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Abstract 

Background Bioactive materials have now raised considerable attention for the treatment of osteoarthritis (OA), 
such as knee OA, rheumatoid OA, and temporomandibular joint (TMJ) OA. TMJ‑OA is a common disease associ‑
ated with an imbalance of cartilage regeneration, tissue inflammation, and disability in mouth movement. Recently, 
biological materials or molecules have been developed for TMJ‑OA therapy; however, ideal treatment is still lacking. 
In this study, we used the combination of a human platelet rich plasma with hyaluronic acid (hPRP/HA) for TMJ‑OA 
therapy to perform a clinical trial in dish to humans.

Method Herein, hPRP was prepared, and the hPRP/HA combined concentration was optimized by MTT assay. 
For the clinical trial in dish, pro‑inflammatory‑induced in‑vitro and in‑vivo mimic 3D TMJ‑OA models were created, 
and proliferation, gene expression, alcian blue staining, and IHC were used to evaluate chondrocyte regeneration. 
For the animal studies, complete Freund’s adjuvant (CFA) was used to induce the TMJ‑OA rat model, and condyle 
and disc regeneration were investigated through MRI. For the clinical trial in humans, 12 patients with TMJ‑OA who 
had disc displacement and pain were enrolled. The disc displacement and pain at baseline and six months were 
measured by MRI, and clinical assessment, respectively.

Results Combined hPRP/HA treatment ameliorated the proinflammatory‑induced TMJ‑OA model and promoted 
chondrocyte proliferation by activating SOX9, collagen type I/II, and aggrecan. TMJ‑OA pathology–related inflamma‑
tory factors were efficiently downregulated with hPRP/HA treatment. Moreover, condylar cartilage was regenerated 
by hPRP/HA treatment in a proinflammatory‑induced 3D neocartilage TMJ‑OA‑like model. During the animal stud‑
ies, hPRP/HA treatment strongly repaired the condyle and disc in a CFA‑induced TMJ‑OA rat model. Furthermore, 
we performed a clinical trial in humans, and the MRI data demonstrated that after 6 months of treatment, hPRP/HA 
regenerated the condylar cartilage, reduced disc displacement, alleviated pain, and increased the maximum mouth 
opening (MMO). Overall, clinical trials in dish to human results revealed that hPRP/HA promoted cartilage regenera‑
tion, inhibited inflammation, reduced pain, and increased joint function in TMJ‑OA.

Conclusion Conclusively, this study highlighted the therapeutic potential of the hPRP and HA combination for TMJ‑
OA therapy, with detailed evidence from bench to bedside.
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Introduction
Temporomandibular joint osteoarthritis (TMJ-OA) is 
the most common degenerative disease affecting women 
more commonly than men (female to male: 2:1) [1, 2]. 
TMJ-OA is characterized by chronic pain, cartilage deg-
radation, and subchondral bone erosion. The TMJ is a 
complex joint comprising the mandibular condyle, tem-
poral bone, and articular disk and plays essential roles 
in chewing and speaking [3]. The TMJ condyle surface is 
composed of fibrocartilage, and upon prolonged lesion 
or inflammatory conditions, the cartilage undergoes 
decreased matrix deposition and homeostasis dysfunc-
tion, requiring spontaneous healing [4]. Currently, treat-
ments for TMJ-OA mainly focused on symptomatic 
therapies to manage pain relief, however, effective ther-
apy to repair and regenerate damaged TMJ is still lacking.

Human platelet-rich plasma (hPRP), a blood derived 
biomaterial which mainly composed of platelets, pro-
teins, and also contains some white blood cells (WBCs) 
[5, 6]. The therapeutic effect of hPRP are mediated 
by activation of platelets releases a cocktail of several 
growth factors that act as biomaterials, including plate-
let-derived growth factor (PDGF), vascular growth factor 
(VGF), endothelial growth factor (EGF), and transform-
ing growth factor (TGFβ1); and can promote chondro-
cyte regeneration [7]. Recently, we have demonstrated 
that hPRP enhanced cerebro- and renoprotective activi-
ties in late stage cerebrorenal syndrome through anti-
inflammatory, and anti-oxidant activities in a rat model. 
In our previous studies, we have also shown that hPRP 
delays aging through reprogramming the stem cell from 
senescence, and this study also demonstrated the osteo-
genic potential of hPRP. hPRP has recently been used for 
treating knee OA because it reduces pain and promotes 
cartilage repair and joint function [8–10]. In addition, 
hyaluronic acid (HA) is an essential bioactive material of 
the cartilaginous matrix and a key regulator of chondro-
cyte function [11]. HA is a naturally derived non-sulfated 
glycosaminoglycan, nonfibrillar component that is non-
immunogenic, and is found in most human joints and 
connective tissues [12]. HA physiologically occurs within 
the synovial fluid, which helps to maintain the mechani-
cal load, fibrocartilage and chondrocytes function [13]. In 
aging, hyaluronidase is activated and degrades HA, lead-
ing to condylar cartilage degradation and inflammation 
in TMJ [14]. In recent years, researchers have expressed 
interest in the use of naturally derived biomaterials, 

including hPRP and HA, for treating OA [15]. However, 
several studies have used hPRP, HA, or their combination 
for reducing pain and inflammation only, but few have 
investigated the regenerative potential of hPRP and HA 
combination for TMJ-OA.

Moreover, hPRP or HA or combined treatment exerted 
therapeutic efficacies against chronic pain reduction and 
cartilage and bone regeneration in different types of OA 
[16, 17]. Recently, a study used the HA and PRP combi-
nation for the in-vivo regeneration of the articular disc in 
TMJ, but the researchers did not show anti-inflammatory 
or OA-like conditions and also not evaluate cartilage and 
bone regeneration [18]. Most studies have supported the 
clinical use of the PRP and HA combination for treating 
knee OA, and the results indicate that their combination 
provides better clinical improvement than PRP or HA 
monotherapy [17, 19, 20]. However, their relevance to 
cartilage regeneration and disc displacement in TMJ-OA 
is unclear.

Therefore, in this study, we evaluated the therapeutic 
potential of combined hPRP/HA clinical trials in dish 
to human in TMJ-OA. In particular, hPRP with a higher 
number/purity of platelets was prepared. The hPRP/HA 
clinical trial in dish (in-vitro and 3D model) were per-
formed on pro-inflammatory-induced TMJ-OA model. 
For the clinical trial in animals, CFA was used to induce 
TMJ-OA in rats for examining the anti-inflammatory, 
condyle regeneration, articular disc area reduction, and 
subchondral bone sclerosis inhibition potential of the 
hPRP/HA combination, and the underlying mechanism 
was also investigated. Furthermore, we enrolled the TMJ-
OA patients for clinical trial of hPRP/HA to examine the 
clinical and pathological features of TMJ OA, such as 
chronic pain, maximum mouth opening (MMO), disc 
displacement, and condyle regeneration. Our results 
would provide insights into the therapeutic potential of 
hPRP/HA treatment for TMJ-OA therapy, with evidence 
from bench to bedside.

Materials and methods
Isolation and culture of TMJ condylar chondrocytes
TMJ chondrocytes were isolated from 8-week-old 
Sprague Dawley rats. Briefly, condylar cartilage tissues 
were dissected and incubated with 0.25% trypsin (Sigma-
Aldrich, St. Louis, USA) at 37  °C for 15  min, and bone 
and muscle tissues were removed. Subsequently, isolated 
chondrocytes from TMJ tissues were digested with 1 mg/
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mL collagenase type II (Coll-II; Sigma-Aldrich, USA) at 
37  °C for 3 h. TMJ chondrocytes were seeded at 5 ×  103 
cells/cm3 in alpha-minimum essential medium (Gibco, 
Taiwan) supplemented with 10% fetal bovine serum until 
all chondrocytes reached confluence for 21 days.

In‑vitro TMJ OA model
To establish an in-vitro TMJ-OA model, TMJ chondro-
cytes were cultured with proinflammatory cytokines, 
including IL-1β and tumor necrosis factor (TNF)-α, to 
induce OA inflammation, as previously described [21]. 
For cell attachment, the cells were cultured in DMEM/
F12 medium with a combination of 20  ng/mL IL-1β 
(Sigma-Aldrich) and 40  ng/mL TNF-α (Sigma-Aldrich, 
USA).

hPRP and HA preparation
hPRP was prepared and quantified as described pre-
viously [22]. The HA (MW: 50–120 kD)–conditioned 
medium was prepared as described previously [21]. To 
prepare hPRP, we used the patented, specially designed 
platelet concentrate separator containing ACD-A as an 
anticoagulant and a specific separator gel for preparation 
of hPRP, and this process prevented contamination of 
blood components, including red blood cells (RBC) and 
leukocytes. Briefly, 5–7  mL of human peripheral blood 
was collected into a PLTenus PLUS Platelet Concentrate 
Separator (TCM Biotech International Corp., Taiwan) 
through a sterile venipuncture. Further, the collected 
blood was centrifuged at 500–1200G for 8 min. The 4 mL 
of mixed plasma and platelets that remained above the 
gel layer were harvested and then collected in a falcon 
tube until use. The origin of HA were from animal, and 
clinically approved for human use. ARTZ-Dispo HA (Sei-
kagaku) was used for HA conditioned media in DMEM/
F12 with 1% FBS (for basal cell maintenance) and has a 
weight-average molecular weight (MW) of 50–120 kDa. 
The optimal HA and hPRP concentrations were prepared 
using various maintain condition cell culture media, and 
their efficacies were determined.

