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Abstract 

Background The aim of this study was to investigate the in vitro effect of the antirheumatic drug methotrexate 
(MTX) on biomechanically compressed human periodontal ligament fibroblasts (hPDLFs), focusing on the expression 
of interleukin 6 (IL‑6), as its upregulation is relevant to orthodontic tooth movement.

Methods Human PDLFs were subjected to pressure and simultaneously treated with MTX. Cell proliferation, viability 
and morphology were studied, as was the gene and protein expression of IL‑6.

Results Compared with that in untreated fibroblasts, IL‑6 mRNA expression in mechanically compressed ligament 
fibroblasts was increased (two to sixfold; ****p < 0.0001). Under compression, hPDLFs exhibited a significantly more 
expanded shape with an increase of cell extensions. MTX with and without pressure did not affect IL‑6 mRNA expres‑
sion or the morphology of hPDLFs.

Conclusion MTX has no effect on IL‑6 expression in compressed ligament fibroblasts.

Keywords Human periodontal ligament fibroblast, Orthodontic compression, Rheumatoid arthritis, Methotrexate

Background
In the course of orthodontic treatments, teeth migrate 
through the connective tissue surrounding them. Due 
to the application of an orthodontic force to a tooth, 
mechanical stress alters the structural properties of the 
periodontal ligament (PDL) between the tooth and the 

alveolar bone at cellular, molecular, and genetic levels 
leading to bone resorption at the pressure zone, while 
new bone is formed at the tension side [1–3]. This com-
pression-tension theory is well accepted [4] as well as 
that remodelling of the extracellular matrix is essential to 
produce orthodontic tooth movement [5].

The mechanical load leads to an increase in vari-
ous inflammatory mediators in the periodontal space. 
Inflammatory processes in the periodontium in response 
to orthodontic forces are prerequisites for remodelling 
activities and tooth displacement [6]. The PDL harbours 
a heterogeneous cell composition responsible for the 
perception of the mechanical load. The predominant cell 
type in the PDL is the human periodontal ligament fibro-
blast (hPDLF) surrounded by cementoblasts, osteoblasts, 
and osteoclasts [7]. In order to determine their relevance 
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to orthodontic tooth movement, a simple and efficient 
model exists which describes the molecular responses to 
mechanical stress [8]. In this model, pressure is simply 
applied to the cells by placing a glass disc on the cell layer. 
Many working groups have already used this method [9–
14] and found that inflammatory mediators such as pros-
taglandins, interleukins and the tumor necrosis factor-α 
superfamily were increased in the PDL during orthodon-
tic treatment [4, 6, 15, 16].

Juvenile idiopathic arthritis (JIA) is the most com-
mon rheumatic disease among children and adoles-
cents, with an average prevalence of 1 in 1000 children 
aged 0–15 years across Europe [17]. It is an autoimmune 
inflammatory disease with synovial immune cell infiltra-
tion characterized by joint stiffness, swelling and pain 
[18]. All joints, including the temporomandibular joint 
(TMJ), may be affected [17, 19]. The shape and structure 
of the TMJ are compromised, so these patients often have 
a skeletal class II malocclusion and an anterior open bite 
[20]. Both, an anti-inflammatory as well as orthodontic 
treatment are necessary to successfully relieve symptoms 
of JIA, control the disease, and improve abnormalities of 
the dental apparatus to prevent temporomandibular joint 
replacement with an endoprosthesis.

Methotrexate (MTX) is most frequently used for 
reducing destruction to the TMJ and therefore minimis-
ing associated deformities, especially in patients with 
polyarticular JIA [20, 21]. MTX is a folic acid antagonist 
that competitively and reversibly inhibits dihydrofolate 
reductase, which is required for the formation of purines 
and thymidines. In addition, MTX also inhibits the thy-
midilate synthase, which catalyzes pyrimidine synthesis. 
By this mode of action, MTX inhibits de novo synthesis 
of DNA and RNA and therefore the proliferation of cells 
[22, 23]. At low doses, MTX has an anti-inflammatory 
effect and is used as a disease-modifying antirheumatic 
drug (DMARD) in the treatment of JIA and other inflam-
matory autoimmune diseases [24]. MTX modifies auto-
immunological inflammatory processes during JIA via 
multiple mechanisms, including adenosine mediated 
anti-inflammatory effects, increased apoptosis of T cells 
and the reduction of cell proliferation [25–27]. Despite 
the anti-inflammatory effect of MTX treatment, MTX 
did not improve the periodontal condition of RA patients 
[28] although marginal differences in the prevalence of 
select potentially pathogenic bacteria were detected [25]. 
MTX treatment in a mouse model of antigen-induced 
arthritis led to greater dominance of the health-asso-
ciated bacteria as well as significantly less periodontal 
bone loss [29]. Fibroblasts are known to be the major 
cellular source of inflammatory cytokines in inflamma-
tory diseases such as rheumatoid arthritis. Through their 
production of IL-6, these cells contribute significantly to 

