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Purpose: To evaluate the effect of super-activated platelet lysate (sPL) on wound healing of tooth extraction sockets in rats.
Methods: Rat models of the tooth extraction socket were established. Thirty-six rats were divided into control and sPL groups and
sacrificed on days 7, 14, and 28 after tooth extraction. Bone formation in tooth extraction sockets were observed by microscopic
computed tomography (micro-CT) and hematoxylin and eosin (HE) staining; osteoprotegerin (OPG), receptor activator of nuclear
factor kappa-Β ligand (RANKL), interleukin 6(IL-6), and tumor necrosis factor-alpha (TNF-α) proteins were detected by
immunohistochemistry; and chemokine and osteogenic gene expressions were detected by polymerase chain reaction (PCR).
Results: sPL accelerated soft tissue wound healing in the extraction socket of rats. Micro-CT showed that the amount of bone
formation and bone volume fraction were higher in the sPL group than the control 14 days after extraction. HE staining showed
promotion of the formation of bony trabeculae by sPL in the apical third of the extraction socket 7 days after extraction and more
mature and organized bony trabeculae in the sPL group than the control 14 days after extraction; mature bony trabeculae filling most of
the fossa with lesser bone porosity in the socket in the sPL group than the control 28 days after extraction. Immunohistochemistry
showed that sPL induced OPG expressions 7 and 14 days after tooth extraction but did not affect the RANKL expression while
transiently promoting the IL-6 expression 7 days after extraction. PCR showed that sPL promoted chemokine expressions 7 and 14
days after extraction. The expressions of osteogenesis-related factors were higher in the sPL group than the control 7 and 28 days after
extraction, while the opposite trend was observed 14 days after extraction.
Conclusion: sPL has a transient pro-inflammatory effect and promotes soft tissue healing and bone formation during early wound
healing of extraction sockets in rats.
Keywords: sPL, blood product, wound healing, bone formation, cytokines

Introduction
In dental science, the following conditions require tooth extraction: periodontitis, malposed third molars, dental trauma,
orthodontic treatment, tumors, and other local or systemic factors. Early complications, such as pain, excessive bleeding,
and dry socket, often occur because of damage to local tissues and disruption of blood microcirculation. Long-term
complications are due to persistent alveolar bone resorption or residual ridge resorption.1 Inflammation may exacerbate
alterations in the local microenvironment, further enhancing bone resorption. The demand for esthetics and comfort in
oral treatment is increasing, and dentists are required to design restorations matching the adjacent native dentition after
tooth extractions. Adequate alveolar bone volume and complete alveolar ridge morphology are indispensable for
achieving esthetic and functional reconstructions.2

Tooth extraction is followed by an orderly series of biological events, involving soft and hard tissue repair and
regeneration, that ensure wound healing in extraction sockets and restoration of lost tissues.3,4 Signaling pathways are
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activated by spatially and temporally dependent interactions of cytokines, chemokines, and growth factors that regulate
the expressions of genes and transcription factors, thereby determining the fate of cells in a healing environment.5

Biomaterials used to preserve the alveolar ridge after tooth extraction include bone grafts, barrier membranes,
biological agents or matrices, such as bone morphogenic proteins (BMPs), enamel matrix protein, demineralized bone
matrix, and their combinations.6–8 Grafts are at a risk of infection, presenting as delayed new bone formation.9,10 To
reduce post-extraction complications, the development of a topical therapeutic agent capable of promoting bone
regeneration and early wound healing in tooth extraction sockets is necessary.