Cell viability and proliferation assays
MTT [(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetra-
zolium bromide) assay with tetrazolium salt reagent 
(Roche) was performed to determine the effects of HA 
and hPRP on the viability of TMJ chondrocytes. The cells 
were seeded into a 96-well plate at a density of 2 ×  104 
cells/well and were treated with different concentra-
tions of HA (0–500 mg/mL) or hPRP (TGF-β1, 100 pg/
mL to 1 ng/mL)–conditioned medium, whereas 1% fetal 
bovine serum was used as the control. Qualitative cellu-
lar viability analysis was performed on days 1, 3, 5, and 
7 using the time-course MTT assay, and absorbance was 

measured by using Multiskan PC (Thermo Labsystem). 
Next, TMJ chondrocytes were treated with proinflam-
matory cytokines for 2 days and were then treated with 
the HA and hPRP combination or monotherapy. The cells 
were then harvested, and cell proliferation was examined 
by measuring the cell count on an automated cell counter 
(Life Technologies).

Semi‑quantitative reverse‑transcription PCR
RNA was isolated from TMJ chondrocytes using TRIzol 
reagent (Invitrogen Life Technologies). Gene expression 
levels were measured using RT-PCR. The PCR prim-
ers are listed in Table  1. PCR products were separated 
through electrophoresis on 2% agarose gels (Agarose I; 
AMRESCO), with SYBR safe (BIOTOOLS) staining, and 
the images were analyzed using Mutigel-21 (Fluorescent 
Gel Image System TOP BIO).

In‑vivo mimic TMJ‑OA 3D model
Neocartilage samples of TMJ chondrocytes were com-
bined with collagen and cultured in a rotatory cell cul-
ture system (RCCS, Synthecon) for 4 weeks, as described 
previously [23]. The samples were subjected to vari-
ous treatments: DMEM/F12 (control group), 20  ng/mL 
IL-1β and 40  ng/mL TNF-α (for arthritic neocartilage 
formation), or 250 mg/mL HA and 1 ng/mL hPRP (treat-
ment group)–conditioned medium in a 37  °C, 5%  CO2 
incubator; all media were changed every 2  days. After 
4  weeks of culture, the neocartilage samples were col-
lected and subjected to hematoxylin and eosin (H&E) 
staining, immunohistochemical (IHC) staining of Col-II 

Table 1 Primer used in this study

Gene Primer sequences (5’ → 3’) Product 
size (bp)

Interlukin 1β CAC CTC TCA AGC AGA GCA CAG 
GGG TTC CAT GGT GAA GTC AAC 

79

COX2 TGC GAT GCT CTT CCG AGC TGT GCT 
TCA GGA AGT TCC TTA TTT CCT TTC 

480

MMP3 ACC TAT TCC TGG TTG CTG 
GGT CTG TGG AGG ACT TGT A

105

MMP13 CTG ACC TGG GAT TTC CAA AA
ACA CGT GGT TCC CTG AGA AG

96

SOX9 CGT CAA CGG CTC CAGCA 
TGC GCC CAC ACC ATGA 

69

Col I CTT CGT GTA AAC TCC CTC CATCC 
AAG TCC ATG TGA AAT TGT CTC CCA 

136

Col II GAG TGG AAG AGC GGA GAC TACTG 
CTC CAT GTT GCA GAA GAC TTTCA 

81

Aggrecan CTA GCT GCT TAG CAG GGA TAACG 
TGA CCC GCA GAG TCA CAA AG

108

GAPDH CGG ATT TGG CCG TAT CGG 
CAA TGT CCA CTT TGT CAC AAG AGA A

65
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(MAB1330, Chemicon International), and Alcian blue 
staining for proteoglycan to determine chondrogenic 
ECM accumulation.

Histologic and IHC staining
All cells were fixed with 4% paraformaldehyde for 10 min 
and subjected to Alcian blue staining and immunocyto-
chemistry staining. TMJ chondrocytes were stained with 
Alcian blue solution (Sigma-Aldrich) for 30  min. The 
cells were also subjected to IHC staining, as described 
previously [21]; the primary antibody against Col-II was 
used to analyze chondrogenic regeneration. All images 
were acquired using DPC controller software (Olympus).

TMJ‑OA animal model
Eight-week-old female Sprague Dawley rats weighing 
200–300  g were purchased from Bio-LASCO Taiwan. 
The experiment protocol was approved by the Institu-
tional Animal Care and Use Committee of Taipei Medi-
cal University (Approval Number- LAC-2017-0147). 
The rats were maintained in the animal room under the 
following conditions: 25  °C and 50% relative humid-
ity. The TMJ-OA model was induced by CFA injection. 
Briefly, 50 μL CFA (0.01  mg/mL) (Sigma-Aldrich, USA) 
was injected into the right side anterosuperior compart-
ment of the TMJ on Day 0 (1st injection) and Day 14 (2nd 
injection). Two weeks after TMJ-OA induction, the rats 
received HA (250 mg/mL) and PRP injections (1 ng/mL), 
and the control group received the same volume of saline 
injections. All animals were examined for body weight 
and head width and were subjected to magnetic reso-
nance imaging (MRI).

MRI evaluation
At 2  weeks and 1  week before treatment, the animals 
were anesthetized and analyzed with a 7-T MRI scan-
ner (Bruker Pharmascan) to evaluate TMJ OA induction. 
At 3 and 4  weeks after treatment, MRI was performed 
again to evaluate the effect of HA + hPRP. Additionally, 
at 4 weeks, joint samples were collected from all groups 
and evaluated with MRI (inner radius: 9  cm, gradient 
magnetic field: 380 mT/m). Next, all bone tissues were 
collected and imaged using a SkyScan-1076 Micro-CT 
system (Skyscan, Belgium) for measuring the percentage 
of bone volume over total volume (BV/TV, %), trabecu-
lar thickness (Tb·Th, mm), trabecular separation (Tb·Sp, 
mm), and trabecular number (Tb·N, 1/mm).

Histological and immunohistological staining
TMJ tissue samples were collected, fixed in 10% forma-
lin, and processed. Next, 10-μm-thick TMJ sections 
were stained with H&E staining and Alcian blue solu-
tion (Sigma-Aldrich) for 30  min. IHC staining was also 

conducted, as previously described. The primary anti-
body against Col-II (MAB1330, Chemicon International) 
was used to determine chondrogenic ECM accumulation 
in TMJ tissues. Each group contained six animals.

Clinical study of HA and PRP therapy
The clinical study was approved by the Taipei Medical 
University Hospital (TMU-JIRB No. N201711041). 20 
patients of TMJ-OA enrolled in the clinical trial were ran-
domized to two groups:- 10 patients in PRP/ HA (1 ng/
mL/250 μg/mL) treatment group, and 10 patients in non-
treatment (control/disease) group, and arthrocentesis 
was used for the control group. All patients was exam-
ined by MRI imaging, and scores of MMO, visual ana-
logue scale (VAS), and activity of daily life (ADL). For the 
VAS score, we give the oral analgesic for pain control in 
both groups. Inclusion criteria for participants included 
the following: ethnically Taiwanese, male and female, age 
between 30 and 60 years, VAS score > 4, MMO score < 3.5, 
and ADL score < 20. Exclusion criteria included any of 
the following: (1) poorer management of diabetes (2) lac-
tating or pregnant women, (3) Severe renal, liver or heart 
disease and (4) with positive HBs antigen, positive HCV 
antibody, positive HIV antibody, positive HTLV antibody, 
after data collection and all patients gave written consent 
by signing informed consent form. We also performed 
the sensitivity analysis of our clinical trial by last observa-
tion carried forward (LOCF) imputation method for VAS 
score (Additional file 1: Tables S2, and S3.1), MMO score 
(Additional file  1: Tables S4, and S5.1), and ADL score 
(Additional file 1: Tables S6, and S7.1).

Statistical analysis
Quantitative data were expressed as means ± SD. Sta-
tistical analysis was adequately performed by ANOVA 
followed by Bonferroni multiple-comparison post hoc 
test. SAS statistical software for Windows version 8.2 
(SAS institute, Cary, NC) was utilized. A probability 
value < 0.05 was considered statistically significant.

