inflammatory cells in granulation tissue
of the dorsal ulcer skin was observed by HampE staining on
the 3rd, 6th, and 10th day of intervention, and the contents
of inflammatory cytokines IL-1B, IL-6, and NLRP3 were
quantitatively detected by ELISA.

After the 10th day of PRP intervention, HampE staining
observation results revealed red areas as normal cells, blue
as nuclei, and purple as inflammatory cells, and showed
that in the untreated diabetic rat ulcer group (diabetes
control) and saline treatment group, a large area of purple
inflammatory cell infiltration was present. In contrast,
a large area of inflammatory cell infiltration was not
observed in the local application of PRP to the ulcer wound

© Annals of Translational Medicine. All rights reserved.
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(Figure 7A-7C), and this result was consistent with the
HampE staining results of the ulcer wound tissue in the
healthy rat group. This indicated PRP could effectively
inhibit the activity of inflammatory cells in the ulcer
wounds of diabetic rats. However, the ELISA protein
contents of inflammatory cytokines IL-1p, IL-10, and
NLRP3 in the PRP injection group (PRP injection) were
about 0.83, 0.84, and 0.91 pg/mL, respectively, which were
numerically closest to those in the normal rat control group
(1.01, 1.04, and 1.03 pg/mL, respectively). In addition, the
contents of IL-1p and IL-10 in the PRP-treated group were
significantly lower than in the saline-treated group (P<0.01,
P<0.05, respectively) and diabetic rat group (diabetes
control) (P<0.01, P<0.05, respectively) (Figure 7D,7E).
These findings suggest the local application of PRP to
diabetic rat dorsal ulcers significantly inhibits inflammatory
cell activity, attenuates the production of inflammatory
factors, and promotes vascular and skin regeneration and
repair in tissues.

PRP decreased the content of MDA and increased the
content of SOD in the skin granulation tissue of ulcer
in diabetic rats

PRP decreased the content of MDA and increased the
content of SOD, which could indirectly reflect the degree
of lipid peroxidation injury in the granulation tissue of
rat back ulcers. In general, the results of SOD and MDA
content in the granulation tissue of the ulcer skin of
diabetic rats in each group after PRP intervention on the
10th day. In general, after the local application of PRP,
the MDA content in granulation tissue of ulcerated skin
of diabetic rats was the lowest, about 0.37 nmol/g, and the
SOD content was the highest, about 17.48 nU/mL, which
were numerically similar to those of normal healthy rats.
Further, the MDA content was significantly lower than
that of diabetic rats (diabetes control) and saline-treated
groups, and the SOD content was significantly higher
than that of diabetic rats (diabetes control) and saline-
treated groups, (both P<0.001). These experimental results
showed PRP significantly decreased MDA content and
significantly increased SOD content in the granulation
tissue of ulcerated skin in diabetic rats, effectively
reducing lipid peroxidation damage in granulation tissue
(Figure 84,8B).

Gene and protein expression of ferroptosis-related
factors in granulation tissue of ulcerated skin
To further verify the presence of ferroptosis, a cell death

Ann Transl Med 2022;10(20):1121 | https://dx.doi.org/10.21037/atm-22-4654
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Figure 7 The repair function of PRP on diabetic rats ulcer. (A,B) In the results of H&E staining, normal cells are shown in red, nuclei are shown in
blue, and inflammatory cells are shown in purple. It can be seen that large areas of purple inflammatory cells are infiltrated in both untreated diabetic
rats in the ulcer control group and saline treatment group. On the contrary, no large area of inflammatory cell infiltration was observed in the PRP
group (A,B). The ELISA results of protein content detection of inflammatory factors IL-1p, IL-10 and NLRP3 in skin granulation tissue of ulcer. The
levels of IL-1B, IL-10 and NLRP3 in the skin granulation tissue of ulcers in PRP injection group were about 0.83, 0.84 and 0.91 pg/mL, respectively,
which were the most similar to those of normal rats control (1.01, 1.04, 1.03 pg/mL, respectively), and the levels of IL-1p and IL-10 in PRP treatment
group were significantly lower than those in normal saline treatment group (P<0.01, P<0.05, respectively) and diabetes group (P<0.01, P<0.05,
respectively) (C-E). PRP, platelet-rich plasma; H&E, hematoxylin and eosin; ELISA, enzyme linked immunosorbent assay; IL-1p, interleukin-16; TL-
10, interleukin-10; NLRP3, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing protein 3.
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Figure 8 Changes of MDA and SOD contents in skin tissue of ulcerative skin of rats after PRP drying. (A) On the 10th day after PRP

intervention, the content of MDA in the skin granulation tissue of ulcer of diabetic rats was the lowest, about 0.37 nmol/g, and the content

of SOD was the highest, about 17.48 nU/mL, which were similar to those of normal healthy rats. (B) The content of MDA was significantly

lower than that in diabetes control group and saline treatment group, and the content of SOD was significantly higher than that in diabetes

control group and saline treatment group (all P<0.001). MDA, malonic dialdehyde; OD, optical density; PRP, platelet-rich plasma; SOD,

superoxide dismutase.

