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Abstract: 
Background: Platelet derived growth factor (PDGF) has been shown since the late 1980s to play a major role in periodontal regeneration. PDGF has five isoforms and the isoform PDGF-BB has been found to be the most effective. Animal studies evaluating release kinetics of purified recombinant human platelet-derived growth factor (rh-PDGF-BB), demonstrated that 90% of rh-PDGF-BB was depleted from sites within 72 hours after implantation. Thus, the aim of this in-vitro study was to evaluate the effects of two rhPDGF-BB applications on periodontal ligament fibroblasts proliferation and VEGF expression. 
Materials & Methods: Periodontal ligament (PDL) cells were seeded in multiple 6 well plates and split into 3 groups. Group 1 served as a control that received no rh-PDGF-BB. Group 2 was given an initial dose of 10 ng/ml rhPDGF-BB on day 1 and none on day 3. Group 3 received a dose of 10 ng/ml rhPDGF-BB on day 1 and a second dose on day 3. On day 3, half of the plates were stopped and media collected was used for LDH, WST-1 and VEGF ELISA analysis for evaluation of VEGF expression, cellular proliferation and cytotoxicity. Plain media was then added to groups 1 and 2 while group 3 received media with rh-PDGF-BB. On day 6, the collected media was used for ELISA, WST-1 and LDH assays. 
Results: PDL cell proliferation was not significantly different between any group studied (p=0.689). VEGF expression was increased in group 2 and 3 on day 3 compared to group 1 (p=0.005). There was no difference between groups 1 and 2 on day 6 (p=0.977). 
Conclusion: The addition of rhPDGF-BB to PDL cells did not increase proliferation at any time point. A single application of rhPDGF-BB increased the expression of VEGF from PDL cells; however, an additional application did not significantly increase the expression of VEGF. 
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Background: 
Regeneration is defined as the establishment of new bone, cementum and the periodontal ligament (PDL). This treatment modality is targeted towards treating intrabony and furcation defects and has demonstrated to have positive clinical and radiographic outcomes (1). Periodontal regeneration has been a major component of periodontal therapy. It is comprised of the use of bone grafts from various sources, biomimetic growth factors and membranes in an attempt to mimic and enhance healing there by maximizing the healing and regenerative potential. Growth factors are expressed throughout the healing process being released by bone, platelets, fibroblasts and other cells that contribute to healing. (2-7) 
[bookmark: _Hlk128944259]One of the growth factors that has been studied the most in periodontics is PDGF. PDGF was discovered in the late 1980s and since then has demonstrated to play a major role in periodontal regeneration (8). In many studies it has been shown to improve stimulation of the PDL cells, osteoblasts and osteoclasts thereby enhancing wound healing. PDGF stimulates wound healing through cellular proliferation, chemotaxis, angiogenesis and extracellular matrix formation. PDGF is a family of five different isoforms PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC and PDGF-DD (8). All of these isoforms have an impact in the healing process at various levels. PDGF-BB can interact with all PDGF receptors and has been found to be the lead mediator in wound healing and tissue repair due to its increased mitogenic and chemotactic action on PDL fibroblasts when compared to the other isoforms (9-12). PDGF-BB enhances angiogenesis through an increased stimulation of vascular endothelial growth factor (VEGF) (13,14). It also aids in bone regeneration via chemotaxis and differentiation of bone marrow stem cells and mesenchymal stem cells (15-18). 
	Various studies have looked at the effects of growth factors on in-vitro wound models. An in-vitro study by Bartold et al. (19) looked at the effects of 10 ng/mL PDGF with 0.2% fetal calf serum on human periodontal ligament fibroblasts and found a significant increase in proliferation and migration. Oates et al. (20) found that quiescent PDL cells could be stimulated to proliferate via the addition of PDGF-BB. Mumford et al. (21) studied the effects of PDGF-BB on gingival fibroblasts and PDL cell’s proliferation and migration. Mumford found that at a concentration of 10 ng/ml or greater of PDGF-BB, PDL cells had an increase level of proliferation. Gingival fibroblasts had no increase in proliferation when compared to the negative controls. Wound fill was similar between both cell types at day two and was dependent on concentration level at later time points. Due to its high regenerative potential, purified recombinant human platelet-derived growth factor-BB (rhPDGF-BB) has been approved by the Food and Drug Administration (FDA) for the purpose of periodontal regeneration (22). rh-PDGF BB is a potent chemotactic and mitogenic factor for gingival and periodontal ligament fibroblasts. Young et al. (23) studied the potency, release and biochemical integrity of rh-PDGF BB from two types of bone grafts (Augment and B-TCP). The results of the study demonstrated that almost all rh-PDGF BB is released rapidly from the graft matrices within 72 hours. 
	These studies have proven the efficacy of rhPDGF-BB on the healing and periodontal regeneration potential with a single use. Ninety percent of rhPDGF-BB is depleted after 72 hours and periodontal healing and regeneration undergoes a longer healing process of approximately 9 months. There are no studies that have studied the effects of multiple applications of rhPDGF-BB on these cell lines. Thus, aim of this study was to assess the effect of rhPDGF-BB on PDL cell proliferation and the expression of VEGF through two applications.