Results
In the current study, we extracted hPRP from human 
blood and investigated the combined treatment of 
hPRP and HA on the recovery of TMJ-OA from clinical 
trials in dish to humans. First, for clinical trial in dish, 
chondrocytes isolated from rat TMJ were used as an in-
vitro (2D and 3D)-TMJ-OA model which was created 
by pro-inflammatory cytokines, namely IL-1β + TNF-α, 
designated as I + T. Moreover, a 3D TMJ-OA model was 
also established, in which a condyle-like structure was 
formed using collagen scaffold–encapsulated culture 
under the I + T condition. Second, for pre-clinical trials 
in animals, an in-vivo TMJ-OA rat model was created 
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by CFA administration to evaluate condylar degenera-
tion. Finally, we recruited patients with TMJ OA for 
the human trial. Thus, the effects of combine therapy of 
hPRP/HA on TMJ-OA recovery was intensively exam-
ined as summarized in Fig. 1.

Effect of hPRP/HA therapy on proliferation of chondrocytes 
in TMJ‑OA in‑vitro 2D mode
To evaluate the optimal HA and hPRP concentrations 
on rat TMJ chondrocytes, isolated chondrocytes from 
TMJ were treated with increasing concentrations of 
HA or hPRP. The dose for most viability of rat TMJ 
chondrocytes was 250 μg/mL for HA and 1 ng/mL for 
hPRP (Fig.  2A, B). Thus, MTT assay results indicated 
that 250  μg/mL HA and 1  ng/mL hPRP were deemed 
as their optimal concentrations for further tests of 
the hPRP/HA therapy. A cellular TMJ-OA 2D model 
was constructed with IL-1β + TNF-α (I + T) to induce 
inflammation in rat TMJ chondrocytes to mimic the 
in-vivo system. The chondrocytes were cultured in 
the (I + T)-conditioned medium and then treated with 
or without hPRP/HA for 48  h. Under the I + T condi-
tion, the cell number showed a significant decrease, 
and fibroblast-like morphology was restored maximally 
by combined hPRP/HA treatment, and aggregate and 
polygonal cell morphology was found (Fig.  2C; Addi-
tional file 1: Fig. S1).

Combined hPRP/HA therapy modulates gene expression 
changes in the TMJ‑OA in‑vitro model
The therapeutic effects of the hPRP/HA treatment were 
assessed through gene expression analysis of the rat TMJ 
chondrocytes harvested at 48-h post treatment with 
I + T. The genes involved in the chondrogenesis process 
were analyzed. The expression of chondrogenic genes, 
such as SOX9, Col-II, Col-I, and aggrecan, was signifi-
cantly decreased, which was restored after treatment 
with the hPRP/HA (Fig. 2D). Notably, hPRP/HA treated 
chondrocytes showed significantly reduced expression 
of proinflammatory genes (IL-1β, COX2, and MMP3) 
and matrix regulation genes (MMP13); the expression 
of these genes were enhanced by I + T (Fig.  2E), indi-
cating that the hPRP/HA decreased the levels of acti-
vated inflammatory and matrix inhibitory molecules to 
enhance chondrogenesis. Furthermore, the accumulation 
of proteoglycan and Col-II in the chondrogenic matrix 
was determined through Alcian blue and ICC staining, 
respectively, along with their quantification (Fig.  2F). In 
the treatment group, the hPRP/HA modulated inflam-
matory–depleted proteoglycan levels in the cellular OA 
model, indicating that combined hPRP/HA treatment 
enhanced the positive signal of Col-II, specifically in the 
proliferative area (marked with an arrow). However, the 
group without hPRP/HA treatment exhibited complete 
degradation of Col-II and proteoglycan compared with 
the control group.

Fig. 1 Schematic of hPRP/HA treatment in TMJ‑OA disease from bench to beside
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Fig. 2 In‑vitro 2D hyaluronic acid (HA) and human platelet‑rich plasma (hPRP) promote cell activity and anti‑inflammatory effects of rat TMJ 
chondrocyte. Optimal concentration of (A) HA and (B) hPRP dosage in rat TMJ chondrocytes that were analyzed using the MTT assay. C The 
effect of HA and PRP on the cell numbers and morphological changes (200 ×) of rat TMJ chondrocytes after 2‑day treatment with IL1β + TNF‑α 
(I + T)‑conditioned medium. I (10 ng/mL) + T (20 ng/mL) were added to the medium to create an in‑vitro proinflammatory cytokine‑induced 
arthritic cell model. Real‑time PCR analyses of monolayer cultures of rat TMJ chondrocytes after 2‑day treatment with I + T‑conditioned medium. 
The results revealed that the combination of HA and hPRP (D) significantly increased cartilage‑specific gene expression, including SOX9, collagen 
type I (Col‑I), collagen type II (Col‑II), and aggrecan, and E significantly inhibited I + T stimulated inflammatory genes including IL‑1β, COX2, MMP‑3, 
and MMP‑13. F Immunocytochemistry of Col‑II (black arrow indicates presence of Col‑II) and its quantification (upper panel) and Alcian blue stain 
and its quantification (lower panel). *p < 0.05, **p < 0.01, and ***p < 0.001 compared with I + T and control group using paired t test. The results are 
shown as mean ± SD for three replicate
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Combined hPRP/HA therapy promotes chondrocyte 
regeneration in TMJ‑OA in‑vitro 3D condyle model
The results from the cellular TMJ-OA 2D model indi-
cated that combined hPRP/HA treatment could strongly 
modulate inflammation and chondrogenesis to enhance 
regeneration potential and rescue chondrocyte degrada-
tion. To further validate the effects of combined hPRP/
HA treatment in an in-vivo mimic microenvironment 
condition, rat TMJ chondrocyte encapsulated in colla-
gen-derived scaffold of 3D construct with rotary stem 
cell technique. In our previous studies, we used a carti-
lage matrix for direct chondrogenesis in a 3D rotary stem 
cell system [21]. The construct resembles the condyle, 
with morphological changes observed after 4  weeks of 
cultivation. The 3D condyle cultured with I + T showed 
significantly deformed macromorphology, less condylar 
height, degraded cartilage-like outer surface, and prote-
oglycan deposition as compared with the control. How-
ever, after treatment with the hPRP/HA, the construct 
exhibited an elastic macromorphology indicating that 
cell proliferation increased to regenerate chondrocytes 
to form a condyle, with a smoother cartilage outer sur-
face, improvement in matrix deposition, and condylar 
height. By contrast, H&E staining revealed higher cell 
death in the I + T group (Fig. 3A). Similarly, as in the in-
vitro model, we conducted Alcian blue and Col-II IHC 
staining to examine the effect of the hPRP/HA on pro-
teoglycan and Col-II deposition in the chondrogenic 
matrix, respectively. The results revealed that hPRP/HA-
treated 3D condyle cartilage displayed matrix restoration 
with high proteoglycan deposition (Fig.  3B) and Col-II 
(Fig. 3C). The hPRP/HA-treated condyle also showed in 
the anterior, posterior, and central regions of condylar 
heights (Fig. 3D–G).

Collectively, the results for the in-vitro 2D and 3D 
TMJ-OA disease models demonstrated that combined 
hPRP/HA treatment promoted TMJ chondrocyte regen-
eration, inhibited the degeneration of condylar cartilage 
by reducing proinflammatory factors and matrix regulat-
ing factor, and enhanced the expression of the genes for 
chondrocyte regeneration and matrix restoration of con-
dylar cartilage.

Combined hPRP/HA therapy in TMJ‑OA induced animal 
model
Next, to investigate the therapeutic effect of combined 
hPRP/HA therapy in an in-vivo model, we first induced 
TMJ-OA rat through CFA administration at 0 and 14th 
day and then in the 21st day applied intra-articular injec-
tions of the hPRP/HA in the treatment group or PBS in 
the control group (Fig. 4A). Nociceptive responses were 
monitored through changes in body weight (Fig.  4B), 
which showed no significant difference. The head width 

increased in CFA-induced TMJ-OA was restored by 
hPRP/HA treatment down reaching to that of the control 
group at 4 weeks post-treatment (Fig. 4C).

MRI of TMJ in a TMJ‑OA rat after combined hPRP/HA 
therapy
The therapeutic potential of the hPRP/HA was then eval-
uated using MRI (Fig. 5A) before and after treatment. At 
the early point of 1 week, MRI data indicated that no sig-
nificant difference was observed in the articular disc area, 
articular cartilage, and temporal bone between hPRP/
HA-treated and untreated groups (Fig. 5B, first column). 
However, after 3  weeks of treatment, the hPRP/HA-
treated group exhibited regeneration of both the articu-
lar disc area and temporal bone and reduced fibrous 
thickness of the articular cartilage compared with the 
CFA-only group. Moreover, after 4  weeks of treatment, 
compared with the CFA-only group, the condyle in the 
hPRP/HA-treated group showed complete improvement 
in the articular disc area, temporal bone, and articular 
cartilage, which was similar to that of the control group 
(Fig. 5B, last column). Quantification of the articular disc 
area also revealed an improvement in a time-dependent 
manner after treatment with hPRP/HA (Fig. 5C).