Human blood is a source for many therapeutic products. The World Health Organization has recognized some blood
products as “essential medicines.”11 Platelet concentrates (PCs) are a blood product with a higher platelet concentration
than physiological whole blood. They are an innovative formulation in regenerative medicine and widely used in oral and
maxillofacial surgery.12,13 The preparation protocols of PCs differ and lack standardization, resulting in differences in
their composition and application. PCs have different nomenclatures, such as platelet-rich plasma (PRP), platelet-rich
fibrin(PRF), and platelet lysate. Super-activated platelet lysate (sPL) is a novel platelet lysate obtained using a patented
platelet-induced high activation culture technology. During preparation of sPL, residual solid cellular components and
white cells are removed, while immunogenicity is reduced. sPL rapidly release highly concentrated bioactive factors,
such as the platelet-derived growth factor (PDGF), insulin-like growth factor (IGF), vascular endothelial growth factor
(VEGF), epidermal growth factor (EGF), transforming growth factor-beta (TGF-β), BMP-2, BMP-4, BMP-6, interleukin
(IL)-1, etc.14,15 As sPL can repair bone defects without activating platelets, they can be directly injected into the bone
defect,16 and their easy manipulation and application have increased their use in orthopedics. The efficacy of sPL
combined with allografts is superior to that of allografts alone and comparable to that of autogenous bone grafts.
Therefore, sPL combined with allografts are an alternative therapy to repair long bone defects.17 sPL also prevent
glucocorticoid-related femoral head necrosis by upregulating the expressions of osteogenic and angiogenic genes through
autophagy.18

PCs have not shown reliable or consistent results in alveolar ridge preservation.19,20 Most previous studies were
limited to the combined application of PC with other biomaterials and did not describe the method of PC preparation or
biological factors. Further, studies on the effect of PC products alone on the alveolar sockets are lacking. Therefore, the
aim of the present study was to explore the effects of the novel platelet lysate sPL on wound healing in noncritical bone
defects, such as tooth extraction sockets, in the maxillofacial region.

Materials and Methods
Animals
We obtained 45 healthy male Sprague–Dawley rats from the animal experimental center of the Second Affiliated Hospital
of Harbin Medical University, Harbin, People’s Republic of China. The rats were at an average age of 6 weeks and weighed
180–200 g. Nine rats were used for sPL preparation, and 36 rats underwent tooth extraction. Each rat was placed in
a separate cage with free access to water and rat food and acclimatized to the environment for 7 days preoperatively.

sPL Preparation
According to the patented technical method described previously,21 10 mL of sPL was obtained from 90 mL blood
harvested from the 9 rats. Blood was repeatedly centrifuged at low temperature at an ultra-high speed with the method
conventionally used for platelet-rich lysates. Repeated freeze-thaw with patented cytokine culture technologies were used
to activate and collect sPL.

Establishment of the Rat Tooth Extraction Model
A sterile 20× 60-mm gelatin sponge was removed from the outer tray, placed in a Petri dish, and cut in half (20×30-mm).
Subsequently, 2 mL sPL or normal saline was uniformly dispensed over the entire gelatin sponge surface. Following 30
min of incubation at 37°C, the soaked gelatin sponge was cut into 3 mm× 5-mm segments (1 piece/defect) for subsequent
use. Each segment contained 50 µL (42.375 mg) of sPL.
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The 36 rats were randomly divided into sPL and control groups, with 18 rats per group. Under general anesthesia with
ketamine (80 mg/kg) and dexmedetomidine (0.6 mg/kg), bilateral maxillary first molars were carefully extracted to avoid
root fracture, and gelatin sponge segments (5 mm × 3 mm) absorbed with normal saline and sPL were placed into the
extraction sockets in the control and sPL groups, respectively. Finally, the cyanoacrylate adhesive was used to close the
surrounding mucosal tissue. (See the Supplement 1 for the schematic of the tooth extraction process.)

The extraction wounds in the sPL group were treated with 100 µL sPL (50 µL for the extraction wound and 25 µL
each for the buccal and lingual sides of the extraction site) using a small 26-G needle every other day until complete
closure of the mucosa overlying the extraction sites was achieved (approximately 14 days after tooth extraction). The
extraction wounds in the control group were treated with normal saline simultaneously. The accommodation and diet of
the rats in the sPL and control groups were the same.

The rats were sacrificed 7, 14, and 28 days after tooth extraction, with 6 rats sacrificed in each group at each time
point. The alveolar fossa and process of the right maxilla were harvested immediately and stored in liquid nitrogen until
the molecular analysis, while those of the left maxilla were fixed in 4% paraformaldehyde before micro-CT and
histological analyses. The same operator (Xiaorui Guo) performed all these procedures.