Materials and Methods:

1. Periodontal ligament cells:
Commercially available human periodontal ligament cells[footnoteRef:1]†† were utilized for this experiment. The cells were grown at 37C and 5% CO2 in low glucose (1 g/L) medium supplemented with 10% fetal bovine serum (FBS) (200 mM L-glutamine, 100 U/mL penicillin, 50 g/mL gentamycin, and 250 g/mL amphotericin B). [1: †† Catalog No. 2630, ScienCell™ Research Laboratories, 6076 Corte Del Cedro, Carlsbad, CA 92011] 

2. Cell preparation:
Periodontal ligament cells (1 x 106 cells per well) in 6 well plates were incubated at 37oC in 5% CO2 in serum-free media. Then after overnight attachment the experiment was initiated. Cells were split up into 3 groups. Group 1 served as a control that received no rh-PDGF-BB. Group 2 was given an initial dose of 10 ng/ml rhPDGF-BB on day 1 and no additional dose on day 3. Group 3 received a dose of 10 ng/ml rhPDGF-BB on day 1 and a second dose on day 3. On the third day, the media was collected and stored at -20oC.  Groups 1 and 2 received plain media with no rhPDGF-BB while media with rhPDGF-BB was added to group 3 only.
4. Lactate Dehydrogenase (LDH) Assay:[footnoteRef:2]‡‡ [2: ‡‡ Molecular Devices, LLC, San Jose, CA, USA] 

The conditioned media was collected on day 3 from half of the plates and was used in LDH assays to determine the rhPDGF-BB cytotoxicity per manufacturer’s instructions. On day 6 the collected media was subjected to LDH assays. 
5. Water soluble tetrazolium-1 (WST-1) assay:[footnoteRef:3]§§ [3: §§ Molecular Devices, LLC, San Jose, CA, USA] 

On the third day the media was collected from half of the 6-well plates. The cell proliferation reagent WST-1 (100 µl WST-1 and 900 µl serum-free Dulbecco’s modified eagle medium (DMEM)) was then added and the plate incubated for 1 h at 37C and 5% CO2. A 100 µl sample from each well was placed in a 96-well plate and the absorbance of the samples against the negative control (media without cells) as the blank will be measured using a microplate reader[footnoteRef:4]¶¶ at 450 nm. On day 6 media was collected and subjected to WST-1 assay.  [4: ¶¶ Titertek, Flow laboratories, Mclean, VA] 