Combined hPRP/HA therapy reverses TMJ degeneration 
in TMJ‑OA
At 4  weeks post-treatment, the hPRP/HA-treated 
group exhibited effective restoration of the TMJ con-
dylar structure, with marked improvements in overall 
cartilage thickness, matrix deposition, cellularity, and 
condylar height that were comparable to those of the 
control group (Fig.  6). Compared with the CFA-only 
group, the hPRP/HA-treated group exhibited reduc-
tion in fibrous thickening of the cartilage and enhanced 
matrix restoration, with higher areal deposition of 
proteoglycan and Col-II, as revealed by H&E staining 
(Fig. 6A). Quantification through Alcian blue and Col-
II staining showed that the hPRP/HA-treated group 
exhibited increased matrix and Col-II deposition by 
15% and 10%, respectively (Fig.  6B, C). Mankin score 
was also evaluated for tissue injury. At 4  weeks post-
treatment, the Mankin score of the CFA-only group 
increased deterioration level to 7.5, and the score of the 
hPRP/HA-treated group further reduced to 3.5, which 
is close to the Mankin score of the control group (2.0) 
(Fig.  6D). Moreover, the condyle and cartilage were 
divided into three main regions: anterior, central, and 
posterior to be examined (Fig.  6E). Compared with 
the CFA-only group, the hPRP/HA-treated group dis-
played increased cartilage thickness in the anterior 
region (116.4 ± 32  μm), central region (172.9 ± 30  μm), 
and posterior region (149 ± 42 μm) (Fig. 6F); as well as 
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improvements in the condylar height in the anterior 
region (779.3 ± 25 µm), central region (1046.8 ± 40 µm), 
and posterior region (759.7 ± 15 µm) (Fig. 6G). Collec-
tively, the results demonstrated that combined hPRP 
and HA treatment alleviated TMJ degeneration by 
suppressing inflammation and pain, reducing adverse 
fibrosis, and promoting overall matrix restoration of 
the TMJ condylar cartilage and subchondral bone in 
later stages of repair. Therefore, the combined hPRP/

HA treatment could alleviate tissue injury and enhance 
tissue repair in TMJ-OA.

hPRP/HA therapy alleviates subchondral bone 
deterioration in TMJ‑OA
The overall reduction in the condylar height with 
decreased cartilage thickening in the CFA-only group 
suggested subchondral bone erosion (Fig. 7A). We there-
fore investigated bone structure changes, including 

Fig. 3 In‑vitro 3D hyaluronic acid (HA) and platelet‑rich plasma (hPRP) promote cell activity of rat TMJ chondrocytes. For the TMJ‑OA model, 
neocartilage of TMJ chondrocytes/collagen constructs were cultured for 4 weeks in basal control, I + T, and I + T/hPRP/HA ‑conditioned medium. 
Constructs were then histologically examined using (A) macromorphology, hematoxylin and eosin (H&E) staining, IHC staining for Col‑II, and Alcian 
blue staining. (B) Percentage areal deposition of s‑GAG by quantification of TB‑stained area, and (C) percentages of Col‑II deposition in TMJ condylar 
cartilage. (D) Schematic of the anterior, central, and posterior regions of the rat TMJ condylar head. Results (E) posterior, (F) anterior, and (G) central 
condylar height. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with I + T and control group using paired t test. The results are shown as mean ± SD 
for three replicate
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macromorphology, percentage of bone volume (BV), 
trabecular volume (TV), trabecular number, trabecu-
lar thickness, and bone mineral density (BMD) through 
micro-CT analysis (Fig. 7B). Combined hPRP/HA treat-
ment attenuated bone loss, as indicated by increased 
BV (Fig.  7C), trabecular thickness (Fig.  7D), and BMD 
(Fig.  7E). However, relative to the CFA-only group, the 
hPRP/HA-treated group exhibited a decreased trabecu-
lar number (Fig. 7F).

Demographic and evaluation parameters for the clinical 
outcome of hPRP/HA treatment
After the evaluation of combined hPRP/HA therapeutic 
effect on in-vitro and in-vivo studies, we performed a 
pilot clinical study in Taipei medical University hospital. 
In the human clinical trial, we enrolled 20 patients, which 
were randomly divided into treated group (10 patients) 
and placebo/non-treated/disease group (10 patients) 
(Fig.  8). No deaths occurred during the study, and no 
adverse events led to treatment discontinuation or study 

termination. TMJ-OA patient was administered with the 
hPRP/HA injections (Fig.  9A), the patients’ condition 
were evaluated using MRI, visual Analogue scale (VAS), 
and examination of Maximum Mouth Opening (MMO), 
and Activity of Daily life (ADL).

MRI screening of the TMJ after hPRP/HA therapy 
in patients with TMJ‑OA
MRI images were evaluated before and after treatment 
for disc displacement, disc degeneration, condylar bone 
changes as signs of bone degenerative process, or disk 
perforation. In case of disc displacement with reduc-
tion (DDR) in the closed mouth position, the posterior 
region of the disk is anterior to the condyle, whereas in 
the open mouth position, it returns to the normal posi-
tion. However, in case of disc displacement without 
reduction (DDWR) in the closed mouth position, the 
posterior region of the disk is anterior to the condyle, 
and the disc size is normal, whereas in the open mouth 
position, the posterior region of the disk cannot return 

Fig. 4 Experimental design and behavioral evaluation of combined hPRP/HA treatment in CFA‑induced TMJ osteoarthritis. A Time course 
and experimental design. TMJ‑OA was induced by two injections of CFA at 0 and 14th day, followed by combined hPRP/HA treatment in the 21st 
day. CFA and hPRP/HA were administered through the lateral puncture technique. B Body weight changes after treatment with hPRP/HA. C 
Representative photographs demonstrate that the head width of rats is increased after receiving CFA induction. Both the synovium and disc 
became thickened, opaque, and head width increased in the CFA‑induced TMJ‑OA group (marked in black circle) that recovered after treatment 
in hPRP/HA group. Each group n = 3 rats. *p < 0.05, **p < 0.01, and ***p < 0.001, the results are shown as mean ± SD for three replicates



Page 10 of 19Peng et al. Journal of Biomedical Science           (2023) 30:77 

to its normal position between the condyle and articular 
eminence [24]. In the disease group/non-treated, MRI 
images at 0 and 6 months revealed that disc displacement 
(Fig.  9B) and its distance from the condyle remained 
unchanged (Fig. 9C); however, the condyle was degraded, 
and its thickness was reduced (Fig.  9D). By contrast, in 
the treatment group, after 6-month MRI data revealed 
slight restoration of disk displacement in DDR cases 
1 and DDWR case 2 (Fig. 9E). Moreover, in both cases, 
disc displacement toward the condyle occurred (Fig. 9F), 
decreasing the disk displacement distance and increasing 
the condyle thickness to restore the shape of the condyle 
(Fig. 9G).

Clinical assessment after hPRP/HA therapy in TMJ‑OA 
patients.
After the treatment of hPRP–HA, patients were fol-
lowed up to 6  month (Additional file  1: Table  S1), and 
improvement in pain was assessed using VAS. VAS pain 
scores significantly decreased to 2.7 at 1 month and after 
6  months the VAS pain score is 0 compared with 4.5 
score in patients with TMJ-OA (Fig. 10A) (Table 2; Addi-
tional file 1: Tables S2, S3.1, and S3.2).

Patients with TMJ-OA are also not able to open their 
mouth properly. Therefore, we also evaluated the MMO 
based on the parameters in Table  3 (Additional file  1: 

Tables S4, S5.1, and S5.2). MMO was recorded in cm, 
and results revealed a significant increase in MMO after 
treatment with hPRP/HA (Fig. 10B). Patients with TMJ-
OA have pain, reduced MMO, and decreased quality of 
life, thus considerably reducing their ADL, such as eat-
ing, talking, and laughing. ADL were measured in terms 
of scores of 0–25 (Table  4; Additional file  1: Tables S6, 
S7.1, and S7.2). We observed that after the treatment 
with hPRP/HA, the ADL score increased as compared to 
patients with TMJ-OA (Fig. 10C).

Discussion
This study is the first to investigate the effect of combined 
hPRP/HA therapy on TMJ-OA from bench to bedside, 
including in-vitro (2D and 3D), animal TMJ-OA models, 
and human clinical trial; our results indicated a reduction 
in inflammation, tissue degeneration, and pain, followed 
by increased matrix synthesis to regenerate the TMJ 
tissue.

