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Abstract. 
Type 2 diabetes and obesity are increasing worldwide and linked to periodontitis, a chronic disease which is characterized by the irreversible destruction of the tooth-supporting tissues, that is, periodontium. The mechanisms underlying the association of diabetes mellitus and obesity with periodontal destruction and compromised periodontal healing are not well understood, but decreased plasma levels of adiponectin, as found in diabetic and obese individuals, might be a critical mechanistic link. The aim of this in vitro study was to examine the effects of adiponectin on periodontal ligament (PDL) cells under normal and regenerative conditions, and to study the regulation of adiponectin and its receptors in these cells. Adiponectin stimulated significantly the expression of growth factors and extracellular matrix, proliferation, and in vitro wound healing, reduced significantly the constitutive tumor necrosis factor-α expression, and caused a significant upregulation of its own expression. The beneficial actions of enamel matrix derivative on a number of PDL cell functions critical for periodontal regeneration were partially enhanced by adiponectin. The periodontopathogen Porphyromonas gingivalis inhibited the adiponectin expression and stimulated the expression of its receptors. In conclusion, reduced levels of adiponectin, as found in type 2 diabetes and obesity, may compromise periodontal health and healing.
 

1. Introduction
The prevalence of diabetes mellitus and its associated comorbidities is increasing worldwide [1]. Obesity is considered a major risk factor for type 2 diabetes and has also risen substantially throughout the globe over the past decades [2, 3]. A number of meta-analyses have demonstrated that diabetes mellitus and obesity are linked to periodontitis, a chronic disease characterized by the irreversible destruction of the tooth-supporting tissues, that is, periodontium [4–7]. The periodontium consists of the gingiva, periodontal ligament (PDL), root cementum, and alveolar bone. Microorganisms, such as Fusobacterium nucleatum, Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, and Treponema denticola, in the subgingival plaque on the tooth surfaces are essential for the initiation and progression of periodontitis [8, 9]. Several cofactors, such as smoking, can increase the risk for periodontitis [10]. The periodontopathogenic microorganisms provoke an inflammatory host response, which involves inflammatory mediators, such as interleukin- (IL-) 1β, IL-6, IL-8, tumor necrosis factor (TNF) α, and cyclooxygenase (COX) 2 in the periodontal tissues. If the periodontal inflammation is exaggerated and sustained, matrix degradation, bone resorption, periodontal pocket formation, and even tooth loss can follow [10, 11].
Periodontitis can be successfully treated by either nonsurgical or surgical approaches, sometimes combined with antibiotics. The main goal of periodontal therapy is to arrest inflammation and periodontal tissue destruction by reducing or even eliminating the periodontopathogenic microorganisms in the periodontal pockets [12]. In order to promote regenerative healing, bioactive molecules, such as enamel matrix derivative (EMD), are applied during periodontal surgery [13–15]. EMD stimulates periodontal cells to produce growth factors, such as transforming growth factor (TGF) β1 and vascular endothelial growth factor (VEGF), matrix molecules, such as periostin (POSTN), and osteogenesis-related factors, such as runt-related transcription factor (RUNX) 2. Moreover, EMD has been shown to accelerate the in vitro wound healing [16, 17]. The beneficial effects of EMD on periodontal regeneration are accomplished, at least in part, by bone morphogenetic protein (BMP) and TGFβ, which trigger SMAD (sma- and mad-related protein) and non-SMAD signaling cascades [18–22]. Interestingly, microbial, inflammatory, and biomechanical signals can interfere with the regeneration-promotive effects of EMD on periodontal cells, which highlights the critical role of the cell microenvironment for regenerative healing [23–25].
Interestingly, diabetes mellitus and obesity are associated not only with the initiation and progression of periodontitis, but also with compromised healing after periodontal therapy [26–28]. The mechanisms underlying the associations of diabetes mellitus and obesity with periodontitis and compromised periodontal healing are not well understood so far. However, altered plasma levels of adipokines, as found in diabetic and obese individuals, might be a critical mechanistic link in these associations. Adipokines are bioactive molecules, which are produced in the adipose tissue. In diabetes mellitus and obesity, plasma levels of proinflammatory adipokines, such as visfatin, leptin, and resistin, are increased, whereas the levels of adiponectin, which is an anti-inflammatory adipokine, are decreased. The imbalance between pro- and anti-inflammatory adipokines contributes to the low-grad inflammatory state, as observed in diabetes mellitus and obesity [29–32].
Adiponectin is mainly synthesized by adipocytes. By binding to its receptors (AdipoR1 and AdipoR2), adiponectin activates the adenosine monophosphate-activated protein kinase (AMPK) and other pathways [33–35]. Like other adipokines, adiponectin has both metabolic and immune functions. Adiponectin enhances fatty acid oxidation, insulin sensitivity, and glucose uptake and inhibits the hepatic gluconeogenesis. In addition, it exerts anti-inflammatory effects [33, 36–39]. We have previously shown that adiponectin abrogated the proinflammatory actions of lipopolysaccharide (LPS) from P. gingivalis on gingival epithelial cells, suggesting that adiponectin might be protective in the periodontium [40]. Interestingly, adiponectin has also been suggested to support regeneration in various tissues, such as bone and muscle [41]. However, in certain cells, conditions, and diseases, such as rheumatoid arthritis, adiponectin levels are increased and associated with proinflammatory effects [42]. As shown in our previous studies, proinflammatory signals can reduce the regenerative capacity of periodontal cells and therefore inhibit regenerative healing [43–46]. So far, little is known about the actions of adiponectin on periodontal homeostasis and regeneration. The aim of this in vitro study was to examine the effects of adiponectin on periodontal cells under normal and regenerative conditions and to study the regulation of adiponectin and its receptors in these cells.
2. Materials and Methods
2.1. Culture and Stimulation of Cells