Micro–CT Assessment
Micro-CT was performed 14 days after tooth extraction. The harvested specimens were scanned with micro-CT
(SCANCO Medical AG) in high resolution using a tube current of 200 µA, voltage of 90 kV, and slice thickness of
20 µm. The maxillary specimens were reconstructed from two- and three-dimensional images with the center of the
extraction socket defect as the region of interest. The percentage of bone present in the tooth extraction sockets was
calculated using the bone volume fraction (bone volume divided by total tissue volume, BV/TV) and, trabecular number
(Tb.N), trabecular thickness (Tb.Th), and trabecular separation (the distance between the two bony trabeculae, Tb.Sp).
Quantitatively and statistically analyses were performed for the percentage of bone present in the sPL and control groups.

Histological Analysis
The maxillary specimens were harvested 7, 14, and 28 days after tooth extraction, fixed in 4% paraformaldehyde, and stored
overnight at 4 °C. After rinsing the samples with phosphate-buffered saline (PBS), they were decalcified with a 10%
ethylenediaminetetraacetic acid (EDTA) solution at 7.4 pH and stored at 4 °C for 6–8 weeks, depending on the degree of
mineralization, with EDTA being renewed every 3 days. The samples were then dehydrated in a range of concentrations of
ethanol, transferred to xylene, and embedded in paraffin. Sections of 4–5-µm thickness were cut in sagittal section along the long
axis of the extraction socket using a slicer, stained with hematoxylin and eosin, and imaged at 40× and 100×magnifications with
a light microscope (Olympus Manual System Microscope BX43; Olympus) fitted with a camera (Diagnostic Instruments).

Immunohistochemical Analysis
OPG, RANKL, IL-6, and TNF-α expressions were evaluated for 6 rats each on days 7, 14, and 28 after tooth extraction. Slides
were obtained as described above. Sections were dewaxed with xylene, dehydrated with a graded series of alcohols, washed
with PBS, and incubated in 3% H2O2 with deionized water to neutralize the endogenous peroxidase activity. Non-specific
binding sites were blocked with 2% bovine serum albumin in PBS for 1 h. The sections were incubated overnight at 4°C with
one of the following primary antibodies: goat anti-rat polyclonal OPG (1:100; Abcam), RANKL (1:100; Abcam), IL-6 (1:100;
Abcam), or TNF-α (1:100; Abcam). After three rinses with PBS, the sections were incubated with the biotinylated anti-goat
antibody for 30 min at 37 °C. Additionally, following three rinses with PBS again, the sections were incubated with the
enhanced enzyme-conjugated goat anti-mouse IgG polymer for 20 min at 37 °C. Finally, following three rinses with PBS
again, the sections were colored with the freshly configured DAB chromogenic solution, and the nuclei were restained with
hematoxylin. The cells were placed in 1% hydrochloric acid alcohol differentiation solution and washed under running water.
After placing in the solution returned to blue, hydrated with a graded series of alcohol, and transparent with xylene, the
samples were sealed with neutral gum and observed under a microscope as follows:

The sections were placed under a microscope for double-blind observation. The whole section was observed at 100×
magnification, and the OPG/RANKL/IL-6/TNF-α protein expression in the tooth socket was photographed. The criteria for
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determining a positive result for the OPG/RANKL/IL-6/TNF-α expression in the tooth socket were brownish yellow
particles at the site of secreted proteins, with the plasma or cell membranes used as the positive criteria for staining.
Quantitative and statistical analyses were performed for the OPG/RANKL/IL-6/TNF-α expression in the extraction socket.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
Gingival specimens were carved out from the alveolar crest above the healing site of the tooth extraction sockets to
analyze chemokine expressions. The socket tissues occupying the alveolus were collected to analyze osteogenic gene
expressions.

The TRIzol® reagent protocol (Invitrogen) was used to isolate the total mRNA, which was then reverse-transcribed.
Table 1 lists the primer sequences and reference genes (β-actin). Reactions were performed using a 20-µL mixed system
containing 7.2 µL of sterile distilled water, 10 µL of qPCR SYBR Green Master Mix (Yeasen Biotechnology), 0.8 µL of
each gene-specific primer, and 2 µL of the cDNA template. Each sample was analyzed in three replicates. RT-qPCR was
performed using the ABI Prism 7500 Real-Time PCR system (Applied Biosystems).