the regulation of inflammation [30, 31]. The release of 
pro-inflammatory cytokines from periodontal fibroblasts 
was increased after MTX treatment without microbial 
stimulus, but was reduced after MTX treatment after 
stimulation by F. nucleatum [32]. Human gingival fibro-
blasts (HGF) exposed to different concentrations of MTX 
showed evaluated interleukin (IL)-6 production [33]. 
To our knowledge, the effect of MTX on hPDLFs under 
pressure is still unclear.

The aim of our study was to investigate the impact of 
MTX treatment on static compressed hPDLFs in  vitro. 
We focussed on morphological changes as well as 
changes in the expression of IL-6 due to its relevance in 
orthodontics.

Methods
Cell culture
Commercially acquired human periodontal ligament 
fibroblasts (HPDLFs, Lonza, Basel, Switzerland) were 
grown in Dulbecco’s modified Eagle medium (DMEM; 
Thermo Fisher Scientific, Carlsbad, CA, USA) supple-
mented with 4.5  g/L glucose, 10% fetal bovine serum 
(Thermo Fisher Scientific, Carlsbad, CA, USA), 100 U/ml 
penicillin, 100 µg/ml streptomycin and 50 mg/L L-ascor-
bic acid (Sigma Aldrich, Munich, Germany) at 37 °C, 5% 
 CO2, and 95% humidity. For all the experiments, passages 
four to eight were used for the experimental setups.

Mechanical compression
HPDLFs were stimulated by compressive force as pre-
viously described [8]. Briefly, glass discs (2  g/cm2, Glas 
Schwarz, Mainz, Germany) were placed in 6-well plates 
for different durations (4, 12, 24 and up to 72 h) at 37 °C, 
5%  CO2, and 95% humidity. In 12-well plates, the appli-
cation of compressive force was performed by using cir-
cular coverslips (diameter of 20 mm, NeoLab, Germany) 
loaded with metal discs of 20 mm in diameter containing 
a central hole to visualise the cells by life cell imaging.

MTT cell vitality assay
The viability of the hPDLF was detected directly after 
applying compressive force with a colorimetric assay 
(3-(4.5-dimethyl-2-thiazolyl)-2.5-diphenyl 2H-tetrazo-
lium bromide (MTT), Sigma Aldrich, Munich, Germany) 
according to the manufacturer’s protocol. Viable cells 
metabolize tetrazolium bromide into formazan, which 
was measured photometrically at a wavelength of 550 nm 
(VersaMax Microplate Reader; Molecular Devices, Sun-
nyvale, USA). Each experiment was performed with three 
replicates and each approach was analysed in triplicate. 
The viability of the control cells was set to 100%.
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Proliferation
Cell proliferation was assessed based on the increase 
in confluence observed with a life cell imaging device 
(IncuCyte, Sartorius).

Scanning electron microscopy (SEM)
Cells were seeded in six well plates on glas slides for 
electron microscopy (tissue culture coverslips, diameter 
13  mm, Sarstedt). After 24  h, enough time had elapsed 
for the cells to become adherent, the cells were treated 
with medication and/or compression force for 24  h. 
Thereafter, the cells were fixed with 4% PFA and 2.5% glu-
taraldehyde. After the cells were washed with PBS, a sec-
ondary fixation with osmium tetraoxide (1%, Carl Roth, 
Deutschland) was applied for 60  min at room tempera-
ture. The cells were washed and dehydrated with a graded 
ethanol series (25%, 50%, 75%, 95%, 100%), followed by 
critical-point drying (CPD). Electron micrographs were 
taken on cells sputtered with gold in an argon atmos-
phere (Leica EM ACE 200).

