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Abstract: Orthodontic treatment to correct dental malocclusions leads to the formation of pressure
zones in the periodontal ligament resulting in a sterile inflammatory reaction, which is mediated by
periodontal ligament fibroblasts (PDLF). Leptin levels are elevated in obesity and chronic inflam-
matory responses. In view of the increasing number of orthodontic patients with these conditions,
insights into effects on orthodontic treatment are of distinct clinical relevance. A possible influence of
leptin on the expression profile of PDLF during simulated orthodontic mechanical strain, however,
has not yet been investigated. In this study, PDLF were exposed to mechanical strain with or without
different leptin concentrations. The gene and protein expression of proinflammatory and bone-
remodelling factors were analysed with RT-qPCR, Western-blot and ELISA. The functional analysis
of PDLF-induced osteoclastogenesis was analysed by TRAP (tartrate-resistant acid phosphatase)
staining in coculture with human macrophages. Pressure-induced increase of proinflammatory fac-
tors was additionally elevated with leptin treatment. PDLF significantly increased RANKL (receptor
activator of NF-kB ligand) expression after compression, while osteoprotegerin was downregulated.
An additional leptin effect was demonstrated for RANKL as well as for subsequent osteoclastogenesis
in coculture after TRAP staining. Our results suggest that increased leptin concentrations, as present
in obese patients, may influence orthodontic tooth movement. In particular, the increased expression
of proinflammatory factors and RANKL as well as increased osteoclastogenesis can be assumed to
accelerate bone resorption and thus the velocity of orthodontic tooth movement in the orthodontic
treatment of obese patients.

Keywords: periodontal ligament fibroblast; orthodontic tooth movement; leptin; mechanical strain

1. Introduction

The exact mechanisms of orthodontic tooth movement to therapeutically correct mis-
aligned teeth and malocclusions with all their complex interrelationships have been studied
for over 100 years [1] and are still an integral part of current research. Cellularly, apart from
macrophages [2], T cells [3] and other cell populations, periodontal ligament fibroblasts
(PDLF) comprise the major cell populations of the periodontal ligament and are subjected
to compressive and tensile mechanical strain during orthodontic treatment [4]. These cells
are responsible for the formation of collagen fibres, the regulation of tissue homeostasis
and the activation of the non-specific immune system [5]. In response to compressive forces
applied to correct tooth position, PDLF increasingly secrete proinflammatory enzymes,
cytokines and chemokines [5–8]. In addition, the expression of prostaglandin-endoperoxide
synthase 2 (PTGS2) increases in pressure zones, leading to an increase in leukotrienes and
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prostaglandin E2 [6]. Furthermore, through an autocrine feedback mechanism of PDLF,
the expression of proinflammatory cytokines, such as interleukin-1 (IL1), interleukin-6
(IL6) and tumour necrosis factor (TNF), is increased [5,7,8]. In parallel, bone resorption is
initiated in pressure zones. PTGS2 again plays a key role in this context. Prostaglandin
E2 stimulates PDLF to a higher expression of soluble and membrane-bound RANKL (re-
ceptor activator of NF- kB ligand) [6]. RANKL binds to RANK on osteoclast progenitor
cells, allowing them to fuse and differentiate into osteoclasts. This reaction is inhibited by
osteoprotegerin (OPG). OPG is secreted by osteoblasts residing in the periodontal ligament,
but also by PDLF. It is also able to bind to RANKL and thus inhibits osteoclastogenesis [9].
Previous studies have shown that the RANKL/OPG ratio shifts to the side of RANKL
during orthodontic tooth movement in pressure zones, while inverse effects are ob-
served in traction zones [5,8]. Systemic and exogenous factors can affect orthodontic
tooth movement.

Obesity, as a possible result of poor diet and lack of exercise, is a growing problem
in contemporary industrial societies [10]. Despite the high clinical relevance of this prob-
lem, there is not yet enough data to assess the impact of obesity on orthodontic tooth
movement [11]. It is known that obesity negatively affects the entire organism due to
favouring numerous diseases. Accordingly, weight gain and growing abdominal girth are
associated with an increased risk of suffering from cardiovascular diseases, cancer, diabetes,
asthma or osteoarthritis [12]. The relationship between obesity and periodontitis, an in-
flammatory, destructive disease of the periodontium, has been studied in depth. It has been
shown that the risk of developing periodontitis increases with an increase in BMI, and that
the risk of developing an increase in BMI increases with periodontitis [13–15]. Obesity is
now considered the second-most important factor after smoking for inflammation-related
periodontal bone loss [16]. The most common hypothesis explains the above diseases
with the increased secretion of adipokines by adipocytes [11]. Adipokines are endocrine
proteins and have pro-inflammatory, but also inhibitory properties linking metabolism
to the immune system [17]. With weight gain, the pro-inflammatory adipokines are in-
creasingly expressed [17]. It can thus be assumed that adipose tissue influences numerous
struc-tures in the body through the regulation of inflammatory processes [18,19]. Leptin
was the first adipokine to be discovered in 1994 [20]. Elevated leptin concentrations are
also often associated with chronic inflammatory reactions [21]. In this context, an increase
in proinflammatory cytokines through leptin has been demonstrated [22]. In addition,
leptin directly influences regulatory T cells, which suppress the activation of the immune
system and thereby regulate its self- tolerance [23]. Leptin can thus establish a link between
nutritional status and the immune system [22]. The influence of leptin on bone metabolism
has also been investigated in numerous studies. Leptin appears to be involved in both
bone formation and breakdown [24–28]. Bone remodelling is essential for orthodontic
tooth movement. With this in mind, the concentration of leptin in the sulcus fluid during
orthodontic treatment has already been investigated [29,30]. An increase in leptin concen-
tration was observed during the first phase of tooth movement. This was followed by a
decrease, which ended after one month below the initial concentration. Furthermore, a
clear positive correlation was observed between leptin concentration in the sulcus fluid
and speed of tooth movement [30]. This could be one reason why faster tooth movement
is observed in overweight children and adolescents [31]. The underlying cellular mecha-
nisms and the impact of leptine on the sterile inflammatory reaction within the periodontal
ligament enabling orthodontic tooth movement, however, remain unclear.
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Understanding leptin and its influence on orthodontic tooth movement could make an
important contribution to the long-term success of orthodontic treatment, especially in view
of the increasing obesity rates in children and adolescents. The present in vitro study is thus
intended to further elucidate the signalling cascades that occur during orthodontic treat-
ment in obese patients focusing on fibroblasts of the periodontal ligament, which regulate
orthodontic tooth movement, and to what extent leptin influences their metabolism.