pattern, in the granulation tissue of the dorsal ulcer skin of
diabetic rats, we detected the gene and protein expression
of ferroptosis-related factors GPX4, SLC7A11, and ACSL4
of each experimental group by fluorescence quantitative
PCR and Western blot. Using GAPDH as an internal
reference, the PCR detection results showed the gene
expression levels of GPX4 and SLC7A11 in granulation
tissue were up-regulated after PRP intervention and were
significantly higher than those in the diabetic rat group
(all P<0.001). In contrast, ACSL4 gene expression was
significantly lower in PRP-treated rats than in saline-
treated rats and diabetic rats (P<0.001), which was
consistent with the ferroptosis inhibitor (Ferrostatin-1)
group (Figure 94-9C).

Taking GAPDH as an internal reference, GPX4,
SLC7AI11, and ACSL4 results of Western blot were as
shown. After PRP intervention, the protein expression
of GPX4 and SLC7A11 in the granulation tissue of the
ulcerated skin of diabetic rats was up-regulated, and
was significantly higher than that of the normal saline
treatment group and diabetes control group (both
P<0.001), and ACSL4 in the PRP-treated group. The
protein expression level in diabetic rats was also lower than
in the normal saline treatment group and diabetes control
group, which was consistent with the ferrostatin-1 group
(Figure 9D).

© Annals of Translational Medicine. All rights reserved.

Discussion

It is well-known that epithelial cells have excessive apoptosis
and a low ability to regenerate and migrate, and that the
ability of endothelium cells to regenerate and proliferate is
reduced and collateral circulation is difficult to establish. All
of these are important factors that lead to the prolongation
of wound healing in DUs (19-21). A high concentration of
glucose increases the production of peroxide in the cell and
converts into lipids which combine with the peroxide to
form a continuous supply and excessive production of lipid
peroxidation. If not removed in a timely manner, this can
cause cell dysfunction or even death (22-25). Ferroptosis
is a recently discovered form of cell death characterized by
lipid peroxidation damage involving iron or lipoxygenase,
which attacks biological macromolecules and ultimately
induces cell death. This implies lipid peroxidation injury
is an important pathological mechanism of refractory
DU wounds and may be closely related to the pathway
of ferroptosis. GPX4, SLC7AI11, and ACSL#4 are the
characterizing factors of ferroptosis (9,26). In a high glucose
environment, HSF, and endothelium EA.HY926 lipid
peroxidation injury, the expression of ferroptosis related
factors GPX4 and SLC7A11 genes and proteins were up-
regulated compared with a normal glucose concentration,
while expression of ACSL4 genes and proteins was down-

Ann Transl Med 2022;10(20):1121 | https://dx.doi.org/10.21037/atm-22-4654
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Figure 9 Real-time PCR and protein expression detection results of ferroptosis markers GPX4, SLC7A11 and ACSL4. After PRP

intervention, the gene expressions of GPX4 and SLC7A11 in the skin granulation tissue of ulcer of diabetic rats were up-regulated,

which were significantly higher than those of diabetes control rats (all P<0.001). In contrast, the expression of ACSL4 in PRP group was

significantly lower than that in saline group and diabetes control group (both P<0.001) (A-C). The results were consistent with the protein

expression results (D). PCR, polymerase chain reaction; PRP, platelet-rich plasma.

regulated. These results support our previous hypothesis
that in a high-glucose environment, fibroblast HSF
and endothelium EA.HY926 may undergo iron-related
lipid peroxidation injuries. As an inducer of ferroptosis,
Erastin targets GPX4 and is a small molecule inhibitor of
GPX4. In this study, PRP was added to Erastin-induced
hyperglycemic cells, either fibroblast HSF or endothelium
EA.HY926. Compared with Erastin, the expression levels of
GPX4 and SLC7A11 were up-regulated, while the content
of lipid peroxidation and the expression levels of ACSL4
were down-regulated, suggesting PRP can inhibit the cell
ferroptosis induced by Erastin. In addition, while the gene
and protein expressions of GPX4 and SLC7A11 were up-
regulated in PRP-treated high glucose cells compared with
those in non-treated high glucose cells, the content of lipid
peroxidation and the expression level of ACSL4 were down-