Ribonucleic acid (RNA) extraction and quantitative 
polymerase chain reaction (PCR)
Messenger RNA (mRNA) was extracted using the com-
mercially available RNeasy® Mini Kit (Qiagen GmbH, 
Hilden, Germany), according to the manufacturer’s 
protocol, which included a DNAse digestion step 
to remove the genomic DNA from the mRNA sam-
ples. The quantity and quality of the isolated mRNA 
were evaluated using a NanoDrop Spectrophotometer 
(pegLab Biotechnologie GmbH, Erlangen, Germany) 
and equal amounts of mRNA was converted to comple-
mentary DNA (cDNA) via the iscript cDNA Synthesis 
Kit according to the manufacturer’s protocol (Bio-Rad 
Laboratories, Hercules, USA). PCR primers for the 
quantitative detection of the cDNA levels were con-
structed with the NCBI nucleotide library and Primer 
3-design (Table 1). All primers had been matched to the 
mRNA sequences of the target genes. As an appropriate 
housekeeping gene for normalizing the data via reverse 
transcription quantitative PCR (RT-qPCR) we used the 
ribosomal protein L22 (RPL22) gene which was found 
to be the most suitable for compressed ligament fibro-
blasts [11, 34, 35]. For reverse transcriptase polymer-
ase chain reaction (RT-PCR) amplification, a reaction 

mixture was made containing SYBR Green Supermix 
(Bio-Rad Laboratories, Hercules, USA), paired prim-
ers, and a defined amount of template cDNA. Quantita-
tive RT-PCR was performed with a thermal cycler (CFX 
Duet RT-PCR Detection System; Bio-Rad Laboratories, 
Hercules, USA) and CFX Maestro software version 
2.3 (Bio-Rad Laboratories, Hercules, USA). The initial 
denaturation was induced at 95  °C for 5 min, followed 
by 40 cycles at 95  °C for 30 s (denaturation), 60  °C for 
30  s (annealing) and 72  °C for 20  s (elongation). For 
each specific primer and real-time PCR, the efficiency 
was calculated based on the SYBR Green fluorescence 
curves and the standard dilution series by CFX Maestro 
software version 2.3 (Bio-Rad Laboratories, Hercules, 
USA). For gene expression analysis, the ΔΔCtq method 
was used [36]. According to this method the C(T) val-
ues of IL-6 and HIF-1α mRNA in each sample were 
normalized to the C(T) values of RPL22 mRNA in the 
same sample.

Enzyme‑linked immunosorbent assay (ELISA)
The protein production of IL-6 was quantified by using 
a commercially available kit (R&D Systems, Inc., Min-
neapolis, USA). The culture supernatants were col-
lected after treatment and analysed in accordance with 
the manufacturer’s instructions. The optical density 
was determined using a microplate reader (VersaMax 
Microplate Reader; Molecular Devices, Sunnyvale, 
USA) set to 450 nm, and the wavelength correction was 
set to 540 nm. Each assay was performed in triplicate. 
Supernatants of untreated cells were used as controls.

Statistical analysis
To detect any difference between the groups, an 
unpaired t-test or one-way ANOVA with the post hoc 
Tukey test was used. A p value of < 0.05 was consid-
ered to indicate statistical significance. cDNA from 
individual cell experiments was analysed via triplicate 
PCR. The relative expression levels of each mRNA were 
evaluated by using a modification of the ΔΔCT method 
[36]. The standard error of the mean was calculated 
using GraphPad Prism (Dotmatics; Boston, USA).

Table 1 Primer sequences for the target and reference genes (RPL22)

Gene 5´‑Forward primer‑3´ 5´‑Reverse primer‑3´

HIF 1α Hypoxy inducible factor 1α GCA GCT ACT ACA TCA TCT TCTT CAG CAG TCT ACA TGC TAA ATCA 

IL‑6 Interleukin 6 TGG CAG AAA ACA ACC TGA ACC CCT CAA ACT CCA AAA GAC CAGTG 

RPL22 Ribosomal protein L22 TGA TTG CAC CCA CCC TGT AG GGT TCC CAG CTT TTC CGT TC
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Results
Cell proliferation and viability
The effect of biomechanical stress on cell proliferation 
was monitored by live cell imaging as an increase in con-
fluence. Cells in both experimental setups, the unloaded 
control group and the biomechanical treatment group 
were proliferating (Fig.  1A). The proliferation of cells 
under pressure was almost comparable to that of the con-
trols after up to 24 h. After 24 h, however, the growth rate 
of the cells under pressure was lower than that of the con-
trol cells (Fig. 1A). Consequently, all further experiments 
were performed at a maximum time interval of 24  h. 
Treatment of cells with 1 µg/ml MTX did not impair the 
proliferation rate (Fig. 1B).