3. VEGF ELISA assay: 
After 3 days the conditioned media was collected for all groups and stored at -20°C. At 6 days the conditioned media was collected and the 3-day media was thawed. Equal volumes (100 µl) of the media from each well were placed in a RayBio® Human VEGF-A ELISA[footnoteRef:5]††† 96-well plate per manufacturer’s instructions. Plates were covered and incubated for 2.5 hours at room temperature with gentle shaking. The solution was then discarded and washed four times with 1X Wash Solution. 100 µl of 1X prepared biotinylated antibody was added to each well and incubated at room temperature for one hour with gentle shaking. Solution was discarded and 1X Wash Solution was utilized as mentioned previously. 100 µl of prepared Streptavidin solution was then placed in each well and incubated at room temperature for 45 minutes with gentle shaking. Solution was discarded and 1X Wash Solution was utilized as mentioned previously. 100 µl of TMB One-Step Substrate Reagent was added to each well and incubated at room temperature for 30 minutes in the dark with gentle shaking. Then all wells were read immediately at 450nm in a spectrophotometer.  [5: ††† RayBiotech Life, Inc. Peachtree Corners, GA, USA] 


6. Statistical analysis:
All procedures were triplicated and the mean  standard error was used for statistical analysis. Comparisons between groups for differences in cell proliferation were performed using one-way ANOVA. Comparisons between groups for differences in VEGF expression were performed using one-way ANOVA. Pair-wise comparisons was made using Fisher’s Protected Least Significant Difference to control the overall significance level at 5%. Distributions of the measurements were examined, and a transformation of the data or nonparametric tests was used if needed. With a sample size of 3 per group, the study had an 80% power to detect effect size differences of 3.1 between groups, based on two-sample t-test calculations at a 5% significance level.
Results:
LDH: On day 3 groups 1, 2 and groups 2, 3 were not significantly different from each other (p=0.590). (Table 1.) On day 6 group 1 was significantly higher than group 2 (p=0.020) and group 2 was not significantly different from group 3 (p=0.470). (Table 1.) The concentration used did not show to be cytotoxic to the PDL cells. 
WST: Proliferation at 3 days groups 1, 2 and groups 2, 3 did not show to be significantly different (p=0.426). (Table 2.) At 6 days there was no significant difference between groups 1 and 2 (p=0.471). (Table 2.) There was also no significant difference between group 2 and 3 (p=0.689). All groups did not show any statistically significant difference in proliferation. 
VEGF: VEGF expression at 3 days showed that group 1 had a significantly lower expression than groups 2 and 3 (p=0.005). (Table 3.) At day 6 there was no significant difference between groups 1 and 2 (p=0.370). (Table 3.) There was also no significant difference between groups 2 and 3 (p=0.977). (Table 3.) All groups did not show any significant difference in the expression of VEGF at day 6. Therefore, there appears to be an increase in VEGF expression after one dose of rhPDGF-BB but no further increase after the second dose.