PDL cells were obtained from 18 periodontally healthy donors, who underwent tooth extractions for orthodontic reasons. Written informed consent and approval of the Ethics Committee of the University of Bonn were obtained. PDL cells (passages 3–5) were seeded on culture plates (50,000 cells/well) and grown to 80% confluence in Dulbecco’s minimal essential medium (DMEM, Invitrogen, Karlsruhe, Germany) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 100 units penicillin, and 100 μg/mL streptomycin (Invitrogen) at 37°C in a humidified atmosphere of 5% CO2. Before the experiments, the FBS concentration was reduced to 1%, and medium was changed every other day.
In order study the effects of adiponectin on PDL cells, physiological concentrations of adiponectin (0.3, 1, and 3 μg/mL; HMW oligomers, R&D Systems, Minneapolis, MN, USA) were added to the cells [47]. Cells were also treated with EMD (Emdogain, Straumann, Freiburg, Germany) used to mimic regenerative conditions at a concentration of 100 μg/mL. To simulate inflammatory conditions, cells were incubated with IL-1β (1 ng/mL; Calbiochem, San Diego, CA, USA). An infectious environment was mimicked by treating cells with the inactivated oral periodontopathogens F. nucleatum ATCC 25586 (optical density: 0.1), A. actinomycetemcomitans ATCC 43718 (OD: 0.1), P. gingivalis ATCC 33277 (OD: 0.025–0.2), or T. denticola ATCC 35405 (OD: 0.1). Bacteria were suspended in PBS (OD660 nm = 1, equivalent to 1.2 × 109 bacterial cells/mL) and subjected two times to ultrasonication (160 W for 15 min) resulting in a complete killing. In order to ensure that results were comparable, EMD, IL-1β, and the periodontopathogens were applied at the same physiological doses as in our previous experiments [43–46, 48–50].
In order to unravel the intracellular signaling involved in possible actions of adiponectin, PDL cells were also preincubated with a specific inhibitor against the AMPK signaling pathway (dorsomorphin; 5 μM; Calbiochem, San Diego, CA, USA) 45 min before the experiments.
2.2. Measurement of Wound Closure
As previously described, an established in vitro wound healing model was used to analyze the effects of adiponectin on the wound closure in PDL cell cultures [43–46]. Briefly, cells were grown until confluence and 3 mm wide wounds, that is, cell-free areas, were created in the cell monolayers. The wounded cell monolayers were then exposed to adiponectin (3 μg/mL) in the presence and absence of EMD and documented by inverse microscopy (Axiovert 25 C, 5x objective, Carl Zeiss, Oberkochen, Germany) and digital photography (Kodak DC 290, Kodak, Stuttgart, Germany) over 4 d. Afterwards, the wound widths were measured and the wound closure was determined with special software (Alpha DigiDoc 1000, Alpha Innotech, San Leandro, CA, USA).
2.3. Analysis of Gene Expression
RNA was extracted by using an RNA extraction kit (Qiagen, Hilden, Germany), and a total of 1 μg of RNA was reverse transcribed using iScript Select cDNA Synthesis Kit (Bio-Rad Laboratories, Munich, Germany) at 42°C for 90 min followed by 85°C for 5 min. Expression of TGFβ1, VEGF, POSTN, RUNX2, IL-6, IL-8, tumor necrosis factor (TNF) α, cyclooxygenase (COX) 2, Ki67, adiponectin, adiponectin receptors (AdipoR1 and AdipoR2), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was determined by real-time PCR using the iCycler iQ detection system (Bio-Rad Laboratories), SYBR Green (Bio-Rad Laboratories), and specific primers (QuantiTect Primer Assay, Qiagen). One μL of cDNA was amplified as a template in a 25 μL reaction mixture containing 12.5 μL 2x QuantiFast SYBR Green PCR Master Mix (Qiagen), 2.5 μL of primers, and 9 μL deionized water. The mixture was heated initially at 95°C for 5 min and then followed by 40 cycles with denaturation at 95°C for 10 s and combined annealing/extension at 60°C for 30 s. Data were analyzed by the comparative threshold cycle method.
2.4. Measurement of Protein Levels
Protein levels of active TGFβ1, VEGF and adiponectin in the supernatants of PDL cells were determined by commercially available enzyme-linked immunosorbent assay (ELISA) kits (for TGFβ1 and VEGF from R&D Systems, for adiponectin from RayBiotech, Norcross, GA, USA) according to the manufacturer’s instructions. The absorbance was measured by using a microplate reader (PowerWave x, BioTek Instruments, Winooski, VT, USA) at 450 nm. Data were normalized by cell number.
2.5. Analysis of SMAD1/5/8 Nuclear Translocation
PDL cells were fixed with 4% paraformaldehyde in PBS pH 7.4 for 10 min, washed with PBS (Sigma-Aldrich, Munich, Germany), and treated with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min, as previously reported [45, 46]. Then, cells were washed again and blocked with nonfat dry milk (Bio-Rad Laboratories) for 1 h. After washing, cells were incubated with a primary rabbit anti-SMAD1/5/8 antibody (1 : 200; Santa Cruz Biotechnology, Santa Cruz, CA, Germany) for 90 min and with CY3-conjugated goat anti-rabbit IgG (1 : 2,000; Abcam, Cambridge, MA, USA) for 45 min. The SMAD1/5/8 nuclear translocation was analyzed using an Axioplan 2 imaging microscope (20x objective; Carl Zeiss). Images were captured with a PVCAM camera and the VisiView capturing software (Visitron Systems, Puchheim, Germany).
2.6. Statistical Analysis
All experiments were performed in triplicate and repeated at least twice. Mean values and standard errors of the mean (SEM) were calculated. Parametric (ANOVA followed by Dunnett’s or Tukey’s tests) and nonparametric (Mann-Whitney 
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3. Results
3.1. Effects of Adiponectin on Growth Factors, Matrix Molecules, and Inflammatory Mediators
First we examined possible effects of adiponectin on the synthesis of molecules known to be involved in periodontal destruction and/or regeneration. As shown in Figure 1(a), adiponectin caused a significant upregulation of the TGFβ1, VEGF, and POSTN mRNA expressions at 1 d. A pronounced but insignificant upregulation was also observed for RUNX2 in adiponectin-treated cells at this time point. Adiponectin also led to a slight but significant increase in the POSTN mRNA expression at 3 d (Figure 1(b)). Interestingly, preincubation of cells with a specific inhibitor against the AMPK pathway inhibited the adiponectin-induced mRNA expression of TGFβ1, VEGF, POSTN, and RUNX2 by 
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Figure 1: Effects of EMD and/or adiponectin (1 μg/mL) on the mRNA expression of TGFβ1, VEGF, POSTN, and RUNX2 at 1 d (a) and 3 d (b). Untreated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				1
				8
			