Statistical Analysis
The analysis of variance followed by the t-test was performed to analyze the differences. For non-normally distributed
data, the Mann–Whitney U-test was performed. Data are expressed as mean ± standard deviation. A p-value < 0.05
indicates statistical significance. Statistical analyses were performed using GraphPad Prism 8.0.

Table 1 Primer List

Gene Sequence

CCL3 F:GACTGCCTGCTGCTTCTCCTATG

R:GATCTGCCGGTTTCTCTTGGTCAG

CCL5 F:GACACCACTCCCTGCTGCTTTG

R:CTCTGGGTTGGCACACACTTGG

CCR9 F:CAACAGCCTGGTCATCCTTGTCTAC

R:CAGAAGGGAAGAGTGGCAAGAAAGAG

CCR10 F:GTTGTCGCTGCTTCTGGCTCTAC

R:CACAGTCTGCGTGAGGCTTTCG

CXCL2 F:ATGCTGTACTGGTCCTGCTCCTC

R:GTCACCGTCAAGCTCTGGATGTTC

ALP F:CCTGCAGGATCGGAACGTCAATTA

R:TGAGTTGGTAAGGCAGGGTCC

OCN F:ACCATCTTTCTGCTCACTCTGCT

R:CCTTATTGCCCTCCTGCTTG

COL1 F:TGTTGGTCCTGCTGGCAAGAATG

R:GTCACCTTGTTCGCCTGTCTCAC

BMP2 F:ACCCTTTGTATGTGGACTTCAGTGATG

R:CTATGGCATGGTTGGTGGAGTTCAG

RUNX2 F:CTTCGTCAGCGTCCTATCAGTTCC

R:TCCATCAGCGTCAACACCATCATTC

Osterix F:GAGGAAGAAGCCCATTCACA

R:AAGCCAGTTGCAGACGAAAG

Actin F:TCCTGTGGCATCCACGAAACT

R:GAAGCATTTGCGGTGGACGAT
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Results
Micro-CT Results and Effect of sPL on Soft Tissue Healing in Extraction Wounds
Micro-CT showed no bone deposition in the tooth extraction socket immediately after tooth extraction. Fourteen days
after tooth extraction, micro-CT showed slightly more bone deposition and greater alveolar ridge height in the sPL group
than in the control group (Figure 1A). The bone volume fraction (BV/TV; %) and trabecular number (Tb.N) and
thickness (Tb.Th) of the tooth extraction socket were significantly higher in the sPL group than in the control group
(p <0.05), but trabecular separation did not differ significantly between the two groups (Figure 1B).

Figure 1 (A) Microscopic computed tomography images of the rat tooth extraction sockets. (B) Bone volume fraction (BV/TV) and trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp) in the extraction socket 14 days after tooth extraction. Data are expressed as mean ± standard deviation. n = 6 rats/group.
*p < 0.05. (C) Images showing wound healing in the extraction socket of two randomized rats in the sPL and control group 10 days after tooth extraction.
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Ten days after tooth extraction, most rats in the sPL group had reached complete closure of the extraction wound,
while those in the control group had not (Figure 1C). Wound healing was approximately 2–4 days faster in the sPL group
than in the control group.

Histological Findings
Seven days after tooth extraction, the tooth extraction socket in both groups showed no residual periodontal ligament,
shrunken blood clots, and more fibroblasts. Both groups showed new trabecular bone formation, but the new trabecular
bone was less abundant and discontinuous with fragility in the control group than in the sPL group (Figure 2). The new
trabeculae bone in sPL-treated sockets transitioned from the apical third to the middle third of the root, was also found at
the margin of the extraction socket, and radiated toward the center of the extraction socket. The margin of the extraction
socket showed greater quantity and quality of the new trabeculae bone in the sPL group than in the control group
(Figure 2) but was occupied by granulation tissue in the remaining area above the extraction socket in both groups.

Fourteen days after tooth extraction, no obvious interalveolar septum structure was observed in either group, and
blood clots were scant. The bony trabeculae in maturation filled most of the extraction sockets, and sinus capillaries
occasionally regenerated near the lateral wall of the alveolar fossa. Bone formation started from the middle third of the
alveolar fossa and gradually transitioned to the alveolar ridge. The sPL group showed more organized trabecular bone
and less trabecular separation in the alveolar fossa compared to the control group (Figure 2).