In TMJ-OA pathogenesis, adverse inflammation acti-
vates catabolic matrix degradation that induces condyle 
cartilage degeneration, apoptosis, necroptosis, and chon-
drocyte death to exacerbate joint damage, pain, and dis-
ease progression [2]. Various proinflammatory molecules, 
including IL-1β (I) and TNF-α (T), have been reported 
to play crucial roles in TMJ-OA progression [25]. Their 

Fig. 5 High magnetic field magnetic resonance imaging (MRI) applied to the TMJ in the rat. A Overview of the 7 T micro‑imaging system. B MRI 
scan of control, CFA, and hPRP/HA‑treated groups at 1–4 weeks posttreatment. C Measurement of the articular spaces in the coronal view. *p < 0.05, 
**p < 0.01, and ***p < 0.001 and the results are shown as mean ± SD for three replicates
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levels are significantly elevated in the synovial fluid of 
patients with TMJ-OA, and they are believed to mediate 
condyle cartilage degeneration and matrix degradation 
by inducing MMP3 and MMP13 expression [2, 26]. Com-
monly, the elevated inflammation reduces chondrocyte 
proliferation and induces alterations in the condyle car-
tilage matrix due to apoptosis and necroptosis [26]. IL-1β 
enhances calcium influx in chondrocytes, which inhibits 
mitochondrial function and leads to chondrocyte apop-
tosis [27]. TNF-α can facilitate apoptosis and necropto-
sis by activating the death receptor pathway, NF-kβ and 
generating oxidative stress, respectively, to exacerbate 
cartilage degradation [28]. Therefore, to evaluate the 
therapeutic potential of the hPRP/HA combination, we 
used I + T to create in-vitro TMJ OA disease models. In 

this study, after hPRP/HA clinical trial in dish, our data 
indicated that hPRP/HA treatment mainly targeted the 
essential pathological features of TMJ-OA inflammation, 
proliferation, and matrix degradation. hPRP/HA treat-
ment ameliorated inflammation in the in-vitro TMJ-OA 
model, as evidenced by the increased proliferation and 
reduced gene expression of inflammatory molecules, 
leading to enhanced chondrogenesis. It is also consistent 
with the IHC staining of proteoglycan and Col-II, dem-
onstrating that hPRP/HA treatment increased chondro-
genesis differentiation for matrix accumulation.

We also investigated the therapeutic potential of the 
hPRP/HA treatment in an in-vivo mimic microenviron-
ment using a 3D rotary cell culture system. The rotary 
cell culture system is one of several fluid dynamic culture 

Fig. 6 hPRP/HA promote TMJ repair and regeneration in OA. Histopathological evaluation indicated that hPRP/HA restored TMJ matrix synthesis 
in OA. A Hematoxylin and eosin (H&E), Alcian blue staining, and immunohistochemical staining for Col‑II at 4 weeks (black arrow indicate 
the presence of Col‑II). Representative images (n = 3). Scale bars: 500 or 100 μm. B Percentage areal deposition of proteoglycan by quantification 
of Alcian‑stained area, and C percentages of Col‑II cells in TMJ condylar cartilage. D Mankin scores of samples at 4 weeks. E Schematic 
of the anterior, central, and posterior regions of the rat TMJ condylar head. The condylar height was measured at each region, including co‑At: 
anterior height; co‑Ct: central height; and co–Pt: posterior height of condyle. The cartilage thickness was also measured at each region, 
including C‑At: anterior thickness; C‑Ct: central thickness; and C‑Pt: posterior thickness of cartilage. Measurement of F cartilage thickness and G 
condylar height at the anterior, posterior, and central regions. *p < 0.05, **p < 0.01,, and ***p < 0.001 and the results are shown as mean ± SD for three 
replicates
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systems, and it has been widely used in 3D cell cultures 
[29]. Our previous study demonstrated a 3D neocartilage 
model to mimic a similar microenvironment of in-vivo 
knee OA [21]. In this study, TMJ rat chondrocytes were 

grown in a 3D collagen construct that resembled the 
condyle, and TMJ-OA was induced through proinflam-
matory molecules (I + T) that deformed the macromor-
phology, reduced condylar height, degraded the outer 

Fig. 7 hPRP/HA treatment restored TMJ subchondral bone volume and architecture in OA. Rat TMJs were harvested for micro‑CT analysis 
at 4 weeks posttreatment of hPRP/HA. A Macromorphological view (white arrow indicates damage area of subchondral bone) and B sagittal view. 
C BV/TV, D trabecular thickness, E BMD, and E trabecular number. Data represent mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 compared 
with control and CFA group and the results are shown as mean ± SD for three replicates. White arrow indicate damage area of TMJ
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surface of cartilage, and promoted proteoglycan deposi-
tion. We observed that after treatment with hPRP/HA, 
the 3D condyle macromorphology was reformed with 
increases in the condylar height. After treatment, Col-
II and proteoglycan deposition indicated the promotion 
of chondrocyte regeneration and matrix restoration of 
the condylar cartilage. Overall, our data showed that the 
clinical effect of hPRP/HA treatment in-vitro or in-vivo 
mimic overcomes proinflammatory-induced TMJ-OA 
through chondrocyte recovery, matrix restoration, and 
condyle cartilage regeneration.

To elucidate the mechanism underlying the effect of 
the hPRP/HA on matrix restoration, proliferation, and 
proinflammatory activity, we analyzed gene expression 
after hPRP/HA treatment to identify which genes could 
elicit some of the observed hPRP/HA effects. Studies 
have reported that combined hPRP/HA therapy upreg-
ulates the expression of SOX9, an essential element in 
initiating chondrogenesis and maintaining the matrix 
of the condyle cartilage [30]. Our results indicated that 

SOX9 played a role in osteochondral repair by inhibiting 
IL-1β and COX2, which reduced chondrocyte prolifera-
tion, but the proliferation was then enhanced by hPRP/
HA treatment. SOX9 gene knock out mice showed that 
chondrocytes proliferation and articular cartilage regen-
eration were inhibited, and bone morphogenetic protein 
levels was decreased compared with normal mice [31]. 
Sox9 mainly binds to chondrocyte-specific enhancers 
such as Col-II and Col-I, which are essential for cartilage 
formation [32]. In this study, we also evaluated Col-I and 
Col-II gene expression because these genes have been 
implicated in the maintenance of chondrocyte matrix 
homeostasis: Col-I is mainly responsible for hypertrophic 
chondrocytes that secrete fibrocartilage to induce fibro-
sis, whereas Col-II mainly helps to maintain the matrix of 
the cartilage [33, 34]. Col-I gene expression was increased 
to reduce Col-II expression in the I + T-induced in-vitro 
TMJ-OA model, and changes in gene expression have 
been reported to accelerate OA development in animal 
models [32]. Because hPRP/HA treatment upregulated 

Fig. 8 Consort flowchart for clinical trial of hPRP + HA in TMJ‑OA disease
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the gene expression of Col-II and inhibited Col-I expres-
sion, we postulate that SOX9 activation contributes 
to repair in TMJ-OA by hPRP/HA through inhibiting 
hypertrophic chondrocytes and matrix degradation. 
The in-vitro TMJ-OA model also revealed that hPRP/
HA increased proteoglycan synthesis by upregulating 
the aggrecan gene and inhibiting MMP3, MMP13, and 
COX2 in I + T-treated chondrocytes.

Following the in-vitro experiments showing the thera-
peutic potential of the hPRP/HA in TMJ-OA, we evalu-
ated the effects of the hPRP/HA in TMJ-OA animal 
model. A previous study also showed effect of hPRP 
and HA on the regeneration of defects in the articu-
lar disc of TMJ in a rabbit model [18]. However, in our 
study we induced an inflammatory condition by using a 
chemical mediator CFA to establish a TMJ-OA animal 
model. Inflammation-induced OA models have distinct 

molecular pathophysiology that promotes the transla-
tion of disease-modifying OA therapies from animal 
models to human clinical trials [35]. The CFA-induced 
model has demonstrated similarities to human TMJ-OA 
pathology and has been widely used for pathophysiologi-
cal and morphological analyses [36]. CFA was used as a 
chemical mediator, and its intra-articular injection in 
rats initiates inflammation by activating IL-1β and TNF-
α, leading to cartilage degradation [37]. Recently, a study 
of ankle joint mobilization in a mouse model also used 
CFA to induce IL-1β and TNF-α expression [38]. MRI 
revealed that CFA-induced TMJ-OA caused condyle 
degeneration, articular disc area reduction, and disc deg-
radation, all of which were ameliorated after 4 weeks of 
hPRP/HA treatment. In TMJ-OA the subchondral bone 
is also a key element in disease progression. A previous 
study reported that spontaneous abnormalities in the 

Fig. 9 Therapeutic potential of the combine hPRP/HA treatment in the clinical study. A Schematic of HA and PRP administration into the superior 
space of TMJ‑OA patients. B Disease group without treatment at 0 and 6 months of oblique sagittal MRI images represent disk displacement 
and osteoarthritis become worse. Quantification of the disc displacement distance from the condyle (C) and condylar thickness were measured 
at 0 and 6 months (cases 1 and 2, n = 1) (D). In the treatment group (E), patients of disc displacement with reduction (DDR), disc displacement 
without reduction (DDWR) are designated as case 1, and case 2, respectively, that were associated with disk degeneration, and osteoarthritis 
of the condyle at 6 months post‑treatment. Oblique sagittal MRI images indicated disc recapture and condylar remodeling after using the hPRP/
HA treatment compared with the disease or untreated group. In the treatment group disc displacement distance from the condyle (F) and condylar 
thickness (G) was measured at 0 and 6 months. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with I + T and control group using paired t test
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condyle subchondral bone can induce progressive carti-
lage degradation in mice [4]. We observed that hPRP/HA 
treatment restored the subchondral bone by increasing 
the BMD and trabecular thickness to prevent cartilage 
degradation. In TMJ-OA rats, hPRP/HA treatment also 
increased Col-II and proteoglycan synthesis to restore 
the degraded matrix and condyles, which correlated 
with the improvement in the Mankin score for TMJ-OA 
degenerative changes.