Cell morphology
Compared with control cells, the compressed hPDLFs 
were clearly flatter and more extended (Fig.  2A versus 
Fig.  2B). In addition, pressurized cells exhibited signifi-
cantly more and longer extensions that appeared to con-
nect the individual cells (Fig.  2B, indicated with white 
arrows). MTX had no effect on cell morphology (Fig. 2A 
versus 2C, 2B versus 2D).

mRNA expression
To exclude the possibility of cells being deprived of 
oxygen after 24  h, the mRNA expression of hypoxia 
inducible factor (HIF)-1α was examined by quantitative 
RT-PCR (qRT-PCR). HIF-1α was not increased in cells 
which were under pressure for 24  h, on the contrary, 
the mechanical stress caused a significant reduction in 
HIF-1α mRNA expression (***p < 0.001, unpaired t-test; 

Fig.  3A). No differences were detected between con-
trol and fibroblasts treated with MTX (1  µg/ml), nor 
between fibroblasts treated with MTX with or without 
additional mechanical stress (ns, one-way ANOVA, 
Fig.  3B). Mechanical stress reduces HIF-1α mRNA 
expression over time since there was no reduction at 4 
and 12 h, this only occurs at 24 h (n = 3, * p < 0.05, one-
way ANOVA, Fig. 3C).

IL-6 mRNA expression increased under pressure 
(n > 15, **** p < 0.0001, unpaired t-test, Fig.  4A). IL-6 
mRNA expression was not influenced by MTX treat-
ment (1  µg/ml) MTX (n > 9, ns, one-way ANOVA, 
Fig.  4B). IL-6 mRNA expression was increased in 
MTX-treated fibroblasts under pressure to the same 
extent as in fibroblasts under mechanical compression 
without MTX (n > 9, **** p < 0.0001, one-way ANOVA, 
Fig.  4B). Mechanical stress increases IL-6 mRNA 
expression over time in compressed fibroblasts without 
and with MTX treatment (n = 3, * p < 0.05-** p < 0.01, 
one-way ANOVA, Fig.  4C). IL-6 mRNA expression 
did not increase further in mechanically compressed 
fibroblasts treated with higher concentrations of MTX 
(5 µg/ml) (Fig. 4D).

IL‑6 protein expression
IL-6 protein release did not significantly different under 
pressure (n ≥ 12, ns, unpaired t-test, Fig.  5A) and was 
not influenced by MTX treatment (1 µg/ml) (n > 9, ns, 
one-way ANOVA, Fig.  5B), but was slightly increased 
under concurrent pressure application and MTX treat-
ment (n ≥ 12, ** p < 0.001, one-way ANOVA, Fig. 5B).

Fig. 1 Proliferation of hPDLFs under pressure. A Increase in confluence over time—control versus pressure (n = 6) B Increase in confluence of cells 
treated with 1 µg/ml MTX and pressure compared to control cells (n = 4). Live cell imaging revealed that the viability of untreated and MTX treated 
cells was comparable with and without pressure (Additional file 1). MTX treatment had no influence on cell viability
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Discussion
To our knowledge, this is the first study to investigate the 
effect of the antirheumatic drug MTX on ligament fibro-
blasts in-vitro with simultaneous biomechanical stress.

Many in vitro studies have investigated the mechanism 
by which mechanical signals are transduced into biologi-
cal signals that regulate bone homeostasis via periodon-
tal ligament fibroblasts during orthodontic treatment 
[38]. Different methods for applying mechanical forces 
to cells have been established, and the effects of these 
forces on the osteogenic and osteoclastogenic properties 
of ligament fibroblasts have been studied [39]. Kanzaki 
et  al. 2002 [8], and adopted by many groups interested 
in orthodontics [9, 14, 40], developed a simple method 
to apply pressure to fibroblasts. The pressure on cells is 
achieved simply by placing a glass disc on the cell layer. 
A compressive force of 2 g/cm2 is sufficient and has been 
tested in several studies [8, 41]. Nevertheless, it must 
be considered that the force magnitude possible in the 
in  vitro simulation corresponds only to a limited extent 
to the force conditions that occur during orthodontic 
treatment in the root region of moving teeth [42].