Twenty-eight days after tooth extraction, mature bony trabeculae filled most of the extraction sockets. Thick and clear
bony trabeculae with a small pulp space and connective tissue islands were found in the alveolar fossa. The trabecular
bones with medullary cavities, bone matrix, and cells did not differ significantly between the two groups, but bone
porosity was less in the sPL group than in the control group (Figure 2).

Immunohistochemical Results for the Immunolabeling Patterns of OPG and RANKL
Seven days after tooth extraction, OPG staining was moderate-to-intense in the sPL group and mild to moderate in the
control group. Fourteen days after tooth extraction, OPG staining was moderate-to-intense in the sPL group and mild in
the control group. The quantitative analysis showed that 7 and 14 days after tooth extraction, OPG immunomarkers were
higher in the sPL group than in the control group (p<0.05). Twenty-eight days after tooth extraction, OPG staining was

Figure 2 Histological images of the maxillary first molar extraction sockets in the control and sPL groups 7, 14, and 28 days after tooth extraction. Hematoxylin and eosin
staining; magnification: 40× and 100×. The dotted line indicates the root morphology, and the arrow indicates the newly formed bony trabeculae. Scale: 100 μm.
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moderate-to-intense in both groups. The quantitative analysis showed no statistical difference in OPG immunomarkers
between the sPL and control groups (Figure 3A and B).

At all time points, RANKL staining was moderate in both groups. The quantitative analysis showed no significant
difference in the RANKL expression between the sPL and control groups at any time point (Figure 3C and D).

Immunohistochemical Results for the Immunolabeling Patterns of IL-6 and TNF-α
IL-6 and TNF-α stained positive in the cytoplasm and extracellular matrix. Seven days after tooth extraction, IL-6
staining was moderate in the sPL group and mild to moderate in the control group. The quantitative analysis showed
a higher IL-6 expression in the sPL group than in the control group (p<0.05). On days 14 and 28 after tooth extraction,
IL-6 staining was moderate in both groups. The quantitative analysis showed no significant differences in the IL-6
expression between the sPL and control groups (Figure 4A and B). At all time points, TNF-α staining was mild to
moderate in both groups. The TNF-α expression did not differ significantly between the sPL and control groups at any
time point (Figure 4C and D).

Effect of sPL on Chemokine Expressions During Wound Healing in the Tooth
Extraction Socket
Chemokine expressions showed the effect of sPL on the immune response to tooth extraction (Figure 5). Seven days after
tooth extraction, expressions of the chemokines CCL3, CCL5, CCR9, CCR10, and CXCL2 in the healing mucosa of the
alveolar ridge above the extraction socket were 2.8-, 4.4-, 2.1-, 2.1-, and 2.6-folds higher in the sPL group than in the
control group, respectively (p<0.05). 14 days after tooth extraction, the expression of the chemokine CCL3 or CCR9 did
not differ significantly between the sPL and control groups, while those of the chemokines CCL5, CCR10, and CXCL2
were 4.6-, 2.7-, and 3.0-folds higher in the sPL group than in the control group, respectively (p<0.05). In contrast, 28
days after tooth extraction, expressions of the chemokines CCL3, CCL5, CCR9, CCR10, and CXCL2 were 2.1-, 1.4-,
3.4-, 2.6-, and 2.5-folds higher in the control group that in the sPL group, respectively.

Effect of sPL on Osteogenic Gene Expressions During Wound Healing in the Tooth
Extraction Socket
Seven days after tooth extraction, expressions of the osteogenic factors ALP, OCN, COL-1, BMP-2, Runx2, and Osterix
were 1.6-, 3.0-, 2.0-, 2.5-, 3.1-, and 3.0-folds higher in sPL group than in the control group, respectively (p<0.05). In
contrast, 14 days after tooth extraction, expressions of the osteogenic factors ALP, COL-1, BMP-2, Runx2, and Osterix
were 6.4-, 4.2-, 2.4-, 3.1-, and 2.9-folds higher in the control group than in the sPL group, respectively (p<0.05), while
that of OCN did not differ significantly between the sPL and control groups. Twenty-eight days after tooth extraction,
expressions of the osteogenic factors OCN, COL-1, BMP-2, Runx2, and Osterix were 2.3-, 3.0-, 1.7-, 5.4-, and 5.0-folds
higher in the sPL group than in the control group (p<0.05), while that of ALP did not differ significantly between the two
groups (Figure 6).