2. Results
2.1. Expression of Leptin Receptors in PDLF and Effects of Different Leptin Concentrations

First, we checked whether leptin receptors (LEP-R) were expressed in PDLF and if this
expression was affected by compressive strain. We detected gene and protein expression of
LEP-R in PDLF (Figure 1a,b), however, compressive strain did not affect gene (p = 0.240) or
protein expression (p = 0.621). To determine the optimal leptin concentrations for the follow-
ing experiments, we tested different concentrations ranging from leptin levels detectable
in gingival fluid [32] and concentrations already reported to be effective for experiments
with gingival fibroblasts and PDLF [33]. First, we checked for possible cytotoxic effects
of the tested leptin concentrations. Compressive strain increased lactate dehydrogenase
(LDH) release with all the tested leptin concentrations (Figure 1c). No investigated lep-
tin concentration increased LDH release in PDLF, indicating that leptin had no cytotoxic
effect (Figure 1c). The investigation of gene expression of interleukin-6 (IL6) revealed
increased expression with compressive strain under control conditions (p < 0.001) and
with low leptin concentrations (10−2 ng/mL: p = 0.008; 10−1 ng/mL: p = 0.007; 1 ng/mL:
p < 0.001; 10 ng/mL: p = 0.042) and high leptin concentrations (103 ng/mL: p = 0.001;
503 ng/mL: p < 0.001; 104 ng/mL: p = 0.002; Figure 1d). This effect was truncated with
50 ng/mL (p = 0.097); 102 ng/mL (p = 0.087) and 502 ng/mL leptin (p = 0.249). Leptin
concentrations up to 503 ng/mL increased IL6 gene expression with compressive force
treatment (503 ng/mL: p = 0.002; 104 ng/mL: p < 0.001; Figure 1d). As the concentration of
104 ng/mL leptin showed a stable effect on IL6 gene expression with no cytotoxic effects,
we decided to use this concentration for the following experiments [33]. Furthermore, we
tested 1 ng/mL, as this concentration can be detected in gingival fluid [32].
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Figure 1. Gene (a) and protein expression (b) of the leptin receptor (LEP-R) in PDLF without and 
with compressive strain compared to the loading controls ribosomal protein L22 (RPL22) or ACTIN. 
Impact of different leptin concentrations without and with compressive strain on lactate dehydro-
genase (LDH) release (c) and interleukin-6 (IL6) gene expression (d). n ≥ 6; Statistics: (a,b): Mann-
Whitney U test; (c,d): ANOVA followed by unpaired t tests. * Pressure effect: comparison between 
control and pressure at the respective leptin concentration; * p < 0.05; ** p < 0.01; *** p < 0.001. # Leptin 
effect: comparison between respective leptin concentration and control or pressure without leptin 
addition. # p < 0.05; ## p < 0.01; ### p < 0.001. 

2.2. Impact of Leptin Combined with Compressive Strain on the Expression of Proinflammatory 
Factors 

As the inflammatory factors interleukin-6 (IL6) and prostaglandin-endoperoxide 
synthase-2 (PTGS2) are known to modulate orthodontic tooth movement, we investigated 
the impact of leptin on the expression and secretion of these factors. IL6 gene expression 
was elevated with compressive strain with all tested leptin concentrations (0 ng/mL: p < 
0.001; 1 ng/mL: p = 0.029; 104 ng/mL: p < 0.001; Figure 2a). Only treatment with the high 
leptin concentration of 104 ng/mL further elevated IL6 gene expression without (p = 0.026) 
and with compressive strain (p < 0.001), while the lower concentration of 1 ng/mL had no 
effect (Figure 2a). The results for IL6 gene expression were reproducible at the protein 
level, as we detected more IL6 protein in cell culture supernatant with compressive force 
and with the high leptin concentration (Figure 2b). The gene expression of PTGS2 was 
elevated with compressive strain with all tested leptin concentrations (0 ng/mL: p = 0.003; 
1 ng/mL and 104 ng/mL: p < 0.001; Figure 2c). Again, treatment with 104 ng/mL leptin in-
creased PTGS2 gene expression without (p = 0.034) and with compressive strain (p < 0.001). 
In line with the RT-qPCR data, PTGS2 protein expression was upregulated with compres-
sive strain with all tested leptin concentrations (p < 0.001; Figure 2d). Treatment with 104 
ng/mL leptin further enhanced pressure induced PTGS2 protein expression (p = 0.004). 

Figure 1. Gene (a) and protein expression (b) of the leptin receptor (LEP-R) in PDLF without and with
compressive strain compared to the loading controls ribosomal protein L22 (RPL22) or ACTIN. Impact
of different leptin concentrations without and with compressive strain on lactate dehydrogenase
(LDH) release (c) and interleukin-6 (IL6) gene expression (d). n ≥ 6; Statistics: (a,b): Mann-Whitney
U test; (c,d): ANOVA followed by unpaired t tests. * Pressure effect: comparison between control
and pressure at the respective leptin concentration; * p < 0.05; ** p < 0.01; *** p < 0.001. # Leptin effect:
comparison between respective leptin concentration and control or pressure without leptin addition.
# p < 0.05; ## p < 0.01; ### p < 0.001.

2.2. Impact of Leptin Combined with Compressive Strain on the Expression of Proinflammatory Factors

As the inflammatory factors interleukin-6 (IL6) and prostaglandin-endoperoxide
synthase-2 (PTGS2) are known to modulate orthodontic tooth movement, we investigated
the impact of leptin on the expression and secretion of these factors. IL6 gene expression was
elevated with compressive strain with all tested leptin concentrations (0 ng/mL: p < 0.001;
1 ng/mL: p = 0.029; 104 ng/mL: p < 0.001; Figure 2a). Only treatment with the high leptin
concentration of 104 ng/mL further elevated IL6 gene expression without (p = 0.026) and
with compressive strain (p < 0.001), while the lower concentration of 1 ng/mL had no effect
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(Figure 2a). The results for IL6 gene expression were reproducible at the protein level, as
we detected more IL6 protein in cell culture supernatant with compressive force and with
the high leptin concentration (Figure 2b). The gene expression of PTGS2 was elevated with
compressive strain with all tested leptin concentrations (0 ng/mL: p = 0.003; 1 ng/mL and
104 ng/mL: p < 0.001; Figure 2c). Again, treatment with 104 ng/mL leptin increased PTGS2
gene expression without (p = 0.034) and with compressive strain (p < 0.001). In line with the
RT-qPCR data, PTGS2 protein expression was upregulated with compressive strain with
all tested leptin concentrations (p < 0.001; Figure 2d). Treatment with 104 ng/mL leptin
further enhanced pressure induced PTGS2 protein expression (p = 0.004).
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Figure 2. Impact of leptin in combination with compressive strain on gene and protein expres-
sion of interleukin-6 (IL6; a,b) and prostaglandin-endoperoxide synthase-2 (PTGS2; c,d) in PDLF;
n ≥ 6; Statistics: ordinary ANOVA with Holm–Sidak’s multiple comparison tests (PTGS2) or Welch-
corrected ANOVA with Games–Howell´s multiple comparison tests (IL6); * p < 0.05, ** p < 0.01,
*** p < 0.001.
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2.3. Impact of Leptin Combined with Compressive Strain on the Expression of Bone-Remodelling Factors