The clinical trial in dish (in vitro, 3D culture), and ani-
mal trials indicated that combined hPRP/HA therapy 
effectively promotes chondrocyte proliferation and 
improves cartilage repair. Therefore, we also evaluated 
the therapeutic potential of the hPRP/HA in human 
clinical trials. Most studies have applied the PRP or HA, 
and PRP/HA combination in the treatment of knee OA 
and have indicated that the PRP/HA provides better 
clinical improvement in terms of symptoms and func-
tion [39, 40]. In this study, we used hPRP/HA treatment 
in human clinical trial and enrolled 20 patients with 
TMJ OA that divided into a treatment (n = 10) and a 
control (no-treatment/disease group) group (n = 10) for 
follow-up to 6  months, but from which 8 participants 
of control group dropped out due to no effect during 
trial. Although we lost to follow up 80% of the patient of 
control (placebo) group, however, missing data is not as 
problematic in interpreting the results of a trial with sta-
tistically significant effect estimates [41, 42]. Moreover, 
the patients lost to follow-up were not statistically sig-
nificantly associated with treatment effect, if the reason 
for dropouts and percentage of dropout patients were 
provided [43]. The information required to assess the 
loss to follow-up and attribution of events in accordance 
with randomization was clearly reported in consort flow-
chart (Fig.  8). MRI scanning was used to evaluate disc 
displacement/reduction, disc degeneration/deformation, 
and condyle bone changes in patients with TMJ-OA. We 
observed that after 6  months of hPRP/HA treatment, 
patients with DDR exhibited reduced changes in the disc, 
whereas in some patients with DDWR, joint effusion was 
ameliorated, and the mandibular condyle was regener-
ated. A previous study also reported that after 6 months 
of HA treatment, patients with DDR exhibited reduced 
pain and TMJ noise only [14]. In a clinical trial of pain 
reduction in patients with TMJ OA, at 6  months after 
PRP injection, VAS pain scores decreased to a moderate 
level in patients with TMJ-OA [44]. HA reduces inflam-
matory molecules such as metalloproteinase enzymes, 
prostaglandins, and oxidative stress from the syno-
vial fluid, and hPRP inhibits inflammatory molecules at 
the injury site [44, 45]. The exclusion of inflammatory 
molecules from the fluid could result from injecting 
HA and hPRP. Our findings indicated that hPRP/HA 

Fig. 10 Clinical findings of hPRP/HA treatment. A Comparison 
of pain (VAS score) during the follow‑up period with the preoperative 
level of pain. A greater decrease in pain was observed in the hPRP/
HA‑treated group. B Comparison of MMO during the follow‑up 
period with preoperative MMO. A progressive increase in MMO 
was observed in the hPRP/HA‑treated group. C Comparison 
of ADL during the follow‑up period with the preoperative level 
of ADL was also increased in hPRP/HA‑treated group. Clinically, 
the MMO and ADL scores were significantly increased in the hPRP/
HA‑treated group compared to the control (non‑treated/disease) 
group, and the pain (VAS) score was significantly decreased. 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared 
within hPRP + HA group using paired t test
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treatment could not only reduce pain and but increase 
MMO and ADL at 6  months of follow-up. The limita-
tion of our study was that the sample size in one group 
were decreased due to the drop out cases. Therefore, we 

performed the analysis based on per protocol method 
and excluded the all drop out data of participant, accord-
ing to CONSORT principle. This study did not evaluate 
the feasibility of non-treated and hPRP/HA-treated in a 

Table 2 VAS result for the control and hPRP + HA study group

Group VAS score

Month 0 1 2 3 4 5 6

Control 7(± 1.63) 5.5(± 1.2) 4(± 1.15) 5.5(± 1.2) 4.5(± 0.70) 4.5(± 0.70) 4.5(± 0.70)

HA/PRP 5.3(± 1.63) 2.7(± 0.91) 1.8(± 1.22) 1(± 1.04) 0.2(± 0.42) 0.1(± 0.31) 0(± 0)

Table 3 MMO result for the control and hPRP + HA study group

Group MMO

Month 0 1 2 3 4 5 6

Control 2.75(± 0.4) 2.75(± 0.4) 3.25(± 0.3) 3.25(± 0.3) 3.25(± 0.3) 2.75(± 1.0) 3.2(± 0.35)

hPRP/HA 3.4(± 0.39) 3.7(± 0.37) 3.8(± 0.27) 3.8(± 0.35) 3.9(± 0.21) 3.9(± 0.21) 3.9(± 0.21)

Table 4 ADL result for the control and hPRP + HA study group

Group ADL

month 0 1 2 3 4 5 6

Control 17.0(± 2.7) 14.5(± 0.7) 14.5(± 1.9) 12(± 3.6) 13.5(± 3.5) 14.5(± 2.1) 14.5(± 2.1)

hPRP/HA 18.8(± 2.2) 23.6(± 1.4) 23.8(± 1.6) 22.8(± 2.04) 23(± 1.3) 23.6(± 1.2) 23.6(± 1.2)

Fig. 11 Schematic of therapeutic mechanism action of hPRP/HA therapy in TMJ‑OA disease. hPRP (human platelet rich plasma) and HA (hyaluronic 
acid) ameliorates the bone degradation by upregulation chondrogenic genes in inflammatory (IL‑1β and TNF‑α) induced TMJ‑OA model
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clinical setting; rather, the study was designed to confirm 
that hPRP/HA combined therapy have the significant 
therapeutic effects for TMJ-OA not only to ameliorate 
the pain but also regenerate the condyle, and reduce 
the disc displacement. Clinically, these outcomes clearly 
demonstrated the much more efficacy of hPRP/HA treat-
ment in patients with TMJ-OA. We have observed a wide 
spectrum of effects related to tissue repair and regenera-
tion in the present study, such as the modulation of cellu-
lar communication, cellular structure, tissue metabolism, 
and immune modulation. Overall, our study demon-
strated that intra-articular hPRP/HA therapy effectively 
controls pain and stimulates tissue repair in TMJ-OA.

Conclusion
TMJ OA is a degenerative joint disease characterized 
by chronic pain, cartilage degradation, and subchondral 
bone erosion, and it is caused by perturbation of joint 
homeostasis, resulting in a net loss of cells and matrix. 
Here, we demonstrated that the hPRP/HA clinical trial 
in dish, animal, and human TMJ-OA could reduce pain 
and repair osteoarthritic TMJs by mounting a well-coor-
dinated response of attenuating inflammation, enhancing 
proliferation and matrix synthesis, and promoting TMJ 
repair and regeneration (Fig.  11). Therefore, hPRP/HA 
treatment is a potential disease-modifying therapy for 
TMJ-OA.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12929‑ 023‑ 00962‑y.

Additional file 1: Figure S1. The effect of HA (250 μg/mL) or hPRP (1 
ng/mL), and hPRP + HA (1 ng/mL + 250 μg/mL) on the cell numbers 
of rat TMJ chondrocytes after 2‑day treatment with IL1β + TNF‑α (I + 
T)–conditioned medium. I (10 ng/mL) + T (20 ng/mL) were added to 
the medium to create an in‑vitro proinflammatory cytokine–induced 
arthritic cell model. Table S1. Detailed number of Patients participated in 
Clinical trial and their drop out months. Table S2. Intergroup compari‑
son VAS results for the control and hPRP/HA study groups. Table S3.2. 
Intragroup VAS results for the within hPRP/HA study groups. Table S4. 
Intergroup comparison MMO results for the control and hPRP/HA study 
groups. Table S5.1. Intragroup MMO results for the within control groups.  
Table S5.2. Intragroup MMO results for the within hPRP/HA groups.  
Table S6. Intergroup comparison ADL results for the control and hPRP/
HA study groups. Table S7.1. Intragroup ADL results for the within control 
groups. Table S7.2. Intragroup ADL results for the within hPRP/HA groups. 