		
	
); *significant (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) difference between groups. Effects of various concentrations of adiponectin (0.3, 1, and 3 μg/mL) on the mRNA expression of TGFβ1 and VEGF in the absence (c) and presence (d) of EMD at 1 d. Mean ± SEM (
	
		
			
				𝑛
				=
				9
			

		
	
). Effects of EMD and/or adiponectin (1 μg/mL) on TGFβ1 (e) and VEGF (f) protein levels at 3 d. Unstimulated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				1
				8
			

		
	
); *significant (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) difference between groups. Effects of adiponectin (1 μg/mL) on the IL-6, IL-8, TNFα, and COX2 mRNA expressions at 1 d (g). Unstimulated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				1
				5
			

		
	
); *significantly (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) different from control.


As expected from previous studies [44–46], EMD stimulated significantly the TGFβ1, VEGF, and POSTN mRNA expressions at 1 d and 3 d (Figures 1(a) and 1(b)). EMD also enhanced the RUNX2 mRNA expression at 3 d, but this stimulatory effect was not significant (Figure 1(b)). Next we wondered whether adiponectin would interfere with the beneficial actions of EMD on PDL cells. At 1 d, adiponectin increased significantly the EMD-induced mRNA expression of TGFβ1 and RUNX2, as demonstrated in Figure 1(a). Adiponectin had similar effects on both molecules at 3 d, but the effects did not reach significance (Figure 1(b)). Further experiments revealed that the effects of adiponectin on TGFβ1 and VEGF mRNA expressions were also observed at lower and higher adiponectin concentrations (Figures 1(c) and 1(d)). No significant differences were observed between cells exposed to different adiponectin concentrations (Figures 1(c) and 1(d)). The upregulation of TGFβ1 and VEGF by EMD and the further increase of the EMD-induced TGFβ1 mRNA expression were also observed at protein level (Figures 1(e) and 1(f)).
Finally, we studied whether adiponectin exerts regulatory effects on the mRNA expression of proinflammatory mediators. As depicted in Figure 1(g), adiponectin caused a significant inhibition of the constitutive TNFα mRNA expression at 1 d, whereas the IL-6, IL-8, and COX2 mRNA expressions were not significantly regulated by this adipokine.
3.2. Effects of Adiponectin on In Vitro Wound Healing and Proliferation
Next we examined the effects of adiponectin on the in vitro wound fill rate. In the absence of EMD, adiponectin accelerated significantly the wound closure by 
	
		
			
				1
				3
				.
				3
				7
				±
				8
				.
				6
				3
			

		
	
% and 
	
		
			
				2
				3
				.
				9
				6
				±
				3
				.
				7
				8
			

		
	
, at 2 d and 3 d, respectively. However, no regulatory effects of adiponectin on the wound closure were observed in the presence of EMD (Figure 2(a)). Since the wound fill rate depends on cell proliferation, we then analyzed the actions of adiponectin on Ki67, a marker of proliferation, in the presence and absence of EMD. As shown in Figure 2(b), EMD increased significantly the Ki67 mRNA expression at 1 d and 3 d. In the absence of EMD, adiponectin also caused a significant Ki67 upregulation at 3 d. However, no significant effects of adiponectin on the Ki67 mRNA expression were observed in the presence of EMD at 1 d and 3 d (Figure 2(b)).
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(f)
Figure 2: Effects of EMD and/or adiponectin (3 μg/mL) on wound closure over 4 d (a). Untreated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				1
				2
			

		
	
); *significantly (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) different from cells treated with EMD, either alone or with adiponectin; #significantly (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) different from all other groups. Effects of EMD and/or adiponectin (1 μg/mL) on the mRNA expression of Ki67 at 1 d and 3 d (b). Untreated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				1
				8
			

		
	
); *significant (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) difference between groups. Effects of EMD on SMAD1/5/8 nuclear translocation in the presence and absence of adiponectin (1 μg/mL) at 60 min, as analyzed by immunofluorescence (c–f). Untreated cells served as control. Experiments were performed in triplicate and repeated twice. Images from one representative donor are shown.


3.3. Actions of Adiponectin on SMAD1/5/8 Signaling
Since EMD has been shown to trigger SMAD signaling, we also examined the effects of adiponectin on the SMAD1/5/8 nuclear translocation in the presence and absence of EMD. As expected [45, 46], EMD induced the SMAD1/5/8 nuclear translocation at 60 min (Figures 2(c) and 2(d)). Similarly to EMD, adiponectin also activated the SMAD1/5/8 signaling pathway (Figure 2(e)). Moreover, a pronounced nuclear accumulation of SMAD1/5/8 was also observed in cells, which were simultaneously exposed to EMD and adiponectin (Figure 2(f)).
3.4. Regulation of Adiponectin by Microbial and Inflammatory Signals
Next we analyzed whether the constitutive mRNA expression of adiponectin and its receptors is affected by periodontopathogens and inflammatory mediators. Whereas F. nucleatum and A. actinomycetemcomitans had no significant effects, P. gingivalis and T. denticola diminished significantly the mRNA expression of adiponectin at 1 d (Figure 3(a)). Further experiments revealed that the P. gingivalis-induced inhibition of the adiponectin mRNA expression was dose-dependent, with the strongest inhibition at the highest dose (data not shown). P. gingivalis also inhibited significantly the release of adiponectin protein from PDL cells at 1 d and 2 d, as analyzed by ELISA (Figure 3(b)). Moreover, P. gingivalis increased significantly the mRNA expression of AdipoR1 at 1 d (Figure 3(c)). In addition, P. gingivalis enhanced the AdipoR2 mRNA expression at 1 d and 3 d, but these stimulatory effects did not reach significance (Figure 3(c)). Cells were also exposed to IL-1β, but this proinflammatory cytokine had no significant effects on the mRNA expression of adiponectin and its receptors at 1 d and 3 d (data not shown).
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Figure 3: Effects of F. nucleatum (Fn), A. actinomycetemcomitans (Aa), P. gingivalis (Pg), and T. denticola (Td) (all OD: 0.1) on the mRNA expression of adiponectin in PDL cells at 1 d (a). Untreated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				9
			