The RANKL/OPG (receptor activator of NF-kB ligand/osteoprotegerin) system is
essential for the differentiation of osteoclasts and therefore for alveolar bone remodelling
during orthodontic tooth movement. Surprisingly, OPG gene expression was not affected
by compressive strain with all tested leptin concentrations (0 ng/mL: p = 0.705; 1 ng/mL:
p = 0.806; 104 ng/mL: p > 0.999; Figure 3a). Treatment with leptin had no effect on OPG
gene expression without or with compressive strain. Contrary to RNA data, we detected
reduced OPG protein amounts in the cell culture supernatant after compressive force
treatment with all tested leptin concentrations (0 ng/mL: p = 0.003; 1 ng/mL: p < 0.001;
104 ng/mL: p = 0.021; Figure 3b). Again, leptin had no effect on OPG protein secretion,
as we detected no differences without (1 ng/mL: p = 0.678; 104 ng/mL: p = 0.410) and
with compressive force (1 ng/mL: p = 0.410; 104 ng/mL: p = 0.678; Figure 3b). The gene
expression of RANKL was elevated with compressive force without and with the low leptin
concentration (p < 0.001; Figure 3c). With the higher leptin concentration RANKL gene
expression was not elevated with compressive strain (p = 0.938), as it was already increased
with leptin compared to the uncompressed control without leptin (p < 0.001). RANKL
secretion in the cell culture supernatant was upregulated with compressive strain with all
tested leptin concentrations (0 ng/mL: p = 0.003; 1 ng/mL: p < 0.001; 104 ng/mL: p = 0.021;
Figure 3b). The high leptin concentration increased RANKL secretion without (p = 0.028)
and with compressive force (p < 0.001) compared to the control without leptin. Next to the
RANKL secretion into the cell culture supernatant, we also investigated the expression of
membrane bound RANKL via Western blot (Figure 3e). We observed increased RANKL
expression after compressive strain with all tested leptin concentrations (0 ng/mL: p = 0.005;
1 ng/mL: p = 0.015; 104 ng/mL: p < 0.001; Figure 3e). Again, the addition of 104 ng/mL
leptin increased RANKL expression without (p = 0.021) and with compressive strain
(p = 0.003) compared to the control without leptin, indicating a positive effect of leptin on
osteoclast differentiation.
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Figure 3. Impact of leptin in combination with compressive strain on gene and protein secretion of
osteoprotegerin (OPG; a,b) and on gene and protein secretion respectively expression of membrane
bound receptor activator of NF-kB ligand (RANKL; c–e) in PDLF; n ≥ 6; Statistics: ordinary ANOVA
with Holm–Sidak’s multiple comparison tests; OPG mRNA: Welch-corrected ANOVA with Games–
Howell’s multiple comparison tests; * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.4. Impact of Leptin Combined with Compressive Strain on Differentiation of Osteoclasts in a
Coculture Model

To further investigate a possible supporting effect of leptin on osteoclast differentiation
due to compressive strain in PDLF, we performed a coculture experiment with osteoclast
precursor cells. As expected, we observed more TRAP+ (tartrate-resistant acid phosphatase)
cells after compressive strain with all tested leptin concentrations (0 ng/mL: p = 0.007;
1 ng/mL and 104 ng/mL: p < 0.001; Figure 4). Without compressive strain, leptin had no
effect on osteoclastogenesis (1 ng/mL: p = 0.293; 104 ng/mL: p = 0.733), while we detected
more TRAP+ cells after compression with addition of the low (1 ng/mL: p = 0.012) and
the high leptin concentration (104 ng/mL: p < 0.001; Figure 4). These data support the
findings for increased RANKL expression with unchanged OPG expression in PDLF under
the influence of leptin.
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Figure 4. Impact of leptin in combination with compressive strain on the differentiation of osteoclast
precursor cells to TRAP+ (tartrate-resistant acid phosphatase) osteoclasts via PDLF interaction; n ≥ 12;
Statistics: ordinary ANOVA with Holm–Sidak´s multiple comparison tests; * p < 0.05, ** p < 0.01,
*** p < 0.001.

3. Discussion

As obesity is a growing problem throughout society in all age groups, the dental
specialty of orthodontics is also increasingly confronted with overweight patients [10]. It is
already known that obesity has a negative effect on the entire organism due to numerous
associated diseases [12]. An influence on the periodontal ligament linking teeth to their
surrounding alveolar bone has already been shown in various studies. Next to smoking,
obesity has been declared the most important risk factor for inflammatory processes in
the periodontal ligament [16]. This is explained, among other things, by an increased
secretion of endocrine-active proteins from adipose tissue, so-called adipokines [18]. An
important adipokine that is responsible for the regulation of metabolism and additionally
acts as a mediator in inflammatory reactions is leptin [34]. Elevated leptin concentrations
are often associated with obesity or chronic diseases [35]. It is already known that leptin
can contribute to an increased release of proinflammatory factors in PDLF and gingival
fibroblasts, which also play an important role during orthodontic tooth movement [33].
However, there are hardly any data available so far in connection with orthodontic force
application. Therefore, the present study aimed to investigate the possible impact of leptin
on the expression profile of PDLF during simulated orthodontic mechanical strain.
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Remodelling processes during orthodontic tooth movement are controlled, among
other things, by the release of cytokines such as interleukin-6 (IL6) and the expression of
prostaglandin endoperoxide synthase-2 (PTGS2). The compression of the PDLF evoked
significantly increased expression of these inflammatory mediators, which was in line
with previous studies [36–38]. After compression, increased IL6 expression at both gene
and protein levels could be detected in both groups with leptin treatment. These results
are consistent with those of previous studies that also observed increased expression of
interleukins due to increased leptin concentration in experiments with PDLF [33]. After
compression increased PTGS2 expression at both the gene and protein level was determined
with addition of leptin. These results are supported by previous studies in other fields that
linked increased PTGS2 activity to increased leptin concentrations [39]. In a larger, systemic
context, leptin is associated with numerous chronic, non-autoimmune, and autoimmune
diseases [40], which is consistent with the picture of an increased inflammatory response
following leptin treatment in the present study.

The RANKL/OPG pathway is considered to be the central regulatory system of bone
resorption [41]. RANKL (receptor activator of NF-kB ligand) promotes bone resorption
by increasing the number and activity of functional osteoclasts [42]. This process can
be inhibited by its soluble antagonist osteoprotegerin (OPG), which can be expressed
by osteoblasts, but also PDLF in orthodontic context. Modulation of both RANKL and
OPG expression can control bone resorption, which is essential for orthodontic tooth
movement [43]. In their publication, Kanzaki et al. describe the connection between
increased prostaglandin synthesis and the ratio of RANKL/OPG [6]. The balance of
RANKL/OPG shifts to the RANKL side due to increased prostaglandin concentrations,
leading to bone resorption at pressure zones of the periodontal ligament. Other studies
demonstrated that increased prostaglandin levels stimulate bone resorption in fetal rats [44].
In our study, increased PTGS2 expression was accompanied by elevated RANKL expression
due to pressure. OPG secretion was downregulated, which could also been shown in
experiments with a similar experimental setup in the past [45–48]. A significantly increased
RANKL expression was detected after compression with leptin treatment. These results
were additionally confirmed by our analysis of osteoclastogenesis in coculture. We found a
significant increase in osteoclast number in leptin-treated samples compared to untreated
cells. These results seem to paint a clear picture of the relationship between increased
leptin concentrations and bone resorption. Elevated leptin levels are often associated
with obesity [49]. The present study, which revealed an increase in IL6 and PTGS2 and a
concomitant increase in RANKL expression after leptin treatment, is thus in line with these
previous findings. The effect of leptin on bone appears to be complex, as both positive [26]
and negative influences [50] on bone density have already been reported in connection
with leptin. Against this background, Cao and colleagues assume that the actual effect
depends on the current leptin status and on central and peripheral effects [51]. With regard
to orthodontic tooth movement, it is possible that the initial reaction at the beginning of
treatment, which is characterised by an increased proinflammatory cytokine release at
pressure zone, could be additionally elevated by high leptin concentrations [5].