Discussion
In the present study, sPL has a transient pro-inflammatory effect and promotes soft tissue healing and bone formation
during early wound healing of extraction sockets in rats. Soft tissue wound healing achieved in approximately 2 weeks
after tooth extraction in rats.22 sPL can accelerate soft tissue wound healing in the extraction socket of rats by an average
of 2–4 days. Platelet-derived factors can regulate wound healing in refractory skin ulcers and avoid skin flap necrosis by
forming fibrin clots, promoting fibroblast proliferation, and up-regulating collagen synthesis in the early healing stage.23

Further, faster soft tissue wound healing provides a good internal environment homeostasis and protection for bone
reconstruction in tooth extraction sockets.

The inflammatory response is transiently enhanced in the initial phase of regeneration by platelet lysates and is then
subsided by the nuclear factor kappa B signaling pathway and cyclooxygenase-2.24,25 This explains the higher expression
of IL-6 in the sPL group compared to the control group 7 days after tooth extraction but lack of significant difference
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Figure 3 Photomicrographs and graphics showing the immunoreactivity patterns of OPG (A and B) and RANKL (C and D) of the rat alveolus in the control and sPL groups
7, 14, and 28 days after tooth extraction. Data are expressed as mean ± standard deviation. n = 6 rats/group. *p < 0.05. Scale bar = 100 μm. Original magnification, ×400.
OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor kappa-Β ligand.
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Figure 4 Photomicrographs and graphics showing the immunoreactivity patterns of IL-6 (A and B) and TNF-α (C and D) of the rat alveolus 7, 14, and 28 days after tooth
extraction. Data are expressed as mean ± standard deviation. n = 6 rats/group. *p < 0.05. Scale bar = 100 μm. Original magnification, ×400. IL-6, inter-leukin-6; TNF-α,
tumor necrosis factor.
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between the two groups 14 or 28 days after tooth extraction. In other words, sPL enhanced the inflammatory response in
the early stages of wound healing. Further, regulating inflammatory responses is key to tissue repair, as it induces initial
tissue remodeling and allows recovery of tissue structure and function.26

The balance between osteoblasts and osteoclasts plays a crucial role in intra-tissue homeostasis and bone remodeling.
Cytokines and growth factors regulate the proliferation, differentiation, and function of osteoblasts and osteoclasts and
coordinate communication between them.27 After tooth extraction, healing of the alveolar fossa involves bone remodel-
ing, resulting in significant volume contraction of the soft and hard tissues of the alveolar ridge horizontally and
vertically. Bone grafts and barrier membranes can reduce these tissue changes for alveolar ridge preservation, but no
graft material can inhibit bone remodeling in the alveolar sockets or completely prevent bone resorption after tooth
extraction.4,28

The balance between OPG and RANKL determines the amount of new bone formation.29 The nuclear factor kappa
B ligand receptor activator RANKL activates osteoclasts and stimulates bone resorption by binding to its receptor
RANK. The osteoblast-produced OPG is a soluble antagonist of the RANKL/RANK binding that prevents osteoclast

Figure 5 Polymerase chain reaction findings of mRNA expressions of the chemokines CCL3, CCL5, CCR9, CCR10, and CXCL2 during wound healing in the tooth
extraction socket. Data are expressed as mean fold increase ± standard deviation in the mRNA expression from three measurements in comparison between the control
and sPL groups and normalized by internal housekeeping genes (β-actin). n = 6 rats/group. A p-value < 0.05 indicates a statistically significant difference. *p < 0.05. **p < 0.01.
***p < 0.001.
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formation and bone resorption.30 In the present study, sPL induced OPG expression after tooth extraction but did not
affect RANKL expression, consistent with Sumida et al’s and Yu et al’s studies.31,32 IL-6 is a regulator of RANKL/OPG
that stimulates the differentiation of mesenchymal cells to the osteoblast lineage, acts as an anti-apoptotic agent of
osteoblasts, and promotes bone formation.33 TNF-α enhances the RANKL expression in osteocytes and promotes the
formation of osteoclasts.34 In the present study, the IL-6 expression was higher in the sPL group than in the control group
in the early stage of wound healing. This finding suggests that IL-6 may be involved in early alveolar bone formation.
However, the TNF-α expression did not differ between the two groups during wound healing. This finding suggests sPL
did not elevate the RANKL expression by increasing the TNF-α expression, further explaining the increased OPG/
RANKL ratio.