		
	
); *significantly (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) different from control. Effect of P. gingivalis (Pg; OD: 0.1) on the adiponectin protein level in medium from PDL cells at 1 d and 2 d (b). Untreated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				9
			

		
	
); *significant (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) difference between groups. Effects of P. gingivalis (OD: 0.1) on the mRNA expression of adiponectin receptors (AdipoR1 and AdipoR2) at 1 d and 3 d (c). Untreated cells were used as control. Mean ± SEM (
	
		
			
				𝑛
				=
				1
				5
			

		
	
); *significantly (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) different from control. Effects of adiponectin (1 μg/mL) on its own mRNA expression (d) and the expression of its receptors AdipoR1 and AdipoR2 (e) at 1 d. Untreated cells served as control. Mean ± SEM (
	
		
			
				𝑛
				=
				1
				8
			

		
	
); *significant (
	
		
			
				𝑃
				<
				0
				.
				0
				5
			

		
	
) difference between groups.


3.5. Regulation of Adiponectin and Its Receptors by Adiponectin
Finally, we analyzed the autostimulatory effect of adiponectin and the actions of this adipokine on its receptors. As shown in Figures 3(d) and 3(e), adiponectin caused a very pronounced and significant upregulation of its own mRNA expression and a slight but significant downregulation of the AdipoR1 and AdipoR2 mRNA expressions at 1 d.
4. Discussion
The present study shows that adiponectin is capable of stimulating the expression of growth factors and extracellular matrix, in vitro wound healing, and proliferation in PDL cells. Our findings also demonstrate for the first time that the actions of EMD on a number of PDL cell functions critical for periodontal regeneration are not abrogated by adiponectin, which is in contrast to proinflammatory adipokines, such as visfatin and leptin, as previously shown [45, 46]. In our experiments, adiponectin even upregulated the EMD-induced expression of growth and osteogenesis-associated factors. Therefore, reduced levels of adiponectin, as found in type 2 diabetes and obesity, may compromise periodontal health and healing and represent a pathomechanistic link between periodontal and systemic diseases [51–54].
Adiponectin caused an upregulation of TGFβ1, VEGF, POSTN, and RUNX2, which underlines the beneficial role of adiponectin in periodontal homeostasis as well as soft and hard tissue healing. VEGF supports wound healing by stimulation of vascular permeability and leukocyte recruitment, survival, proliferation, migration, and invasion of endothelial cells, as well as modulation of bone remodeling [55–57]. TGFβ, another growth factor, stimulates wound healing by its activating effects on migration, chemotaxis, and proliferation of monocytes/macrophages, fibroblasts, and endothelial cells, keratinocyte migration and reepithelialization, extracellular matrix production, and stem cell differentiation [58–60]. POSTN supports formation of high stiffness collagen through effective collagen cross-linking. This matrix molecule helps disperse mechanical forces applied to the PDL and plays a role in osteoblast adhesion, differentiation, and survival [61–63]. RUNX2 is a critical transcription factor in osteoblast commitment and differentiation and, thereby, bone formation [64]. In the present study, adiponectin caused an upregulation of RUNX2, even though the effect was not significant. These findings concur with observations by other investigators, who have also found an upregulated RUNX2 expression in addition to an enhanced ALP expression and mineralization in adiponectin-treated PDL cells [65]. An adiponectin-induced stimulation of mineralization has also been shown in dental pulp cells [66]. Interestingly, adiponectin can also inhibit osteoclastogenesis, which indicates that adiponectin not only promotes bone formation, but also protects against bone resorption [67, 68]. Therefore, these observations suggest that adiponectin could play a role in periodontal and/or peri-implant treatment strategies [69].
The results of our study also revealed that the stimulatory effects of adiponectin on TGFβ1, VEGF, POSTN, and RUNX2 are dependent on the AMPK pathway and that adiponectin can trigger SMAD1/5/8 signaling in PDL cells. Furthermore, adiponectin did not inhibit the actions of EMD on the nuclear translocation of SMADs, which is in contrast to the inhibitory effects of visfatin and leptin, as previously shown [45, 46]. Whether other pathways are involved in the actions of adiponectin on PDL cells should be examined in further studies.
Adiponectin also accelerated the wound closure in an established in vitro wound healing assay. In this assay, the wound closure depends, at least in part, on cell proliferation. Interestingly, adiponectin stimulated significantly the PDL cell proliferation, which is in accordance with findings by other investigators. Future studies should clarify if and how adiponectin impacts on migration, which also determines the wound closure in this healing assay.
Since it has been reported that adiponectin can exert pro- and anti-inflammatory effects, we also studied the regulatory actions of adiponectin on the expression of inflammatory mediators [39, 42]. Adiponectin reduced significantly the constitutive TNFα expression. A number of studies have shown that adiponectin counteracts the stimulatory effects of periodontopathogens or IL-1β on the expression of proinflammatory cytokines in periodontal cells [40, 65, 70]. Therefore, our findings are in line with these studies and emphasize the anti-inflammatory characteristics of this adipokine.
Another novel finding of our study is the observation that adiponectin is expressed in PDL cells and that it exerts an autostimulatory effect on its expression. As previously reported, AdipoR1 and AdipoR2 are expressed in PDL cells [65, 71, 72]. Our experiments confirm the expression of both adiponectin receptors in PDL cells. Moreover, periodontopathogens, such as P. gingivalis, were capable of inhibiting the adiponectin expression and stimulating the expression of its receptors. These novel observations are in accordance with our previous study, which has demonstrated a downregulation of adiponectin and an upregulation of its receptors in gingival biopsies from periodontally diseased subjects as compared to periodontally healthy individuals [48]. Our findings also concur with the clinical observations that plasma adiponectin levels are decreased in periodontitis and increased again after periodontal therapy [47, 73–75]. Future in vivo studies should examine the adiponectin synthesis by PDL cells in a more complex environment and clarify whether PDL cells can directly affect circulating adiponectin levels. A mouse model of experimental periodontitis might be useful for this purpose.