Increased bone resorption and thus presumably increased orthodontic tooth move-
ment, but also periodontal bone loss and dental root resorptions due to increased osteoclast
activity may be a result of elevated leptin concentrations during orthodontic treatment
of obese patients, which needs to be corroborated in further in vivo studies, especially
in view of the increasing prevalence of obese patients in orthodontics. While increased
tooth movement velocity in these patients would be favourable from a clinical perspec-
tive, the presumed risk for increased associated periodontal bone loss and dental root
resorptions would suggest caution and diligence in orthodontic treatment of obese patients.
Understanding the complex molecular processes triggered by adipokines such as leptin
will hopefully help to better assess the risk for affected patients regarding unwanted side
effects during orthodontic treatment and thus ensure successful therapy.
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4. Materials and Methods
4.1. Cell Culture Experiments

Experiment 1: To identify the optimal leptin concentration for further analyses, pooled
periodontal ligament fibroblasts (PDLF) from six different patients were seeded at a density
of 70,000 cells per well on conventional polystyrene 6-well plates and preincubated with
the leptin concentrations (cyt-228, Prospec, East Brunswick, NJ, USA) for 24 h under cell
culture conditions in DMEM high glucose (D5671, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% FBS (P30-3302, PAN-Biotech, Aidenbach, Germany), 1% antibi-
oticum/antimycotic (A5955, Sigma-Aldrich, St. Louis, MO, USA) 1% L-Glutamine (G7513,
Sigma-Aldrich, St. Louis, MO, USA), and 0.1% ascorbic acid (A8960, Sigma-Aldrich, St.
Louis, MO, USA). The following leptin concentrations were tested: 0 ng/mL, 10−2 ng/mL,
10−1 ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL, 50 ng/mL, 102 ng/mL, 502 ng/mL, 103 ng/mL,
503 ng/mL, 104 ng/mL. Then, the cells either remained untreated (control) or were com-
pressed using a sterile glass disc (2 g/cm2) for further 48 h, as already described and
validated [6,37]. After the incubation period, mRNA was isolated and quantified by RT-
qPCR. After evaluation of the results, it was decided to carry out the further experiments
with 0 ng/mL (control), 1 ng/mL and 104 ng/mL of leptin, respectively.

Experiment 2: To investigate the expression profile of PDLF under increasing leptin
concentrations with simultaneous pressure application, 70,000 cells per well were seeded
in conventional polystyrene 6-well plates (83.3920, Sarstedt, Nürnbrecht, Germany) and
cultured for 24 h under cell culture conditions in full medium with different leptin con-
centrations. After 24 h of pre-incubation, cells remained untreated or were compressed for
further 48 h using sterile glass discs (2 g/cm2) [6,37]. After 48 h of compression, gene and
protein expression were examined by RT-qPCR, Western blots and ELISAs.

Experiment 3: For coculture experiments, PDLF were treated as described for experi-
ment 2. After 48 h of compressive strain, 70,000 THP-1 cells (TIB-202; ATCC, Manassas, VA,
USA) preincubated for 72 h with 50 ng/mL PMA (19-144, Sigma-Aldrich, St. Louis, MO,
USA) in RPMI1640 (61871-044, Life Technologies, Carlsbad, CA, USA) and supplemented
with 20% FBS (P30-3302, PAN-Biotech, Aidenbach, Germany), 1% antibiotic/antimycotic
(A5955, Sigma-Aldrich, St. Louis, MO, USA) were added to the PDLF and incubated for
another 72 h in RPMI1640 (61871-044, Life Technologies, Carlsbad, CA, USA) with 20%
FBS (P30-3302, PAN-Biotech, Aidenbach, Germany) and 1% antibiotic/antimycotic (A5955,
Sigma-Aldrich, St. Louis, MO, USA) under cell culture conditions. Afterwards, TRAP
staining was performed to detect osteoclasts.

4.2. LDH Assay

A lactate dehydrogenase (LDH) test was performed according to the manufacturer’s
instructions (04744926001, Roche, Penzberg, Germany) to test for possible cytotoxic effects
of leptin. For this purpose, the same amount of cell culture supernatant was mixed with
LDH solution consisting of catalyst and staining solution in a ratio of 1:45 in a 96-well
plate (10-121-0000, nerbe plus, Winsen/Luhe, Germany) and incubated for 30 min in the
dark at room temperature. After addition of stop solution, the absorbance at 490 nm and
690 nm was measured with an ELISA reader (Multiscan GO, Thermo Fisher Scientific,
Waltham, MA, USA). Background absorbances at 690 nm were subtracted from the primary
wavelength measurement at 490 nm.

4.3. RNA Isolation and cDNA Synthesis

RNA extraction was performed using the Trizol method. After the cells were scraped
off in 1 mL PBS, they were centrifuged at 2000 rpm for 5 min at 4 ◦C (HERAEUS Fresco 17
Centrifuge, Thermo Fisher Scientific, Waltham, MA, USA). The supernatant was carefully
removed and 500 µL RNA Solv (R6830-01, VWR international, Radnor, PA, USA) were
added to the pellet, followed by 100 µL chloroform. The suspension was vortexed for 30 s
and incubated on ice for 15 min. Samples were centrifuged at 13,000 rpm for 15 min at
4 ◦C. The aqueous supernatant was mixed with 500 µL isopropanol (20.842.3302, VWR
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international, Radnor, PA, USA) and stored at −80 ◦C overnight. After centrifugation at
13,000 rpm at 4 ◦C for 30 min the supernatant was discarded, and the pellet was washed in
500 µL 80% EtOH twice. The pellet was dried for at least 30 min, resuspended in 20 µL
sterile, RNase-free water (T143.5, Carl Roth, Karlsruhe, Germany) and measured in the
photometer (N60, Implen, Munich, Germany). The obtained RNA was transcribed to
cDNA for the following semi-quantitative PCR and RT-qPCR. The same amounts of RNA
(75 ng) were mixed with a previously prepared master mix consisting of 1x MMLV buffer
(M1705, Promega, Madison, WI, USA), 0.1 nmol oligo-dT (SO131, Thermo Fisher Scientific,
Waltham, MA, USA), 0.1 nmol random hexamer (SO142, Thermo Fisher Scientific, Waltham,
MA, USA), 10 mM dNTPs (L785.2, Carl Roth, Karlsruhe, Germany), 40 U RNase inhibitor
(EO0381, Thermo Fisher Scientific, Waltham, MA, USA) and 200 U reverse transcriptase
(M1705, Promega, Madison, WI, USA) in a total volume of 10 µL. The samples were
incubated for 1 h at 37 ◦C, followed by heat inactivation of the reverse transcriptase for
2 min at 95 ◦C. Afterwards, the samples were diluted addition of 40 µL sterile, RNase-free
water (T143.5, Carl Roth, Karlsruhe, Germany).