Using this method, we observed the cell prolifera-
tion of ligament fibroblasts by life cell imaging over a 
72-h period and found that the cell proliferation rate to 

be almost comparable with and without pressure up to 
24 h (Fig. 1A). After this 24-h interval, the proliferation 
was more pronounced in the control group not subjected 
to pressure. This was also found in other studies [15]. 
For this reason, all further experiments, including those 
involving MTX treatment, were performed for a maxi-
mum duration of 24 h and the proliferation rate was com-
parable for all the approaches (Fig. 1B, control and MTX 
treatment with and without pressure). Moreover, cell via-
bility could be determined by cell observation over time 
and no difference in viability was detected among the dif-
ferently treated cells within the 24 h used for the experi-
ments (Additional file 1). However, the metabolism of the 
mechanically compressed fibroblasts seems to be slightly 
lower than that of control cells, as revealed by the MTT 
test. The results of MTT tests performed by other groups 
vary, for example, some studies have shown a reduced cell 
number and viability during compressive force applica-
tion [43–45], while others have shown no significant dif-
ference compared to those of the control [46]. However, 
treatment with MTX had no effect on cell viability. We 
had the impression that in the process of lifting the glass 
plates off the cell layer prior to the MTT test, the cells 
detached from the cell layer and consequently were lost 
for the viability measurement. Therefore, we considered 

Fig. 2 Morphology of hPDLFs under pressure. After 24 h of pressure, the fibroblasts appeared flattened and expanded and showed many 
extensions (stolons) in the electron micrographs. A Control hPDLFs (bar = 100 µm), B HPDLFs under pressure (bar = 100 µm, 50 µm, stolons marked 
by white arrows), C HPDLFs treated with MTX (1 µg/ml) (bar = 100 µm), D HPDLFs treated with MTX (1 µg/ml) and pressure (bar = 100 µm, 50 µm, 
stolons marked by white arrows)
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the MTT test to be unsuitable for determining the viabil-
ity of mechanically compressed cells.

During the monitoring of cell vitality by live cell 
analysis, a change in the morphology of the cells under 
pressure was noticeable (Additional file  1). Electron 
micrographs further illustrate this phenomenon (Fig. 2). 
Fibroblasts under pressure exhibit an extended flat-
ter appearance. It is also impressive that the cells under 
pressure form more and longer extensions to contact 
each other (Fig. 2B, D). Such an increase in the quantity 
of cell junctions to neighbouring cells was also found in 
other studies [37]. Cell junctions establish and maintain 

intercellular contact between cells and are involved in 
key cellular functions, such as barrier formation, prolif-
eration, migration, survival, and differentiation [47].

The slight decrease in the metabolism of the compro-
mised cells prompted us to verify whether the cells were 
adequately oxygenated during the 24-h experiments 
under the glass plates. For this purpose, we analysed the 
expression of the hypoxia inducible factor (HIF)-1α, as 
hypoxia results in the upregulation of HIF-1α [48], lead-
ing to a hypoxia-induced metabolic shift [18].

In our study, HIF-1α was not increased in liga-
ment fibroblasts under pressure, on the contrary, the 

Fig. 3 Hypoxia inducible factor (HIF)‑1α mRNA expression under pressure and MTX treatment. A HIF‑1α mRNA expression was reduced 
under pressure (n ≥ 15, *** p < 0.001, unpaired t‑test) B HIF‑1α mRNA expression was not influenced by MTX treatment (n > 9, ns, one‑way ANOVA) 
C Mechanical stress reduced HIF‑1α mRNA expression over time since there was no reduction at 4 or 12 h, this change occurred only at 24 h 
(n = 3, * p < 0.05, one‑way ANOVA). The values are presented as the mean ± SEM. For gene expression analysis, the ΔΔCtq method was used [36]. As 
a housekeeping gene, RPL22 was used because it works quite well for compression studies [11, 37]
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mechanical stress caused a significant reduction in 
HIF-1α mRNA expression (p < 0.001, unpaired t-test; 
Fig.  3A). This finding is in contrast to those of other 
studies [46]. No increase in HIF-1α mRNA expres-
sion was observed at earlier time points (ns, one-way 
ANOVA; Fig.  3C). Ligament fibroblasts do not appear 
to be deprived of oxygen, but how can the decrease in 
HIF-1α mRNA be explained? Several studies have shown 
HIF-1α mRNA to be destabilized early within 3  h [49]. 
Other studies discuss that the confluence plays a crucial 
role in regulating target genes in compression experi-
ments. Thus, the mRNA expression of several inflamma-
tory markers and bone remodelling markers significantly 
differ between 60 and 100% confluent cells [37]. Indeed, 
many markers (e.g. Il-1a, Rankl and Ocn) are regulated in 

an opposite directions at variable confluences, especially 
after 48 h of loading, which may reverse the outcome of 
an entire experiment [37].