Platelet lysates resume the proliferation of quiescent osteoblasts without affecting their differentiation potential, but
their removal returns osteoblasts to a state of no or slow division.25 During natural healing of the extraction socket,
resting cells with osteogenic potential are exposed to platelet-releasing factors, resume proliferation, and participate in

Figure 6 Polymerase chain reaction findings of mRNA expressions of the osteogenic factors ALP, OCN, COL-1, Runx2, BMP-2, and Osterix during wound healing in the
extraction socket. Data are expressed as mean fold increase ± standard deviation in the mRNA expression from three measurements in comparison between the control
and super-activated platelet lysate groups and normalized by internal housekeeping genes (β-actin). n = 6 rats/group. A p-value < 0.05 indicates a statistically significant
difference. *p < 0.05. **p < 0.01. ***p < 0.001.
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the bone repair cascade events. In the present study, in addition to the participation of endogenous platelets in wound
healing, the administration of exogenous sPL amplified osteoblast activation, increased expressions of the cell cycle
regulators, accelerated entry into the cell cycle, and enhanced osteoblast proliferation, differentiation, and bone forma-
tion. Therefore, 7 days after tooth extraction, histological results showed that a greater quantity and quality of the new
trabecular bone had transitioned from the apical third to the middle third of the root in the sPL group compared to the
control group and that the relative mRNA expressions of the osteogenic factors ALP, OCN, COL-1, Runx2, BMP-2, and
Osterix were higher in the sPL group than in the control group.

However, with removal of platelet lysates, osteoblasts return to the state of no division or slow division.13 sPL
treatment was stopped approximately 10 days after tooth extraction, possibly influencing the activity of osteoblasts. Due
to the high activity of osteoblasts in the early stage of wound healing in the sPL group, to balance bone remodeling in the
extraction socket, osteoclast differentiation was prompted when the number of osteocytes reached a specific limit.35

Osteoblasts in the sPL group responded more strongly to the osteocyte-generated or endocrine-activated signals
compared to the control group, had a greater ability to recruit osteoclasts to the remodeling sites, showed enhanced
osteoclast activity, and inhibited osteogenic differentiation. Therefore, mRNA expressions of the osteogenic factors were
reduced in the sPL group than in the control group 14 days after tooth extraction. Due to the cumulative effect of
osteogenic differentiation in the early stage, 14 days after tooth extraction, the sPL group showed more evident bone
deposition on micro-CT and more mature bone structures in the alveolar fossa on hematoxylin and eosin staining
compared to the control group.

Accumulated osteoclasts promote osteoblast differentiation and activity in addition to acting as bone resorbing
cells.36,37 Therefore, 28 days after tooth extraction, the differentiation of osteoblasts was stronger than that of osteoclasts
in the sPL group, and expressions of osteogenic factors were conversely higher in the sPL group than in the control
group. Further, hematoxylin and eosin staining showed that most of the alveolar fossa had been filled with mature bony
trabeculae at this time point but that bone porosity was less in the sPL group than in the control group.

Osteoclasts that interface the oral barrier tissues remain active in the alveolar crest during wound healing in the tooth
extraction socket,38,39 and various cytokines and chemokines are involved in the immune response after tooth
extraction.40 Therefore, chemokine expressions in the healing gingival tissue at the crest of the alveolar ridge should
be investigated.