Discussion:
Periodontal regeneration is a very complex process that requires gingival fibroblasts, periodontal ligament cells, cementoblasts and osteoblasts/osteoclasts. This regenerative process begins as soon as there is tissue damage in the area with an initial release of cytokines and growth factors from various cell lines. PDGF has been shown to be an important biologic agent in periodontal wound healing as it influences the angiogenic and mitogenic potential of PDL cells. There have been several studies that have shown the use of PDGF-BB at a concentration of 10 ng/mL to have a positive impact on proliferation of PDL cells (19,21,25). 
This study assessed the effects of one or two doses of 10ng/ml rhPDGF-BB on PDL cell proliferation and VEGF expression in an in-vitro environment. In this experiment the proliferation of the cells did not appear to be influenced by the addition of rhPDGF-BB at either one or two doses. However, the addition of one dose of rhPDGF-BB did have a significant effect on the expression of VEGF compared to group 1, but the addition of a second dose did not have a significant difference.
 It cannot be fully determined as to why the application of PDGF-BB did not have an effect on the proliferation of the PDL cells in this present study. In a previous study (21) they found that the use of PDGF-BB in a plate scratch model did not show a significant difference in proliferation and migration than the 10% FBS supplemented media. They noticed a difference in the proliferation and migration when they compared these groups to their negative control group of 0.1% FBS media. They found that PDL cells had a higher chemotactic and migratory response than proliferation. In another study (24) they examined PDL cells, gingival fibroblasts and bone derived cells and their response to PDGF. They found that PDL cells had an increased cellular proliferation after the addition of PDGF in 3% platelet-poor plasma but did not surpass the proliferation seen in PDL cells with 10% FBS media. In a study by Mihaylova et al. (25), they observed the role PDGF-BB had on maintaining stem cell properties from periodontal ligament cells and found that proliferation increased in all concentrations tested; 1ng/mL, 10 ng/mL, 50 ng/mL and 100 ng/mL. They noticed an increased proliferation with each increase in concentration up to 50 ng/mL where it reached a plateau. The difference in this study to the ones previously presented is that they used serum-free media to evaluate rhPDGF-BB by itself without any influence from the FBS. With the information gathered in these studies along with the present study it can be speculated that rhPDGF-BB does not have an enhanced proliferation effect on PDL cells if the cells are in a nutrient dense environment like 10% FBS. Although it was not investigated in our study, the application of rhPDGF-BB could have a greater impact on the migration and cell chemotaxis rather than proliferation. The concentration of rhPDGF-bb used in our study had been previously seen to be effective but comparing concentrations of rhPDGF-BB as mentioned in the previous studies would have given more information on its effects in PDL cell proliferation. Lastly, we were unable to use any media with serum due to the possible effects it could have on the VEGF ELISA assay results. 
VEGF has been coined the master regulator of angiogenesis. It aids in angiogenesis throughout the body maintaining current and forming new vasculature bundles in deficient areas such as areas that have been periodontally treated. Once VEGF is expressed it binds to VEGF receptors where it then activates many transduction cascades that increase endothelial proliferation, migration and matrix metalloprotease (MMP) expression (26).  In our study, it was observed that a significantly higher level of VEGF expression was seen in group 2 and 3 when compared to group 1 on day 3 (p=0.005). On day 6 there did not seem to be a significant increase in the level of VEGF expression in group 3 after receiving an additional dose when compared to groups 1 and 2. In a previous study, Cooke et al. (27) looked at the effects of PDGF-BB on periodontal wound healing mediators like VEGF in human subjects. These subjects received periodontal regeneration with the use of beta- tricalcium phosphate (b-TCP) with PDGF-BB. They tested concentrations of 0 mg/mL, 0.3 mg/mL and 1.0 mg/mL.There was an immediate increase in VEGF in all subjects with a peak in the first 12-15 days. The highest amount of VEGF during that time was in the 1.0mg/mL group while 0.3mg/ml and 0mg/mL had similar levels of release. Therefore, the concentration of PDGF-BB can possibly play a role in the level and duration of VEGF expression in-vivo. In the present study, a possibility of there not being a difference shown between group 2 and 3 could be the time period allowed for the expression of VEGF to be properly expressed. Another possibility could be that there is a negative feedback system due to the initial VEGF expressed not being able to be used by other cells allowing there to become an oversaturation of VEGF. The half-life of the mRNA for VEGF has been seen to be around 15-40 minutes under normal oxygen and nutrient conditions (28). Therefore, the VEGF mRNA half-life could also have a negative effect on the cells continued VEGF expression and the time period the samples were collected. Future in-vitro studies are necessary to assess for an increased production in other periodontal healing markers along with VEGF with a second application of rhPDGF-BB to assess whether the second application increased other markers instead of VEGF.
It can be concluded from this study that there is no statistically significant difference in the proliferation of human periodontal ligament cells with the application of rhPDGF-BB in-vitro. There is a significant difference in the level of VEGF when PDL cells are exposed to one dose of 10 ng/mL of PDGF-BB but there is no increase when another dose is given. 