Moreover, what does this mean for orthodontic treat-
ment, which seems to require a hypoxic environment to 
a certain extent? [50, 51] HIF-1α is discussed to enhance 
the bone-resorbing activity of mature osteoclasts [52] and 
as other studies found, this process is known to precede 
osteoclastogenesis [43, 53]. For orthodontic tooth move-
ment the mechanical deformation of ligament fibroblasts 
seems to be more important than hypoxia [43].

Since we observed a morphological change in the 
compressed cells (Fig.  2), we assumed that the fibro-
blasts were activated in a manner comparable to ortho-
dontic treatment. Upregulation of inflammation-related 

Fig. 4 Interleukin 6 (IL‑6) mRNA expression under pressure and MTX treatment. A IL‑6 mRNA expression was increased under pressure (n ≥ 15, 
**** p < 0.0001, unpaired t‑test) B IL‑6 mRNA expression was not influenced by MTX treatment (1 µg/ml) (n ≥ 12, ns, one‑way ANOVA). IL‑6 
mRNA expression was increased in MTX‑treated fibroblasts under pressure to the same extent as in fibroblasts under mechanical compression 
without MTX (n ≥ 9, **** p < 0.0001, one‑way ANOVA) C Mechanical stress increased IL‑6 mRNA expression over time in mechanically compressed 
fibroblasts without and with MTX treatment (n = 3, * p < 0.05‑** p < 0.01, one‑way ANOVA). D IL‑6 mRNA expression did not increase further inr 
mechanically compressed fibroblasts treated with higher concentrations of MTX (5 µg/ml). The values are presented as the mean ± SEM. For gene 
expression analysis, the ΔΔCtq method was used [36]. As a housekeeping gene, RPL22 was used because it works quite well for compression 
studies [11, 37]
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cytokines is considered a prerequisite for successful 
orthodontic treatment [2, 54]. We therefore examined 
the expression of the inflammation-related cytokine 
IL-6 as it is found to be increased in ligament fibro-
blasts due to mechanical stress by several research 
groups [15, 13, 55, 56]. We also found that IL-6 mRNA 
expression was upregulated due to mechanical com-
pression (Fig.  4). The induction of IL-6 mRNA upreg-
ulation increased over time (Fig.  4C). After 24  h, the 
gene expression was significantly higher in compressed 
ligament fibroblasts (3.25 ± 0.26 fold; **** p < 0.0001) 
(Fig.  4A). Similar increases in IL-6 mRNA expression 
were also found in compressed ligament fibroblasts 
in other studies [10], in which the highest levels were 
found to be maximal after 48 h of pressure application 
in most studies [13, 15, 37]. In addition, the confluence 
of the cell layer seems to play a crucial role in the regu-
lation of IL-6 in loading compression experiments [37] 
and therefore strict compliance with cell confluence is 
essential for meaningful and comparable results. In our 
studies, we used 70.000 cells/well and compression was 
started after 24  h of adhesion at which point the cells 
reached approximately 70% confluence.

Whether IL-6 gene and protein expression is upregu-
lated in mechanically compressed ligament fibroblasts 
compared with control cells according to the method of 
Kanzaki [8] varies widely in the literature [10, 15, 42, 
46, 55–58]. In our opinion, the reason for this can be 
attributed to the method used. Depending on the via-
bility of the cells at the beginning of the experiment, 
the cell passage and cell density, the cells responded 
differently to the application of the glass plates.

Based on our experience that the proliferation of liga-
ment fibroblasts was reduced after 24 h of pressure appli-
cation (Fig.  1A), and because we observed a significant 
increase in IL-6 mRNA expression already after 24 h, we 
kept this time point for all further experiments. However, 
this time span may have been too short to represent sig-
nificant upregulation of protein expression (Fig. 5A).

Rheumatoid arthritis (RA) can be treated with drugs 
that influence inflammatory factors. The level of inflam-
matory factors such as IL-6 are reduced. What signifi-
cance does this have for orthodontic treatment, where 
mechanical pressure leads to artificial inflammation, 
which is considered a prerequisite for the success of 
orthodontic treatment?