Activated platelets secrete various chemokines, such as CCL5, CXCL4, CXCL12, CXCL16, platelet factor 4, and
stromal cell-derived factor-1α, which initiate and facilitate local inflammatory processes at the site of blood vessel
injury.41,42 Therefore, in the early stage of wound healing in the tooth extraction socket, chemokines secreted by
exogenous platelets increased because of repeated injections of sPL into the extraction socket, resulting in
a significant difference from the control group. In addition, multiple injections of sPL increased fibrin, also leading to
increased chemokine expressions in the local environment. Nevertheless, fibrin is an exogenous activator of the bone
remodeling unit, which may be conducive to bone resorption.43 The local effects of fibrin accumulation on bone healing
and specific role of increased chemokines in alveolar bone reconstruction should be further investigated.

The content of growth factors in human platelet lysates obtained using the sPL preparation method proposed by
Huang et al were higher than those obtained by other preparation methods,18,44 results are consistent with Huang in our
other study (unpublished). PDGF initiates wound healing through chemotaxis and mitosis of mesenchymal stem and
connective tissue cells with production of the cell adhesion molecule fibronectin and participates in angiogenesis by
promoting the proliferation of vascular endothelial cells.45 VEGF binds to the relevant receptors expressed on endothelial
cells, inducing a cellular response that releases matrix metalloproteinases, digesting the surrounding extracellular matrix
and allowing vascular endothelial cells to migrate and proliferate, which are essential for neointimal formation.46 TGF-β1
and TGF-β2 stimulate fibroblast chemotaxis, produce collagen and fibronectin, inhibit collagen degradation by reducing
protease and increasing the protease inhibitor, and participate in the apoptosis and inhibition of osteoclasts to accelerate
bone regeneration.47 FGF stimulates the signal transmission of bone marrow mesenchymal stem cells to the osteogenic
pathway, particularly the formation of osteoblasts.48 IGF, which plays a role in the later stages of bone maturation and
remodeling, is derived from osteocytes, endothelial cells, and platelets, and its secretion may be stimulated by BMPs.49

The BMP family is a powerful osteo-inducible protein family related to bone formation and regeneration. sPL induces
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bone formation probably owing to BMP-2 and BMP-6, which stimulate mesenchymal stem cells to initiate osteoblast
differentiation and calcification.50,51

The platelet lysate preparation method is not uniform or standardized, and platelet counts and centrifugation settings
vary across studies, resulting in wide variations in the biochemical and functional properties of platelet lysate prepara-
tions, with potential implications for therapeutic efficacy and safety in certain clinical conditions. In this present study,
sPL was prepared using a patented method to induce and activate sPL using a biofactor culture technique. The activation
of CaCl2 results in a less concentrated and more persistent fibrin matrix, which slows the release of growth factors.
Therefore, sPL contain more growth factors compared to PRP or platelet lysates. Leukocytes can be harmful because of
release of pro-inflammatory and catabolic mediators, such as metalloproteinases.52 The removal of leukocytes, platelet
fragments, and immunoglobulins from sPL reduces concerns of immunogenicity and allows for allogeneic application.
Cryopreservation of sPL allows for future use, while PRP and platelet-rich fibrin are temperature-sensitive mixtures and
cannot be stored below 4°C.

The gelatin sponge is used as a carrier for sPL and acts as a hemostatic and clot-fixing agent. Similar to PRP,53 sPL
shows a sharp release of growth factors in the first 12 h, accounting for approximately 25% of the total release, and
reduced release of growth factors to approximately half of the initial release after 24 h. Therefore, in the present study,
local injections of sPL were required at 1-day intervals during wound healing in the extraction sockets until complete
wound healing was achieved to enhance the effect of sPL.

In the future, we aim to explore a standardized method for sPL preparation, considering the use of healthy donor
pools to minimize individual differences, maximize consistency and reproducibility of sPL product composition, and
ensure that growth factor levels are within the optimal range. The use of allogeneic sPL for “off-the-shelf” application
would reduce the psychological burden on patients with trypanophobia. The development of an sPL slow-release system
would ensure that the delivery rate of growth factors remains constant over a long time period (eg, 28 days) to enhance
the biological effects of sPL.

Conclusions
In the present study, sPL did not alter bone remodeling in the extraction sockets but transiently promoted inflammation,
soft tissue healing, and osteoblast differentiation, thus promoting bone formation in the early stages of wound healing in
the tooth extraction sockets of rats.
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