4.4. Semiquantitative PCR and Agarose Gel Electrophoresis

For each sample, 2 µL of the obtained cDNA (corresponding to 3 ng of transcribed
RNA) were mixed with 18 µL master mix consisting of 14.4 µL RNase free H2Odd (T143.5,
Carl Roth, Karlsruhe, Germany), 0.5 µL forward and reward primer (Table 1), 2 µL
10× buffer with MgCl2 (49150600, Roche, Penzberg, Germany), 0.4 µL dNTPs (14231323,
Roche, Penzberg, Germany), and 0.2 µL Taq polymerase (51944300, Roche, Penzberg, Ger-
many). cDNA was amplified (95 ◦C for 5 min, 40 cycles each 95 ◦C for 20 s; 60 ◦C for 1 min)
and loaded on 1% of agarose gel (6351.5, Carl Roth, Karlsruhe) with Gel Red (41003m,
Biotum, Hayward, CA, USA) at 120 V for 40 min. Detection was carried out under UV light
using the VWR Genoplex documentation system (VWR international, Radnor, PA, USA).

Table 1. Primer sequences for reference genes (PPIB/RPL22) and target genes.

Symbol Gene Name 5′-Forward Primer-3′ 5′-Reverse Primer-3′

IL-6 interleukin-6 TGGCAGAAAACAACCTGAACC CCTCAAACTCCAAAAGACCAGTG
LEP-R leptin receptor CAGAAGCCAGAAACGTTTGAG AGCCCTTGTTCTTCACCAGT
OPG osteoprotegerin TGTCTTTGGTCTCCTGCTAACTC ACGCTCCAGGACTTATACCG
PPIB peptidylprolyl isomeraseA TTCCATCGTGTAATCAAGGACTTC GCTCACCGTAGATGCTCTTTC

PTGS2 prostaglandin-endoperoxide synthase-2 GAGCAGGCAGATGAAATACCAGTC TGTCACCATAGAGTGCTTCCAAC
RANKL receptor activator of NFkB ligand ATACCCTGATGAAAGGAGGA GGGGCTCAATCTATATCTCG
RPL22 ribosomal protein L22 TGATTGCACCCACCCTGTAG GGTTCCCAGCTTTTCCGTTC

4.5. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

For RT-qPCR, 1.5 µL cDNA (corresponding to 2.25 ng of transcribed RNA) with 8.5 µL
of a previously prepared primer mix was pipetted in duplicate into a 96-well plate (712282,
Biozym, Hessisch Oldendorf, Germany), covered with an adhesive optical film (T12350,
Biozym, Hessisch Oldendorf, Germany) and briefly centrifuged. The primer mix consisted
of 0.25 µL forward and reward primer (Table 1), 3 µL RNase free H2Odd (T143.5, Carl
Roth, Karlsruhe, Germany) and 5 µL Luna Universal qPCR Master Mix (M3003E, New
England Biolabs, Ipswich, MA, USA) per sample. The plates were put in the Realplex2
(Eppendorf, Hamburg, Germany) and run with the appropriate programme (95 ◦C for
2 min, 45 cycles each of 95 ◦C for 10 s, 60 ◦C for 20 s and 72 ◦C for 8 s). To determine relative
gene expression, the formula 2−∆Cq [52], with ∆Cq = Cq (target gene) − Cq (geometric
mean PPIB/RPL22 [53]) was used (Table 1).
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4.6. Western Blot Analysis

Proteins were isolated with 100 µL CelLytic (C2978, Sigma-Aldrich, St. Louis, MO,
USA) per well mixed with proteinase inhibitor (87786, Thermo Fisher Scientific, Waltham,
MA, USA). Protein concentration was determined with RotiQuant (K015.2, Carl Roth,
Karlsruhe, Germany). The same amounts of proteins for each sample were mixed with
protein loading buffer and heated for 7 min at 70 ◦C. Proteins were separated on 10%
separation gels for 90 min at 120 V. Proteins were then transferred to a polyvinylidene
fluoride membrane (PVDF, T830.1, Carl Roth, Karlsruhe, Germany) in 90 min at 90 V
using a tank blot. After blocking the membranes for 1 h at room temperature in 5% milk
in TBS-T, membranes were incubated overnight in the primary antibody at a dilution
of 1:1000 (LEP-R: PA1-053, Invitrogen, Waltham MA, USA; RANKL: TA306362, Origene,
Rockville, MD, USA; PTGS2: PA5-16817, Thermo Fisher Scientific, Waltham, MA, USA;
ACTIN: A2066, Sigma-Aldrich, St. Louis, MO, USA). After the membranes were washed
three times for 5 min with TBS-T, they were incubated for 60 min with the secondary
antibody (611-1302, Rockland Immunochemicals, Gilbertsville, PA, USA), which had been
diluted 1:5000 in 5% milk in TBS-T, and washed again three times for 5 min each in TBS-T.
Now the membranes were incubated with Luminata Crescendo Western HRP Substrate
(WBLUR0100, Sigma-Aldrich, St. Louis, MO, USA) and signals could be detected using
VWR Genoplex (VWR international, Radnor, PA, USA). Densitometric evaluation was done
with the software ImageJ (National Institutes of Health, Bethesda, MD, USA). To test more
than one protein expression the membrane was washed for 10 min at room temperature
in TBS-T three times and incubated for 20 min in Re-Blot Plus Mild (10×) (2502, Merck,
Kenilworth, NJ, USA). Before another primary antibody was used, the membrane was
blocked for 1 h in 5% milk in TBS-T.

4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISAs were performed for the detection of RANKL (RD193004200R, Biovendor, Brno,
Czech Republic), OPG (178092220, Thermo Fisher Scientific, Waltham, MA, USA) and
IL6 (1311639521, Boster Bio, Pleasanton, CA, USA) according to the respective manufac-
turer’s instructions.

4.8. TRAP (Tartrate-Resistant Acid Phosphatase) Staining

The 6-well plates were removed from the incubator and the cells carefully washed
with 500 µL PBS. The cells were fixed with 400 µL 10% glutaraldehyde solution. The
glutaraldehyde solution was removed, and the cells were washed with 400 µL PBS at least
three times. The cells were coated with 400 µL freshly prepared TRAP solution (0.3 mg
Fast Red Violet LB stain (F-3381, Sigma-Aldrich, St. Louis, MO, USA) per mL TRAP Buffer
(50 mL 0.1 M Acetate Buffer, 10 mL 0.3 M Sodium Tartrate, 1 mL 10 mg/mL Naphtol
AS-MX Phosphate (N-5000, Sigma-Aldrich, St. Louis, MO, USA), 100 µL Triton X-100,
38.9 mL H2Odd) and incubated at 37 ◦C for 15 min. Again, the cells were washed twice
with 400 µL PBS. The TRAP+-cells were quantified in 17 visual fields under the microscope
(Olympus IX50).