Acknowledgements
Not applicable.

Author contributions
BYP, CYU and WPD conceptualized used of hPRP/HA for TMJ‑OA treatment 
and supervised all the experiments. BYP and CYU also design and performed 
the human clinical trial. BYP, AKS, CYT, and CHC carried out the in‑vitro 
and in‑vivo experiments and histological analysis. YHD, CMW, YRC, and WT 

performed animal MRI scanning experiments. BYP and CYU analysed the all 
MRI scanning data. BYP and AKS wrote the manuscript. CYU and WPD edited 
the manuscript. WPD supported the research with funding’s. All authors read 
and approved the final manuscript.

Funding
This research was funded by Taipei Municipal Wanfang Hospital (111‑wf‑f‑6) 
and Stem Cell Research Center, Taipei Medical University (104‑5600‑001‑400), 
Taiwan.

Availability of data and materials
All data analysed or generated during the study are included in this published 
article.

Declarations

Ethics approval and consent to participate
All animal experimental protocol has been carried out in accordance with 
relevant guidelines and all methods are reported in accordance with ARRIVE 
guidelines (https:// arriv eguid elines. org). Animal studies were also approved 
by Institutional Animal Care and Use Committee (IACUC) animal experimen‑
tal ethics committee of Taipei Medical University. The animal experiments 
approval number was LAC‑2019‑0307. The clinical study was approved by the 
Taipei Medical University Hospital (TMU‑JIRB No. N201711041), and we also 
follow the rules and regulations according to Ministry of Health and Welfare.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details
1 Department of Dentistry, Taipei Medical University Hospital, Taipei 110301, 
Taiwan. 2 School of Dentistry, College of Oral Medicine, Taipei Medical 
University, Taipei 110301, Taiwan. 3 Stem Cell Research Center, College of Oral 
Medicine, Taipei Medical University, Taipei 110301, Taiwan. 4 Graduate Institute 
of Biomedical Materials and Tissue Engineering, College of Biomedical 
Engineering, Taipei Medical University, 110301 Taipei, Taiwan. 5 School of Oral 
Hygiene, College of Oral Medicine, Taipei Medical University, Taipei 110301, 
Taiwan. 6 Division of Oral and Maxillofacial Surgery, Department of Dentistry, 
Taipei Medical University Hospital, Taipei 110301, Taiwan. 7 Graduate Institute 
of Biomedical and Pharmaceutical Science, Fu Jen Catholic University, Tai‑
pei 242062, Taiwan. 

Received: 27 November 2022   Accepted: 7 August 2023

References
 1. Zhang S, Teo KYW, Chuah SJ, Lai RC, Lim SK, Toh WS. MSC exosomes 

alleviate temporomandibular joint osteoarthritis by attenuating inflam‑
mation and restoring matrix homeostasis. Biomaterials. 2019;200:35–47.

 2. Li B, Guan G, Mei L, Jiao K, Li H. Pathological mechanism of chondrocytes 
and the surrounding environment during osteoarthritis of temporoman‑
dibular joint. J Cell Mol Med. 2021;25(11):4902–11.

 3. Lu K, Ma F, Yi D, Yu H, Tong L, Chen D. Molecular signaling in temporo‑
mandibular joint osteoarthritis. J Orthop Transl. 2022;32:21–7.

 4. Wang XD, Zhang JN, Gan YH, Zhou YH. Current understanding 
of pathogenesis and treatment of TMJ osteoarthritis. J Dent Res. 
2015;94(5):666–73.

 5. Le ADK, Enweze L, DeBaun MR, Dragoo JL. Platelet‑rich plasma. Clin 
Sports Med. 2019;38(1):17–44.

 6. Braun HJ, Kim HJ, Chu CR, Dragoo JL. The effect of platelet‑rich 
plasma formulations and blood products on human synoviocytes: 

https://doi.org/10.1186/s12929-023-00962-y
https://doi.org/10.1186/s12929-023-00962-y
https://arriveguidelines.org


Page 18 of 19Peng et al. Journal of Biomedical Science           (2023) 30:77 

implications for intra‑articular injury and therapy. Am J Sports Med. 
2014;42(5):1204–10.

 7. Durante C, Agostini F, Abbruzzese L, Toffola RT, Zanolin S, Suine 
C, et al. Growth factor release from platelet concentrates: analytic 
quantification and characterization for clinical applications. Vox Sang. 
2013;105(2):129–36.

 8. Bansal H, Leon J, Pont JL, Wilson DA, Bansal A, Agarwal D, et al. Platelet‑
rich plasma (PRP) in osteoarthritis (OA) knee: correct dose critical for long 
term clinical efficacy. Sci Rep. 2021;11(1):3971.

 9. Ghai B, Gupta V, Jain A, Goel N, Chouhan D, Batra YK. Effectiveness of 
platelet rich plasma in pain management of osteoarthritis knee: double 
blind, randomized comparative study. Braz J Anesthesiol (English Edition). 
2019;69(5):439–47.

 10. Tischer T, Bode G, Buhs M, Marquass B, Nehrer S, Vogt S, et al. Platelet‑rich 
plasma (PRP) as therapy for cartilage, tendon and muscle damage—Ger‑
man working group position statement. J Exp Orthop. 2020;7(1):64.

 11. Gupta RC, Lall R, Srivastava A, Sinha A. Hyaluronic acid: molecular mecha‑
nisms and therapeutic trajectory. Front Vet Sci. 2019;6:192.

 12. Dovedytis M, Liu ZJ, Bartlett S. Hyaluronic acid and its biomedical applica‑
tions: a review. Eng Regener. 2020;1:102–13.

 13. Vincent HK, Percival SS, Conrad BP, Seay AN, Montero C, Vincent KR. Hya‑
luronic acid (HA) viscosupplementation on synovial fluid inflammation in 
knee osteoarthritis: a pilot study. Open Orthop J. 2013;7:378–84.

 14. Derwich M, Mitus‑Kenig M, Pawlowska E. Mechanisms of action and 
efficacy of hyaluronic acid, corticosteroids and platelet‑rich plasma in 
the treatment of temporomandibular joint osteoarthritis—a systematic 
review. Int J Mol Sci. 2021. https:// doi. org/ 10. 3390/ ijms2 21474 05.

 15. Lo WC, Dubey NK, Tsai FC, Lu JH, Peng BY, Chiang PC, et al. Ameliora‑
tion of nicotine‑induced osteoarthritis by platelet‑derived biomaterials 
through modulating IGF‑1/AKT/IRS‑1 signaling axis. Cell Transplant. 
2020;29:963689720947348.

 16. Belk JW, Kraeutler MJ, Houck DA, Goodrich JA, Dragoo JL, McCarty EC. 
Platelet‑rich plasma versus hyaluronic acid for knee osteoarthritis: a 
systematic review and meta‑analysis of randomized controlled trials. Am 
J Sports Med. 2021;49(1):249–60.

 17. Xu Z, He Z, Shu L, Li X, Ma M, Ye C. Intra‑articular platelet‑rich plasma 
combined with hyaluronic acid injection for knee osteoarthritis is 
superior to platelet‑rich plasma or hyaluronic acid alone in inhibiting 
inflammation and improving pain and function. Arthroscopy: J Arthrosc 
Relat Surgy. 2021;37(3):903–15.

 18. Ankha MdVEA, Prado RFd, Lima VdAB, Carvalho YR, Vasconcellos LMRd. 
Study of treatment with hyaluronic acid combined with platelet rich 
plasma in the in vivo regeneration of defects in articular discs of tempo‑
romandibular joint. J Oral Maxillofac Surg Med Pathol. 2020;32(6):425–40.

 19. Papalia R, Zampogna B, Russo F, Torre G, De Salvatore S, Nobile C, et al. 
The combined use of platelet rich plasma and hyaluronic acid: prospec‑
tive results for the treatment of knee osteoarthritis. J Biol Regul Homeo‑
stat Agents. 2019;33(2 Suppl. 1):21–8. XIX Congresso Nazionale S.I.C.O.O.P. 
Societa’ Italiana Chirurghi Ortopedici Dell’ospedalita’ Privata Accreditata.

 20. Zhang Q, Liu T, Gu Y, Gao Y, Ni J. Efficacy and safety of platelet‑rich plasma 
combined with hyaluronic acid versus platelet‑rich plasma alone for knee 
osteoarthritis: a systematic review and meta‑analysis. J Orthop Surg Res. 
2022;17(1):499.

 21. Chen WH, Lo WC, Hsu WC, Wei HJ, Liu HY, Lee CH, et al. Synergis‑
tic anabolic actions of hyaluronic acid and platelet‑rich plasma 
on cartilage regeneration in osteoarthritis therapy. Biomaterials. 
2014;35(36):9599–607.