Tables:
Table 1. Mean (SD) for LDH Assay 
	Day
	Group 1
	Group 2
	Group 3
	Total Cleavage

	3
	0.181 (0.030)
	0.184 (0.057)
	0.184 (0.057)
	1.615 (0.013)

	6
	0.258 (0.170)
	0.177 (0.006)
	0.185 (0.022)
	1.597 (0.006)



Table 2. Mean (SD) for WST-1 Assay
	Day
	Group 1
	Group 2
	Group 3

	3
	0.995 (0.295)
	1.133 (0.162)
	1.133 (0.162)

	6
	1.043 (0.187)
	1.134 (0.280)
	1.187 (0.360)



Table 3. Mean (SD) for VEGF ELISA 
	Day
	Group 1
	Group 2
	Group 3

	3
	0.076 (0.006)
	0.140 (0.190)
	0.140 (0.190)

	6
	0.082 (0.008)
	0.085 (0.011)
	0.086 (0.009)




References:
1. Garrett S. Periodontal regeneration around natural teeth. Ann Periodontol 1996;1:621-666
2. Lynch SE. Introduction. In: Lynch SE, Genco RJ, Marx RE, eds. Tissue Engineering Applications in Maxillofacial Surgery and Periodontics. Chicago: Quintessence Publishing Co, Inc; 1999:xi-xviii.
3. Marx RE. Platelet-rich plasma: A source of multiple autologous growth factors for bone grafts. In: Lynch SE,
Genco RJ, Marx RE, eds. Tissue Engineering Applications in Maxillofacial Surgery and Periodontics. Chicago:
Quintessence Publishing Co, Inc; 1999:71-82.
4. Andrew JG, Hoyland JA, Freemont AJ, Marsh DR. Platelet-derived growth factor expression in normally healing human fractures. Bone 1995;16:455-460.
5. Fujii H, Kitazawa R, Maeda S, Mizuno K, Kitazawa S. Expression of platelet-derived growth factor proteins and their receptor alpha and beta mRNAs during fracture healing in the normal mouse. Histochem Cell Biol 1999;112: 131-138.
6. Giannobile WV. Periodontal tissue regeneration by polypeptide growth factors and gene transfer. In: Lynch SE, Genco RJ, Marx RE, eds. Tissue Engineering Applications in Maxillofacial Surgery and Periodontics. Chicago: Quintessence
Publishing Co, Inc; 1999:231-243.
7. Wang C, Liu Y, He D. Diverse effects of platelet-derived growth factor-BB on cell signaling pathways. Cytokine. 2019 Jan;113:13-20. doi: 10.1016/j.cyto.2018.10.019. Epub 2018 Oct 24. PMID: 30539778.
8. L. Fredriksson, H. Li, U. Eriksson, The PDGF family: four gene products form five dimeric isoforms, Cytokine Growth Factor Rev. 15 (4) (2004) 197–204. 
9. K. Shimokado, E.W. Raines, D.K. Madtes, et al., A significant part of macrophagederived growth factor consists of at least two forms of PDGF, Cell 43 (1) (1985) 277–286. 
10. J.O. Hollinger, C.E. Hart, S.N. Hirsch, et al., Recombinant human platelet-derived growth factor: biology and clinical applications, J. Bone Joint Surg. Am. 90 (Suppl 1) (2008) 48–54.
11. D.G. Greenhalgh, K.H. Sprugel, M.J. Murray, et al., PDGF and FGF stimulate wound healing in the genetically diabetic mouse, Am. J. Pathol. 136 (6) (1990) 1235–1246.
12. L.A. Solchaga, C.K. Hee, S. Roach, et al., Safety of recombinant human platelet derived growth factor-BB in augment((R)) bone graft, J. Tissue Eng. 3 (1) (2012) 2041731412442668
13. G.T. Stavri, Y. Hong, I.C. Zachary, et al., Hypoxia and platelet-derived growth factor-BB synergistically upregulate the expression of vascular endothelial growth factor in vascular smooth muscle cells[J], FEBS Lett 358 (3) (1995) 311–315.