The concentrations of adiponectin used in our experiments are in the physiological range, as measured in the gingival crevicular fluid (GCF) [47]. As in our previous studies, cells were exposed to IL-1β, which was used to mimic inflammatory conditions in vitro [43, 46, 48, 50]. This proinflammatory cytokine is increased in GCF and gingival tissues at inflamed sites [76–78]. PDL cells were also treated with suspensions of F. nucleatum, A. actinomycetemcomitans, P. gingivalis, and T. denticola, as in previous experiments [46, 48–50]. These bacteria are strongly linked to periodontitis and were therefore used to simulate microbial conditions in vitro [79–84]. Nevertheless, periodontitis is caused by not only these few bacteria, but also a complex bacterial biofilm. Therefore, further studies should examine the effects of other periodontitis-associated microorganisms on the expression of adiponectin and its receptors in periodontal cells. The bacterial suspensions contained disrupted cell wall particles with a high amount of LPS, but additional microbial components may have been present in the suspensions. If these components can also regulate the expression of adiponectin and its receptors should be examined in further studies.
In summary, the present study shows that adiponectin stimulates the expression of growth factors and extracellular matrix, in vitro wound healing, and proliferation. Furthermore, our data also demonstrate for the first time that the actions of EMD on a number of PDL cell functions critical for periodontal regeneration are not inhibited but rather enhanced by adiponectin. In conclusion, reduced levels of adiponectin, as found in type 2 diabetes and obesity, may compromise periodontal health and healing.
Conflict of Interests
The authors declare that there is no conflict of interests regarding the publication of this paper.
Acknowledgments
The authors would like to thank Professor Stephan Baader, PD Dr. Jochen Winter, Dr. Svenja Memmert, and Ms. Ramona Menden for their valuable support. This study was supported by a grant from the German Research Foundation (Clinical Research Unit 208/TP4) and the Medical Faculty of the University of Bonn.
References
	 International Diabetes Federation, IDF Diabetes Atlas, International Diabetes Federation, Brussels, Belgium, 6th edition, 2013.
	G. A. Stevens, G. M. Singh, Y. Lu, et al., “National, regional, and global trends in adult overweight and obesity prevalences,” Population Health Metrics, vol. 10, article 22, 2012.
	D. M. Nguyen and H. B. El-Serag, “The epidemiology of obesity,” Gastroenterology Clinics of North America, vol. 39, no. 1, pp. 1–7, 2010.
	J. Suvan, F. D'Aiuto, D. R. Moles, A. Petrie, and N. Donos, “Association between overweight/obesity and periodontitis in adults. A systematic review,” Obesity Reviews, vol. 12, no. 501, pp. e381–e404, 2011.
	B. W. Chaffee and S. J. Weston, “Association between chronic periodontal disease and obesity: a systematic review and meta-analysis,” Journal of Periodontology, vol. 81, no. 12, pp. 1708–1724, 2010.
	N. G. M. Chávarry, M. V. Vettore, C. Sansone, and A. Sheiham, “The relationship between diabetes mellitus and destructive periodontal disease: a meta-analysis,” Oral Health & Preventive Dentistry, vol. 7, no. 2, pp. 107–127, 2009.
	Y. S. Khader, A. S. Dauod, S. S. El-Qaderi, A. Alkafajei, and W. Q. Batayha, “Periodontal status of diabetics compared with nondiabetics: a meta-analysis,” Journal of Diabetes and Its Complications, vol. 20, no. 1, pp. 59–68, 2006.
	B. L. Pihlstrom, B. S. Michalowicz, and N. W. Johnson, “Periodontal diseases,” The Lancet, vol. 366, no. 9499, pp. 1809–1820, 2005.
	L. Sbordone and C. Bortolaia, “Oral microbial biofilms and plaque-related diseases: microbial communities and their role in the shift from oral health to disease.,” Clinical Oral Investigations, vol. 7, no. 4, pp. 181–188, 2003.
	D. N. Tatakis and P. S. Kumar, “Etiology and pathogenesis of periodontal diseases,” Dental Clinics of North America, vol. 49, no. 3, pp. 491–516, 2005.
	T. Yucel-Lindberg and T. Båge, “Inflammatory mediators in the pathogenesis of periodontitis,” Expert Reviews in Molecular Medicine, vol. 15, article e7, 22 pages, 2013.
	L. J. A. Heitz-Mayfield, “How effective is surgical therapy compared with nonsurgical debridement?” Periodontology 2000, vol. 37, no. 1, pp. 72–87, 2005.
	M. K. McGuire and D. L. Cochran, “Evaluation of human recession defects treated with coronally advanced flaps and either enamel matrix derivative or connective tissue. Part 2: histological evaluation,” Journal of Periodontology, vol. 74, no. 8, pp. 1126–1135, 2003.
	A. Sculean, R. Alessandri, R. Miron, G. E. Salvi, and D. D. Bosshardt, “Enamel matrix proteins and periodontal wound healing and regeneration,” Clinical Advances in Periodontics, vol. 1, pp. 101–117, 2011.
	R. A. Yukna and J. T. Mellonig, “Histologic evaluation of periodontal healing in humans following regenerative therapy with enamel matrix derivative. A 10-case series,” Journal of Periodontology, vol. 71, no. 5, pp. 752–759, 2000.
	D. D. Bosshardt, “Biological mediators and periodontal regeneration: a review of enamel matrix proteins at the cellular and molecular levels,” Journal of Clinical Periodontology, vol. 35, no. 8, pp. 87–105, 2008.
	H. M. Grandin, A. C. Gemperli, and M. Dard, “Enamel matrix derivative: a review of cellular effects in vitro and a model of molecular arrangement and functioning,” Tissue Engineering B: Reviews, vol. 18, no. 3, pp. 181–202, 2012.
	D. L. Johnson, D. Carnes, B. Steffensen, and D. L. Cochran, “Cellular effects of enamel matrix derivative are associated with different molecular weight fractions following separation by size-exclusion chomatography,” Journal of Periodontology, vol. 80, no. 4, pp. 648–656, 2009.
	S. Suzuki, T. Nagano, Y. Yamakoshi et al., “Enamel matrix derivative gel stimulates signal transduction of BMP and TGF-β,” Journal of Dental Research, vol. 84, no. 6, pp. 510–514, 2005.
	K. Okubo, M. Kobayashi, T. Takiguchi et al., “Participation of endogenous IGF-I and TGF-
	