 22. Yip HK, Chen KH, Dubey NK, Sun CK, Deng YH, Su CW, et al. Cerebro‑ and 
renoprotective activities through platelet‑derived biomaterials against 
cerebrorenal syndrome in rat model. Biomaterials. 2019;214: 119227.

 23. Wu C‑C, Chen W‑H, Zao B, Lai P‑L, Lin T‑C, Lo H‑Y, et al. Regenerative 
potentials of platelet‑rich plasma enhanced by collagen in retrieving 
pro‑inflammatory cytokine‑inhibited chondrogenesis. Biomaterials. 
2011;32(25):5847–54.

 24. Hegab AF, Al Hameed HI, Karam KS. Classification of temporomandibular 
joint internal derangement based on magnetic resonance imaging and 
clinical findings of 435 patients contributing to a nonsurgical treatment 
protocol. Sci Rep. 2021;11(1):20917.

 25. Wang Y, Bao M, Hou C, Wang Y, Zheng L, Peng Y. The role of TNF‑α in 
the pathogenesis of temporomandibular disorders. Biol Pharm Bull. 
2021;44(12):1801–9.

 26. Tabeian H, Betti BF, Dos Santos Cirqueira C, de Vries TJ, Lobbezoo F, Ter 
Linde AV, et al. IL‑1β damages fibrocartilage and upregulates MMP‑13 
expression in fibrochondrocytes in the condyle of the temporomandibu‑
lar joint. Int J Mol Sci. 2019. https:// doi. org/ 10. 3390/ ijms2 00922 60.

 27. Yin S, Zhang L, Ding L, Huang Z, Xu B, Li X, et al. Transient receptor 
potential ankyrin 1 (trpa1) mediates il‑1β‑induced apoptosis in rat chon‑
drocytes via calcium overload and mitochondrial dysfunction. J Inflamm. 
2018;15(1):27.

 28. Dobsak T, Heimel P. Impaired periodontium and temporomandibular 
joints in tumour necrosis factor‑α transgenic mice. J Clin Periodontol. 
2017;44(12):1226–35.

 29. Chen X, Xu H, Wan C, McCaigue M, Li G. Bioreactor expansion of human 
adult bone marrow‑derived mesenchymal stem cells. Stem Cells. 
2006;24(9):2052–9.

 30. Vetrano M, Ranieri D, Nanni M, Pavan A, Malisan F, Vulpiani MC, et al. 
Hyaluronic acid (HA), platelet‑rich plasm and extracorporeal shock wave 
therapy (ESWT) promote human chondrocyte regeneration in vitro and 
ESWT‑mediated increase of CD44 expression enhances their susceptibil‑
ity to HA treatment. PLoS ONE. 2019;14(6): e0218740.

 31. Haseeb A, Kc R, Angelozzi M, de Charleroy C, Rux D, Tower RJ, et al. SOX9 
keeps growth plates and articular cartilage healthy by inhibiting chon‑
drocyte dedifferentiation/osteoblastic redifferentiation. Proc Natl Acad 
Sci. 2021;118(8): e2019152118.

 32. Hino K, Saito A, Kido M, Kanemoto S, Asada R, Takai T, et al. Master regula‑
tor for chondrogenesis, Sox9, regulates transcriptional activation of the 
endoplasmic reticulum stress transducer BBF2H7/CREB3L2 in chondro‑
cytes. J Biol Chem. 2014;289(20):13810–20.

 33. Lian C, Wang X, Qiu X, Wu Z, Gao B, Liu L, et al. Collagen type II suppresses 
articular chondrocyte hypertrophy and osteoarthritis progression by 
promoting integrin β1−SMAD1 interaction. Bone Res. 2019;7(1):8.

 34. Park S, Bello A, Arai Y, Ahn J, Kim D, Cha K‑Y, et al. Functional duality of 
chondrocyte hypertrophy and biomedical application trends in osteoar‑
thritis. Pharmaceutics. 2021;13(8):1139.

 35. Sokolove J, Lepus CM. Role of inflammation in the pathogenesis of 
osteoarthritis: latest findings and interpretations. Ther Adv Musculoskelet 
Dis. 2013;5(2):77–94.

 36. Xiang T, Tao ZY, Liao LF, Wang S, Cao DY. Animal models of temporoman‑
dibular disorder. J Pain Res. 2021;14:1415–30.

 37. Chen Y, Boettger MK, Reif A, Schmitt A, Uçeyler N, Sommer C. Nitric oxide 
synthase modulates CFA‑induced thermal hyperalgesia through cytokine 
regulation in mice. Mol Pain. 2010;6:13.

 38. Omura CM, Lüdtke DD, Horewicz VV, Fernandes PF, Galassi TdO, Salgado 
ASI, et al. Decrease of IL‑1β and TNF in the spinal cord mediates analgesia 
produced by ankle joint mobilization in complete freund adjuvant‑
induced inflammation mice model. Front Physiol. 2022. https:// doi. org/ 
10. 3389/ fphys. 2021. 816624.

 39. Park YB, Kim JH, Ha CW, Lee DH. Clinical efficacy of platelet‑rich plasma 
injection and its association with growth factors in the treatment of mild 
to moderate knee osteoarthritis: a randomized double‑blind con‑
trolled clinical trial as compared with hyaluronic acid. Am J Sports Med. 
2021;49(2):487–96.

 40. Maheu E, Rannou F, Reginster J‑Y. Efficacy and safety of hyaluronic acid 
in the management of osteoarthritis: evidence from real‑life setting trials 
and surveys. Semin Arthritis Rheum. 2016;45(4, Supplement):S28–33.

 41. Akl EA, Briel M, You JJ, Lamontagne F, Gangji A, Cukierman‑Yaffe T, et al. 
LOST to follow‑up Information in trials (LOST‑IT): a protocol on the poten‑
tial impact. Trials. 2009;10:40.

 42. Montori VM, Devereaux PJ, Adhikari NK, Burns KE, Eggert CH, Briel M, et al. 
Randomized trials stopped early for benefit: a systematic review. JAMA. 
2005;294(17):2203–9.

 43. Balk EM, Bonis PA, Moskowitz H, Schmid CH, Ioannidis JP, Wang 
C, et al. Correlation of quality measures with estimates of treat‑
ment effect in meta‑analyses of randomized controlled trials. JAMA. 
2002;287(22):2973–82.

 44. Mariani E, Roffi A, Cattini L, Pulsatelli L, Assirelli E, Krishnakumar GS, et al. 
Release kinetic of pro‑ and anti‑inflammatory biomolecules from platelet‑
rich plasma and functional study on osteoarthritis synovial fibroblasts. 
Cytotherapy. 2020;22(7):344–53.

https://doi.org/10.3390/ijms22147405
https://doi.org/10.3390/ijms20092260
https://doi.org/10.3389/fphys.2021.816624
https://doi.org/10.3389/fphys.2021.816624


Page 19 of 19Peng et al. Journal of Biomedical Science           (2023) 30:77  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 45. Altman R, Bedi A, Manjoo A, Niazi F, Shaw P, Mease P. Anti‑inflammatory 
effects of intra‑articular hyaluronic acid: a systematic review. Cartilage. 
2019;10(1):43–52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Platelet-derived biomaterial with hyaluronic acid alleviates temporal-mandibular joint osteoarthritis: clinical trial from dish to human
	Abstract 
	Background 
	Method 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Isolation and culture of TMJ condylar chondrocytes
	In-vitro TMJ OA model
	hPRP and HA preparation
	Cell viability and proliferation assays
	Semi-quantitative reverse-transcription PCR
	In-vivo mimic TMJ-OA 3D model
	Histologic and IHC staining
	TMJ-OA animal model
	MRI evaluation
	Histological and immunohistological staining
	Clinical study of HA and PRP therapy
	Statistical analysis

	Results
	Effect of hPRPHA therapy on proliferation of chondrocytes in TMJ-OA in-vitro 2D mode
	Combined hPRPHA therapy modulates gene expression changes in the TMJ-OA in-vitro model
	Combined hPRPHA therapy promotes chondrocyte regeneration in TMJ-OA in-vitro 3D condyle model
	Combined hPRPHA therapy in TMJ-OA induced animal model
	MRI of TMJ in a TMJ-OA rat after combined hPRPHA therapy
	Combined hPRPHA therapy reverses TMJ degeneration in TMJ-OA
	hPRPHA therapy alleviates subchondral bone deterioration in TMJ-OA
	Demographic and evaluation parameters for the clinical outcome of hPRPHA treatment
	MRI screening of the TMJ after hPRPHA therapy in patients with TMJ-OA
	Clinical assessment after hPRPHA therapy in TMJ-OA patients.

	Discussion
	Conclusion
	Anchor 34
	Acknowledgements
	References