4.9. Statistical Analysis

In Figure 1 bars or symbols represent mean values and the vertical lines show the
standard deviation. In Figures 2–4 symbols represent individual data points; horizontal
lines show mean values; and vertical lines the standard error of the mean. We checked
for normal distribution of the data performing a Shapiro-Wilk test. For comparison of
two data sets (Figure 1a,b) Mann-Whitney tests were performed. For analysis of leptin
concentration kinetics an ANOVA followed by an uncorrected multiple comparison test
(two tailed unpaired t-test) was used. Depending on normal distribution of the data sets,
either an ANOVA with a Holm–Sidak’s multiple comparison tests or a Welch-corrected
ANOVA with Games–Howell´s multiple comparison tests was chosen. Differences were



Int. J. Mol. Sci. 2021, 22, 6847 13 of 15

considered statistically significant at p < 0.05. Statistical analysis was performed with
Graph Pad Prism Version 9.1 (GraphPad Software, San Diego, CA, USA).

Author Contributions: Conceptualization, A.S. and C.K.; methodology, A.S. and C.K.; validation,
A.M., A.S. and C.K.; investigation, A.M. and A.S.; resources, G.S. and P.P.; data curation, A.M. and
A.S.; writing—original draft preparation, A.S. and C.K.; writing—review and editing, A.D., E.P. and
P.P.; supervision, P.P.; project administration, A.S. and C.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. Approval for the collection and use of PDLF was obtained from the ethics
committee of the University of Regensburg, Germany (approval number 12-170-0150).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All datasets are publically available upon request from the correspond-
ing author.

Acknowledgments: The authors thank Eva Zaglauer and Kathrin Bauer for their technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Will, L.A. Orthodontic Tooth Movement: A Historic Prospective. Front. Oral Biol. 2016, 18, 46–55. [CrossRef]
2. Schröder, A.; Käppler, P.; Nazet, U.; Jantsch, J.; Proff, P.; Cieplik, F.; Deschner, J.; Kirschneck, C. Effects of Compressive and Tensile

Strain on Macrophages during Simulated Orthodontic Tooth Movement. Mediat. Inflamm. 2020, 2020, 2814015. [CrossRef]
3. Wolf, M.; Lossdörfer, S.; Marciniak, J.; Römer, P.; Kirschneck, C.; Craveiro, R.B.; Deschner, J.; Jäger, A. CD8+ T cells mediate the

regenerative PTH effect in hPDL cells via Wnt10b signaling. Innate Immun. 2016, 22, 674–681. [CrossRef] [PubMed]
4. Kirschneck, C.; Kuchler, E.; Wolf, M.; Spanier, G.; Proff, P.; Schröder, A. Effects of the Highly COX-2-Selective Analgesic NSAID

Etoricoxib on Human Periodontal Ligament Fibroblasts during Compressive Orthodontic Mechanical Strain. Mediat. Inflamm.
2019, 2019, 1–14. [CrossRef] [PubMed]

5. Meikle, M.C. The tissue, cellular, and molecular regulation of orthodontic tooth movement: 100 years after Carl Sandstedt. Eur. J.
Orthod. 2006, 28, 221–240. [CrossRef]

6. Kanzaki, H.; Chiba, M.; Shimizu, Y.; Mitani, H. Periodontal Ligament Cells Under Mechanical Stress Induce Osteoclastogenesis
by Receptor Activator of Nuclear Factor κB Ligand Up-Regulation via Prostaglandin E2 Synthesis. J. Bone Miner. Res. 2002, 17,
210–220. [CrossRef]

7. Krishnan, V.; Davidovitch, Z. Cellular, molecular, and tissue-level reactions to orthodontic force. Am. J. Orthod. Dentofac. Orthop.
2006, 129, 469. [CrossRef] [PubMed]

8. Yamaguchi, M.; Fukasawa, S. Is Inflammation a Friend or Foe for Orthodontic Treatment? Inflammation in Orthodontically
Induced Inflammatory Root Resorption and Accelerating Tooth Movement. Int. J. Mol. Sci. 2021, 22, 2388. [CrossRef] [PubMed]

9. Ono, T.; Hayashi, M.; Sasaki, F.; Nakashima, T. RANKL biology: Bone metabolism, the immune system, and beyond. Inflamm.
Regen. 2020, 40, 1–16. [CrossRef]

10. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.; Abbafati, C.; Abera,
S.F.; et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980–2013: A
systematic analysis for the Global Burden of Disease Study 2013. Lancet 2014, 384, 766–781. [CrossRef]

11. Consolaro, A. Obesity and orthodontic treatment: Is there any direct relationship? Dent. Press J. Orthod. 2017, 22, 21–25. [CrossRef]
[PubMed]

12. Guh, D.P.; Zhang, W.; Bansback, N.; Amarsi, Z.; Birmingham, C.L.; Anis, A.H. The incidence of co-morbidities related to obesity
and overweight: A systematic review and meta-analysis. BMC Public Health 2009, 9, 88. [CrossRef]

13. Chaffee, B.W.; Weston, S.J. Association Between Chronic Periodontal Disease and Obesity: A Systematic Review and Meta-
Analysis. J. Periodontol. 2010, 81, 1708–1724. [CrossRef] [PubMed]

14. Keller, A.; Rohde, J.F.; Raymond, K.; Heitmann, B.L. Association Between Periodontal Disease and Overweight and Obesity: A
Systematic Review. J. Periodontol. 2015, 86, 766–776. [CrossRef] [PubMed]

15. Martens, L.; De Smet, S.; Yusof, M.Y.P.M.; Rajasekharan, S. Association between overweight/obesity and periodontal disease in
children and adolescents: A systematic review and meta-analysis. Eur. Arch. Paediatr. Dent. 2017, 18, 69–82. [CrossRef]

16. Nishida, N.; Tanaka, M.; Hayashi, N.; Nagata, H.; Takeshita, T.; Nakayama, K.; Morimoto, K.; Shizukuishi, S. Determination of
Smoking and Obesity as Periodontitis Risks Using the Classification and Regression Tree Method. J. Periodontol. 2005, 76, 923–928.
[CrossRef]

17. Mancuso, P. The role of adipokines in chronic inflammation. ImmunoTargets Ther. 2016, 5, 47–56. [CrossRef]

http://doi.org/10.1159/000351899
http://doi.org/10.1155/2020/2814015
http://doi.org/10.1177/1753425916669417
http://www.ncbi.nlm.nih.gov/pubmed/28071181
http://doi.org/10.1155/2019/2514956
http://www.ncbi.nlm.nih.gov/pubmed/30983880
http://doi.org/10.1093/ejo/cjl001
http://doi.org/10.1359/jbmr.2002.17.2.210
http://doi.org/10.1016/j.ajodo.2005.10.007
http://www.ncbi.nlm.nih.gov/pubmed/16627171
http://doi.org/10.3390/ijms22052388
http://www.ncbi.nlm.nih.gov/pubmed/33673606
http://doi.org/10.1186/s41232-019-0111-3
http://doi.org/10.1016/S0140-6736(14)60460-8
http://doi.org/10.1590/2177-6709.22.3.021-025.oin
http://www.ncbi.nlm.nih.gov/pubmed/28746484
http://doi.org/10.1186/1471-2458-9-88
http://doi.org/10.1902/jop.2010.100321
http://www.ncbi.nlm.nih.gov/pubmed/20722533
http://doi.org/10.1902/jop.2015.140589
http://www.ncbi.nlm.nih.gov/pubmed/25672656
http://doi.org/10.1007/s40368-017-0272-1
http://doi.org/10.1902/jop.2005.76.6.923
http://doi.org/10.2147/ITT.S73223