		
			

				𝛽
			

		
	
1 with enamel matrix derivative-stimulated cell growth in human periodontal ligament cells,” Journal of Periodontal Research, vol. 38, no. 1, pp. 1–9, 2003.
	S. S. Prime, M. Pring, M. Davies, and I. C. Paterson, “TGF-β signal transduction in oro-facial health and non-malignant disease (part I),” Critical Reviews in Oral Biology and Medicine, vol. 15, no. 6, pp. 324–336, 2004.
	C. Sieber, J. Kopf, C. Hiepen, and P. Knaus, “Recent advances in BMP receptor signaling,” Cytokine and Growth Factor Reviews, vol. 20, no. 5-6, pp. 343–355, 2009.
	J. Deschner and M. Nokhbehsaim, “Regulatory effects of inflammatory and biomechanical signals on regenerative periodontal healing,” International Journal of Oral & Maxillofacial Implants, vol. 28, no. 6, pp. e472–e477, 2013.
	H. Inaba, S. Kawai, K. Nakayama, N. Okahashi, and A. Amano, “Effect of enamel matrix derivative on periodontal ligament cells in vitro is deminished by Porphyromonas gingivalis,” Journal of Periodontology, vol. 75, no. 6, pp. 858–865, 2004.
	H. Inaba, M. Tagashira, T. Kanda, T. Ohno, S. Kawai, and A. Amano, “Apple- and hop-polyphenols protect periodontal ligament cells stimulated with enamel matrix derivative from Porphyromonas gingivalis,” Journal of Periodontology, vol. 76, no. 12, pp. 2223–2229, 2005.
	J. Suvan, A. Petrie, D. R. Moles, et al., “Body mass index as a predictive factor of periodontal therapy outcomes,” Journal of Dental Research, vol. 93, pp. 49–54, 2014.
	D. Lakkis, N. F. Bissada, A. Saber et al., “Response to periodontal therapy in patients who had weight loss after bariatric surgery and obese counterparts: a pilot study,” Journal of Periodontology, vol. 83, no. 6, pp. 684–689, 2012.
	T. Tervonen and K. Karjalainen, “Periodontal disease related to diabetic status. A pilot study of the response to periodontal therapy in type 1 diabetes,” Journal of Clinical Periodontology, vol. 24, no. 7, pp. 505–510, 1997.
	M. Adamczak and A. Wiecek, “The adipose tissue as an endocrine organ,” Seminars in Nephrology, vol. 33, no. 1, pp. 2–13, 2013.
	R. Krysiak, G. Handzlik-Orlik, and B. Okopien, “The role of adipokines in connective tissue diseases,” European Journal of Nutrition, vol. 51, no. 5, pp. 513–528, 2012.
	R. Raucci, F. Rusolo, A. Sharma, G. Colonna, G. Castello, and S. Costantini, “Functional and structural features of adipokine family,” Cytokine, vol. 61, no. 1, pp. 1–14, 2013.
	J. van de Voorde, B. Pauwels, C. Boydens, and K. Decaluwé, “Adipocytokines in relation to cardiovascular disease,” Metabolism: Clinical and Experimental, vol. 62, pp. 1513–1521, 2013.
	K. K. Y. Cheng, K. S. L. Lam, B. Wang, and A. Xu, “Signaling mechanisms underlying the insulin-sensitizing effects of adiponectin,” Best Practice & Research Clinical Endocrinology & Metabolism, vol. 28, no. 1, pp. 3–13, 2014.
	M. Liu and F. Liu, “Regulation of adiponectin multimerization, signaling and function,” Best Practice & Research Clinical Endocrinology & Metabolism, vol. 28, no. 1, pp. 25–31, 2014.
	T. Yamauchi, M. Iwabu, M. Okada-Iwabu, and T. Kadowaki, “Adiponectin receptors: a review of their structure, function and how they work,” Best Practice  Research Clinical Endocrinology & Metabolism, vol. 28, pp. 15–23, 2014.
	F. Carbone, C. la Rocca, and G. Matarese, “Immunological functions of leptin and adiponectin,” Biochimie, vol. 94, no. 10, pp. 2082–2088, 2012.
	G. Fantuzzi, “Adiponectin in inflammatory and immune-mediated diseases,” Cytokine, vol. 64, no. 1, pp. 1–10, 2013.
	A. T. Turer and P. E. Scherer, “Adiponectin: mechanistic insights and clinical implications,” Diabetologia, vol. 55, no. 9, pp. 2319–2326, 2012.
	M. T. Villarreal-Molina and B. Antuna-Puente, “Adiponectin: Anti-inflammatory and cardioprotective effects,” Biochimie, vol. 94, no. 10, pp. 2143–2149, 2012.
	D. Kraus, J. Winter, S. Jepsen, A. Jäger, R. Meyer, and J. Deschner, “Interactions of adiponectin and lipopolysaccharide from Porphyromonas gingivalis on human oral epithelial cells,” PLoS ONE, vol. 7, no. 2, Article ID e30716, 2012.
	T. Fiaschi, F. Magherini, T. Gamberi, P. A. Modesti, and A. Modesti, “Adiponectin as a tissue regenerating hormone: more than a metabolic function,” Cellular and Molecular Life Sciences, vol. 71, no. 10, pp. 1917–1925, 2014.
	X. Chen, J. Lu, J. Bao, J. Guo, J. Shi, and Y. Wang, “Adiponectin: a biomarker for rheumatoid arthritis?” Cytokine & Growth Factor Reviews, vol. 24, no. 1, pp. 83–89, 2013.
	M. Nokhbehsaim, J. Winter, B. Rath, A. Jäger, S. Jepsen, and J. Deschner, “Effects of enamel matrix derivative on periodontal wound healing in an inflammatory environment in vitro,” Journal of Clinical Periodontology, vol. 38, no. 5, pp. 479–490, 2011.