The guidelines for the treatment of rheumatoid arthritis 
recommend MTX, a folic acid antagonist and traditional 
disease-modifying anti-rheumatic drug (DMARDs) as 
agent for the first choice [59]. RA is a disease triggered by 
an overactive immune system. The level of inflammatory 
mediators such as IL-6 are elevated [30, 31]. Fibroblasts 
are the key cellular source of inflammatory cytokines 
and chemokines that enable chronic tissue inflammation. 
Treatment of RA with immunosuppressive therapies is 
scheduled to control inflammation. MTX has strong anti-
inflammatory effects [60]. The effect of MTX on fibro-
blast-like synovial cells was confirmed by the suppression 
of IL-6 production [61]. Others found a minor effect on 
the IL-8 level [32].

A number of in vitro studies suggest that MTX inhibits 
the proliferation of fibroblasts and induces their apop-
tosis [60]. We found no impairment in the proliferation 
of the ligament fibroblasts after MTX treatment up to 

Fig. 5 Interleukin 6 (IL‑6) protein release under pressure and MTX treatment. A IL‑6 protein release did not significantly differ under pressure (n ≥ 12, 
ns, unpaired t‑test) B IL‑6 protein release was not influenced by MTX treatment (1 µg/ml) (n ≥ 12, ns, one‑way ANOVA), but was slightly increased 
under concurrent pressure application (n ≥ 12, ** p < 0.001, one‑way ANOVA). The values are presented as the mean ± SEM
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5 µg/ml MTX as shown in other studies as well [32, 62]. 
In addition, MTX did not significantly affect IL-6 mRNA 
expression compared to that in untreated fibroblasts, 
regardless of whether the cells were compressed (Fig. 4B, 
C). The expression of other inflammatory cytokines (IL-8 
and PGE2) as well as markers of orthodontic tooth move-
ment (RANKL and OPG) during MTX treatment will be 
investigated in future studies.

Limitations and consideration
In vitro studies represent snapshots in an artificial sys-
tem, which often could not be transferred directly to the 
clinical situation. They are isolated insights into events, 
whereas in an organism many cells work together and 
influence each other. For example, the half-life of MTX 
is only up to 10 h [27, 63], whereas the effect of MTX on 
organisms is prolonged by intracellular polyglutamatiza-
tion through folypolyglutamate synthetase. Patients are 
therefore given weekly doses of MTX [27]. Since the pro-
liferation rate of the hPDLF under pressure had already 
decreased after 24 h in comparison to that of the control 
(Fig. 1A), we limited our experiments to this time inter-
val. 24 h of pressure is sufficient to initiate the artificial 
inflammation required for orthodontic tooth movement 
[13, 15, 55, 56] and therefore we investigated the effect of 
MTX on the expression of the inflammatory IL-6, which 
is upregulated early in the response to pressure. Paral-
lel MTX administration did not influence the release of 
the inflammatory mediator IL-6 within 24 h. Since it can 
take several weeks for MTX to show an effect in patients 
[63, 64], we do not want to draw any conclusions as to 
whether MTX treatment has an effect on orthodontic 
treatment efficacy. Proliferation of the cells over several 
weeks cannot be achieved in vitro. In an animal model, 
the administration of MTX significantly increased 
orthodontic tooth movement [62], while many NSAIDs 
reduced movement speed [63]. On the other hand, MTX 
can reduce microorganism-stimulated release of IL-8 and 
IL-1β by periodontal fibroblasts within 18 h [32]. In vivo, 
the effect of MTX on other cells, such as immune cells 
or oral microorganisms, are also of importance or more 
important than those on hPDLFs.

Conclusions
The primary aim of this study was to verify the critical 
role of antirheumatic MTX treatment in hPDLFs under 
biomechanical stress. We found that hPDLFs under 
pressure exhibit a flatter appearance with an increase 
in the number of connections between cells. IL-6 gene 
expression was upregulated in mechanically com-
pressed cells. MTX had no significant effect on mor-
phology or IL-6 gene expression regardless of whether 
the cells were compressed or not. However, since it 

can take several weeks for MTX to show an effect in 
patients, we do not want to draw conclusions as to 
whether treatment with MTX has an effect on ortho-
dontic treatment. For this purpose, additional clinical 
studies are essential.
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