Int. J. Mol. Sci. 2021, 22, 6847 14 of 15

18. Issa, R.I.; Griffin, T.M. Pathobiology of obesity and osteoarthritis: Integrating biomechanics and inflammation. Pathobiol. Aging
Age Relat. Dis. 2012, 2. [CrossRef]

19. Pierpont, Y.N.; Dinh, T.P.; Salas, R.E.; Johnson, E.L.; Wright, T.G.; Robson, M.C.; Payne, W.G. Obesity and Surgical Wound Healing:
A Current Review. ISRN Obes. 2014, 2014, 1–13. [CrossRef]

20. Zhang, Y.; Proenca, R.; Maffei, M.; Barone, M.; Leopold, L.; Friedman, J.M. Positional cloning of the mouse obese gene and its
human homologue. Nature 1994, 372, 425–432. [CrossRef]

21. Seven, A.; Guzel, S.; Aslan, M.; Hamuryudan, V. Serum and synovial fluid leptin levels and markers of inflammation in
rheumatoid arthritis. Rheumatol. Int. 2008, 29, 743–747. [CrossRef] [PubMed]

22. Sánchez-Margalet, V.; Martín-Romero, C.; Santos-Alvarez, J.; Goberna, R.; Najib, S.; Yanes, C.G. Role of leptin as an immunomod-
ulator of blood mononuclear cells: Mechanisms of action. Clin. Exp. Immunol. 2003, 133, 11–19. [CrossRef] [PubMed]

23. Matarese, G.; Procaccini, C.; De Rosa, V.; Horvath, T.L.; La Cava, A. Regulatory T cells in obesity: The leptin connection. Trends
Mol. Med. 2010, 16, 247–256. [CrossRef] [PubMed]

24. Cornish, J.; Callon, K.E.; Bava, U.; Lin, C.; Naot, D.; Hill, B.L.; Grey, A.B.; Broom, N.; Myers, D.E.; Nicholson, G.; et al. Leptin
directly regulates bone cell function in vitro and reduces bone fragility in vivo. J. Endocrinol. 2002, 175, 405–415. [CrossRef]

25. Gordeladze, J.O.; Drevon, C.A.; Syversen, U.; Reseland, J.E. Leptin stimulates human osteoblastic cell proliferation, de novo
collagen synthesis, and mineralization: Impact on differentiation markers, apoptosis, and osteoclastic signaling. J. Cell. Biochem.
2002, 85, 825–836. [CrossRef]

26. Holloway, W.R.; Collier, F.M.; Aitken, C.J.; Myers, D.E.; Hodge, J.M.; Malakellis, M.; Gough, T.J.; Collier, G.R.; Nicholson, G.
Leptin Inhibits Osteoclast Generation. J. Bone Miner. Res. 2002, 17, 200–209. [CrossRef]

27. Reid, I.R.; Comish, J. Direct actions of leptin on bone remodeling. Calcif. Tissue Int. 2003, 74, 313–316. [CrossRef]
28. Upadhyay, J.; Farr, O.; Mantzoros, C.S. The role of leptin in regulating bone metabolism. Metabolism 2015, 64, 105–113. [CrossRef]
29. Dilsiz, A.; Kiliç, N.; Aydin, T.; Ates, F.N.; Zihni, M.; Bulut, C. Leptin Levels in Gingival Crevicular Fluid During Orthodontic

Tooth Movement. Angle Orthod. 2010, 80, 504–508. [CrossRef]
30. Srinivasan, B.; Chitharanjan, A.; Kailasam, V.; Lavu, V.; Ganapathy, V. Evaluation of leptin concentration in Gingival Crevicular

Fluid (GCF) during orthodontic tooth movement and its correlation to the rate of tooth movement. J. Orthod. Sci. 2019, 8, 6.
[CrossRef]

31. Saloom, H.; Papageorgiou, S.; Carpenter, G.; Cobourne, M. Impact of Obesity on Orthodontic Tooth Movement in Adolescents: A
Prospective Clinical Cohort Study. J. Dent. Res. 2017, 96, 547–554. [CrossRef]

32. Karthikeyan, B.V.; Pradeep, A.R. Leptin levels in gingival crevicular fluid in periodontal health and disease. J. Periodontal Res.
2007, 42, 300–304. [CrossRef]

33. Park, H.-G.; Kim, J.-H.; Cha, J.-H.; Bak, E.-J.; Yoo, Y.-J. Induction of IL-6 and IL-8 Expression by Leptin Treatment in Periodontal
Ligament Cells and Gingival Fibroblasts. Int. J. Oral Biol. 2013, 38, 73–80. [CrossRef]

34. Lago, F.; Diéguez, C.; Gómez-Reino, J.; Gualillo, O. Adipokines as emerging mediators of immune response and inflammation.
Nat. Clin. Pr. Rheumatol. 2007, 3, 716–724. [CrossRef]

35. Conde, J.; Scotece, M.; Gómez, R.; López, V.; Gómez-Reino, J.J.; Lago, F.; Gualillo, O. Adipokines: Biofactors from white adipose
tissue. A complex hub among inflammation, metabolism, and immunity. BioFactors 2011, 37, 413–420. [CrossRef] [PubMed]

36. Schröder, A.; Nazet, U.; Neubert, P.; Jantsch, J.; Spanier, G.; Proff, P.; Kirschneck, C. Sodium-chloride-induced effects on the
expression profile of human periodontal ligament fibroblasts with focus on simulated orthodontic tooth movement. Eur. J. Oral
Sci. 2019, 127, 386–395. [CrossRef]

37. Grimm, S.; Wolff, E.; Walter, C.; Pabst, A.M.; Mundethu, A.; Jacobs, C.; Wehrbein, H.; Jacobs, C. Influence of clodronate and
compressive force on IL-1ß-stimulated human periodontal ligament fibroblasts. Clin. Oral Investig. 2019, 24, 343–350. [CrossRef]
[PubMed]

38. Schröder, A.; Bauer, K.; Spanier, G.; Proff, P.; Wolf, M.; Kirschneck, C. Expression kinetics of human periodontal ligament
fibroblasts in the early phases of orthodontic tooth movement. J. Orofac. Orthop. 2018, 79, 337–351. [CrossRef]

39. Chen, Y.; Shen, Y.; Nie, Y.; Chen, Z.; Wang, H.; Liao, H.; Yuelin, C. Leptin upregulates COX-2 and its downstream products in
aortic endothelial cells. Exp. Ther. Med. 2017, 14, 5097–5102. [CrossRef] [PubMed]

40. La Cava, A. Leptin in inflammation and autoimmunity. Cytokine 2017, 98, 51–58. [CrossRef] [PubMed]
41. Lacey, D.; Timms, E.; Tan, H.-L.; Kelley, M.; Dunstan, C.; Burgess, T.; Elliott, R.; Colombero, A.; Elliott, G.; Scully, S.; et al.