	M. Nokhbehsaim, B. Deschner, C. Bourauel et al., “Interactions of enamel matrix derivative and biomechanical loading in periodontal regenerative healing,” Journal of Periodontology, vol. 82, no. 12, pp. 1725–1734, 2011.
	M. Nokhbehsaim, S. Keser, A. Jäger, et al., “Regulation of regenerative periodontal healing by NAMPT,” Mediators of Inflammation, vol. 2013, Article ID 202530, 11 pages, 2013.
	M. Nokhbehsaim, S. Keser, A. V. B. Nogueira, et al., “Effects of Leptin on the regenerative capacity of periodontal cells,” International Journal of Endocrinology. In press
	G. S. Zimmermann, M. F. Bastos, T. E. D. Goncxalves, L. Chambrone, and P. M. Duarte, “Local and circulating levels of adipocytokines in obese and normal weight individuals with chronic periodontitis,” Journal of Periodontology, vol. 84, no. 5, pp. 624–633, 2013.
	A. Damanaki, M. Nokhbehsaim, S. Eick, et al., “Regulation of NAMPT in human gingival fibroblasts and biopsies,” Mediators of Inflammation, vol. 2014, Article ID 912821, 10 pages, 2014.
	A. V. B. Nogueira, M. Nokhbehsaim, S. Eick et al., “Regulation of visfatin by microbial and biomechanical signals in PDL cells,” Clinical Oral Investigations, vol. 18, no. 1, pp. 171–178, 2013.
	M. Nokhbehsaim, S. Eick, A. V. B. Nogueira, et al., “Stimulation of MMP-1 and CCL2 by NAMPT in PDL cells,” Mediators of Inflammation, vol. 2013, Article ID 437123, 12 pages, 2013.
	Y. Arita, S. Kihara, N. Ouchi et al., “Paradoxical decrease of an adipose-specific protein, adiponectin, in obesity,” Biochemical and Biophysical Research Communications, vol. 257, no. 1, pp. 79–83, 1999.
	M. Cnop, P. J. Havel, K. M. Utzschneider et al., “Relationship of adiponectin to body fat distribution, insulin sensitivity and plasma lipoproteins: evidence for independent roles of age and sex,” Diabetologia, vol. 46, no. 4, pp. 459–469, 2003.
	C. Weyer, T. Funahashi, S. Tanaka et al., “Hypoadiponectinemia in obesity and type 2 diabetes: close association with insulin resistance and hyperinsulinemia,” Journal of Clinical Endocrinology and Metabolism, vol. 86, no. 5, pp. 1930–1935, 2001.
	K. Hotta, T. Funahashi, Y. Arita et al., “Plasma concentrations of a novel, adipose-specific protein, adiponectin, in type 2 diabetic patients,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 20, no. 6, pp. 1595–1599, 2000.
	A. M. Byrne, D. J. Bouchier-Hayes, and J. H. Harmey, “Angiogenic and cell survival functions of vascular endothelial growth factor (VEGF),” Journal of Cellular and Molecular Medicine, vol. 9, no. 4, pp. 777–794, 2005.
	M. M. L. Deckers, M. Karperien, C. van der Bent, T. Yamashita, S. E. Papapoulos, and C. W. G. M. Löwik, “Expression of vascular endothelial growth factors and their receptors during osteoblast differentiation,” Endocrinology, vol. 141, no. 5, pp. 1667–1674, 2000.
	N. Ferrara, “Role of vascular endothelial growth factor in the regulation of angiogenesis,” Kidney International, vol. 56, no. 3, pp. 794–814, 1999.
	Y. Seomun, J.-T. Kim, and C.-K. Joo, “MMP-14 mediated MMP-9 expression is involved in TGF-beta1-induced keratinocyte migration,” Journal of Cellular Biochemistry, vol. 104, no. 3, pp. 934–941, 2008.
	P. Sysa, J. J. Potter, X. Liu, and E. Mezey, “Transforming growth factor-β1 up-regulation of human α1(I) collagen is mediated by Sp1 and Smad2 transacting factors,” DNA and Cell Biology, vol. 28, no. 9, pp. 425–434, 2009.
	M. Valluru, C. A. Staton, M. W. R. Reed, and N. J. Brown, “Transforming growth factor-β and endoglin signaling orchestrate wound healing,” Frontiers in Physiology, vol. 2, article 89, 2011.
	D. W. Hamilton, “Functional role of periostin in development and wound repair: implications for connective tissue disease,” Journal of Cell Communication and Signaling, vol. 2, no. 1-2, pp. 9–17, 2008.
	H. F. Rios, D. Ma, Y. Xie et al., “Periostin is essential for the integrity and function of the periodontal ligament during occlusal loading in mice,” Journal of Periodontology, vol. 79, no. 8, pp. 1480–1490, 2008.
	G. E. Romanos, K. P. Asnani, D. Hingorani, and V. L. Deshmukh, “PERIOSTIN: role in formation and maintenance of dental tissues,” Journal of Cellular Physiology, vol. 229, no. 1, pp. 1–5, 2014.
	P. J. Marie, “Transcription factors controlling osteoblastogenesis,” Archives of Biochemistry and Biophysics, vol. 473, no. 2, pp. 98–105, 2008.
	T. Iwayama, M. Yanagita, K. Mori et al., “Adiponectin regulates functions of gingival fibroblasts and periodontal ligament cells,” Journal of Periodontal Research, vol. 47, no. 5, pp. 563–571, 2012.