© Annals of Translational Medicine. All rights reserved.

regulated. This confirmed PRP could alleviate the damage
of lipid peroxidation and inhibit HSF and endothelium
EA.HY926 induced by high glucose ferroptosis. These
results suggest the proliferation and migration of fibroblast
HSF and endothelium EA.HY926, and the regeneration
ability of hy926 decreases in a high glucose environment.
Combined with the above analysis, it can be seen that the
cell death induced by high glucose will further cause cell
dysfunction. Furthermore, the above findings suggest
high glucose-induced cellular ferroptosis can be inhibited
by PRP, and in the group of high glucose cells with PRP
intervention compared with those without, the migration
and proliferation of fibroblast HSF were increased. This
indicates PRP can inhibit high glucose-induced cell
ferroptosis and promote the proliferation of fibroblast HSF
and endothelium EA.HY926.
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PRP is a platelet concentrate containing large amounts
of proteins and growth factors prepared after whole blood
centrifugation. Activated PRP has a three-dimensional
network of microstructures as a biologically active scaffold
(fibrin gel) which is conducive to cell migration and new
matrix formation (27). Based on these advantages, PRP
has been widely used to promote skin regeneration, colon
anastomosis, and bone formation (28,29), and the study
has shown that PRP treatment induces the proliferation
and growth activity of cells are enhanced after external
radiation (30). PRP has been found to have a similar effect in
human skin fibroblasts, and given its role in promoting the
migration and proliferation of skin fibroblasts, it is capable
of being used to treat patients with chronic injuries (31).
In addition, a series of important research results revealed
an increase of local tissue glutathione content could
promote granulation tissue regeneration and accelerate
wound healing in diabetic animal models of ulcer under
hyperglycemia (32-34). In this study, the ulcer healing rate
of diabetic rats was significantly increased after PRP was
injected into the bottom of the ulcer, and the ulcer healing
rate was significantly increased at the 3rd, 6th, and 10th day
after injection. The re-epithelialization rate was significantly
higher than that of diabetic rats (P<0.001), and even reached
the same level as that of healthy rats, indicating injection
of PRP at the bottom of an ulcer could effectively promote
its healing. In addition, the present study found the iron-
related death signature factors GPX4 and SLC7AII in the
wound surface of DU rats were downregulated in gene
and protein expression compared with those after PRP
use, while ACSL4 showed an up-regulation trend. Further,
after RPP intervention, the content of lipid peroxidation
MDA and inflammatory factors IL-1p, IL-10, and NLRP3
decreased, but that of SOD was adversed. Therefore,
we hypothesized that ROS are produced in tissues and
cells at high glucose levels, and that as more glucose
enters the cells, lipid peroxidation production increases.
Further, that under the action of iron ions in the cells, lipid
peroxidation can accumulate and attack DNA and other
biomolecules in the granulation tissue of ulcerated skin and
trigger cell ferroptosis. PRP can reduce lipid peroxidation
damage by activating certain signaling pathways to block
the ferroptosis pathway and promote endothelium and
epithelial cell regeneration, differentiation and migration,
effectively improving the healing ability of ulcer wounds in
diabetic rats.

In conclusion, in a high-glucose environment,

fibroblast HSF and endothelium EA.HY926 can undergo

© Annals of Translational Medicine. All rights reserved.
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ferroptosis. The main characteristics are aggravation of
lipid peroxidation injury, decrease of GPX4 and SLC7A411,
and increase of ACSL4. PRP can inhibit the development of
ferroptosis, alleviate lipid peroxidation damage in cells, and
further promote the development of HSF and endothelium
EA.HY926 in proliferation, migration, and regeneration.
After local application of PRP, the degree of lipid
peroxidation injury in granulation tissue cells, the activity
of inflammatory cells and the production of inflammatory
factors were significantly reduced in diabetic rats with back
ulcers. PRP can increase the gene and protein expression
of GPX4 and SLC7A11, decrease the gene and protein
expression of ACSL4, and further promote the regeneration
and repair of skin tissue and microvessels of ulcer wounds,
accelerating the healing of back ulcers in diabetic rats. From
this, it can be determined that ferroptosis plays a role in
the pathological mechanism of skin granulation tissue in
diabetic rats, and PRP can inhibit this. By regulating the
expression of characteristic factors related to ferroptosis, it
can promote the regeneration and repair of blood vessels in
ulcer wounds and accelerate healing.
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