14. G.D. Yancopoulos, S. Davis, N.W. Gale, et al., Vascular-specific growth factors and blood vessel formation, Nature 407 (6801) (2000) 242–248. 
15. L. Xu, K. Lv, W. Zhang, et al., The healing of critical-size calvarial bone defects in rat with rhPDGF-BB, BMSCs, and beta-TCP scaffolds, J. Mater. Sci. Mater. Med. 23 (4) (2012) 1073–1084. 
16.  X. Sun, X. Gao, L. Zhou, et al., PDGF-BB-induced MT1-MMP expression regulates proliferation and invasion of mesenchymal stem cells in 3-dimensional collagen via MEK/ERK1/2 and PI3K/AKT signaling[J], Cell Signal 25 (5) (2013) 1279–1287. 
17. Y. Ozaki, M. Nishimura, K. Sekiya, et al., Comprehensive analysis of chemotactic factors for bone marrow mesenchymal stem cells, Stem. Cells. Dev. 16 (1) (2007) 119–129. 
18. Y. Mishima, M. Lotz, Chemotaxis of human articular chondrocytes and mesenchymal stem cells, J. Orthop. Res. 26 (10) (2008) 1407–1412.
19. Bartold, P. M., & Raben, A. (1996). Growth factor modulation of fibroblasts in simulated wound healing. Journal of Periodontal Research, 31(3), 205–216. 
20. Oates, T. W., Rouse, C. A., & Cochran, D. L. (1993). Mitogenic Effects of Growth Factors on Human Periodontal Ligament Cells In Vitro. Journal of Periodontology, 64(2), 142–148.
21. Mumford JH, Carnes DL, Cochran DL, Oates TW. The effects of platelet-derived growth factor-BB on periodontal cells in an in vitro wound model. J Periodontol. 2001 Mar;72(3):331-40. 
22. Nevins M, Kao RT, McGuire MK, et al. Platelet‐derived growth factor promotes periodontal regeneration in localized osseous defects: 36‐month extension results from a randomized, controlled, double‐masked clinical trial. 2013;84:456-464.
23. Young CS, Ladd PA, Browning CF, Thompson A, Bonomo J, Shockley K, Hart CE. Release, biological potency, and biochemical integrity of recombinant human platelet-derived growth factor-BB (rhPDGF-BB) combined with Augment(TM) Bone Graft or GEM 21S beta-tricalcium phosphate (beta-TCP). J Control Release. 2009 Dec 16;140(3):250-5. 
24. Piche, J. E., Carnes, D. L., & Graves, D. T. (1989). Initial Characterization of Cells Derived from Human Periodontia. Journal of Dental Research, 68(5), 761–767. 
25. Mihaylova, Z., Tsikandelova, R., Sanimirov, P., Gateva, N., Mitev, V., & Ishkitiev, N. (2018). Role of PDGF-BB in proliferation, differentiation and maintaining stem cell properties of PDL cells  in vitro. Archives of Oral Biology, 85, 1–9. 
26. Nieves BJ, D'Amore PA, Bryan BA. The function of vascular endothelial growth factor. Biofactors. 2009 Jul-Aug;35(4):332-7. doi: 10.1002/biof.46. PMID: 19415738; PMCID: PMC8265599.
27. Cooke JW, Sarment DP, Whitesman LA, Miller SE, Jin Q, Lynch SE, Giannobile WV. Effect of rhPDGF-BB delivery on mediators of periodontal wound repair. Tissue Eng. 2006 Jun;12(6):1441-50. 
28. Tania Arcondéguy, Eric Lacazette, Stefania Millevoi, Hervé Prats, Christian Touriol, VEGF-A mRNA processing, stability and translation: a paradigm for intricate regulation of gene expression at the post-transcriptional level, Nucleic Acids Research, Volume 41, Issue 17, 1 September 2013, Pages 7997–8010.


6