Osteoprotegerin Ligand Is a Cytokine that Regulates Osteoclast Differentiation and Activation. Cell 1998, 93, 165–176. [CrossRef]
42. Simonet, W.; Lacey, D.; Dunstan, C.; Kelley, M.; Chang, M.-S.; Lüthy, R.; Nguyen, H.; Wooden, S.; Bennett, L.; Boone, T.; et al.

Osteoprotegerin: A Novel Secreted Protein Involved in the Regulation of Bone Density. Cell 1997, 89, 309–319. [CrossRef]
43. Li, J.; Sarosi, I.; Yan, X.-Q.; Morony, S.; Capparelli, C.; Tan, H.-L.; McCabe, S.; Elliott, R.; Scully, S.; Van, G.; et al. RANK is the

intrinsic hematopoietic cell surface receptor that controls osteoclastogenesis and regulation of bone mass and calcium metabolism.
Proc. Natl. Acad. Sci. USA 2000, 97, 1566–1571. [CrossRef]

44. Klein, D.C.; Raisz, L.G. Prostaglandins: Stimulation of Bone Resorption in Tissue Culture. Endocrinology 1970, 86, 1436–1440.
[CrossRef]

45. Kirschneck, C.; Küchler, E.C.; Wahlmann, U.; Proff, P.; Schröder, A. Effects of the highly COX-2-selective analgesic NSAID
etoricoxib on the rate of orthodontic tooth movement and cranial growth. Ann. Anat. 2018, 220, 21–28. [CrossRef]

http://doi.org/10.3402/pba.v2i0.17470
http://doi.org/10.1155/2014/638936
http://doi.org/10.1038/372425a0
http://doi.org/10.1007/s00296-008-0764-8
http://www.ncbi.nlm.nih.gov/pubmed/19009296
http://doi.org/10.1046/j.1365-2249.2003.02190.x
http://www.ncbi.nlm.nih.gov/pubmed/12823272
http://doi.org/10.1016/j.molmed.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20493774
http://doi.org/10.1677/joe.0.1750405
http://doi.org/10.1002/jcb.10156
http://doi.org/10.1359/jbmr.2002.17.2.200
http://doi.org/10.1007/s00223-002-0015-z
http://doi.org/10.1016/j.metabol.2014.10.021
http://doi.org/10.2319/072109-402.1
http://doi.org/10.4103/jos.JOS_58_18
http://doi.org/10.1177/0022034516688448
http://doi.org/10.1111/j.1600-0765.2006.00948.x
http://doi.org/10.11620/IJOB.2013.38.2.073
http://doi.org/10.1038/ncprheum0674
http://doi.org/10.1002/biof.185
http://www.ncbi.nlm.nih.gov/pubmed/22038756
http://doi.org/10.1111/eos.12643
http://doi.org/10.1007/s00784-019-02930-z
http://www.ncbi.nlm.nih.gov/pubmed/31102041
http://doi.org/10.1007/s00056-018-0145-1
http://doi.org/10.3892/etm.2017.5177
http://www.ncbi.nlm.nih.gov/pubmed/29201221
http://doi.org/10.1016/j.cyto.2016.10.011
http://www.ncbi.nlm.nih.gov/pubmed/27916613
http://doi.org/10.1016/S0092-8674(00)81569-X
http://doi.org/10.1016/S0092-8674(00)80209-3
http://doi.org/10.1073/pnas.97.4.1566
http://doi.org/10.1210/endo-86-6-1436
http://doi.org/10.1016/j.aanat.2018.07.001


Int. J. Mol. Sci. 2021, 22, 6847 15 of 15

46. Nazet, U.; Schröder, A.; Spanier, G.; Wolf, M.; Proff, P.; Kirschneck, C. Simplified method for applying static isotropic tensile
strain in cell culture experiments with identification of valid RT-qPCR reference genes for PDL fibroblasts. Eur. J. Orthod. 2019, 42,
359–370. [CrossRef]

47. Groeger, M.; Spanier, G.; Wolf, M.; Deschner, J.; Proff, P.; Schröder, A.; Kirschneck, C. Effects of histamine on human periodontal
ligament fibroblasts under simulated orthodontic pressure. PLoS ONE 2020, 15, e0237040. [CrossRef]

48. Nettelhoff, L.; Grimm, S.; Jacobs, C.; Walter, C.; Pabst, A.M.; Goldschmitt, J.; Wehrbein, H. Influence of mechanical compression
on human periodontal ligament fibroblasts and osteoblasts. Clin. Oral Investig. 2015, 20, 621–629. [CrossRef]

49. Van Dielen, F.; Veer, C.V.; Schols, A.; Soeters, P.; Buurman, W.; Greve, J. Increased leptin concentrations correlate with increased
concentrations of inflammatory markers in morbidly obese individuals. Int. J. Obes. 2001, 25, 1759–1766. [CrossRef]

50. Elefteriou, F.; Takeda, S.; Ebihara, K.; Magre, J.; Patano, N.; Kim, C.; Ogawa, Y.; Liu, X.; Ware, S.M.; Craigen, W.J.; et al. Serum
leptin level is a regulator of bone mass. Proc. Natl. Acad. Sci. USA 2004, 101, 3258–3263. [CrossRef]

51. Cao, J.J. Effects of obesity on bone metabolism. J. Orthop. Surg. Res. 2011, 6, 30. [CrossRef]
52. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta

C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]
53. Kirschneck, C.; Batschkus, S.; Proff, P.; Köstler, J.; Spanier, G.; Schröder, A. Valid gene expression normalization by RT-qPCR in

studies on hPDL fibroblasts with focus on orthodontic tooth movement and periodontitis. Sci. Rep. 2017, 7, 1–13. [CrossRef]
[PubMed]

http://doi.org/10.1093/ejo/cjz052
http://doi.org/10.1371/journal.pone.0237040
http://doi.org/10.1007/s00784-015-1542-0
http://doi.org/10.1038/sj.ijo.0801825
http://doi.org/10.1073/pnas.0308744101
http://doi.org/10.1186/1749-799X-6-30
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1038/s41598-017-15281-0
http://www.ncbi.nlm.nih.gov/pubmed/29116140

	Introduction 
	Results 
	Expression of Leptin Receptors in PDLF and Effects of Different Leptin Concentrations 
	Impact of Leptin Combined with Compressive Strain on the Expression of Proinflammatory Factors 
	Impact of Leptin Combined with Compressive Strain on the Expression of Bone-Remodelling Factors 
	Impact of Leptin Combined with Compressive Strain on Differentiation of Osteoclasts in a Coculture Model 

	Discussion 
	Materials and Methods 
	Cell Culture Experiments 
	LDH Assay 
	RNA Isolation and cDNA Synthesis 
	Semiquantitative PCR and Agarose Gel Electrophoresis 
	Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
	Western Blot Analysis 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	TRAP (Tartrate-Resistant Acid Phosphatase) Staining 
	Statistical Analysis 

	References