	Y. Yasuda, T. Koike, T. Kawamorita, and T. Saito, “Adiponectin induces dentin sialophosphoprotein in rat dental pulp cells: an in vitro study,” Journal of Endodontics, vol. 34, no. 6, pp. 679–683, 2008.
	N. Yamaguchi, T. Kukita, Y. Li et al., “Adiponectin inhibits induction of TNF-α/RANKL-stimulated NFATc1 via the AMPK signaling,” The FEBS Letters, vol. 582, no. 3, pp. 451–456, 2008.
	Q. Tu, J. Zhang, L. Q. Dong et al., “Adiponectin inhibits osteoclastogenesis and bone resorption via APPL1-mediated suppression of Akt1,” Journal of Biological Chemistry, vol. 286, no. 14, pp. 12542–12553, 2011.
	E. Luo, J. Hu, C. Bao et al., “Sustained release of adiponectin improves osteogenesis around hydroxyapatite implants by suppressing osteoclast activity in ovariectomized rabbits,” Acta Biomaterialia, vol. 8, no. 2, pp. 734–743, 2012.
	N. Kamio, S. Akifusa, N. Yamaguchi, K. Nonaka, and Y. Yamashita, “Anti-inflammatory activity of a globular adiponectin function on RAW 264 cells stimulated by lipopolysaccharide from Aggregatibacter actinomycetemcomitans,” FEMS Immunology and Medical Microbiology, vol. 56, no. 3, pp. 241–247, 2009.
	K. Zhang, X. Zhang, L. Y. Yu, and B. Y. Xu, “The effect of adiponectin on human periodontal ligament fibroblasts in vitro,” Shanghai Kou Qiang Yi Xue, vol. 21, pp. 48–52, 2012.
	H. G. Park, E. J. Bak, J. H. Kim et al., “Effect of globular adiponectin on interleukin-6 and interleukin-8 expression in periodontal ligament and gingival fibroblasts,” Journal of Periodontal and Implant Science, vol. 41, no. 3, pp. 149–156, 2011.
	L. Kardeşler, N. Buduneli, Ş. Çetinkalp, and D. F. Kinane, “Adipokines and inflammatory mediators after initial periodontal treatment in patients with type 2 diabetes and chronic periodontitis,” Journal of Periodontology, vol. 81, no. 1, pp. 24–33, 2010.
	P. Bharti, S. Katagiri, H. Nitta et al., “Periodontal treatment with topical antibiotics improves glycemic control in association with elevated serum adiponectin in patients with type 2 diabetes mellitus,” Obesity Research and Clinical Practice, vol. 7, no. 2, pp. e129–e138, 2013.
	W.-L. Sun, L.-L. Chen, S.-Z. Zhang, Y.-W. Wu, Y.-Z. Ren, and G.-M. Qin, “Infammatory cytokines, adiponectin, insulin resistance and metabolic control after periodontal intervention in patients with type 2 diabetes and chronic periodontitis,” Internal Medicine, vol. 50, no. 15, pp. 1569–1574, 2011.
	J. Honig, C. Rordorf-Adam, C. Siegmund, W. Wiedemann, and F. Erard, “Increased interleukin-1-beta (IL-1β) concentration in gingival tissue from periodontitis patients,” Journal of Periodontal Research, vol. 24, no. 6, pp. 362–367, 1989.
	L. T. Hou, C. M. Liu, and W. K. Chang, “Increased interleukin-1 beta levels in gingival crevicular fluid of Chinese periodontal patients.,” Journal of the Formosan Medical Association, vol. 93, no. 2, pp. 99–103, 1994.
	A. Mathur, B. Michalowicz, M. Castillo, and D. Aeppli, “Interleukin-1 alpha, interleukin-8 and interferon-alpha levels in gingival crevicular fluid,” Journal of Periodontal Research, vol. 31, no. 7, pp. 489–495, 1996.
	S. C. Holt and J. L. Ebersole, “Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia: the 'red complex', a prototype polybacterial pathogenic consortium in periodontitis,” Periodontology 2000, vol. 38, pp. 72–122, 2005.
	K. Nakayama, “Molecular genetics of Porphyromonas gingivalis: gingipains and other virulence factors,” Current Protein and Peptide Science, vol. 4, no. 6, pp. 389–395, 2003.
	J. Potempa, A. Sroka, T. Imamura, and J. Travis, “Gingipains, the major cysteine proteinases and virulence factors of Porphyromonas gingivalis: structure, function and assembly of multidomain protein complexes,” Current Protein and Peptide Science, vol. 4, no. 6, pp. 397–407, 2003.
	Y. W. Han, W. Shi, G. T. Huang et al., “Interactions between periodontal bacteria and human oral epithelial cells: Fusobacterium nucleatum adheres to and invades epithelial cells,” Infection and Immunity, vol. 68, no. 6, pp. 3140–3146, 2000.
	J. He, W. Huang, Z. Pan et al., “Quantitative analysis of microbiota in saliva, supragingival, and subgingival plaque of Chinese adults with chronic periodontitis,” Clinical Oral Investigations, vol. 16, no. 6, pp. 1579–1588, 2012.
	B. Signat, C. Roques, P. Poulet, and D. Duffaut, “Fusobacterium nucleatum in periodontal health and disease,” Current Issues in Molecular Biology, vol. 13, no. 2, pp. 25–36, 2011.


OEBPS/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  





OEBPS/pageMap.xml
 
                                 
                                



OEBPS/Fonts/xits-italic.otf


OEBPS/Fonts/xits-bolditalic.otf


OEBPS/Fonts/xits-regular.otf


OEBPS/Fonts/xits-math.otf


